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ABSTRACT 

In the last decades, ageing of the population brought an increase in the number of Alzheimer’s 

Disease (AD) cases. Recently, a Magnetic Resonance Imaging (MRI) technology called Arterial 

Spin Labeling (ASL) emerged as a promising alternative to accurately assess brain 

hemodynamics.  

This thesis intends to develop methodologies to perform an economic evaluation of MRI-ASL in 

AD diagnosis, when compared to alternative technologies. Throughout a bibliographic review 

one can infer MRI-ASL contributes to the detection of hypoperfusion patterns in AD, though it 

was not analyzed from an economic perspective. Thus, this thesis aims to fill such gap, 

clarifying the potential of MRI-ASL to generate benefits while controlling costs.  

A decision model was built to calculate costs and benefits for 4 diagnosis strategies: “PET”, 

“MRI-DSC”, “MRI-ASL” and “No Exam”. Firstly, workflows were built to survey spent resources 

and all type of data required. Subsequently, the model (Markov cycle tree) was implemented in 

two software: TreeAgePro and Excel. It receives input data from studies found on the literature 

and yields incremental cost-effectiveness ratios between strategies. 

MRI-ASL has shown to be the dominating diagnosis strategy, being cost effective in comparison 

to all concurrent strategies. Sensitivity analyses were performed in critical parameters, 

concluding that the model is mainly sensitive to MRI-ASL cost, to MRI-ASL performance values 

and to treatment time span. However, further studies are required using an improved set of data 

and improving the modeling of uncertainty in order to strengthen evidence that MRI-ASL is a 

potential factor of differentiation for health care providers. 
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RESUMO 

Nas últimas décadas, o envelhecimento da população trouxe um aumento no número de casos 

de doença de Alzheimer. Recentemente, a Arterial Spin Labeling (ASL) surgiu como uma 

promissora técnica de Ressonância Magnética para avaliar com precisão a hemodinâmica 

cerebral. 

Esta tese tem como objectivo desenvolver metodologias para realizar uma avaliação 

económica da tecnologia ASL no diagnóstico de Alzheimer, quando comparada com 

tecnologias alternativas. Através da literatura poder-se-á inferir que a ASL ajuda a detectar 

padrões de hipoperfusão em doentes de Alzheimer, não tendo sido abordada sob o ponto de 

vista económico. Assim, esta tese almeja preencher essa lacuna, clarificando o potencial da 

ASL para gerar benefícios mantendo os custos controlados. 

Foi construído um modelo para calcular custos e benefícios de quatro estratégias de 

diagnóstico: "PET", “DSC", “ASL” e "Sem exame”. Inicialmente, foram construídos workflows 

para fazer o levantamento de recursos envolvidos. Posteriormente, o modelo (Árvore de ciclo 

Markov) foi implementado nos softwares TreeAgePro e Excel, recebendo inputs da literatura e 

calculando rácios incrementais de custo-efectividade. 

A tecnologia ASL mostrou ser a estratégia de diagnóstico dominante em relação a todas as 

outras. Realizaram-se análises de sensibilidade, verificando-se que o modelo é principalmente 

sensível a variações nos custos da ASL, nos valores de performance da ASL e na duração do 

tratamento. Não obstante, mais estudos serão necessários para, recorrendo a um conjunto de 

dados aperfeiçoado e modelando de forma mais rigorosa a incerteza, fortalecer a ideia de que 

esta tecnologia seja um possível factor de diferenciação para prestadores de cuidados de 

saúde. 
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1 - INTRODUCTION 

In a world where the nature of technology constantly changes, it is crucial for health care 

institutions to plan which health care interventions should be funded. In this context resource 

scarcity is always present, thus demanding a careful awareness of the pros and cons of each 

alternative in terms of benefits and costs. 

Along the last few years, a new MRI (Magnetic Resonance Imaging) technology called ASL 

(Arterial Spin Labeling) appeared as a promising alternative to accurately assess brain 

hemodynamics. That potential is not yet fully explored, as it is inferred by some lack of 

utilization in clinical settings so far. This thesis can contribute to understand how ASL clinical 

use might generate added benefits and costs to society.  

 In order to analyze these questions, an economic evaluation should be performed as, 

accordingly to Drummond et al [1], this form of evaluation has the ambition to answer the 

following questions: “Is the program/service worthy when compared to one that would use the 

same amount of resources?” or “Are we satisfied resources are spent this way rather than any 

way else?”. Moreover, a full economic evaluation is defined as an evaluation in which there is a 

comparison of two or more alternatives with both costs (inputs) and consequences (outputs) 

being evaluated [1]. Afterwards we will analyze which type of full economic evaluation should be 

applied to the context specified. 

This thesis aims to develop methods to perform an economic evaluation of MRI-ASL in 

Alzheimer’s disease (AD) diagnosis when compared to alternative technologies, given that that 

technique has not, as far as we know, consistently been analyzed from an economic 

perspective. It has been clinical validated, but the recommendation to adopt this technology 

depends on this economic evaluation. 

This evaluation is carried out from a societal point of view embracing, for example, a wide 

range of costs. The decision maker is focused on minimizing costs and maximizing heath gains, 

i.e. to decrease the cost of each intervention while creating conditions to a health improvement 

of the population affected. This dichotomy will be evaluated through economic models 

describing natural evolution of an AD patient inside and outside a health care institution.  

To accomplish these goals we chose Alzheimer’s disease not only for being the main cause 

of dementia, but also because it is expected to be a major health concern in the next decades. 

The ageing of population brings an increase in AD prevalence (the number of patients with AD), 

while mortality stated as “AD related” also increases, as can be seen in Figure 1. This disease’s 

early detection contributes to an increase in the patient’s quality of life and it is a goal that must 

be pursued. It has been clinically demonstrated that AD diagnosis can be performed with 

complementary information provided by imaging technologies such as MRI-ASL technology [2] 

or MRI-DSC (Dynamic Susceptibility Contrast MRI) [3]. Other nuclear medicine technologies like 
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PET (Positron Emission Tomography) or SPECT (Single Photon Emission Computed 

Tomography) can also be useful, although there is some evidence they can be dominated by 

other diagnosis strategies [4]. Evidence on benefits and costs of these technologies for AD 

diagnosis will be discussed later on in the bibliographic review chapter. Throughout this thesis 

terms like “options”, “alternatives”, “interventions”, or “programs” are used interchangeably. In 

this sense, “MRI-ASL” and “MRI-DSC” can be frequently referred simply as “ASL” or “DSC”. 

 

Figure 1 - Number of deaths related with AD in Portugal per gender from 1982 to 2008 [5]. 

In this thesis we will start by describing in Chapter 2 the technological and medical context in 

the area: available technologies to measure brain perfusion that can support AD diagnosis and 

AD are illustrated in its several characteristics. Subsequently, in Chapter 3, a bibliographic 

review will be made, in which methods to diagnose AD are described, as well as two other 

sections describing studies that support technologies ability to aid AD diagnosis, with evidence 

either on benefits and either on costs. In Chapter 4 methodology will then be described, fully 

explaining workflows and the decision model features, prior to application of the model being 

enlightened. Afterwards, in Chapter 5, results from the base-case scenario and from sensitivity 

analyses are discussed with limitations detected explained. Finally in Chapter 6 some 

conclusions are drawn before consequences for further studies are discussed.  
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2 – CONTEXT 

This chapter’s goal is to provide background information on technologies and Alzheimer’s 

disease. Its content includes the explanation of imaging technologies that provide functional 

information to support medical diagnoses in this area. These technologies detect changes on 

brain metabolism or on brain perfusion, which can be consequences of neurologic syndromes 

as AD. Subsequently the disease itself – Alzheimer’s Disease – is described in terms of 

pathology, epidemiology, clinical manifestations, existing treatments and its prevalence globally 

and specifically in Portugal. This chapter ends with a short portrayal of the current situation of 

ASL in Portugal. 

2.1 - Arterial Spin Labeling technology 

Magnetic Resonance Imaging (MRI) is defined as a non-ionizing technique with full three-

dimensional capabilities, excellent soft-tissue contrast and high spatial resolution [6]. Its signal 

arises from protons in the body which react to an external artificial magnetic field induced by a 

magnet present in the MR system. That information is encoded with the help of magnetic field 

gradients that impose a linear variation on the proton Larmor frequency as a function of its 

position. The RF coil creates coherence between protons and measures the magnetization 

frequency and phase. By performing an inverse two-dimensional Fourier Transform it is possible 

to convert the signal into the spatial domain and produce an image. 

A new MRI perfusion technology called Arterial Spin Labeling (ASL) brought a great 

innovation into human brain function and perfusion physiology. Perfusion is described as the 

nutritive delivery of blood to the tissue capillary bed and is vital for the homeostasis of an organ. 

This process can be represented by several parameters; when the organ in focus is the brain 

one of the most common is the cerebral blood flow (CBF): the volume of blood per unit of time 

or per unit of volume. Traditionally this perfusion is measured using intravascular tracers [7]. 

This technique has the great advantages of being noninvasive while providing quantitative 

data. As in positron emission tomography (PET) or in single photon emission computed 

tomography (SPECT), ASL involves tagging of inflowing blood before it reaches the imaging 

plane [8]. To “tag” the blood it’s applied a radiofrequency (RF) tagging pulse, which is usually a 

180º pulse that “inverts” the arterial blood magnetization - particularly each water proton nuclear 

spin is inverted. In the brain this label is applied in the region below the region of interest and 

the tag image is acquired in the slice of interest. Afterwards, the experiment is repeated but not 

including the tag, which will result in the “control image”. 
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Figure 2 - Representation of the ASL process. The labeling plane is colored in yellow, while the slice of 

interest where both experiments will be taken is in purple [9].  

Following the labeling process, longitudinal magnetization of labeled water is rapidly 

returning towards its equilibrium values. This decrease is proportional to time constant T1, 

providing, at most, a few seconds to acquire the tag image. The two images need to be 

compared and a subtraction is made. However, since the difference between the two signals is 

only about 1%, multiples images must be collected in each experiment and signals summed in 

order to ensure an acceptable signal to noise ratio (SNR) [9]. Thus, we have an image 

representing the perfusion with signal coming predominantly from the water present in the 

capillary bed. It is possible to minimize the influence of water present in large vessels as we are 

going to see further on. 

The original ASL method was first described in 1992 by Williams et al [10]. This technique 

was not yet called Arterial Spin Labeling and applied a continuous flow-driven adiabatic 

scheme, a method previously used in angiography. Nevertheless, as a result of technical 

constraints it only became commercially available in 2008/2009. 

There are three techniques to perform ASL: continuous labeling techniques (CASL), pulsed 

labeling techniques (PASL) and pseudocontinuous labeling techniques (PCASL). Originally the 

technique was continuous which means that labeling lasts for a few seconds and is performed 

in a plane at the carotid level (for brain imaging). In the pulsed technique a short (a few 

milliseconds) shaped RF pulse is applied in a slab beneath, but closer, to the slices of interest 

improving the inversion efficiency [7]. The third technique - pseudocontinuous technique – is 

more recent and brought measurements of CBF dynamics with high temporal and spatial 

resolution and consists in using the RF pulse with an ultrafast imaging sequence [11]. 

This technique has a spatial resolution around 2mm and do not require a minimum time 

interval between two exams. Consecutive ASL CBF images can be acquired each 5 or 8 

seconds. This technique has a data acquisition and processing time of around 10-15 minutes. 
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The perfusion maps obtained can cover the entire brain and the typical voxel size is 2x2x4mm 

or 4x4x8mm  [9]. 

The main advantages of this technique are the noninvasiveness, the absence of injection 

and ionizing radiation and the ease of absolute quantification already described. When 

compared to other techniques, as afore mentioned, ASL is sensitive only to small vessels due to 

spoiler gradients that prevent the influence of large arteries and veins in the signal. It is worth 

mentioning the flexibility this technique has: spatial resolution and imaging time can be traded 

off depending on the clinical question. Other advantage is the ability to perform multiple 

repeated measurements [9]. 

The disadvantages are the low signal-to-noise ratio (SNR) and consequently limited spatial 

resolution, sensitivity to motion (significantly attenuated with last technologic developments) [2]. 

Other possible setback in CASL measurement is the sensitivity to transit time (the time it takes 

for labeled to water to reach a specific voxel). For instance, if the average transit time in one 

group is lower than that of the other, then a difference in CBF will be detected, which cannot be 

unequivocally attributed to an absolute difference in CBF [12]. Since ASL is performed in MRI 

scanners, it has the MRI usual contraindications, namely demanding subject can be placed in a 

magnetic field. Other technical requirements are that subject must stand still although new 

background suppression techniques that reduce the sensitivity to motion have recently become 

available [13]. 

ASL can provide perfusion images interpretable in a wide range of clinical settings in the 

central nervous system including tumors, acute stroke, chronic cerebrovascular disease, 

epilepsy or degenerative diseases as Alzheimer’s Disease (AD) – our focus [14]. Clinical 

evidence on its contribution to AD detection will be described in detail on section 3.2. However, 

as an example of its appliance to other pathologies, we can consider brain tumors. In such 

cases, ASL is a valid alternative to evaluate perfusion [15, 16]. In fact, when compared to the 

currently established technique MRI-DSC it achieved fewer susceptibility artifacts [15] and 

enabled a more delicate grading of tumors [15, 16]. ASL also surpasses certain limitations due 

to its non-invasiveness as the impossibility of MRI-DSC usage in patients with renal failure or 

difficulty in the examination of children more frightened. ASL also allows in this case an 

absolute quantification of CBF that can be useful [15]. This technique appeared recently 

complementing and replacing other existent brain perfusion imaging techniques, which are 

depicted in the next section. 

2.2 - Alternative techniques 

In this section we will describe alternative imaging techniques while relating their features to 

ASL characteristics. All these techniques can measure brain perfusion and give information in 

parameters such as “cerebral blood flow” (CBF) or cerebral blood volume” (CBV), but have 

different tracers, involve different technical requirements, differ in the duration of data 
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acquisition, differ in the spatial resolution or differ in the quantitative accuracy besides having 

different brain coverage. 

As ASL, also blood oxygenation level dependence (BOLD) functional MRI (fMRI) fills a niche 

in the actual panorama of neuroimaging techniques, as it is visible in Figure 3. It achieves 

simultaneously high spatial and temporal resolution yet having the great advantage of being 

noninvasive. 

Figure 3 - Representation of relative spatial and temporal sensitivities of different brain mapping 

techniques [8].  

BOLD uses blood deoxyhemoglobin as contrast and was first described by Ogawa et al in 

1990 [17]. In the following years, this was applied in fMRI to indirectly image human brain 

activities through a contrast versus oxyhemoglobin [18]. BOLD, when compared to ASL, has the 

advantage of providing a higher SNR and a broader brain coverage [8]. Nevertheless, it has 

many disadvantages: since its contrast mechanism is not a consequence of a single factor, but 

from several (CBV, CBF and oxygen consumption), BOLD contrast signal is more difficult to 

correlate with neural activity [19]. Possibly for that reason, Kim et al in 1997 [20] found a poor 

correlation between ASL and BOLD. In this sense some studies alert to the caution needed to 

interpret most BOLD fMRI studies [21]. 

Other techniques such as Positron Emission Tomography (PET), Single Photon Emission 

Computed Tomography (SPECT), MRI with Dynamic Susceptibility Contrast (MRI-DSC) will be 

briefly described as presented by Wintermark et al in 2005 [9]. 

PET is a noninvasive technique though it demands an intravenous injection. Its main 

advantage is the quantitative accuracy, but it is worth mentioning the multiplicity of factors that 

can be assessed using various radioligands (in neuroimaging is usually either [18F]FDG or 15O2). 

It can be associated with MRI or CT to provide complementary information (structural).The 
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clinical application of this technique is mostly in chronic cerebrovascular conditions, in brain 

tumors or in dementia. On the contrary of the majority of these techniques, PET cannot be used 

in emergency setting. Other weakness is the high cost associated. 

SPECT is also a noninvasive technique that uses radiopharmaceuticals such as 133Xe or 
99Tc-HMPAO to measure brain hemodynamics through tomographic images. This technique can 

be used at bedside or in the emergency setting, permits complete brain coverage and has a 

cost relatively low. As weaknesses there must be mentioned the poor spatial resolution of 

SPECT images and the measurements being relative rather than quantitative. SPECT studies 

can be useful in acute and chronic cerebrovascular diseases, in some psychiatric disorders or in 

dementia.  

Dynamic Susceptibility Contrast-enhanced (DSC) MRI is based on the decrease under T2 or 

T2* of the endovascular tracer that is commonly chelate of gadolynum (almost innocuous). 

There are no major technical requirements because 1.5 T MRI scanners already have that 

technology, the technology allows complete brain coverage and the absence of ionizing 

radiation permits the repeatability of the exam. On the other hand, there are some setbacks 

such as the lack of standardization in the interpretation or the MRI difficulties that can be also 

present: claustrophobia or other contraindications (metallic devices, obesity). DSC is useful to 

distinguish between tumor recurrence and radiation necrosis or between a tumor and an 

infection or a tumefactive multiple sclerosis lesion. Besides, the most frequent clinical 

applications are acute strokes and chronic cerebrovascular diseases. 

Characteristics of these five techniques are present in Table 1. One must take into 

consideration radiation values, quantitative accuracy and contrast material as the most 

important parameters to make comparisons between techniques as those are indicators, in first 

instance, of possible benefits to patients. 

Technologies in which MRI is present as DSC, ASL or BOLD have the great advantage of 

avoiding radiation. On the other hand, PET or SPECT utilization can result in exposure to 

radiation. Even though this exposure is controlled and consists of relatively low equivalent 

doses to the patient (not more than a few mSv), these values can exceed legal limits for  

specific groups as pregnant women or youngsters [22]. Another important feature is quantitative 

accuracy, which is available mainly in PET and ASL. The latter technique also has the 

distinctive characteristic to avoid an intravenous injection by performing contrast with a pulse 

rather than a contrast material injected. All techniques can aid dementia diagnosis; though as 

we are going to see further, to the purpose of diagnosing AD, PET and SPECT have been 

proved to be economically dominated by MRI-DSC. However, before confirming that analysis, it 

is essential to describe the context in which it will be tested – Alzheimer’s disease. 
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Brain perfusion Imaging Techniques 

PET SPECT MRI-DSC ASL BOLD 

Radiation 
0.5 – 2 

mSv 
3.5 – 12 mSv None None None 

Data acquisition 5-9 min 10-15 min 1 min 
5-10 

min 
- 

Data processing 5-10 min 5 min 5 min 5 min - 

Assessed 

parameters 

CBV,CBF, 

etc 
CBF 

CBV, CBF, 

etc 
CBV 

CBV, CBF, 

etc 

Influence of large 

vessels in results 
No No Yes No Yes 

Quantitative 

accuracy 
Yes 

In some 

instances 
Usually not Yes 

Not 

individually 

Contrast Material or 

similar 

[18F]FDG, 
15O2, etc 

[99mTc]HMPAO, 

etc 

gadolinium 

chelate 
None 

Deoxy 

hemoglobin 

Spatial resolution 4-6 mm 4-6 mm 2 mm 2 mm 3-4 mm 

Clinical 

Fields 

Acute 

cerebro 

vascular 

conditions 

 x x x  

Chronic 

cerebro 

vascular 

conditions 

x x x x  

Trauma  x  x  

Dementia x x x x x 

Epilepsy x x  x x 

Brain 

Tumors 
x  x x x 

Emergency setting No 
In some 

instances 
Yes Yes Usually not 

Table 1 - Characteristics of different imaging techniques used in studies of brain perfusion (adapted from 

[9], containing information from [8]). 
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2.3 - Alzheimer’s Disease 

Dementia is a syndrome characterized by a global progressive decline in memory and in 

other brain abilities such as thinking, understanding spoken or written language, judge or even 

execute motor activities consequently impairing the successful performance of activities of daily 

living [23, 24]. Within dementia, Alzheimer’s Disease (AD) is the most frequent cause (60-80 

percent of cases in the United States) [25]. 

This condition (AD) is a fatal neurodegenerative disease that is characterized by senile 

plaques (also called amyloid plaques or amyloid deposits), neurofibrillary tangles (NFT) and 

progressive loss of neurons [26]. Usually there are no remissions [27] and AD begins in the 

entorhinal cortex, when the extracellular amyloid deposits tend to spread into hippocampus and 

then, as long as the number of synapses decline, moves to the posterior temporal and parietal 

cortices and ultimately throughout the cerebral cortex [24]. At late stages the patient’s incapacity 

of moving around make him more vulnerable to infections, the most common being pneumonia. 

In fact, Alzheimer-related pneumonia is frequently the cause of death [25]. 

As other chronic conditions, AD seems to develop as a result of several factors. The causes 

themselves are unknown but there are risk factors, which increase the probability of having this 

condition. The main factor is age – older people have definitely more probability of having this 

pathology. Actually, according to Pfizer the number of cases of AD toughly doubles every five 

years in people over 65 [28]. Nonetheless some centenarians have intact memory function 

suggesting dementia is not an inevitable consequence of normal human ageing [24]. As 

advanced age is not a prerequisite for having Alzheimer, this disease is then considered to be 

age-related and not age-dependent [27]. Moreover female gender or having diabetes may also 

be additional risk factors [24]. Subjects suffering from a condition called mild cognitive 

impairment (MCI) undeniably have a propensity of developing AD. The conversion rate from 

MCI to AD is approximately 12% per year. On the other hand, rare genetic variations explain 

only a small percentage of cases. In patients under 65 (called “early-onset”) these variations are 

found on chromosome 21, in the gene for amyloid precursor protein, on chromosome 14 in the 

gene for the presenilin 1 protein or on chromosome 1 in the gene for presenilin 2. Patients older 

than 65 (called “late-onset”) can have a risk factor for AD in the gene ApoE on chromosome 19. 

This gene can have three different forms and the E-e4 form is associated with a higher risk of 

developing Alzheimer [29]. A very recent study suggests another hypothesis stating that AD can 

be induced by arsenic exposure.[30] 

Although AD patients do not suffer the same symptoms by the same order - there are no 

rigid lines dividing healthy states – it is common to identify a global disease evolution pattern 

with three different states: mild, moderate and severe Alzheimer [31]. Throughout this process 

there is a undeniable decrease in the patient’s quality of life. One of the first symptoms of AD is 

episodic memory problems which make Alzheimer not easily perceptible, because these 

difficulties are usually associated with ageing being named as benign forgetfulness of the 
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elderly [24]. At early stages patients start to lose memory of recent events while older memories 

remain apparently intact. Progressively appears a deficit on cognitive abilities affecting namely 

reading, solving mathematical problems or thinking abstractly. In this stage is also reported 

some behavioral changes such as mood changes, anxiety, apathy or disrespect for social 

conducts. In a Moderate Alzheimer state there is an escalation of symptoms as patients can feel 

disoriented and become unable to make proper judgments. The patient has to quit work and 

loses much of his autonomy depending on others to activities as speaking, walking or eating. By 

this time people need help in many daily activities as dressing or using the bathroom [25] due to 

locomotion problems and confusion. Gait disorders in AD, unlike other neurologic conditions, 

only appear later in the disease course [32]. In a Severe Alzheimer state the patient lose almost 

all cognitive abilities becoming unable to understand or use language. Moreover patients suffer 

from a total urinary incontinence, become much more vulnerable to pneumonia with 

approximately 10% of AD patients developing Capgras’ syndrome i.e. believing a impostor 

replaced his caregiver [24]. At this stage, patients are commonly already institutionalized, for 

example, at nursing homes.  

On average AD lasts for 8-10 years, but the course can range from 1 to 25 years. During 

these years AD’s progression can be a constant deterioration or can have long plateaus without 

major declines in function [24]. The only definitive diagnostic test for Alzheimer’s Disease is post 

mortem, when an autopsy to the brain can be performed [33]. Imaging tests cannot be that 

accurate, but certainly can help, integrated in a strategy, to diagnose AD by measuring CBF or 

CBV as long as ruling out other possible causes of dementia. The methods for AD diagnosis will 

be described in detail on section 3.1. 

Although the cure for this disease has not been discovered, there is treatment available 

permitting to enhance cognition and to increase quality of life. The American organization Food 

and Drug Admnistration approves the drugs donepezil, galantamine, rivastigmine, memantine 

and tacrine for the treatment of AD [34]. This treatment must focus on two effects: behavior 

problems and chemical disturbs. In both cases specific medication should be used whereas to 

treat behavioral issues is also helpful the orientation of other qualified health professionals [35]. 

However, it must be mentioned whichever the treatment is, it hardly slows disease’s progression 

as it is centered in treating symptoms rather than the underlying causes. 

As the patient’s clinical situation deteriorates, his growing dependency demands a care 

burden of others (usually relatives) sometimes during a long period and sometimes requires the 

decision of institutionalize him. As a consequence, nursing homes have been developing their 

own dementia special care units [26]. All this has to be taken into account when we make an 

estimation of costs, as we are going to see further on. At some point of their illness, according 

to a review by Bliwise in 2004 [36], AD patients suffer from sleep disturbances. Occasionally it 

indeed may be the cause for institutionalization since it represents an extra burden to their 

caregivers. 
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In the last few decades the European Union population ageing brought an increase in 

dementia incidence, being now estimated by the European Collaboration Project on Dementia 

(Eurocode) in 7.3 million European citizens [37]. This tendency will lead to a great increase in 

the costs with dementia since it is predicted that by 2040 the population affected by this disease 

will double in Western Europe and triple in Eastern Europe [38]. 

In Portugal data collected by Instituto Nacional de Estatística [5] shows an undeniable 

increase in the number of deaths related with AD from 1980 to 2008 (Figure 1). Since many AD 

patients had not been correctly diagnosed, this increase cannot be completely linked to a similar 

increase in Alzheimer prevalence, but can work indirectly as an indicator. Besides the increase 

in life expectancy many other factors changed in the last decades namely the physicians’ 

awareness towards AD. As an example is extremely improbable the nearly absence of AD 

related deaths in the 1980’s. For instance in 2005 there were 1370 deaths related to AD. Even 

though this is only 1.27% of total deaths (107839 occurred in that year) it is a relevant number 

in the context of neurologic diseases. In fact, according to a projection made by Garcia et al. 

[39] there were in Portugal in 1991, 92.470 demented patients from which 48.706 were 

Alzheimer's patients. These numbers were updated in 2002 [40] when estimated cases of 

dementia increased to 100000 and AD related cases to 76000. This means AD would roughly 

cover between 53% and 76% of total dementia cases. The Portuguese Ministry of Health in 

their national health plan from 2004 to 2010 [41] has a slightly different number pointing to 

approximately 70000 AD cases. This document also defines strategic orientations in the 

neurological field we consider important as “Foster the appearance of related epidemiological 

studies“ or “Define standard diagnosis procedures and give advice about the care place, 

according to disease severity, associated problems or therapeutic strategies”[41]. However, the 

number of Portuguese studies focusing on Alzheimer’s disease does not seem to have 

increased. Nevertheless a very recent study from Nunes et al. [42] tried to fill in the lack of 

epidemiological data in Portugal. It estimated prevalence of cognitive impairment with dementia 

or no dementia in rural and urban Portuguese communities. Despite this disease classification 

is not identical to the one presented in this thesis it is important to underline results that 

suggested the prevalence is higher in rural populations when compared to urban and the fact 

that AD and vascular disease were equally likely aetiologies of dementia (38,7%). 

2.4 – ASL in Portugal 

The use of Arterial Spin Labelling (ASL) technology in Portugal has been brought into play 

commercially by SIEMENS S.A. The use of this technology, which is still mostly provided by this 

company, has been increasing, being tested and already available in some Portuguese 

hospitals as “Hospital da Luz”. This case will figure here as an example of ASL panorama in 

Portugal, being, in the near future, a possible application site of the broad methodologies 

created in this thesis. 
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Hospital da Luz self-proclaims as “the biggest and most modern Portuguese private 

hospital”, being a recent health care facility in Lisbon that opened in 2007 [43]. It has a 

neurology unit which possesses neuroimaging devices as MRI or CT and a molecular medicine 

unit, in which PET scans are present. Although ASL system has already been fully installed in 

this hospital, current dementia diagnosis still does not include ASL information.  

This is consistent with the international scene, as it is not yet considered a clinical procedure 

sufficient to make a diagnosis by itself. In first instance this technology must coexist with other 

technologies as it does not gather, so far, a wide consensus. In this sense, results of the 

economic evaluation that will be performed might advise the adoption of this technology by 

demonstrating economic impact in terms of efficiency and improvement of patient’s experience, 

promoting a clarification of its potential in clinical use. Other important issue is staff experience 

and knowledge to adopt of new technologies, which can be achieved through tests provided by 

Siemens.  
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3 - BIBLIOGRAPHIC REVIEW 

As it has been described, imaging technologies mentioned are useful in the dementia 

context, specifically AD. Therefore this chapter intends to explain AD diagnosis panorama and 

how functional imaging technologies are currently used or as they are expected to evolve in the 

future. Finally it aims to review benefits and costs from each of this technologies to AD 

diagnosis. We searched PUBMED database for English-language articles by using terms like 

“Alzheimer’s Disease”, “Dementia diagnosis”, “Economic evaluation of healthcare technologies”, 

“Arterial Spin Labeling”, or similar keywords, with combinations between them. Moreover, we 

identified additional articles by reviewing article bibliographies. We also analyzed articles 

present in newsletters created by an organization called “ASL Network” [44]. Additionally we 

extended the research to Portuguese related studies to understand the state of the art in 

Portugal taking into account its specificities. 

3.1 - AD diagnosis methods 

As mentioned before, at present the only way to diagnose definitely AD is through a brain 

autopsy. Nevertheless, while a person is alive, physicians can only diagnose AD with reliable 

sensitivity based on several exams and tests we will describe below, and it becomes essentially 

a diagnosis of exclusion. The early diagnosis of AD is an important goal to health institutions 

since it permits the preservation of patient’s level of function for a longer period [45]. Other 

advantage is economic as patients integrated in the community cost less than those who 

demand long-term institutional placement. Diagnosing accurately the type of AD is also 

important so patients can benefit from drugs that are only available for specific Alzheimer’s 

States [33]. 

Usually, an evaluation to diagnose AD include taking a recent history of mental and 

behavioral symptoms by speaking with patient and the family, a physical examination and 

laboratory tests, neuropsychological tests and finally some imaging exams [46, 47]. Each 

component of this diagnosis process will be described in the following paragraphs. 

In first instance patient and family can provide very useful information to the physician 

regarding his mental and behavioral state. The history should concentrate on the onset, 

duration and AD progression velocity. Frequently, the first symptoms noticed are memory 

symptoms as the inability to remember certain events or to retain new information, while 

patients usually maintain their social skills into the middle stages of illness. At early stages, the 

main criteria to distinguish AD from other types of dementia is partially by symptoms exhibited 

but mainly through the extent to which these symptoms occur and the speed with which the 

disease progress. 

The physical examination performed includes the evaluation of patient’s hearing and vision, 

blood pressure, etc [28]. As an example, since AD does not affect motor systems until later in 



14 

 

the course, gait disorders are considered, in early patients, as an empirical exclusion factor for 

AD [32]. In addition, some laboratory tests are usually performed as the physician does not 

want to miss a treatable cause. Those tests are, for example, blood tests or urinalysis. The 

blood test purpose can be to measure thyroid function detecting thyroid imbalances or to 

determine vitamin B12 deficiencies [46]. 

The neuropsychological tests are used to evaluate cognitive abilities, to identify behavioral 

and mental symptoms associated with abnormal brain function. One of the most used tools to 

screen for dementia was introduced by Folstein et al. in 1975 and consists of a series of 

questions and tasks [48]. It is the Mini-Mental State Examination (MMSE) and evaluates the 

patient in categories such as orientation (to time and to place), attention and calculation, recall, 

language comprehension, naming or in working memory. Its score must be evaluated taking 

into account the age and the educational level of the patient [49]. In AD the deficits are present 

in the activities of verbal or visual episodic memory, category generation or recall activities 

among others [24]. 

Physicians through brain-imaging scans like MRI or computed tomography (CT) can rule out 

structural abnormalities like blood clots or tumors that may be causing signs of dementia. It can 

detect as well brain atrophy, which is correlated both with tau deposits and neuropsychological 

deficits. In fact, this atrophy is primarily detected in medial temporal structures like the 

hippocampal pathway (hippocampus, entorhinal cortex, etc), which is consistent with the first 

memory losses reported. Not only this type of imaging is useful as a valid marker of AD and its 

progression, but is included in the criteria for other non-AD dementias, being valuable in 

differential diagnosis. 

The use of functional imaging as SPECT or PET is important to measure CBV or CBF, 

parameters commonly affected in AD patients and show decreases in the metabolism or in the 

regional blood flow on temporal and parietal regions. MRI-DSC is also a technique that can aid 

the diagnosis of AD achieving consistent results namely a sensitivity of 81% and a specificity of 

88% [3]. In the last years ASL MRI technique appeared as a technique able to provide 

information regarding CBF decreases usually found in AD [2].  This technique accomplish a 

sensitivity of 100% and a specificity of 95% when compared to a healthy control [12]. BOLD 

fMRI technique can also detect activation on regions fundamental to memory encoding as 

hippocampus or mesial temporal lobe structures [50]. Still, in the same study ASL was reported 

to provide better localized and stronger group activation maps than BOLD performed with 

standard resolution. 

Other possible auxiliary diagnostic test could be an electroencephalogram (EEG), but for 

most AD patients in early and mid-stages recordings have been proved normal [24]. In fact, 

occasionally AD can be accompanied by slight slow-wave abnormalities in the theta ranges, but 

EEG is considered not significant for diagnosis purpose [24, 32].  
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Some organizations have outlined the AD diagnosis criteria such as European Federation of 

neurological societies (EFNS) [51], Diagnostic and Statistical Manual of Mental Disorders, fourth 

edition (DSM-IV-TR) or the National Institute of Neurological Disorders and Stroke–Alzheimer 

Disease and Related Disorders Association (NINCDS–ADRDA). These guidelines are reported 

to have for a diagnosis of “probable AD” a mean sensitivity of 81% and a mean specificity of 

70% [52]. A diagnosis of “possible” AD accomplished a mean sensitivity of 93% but at the price 

of a low specificity – 48%. However, they are outdated and do not take into consideration 

information provided by imaging exams as PET or MRI. It was suggested some updates to this 

criteria that could include functional and structural imaging information [52, 53]. The exclusion 

criteria include the presence of other medical disorders or other signs such as a sudden onset 

or focal neurological features. Theoretically this would permit the detection of AD in an earlier 

stage of the neurodegenerative process. Misdiagnosed cases are often a mixture of AD with 

other dementing disorders as vascular pathology or Dementia with Lewis Bodies (DLB) [24]. 

An additional attempt to review these criteria was the addition of a multivariate analysis to 

improve the neuropsychological assessment [54]. This recent study compared a test with 

multivariate considerations with traditional methods of AD assessment achieving a great 

increase in terms of accuracy, sensitivity and specificity. The traditional methods were based in 

the NINCDS–ADRDA criteria and while producing at best 78% accuracy, 84% sensitivity and 

79% specificity, they were overcome by the new method that showed an overall accuracy of 

95%, 91% in sensitivity and 97% in specificity. 

In terms of AD pathway, it is important to understand how long does it take between the 

onset of dementia symptoms and diagnosis and even when patients entered residential care. In 

the literature we could not find exactly this data but it is possible to extrapolate from general 

dementia studies in which patients with AD were predominant. One of these studies established 

a timeline that can be seen in Figure 4 [55]. The mean time from the time the first symptoms 

were noticed to the moment patients entered residential care was 5.2 years. From that onset 

time to the moment diagnosis was made it took approximately 3 years. Other study even 

consider this period as being longer, stating there is an increased contact frequency between 

patient and GP at least 5 years prior to diagnosis [56].  
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Figure 4 - Timeline of personal and diagnostic events on the pathway to dementia diagnosis [55]. 

Some attempts were made to establish a clinical pathway (CP) for the diagnosis of dementia 

in which the underlying disease was mostly AD [57]. Patients were divided into two groups: a 

group spent 15 days in a special ward for dementia patients being observed daily, while the 

other group was treated by conventional medical practice without a clinical pathway. A cost-

effectiveness evaluation was performed and the results were that the length of hospital stay was 

shorter in the CP group than in the non-Cp group as the same time as it reduced the hospital 

costs. However, it must be mentioned questionnaires delivered to physicians and nurses 

reported an increase of work and they felt restricted. 

Cohen and Neumann made in 2008 a bibliographic review of the existing decision analytic 

models for AD [58]. Within studies reviewed, they identified three whose models evaluated 

screening interventions which we will describe in detail elsewhere [33, 59, 60]. While [33, 60] 

were based in a Markov cycle tree model, [59] was based on a less complex Markov model. 

Both described the disease severity in terms of an aggregate indicator called Clinical Dementia 

Rating (CDR) which includes both cognitive function and functional performance. This measure 

uses a limited number of discrete states classifying AD patients as having MCI, mild AD, 

moderate AD, or severe AD. The outcomes measured are in terms of costs [33, 60], in terms of 

estimated longevity (life expectancy) [33, 59, 60] and in quality of life by using QALYs [33, 59, 

60]. On the contrary, other studies defend that MCI definition nowadays does not have 

diagnostic and therapeutic usefulness which justify its incorporation in clinical practice [61]. 

Efforts were made to develop an algorithm to accurately diagnose AD and exclude other 

dementias (useful to save time in selecting patients to epidemiological studies or clinical trials) 

[62]. This algorithm had a predictive value of 95% but was not independent as it flagged some 

cases with “needing clinical review”. In other approach, a clinical decision-support system was 

developed to assist medical personnel in the investigation of suspected cases of dementia [63]. 

However, this system is still unsatisfactory and needs to be more flexible and adjustable.   
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The previously mentioned NINCDS–ADRDA criteria [64] define three possibilities for clinical 

AD diagnosis:  

Possible Alzheimer - based on clinical symptoms and at least two cognitive functions 

deteriorated with other non-dementia pathology present that turns the diagnosis more uncertain.  

Probable Alzheimer - based on symptoms and at least two cognitive functions deteriorated 

without other non-dementia pathology present. 

Certain Alzheimer - it is only confirmed by neurofibrillary tangles observation at a brain 

biopsy. 

Portuguese guidelines [31] referring to the same subject are consistent with this division. In 

the same report the diagnosis strategy reported does not differ significantly from the one 

described in this section, usually demanding the use of a complementary functional imaging 

exam. These imaging exams costs and benefits will be analysed in the following sections. 

3.2 - Evidence on benefits and costs of ASL for AD diagnosis 

From the functional imaging exams above mentioned, we will start by describing ASL as a 

technology that can aid diagnosis of AD. In the last few years, an increasing number of studies 

have described ASL impact on AD diagnosis focusing more on benefits than on costs. 

This evidence was described by Alsop et al. in 2001 [2] as differences were detected in the 

cerebral blood flow pattern of AD patients. Statistical analysis demonstrated that flow in 

temporal, parietal, frontal and posterior cingulated cortices decreased significantly relative to 

control subjects. Increased severity of disease, measured by MMSE, correlated with posterior 

parietal and posterior cingulated decreases but not with temporal decreases. In 2005 Johnson 

et al. [65] detected as well these hypoperfusion regions, correlating such regions with those 

seen in analogous studies with PET and SPECT. The experience included three groups: the 

MCI group, the AD group and the control group. The MCI group had a significant hypoperfusion, 

when compared to control group, mainly in the inferior right parietal lobe. Since that region was 

also the most affected in the AD group and since numerous MCI patients subsequently develop 

AD, it suggests early disease effects are more localized.  

A study from Du et al. in 2006 [66] evaluated both AD and frontotemporal dementia spatial 

distributions of hypoperfusion, concluding pulsed ASL can contribute to the differential diagnosis 

between these two conditions. Another study from 2009 analyzed the variation of CBF in AD 

and in subcortical ischemic vascular dementia patients [67]. The authors reached the 

conclusion CBF reduction is mainly in frontal and parietal cortices in vascular dementia while in 

AD is mainly in frontal, parietal and temporal cortices. Thus, it confirms the previous knowledge 

that both pathologies often coexist and are difficult to distinguish antemortem. 
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Asllani et al. in 2008 [12] combined CASL perfusion MRI with statistical analysis identifying a 

covariance pattern that looks promising to help in the early detection of AD. In fact, the 

sensitivity and specificity obtained had a notable quality (100% and 95% respectively) and the 

area under the ROC (Reciever Operator Characteristic) curve for the discrimination between AD 

and controls was 97%. This pattern included the following areas: posterior cingulate, superior 

temporal, parahippocampal and fusiform gyri, as well as thalamus, insula, and hippocampus. 

Raji et al. in 2010 [68] corroborated the conclusion that CASL MRI is a useful technique for 

early detection of AD despite having achieved lower values for sensitivity - 85% – and for  

specificity – 54%. However, these values slightly increase when the region considered was only 

the frontal lobe (88% sensitivity and 68% specificity). 

A hypoperfusion pattern was described by Chao et al.in 2009 [69] in MCI patients who later 

developed Dementia. This pattern was detected at several regions corresponding to known 

functional losses. These regions can be identified as predictors for the disease conversion: the 

main ones were the right inferior parietal and right middle frontal cortices. In MCI patients Dai et 

al. [70] detected not only decreases in CBF values but also increases in portions of the limbic 

system, which suggest this conversion is associated with vascular compensatory processes. 

Moreover in terms of hyperperfusion, Alsop et al. in 2008 [71] detected a significant increase 

in CBF in hippocampus and other medial temporal structures in AD patients. These regions 

coincide with the areas of early tissue loss in Alzheimer pathology which is not yet fully 

understood. This hyperperfusion pattern can corroborate the hypothesis of compensatory 

elevation of neural activity or represent an inflammation or elevated production of vasodilators. 

In this section evidence was brought that with the use of ASL technology it is possible to 

observe a hypoperfusion pattern in AD patients, especially in areas such as parietal, cingulated 

and frontal cortices. As this imaging exam adds sensitivity and specificity to AD diagnosis, it 

ultimately increases the number of patients correctly treated, as well as avoids the treatment of 

incorrectly diagnosed patients. Other advantage is that, as a non-invasive exam, it can avoid 

further risks while still increasing the patient’s quality of life. Nevertheless, we need to know how 

those gains compare with gains of other technologies, while relate technologies also in terms of 

costs 

3.3 - Evidence on benefits and costs of alternative technologies for AD 
diagnosis  

From sections 2.2 and 3.1 we have already recognized two main alternative imaging 

technologies for giving functional information in AD diagnosis: MRI-DSC and PET. Besides 

SPECT, which was proven to be economically dominated by other technologies [33], BOLD was 

excluded from this analysis mainly due to its difficult correlation with brain hemodynamics. In 

addition, the absence of BOLD performance data for AD detection, as its sensitivities or 

specificity, would demand a rigorous clinical trial to estimate those values properly in order to be 
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included in the evaluation. While PET and MRI-DSC permit detection of similar patterns that 

could help the differential diagnosis of AD, PET was suggested to be economically dominated 

by MRI-DSC [60]. However, there is controversy about this evidence and PET will also be 

included in this study because it is still commonly used in hospital nowadays and due to the 

high number of studies correlating its results with AD. Therefore, we will try to confirm if PET is 

dominated by any other strategy and eventually strengthen that conclusion. 

3.3.1 - PET  

Molecular Imaging technologies as Positron Emission Tomography (PET) have a 

quantitative accuracy that makes them suitable for AD diagnosis. Salmon et al. in 1994 [72] 

analyzed the hypoperfusion and hypometabolism suggested in PET studies to appreciate if it 

could be used to differentiate AD from other dementias.  It was concluded that most AD patients 

have a temporo-parietal hypometabolism, which if absent suggests patient has a non Alzheimer 

neuropathology.  

 

Figure 5 - PET images acquired using the [11C]PIB. It is noticeable the difference between control and AD 

subjects, while MCI patients show a disparity of results, from control-like levels of amyloid to AD-like levels  

[24]. 

Amyloid-plaque imaging plays an important role in the process of detecting AD at early 

stages, ideally at asymptomatic stages. Among the tracers tested, the best established is 

probably the Pittsburgh Compound-B ([11C]PIB). Patients clinically diagnosed with AD, 

examined with this compound showed an accentuated uptake in frontal, parietal and posterior 

cingulated cortices [73]. A small study [74] analyzed the assessment of this tracer comparing it 

to [18F]FDG for detection of Alzheimer’s Disease  reaching the conclusion that [11C]PIB has 

higher values of sensitivity (100% versus 80%) and specificity(92% versus 87%) than [18F]FDG 

in this population. However, it must be taken into account that the number of cases in this trial 

was relatively small. Drzezga in 2010 [73] proposed an algorithm using initially structural 

imaging as MRI to exclude tumors or vascular abnormalities, followed by [11C]PIB PET amyloid-

plaque imaging that allows identification of predisposition for AD at early stages. Further 

confirmation/differentiation can be provided either by [18F]FDG PET or by using dopamine 
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transporter SPECT. The latter technique is useful for differential diagnosis of dementia as 

amyloid-plaque pathology is not specific for only one type of neurodegenerative disorder, 

whereas a patient examined with [18F]FDG PET will have a higher risk for AD if hypometabolism 

is observed. 

 [18F]FDG PET imaging can also improve the accuracy of standard AD diagnosis. Jagust et 

al. in 2007 [75] reported a sensitivity of 84% and specificity of 74% showing that PET is superior 

to baseline clinical evaluation and can add value to standard examination approximately similar 

to the amount of information gained in some (unspecified) years of follow-up. Nevertheless they 

concluded the value added is not decisive with current therapeutic options. Other performance’s 

statistical values are reported in different studies: Silverman et al in 2001 [76] reported a 

sensitivity value of 94% and a specificity of 73%, while Hoffman et al in 2000 [77] presented a 

sensitivity value of 93% but with a specificity a little lower than usual – 63%. Both studies did not 

differentiate results through AD severity degree. Studies describing meta-analyses [4, 78] also 

reported similar values (around 86% both on sensitivity and on specificity values). However, as 

we are going to see in data section (4.5.1) metaanalysis studies encompass a great 

heterogeneity of methods and are not as reliable as some of the previous studies mentioned. 

 Kulasingam et al [59], who performed another economic analysis on PET relevance in AD 

diagnosis, corroborates conclusions from [75]. According to these authors, a clinical evaluation 

including PET should be warranted only when new treatments become available, specifically 

those able to effectively slow disease progression and to succeed at moderate and severe 

states. Conversely, Silverman et al [79] stated that PET brings a more accurate diagnosis when 

compared to standard diagnosis bearing no significant difference in overall costs. This 

controversial evidence might be explained because this study focused mainly on early AD or 

because they used higher values for PET sensitivity (around 93%).  

PET clinical advantages may origin benefits on AD diagnosis when compared to standard 

examination. The expected benefits must be balanced, as always, with related costs. An 

important disadvantage is indeed the high cost related with PET scans and cyclotron facilities 

associated, which was mentioned by Berger et al [80]. As an example this study reported a 

mean cost of 1900$ per scan. Hence, in terms of economic level studies on PET, Mc Mahon et 

al. in 2003 [60] proved PET was not cost-effective when compared to MRI-DSC or to standard 

examination. Through sensitivity analysis it was demonstrated yet again that future 

improvements in the effectiveness of therapies can lead to remarkable effects on the cost-

effectiveness of imaging examinations (including PET), while improvements in imaging 

examinations alone will not. This MRI-DSC superior cost-effectiveness recommends a similar 

review of its benefits for AD diagnosis which will be performed in the next subsection. 

3.3.2 - MRI-DSC 

Dynamic Susceptibility Contrast Magnetic Resonance Imaging (MRI-DSC) can provide high 

quality images useful to identify patterns of CBV change in AD patients. This technique shows 
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blood volume deficits similar to changes in metabolism and blood flow seen with PET [3]. In the 

temporoparietal region, CBV changes could be correlated with disease severity. This study for 

example could classify AD patients with a sensitivity of 81% and a specificity of 88%. 

A study from Bozzao et al. [81] reported higher values of sensitivity: 90% in patients with 

“mild impairment” and 91% in patients with “moderate impairment”, whereas specificity was 

approximately the same – 87%. Another study from Harris et al [82] achieved sensitivity and 

specificity values for MRI-DSC use in AD patients that seem to have a stronger basis. Through 

the detection of a CBV reduction in temporoparietal regions, MRI-DSC accomplishes 

sensitivities of 88% for Mild AD and 95% for Moderate AD cases and a specificity of 96%. The 

number of patients recruited was not very high (19 subjects), but anyhow these results seems to 

suggest a clinical usefulness at least similar to that of nuclear medicine techniques.  

As a matter of fact, even though some studies [83] claimed MRI-DSC should not be 

recommended to clinical practice and could not replace other techniques as SPECT, most 

studies stress the opposite. MRI-DSC is generally considered a dominant technique over 

SPECT or PET [33, 60, 82, 84] being described as the current most cost-effective imaging 

technique for AD diagnosis. However, McMahon et al [33] in a consistent economic evaluation 

used a cost of $1139 per MRI-DSC scan while considered MRI-DSC total costs as being on the 

limit of what would be acceptable to pay for the correspondent improvement in health.  

At a longer term range it is essential to understand the global scenery of costs for a patient in 

each severity state. Consequently we will present a short review on AD/dementia economic 

impact on patients and caregivers. 

3.4 - Evidence on AD/dementia costs  

When analyzing economic costs of AD through a society’s point of view, which is the 

broadest one, estimates include not only the formal costs like direct medical care or social 

support costs but also informal costs [1, 85]. Examples of informal costs are costs associated 

with support services provided by caregivers, patients’ travel costs or the lost economic 

productivity in AD patients. However, other items as workers compensation payments are 

neither a cost or a gain to society [1]. On the contrary, a narrower perspective takes no account 

of alternative uses for resources outside the healthcare sector, reflected in opportunity costs, 

which may yield greater welfare to society [86]. 

Rice et al in 1993 [87] examined total formal and informal care costs associated with AD 

stratifying it by severity and setting (patients living in the community or in a nursing home). For 

AD patients in the community informal care costs, which represent services provided without 

monetary payment, reached almost three times the cost of formal care. In what concerns 

policies, this stresses the vital importance of the availability of services to assist families in their 

caregiving role. Coon et al in 1999 [88] focused precisely on the costs associated with the 

burden caregivers must sustain. This study predicted a substantial increase in expenditures by 
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families and governments related to informal care in the future, if therapies to slow AD 

progression are not developed.  

Leon et al in 1998 [89] also emphasized the influence therapies to slow disease progression 

can have in potential savings. It suggests new interventions can enable cost savings both in 

formal and informal care. More precisely it states that a major factor for potential saving in AD 

care costs could be delaying institutionalization or using alternative residential settings. 

An extended review was made recently (in 2009) by Jönsson et al [90] reporting data 

available on dementia costs in Europe. It comprises studies performed with different methods, 

involving different type and severity of patients. Most studies evaluate exclusively AD patients, 

but since some include other type of dementias, this must be borne in mind when taking definite 

conclusions. Studies were weighted with information provided by GDP purchasing power parity 

conversion rates of each country. Across all studies total annual care cost estimates vary 

significantly (from 6 614€ to 64 426€) since different methodologies were applied as well as 

structures of dementia care differed from country to country. As a consequence of a large 

variance, the median cost was reported rather than mean cost being about 28 000€  per patient. 

Given that most studies excluded patients institutionalized, some values can have been 

underestimated. On the other hand, as countries included were on its majority from Western 

Europe, an overestimation is likely to occur that could be avoided if low-cost countries as in 

Eastern Europe had been included [91]. All studies show a strong correlation between disease 

severity and costs. Studies performing control samples of elderly without dementia reported 

much lower costs for these patients. The classification of resources into medical, non-medical, 

formal or informal care was not uniform, bringing large variations in the share of costs related to 

informal care. Nevertheless, it is possible to identify a tendency to a higher reliance on informal 

care in southern Europe, information that can have an impact on cost estimations to be chosen 

later on this thesis.  

The same European review article [90] concludes more studies are require to improve data 

consistency and reliability, so economic evaluations can be conducted with information stratified 

by disease severity and by setting.  

3.5 - Summary  

In Table 2 bibliographic review presented along this chapter (with the exception of section 

3.1) is resumed. It must be mentioned that, occasionally, a large number of articles were found 

concerning specific topics so, in the impossibility of analyzing them all, a careful revision was 

performed and some were classified as representative, under criteria such as the year of 

publication or number of citations. 

 



23 

 

 

Number of 

articles 

found 

relevant 

First author Main topics 

Clinical impact of 

ASL for AD 

diagnosis 

9 

Alsop [2, 71],  

Johnson [65], Du [66], 

Schuff [67], Asllani [12], 

Raji [68], Chao [69], 

Dai [70], 

Hypoperfusion Pattern [2, 65] 

Hyperperfusion Pattern [71] 

Dementia differential diagnosis [66, 67] 

Comparison with healthy controls [12, 68] 

MCI patients changes in perfusion [69, 70] 

Economic impact 

of ASL for AD 

diagnosis 

0 -  

Clinical impact of 

PET for AD 

diagnosis 

7 

Salmon [72],  

Drzezga [73], Ng [74], 

Jagust [75], Hoffman 

[77], Silverman [76] 

Patwardhan [78] 

Differential Diagnosis [72, 73, 76, 77] 

Amyloid-plaque imaging [73, 74] 

Comparison with standard diagnosis [75, 

78] 

Economic impact 

of PET for AD 

diagnosis 

5 

Silverman [79], 

McMahon [60], 

Kulasingam [59], 

Berger [80], Matchar [4] 

PET Costs [80] 

Cost-effectiveness analysis 

[59, 60, 79] 

Clinical impact of 

MRI-DSC for AD 

diagnosis 

4 

Cavallin [83],  

Harris [82], Maas [3], 

Bozzao [81] 

Comparison with other techniques [82, 83] 

Hypoperfusion Pattern [3, 81, 82] 

Economic impact 

of MRI-DSC for AD 

diagnosis 

3 
McMahon [33, 60], 

LaFrance [84] 

Cost-effectiveness analysis 

[33, 60, 84] 

AD/Dementia 

costs 
6 

Hay [85], Rice [87], 

Andlin-Sobocky [91], 

Coon [88], Leon [89], 

Jönsson [90]- (review of 

16 other European 

studies) 

Dementia Costs [85, 91] 

 

AD Economic burden [87-90] 

Table 2 - Summary of bibliographic review for each theme 

From this summary table we can point out clear evidence on dementia costs, on AD costs 

and on the clinical impact of each technique. However, what is immediately evident is the 

absence of analyses regarding the use of ASL technology in AD from an economic perspective. 

In fact, we conclude that other techniques have already been studied in terms of economic 

impact: not only through cost effectiveness analysis but also through studies describing their 

associated costs. On the contrary, ASL was not studied in any of these ways, supporting this 

thesis relevance. We will now proceed into the methodology proposed including, among other 

sections, the model features, the information used and the computational implementation. 
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4 – METHODOLOGY 

In this chapter we describe methodology created to carry out an economic analysis of ASL in 

Alzheimer’s disease. This disease will be considered in its diagnosis along with what will take 

place in subsequent stages as it develops. This study’s goal is to understand how this whole 

process is influenced by different diagnosis strategies. The framework representing this building 

process is visible in Figure 6 permitting to identify different methodological stages. 

 

Figure 6 – Model building process 
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Therefore, in this chapter following the problem formulation and bibliographic review, we 

start by gather types of data needed for this problem through workflows. That conceptualization 

continues with the definition of different diagnosis strategies and modeling disease progression, 

highlighting the core model (a Markov cycle tree). Then we begin model’s concretization by 

portraying computational implementation in Microsoft Excel and TreeAge Pro software. 

Subsequently all the input data needed is listed while choices taken are explained. This chapter 

is finished with sections describing validation tests the model was submitted to, sensitivity 

analyses that should be performed and how uncertainty was added to each parameter. 

Depending on the nature of consequences, different economic analyses can be performed. 

We propose a Cost-Utility Analysis (CUA), which is sometimes classified as a type of Cost-

Effectiveness Analysis (CEA), but we differentiate them since CUA uses a generic measure of 

outcome potentially comparable across studies. We chose this type also because it is the 

proper one when quality of life is the most important outcome and when the programme affects 

both morbidity and mortality. By analyzing an intervention with a CUA we can compare it to a 

broad set of interventions as well as deal with the issue of the opportunity cost of funding the 

new intervention [1].  

This methodology aims to be a tool that can, as far as possible, represent consistently 

common practice at hospital units nowadays namely at Hospital da Luz. In a short-term future 

the broad model created can be used with actual data as inputs permitting to assess if ASL 

adoption would be advantageous in a specific clinical case.  

4.1 – AD diagnosis workflow and patients pathways 

Before the main model, through which the economic analysis should be performed, it is vital 

to study disease’s progression integrated in the global diagnosis process and to survey 

resources involved. The workflows in Figure 6 and Figure 8 are diagrams representing these 

issues and were created based on literature review. Workflows highlight patients’ pathways 

inside and outside the clinical setting and are innovative as they use process flowcharting, 

usually applied in areas such as logistics management or business processes to represent this 

kind of process [92].  

The workflows intend to represent a standard patient’s evolution on a hospital facility as long 

as the disease develops. This graphical representation includes states represented by squares 

(�). Each patient moves within these states which have costs associated and resources 

utilized. The cost category includes all type of costs from imaging tests’ costs to treatment costs 

as will be explained in detail further on. In the resources category we included either the 

medical unit utilization, either human resources spent in that activity. Monetized costs are 

represented by octagons (  ), while the utilization of non-financial resources as human 

resources or the unit utilization are represented by triangles (�).  
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Most patients arrive at clinical setting after a visit to his general practitioner (GP), being then 

redirected to a neurologic consultation. As a result, a diagnosis strategy is applied resulting in 

one out of four options: “No AD or inconclusive”, “Other Disease”, “Possible AD” or “Probable 

AD”. Detailed information about this division is provided in section 3.1 noting that here “Certain 

Alzheimer” was excluded, as it represents a diagnosis only available post mortem.  

When a patient is diagnosed with “Probable AD”, physicians perform, as well, a severity 

assessment in which the AD is evaluated in terms of severity. This aims to classify the patient 

as having “Mild AD”, “Moderate AD” or “Severe AD”. The latter option, which is extremely 

improbable in a first diagnosis, is only considered here because the severity assessment is not 

unique in the whole process. In fact, after a specific time period, this severity degree must be 

reevaluated and eventually changed. Some of the aspects specified in the workflow will, in the 

final model, be simplified or simply excluded. Examples are constant reevaluations or attempts 

to rule out other diseases as Mild Cognitive Impairment (MCI). These patients have a risk of 

developing AD with consequences visible in Figure 6: one possible subsequent state in Other 

Disease’s branch is MCI.  

Within the goals of this study, some areas of this process are not crucial, as they are not 

expected to vary according to the imaging exam used. Those areas include states in the 

beginning of the process (visit to a GP or the patient’s arrival to the specialized unit) and states 

resulting from diagnostic results other than Possible AD or Probable AD. Both regions are not 

included in the highlighted workflow in Figure 8. 

Costs associated with each workflow region will be described in detail later on, but it could 

be noticed the assumption that patients can be in a nursing home (thus receiving residential 

care), while having AD in any severity degree. Despite this theoretical possibility, as a matter of 

fact it is much more probable to be in such a setting at later stages, which is why the connection 

in early stages is made through a line more dashed. 
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4.2 – Diagnosis Strategies  

The workflows include, as a core component, the chosen diagnosis strategy. At this point, 

possible diagnosis strategies defined in the model must be described. As stated in section 3.3, 

we will have different diagnosis strategies. However, they all include taking a medical history of 

mental and behavioral symptoms, which the physician performs through a dialogue with patient 

and family, cognitive tests as MMSE, laboratory tests and structural brain imaging that could be 

either CT or MRI. This will be further mentioned as standard examination.  

This analysis will have concurrent strategies, having that standard examination in common 

(except in some cases on structural brain imaging) and diverging on the functional imaging 

exam used. Based on literature reviews and common practice, we can exclude other imaging 

technologies like BOLD or SPECT. BOLD exclusion is due to reasons already pointed out, such 

as the lack of available data whereas SPECT was proven to be economically dominated. 

Consequently we limit functional neuroimaging techniques to figure in the model to three: PET 

or MRI-DSC or MRI-ASL. It must be included, though, a fourth option in which only the standard 

examination is performed, with the absence of any further functional imaging test. Therefore, we 

define four different strategies: 

1. “PET”: Standard examination (neurophysiological evaluation, medical history, dialogue 

with patient and family, cognitive tests namely MMSE and structural imaging) together 

with a PET scan. 

2. “MRI-DSC”: Standard examination together with MRI-DSC. 

3. “MRI-ASL”: Standard examination together with MRI-ASL. 

4. “No-Exam”: Standard examination. 

In strategies 1 and 4 (“PET” and “No-Exam”) the structural brain imaging technology used is 

CT as it is less expensive than MRI. However, in strategies 2 and 3 (“MRI-ASL” and “MRI-

DSC”), since a MRI is already performed, it does not make sense to perform an extra exam as 

CT. While “No-Exam” strategy uses the minimum amount of resources and costs, other 

strategies include not only those, but other resources and costs associated with the 

correspondent functional exam. In fact, when including each imaging exam, one must embrace 

consequences from hospital unit use along with human resources spent. 

Contrasting with other studies, strategies such as “Treat all” or “No test, no treat” were not 

included since herein we presume pharmacological treatment has been proved useful. Thus, we 

do not intend to suggest new paradigms or new guidelines to the cause-effect relationship 

between diagnosis and treatment, but only to judge within diagnosis strategies. It is this 

judgment that should be performed by means of the model described in the next section. 
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4.3 – Modelling Disease Progression 

The workflows previously described are useful as they permit to observe patients’ pathways 

in a hospital environment and, at the same time, discriminate costs and resources. 

Nevertheless, to study it carefully, some simplifications must be made and some results must be 

assumed. For example, instead of considering that patients are submitted to periodic 

consultations to reassess diagnosis, we will assume AD severity degree changes according to 

transition probabilities. Information about each diagnosis strategy is provided in statistical 

parameters such as sensitivity or specificity, which are easily comparable if other type of models 

are applied rather than workflows.  

The analysis should be performed through a societal perspective, which is the broadest one. 

This will include all costs and benefits (health effects) affecting every intervenient on this 

process including opportunity costs. As afore mentioned, this type of economic evaluation 

includes the impact of an intervention on the welfare of the whole society. If we chose a non-

societal perspective we could obtain suboptimal resource allocation decisions and a 

corresponding loss in the total welfare of society [86]. 

The health effects will be measured in Quality adjusted life years (QALYs) which, as the 

name suggests, are life-years weighted by their quality that can vary between 0 (death) and 1 

(perfect health). This measure has the basic assumption that subjects move through health 

states that have a utility value attached representing the relative desirability of the health state. 

Those values are then multiplied by the time subject remains in that state. This health output 

can therefore simultaneously assess gains in quality and in quantity i.e. both from reduced 

morbility and from reduced morbidity as can be seen in Figure 9. On the other hand, costs will 

be measured in Euros with necessary adjustments for differential timing sources.  

 

Figure 9 – QALYs gained from a programme [93]. 
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Diagnosis strategies, as described in section 4.2, will have associated a final expected mean 

cost and a health outcome. Comparing two strategies we obtain changes in resource use, i.e. 

incremental costs (Δ�)  and QALYs gained i.e. incremental health effects ( Δ���	) . Those 

parameters can be combined into a single output called ICER (Incremental cost-effectiveness 

ratio), given by: 

 
��� = Δ�
Δ���	 (1) 

 It is common to compare ICER with threshold values to evaluate if the strategy should be 

recommended. This threshold is a critical value above which the programme would not be 

acceptable as the additional costs generated would not balance the eventual gain in the health 

outcome. 

4.3.1 - Markov Cycle Tree 

A Markov cycle tree is used as a model. It combines a decision tree and a Markov model 

[94], was adapted from [33, 60] and can be seen in Figure 10.  

A decision tree is a simple model that flows from left to right representing individuals’ 

possible prognoses in alternative branches. It includes clinical decision nodes, chance nodes 

and a range of possible pathways ending up in identified consequences [1]. Pathways are 

mutually exclusive and are built up through a series of branches representing events patients 

may experience at some point in the tree. Although decision tree are suitable for short-term 

events, one must bear in mind the associated limitations, namely the absence of time variable 

and those trees can become very complex when dealing, for instance, with chronic diseases 

[94]. A Markov model consists of a series of states the patient can occupy in a given point in 

time. Here, the time variable is explicit and in a discrete time period, named cycle, the patient 

has a given probability of occupying it. Patients move between different states at a speed given 

by transition probabilities. This model has a characteristic that can be restrictive called “Markov 

assumption”: when a patient moves to a state, the model will have no memory: one cannot keep 

track for how long he has been there [94]. A Markov model, when compared to a decision tree, 

is much more manageable and has an explicit elapse of time. For example, to reflect a large 

number of consequences, a decision tree would have a huge number of branches. In fact, the 

main advantage of the Markov model’s approach is to handle complexity and multiplicity of 

consequences [94]. 
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In the model from [33, 60], SPECT/PET was performed in a second visit to those patients 

who received a diagnosis of possible or probable AD, as a confirmation exam, while in this 

model that characteristic is absent. The decision tree modulates short-term processes, while 

Markov structure represents the patient’s evolution on a long term range. The decision tree is 

used while diagnosis lasts, including the consultations needed, the steps in the diagnosis 

strategy and the decision if a treatment should be applied. After diagnosis, patients progress 

through Markov states usually during a longer time period.  

This thesis core model maintains this sequential structure and is represented in Figure 10 for 

a general Diagnosis strategy. The target population contains patients living in the community 

with mild AD, moderate AD or with a non-AD related dementia that present themselves to a 

neurology unit. Subjects undergo one out of the four diagnosis strategies described in the 

previous section, receiving a certain diagnosis result that can be either “Probable AD” or 

“Unlikely AD”. Every strategy entails, as we are going to see further, costs in consultations, 

exams, etc. If a patient is flagged as probably having AD, he will receive a certain treatment, not 

depending on its disease stage (mild or moderate). Accordingly, he progresses on the Markov 

Structure through transition probabilities that incorporate those treatment effects. Otherwise, he 

will evolve in the Markov Structure with the original transition probabilities. In this Markov 

structure, besides the states “No AD”, “Mild Ad Community” and “Moderate AD Community” 

initially occupied, there are 5 other states including a final state named “Dead”. Each one of 

these 7 states possesses associated outputs as costs and health outputs. To sum up, in order 

to perform a Cost-utility analysis in this context we need to have the following data: 

- Sensitivity and specificity of each diagnosis strategy 

- Prevalence values 

- Transition probabilities between AD stages and between clinical settings 

- Treatment effects on transition probabilities (relative risks) 

- Health effects (per disease severity and clinical setting) 

- AD cost (per disease severity and setting) 

- Diagnosis strategies costs 

- Treatment costs 

Non-financial resources described in section 4.1 will not be included in this analysis, 

because differences between strategies are already implicit in the total cost to be introduced for 

each examination. These data fits into different categories, corresponding to several model 

features that will now be described.  

4.3.2 – Diagnosis Strategy Performance, Prevalence and Progress 

Each diagnosis strategy has performance measures associated. These statistical 

parameters are sensitivity and specificity. Since we are dealing with AD patients initially in a 

Mild or in a Moderate state, there must be two values of sensitivity for each strategy. The 

ultimate objective of the decision tree is to estimate, for each of the four strategies, the 
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proportion of the patient cohort in each of the three “initial” Markov states (“Mild AD”, “Moderate 

A” and “No AD”). The “Severe AD” stage is not included in initial states, because it is assumed 

patients in such a state would have already been diagnosed, and if they were not, imaging 

would not be needed to confirm the diagnosis. The initial population of this study does not 

include asymptomatic individuals with AD but screened in other contexts. Besides parameters 

representing the strategy’s performance, the proportion depends on two other parameters: 

Alzheimer’s prevalence on the cohort ( ���) and the ratio of Mild AD to Moderate AD cases 

(  ����� ). These parameters and their relationships are explained in detail in Appendix A. 

Nevertheless it is important to state that this type of formulation with a ratio prevents an initial 

AD population totally in the Mild stage.  

Each patient will also be in a specific health care setting, either on a nursing home or in a 

community, with this transition depending upon the patient’s AD severity state. As a result, the 

Markov structure becomes slightly more complicated than a model containing only transition 

between AD severity states. We assume the entire initial population is in the community, having 

sought diagnosis prior to its eventual transition to nursing homes. We also suppose that an AD 

patient identified as being in another AD stage is included in the true positives for that stage 

sensitivity. This is assumed for the reason that patient will receive pharmacological treatment as 

well. This situation can happen to a Mild AD patient misdiagnosed as having Moderate AD or 

vice versa. 

Disease stage-to-stage transition probabilities define the speed patients’ progress through 

disease’s states while setting-to-setting transition probabilities characterize changes between 

different clinical settings (community/nursing home). The last set of probabilities is conditional 

on disease stage as mentioned, but stage-to-stage transitions occur independently of setting. 

As an example, the probability of progress from a Mild AD stage to a Moderate AD Stage is not 

influenced by the patient’s clinical setting [95]. Accordingly, for each transition, if we consider �� 

the initial AD state, ��   the final AD state, �� the initial clinical setting and ��  the final Clinical 

Setting, we want to determinate ���� ∩  �� � �� ∩  ��). This represents the transition probability of 

changing into a specific AD stage and into a specific clinical setting from an initial state with a 

correspondent AD stage and a correspondent setting. In Appendix B equation (2) is entirely 

demonstrated. 

 ���� ∩  �� � �� ∩  ��) =  ����  � ��) × ���� � �� ∩  ��)  (2) 

This means ���� ∩  �� � �� ∩  ��) can be expressed as a product of the individual probability of 

changing from an AD stage to another for the probability of changing to a specific clinical setting 

from an initial clinical setting and an initial AD stage. 

Associated with model’s Markov Section, there is a transition matrix that describes 

transitions between the 8 Markov States. This type of matrix contains the several conditional 

probabilities, usually being in the following form: 
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In which, ��,# is the conditional probability of transitioning to state j, when at a state i in a 

given time step.  As from a state i, one must move to any state or remain at state i, the transition 

matrix is considered right stochastic i.e. a square matrix in which each row sums to 1. 

Algebraically: 

 ) ��,# = 1
#

 (4) 

Transition Probability matrix is a large matrix (8 x 8) presented in Appendix B. However, 

since it was extracted from the computational implementation it has a slightly different 

formulation. For example, the transition probability from a Mild AD state to a Moderate AD state 

here represented by �(��+��) is there considered as the variable tpMi2Mo. Nevertheless, it is 

important, at this point, to give an explicit example. We should now consider the probability 

associated with the transition from a Mild AD Community State to a Moderate AD Nursing Home 

State, which, based on (2), is given by (5): 

 �(�� ∩ ,-+�� ∩ ��) = �(��+��)  ∗ �(,-+�� ∩ ��) (5) 

Within pharmacological treatments mentioned that help cognitive capacity of AD patients, 

Donepezil is one of the most common drugs. It has been largely studied in terms of cost-

effectiveness [95-100] and will be included in the model as treatment for mild and moderate 

cases. The treatment with Donepezil will have influence through parameters called relative 

risks, which influence transition probabilities. Probabilities affected are marked with red arrows 

in Figure 10 and in red on the transition probability matrix in appendix. Defining  �/0/1232425677777777777777 for a 

state in which the patient suffered treatment, we will proceed with the example given. Thus, 

considering ������ the relative risk that represents the effect on passing from a Mild AD to a 

Moderate AD stage, the transition probability of passing from a Mild AD stage (where patient 

was under treatment) to a Moderate AD Stage is given by (6): 

 �(��+�87777) = �(��+��) ∗  ������ (6) 

The final transition probability, which is from a Mild AD Community State (where patient was 

under treatment) to a Moderate AD Nursing Home State, will be given by 

 �(�� ∩ ,-+�8 ∩ ��77777777777) =  �(��+�87777) ∗  �(,-+�� ∩ ��) (7) 

Replacing (6) in (7) we obtain (8): 

 �(�� ∩ ,-+�8 ∩ ��77777777777) = �(��+��) ∗  ������ ∗ �(,-+�� ∩ ��) (8) 
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Once a patient has moved to a nursing home, according to the model, there is no possibility 

of regression. In contrast, for the less severe AD states the hypothesis of a “backward 

transition”: a patient can pass from a Moderate AD state to a Mild Ad state. This accounts more 

for cases mistakenly diagnosed as Moderate AD that were actually less severe, than for actual 

disease regression, because as we have seen in the bibliographic review, it hardly occurs. In 

fact, this regression is so low it is enhanced greatly when Donepezil is applied. 

4.3.3– Costs and Effectiveness 

During this analysis, costs have been considered throughout the whole process, while health 

outcomes are only considered in the Markov Structure.  

In model’s first section, the decision tree, costs of each diagnosis strategy must be 

accounted for. All strategies include costs related to initial consultations and to laboratory tests 

as part of the common “Standard Examination”. As explained previously, on strategies 1 and 4 

(“PET” and “No-Exam”) CT was the structural brain imaging technology performed so those 

costs were included. Conversely, in strategies 2 and 3 (“MRI-ASL” and “MRI-DSC”) a MRI is 

already performed so CT costs should not be considered. Diagnosis Strategies Costs were 

incorporated in the model as single parameters in order to permit an easier adaptation to 

receive cost data that was not subdivided into laboratory tests, consultations, etc 

The long-term Markov Structure contains, for each state, an associated cost and a quality of 

life weight. If the Markov cycle is set to one month, logically all weights and costs taken into 

account in the model must be monthly. While considering states’ cost we have to be careful in 

using estimations that exclude costs driven from medication, since drug costs are considered 

elsewhere. A state cost will then include direct costs as expenses on follow-up visits, generally 

performed by nurses or in further medical tests and examinations and indirect costs as those 

related with early retirement. Other important detail is to assure distinction between different 

clinical settings (community/nursing home) is present in cost data in a proper way. Moreover, 

patients diagnosed with “Probable AD” will be treated with a drug. This drug, Donepezil, has a 

monthly cost that must be accounted for. However, the drug is only applied to patients in a Mild 

or Moderate state, because it was proven to have no effect in patients in severe state. 

Quality of life weights in the Markov structure are suspected to be some of the critical 

parameters in the model and they can be measured through different multi-attribute health 

status classification systems [1]. Such systems are pre-scored and differ in the dimensions of 

health they cover, in the value of the most severe level, in the theoretical approach, etc. They 

must be chosen according to factors as credibility or if they have been used to similar patients 

and were responsive. According to these criteria, to measure AD patients’ preference we can 

highlight Health Utilities Index (HUI) and the EQ-5D (created by a European consortium called 

EuroQoL) [33, 60, 95, 99, 100]. While HUI preferences were measured using standard gamble 

and his scoring formula uses multi-attribute utility theory, EQ-5D preferences were measured 

using Time-Trade-Off technique and his scoring formula used econometric modelling [1].  
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Treatment influences health outcomes in different ways depending if the subject is in reality 

an AD patient or if he has been misdiagnosed. In the first case, as already stated, health effects 

are considered through a slower disease’s progression by the relative risk factor applied to 

specific transition probabilities. In the case a subject suffers from a non-AD related dementia, he 

undergoes an unnecessary treatment thus a decrease in QALYs is included. 

4.4 - Computational Implementation 

The model was implemented both in TreeAge Pro® and in Microsoft Excel®. TreeAge Pro is 

a decision analysis package with a healthcare module, where Microsoft Excel can also work as 

a complement. Excel, being a very popular spreadsheet software, has the advantage of ease 

access and use. In comparison Excel has an appearance perhaps less attractive, but permits 

the constant observation of the model intermediate steps. For example in a given cycle one can 

access the proportion of the cohort in each state. Moreover the dynamic of the model maintains 

it much more open to future modifications in its structural assumptions. However, these software 

are not mutually exclusive as parameters can be introduced only in Excel, in the appropriate 

spreadsheet, and handled in both software, since TreeAge is also directly connected to the 

respective Excel file. In order to avoid having a great number of spreadsheets in the same file, 

Excel’s implementation is focused on making binary comparisons between two different 

strategies, which can be selected through “Option Buttons” in a user-friendly interface, visible in 

Figure 11. 

 

Figure 11 - Interface of the Excel Model 

On the other hand, TreeAge implementation comprises 4 strategies. This program includes a 

great number of tools to process data, as sensitivity analyses or simulation that are 

implemented in this software in a easy to use manner.  Markov Models are implemented not in 

their original nature, but in a tree form, which enlarges significantly the model’s extension. In 
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this sense, as an example, it can be mentioned the Markov Cycle Tree created comprises 617 

nodes in its four branches. In order to give an overview of how the model looks like, each 

branch is also subdivided in three other branches corresponding to three initial states: “No AD”, 

“Mild AD” and “Moderate AD”. In each of these states, the diagnosis strategy that will be applied 

results in one of two possible outcomes: “Probable AD” or “Unlikely AD”. At this level, begin the 

subtrees corresponding to Markov Models. The program interface is visible in Figure 12. 

 

Figure 12 - Interface of the TreeAge Model. 

Both software include nearly the same parameters as inputs, which are presented in Table 3. 

Respective values are only going to be described in the next section. 

Parameter 

Name 

Description 

DIAGNOSIS STRATEGIES 

seMiPET Sensitivity for PET in Mild AD detection 

seMiDSC Sensitivity for MRI-DSC in Mild AD detection 

seMiASL Sensitivity for MRI-ASL in Mild AD detection 

seMiSTD Sensitivity for No exam in Mild AD detection 

seMoPET Sensitivity for PET in Moderate AD detection 

seMoDSC Sensitivity for MRI-DSC in Moderate AD detection 

seMoASL Sensitivity for MRI-ASL in Moderate AD detection 

seMoSTD Sensitivity for No exam in Moderate AD detection 

spPET Specificity for PET in AD detection 

spDSC Specificity for MRI-DSC  in AD detection  

spASL Specificity for MRI-ASL  in AD detection  

spSTD Specificity for No exam in AD detection  

TRANSITION PROBABILITIES 

tpNo2No Monthly transition probability from No AD to No AD 
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tpNo2D Monthly transition probability from No AD to Dead 

tpMi2Mi Monthly transition probability from Mild AD to Mild AD 

tpMi2Mo Monthly transition probability from Mild AD to Moderate AD 

tpMi2S Monthly transition probability from Mild AD to Severe AD 

tpMi2D Monthly transition probability from Mild AD to Dead 

tpMo2Mi Monthly transition probability from Moderate AD to Mild AD 

tpMo2Mo Monthly transition probability from Moderate AD to Moderate AD 

tpMo2S Monthly transition probability from Moderate AD to Severe AD 

tpMo2D Monthly transition probability from Moderate AD to Dead 

tpS2S Monthly transition probability from Severe AD to Severe AD 

tpS2D Monthly transition probability from Severe AD to Dead 

tpC2NMi Monthly transition probability from Community to nursing home in Mild AD 

tpC2NMo Monthly transition probability from Community to nursing home in Mod. AD 

tpC2NS Monthly transition probability from Community to nursing home in Severe AD 

PREVALENCE AND TREATMENT EFFECTS 

rrMiMo Relative Risk for mild-to-moderate transition 

rrMoMi Relative Risk for moderate-to-mild transition 

pAD AD prevalence 

rMiMo Ratio of mild to moderate AD 

OUTPUTS ASSOCIATED WITH MARKOV STATES 

uNo Utility of having No AD or other group 

uMiCo Utility of having Mild AD at a community 

uMiNh Utility of having Mild AD at a nursing home 

uMoCo Utility of having Moderate AD at a community 

uMoNh Utility of having Moderate AD at a nursing home 

uSCo Utility of having Severe AD at a community 

uSNh Utility of having Severe AD at a nursing home 

cNo Monthly cost of patient with No AD or other group 

cMiCo Monthly cost of patient with Mild AD at a community 

cMiNh Monthly cost of patient with Mild AD at a nursing home 

cMoCo Monthly cost of patient with Moderate AD at a community 

cMoNh Monthly cost of patient with Moderate AD at a nursing home 

cSCo Monthly cost of patient with Severe AD at a community 

cSNh Monthly cost of patient with Severe AD at a nursing home 

STRATEGY AND TREATMENT COSTS 

cPET PET Strategy cost 

cDSC MRI-DSC Strategy cost 

cASL MRI-ASL Strategy cost 

cSTD “No Exam” (Standard examination) Strategy cost 

cDrug Monthly Treatment Cost 

OTHER PARAMETERS 

cDR Discount rate for costs 

oDR Discount rate for ouputs 

Duration* Model Time Span 

Table 3 – List of Parameters used both in TreeAge and in Microsoft Excel (except item marked with *  only 
present in TreeAge)  
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4.5 - Data  

Most data used to implement the proposed model was taken from previous studies, such as 

transition probabilities or Quality of life weights [33, 60, 95, 101]. Throughout this section we will 

explain values present in our “base-case” analysis, i.e. an analysis that uses our best estimates 

for all parameters. Choices made on sources to use are justified, as well as possible 

adaptations required namely in assumptions taken. It is important to mention all imaging 

technologies were considered to be already available in clinical setting. As a consequence each 

strategy cost will not depend on parameters as the number of exams performed. 

4.5.1 - Diagnosis Strategy Performance 

Throughout bibliographic review, evidence was stated on diagnosis strategies performance, 

which is usually presented in terms of sensitivity and specificity. Within those studies some 

values which appear to be credible were selected, while values from other valid sources can be 

included in subsequent sensitivity analyses.  

PET Values of Sensitivity and Specificity 

Silverman et al in 2002 [79] made a review of the studies comparing PET with 

neuropathologic confirmation of presence or absence of AD, highlighting three of those studies. 

The first one [102] is partially from the same authors and analyzed three previous studies 

reaching values of 92% sensitivity and 71% specificity for AD detection with PET. In the next 

study, Hoffman et al [77] reported for AD detection only a sensitivity value of 93% and a 

specificity value of 63%. When patients with AD associated to other pathologies were included 

in the analysis, the values slightly changed: sensitivity of 88% and a specificity of 67%. The third 

study from Silverman et al in 2001 [76] used a number of patients much higher than the other 

two studies reporting a sensitivity of 94% and a specificity of 73%. When the same study 

analyzed the subset of data from earlier disease stages (mild AD or “questionable”) sensitivity 

and specificity found were, respectively 95% and 71%.  

Other study providing PET sensitivity and specificity estimates was performed by Jagust et 

al. in 2007 [75] reporting a sensitivity of 84% and specificity of 74% for AD detection. A meta-

analysis made by Patwardhan et al. in 2004 [78] found a great heterogeneity between the 9 

studies considered in the end, reporting a sensitivity of 86% and a specificity of 86%. An older 

but broader meta-analysis study was the one conducted by Matchar et al in 2001 [4]. It shows 

similar results as the estimated mean sensitivity to be 86% (range 74-92%) and mean specificity 

to be 87% (range 78-93%). Though, these meta-analyses cover studies employing a wide range 

of methods, which demands some reservation in accepting the values obtained. As we are not 

sure how reliable values are, they will only be included in the sensitivity analyses.  

In alternative, for the base-case analysis we decided to include sensitivity and specificity 

data from [76], since it was a broad analysis with an apparent reliability and values present in 
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the ranges typically found for these measures. However, since Mild AD sensitivity values also 

included AD cases classified as “questionable”, we decided not to differentiate sensitivity values 

for different degrees of AD (Mild/Moderate). Thus, both parameters seMiPET and seMoPET 

were considered as 0,94. 

MRI-DSC Values of Sensitivity and Specificity 

The number of studies mentioning MRI-DSC values of sensitivity and specificity to detect AD 

is considerably smaller than the equivalent for PET. In addition, these studies have a smaller 

scale with a number of patients usually around 20. For example, a study from Maas et al. [3] 

reported data only from 16 patients with probable AD. MRI-DSC showed there a sensitivity 

value of 81%, with patients not being discriminated by different AD severity degrees, while the 

specificity value was 88%. More recently (in 2001) other study from Bozzao et al. [81] 

discriminated AD patients but not in a unambiguous way: they reported a sensitivity of 90% in 

patients with “mild impairment” and 91% in patients with “moderate impairment”, while the 

specificity was slightly lower – 87%. However, since that disease categorization was somewhat 

vague we should include preferably values from other study: a study performed by Harris et al. 

in 1998 [82] can be considered more trustworthy as it distinguishes values between disease 

severity, while have a larger sample. These authors reported sensitivities of 88% in Mild AD 

cases and 95% in Moderate cases plus a specificity of 96%. In the absence of more recent data 

we will use this study in the base-case analysis. 

MRI-ASL Values of Sensitivity and Specificity 

As far as we know, MRI-ASL operating characteristics (sensitivity and specificity) for AD are 

not described in more than a couple of studies. That fact is probably related with the technique 

being relatively recent as was afore mentioned. Indeed, the first study with this type of 

information was published in 2008 by Asllani et al. [12] using CASL and reported sensitivity and 

specificity values with a remarkable quality. The pattern chosen achieved on Mild AD a 

sensitivity of 100% and a specificity of 95%. A more recent study by Raji et al. [68] achieved 

results not as perfect, with lower values for sensitivity - 85% – and for  specificity – 54%. 

Though, it was described only as an “initial experience” and many patients were at disease’s 

early stages. In the base-case analysis we will include data from [12] as that study appears to 

have a stronger basis. We will extrapolate seMoASL from seMiASL as if the test achieved a 

sensitivity of 100% for patients at a early stage, it would as well detect perfectly Moderate AD 

cases. 

Standard Examination Values of Sensitivity and Specificity 

Silverman et al. in 2001 [79] in an economic analysis over PET reviewed Standard 

Examination (or conventional clinical evaluation as it was named) sensitivity and specificity 

values. It was highlighted a study from Lim et al. in 1999 [103] that included patients at a 
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relatively early stage and it was considered Class I (Class I indicates a well-designed study that 

uses a “gold standard” for assessment and enables the estimation of diagnosis accuracy). This 

standard diagnosis followed the NINCDS-ADRDA criteria and achieved for “Probable AD” a 

sensitivity of 83% and a specificity of 55%. Chapman et al in 2010, although was focused on 

applying other diagnosis method (multivariate) also evaluated patients based on NINCDS-

ADRDA criteria achieving 84% sensitivity and 79% specificity. These guidelines were also 

reported by American Academy of Neurology [52] to have a mean sensitivity of 81% and a 

mean specificity of 70%. In the base-case analysis we included values from [52] as it resumed 

data from several studies putting emphasis on the most trustworthy, by considering mainly 

studies from class I. This class belongs to a classification of evidence created by these authors 

that divided studies in classes of reliability. Studies of class I typically use a “gold standard” and 

study a broad spectrum of persons with the suspected condition, among other characteristics. 

However, since in patients with less advanced AD, examinations are expected to have lower 

sensitivity values, we used the value of 75% sensitivity present in Hoffman et al. [77]. 

Sensitivity and Specificity of Diagnosis Strategies 

seMiPET 0,94 seMoPET 0,94 spPET 0,72 

seMiDSC 0,88 seMoDSC 0,95 spDSC 0,96 

seMiASL 1 seMoASL 1 spASL 0,95 

seMiSTD 0,75 seMoSTD 0,81 spSTD 0,70 

Table 4 – Diagnosis Strategies sensitivity and specificity values. 

4.5.2 – Prevalence and Progress 

Prevalence and Effect of Medication 

The model requires as input parameters the prevalence of AD in the population who was 

presented at a neurology unit and the ratio of mild to moderate AD cases. As stated previously, 

Portuguese estimations point to an AD prevalence in the dementia universe of 53-76% [39, 40] 

while in the USA it was stated 60-80% of all dementias are caused by AD [25]. If it is assumed 

that not every patient who enters the unit is demented and that not all diagnosis are confirmed 

at autopsy we can estimate AD prevalence to be 60% for the base-case analysis. The ratio of 

mild to moderate AD cases was estimated to be 4:3. In the absence of specific Portuguese 

data, we will infer this value from a study made by the United States General Accounting Office 

[104]. This was a meta-analysis that reported in 1998 there were 0,9 million mild AD cases, 

whereas 1,0 million patients had moderate to severe cases. Even without a subdivision between 

moderate and severe stages we can assume there are more mild cases than moderate cases. 

Neumann et al. in 1999 [95] calculated relative risks (designated as risk ratios) associated 

with a treatment based on a random clinical trial of donepezil versus placebo on mild or 

moderate AD patients [105]. The demonstrated beneficial effects of the treatment were the 50% 

reduction in the probability of transition from Mild to Moderate AD (rrMiMo=0,50) and a 2,36 

increase in the probability of regression from Moderate to Mild AD (rrMMoMi=2,36). The trial 
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could not reveal effects on the transition to the severe stage for the reason that in the time span 

considered just one patient entered the severe stage. This relative risk values should be 

implemented in the model for those patients diagnosed with “Probable AD”. 

Progression of the Disease 

The diagnosis period considered is 3 months [106], while the long-term period is the total 

analysis time, 18 months in this base-case analysis. The latter value was based on the results 

of a survey of experts performed by Neumann et al. [95] asking for how long experts thought the 

drug would delay progression of cognitive deterioration. 

Typically the data available in the literature provide, in many cases, annual parameters. 

However, if we are dealing with a total time period of 18 months or similar, the model demands 

enough detail to permit its correct estimation. Hence, some parameters must be converted to 

monthly values. These parameters include transition probabilities as this Markov Structure will 

be executed in cycles of one month. This process is done through a conversion firstly to a rate – 

an instantaneous potential for the occurrence of an event [94]- and then back to a 1-month 

probability. The conversion to an instantaneous rate is given by (9): 

 � = − ln(1 − �)
/  (9) 

In which t is the period of time for which P was calculated. In this case we consider the 

probabilities were initially annual and the time unit as a year so t is equal to 1. We can now have 

the inverse formula:  

 � = 1 − 1<=∗4> (10) 

In which /! is the time unit for the desired probability, in this case .
�

�!. Thus, combining (9) and 

(10), we obtain: 

 � = 1 − 1?@(�<A)
�!  (11) 

Transition probabilities used in this thesis were also driven from Neumann et al. [95] that 

calculated it through a modified survival analysis from data collected in Consortium to Establish 

a Registry for Alzheimer’s Disease (CERAD) [107]. This was a longitudinal database study of 

1145 patients in the USA. However, all those probabilities were annual so they had to be 

converted into monthly probabilities through formulas (9), (10) and (11). Correspondent values 

are presented in Table 6 along with Treatment effects and prevalence at diagnosis. 
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Transition Probabilities 

tpNo2No 0,9963 tpMo2Mi 0,0037 tpC2NMo 0,010 

tpNo2D 0,0037 tpMo2Mo 0,9583 tpC2NS 0,025 

tpMi2Mi 0,9628 tpMo2S 0,0339 tpC2NMi 0,003 

tpMi2Mo 0,0319 tpMo2D 0,0042  

tpMi2S 0,0036 tpS2S 0,9863   

tpMi2D 0,0018 tpS2D 0,0137   

Table 5 – Transition Probability, relative risks and prevalence data [33, 60, 95] 

Treatment Effects Prevalence at diagnosis 

rrMiMo 0,5 pAD 0,6 

rrMoMi 2,36 rMiMo 1,33 

Table 6 – Treatment Effects and Prevalence at diagnosis 

4.5.3 – Costs and Effectiveness 

Costs and Effectiveness of the Markov Model 

The Markov model states possesses some features, computationally called “rewards”, as 

costs and utility values. At this point it will be justified the choice of each estimation.  

The monthly cost estimate of “No AD” State was calculated from a Portuguese survey 

published in 2008 [108] that surveyed family expenditures with the actualized value fixed in 

106,65€. Costs for the remaining states of the Markov model were estimated from a Spanish 

study that analyzed a sample of 237 AD patients on Canary Islands [101]. This study, according 

to [90],  is an example of the cost structure usually found in southern Europe, where a great 

portion of the total costs is due to informal care. Thus, we decided to include it here rather than 

other estimations, as we consider this comes closer to Portuguese reality. In this study patients 

were subdivided by AD stages, but it was not clear patients’ individual clinical setting. Firstly 

from total costs had to be discounted those related with drugs to avoid double counting, since 

these expenditures are already implemented elsewhere in the model. On the other hand it is 

important to stress that other items in the study as “Medical tests and examinations” or 

“Consultations” should be accounted for as they represent not the initial tests and examinations 

present in the standard diagnosis strategy but those that occur within the long-term Markov 

structure. For instance, in a Portuguese study it was estimated AD patients will annually submit 

themselves to 4 consultations with a GP and 1 or 2 with a specialized physician [106]. From the 

base estimate of a patient’s cost per cycle at the community [101], we estimate how much 

would cost per cycle a patient institutionalized in accordance  to proportion found in [33]. All 

these cost estimates were adjusted using the correspondent consumer price index. 

Health-related quality-of-life weights were based on the Mark III version of the Health Utility 

Index (HUI3) and were reported by McMahon et al. in 2003 [60]. They assess this population’s 

quality of life in a better way, being more sensitive than previous versions of this scale. It is 
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important to draw attention to the weight from a patient who is in a Severe State in a Nursing 

Home. Since it is 0, this indicates that state is, for the patient, equivalent of being dead. 

Moreover, patients with non-AD related dementia that suffered treatment (false-positive 

examination results) were considered to suffer a QALY decrease of 0,05. 

Utility of Markov states per cycle Costs of Markov states per cycle 

uNo 0,07 cNo          550,00 €  

uMiCo 0,03 cMiCo       1 080,67 €  

uMiNh 0,04 cMiNh       1 653,07 €  

uMoCo 0,015 cMoCo       1 959,67 €  

uMoNh 0,0175 cMoNh       2 561,75 €  

uSCo 0,00167 cSCo       3 342,33 €  

uSNh 0 cSNh       4 139,83 €  

Table 7 – Monthly Costs and Monthly Utility Estimates for each state 

Treatment and Diagnosis Strategy Costs 

All strategies must include the costs associated with their common section - “Standard 

Examination”. These costs will include costs from one specialized consultation, from tests, from 

the neurobehavioral assessment and from the structural imaging exam. In this thesis we will 

consider values published by Portuguese Ministry of Health in “Portaria 132-2009” [109]. In this 

document the consultation price is 31€, whereas the neurobehavioral and mental state 

assessment is worth 98,70€. In terms of structural imaging a brain MRI exam costs 133,50€ and 

a CT scan 74,30€. As expected functional imaging exams are more expensive: MRI-DSC adds 

up an extra cost of 283,70€, whereas a MRI-ASL saves in the contrast only demanding 133,50€ 

for the technical support. On the other hand, PET imaging is much more expensive, with each 

exam reaching the price of 1415,80€. Another item is the treatment cost. As stated the drug 

considered was Donepezil. The monthly cost of this treatment was calculated from the price of a 

generic drug of this compound found in a online Infarmed database [110]. It should be stated 

that the price of other brands was approximately the same.   

Diagnosis and Treatment Costs 

Consultation 31 MRI-DSC exam  133,50+283,70 

Tests and 
Neurobehavioral assessment 

98,70 
MRI-ASL exam 133,50+133,50  

PET 1415,80  

CT 74,30  Donepezil monthly costs 61,66 

Table 8 – Diagnosis and Treatment costs (in Euros) 

Therefore, in what concerns total diagnosis strategy costs, the “PET” strategy cost is 

1619,80€, the MRI-DSC” strategy cost is 546,90€, the “MRI-ASL” strategy cost 396,70€ and the 

“No exam” strategy cost is 204€ as it is visible in Table 9. 
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Strategies PET MRI-DSC MRI-ASL No Exam 

Costs 1619,80 546,90 396,70 204 

Table 9 – Strategy costs (in Euros) 

4.6 – Uncertainty and Sensitivity Analysis 

In this section it will be described how uncertainty was incorporated to the model. 

Uncertainty in economic evaluations can arise because of methodological disagreement among 

analysis, the data requirements of the study or the desire to generalize the results of the study 

to another setting [111]. In the first subsection sensitivity analyses are proposed due to 

methodological issues: on parameters in which different sources pointed to different values, or 

in those we suspect specific model assumptions could be altered. Additionally we will deal with 

parameter uncertainty and how statistical methods can reflect the sampling uncertainty inherent. 

4.6.1 - Sensitivity analyses 

Sensitivity analyses will be performed in a wide range of scenarios, varying those 

parameters we have some reservations about their value or those which were based on 

assumptions we consider are possibility unsatisfactory. Alternatively some of the parameters the 

model is expected to be more sensitive to were analyzed. These scenarios are integrated in five 

main categories to ease its interpretation: “Test characteristics and strategies”, “Drug Effects 

and duration”, “Prevalence”, “Disease Progression” and “Costs and Utility of Markov States”. In 

the end of this subsection, a table resuming all sensitivity analyses is present with choices  

 4.6.1.1 - Exam characteristics and Treatment Rules 

A sensitivity analysis was performed on costs of ASL. As strategies costs are some of the 

parameters with higher uncertainty, it is crucial to understand how they influence each 

strategy’s cost-effectiveness. For ASL cost per examination we recognize it is flanked by the 

cost of a “No Exam” strategy with MRI performed as the structural brain imaging instead of CT 

(it is superior) and the cost of “MRI-DSC” Strategy (it is inferior as it saves on items as the 

contrast). The sensitivity analysis on ASL cost can therefore be performed between these 

prices: 263,2€ and 546,9€. 

A second sensitivity analysis was performed to the costs of all diagnosis strategies. Using 

data from a private health care provider in the region of Lisbon, the common standard diagnosis 

strategy costs have previously been underestimated as in reality that process encompasses 

mean costs of 170€ instead of the 129,7€ previously considered. These costs do not include 

structural imaging, but embrace laboratory tests to B12 vitamin, urinalysis and to measure 

thyroid function. This has repercussions on every strategy, but other differences were noticed: 

MRI cost was higher whereas PET cost was lower. To summarize, costs considered here were 

1300€ for “PET” strategy, 720€ for “MRI-DSC” strategy, 520€ for “MRI-ASL” strategy and 300€ 

for “No exam” strategy. 
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Regarding values of performance of each diagnosis strategy, it was considered to include a 

“Perfect Examination” to investigate the effect of improved sensitivity and specificity in future 

tests. However, since ASL performance values are not that far from 1, we just performed a 

sensitivity analysis to ASL specificity (the only parameter non ideal). The lower bound values for 

sensitivity and specificity were from Raji et al. [68]  

Moreover, for the “No-Exam” strategy we modeled a hypothetical treatment rule that was 

less rigid: treating not only patients marked as “Probable AD”, but also those with a diagnosis of 

“Possible AD”. As a consequence sensitivity increases to 0,93 in Mild AD cases and to 0,94 in 

Moderate AD cases, while specificity naturally decreases to 0,54. 

4.6.1.2 – Drug Effects and Duration, 

An important aspect of this study is how treatment influences final cost-effectiveness. Hence, 

new therapies that would increase AD treatment efficiency were included at this point. These 

hypothetical drugs possess relative risk values that reflect their possible benefic effects namely 

a lower relative risk Mild-to-Moderate and a higher relative risk Moderate-to-Mild, permitting to 

boost the probability of disease’s regression. Costs and duration of effectiveness were 

considered the same as Donepezil. This theoretical drug will have 0,25 as the relative risk of 

Mild to Moderate of and 5 as the relative risk of Moderate-to Mild, estimations supported on 

Neumann et al. [95]. Nevertheless, that study also considered a second drug, that will not be 

considered in the present study as it is found to be excessively optimistic and this drug seems 

unlikely to appear in the near future [112].  

Another sensitivity analysis was to vary the Donepezil time horizon from 6 months to 48 

months. However, it must be taken into account that transition probabilities for Donepezil 

treatment were based on a 24 week trial [105], thus if we want to extend them beyond that 

period, it has to be assumed the probabilities remain constant 

4.6.1.3 – Prevalence 

The AD prevalence was modified 0,80 in a sensitivity analysis to according to [40], trying to 

reflect more precisely the Portuguese reality. Perhaps the parameter less mentioned in the 

literature is the ratio mild to moderate AD cases that was modified according to plausible values 

found in McMahon et al. [33]. 

4.6.1.4 - Disease Progression 

In terms of disease progression, new options were put in the model in stage-to-stage 

transition. To model a “faster progression” we increased mild-to-moderate, moderate-to-severe 

and severe-to-dead transitions by 10%, while to model a “slower progression” the same values 

were reduced by the same factor.  
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Concerning setting-to-setting transitions, once more aiming to adapt it to Portugal, we 

experimented to decrease the community-to-nursing home transition. This was performed under 

the assumption southern Europe countries relies more in informal care and less on nursing 

homes than the United States (where the original estimations for these probabilities came from). 

4.6.1.5 – Costs and quality of life 

Within the short-term decision tree, health changes were not considered. However, there is 

the plausible effect of the influence of an intravenous injection, on which it is performed a 

sensitivity analysis. By avoiding this intervention, “MRI-ASL” and “No-Exam” strategies would be 

advantageous. This is implemented in the model through a decrease in QALYs in the first 

month for those cases in which patients underwent “PET” or “MRI-DSC” strategies.  

To represent the influence of adding a cost common to every strategy we decided to change 

“No exam” strategy cost instead of changing for example some item of the common part of the 

standard diagnosis. This cost would not be precisely common to every strategy if it was from 

other Markov state as it will be explained later. The new “No Exam” cost considered is 37336€ 

present in an American estimation – the US Consumer Expenditure Survey from 2008 [113]. It 

is considerably different from the Portuguese study previously mentioned. 

At last, changes in QALYs for Patients with AD at any stage were performed according to 

McMahon et al. [60] by modifying that utility weights in ±0,1. 
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SCENARIOS VALUES SOURCE/COMMENTS 

Base-case [All specified in section 4.5] Multiple 

Exam 

Characteristics 

and 

Treatment 

Rules 

ASL Cost cASL ↓cSTD  ↑cDSC (see text) 

ASL Performance 
seASL 

spASL 

↓0,85  ↑1 

↓0,54  ↑1 

From Raji et al. [68] to 

Perfect Examination 

Strategies Cost 
cASL, cDSC, 

cPET, cSTD 
(multiple) (see text) 

Treatment Rule 

Less Rigid in “No 

Exam” Strategy - 

seMiSTD 

AND 

spMiSTD 

↑0,93/0,94 

AND 

↓0,54 

McMahon et al. [60] & 

Knopman et al. [52]  

Drug Effects 

and Duration 

Alternative 

Treatment with a 

Possible New 

Drug 

rrMiMo 

AND 

rrMoMi 

↓0,25 

AND 

↑5 

Neumann [95] 

Model Time Span Duration 6-48 mo. McMahon et al. [60] 

Prevalence 

Parameters 

AD Prevalence pAD 0,80 Garcia [40] 

Ratio of Mild to 

Moderate AD 

Cases 

rMiMo 

5:4 

1:1 

1:2 

McMahon et al. [33] 

Disease 

Progression 

Faster and Slower 

AD Progression 

tpMi2Mo; 

tpMo2S; 

tpS2D 

↑↓10% McMahon et al. [60] 

Slower 

Community-to-

Nursing home 

Transitions 

tpC2NMi; 

tpC2NMo; 

tpC2S 

↓10% 

Goal: Adapt it to 

Portuguese reality  

(see text) 

Costs and 

QALYs 

Non-invasiveness 

Benefic Effect 
uInv 0,08333 

It is a new parameter. 

(see text) 

“No AD” Cost cNo 37336€ 

US Consumer 

Expenditure Survey: 

2008 [113] 

Changes in QALYs 

for Patients with 

AD 

uMiCo; 

uMiNh; 

UMoCo; 

uMoNh; 

USCo; uSNh 

±0,1 McMahon et al. [60] 

Table 10 - Parameters selected for Sensitivity Analyses  

4.6.2 – Probabilistic Model 

The deterministic decision model is now going to be transformed into a probabilistic one. 

Partially this can be completed by associating some input parameters to probability 

distributions, which must be chosen reasonably depending on the type of parameter [94]. One 
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of the most common types of probability distributions is Normal Distribution, which due to central 

limit theorem can be applied to a variety of cases.  

Nevertheless Briggs et al [94] reflects on which distributions should be chosen and fit for 

each type of parameter of a decision model. For relative risks data available included 95% 

confidence intervals (0,253-0,989 for rMiMo and 0,802-6.95 for rMoMi), through which we can 

generate a lognormal distribution, which is an appropriate distribution to this type of parameters. 

Alternatively for parameters as costs gamma distributions, which are highly skewed, are the 

most adequate distribution. This is because costs are naturally right skewed as they are 

bounded by zero, but have no upper bound  [94].  

Propagate the uncertainty through the model is an action usually undertaken using 

simulation techniques. One of the most popular methods for this is Monte Carlo simulation, 

where expected values are calculated repeatedly and for each simulation is performed a 

random draw from each parameter distribution. In the end of the large number of simulations 

(for instance 10000), mean costs and mean effects can then be calculated from the large sets of 

data [1]. 

A Markov cycle tree is integrated in cohort models that are used in the majority of cost-

effectiveness studies. Nevertheless one can question why not using the progression of 

individual patients through the model rather than a cohort. This type of simulation is called 

patient-level simulation and is useful to surpass some cohort models’ assumptions. Discrete-

event simulation, for example, is based on how long patients remain in each state permitting the 

tracking of the individual [94]. Though, patient-level simulation has important drawbacks as it is 

much more demanding of data while bringing a computational burden. In the literature 

comparing results from both models, Briggs et al [94] concluded that patient-level simulation 

goes further on reflecting the features of a disease and the interventions, but with 

consequences on the amount of data required. It also reported some cases in which results 

between the two model types were similar. 

4.7 – Validation Tests 

After creating the model and describing the base-case scenario, the next step is to validate 

the results obtained. This ensures results are consistently associated with actual clinical 

practice. This validation can be done by comparing model’s results with previous studies or by 

performing tests that assess just a section of the model to appreciate if that dynamic live up to 

the expectations. Through these tests we aim to prove model liability and robustness, while 

detecting weaknesses that can be modified 

The first validation test performed aimed to test no more than the impact of donepezil on 

disease progression. It considered only the Markov model long-term section with a cohort of 

1000 patients with the entire initial population as being in a Mild AD Community state. It is 

possible to observe how the number of patients in each state changed in each cycle. This test 
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was performed in Excel as it is much clearer to extract what occurs in the intermediary steps. 

Results are visible in Table 11.. 

 
Mild AD 

Community 

Mild AD 
Nursing 
Home 

Moderate 
AD 

Community 

Moderate 
AD Nursing 

Home 

Severe AD 
Community 

Severe AD 
Nursing 
Home 

Dead 

Group Nat  Treat Nat  Treat Nat  Treat Nat  Treat Nat  Treat Nat  Treat Nat  Treat 

Start 1.000 1000 0 0 0 0 0 0 0 0 0 0 0 0 

3 Mo. 884 929 9 9 87 44 1 1 13 12 0 0 6 6 

6 Mo. 783 864 15 17 151 78 5 3 31 25 2 2 12 12 

9 Mo. 694 805 21 23 197 103 11 6 52 39 6 5 20 19 

1 Year 615 750 24 29 229 122 18 9 73 54 12 9 30 27 

15 Mo. 546 700 27 34 249 136 24 13 94 68 20 14 40 35 

18 Mo. 485 653 29 39 260 145 31 17 114 81 29 21 51 45 

Table 11 – Donepezil impact Simulation - Projection of natural history group (in blue) and of treatment 

group (in red) into disease stages over time.  

From Table 11, in what concerns natural history group, we can undeniably notice, as 

expected, patients moving towards more severe AD stages. For example, after a year 20,8% of 

all patients (197+11) are already in Moderate stages. In the end of the simulation, only 48% of 

patients remain in the same state. It is clear the effect Donepezil has in slowing progression 

over time. In this treatment group, continuing with the example given, only 13,1% of all patients 

are now on a Moderate AD stage. In the end of the test more than 65% (653) patients remain in 

the same state they started. 

Other important conclusion in this test is to verify the influence of treatment in changes 

between clinical settings. Looking at the two tables we conclude that in the simulation’s end, 

patients in Nursing homes are 89 (29+31+29) for the natural history group and 77 (39+17+21) 

for the treatment group. Firstly, we could suppose there was a regression in clinical settings, but 

as we have seen that is forbidden by the model. In reality, what happened was since some 

patients came back to disease’s earlier stages, they underwent a lower probability for 

transitioning into a Nursing home that they would suffer if they had remained at later stages.  

Another test was the implementation of the model in both computer programs and to observe 

how in different software, implemented with different methods, results were similar.  

One natural comparison can be with results presented by McMahon et al 2003 [60]. Applying 

the model with data selected, produced results in the CE plane similar to those from the study, 

being visible in Figure 13.  
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Figure 13 – Test with McMahon et al. [60] data. 

One obvious difference was that neither SPECT nor a “Treat All” strategy was included. In 

other strategies small variations were noticed, namely the cost increment. These variations are 

compatible both with the difference in not having SPECT as a “confirmation” technique in the 

decision tree and the different duration Markov cycles have. From Figure 13 it is possible to 

compare diagnosis strategies’ results both in costs and in benefits (QALYs). It is confirmed that 

PET is fully dominated by MRI-DSC. In the efficiency curve we find 2 strategies: “No Exam” and 

“MRI-DSC”. When compared to “No Exam” strategy, one can see MRI-DSC has an ICER 

relatively low while PET has a much higher ICER. This happens because MRI-DSC resulted in 

fewer QALYs but at a much lower cost. In the former study PET was, in terms of Utility, inferior 

to “No.Exam” strategy while here it had higher values. This is related to the absence of SPECT 

confirmation that despite higher costs filtered patients that were previously misdiagnosed and 

by that reducing “false positives”. 

After the methods have been fully explained, data to be used has been described and the 

model has been validated it is adequate to analyze and discuss results obtained, which will be 

performed in the next chapter. 

  

25500

25750

26000

26250

26500

26750

27000

27250

27500

27750

0,642 0,644 0,646 0,648 0,65 0,652

C
o

st

Effectiveness

No Exam

MRI - DSC

PET



54 

 

  



55 

 

5 - RESULTS AND DISCUSSION 

In this chapter we intend to describe results from the model application, whilst making a 

critical analysis of the methodology developed. Results were extracted from analyses performed 

preferably in TreeAge or, when adequate, in Excel. It starts by explaining results under the 

base-case scenario – the deterministic model with the best estimations for each parameter 

described in section 4.5. It proceeds with the discussion of other scenarios examined through 

sensitivity analyses, performed on parameters affected by possible changes on assumptions or 

on parameters that vary significantly, depending on the source considered. Then, results from 

the probabilistic model are described, prior to explaining limitations detected on data used and 

discuss model assumptions thus permitting to contextualize future conclusions.  

5.1 – Base-case scenario 

This section shows results in a deterministic scenario that uses our best estimates for all 

parameters. Data was described on section 4.5 and came mostly from the literature. Sources 

were preferably Portuguese (as the input cost of each strategy, calculated from price 

regulations established by the Portuguese Ministry of Health) or easily comparable with the 

Portuguese reality (as a Spanish study from Bastida et al. containing information on disease 

stage costs [101]). However, when confronted with lack of data, we also considered other 

international studies. This section shows diagnosis strategies rankings, highlighting dominance 

cases, presented either in tables, either graphically. It will also be assessed the number of 

exams required to make ASL investment profitable. The Table 12 was extracted from TreeAge 

software, providing Strategy Rankings. 

Strategy Cost 
Incremental 

Cost 
QALY 

Incremental 
QALY 

C/E 
Incr. C/E 

(ICER) vs. 
No Exam 

No Exam 23 774,8€  0,68212  34 854,4€ - 

MRI - ASL 23 732,1€ -€42,7 0,69248 0,01036 34 271,4€ -4 126€ 

MRI - DSC 23 937,7€ €162,8 0,69126 0,00915 34 628,8€ 17 803€ 

PET 25 076,0€ €1301,1 0,68494 0,00282 36 610,5€ 461 227€ 

Table 12 - Diagnosis Strategy Rankings 

It is clear the MRI-ASL strategy provides the intervention with higher effectiveness as the 

same time it achieves lower cost than any other strategy. As this happens simultaneously, one 

can state “ASL” strategy dominates (or strongly dominates) all strategies from the moment the 

technology is available in the clinical setting.  This means other strategies (“No Exam”, MRI-

DSC” and “PET”) cost more while yields fewer benefits.  

From Table 9 one could naturally expect the “No Exam” strategy final cost to be lower than 

ASL strategy, yet it is slightly superior (a difference of 43€). This result can be explained by 

differences on each strategy performance values. ASL strategy, having much higher values of 
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specificity and particularly of sensitivity correctly identifies AD patients almost every time. These 

patients consequently suffer effects from Donepezil, which slows the global disease progression 

by changing probabilities of some specific transitions and consequently decreasing costs. To 

confirm this theory a sensitivity analysis on ASL performance values should be executed.  

 

Figure 14 - Cost-utility Analysis on Diagnosis Strategies [in TreeAge] 

Figure 14 is an example of a graphical output provided by TreeAge, permitting to clearly 

distinguish between different strategies. Visualizing it corroborates the previous analysis with 

“ASL” strategy being both the minimum in Costs and in QALYs, consequently dominating the 

three other strategies and being the only strategy in the theoretical efficiency frontier. It can also 

be inferred that PET has much higher costs than any of the other alternatives, making it less 

predisposed for sensitivity analyses. Nevertheless graphically it is more common to represent 

alternatives in the cost-effectiveness plane. This plane includes differences in costs (�Cost) to 

a common base-line per patient against a similar difference in utility (�QALY). 

 

Figure 15 - Diagnosis Strategies on the CE plane [in Excel]. Incremental values versus “No Exam” strategy 

The dominance ASL owns over “No exam strategy” can be easily confirmed in Figure 15, as 

it figures in the second quadrant of that CE plane. A line uniting plot origin with ASL point would 

have a negative slope, which is precisely the ICER according to formula (1). In contrast, “PET” 
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strategy and “DSC” strategy are located on the first quadrant having positive slopes (ICER 

values). 

On the other hand if by any reason a decision maker does not want to invest in ASL 

technology, he also finds in this study information on whether to adopt DSC or PET strategies 

vs. “No exam” strategy. In that case it is undoubtedly advisable to adopt DSC strategy as it has 

a much lower ICER. As so, with DSC strategy one will pay 17 803€ for each QALY gained 

instead of the 461 227€for an extra QALY that PET strategy demands. The ICER value for DSC 

is indeed below a threshold limit in Spain [114] (30 000€), considering the working hypothesis 

that this country has a similar health care system and a similar economy when compared to 

Portugal. 

At the moment an important notion is that these results are valid only if all technologies are 

already implemented in the clinical setting. Through a decision maker point of view who wants 

to implement ASL, it is worth knowing how many exams would be necessary to compensate the 

investment. If we consider ASL scope is mainly AD detection, this could be done by varying the 

ASL exam cost taking into consideration the price of ASL equipment. Assuming equipment price 

as 50 000€ and considering nExam as the number of exams performed, ASL exam cost will be 

given by (12): 

 B��� = 396,70 + IJJJJ
@KLMN  (12) 

The ASL exam cost is a directly additive cost to “ASL” strategy as all patients that undergo 

ASL strategy are equally affected by this cost. Therefore, the same term is summed on “ASL” 

strategy total cost in Table 1. For non-dominated cases, in order to overcome certain problem 

associated with ICERs, the cost-effectiveness decision rule can be rearranged. Working under 

this new rule, in the net-benefit framework, allows us to establish a value for the maximum cost 

per QALY the society is willing to pay, O, which is used as threshold ratio. This ratio can be 

compared to incremental costs (Δ�) and to incremental utilities (ΔP): 

 Q�
Q���	R < O 

(13) 

This means a new intervention should only be implemented if its ICER lies below O. In this 

case, comparing ASL strategy with the common base-line “No Exam” strategy we obtain 

equations (14) and (15): 

 ΔCUVW XY Z[ KLMN
ΔQALYsUVW XY Z[ KLMN

< O 
 

(14) 

 a23 732,1 + 50000
nExamh −  23774,8

0,69248 −  0,68212 < O 

 

(15) 
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From (15) it is possible to calculate the minimum number of exams for some values of λ, 

with results shown in Table 13: 

λ 0 2 000 5 000 10 000 17 803,92 30 000 50 000 70 000 100 000 

Minimum 

Number of 

Exams 

1172 789 530 342 221 142 90 66 47 

Table 13 - Minimum Number of Exams for specific values that the society is willing to pay. 

Considering society is not willing to pay any euro for a QALY increase (thus, being a simple 

cost analysis) the minimum number of exams would be 1172. However, this situation is 

improbable, so if society is willing to pay the same amount of the ICER between “No exam” 

strategy and “DSC” strategy (similar to the slope of the effectiveness frontier on a scenario with 

ASL absent), the minimum number of ASL exams to make this technology adoption 

recommendable would be lower: 221. If we consider the threshold limit mentioned 30 000€ and 

the fact that DSC was not implemented (as the ICER of this strategy vs. “No exam” strategy is 

inferior) it would be necessary a minimum of 142 exams for ASL to be considered cost-effective 

in AD diagnosis. Nevertheless, it is important to restate these calculations are only valid for the 

limited scenario in which AD is the only condition in which ASL could be applied and that all 

equipments for other strategies are already implemented. 

From this point on, though, we will consider the base-case, in which ASL is already 

implemented in the clinical setting along with other imaging technologies. Costs considered as 

input for each strategy are, unless stated otherwise, those found in Price Tables Regulations 

from Portuguese Ministry of Health.  

5.2 - Sensitivity Analyses 

In this section, results from sensitivity analyses stated on subsection 4.6.1, are revealed. 

Analyses results are divided by types of scenarios. From all sensitivity analyses we observe 

dominances have not changed from the base-case, except in particular scenarios. These 

scenarios correspond to the most sensitive parameters as ASL cost, ASL performance, time 

span. Less relevant parameters that might also change relationships between strategies under 

certain ranges are the “Ratio of Mild to Moderate AD Cases” or the “Non-invasiveness Benefic 

Effect”. Those relationships between strategies are specified on Table 14 for each specified 

scenario. Each strategy has its ICER to “No Exam” Strategy for the given scenario. A negative 

ICER means that there is a domination relationship between “No exam” strategy and the 

specific strategy, which can be favorable to the latter or, less commonly, against. 
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TYPES OF 
SCENARIOS 

SCENARIOS MRI-ASL MRI-DSC PET 

 
Base-case 

-4 126 
(Dominates) 

17 804* 461 227* 

Exam 

Characteristics 

and 

Treatment 

Rules 

ASL Cost 

Equal to “No 

exam” Cost 
-17 017 17 804* 461 227* 

Equal to “MRI-

DSC” Cost 
10 376 17 804 461 227 

Strategies Cost -1 490 26235* 313 845* 

ASL 

Performance 

Perfect 

Examination 
-5 299 17 804* 461 227* 

Raji et al. values 
-52 665† 

(Dominated) 
17 804 461 227* 

Treatment Rule Less Rigid in “No 

Exam” Strategy 
-356 17 180* 251 338* 

Drug Effects 

and Duration 

Alternative Treatment with a 

Possible New Drug  
-18 841 2 524* 225 832* 

Model Time Span 

6 months 69 009 127 587* 5 891 859* 

12 months 16 210 46 664* 1 133 614* 

24 months -15 225 2651* 2 398 333* 

48 months -31 093 -19 568* 32 996* 

Prevalence 

Parameters 

AD Prevalence -5 714 27 025* 314 617* 

Ratio of Mild to 

Moderate AD 

Cases 

1:1 -2 415 19 419* 517 245* 

1:2 2 102 23 502* 713 769* 

Disease 

Progression 

Disease 

Progression 

Slower↓10% -1 627 20 001* 516 845* 

Faster↑10% -6 389 15 778* 416 752* 

Slower Community-to-Nursing 

Home Transitions ↓10% 
-4 056 17 864* 462 392* 

Costs and 

QALYs 

Non-invasiveness Benefic Effect -2 812 161 483* -250 960* 

“No AD” Cost from [113] -4 126 17 804* 461 227* 

Changes in QALYs 

for Patients with 

AD 

↓0,1 -4 128 17 808* 461 678* 

↑0,1 -4 125 17 800* 460 778* 

Table 14 - Summary of the Sensitivity Analyses performed. Values are ICER vs. “No Exam” strategy. 

Strategies marked with * are dominated in relation to ASL and those marked with † are dominated by 

DSC. Items in green dominate “No exam” strategy and the ones in red are dominated by “No exam” 

strategy. 

5.2.1 – Exam Characteristics and Treatment Rules 

In this subsection will be performed sensitivity analyses to some of the parameters that are 

arguably the most important in the model. 
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5.2.1.1 - ASL Cost 

As possibly one of the most uncertain estimations considered, MRI-ASL exam cost requires 

a mandatory sensitivity analysis. It was afore noted (for the choice of whether to implement 

ASL) the additive effect ASL exam cost has on “ASL” strategy cost. Sensitivity analysis on ASL 

cost was performed between 263,2€ and 546,9€ (the costs of “No exam” strategy and “MRI-

DSC” strategy). These parameters were first introduced in Excel that is automatically connected 

with TreeAge. A sensitivity analysis was then performed in this software, but then results were 

exported back to Excel. Such action was taken to show graphically the range of ASL costs that 

were modified, which is presented in Figure 16. This illustrates the good interconnection 

between the two programs proving they complement each other and are not mutually exclusive. 

 

Figure 16 - Sensitivity Analysis on ASL Cost 

Numerically, this cause a total “ASL” Strategy cost variation between 23 598,60€ and  

 23 882,20€. One must remind “No Exam” strategy cost was 23 775€ so the upper bound of the 

ASL Strategy cost range surpasses it. However, one must take into account that inside this 

range it is more probable the ASL cost to be closer to the lower bound due to the high cost of 

contrast that is not used in ASL. Since the ASL strategy cost variation is 283,70 € here as well, 

we can confirm the ASL exam cost influence on “ASL” strategy cost is simply additive.  

 

Figure 17 - Strategies ICERs vs. “No exam” strategy in a Sensitivity Analysis on ASL Cost  
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In Figure 17 it is visible that until an ASL strategy cost of approximately 450€, all strategies 

but one are dominated (previously we have seen the domination was versus “ASL” strategy). 

From that point on the “ASL” strategy cost is superior to “No Exam” strategy cost and there is a 

proportional raise in the ICER of ASL until a value of approximately 10 000€/QALY. Negative 

ICER values were considered as 0, in order to ease graphical observation. 

5.2.1.2 – Alternative Strategies Costs 

 
Costs 

Incremental 

Cost 
QALY 

Incremental 

QALY 

Incremental C/E 

(ICER) vs. No Exam 

No Exam 23 870,84 € - 0,68212 - - 

MRI- ASL 23 855,41 € -15,43 € 0,69248 0,01036 -1 490 € 

MRI - DSC 24 110,76 € 239,92 € 0,69126 0,00915 26 235 € 

PET 24 756,28 € 885,43 € 0,68494 0,00282 313 845€ 

Table 15 - Sensitivity Analysis on Alternative Strategies Costs 

In this case it was used cost data from a private health care provider in Lisbon. Comparing 

Table 15 with base-case values, ASL dominances are maintained, but “No exam” strategy 

seems to have decreased cost difference towards “ASL” strategy and increased vs. “DSC” 

strategy. Moreover, PET seems to have been previously overestimated. In what concerns ICER 

values if it is assumed ASL is not an option it is now more advisable to choose a “No exam” 

strategy. On the other hand PET introduces costs so high to AD diagnosis that even in this 

situation where costs are lower, it is not sufficient to be worthwhile. 

5.1.3 - ASL Performance 

Altering ASL performance values, as sensitivity, influences undoubtedly this cost 

effectiveness of each strategy. This is noticeable in Figure 18 in which as sensitivity for Mild AD 

detection increases, this strategy starts to gain some credit over the previously dominant “DSC” 

strategy, by “entering” the effectiveness frontier. 

 

Figure 18 - Sensitivity Analysis on ASL Sensitivity in Mild AD detection a) 0,7; b) 0,85; c) 0,9. 

In fact, “DSC” strategy is on the effectiveness frontier in a) and in b), while in c) it is already 

dominated by “ASL” strategy that in opposition is on the effectiveness frontier in b) and in c). 

a) b) c) 
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Recurring to a 3-D sensitivity analysis, we tried to capture the influence of varying several 

parameters at the same time, as ASL performance values. Using the lower bounds values from 

Raji et al [68] we can observe in Figure 19 a) that, considering society is willing to pay in the 

maximum 20000€ for QALY gained, MRI-DSC presents an advantage over the three other 

techniques. In fact, this happens for different reasons: “PET” strategy is strongly dominated by 

“MRI-DSC” strategy; “ASL” strategy has an excessive low sensitivity value that has many 

consequences on patients that undergo unnecessary treatment and finally “No Exam” strategy, 

which in spite of having a best absolute Cost Effectiveness ratio, is overcame by the value 

society is willing to pay. 

 

The upper bounds of this analysis are from perfect Examination and, at points closer to 

these values “ASL” strategy naturally is the one recommendable even if WTP would be 0 (as it 

strongly dominates other strategies). In the intermediate values of ASL specificity, b) and c) 

cases, “ASL” or “DSC” strategies are chosen as the best options depending on the values of 

a) b) 

c) d) 

Figure 19 – 3-D Sensitivity Analysis on MRI-ASL values of Sensitivity for Mild AD and Sensitivity for 

Moderate AD detection with a fixed Specificity Value of a) 0,54; b) 0,72 c) 0,82; and d) 1. The value 

society is willing to pay for each QALY is 20 000€ 
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sensitivity for Mild AD and Moderate AD detection (because the value society is willing to pay is 

fixed). 

In Figure 20, again with a WTP fixed in 20000€/QALY it is pictured a simpler sensitivity 

analysis (in two dimensions) that permits visualization of three possible ideal alternatives 

depending on ASL and DSC specificity values. Such variation stresses the importance to avoid 

applying treatment on patients that do not suffer from AD. 

 

Figure 20 –2-D Sensitivity Analysis on ASL specificity and DSC specificity (with WTP=20000). 

5.2.1.3 - Treatment Rule Less Rigid in “No Exam” Strategy 

As previously stated, we also introduced a new treatment rule that had, as scope, to test the 

effect of providing treatment also to patients diagnosed with “Possible AD” diagnosis in those 

who underwent the “No Exam” strategy. The results, referenced to a common baseline, “No 

exam” strategy, are presented in Table 16. 

Strategy QALYs Costs Incr. C/E (ICER) vs. No Exam 

No Exam 0,67956 23 736,7€  

MRI - ASL 0,69248 23 732,1€ -356,037 

MRI - DSC 0,69126 23 937,7€ 17 179,49 

PET 0,68494 25 088,9€ 25 1338,3 

Table 16 - Cost-Utility Analysis on Diagnosis Strategies with higher “No AD” state cost. 

The Incremental cost between “No exam” strategy and “ASL” strategy was significantly 

reduced (to only 4,5€), but nevertheless all strategies continue to be formally dominated by 

“ASL” strategy. However, considering all uncertainty associated previously, this variation is 

excessively small to draw reliable conclusions other than this new rule when compared to the 

original influenced relationship between “ASL” strategy and “No exam” strategy, for the benefit 

of the latter. 
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5.2.2 – Drug Effects and Duration 

In the last few years a considerable amount of resources was injected on pharmacological 

industry in order to enhance the treatment hypothesis for AD patients. In this context it is 

fundamental to study the influence of possible new drugs in our analysis. 

5.2.2.1 – Alternative Treatment 

It is vital to foresee what can happen with future treatments that are more effective in slow 

disease progression.  Considering the hypothetical drug stated by Neumann et al. in 1999 [95], 

which has a relative risk of progressing from a Mild AD state to a Moderate AD state of 0,25 and 

a relative risk of progressing from a Moderate AD to a Mild AD state of 5,00, we obtain results 

present in Table 17. 

Strategy QALY Costs Incr. C/E (ICER) vs. No Exam 

No Exam 0,6906 23 174,436  

MRI - ASL 0,7039 22 924,281 -18 840,6 

MRI - DSC  0,7016 23 202,325 2 524,377 

PET 0,6957 24 316,716 225 832 

Table 17 - Sensitivity analysis of a hypothetical new drug 

In general, from Table 17 we do not see changes so clear as those we could expect from 

literature on possible new drugs. In fact, all dominances were maintained and one can conclude 

all strategies improved his ICER vs. “No exam” strategy, particularly “DSC” strategy. As we 

preserve the idea stated  that the second drug proposed by [95] is excessively optimistic  for  a 

short-term range due do the disinvestment mentioned [112], it is possible to conclude new 

treatments with different risk ratios are not decisive (at least in the range the model was tested 

to) in changing strategies’ cost-utilities. 

5.2.2.2 – Model Time Span 

Considering Donepezil (or even a new hypothetical drug with the same effects on transition 

probabilities and the same cost) can be applied in a different time span, we performed a 

sensitivity analysis on the treatment duration considered. Consequently the global model time 

also changes. 
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Figure 20 - ICERs in a Sensitivity analysis on the time span considered. 

In the Figure 20 negative ICERs were drawn in order to capture the fact that for short periods 

DSC and PET are totally unadvisable. However, their negative ICERs are towards ASL, as they 

cost more but still yield more benefits than “No Exam” strategy. Moreover, in the detailed image, 

it is possible to notice the “No Exam” strategy possesses, for short-periods, a lower cost than 

“ASL” strategy so the ICER of MRI-ASL is positive and it must be traded off as can be confirmed 

in Table 14. 

5.2-3 – Prevalence Parameters 

Such type of parameters, as AD prevalence or the Ratio of Mild to Moderate AD cases is 

important to define the initial population of the Markov model. However, it cannot be directly 

associated with any specific diagnosis strategy, but may influence if a strategy has, for example, 

a much higher sensitivity to Moderate AD cases. 

5.2.3.1- AD Prevalence 

Throughout this thesis values mentioned for AD prevalence within the dementia context vary 

between 60% and 80%. In here, we experimented to model a situation in which patients 

referred to the neurology unit had a greater prevalence of AD – 0,80 – than in the base-case 

scenario. Results are presented in Table 14. 

Changes in AD prevalence do not seem to affect decisively ICER vs. No Exam Strategy. The 

only strategy in which that difference is visible is in “DSC” strategy that, for example, increased 

its ICER vs. No exam strategy. This seems conceivable, as one of the main strengths of this 

technique is precisely its high value of specificity (0,96). While AD prevalence increases, the 

number of subjects who present themselves to a neurology unit and do not have AD decreases. 

Consequently, “DSC” strategy does not have advantage over other techniques in as many 

patients as previously. 
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5.2.3.2 - Ratio of Mild to Moderate AD Cases 

 

Figure 21 – Cost-utility analysis with a ratio of mild to moderate ADcases of a)5:4 b)1:1 c)1:2 

With a rMiMo (5:4) almost similar to the one used in the base-case (4:3), as expected, all 

strategies continued dominated by ASL. However, as rMiMo decreased (to 1:1 and to 1:2) the 

cost-effectiveness frontier starts to become visible for the reason that “ASL” strategy costs 

supplant the equivalent costs of “No exam” strategy. Nevertheless it must be taken into account 

the improbability of this scenario as it would mean AD diagnosis occurs more at later stages 

than it is commonly considered.  

5.2.4 – Disease Progression 

In this section were performed three sensitivity analyses on the subject of disease 

progression: slow disease progression by 10%, accelerate disease progression by 10% and 

slow community-to-nursing home transition. All had some effect on each strategy ICERs, but 

despite affecting both final cost and final utility, dominances previously stated remained the 

same. In Table 18 it can be seen the resume of these analyses. 

Sensitivity Analysis ASL DSC PET 

Slow Disease Progression -1 627 20 001 516 845 

Accelerate Disease Progression -6 389 15 778 416 752 

Slow Community-to-Nursing Home Transitions -4 056 17 864 462 392 

Table 18 - Strategy ICERs to “No Exam” strategy from Sensitivity analyses on disease progression 

To slow disease progression has the effect of improving “No exam” strategy. It is insufficient 

to make this alternative less expensive than “ASL” strategy, but it increased ICER vs. “DSC” 

strategy to 20001, i.e. if the previous example given that society was willing to pay only an extra 

20000€ per QALY is recaptured and ASL was not available, “No exam” would be on the verge 

of being recommendable. On the other hand, to accelerate disease’s progression seems to be 

favorable to “ASL” Strategy. To conclude we aimed to approximate the model to Portuguese 

reality by slowing Community-to-Nursing Home Transitions”. However, this does not seem to 

have a significant impact on the model, as ICER values vs “No exam” strategy remain roughly 

the same. 

a) b) c) 
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5.2.5 – Costs and Utility 

5.2.5.1 – Non-invasiveness Benefic Effect 

One advantage of Excel model is to accept easier changes on assumptions. For instance, if 

we want the model to reflect effects from an intravenous injection, we might have to introduce a 

new parameter to the model: uInv. This parameter is present on strategies 1 and 2 (“PET” or 

“MRI-DSC”), but absent on strategies 3 and 4 (“MRI-ASL” and “No-Exam”) in the first month. It 

is implemented in the model as a decrease in QALYs in the first month. This could be 

performed in TreeAge but it would involve logic formulas to change a reward just in some cycles 

of the model. On the contrary, in Excel it just requires to insert that parameter (“uInv”) in the 

correspondent cells. In Figure 22 that analysis result is present with uInv=0,0833. 

 

Figure 22 - Sensitivity analysis with uInv=0,0833 

Comparing Figure 22 with Figure 14 is obvious: the horizontal shift both “PET” strategy and 

“DSC” strategy experienced. That shift is actually just the uInv value, which was a 0,1 quality 

weight during a month. With this assumption “ASL” strategy is categorically superior, while “No 

exam” strategy now dominates PET strategy and offers almost the same QALYs as “DSC” 

strategy, at a lower cost, which in accordance significantly increased the ICER of “DSC” 

strategy vs. “No exam” strategy. 

5.2.5.2 - “No AD” Cost  

This analysis aims to represent the influence of adding a cost common to every strategy. 

Taking the example of changing a specific Markov State reward, in this case the cost of the “No 

AD” state, we want to observe how the outputs react, which is visible in Figure 23. 

PET

DSC

ASLNo Exam

23.600 €

23.800 €

24.000 €

24.200 €

24.400 €

24.600 €

24.800 €

25.000 €

25.200 €

0,675 0,68 0,685 0,69 0,695
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Figure 23 - Cost-Utility Analysis on Diagnosis Strategies with higher “No AD” state cost 

Comparing Figure 23 to Figure 14, a great difference in absolute costs associated with each 

strategy is visible. However, since “No-AD” state population can progress only to death and is 

not influenced by treatment (only by a small loss on QALYs), a change in its costs has no 

influence in strategies relative position, thus not changing dominances or ICER values. Indeed 

“No AD” state cost could be zero that those relationships would remain the same. This does not 

affect the validity of the model, because costs from the remaining states were all calculated 

under the same approach: cost of illness method, permitting to correctly distinguish between 

different AD severity stages. 

This additive property would be seen as well if sensitivity analysis were performed in inputs 

as the cost of any portion of the common standard diagnosis strategy. This would include items 

as the consultation costs, neurobehavioral assessment costs, tests’ costs, etc.  

5.2.5.3 - Changes in QALYs for AD Patients  

Sensitivity analyses were performed to the Utility of having AD for every patient in every 

stage of the disease at a given Markov cycle. These input values changed in ± 0,1 providing 

results observable in Table 14. Comparing to base-case regardless of changes in absolute 

QALYs of each strategy (as expected), ICER values remain approximately the same so we can 

suspect utility of each state is not a decisive factor if all states experience the same changes. 

5.3 – Probabilistic Model 

To transform the model into a probabilistic one, appropriate distributions were applied to 

parameters, in which literature provided reliable data about uncertainty. In this sense, we 

included gamma distributions for the cost of each strategy and beta distributions for each risk 

ratio. A MonteCarlo simulation with 1000 draws was performed on Excel, with the 

correspondent scatter plot visible in Figure 24 

PET

DSC

ASL
No Exam

39.200,00 €

39.400,00 €

39.600,00 €

39.800,00 €

40.000,00 €

40.200,00 €

40.400,00 €

0,68 0,682 0,684 0,686 0,688 0,69 0,692 0,694
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Figure 24 - Scatter plot with a simulation of 1000 draws for each strategy (in Excel). 

In the first place is difficult to distinguish between different series of data, particularly “DSC” 

strategy in Figure 24. As expected, due to gamma distributions properties, “PET” as the strategy 

with the higher cost had a higher dispersion, whereas, on the contrary, “No exam” strategy has 

results with a superior accuracy. It is evident a greater dispersion on costs, than on QALYs due 

to distributions had been applied only on costs, as we used QALY values from studies where 

information about uncertainty was not present. From other simulation with 10000 draws, now in 

TreeAge, we confirmed that probability densities were not clearly separated. For that simulation 

the mean parameters for each strategy, including ICER vs. “No exam” strategy, were obtained 

and are visible in Table 19. 

Strategy Cost QALY 
ICER vs "No exam" 

strategy 

MRI - ASL 30430 0,537 -12 260 

No Exam 30533 0,528 - 

MRI - DSC 30605 0,535 10 881 

PET 31269 0,532 186 125 

Table 19 - Mean Parameters of the Markov Simulation 

Mean results obtained are moderately different from the deterministic model. In terms of 

absolute values, costs are higher whereas utility values are lower. In what concerns ICER vs. 

“No exam” strategy, all strategies improved it. In this sense a scatterplot was provided by 

TreeAge on Incremental Cost-effectiveness of “ASL” strategy vs. “No Exam” strategy, which is 

visible in Figure 25. 
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Figure 25 - Incremental Cost-effectiveness of “ASL” strategy vs. “No Exam” strategy for a MonteCarlo 

Simulation with 10000 draws with threshold ratio=17804 

In Figure 25 the scatterplot is presented in terms of incremental cost and incremental 

effectiveness. It is also drawn a line with slope equal to the threshold ratio previously 

considered (O = 17804 ). In this simulation, for any of the three strategies, one can count 

graphically how many times a draw lies below O to verify the probability of being advantageous 

over “No exam” strategy. In Figure 25 it is clearly more probable that ASL is advantageous as 

there are more draws below the threshold line. 

However, if the four strategies are considered at the same time the procedure is different. 

From the net-benefit framework mentioned in formula (13) we can define a net-monetary benefit 

(NMB) for each strategy given by (16): 

  ,�l =  O ∗  Q���	R −  Q� (16) 

The proportion of times a strategy has the highest net-benefit among the 10000 replications 

of the model strengthening evidence in favor of that strategy being cost-effective [94]. If this 

“cost-effective probability” is given in function of O, we have a curve usually termed as “Cost-

effectiveness acceptability curve” [94]. Curves for each strategy of our problem were drawn and 

are visible in Figure 27. 
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Figure 26 – Cost-effectiveness acceptability curve for a MonteCarlo Simulation with 10000 draws. 

In the latter figure it is possible to observe that independently of the value society is willing to 

pay, it is always more probable that “ASL” strategy is the ideal strategy. This probability 

increases with money society is willing to pay, being relatively secure to say that “ASL” strategy 

is the best alternative among strategies considered. On the other hand, “DSC” strategy is, in the 

majority of the cases, a good option. One could think from Figure 26 that this strategy was the 

second best strategy beyond any doubt, but from Figure 14, it cannot be forgotten that “No 

exam” strategy is only dominated by “ASL” strategy, not by “DSC” strategy.  

Acceptability 

Threshold 
0 5000 10881 17804 30000 50000 

PET 10,44% 9,87% 9,17% 8,39% 6,84% 4,92% 

MRI - DSC 22,91% 23,58% 24,31% 24,62% 24,84% 24,69% 

MRI - ASL 51,82% 53,92% 56,20% 58,72% 62,67% 67,36% 

No Exam 14,83% 12,63% 10,32% 8,27% 5,65% 3,03% 

Table 20 – Probability of a strategy being cost-effective in function of threshold 

5.4 – Critical Analysis of Model Assumptions and Limitations on Used 
Data 

This work was put into practice mainly with data from the literature. Nevertheless, lately the 

model was run with data from other private health care provider in Lisbon (described in one of 

the sensitivity analysis) corroborating the results previously seen, which proves the robustness 

of the model. 

Before reaching conclusions that “ASL” strategy is strictly superior to other strategies for AD 

diagnosis some reflections must be made. First of all ASL exam cost was estimated with 

excessive uncertainty associated. Subsequent sensitivity analyses could have been performed 
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as the same time as changing ASL costs. ASL performance values are probably excessively 

close to the perfect examination values (sensitivity and specificity are both considered 1). Other 

diseases’ effects, faulty equipments can always lead to misdiagnosed cases that ultimately 

decrease the global performance parameters. In this sense, more trials with bigger samples will 

be desirable. 

Further sensitivity analyses could have been performed namely on values of PET 

performance or on a different health status classification system. The first one was not carried 

out because dominance found in base-case was so evident and came in line with previous 

studies. As so, despite the amount of studies providing different performance values for PET 

performance, it was considered unnecessary. It would be interesting to observe the effect of 

adopting other classification system as EQ-5D, which is common in European studies. 

However, it would demand a correct estimation of quality of life weights for the division 

Community/Nursing home. Nevertheless, a study from Bastida et al. [99] performed an 

evaluation with this system but it was not used in here as it does not differentiate between 

different clinical settings. If it is reached a conclusion that the division between clinical settings 

(community/nursing home) is not totally adapted to Portuguese reality this can be rearranged.  

A key parameter was the duration of the analysis, i.e. the treatment time span, which was 

based in a survey from [95]. However, as appropriately mentioned, to calculate risk ratios the 

same authors were based on information from a 24-week trial [105] so if we want to extend 

treatment beyond that period, it has to be assumed the probabilities remain constant, which 

might not be the case. The value of additional research for the treatment efficacy duration was 

one of the parameters studied by Claxton et al. [115] for AD in terms of Expected Value for 

Perfect Information (EVPI) and concluded additional experimental research on this topic is 

potentially cost-effective. 

The treatment effect of a 0,05 QALY decrease in false positive cases was probably 

exaggerated. At least, more sensitivity analyses can be performed in this parameter to see the 

effects and improve the reliability of its estimation. Other doubtful question is the assumption 

that stage-to-stage transitions occur independently of setting, which is unlikely to occur in 

reality. The simplification that “No AD” age-matched non-Alzheimer individuals were all equal 

and just suffered losses in QALYs, when mistakenly treated can be deceivable as it depends on 

some factors as the disease they suffer. The probability of death for these patients was 

described on [33] for American patients with a mean age of 76 years, but can be inadequate to 

our problem. Despite the society point of view has been taken, possible parameters as the 

family benefits or the costs travel to the hospital implies were not considered. Moreover, 

opportunity costs were included in the total costs per state and not separately as in previous 

studies as they vary with AD severity degree.  

One important limitation of this thesis is that patient’s age does not influence transitions 

between states. As stated in the context chapter, age is an important risk factor for developing 
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AD but here we considered a fixed AD prevalence with no patients moving from “No AD” state 

to any other AD states. However, we also had to assume initial population who searched for AD 

diagnosis had the same mean age as the mean age of samples sources from our estimations. 

Such assumption, as far as it has come to our knowledge, might not be assured. 

This thesis has other limitations as the wide range of sources for data used. That 

characteristic conditions both the design and results of the model, but it is, to some extent, 

inevitable since information in Portugal concerning topics as probability transitions is, 

unsurprisingly, scarce. Concerning further studies to overcome these limitations, the following 

conclusions chapter should be consulted. 
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6 – CONCLUSIONS AND FURTHER WORK 

This thesis aimed, in first instance, to develop methods to sustain the economic evaluation of 

ASL technology in AD diagnosis, contrasting with alternative technologies. This goal was fully 

accomplished as a decision model was developed and tested after a rigorous survey of the 

existing literature. That model is now ready to be applied with new data from the bibliographic 

review or from a specific case study. 

After the conceptualization of the problem explained in chapter 1, this work demanded a vast 

background and bibliographic review which was presented both in chapter 2 (portraying the 

medical and technological context) and in chapter 3 (focusing on AD diagnosis and on how 

technologies influence this process). Subsequently in the methodology chapter (4) workflows 

were created representing the whole process, all model features were described along with data 

selected, sensitivity analyses to be performed and validation tests carried out. Chapter 5 

incorporates both results and their discussion all together for practical reasons: for example, it is 

more intelligible to discuss a result right after the graphical output. This seems particularly true 

for some sections as the base-case scenario or the sensitivity analyses. Still in the end of that 

chapter a critical analysis of model assumptions and data is performed prior to conclusions 

stated in this chapter 6. 

The results of our base-case scenario suggest it is advantageous to use “ASL” strategy for 

AD diagnosis as long as it is expected the clinical unit to perform more than a few hundreds of 

exams. Assuming all technologies are already implemented in the clinical setting, ASL strategy 

dominates all other strategies. Most likely “DSC” strategy is the second best option, achieving, 

when compared to “No exam” strategy, better QALYs but at a higher cost. This difference 

though is not so high that cannot be surpassed by a reasonable value the society is willing to 

pay to permit that beneficial effect.. At last, “PET” strategy is dominated by all strategies but “No 

Exam”. However, PET had an ICER vs. “No Exam” strategy greater than 200 000 €/QALY, thus 

being unadvisable. Through sensitivity analyses we concluded that most sensitive parameters 

to our model are performance and costs of each technique, along with the time span 

considered.  

This thesis was, as far as we know, the first economic evaluation to include ASL either in AD 

diagnosis either in any other case. It used workflows to represent the whole process, which is 

innovative. Furthermore, despite having been based in a pre-existing model, besides the major 

difference that was inclusion of ASL, it also incorporated other original features as a loss of 

QALYs for those patients who suffered unnecessary treatment or, also in terms of utility, it 

raised the question of whether the non-invasiveness characteristic of some technologies has a 

true impact on results.  

Further studies will be valuable if based on performance values (particularly ASL 

performance values) from trials with bigger samples from actual clinical practice. Other more 
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complex option would be to use models that could include Mild Cognitive Impairment as a first 

disease stage, in which all patients would be in the community. These models would be 

interesting to be explored since there is data about annual transition probabilities from MCI to 

AD, turning this option feasible. Another add-in to the model could be introducing specific costs 

not included here as “Patient travel cost”. Also if new evidence come up, BOLD can be included 

in the strategies to be evaluated. Recurring to some minor adaptations, their characteristics, if 

provided in data as sensitivities, total, cost, etc could even be introduced to the model in the 

MRI-DSC branch for example. In this approach it would include the decrease in QALYs due to 

the intravenous injection. Finally, to adapt probability of death of “No AD” patients to Portuguese 

reality can also be a goal to explore. 

In order to understand how the model is sensitive to all parameters, more sensitivity 

analyses could have been done. However, due to the high number of analyses already 

performed, some were excluded. Nevertheless, in the future analyses on EQ-5D for example 

are obligatory.  

New treatments may exist in the future that through the improvement of disease regression, 

have effect on the difference between treated and non treated groups by increasing it and 

consequently changing the cost-effectiveness of each strategy. However, the perspective of 

future new treatments for AD is not so bright nowadays as it was some years ago. An article 

from The Economist magazine [112] stated that several clinical trials previously looked as 

promising were abandoned and scientists are even questioning the causes. The absence of a 

biochemical marker that indicates the progression of the disease does not help.  

Although the setbacks at the investigation of AD treatment, our focus – the diagnosis – 

demands for more studies to improve knowledge in the field. These studies can, for example 

apply this model with data for a specific country or for a specific case study. Results throughout 

the previous chapters have shown the model to be robust and that ASL can, in effect, be a valid 

option for diagnosis of AD patients. Therefore, the economic evaluation conducted in this thesis 

may be regarded as a first reference in the assessment of ASL, enlightening this technology as 

a potential factor of differentiation for health care providers. 
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APPENDIX A 

 Sensitivity, Specificity and Prevalence formulas 

For a general strategy, we have, respectively, specificity, a Mild AD sensitivity and a 

Moderate AD Sensitivity:  

 ��1B�m�B�/n = o,pq
o,pq + r�pq

 (16) 

 �1sR�/�t�/nu�6v pq = o�u�6v pq
o�u�6v pq + r,u�6v pq

 (17) 

 �1sR�/�t�/nuwvx=54x pq = o�uwvx=54x pq
o�uwvx=54x pq + r,uwvx=54x pq

 (18) 

These parameters are given in function of True Positives (TP), False Positives (FP), True 

Negatives (TN) and False Negatives (FN) for each situation. 

Mathematically, considering ���as Alzheimer’s prevalence on the cohort, ����� the ratio of 

Mild AD to Moderate AD cases, yu� the number of patients with Alzheimer in a Mild state, yuw 

as the number of patients with Alzheimer in a Moderate state and s�z{the total number of 

subjects, we have the equations (19) and (20):  

 �u�uw = yu�
yuw

 (19) 

 (yu� + yuw) = ��� × s�z{ (20) 

Consequently, the number of subjects for each state in the beginning of the decision tree will 

be: 

 y|w = (1 − ���) ∗ s�z{ (21) 

 yu� = ��� ∗ s�z{ ∗ 1
(1 + �����) (22) 

 yuw = ��� ∗ s�z{ ∗ 1
(1 + �����) (23) 

In the beginning of the Markov Model, considering y}454x~  as the number of correctly 

identified patients in a specific State for a given srategy with performance measures already 

stated we will have: 

 y|w~ = (1 − ���) ∗ s�z{ × ��1B�m�B�/n (24) 

 yu�~ = ��� ∗ s�z{ ∗ 1
(1 + �����) × �1sR�/�t�/nu�6v pq (25) 

 yuw~ = ��� ∗ s�z{ ∗ 1
(1 + �����) × �1sR�/�t�/nuwvx=54x pq (26) 

 

 



84 

 

APPENDIX B 

Independence between sets of probability and transition matrix  

In this appendix we want to understand relationship between disease stage-to-stage 

transition probabilities and setting-to-setting transition probabilities. While first ones define the 

speed patients’ progress through disease’s states, the latter set characterizes changes between 

different clinical settings (community/nursing home). 

For each transition if we consider �� the initial AD state, ��  the final AD state, �� the initial 

clinical setting and ��  the final Clinical Setting, we want to determinate  ���� ∩  �� � �� ∩  ��). 

From conditional probability definition we obtain (27):  

 ���� ∩  �� � �� ∩  ��) = �( �� ∩  ��  ∩  �� ∩  ��)
�( �� ∩  ��)  (27) 

From independence assumptions between sets of probabilities taken previously we know �� 

is dependent both on ��  and ��. Therefore: 

 ���� � �� ∩  ��) = �(  ��  ∩  �� ∩  ��)
�( �� ∩  ��)  (28) 

Which is equivalent to: 

 �(  ��  ∩  �� ∩  ��) = ���� � �� ∩  ��)  ×  �( �� ∩  ��) (29) 

Since stage to stage transitions do not depend on the patient’s clinical setting (neither initial 

nor final) we also obtain the following condition: 

 ����  � �� ∩  �� ∩  ��) = ���� � ��) (30) 

Expanding the first term of (30) we will have: 

 ����  � �� ∩  �� ∩  ��) = �( �� ∩  ��  ∩  �� ∩  ��)
�( �� ∩  �� ∩  ��)  (31) 

Which is equivalent to: 

 �( �� ∩  ��  ∩  �� ∩  ��) =  ����  � �� ∩  �� ∩  ��) × �( �� ∩  �� ∩  ��) (32) 

Thus, replacing (29) and (31) in (32) we obtain: 

 �( �� ∩  ��  ∩  �� ∩  ��) =  ���� � ��) × ���� � �� ∩  ��)  ×  �( �� ∩  ��) (33) 

 Finally we replace (33) in (31) obtaining: 

 ���� ∩  �� � �� ∩  ��) =  ����  � ��) × ���� � �� ∩  ��) (34) 
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