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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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I. INTRODUCTION 

 

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.  

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. 

To accomplish these goals we chose Alzheimer’s 

disease, because is expected to be a major health concern in 

the next decades due to the ageing of population. 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 [1] or MRI-DSC (Dynamic 

Susceptibility Contrast MRI) [2]. Other nuclear medicine 

technologies like PET (Positron Emission Tomography) 

can also be useful, although there is some evidence they 

can be dominated by other diagnosis strategies [3].  

 

II. CONTEXT 

A. Arterial Spin Labelling 

Magnetic Resonance Imaging (MRI) is defined as a 

non-ionizing technique with full three-dimensional 

capabilities and high spatial resolution [4]. A new MRI 

perfusion technology called Arterial Spin Labeling (ASL) 

brought a great innovation into human brain function and 

perfusion physiology. This technology involves tagging of 

inflowing blood before it reaches the imaging plane [5]. 

The original ASL method was described in 1992 by 

Williams et al [6], though as a result of technical 

constraints it only became commercially available in 

2008/2009. The main advantages of this technique are the 

noninvasiveness, the absence of injection and ionizing 

radiation and the absolute quantification, while the major 

disadvantage is the low signal-to-noise ratio (SNR). ASL 

can provide perfusion images interpretable in a wide range 

of clinical settings in the central nervous system: tumors, 

acute stroke, chronic cerebrovascular disease or 

degenerative diseases as Alzheimer’s Disease (AD) – our 

focus [7].  
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B. Alternative technologies 

Alternative imaging techniques measure brain perfusion 

and give information in parameters such as cerebral blood 

flow (CBF) or cerebral blood volume (CBV), but differ on 

tracers used, on technical requirements, in the spatial 

resolution and in the quantitative accuracy [8]. 

As ASL, also blood oxygenation level dependence 

(BOLD) functional MRI (fMRI) fills a gap in the panorama 

of neuroimaging techniques, as it achieves simultaneously 

high spatial and temporal resolution. BOLD, when 

compared to ASL, provides a higher SNR and a broader 

brain coverage [5]. However, its contrast signal is more 

difficult to correlate with neural activity [9].  

PET is a noninvasive technique that demands an 

intravenous injection (usually [
18

F]FDG). Its main benefit 

is the quantitative accuracy, despite it has a high cost 

associated. The clinical applications of this technique are 

mostly in cerebrovascular conditions, in brain tumors or in 

dementia [8]. SPECT is also a non-invasive technique that 

uses 
133

Xe or 
99

Tc-HMPAO permitting full brain coverage 

at a cost relatively low. Though, SPECT images have a 

poor spatial resolution and measurements are relative.  

Dynamic Susceptibility Contrast-enhanced (DSC) MRI 

uses an endovascular tracer commonly chelate of 

gadolynum (almost innocuous). The technology allows 

complete brain coverage and the absence of ionizing 

radiation permits the repeatability of the exam. A setback is 

the lack of standardization in the interpretation. Most 

frequent clinical applications of DSC are strokes, chronic 

cerebrovascular diseases, dementia and tumors. 

Technologies in which MRI is present as MRI-DSC, 

ASL or BOLD have the great advantage of avoiding 

radiation. Other important feature is quantitative accuracy, 

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 

with a contrast material injected. All techniques can aid 

dementia diagnosis 

C. Alzheimer’s Disease 

Dementia is a syndrome characterized by a global 

progressive decline in memory and in other brain abilities 

such as thinking, understanding language, judge or even 

execute motor activities consequently impairing the 

successful performance of activities of daily living [10]. 

Within dementia, Alzheimer’s Disease (AD) is the most 

frequent cause (60-80 percent of cases in the United States) 

[11]. This condition is a fatal neurodegenerative disease 

that is characterized by amyloid plaques, neurofibrillary 

tangles (NFT) and progressive loss of neurons [12].  

Although AD patients do not suffer the same symptoms 

by the same order, it is common to identify a global disease 

evolution pattern with three different states: mild, moderate 

and severe AD [13]. At early stages patients start to lose 

memory of recent events, while in a Moderate AD state 

there is an escalation of symptoms as patients can feel 

disoriented and become unable to make proper judgments. 

The patient 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 [11] due to locomotion problems and 

confusion. In a Severe AD state the patient lose almost all 

cognitive abilities becoming unable to understand or use 

language. At this stage, patients are commonly already 

institutionalized, for example, at nursing homes.  

No cure for this disease has yet been discovered, though 

treatment, as Donepezil, is available that enhances 

cognition and increases quality of life. However, it must be 

mentioned whichever the treatment is, it is difficult to slow 

disease’s progression. 

In the last few decades the European Union population 

ageing brought a raise in dementia incidence, being now 

estimated in 7,3 million Europeans [14]. 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 [15]. The 

Portuguese Ministry of Health in the national health plan 

2004-2010 [16] points to approximately 70000 AD cases.  

D. ASL in Portugal 

The use of Arterial Spin Labeling (ASL) technology in 

Portugal has been brought into play commercially by 

SIEMENS S.A. It is still mostly provided by this company, 

being already available in some hospitals as “Hospital da 
Luz”. This case is in the near future, a possible application 

site of the broad methodologies created in this thesis. 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. 

ASL, when compared to alternative technologies for 

measuring brain perfusion, appears to gather the main 

advantages in each criterion. In parallel, AD is a 

neurodegenerative disease that must be diagnosed at the 

earlier possible stage. Thus, we see ASL as a promising 

alternative for AD diagnosis that should be further studied 

in an economic analysis.  

III. BIBLIOGRAPHIC REVIEW 

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 described 

below. Hence, 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 [17]. Other 

advantage is economic as patients integrated in the 

community cost less than those who demand long-term 

institutional placement.  

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 
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examination and laboratory tests in essence to exclude 

other dementias; neuropsychological tests as the Mini-

Mental State Examination (MMSE) [18] and at last some 

imaging exams [19, 20].  

These imaging exams can provide structural 

information as MRI or computed tomography (CT) that can 

rule out 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.  

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: a 

sensitivity of 81% and a specificity of 88% [2]. In the last 

years, ASL MRI technique appeared as a technique able to 

provide information regarding CBF decreases usually 

found in AD [1] accomplishing a sensitivity of 100% and a 

specificity of 95% compared to a healthy control [21].  

Some organizations have outlined the AD diagnosis 

criteria such as the National Institute of Neurological 

Disorders and Stroke–Alzheimer Disease and Related 

Disorders Association (NINCDS–ADRDA), defining, as 

guidelines, 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 [13] 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. 

NINCDS–ADRDA guidelines are reported to have for a 

diagnosis of “probable AD” a mean sensitivity of 81% and 

a mean specificity of 70% [22]. 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 [22].  

A bibliographic review of the existing decision analytic 

models for AD [23] reviewed studies identifying three 

whose models evaluated screening interventions. While 

[24, 25] were based in a Markov cycle tree model, [26] was 

based on a less complex Markov model.. The outcomes 

measured are in terms of costs [24, 25], in terms of 

estimated longevity (life expectancy) [24-26] and in quality 

of life by using QALYs [24-26].  

In the last few years, an increasing number of studies 

have described ASL impact on AD diagnosis focusing 

more on benefits than on costs. They report a 

hypoperfusion pattern particularly in areas such as parietal, 

cingulated and frontal cortices This evidence was described 

by Alsop et al. in 2001 [1] as differences were detected in 

the cerebral blood flow pattern of AD patients. Increased 

severity of disease, measured by MMSE, correlated with 

those specific regions.  

Asllani et al. in 2008 [21] identified a covariance 

pattern that looks promising to help in the early detection 

of AD. In fact, the sensitivity and specificity obtained was 

remarkable (100% and 95% respectively). Raji et al. in 

2010 [27] corroborated the conclusion that CASL is useful 

in AD early detection, 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). On the other hand, ASL was reported to 

detect in AD patients a pattern of hyperperfusion [28].  

Besides SPECT, which was proven to be economically 

dominated by other technologies [24], 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 hampers BOLD 

inclusion in the evaluation.  

PET has, in fact, a quantitative accuracy that makes it 

suitable for AD diagnosis. Salmon et al. in 1994 [29] 

analyzed hypoperfusion and hypometabolism suggested in 

PET studies and concluded it could be used to differentiate 

AD from other dementias. [
18

F]FDG PET imaging can 

improve the accuracy of standard AD diagnosis: Silverman 

et al in 2001 [30] reported a sensitivity value of 94% and a 

specificity of 78%, not differentiating results by AD 

severity. Although studies describing meta-analyses (as 

[3]) also reported similar values, they encompass a great 

heterogeneity of methods and thus are not as reliable as 

some of the previous studies mentioned. PET clinical 

advantages will naturally origin benefits on AD diagnosis 

when compared to standard examination. The expected 

benefits must be balanced, as always, with the high cost 

associated with PET exams. Hence, in terms of economic 

level studies on PET, Mc Mahon et al. in 2003 [25] proved 

PET was not cost-effective when compared to MRI-DSC or 

standard examination.  Kulasingam et al [26], states 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. Since there is controversy 

about this evidence, PET will be included due to the high 

number of studies correlating its results with AD. Thus, we 

will verify if PET is dominated by any strategy and 

eventually strengthen that conclusion.  

MRI-DSC can provide high quality images useful to 

diagnose AD patients. In fact, a study from Harris et al [31] 

achieved a reliable sensitivity and specificity values for 

MRI-DSC  use in AD patients. 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, but anyhow 

results seem to suggest a clinical usefulness at least similar 

to PET. In fact, most studies stress MRI-DSC is generally 

considered a dominant technique over SPECT or PET [24, 
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25, 31] being described as the current most cost-effective 

imaging technique for AD diagnosis. However, McMahon 

et al [24] in a consistent economic evaluation used a cost of 

considered MRI-DSC total costs as being on the limit of 

what would be acceptable to pay for the correspondent 

improvement in health.  

When analyzing economic costs of AD through a 

society’s point of view, which is the broadest one, 

estimates include not only formal costs like direct medical 

care or social support costs but also informal costs [32, 33].  

An extended review made recently by Jönsson et al [34] 

reported data available on dementia costs in Europe. 

Across all studies total annual care costs estimates vary 

significantly since different methodologies were applied as 

well as structures of dementia care differed from country to 

country. Median cost was €28000 per patient. All studies 

show a strong correlation between disease severity and 

costs. It 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.  

It can be concluded alternative technologies have been 

studied in terms of economic impact: not only through cost 

effectiveness analysis but also through studies describing 

their related costs. On the contrary, ASL was not studied in 

any of these ways, supporting this thesis relevance.  

IV . METHODOLOGY 

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 

Fig. 1 permitting to identify different methodological 

stages. 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. [33]. 

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

possible, represent consistently common practice at 

hospital units nowadays. 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. 

A. AD Diagnosis and workflow 

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 workflow in Fig. 2 is a 

diagram representing these issues and were created based 

on literature review and highlight patients’ pathways inside 

and outside the clinical setting Each patient moves within 

these states which have costs associated and resources 

utilized. As a result, a diagnosis strategy is applied 

resulting in one out of four options: “No AD”, “Other 

Disease”, “Possible AD” or “Probable AD”,s 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 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”,which is extremely improbable in a first diagnosis. 

B. Diagnosis Strategies 

The workflow includes different diagnosis strategies. 

However, they all embrace taking a medical history of 

mental and behavioral symptoms, 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 four 

concurrent strategies, having that standard examination in 

common and diverging on the functional imaging exam 

used (in the fourth option this feature is absent): 

 

1. PET”: Standard examination with a PET scan. 

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

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

4. “No-Exam”: Standard examination. 

 

 

Fig. 1 - Model building process 
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  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 this changes in strategies 2 

and 3 (“MRI-ASL” and “MRI-DSC”), since a MRI is 

already performed. 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 guidelines to 

the cause-effect relationship between diagnosis and 

treatment, but only to judge within diagnosis strategies. 

C. Modelling Disease Progression 

Performance of 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. Some simplifications must 

then be made as assuming AD severity degree changes 

according to transition probabilities.  

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. 

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 considers 

subjects move through health states with a utility value 

attached representing the relative desirability of that state. 

Thus, this health output can simultaneously assess gains 

both from reduced morbidity and from reduced morbidity. 

On the other hand, costs will be measured in Euros with 

necessary adjustments for differential timing sources.  

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 incremental 

costs (Δ�) and incremental QALYs ( Δ���	), parameters 

combined into a single output called ICER (Incremental 

Cost-effectiveness Ratio), given by: 

 


��� =
Δ�

Δ�
 (1) 

 ICER can be compared with threshold values to evaluate 

if the strategy should be recommended. This threshold is a 

critical value above which the additional costs generated 

would not balance the eventual gain in the health outcome. 

A Markov cycle tree is used as a model, combining a 

decision tree and a Markov model [35]. It was adapted 

from [24, 25] and is presented in Fig. 3. A decision tree is a 

simple model that flows from left to right representing 

individuals’ possible prognoses in alternative branches 

[33]. Decision trees are suitable for short-term events, 

whereas a Markov model, which consists of a series of 

states that patients can occupy, is more appropriate to a 

long-term range. Here, the elapse of time is explicit and 

patients move between different states at a speed given by 

transition probabilities. A Markov model, when compared 

to a decision tree, handles complexity and  

Fig. 2 - Clinical workflow on Alzheimer's Disease Diagnosis 
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multiplicity of consequences [35]. 

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,, 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). This 

way he progresses on the Markov Structure according to 

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. 

Each patient will also be in a specific clinical setting, 

either on a nursing home or in a community. We assume 

the entire initial population is in the community, having 

sought diagnosis prior to its eventual transition to nursing 

homes. 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. The last set of 

probabilities is conditional on disease stage, but stage-to-

stage transitions occur independently of setting. Within 

pharmacological treatments for AD, Donepezil has been 

largely studied in terms of cost-effectiveness [36-41] and 

will be included in the model as treatment for mild and 

moderate cases. The treatment will have influence through 

parameters called relative risks, which influence transition 

probabilities. As an example it enhances for the less severe 

AD states the hypothesis of a “backward transition” as a 

patient can pass from a Moderate AD state to a Mild Ad 

state. In contrast, once a patient has moved to a nursing 

home, according to the model, there is no possibility of 

regression.  

In model’s decision tree, the costs of each diagnosis 

strategy must be accounted for. All strategies include costs 

related with the “Standard Examination”. The long-term 

Markov Structure contains, for each state, an associated 

cost and a quality of life weight. As 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 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. Donepezil has a monthly cost that must be 

accounted for.  

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 multi-attribute health 

status classification systems [33]. 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, health effects are considered through a 

slower disease’s progression by the relative risk factor 

already mentioned that is applied to the correspondent 

transition probabilities. In the second case, when a subject 

suffers from a non-AD related dementia, he undergoes an 

unnecessary treatment, thus we include a decrease in 

QALY. 

Fig. 3 - Markov Cycle Tree of AD diagnosis 
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D. 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 work as a complement. Excel, being a very popular 

spreadsheet software, has the advantage of ease access and 

use. It also permits the constant observation of the model 

intermediate steps and maintains it much more open to 

future modifications in its structural assumptions. On the 

other hand, TreeAge 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.  

However, these software are not mutually exclusive as 

parameters can be introduced only in Excel, handled in 

both software, since TreeAge is also directly connected to 

the respective Excel file. Both software include nearly the 

same parameters as inputs, which are presented in Table 1. 

E. Data Used 

Most data used to implement the proposed model was 

taken from previous studies, such as transition probabilities 

or Quality of life weights [24, 25, 37, 42]. It will be 

described values present in our “base-case” analysis, i.e. in 

an analysis that uses our best estimates for all parameters.  

In terms of PET we decided to include sensitivity and 

specificity data from [30], since it was a broad analysis 

with an apparent reliability and values present in the ranges 

typically found for these measures. The number of studies 

mentioning MRI-DSC values of sensitivity and specificity 

to detect AD is considerably smaller than the equivalent for 

PET. Nevertheless, it was decided to include a study 

performed by Harris et al. in 1998 [31] can be considered 

more trustworthy as it distinguishes values between disease 

severity, while have a larger sample. The first study with 

MRI-ASL operating characteristics (sensitivity and 

specificity) for AD was published in 2008 by Asllani et al. 

[21] and it will be included here as it appears to have a 

stronger basis. Finally, in the base-case analysis for No 

Exam strategy we included values from [22] as this study 

summed up data from several studies, putting emphasis on 

the most trustworthy.  

The model requires as parameters the prevalence of AD 

in the population who presented the neurology unit and the 

ratio of mild to moderate AD cases. The first was based on 

Portuguese estimations (between 53-76%) [43, 44] 

considering not every patient who enters the unit is 

demented but that. The ratio of mild to moderate AD cases 

was estimated to be 4:3 from [45] though they are not 

clearly explicated. Relative risks parameters for donepezil 

were extracted from [37]. 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 total analysis time, was based on the results of a survey 

of experts performed by [37] Transition probabilities used 

in this thesis were also driven from this study [37]. 

On one hand the monthly cost estimate of “No AD” 

State was calculated from a Portuguese study [19] that 

surveyed family expenditures. On the other hand, costs for 

remaining states of the Markov model were estimated from 

a Spanish study [11]. That study, according to [20], 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. Health-related quality-of-life weights were 

based on the Mark III version of the Health Utility Index 

(HUI3) and were reported by [3]. Moreover, patients with 

non-AD related dementia that suffered treatment were 

considered to suffer a QALY decrease of 0,05. 

All strategies must include costs associated with their 

common section (one specialized consultation, tests, 

neurobehavioral assessment and structural imaging exam). 

These values and the cost of each functional imaging exam 

were extracted from a regulation published by Portuguese 

Ministry of Health [46]. Another item is the treatment cost 

that was calculated from the price of a generic drug of this 

compound found in a online Infarmed database [47].   

All the input values are present in Table 1 

 

Parameter 

Name 
Description 

Value 

Estimate 

Sensitivity in Mild AD detection  

seMiPET PET 0,94 

seMiDSC MRI-DSC 0,88 

seMiASL MRI-ASL 1,00 

seMiSTD No Exam 0,75 

Sensitivity in Moderate AD detection  

seMoPET PET 0,94 

seMoDSC MRI-DSC 0,95 

seMoASL MRI-ASL 1,00 

seMoSTD No Exam 0,81 

Sensitivity in Severe AD detection  

spPET PET 0,72 

spDSC MRI-DSC 0,96 

spASL MRI-ASL 0,95 

spSTD No Exam 0,70 

Monthly Transition Probabilities  

tpNo2No No AD to No AD 0,9963 

tpNo2D No AD to Dead 0,0037 

tpMi2Mi Mild AD to Mild AD 0,9628 

tpMi2Mo Mild AD to Moderate AD 0,0319 

tpMi2S Mild AD to Severe AD 0,0036 

tpMi2D Mild AD to Dead 0,0018 

tpMo2Mi Moderate AD to Mild AD 0,0037 

tpMo2Mo Moderate AD to Moderate AD 0,9583 

tpMo2S Moderate AD to Severe AD 0,0339 

tpMo2D Moderate AD to Dead 0,0042 

tpS2S Severe AD to Severe AD 0,9863 

tpS2D Severe AD to Dead 0,0137 

tpC2NMi Comm. to Nurs. home in Mild AD 0,0032 

tpC2NMo Comm. to Nurs. home in Mod. AD 0,0097 

tpC2NS Comm. to Nurs. home in Severe AD 0,0247 

Prevalence and treatment effects  

rrMiMo Rel. Risk for mild-to-moderate trans. 0,5 

rrMoMi Rel. Risk for moderate-to-mild trans. 2,36 

pAD AD prevalence 0,6 

rMiMo Ratio of mild to moderate AD 1,33 
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Parameter 

Name 
Description 

Value 

Estimate 

QALYs Associated With Markov States  

uNo No AD or other group 0,0667 

uMiCo Mild AD at a community 0,0308 

uMiNh Mild AD at a nursing home 0,0433 

uMoCo Moderate AD at a community 0,0150 

uMoNh Moderate AD at a nursing home 0,0175 

uSCo Severe AD at a community 0,0017 

uSNh Severe AD at a nursing home 0,0000 

Monthly Costs Associated With Markov States  

cNo No AD or other group 106,65 € 

cMiCo Mild AD at a community 1 350,60 € 

cMiNh Mild AD at a nursing home 2 065,99 € 

cMoCo Moderate AD at a community 2 449,17 € 

cMoNh Moderate AD at a nursing home 3 201,65 € 

cSCo Severe AD at a community 4 339,79 € 

cSNh Severe AD at a nursing home 5 375,28 € 

Strategy And Treatment Costs  

cPET PET Strategy cost 1 619,80 € 

cDSC MRI-DSC Strategy cost 546,90 € 

cASL MRI-ASL Strategy cost 396,70 € 

cSTD “No Exam” (Std. Examination) 

Strategy cost 
204,00 € 

cDrug Monthly Treatment Cost 61,66 € 

Other Parameters  

cDR Discount rate for costs 0,03 

oDR Discount rate for ouputs 0 

Duration Model Time Span 18 

Table 1 - Input Parameters and Value Estimates 

F. Sensitivity analyses and validation tests 

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. Results are presented in 

Table 3 along with results from base-case scenario. 

Validation tests ensure 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 it evolves as expected. Through 

these tests we aim to prove model liability and robustness, 

while detecting weaknesses that can be modified 

The first aimed to test just the Markov structure by 

analyzing the impact of Donepezil on disease progression 

for a given cohort It is clear the effect it has in slowing 

progression over time as after some months subjects from 

treatment group are clearer at less severe AD states than the 

natural history group. 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. Finally a comparison with 

results presented by [25] was carried out: dominations were 

confirmed (as for PET), but small variations were noticed, 

namely the cost increment. This was compatible both with 

the difference in not having SPECT as a “confirmation” 

technique in the decision tree and with the different 

duration Markov cycles have.  

V. RESULTS AND DISCUSSION 

A. Base-case Scenario 

In a deterministic analysis that uses our best estimates 

for all parameters, the base-case scenario, results in terms 

of costs and QALYS are shown in Fig. 4. 

 
Fig. 4 – Cost-Utility Analysis on Diagnosis Strategy  

It is clear that 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. From Table 1 

one could naturally expect the “No Exam” strategy final 

cost to be lower than ASL strategy, yet it is slightly 

superior with this result explained by differences on each 

strategy performance values. AD patients suffer more often 

treatment with Donepezil, which slows the global disease 

progression by changing probabilities of some specific 

transitions. This ultimately decreases the total costs 

associated. 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). If we consider as a common base-line the “No 

exam” strategy, CE plane is visible in Fig. 5.  

Fig. 5 – Diagnosis Strategies on the CE plane vs. No exam 

strategy. 
 

The dominance ASL owns over this strategy can be 

easily confirmed in Fig. 5, as it figures in the second 

quadrant of that CE plane. In contrast, “PET” strategy and 

“DSC” strategy are located on the first quadrant having 
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positive slopes (ICER values). A line uniting plot origin 

with ASL point would have a negative slope, which is 

precisely the ICER according to formula (1). If a decision 

maker does not want to invest in ASL, 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 instead of the €461 227 for an 

extra QALY that PET strategy demands (values from Table 

3). These results are valid only if all technologies are 

already implemented in the clinical setting. If one wants to 

implement ASL, it is worth knowing how many exams 

would be necessary to compensate the investment. This 

could be done by varying the ASL exam cost taking into 

consideration the price of ASL equipment. Therefore, for 

some values of λ (the maximum cost per QALY the society 

is willing to pay), the minimum number of exams was 

calculated with results presented in Table 2: 

λ 0 5000 17803,92 30000 50000 100000 

Minimum 

Number 

of Exams 

1172 530 221 142 90 47 

Table 2 – Minimum number of exams for specific values of  λ 

Considering society is not willing to pay any extra euro 

for a QALY increase, the minimum number of exams 

would be 1172. However, if society is willing to pay the 

threshold limit common in Spain [48] €(30 000) and DSC 

is not implemented, 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 limited scenarios. 

 

 

In Table 3 are stated all sensitivity analyses performed. 

It is clear 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”. 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. In fact, it only happens vs. ASL, when 

the performance values considered were particularly low. 

If the Model time span is changed, it is clear that ASL 

strategy does not dominate No exam strategy for short 

periods (in which DSC and PET strategies are extremely 

unadvisable). For those periods, both ASL and No exam 

strategies are on the effectiveness frontier and their choice 

must be traded off depending on the decision maker. 
 

 

To transform the model into a probabilistic one, 

appropriate distributions were applied to parameters 

to 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 10000 draws was performed with the 

Acceptability curve visible in Fig. 6. From that 

figure, independently of the value society is willing to 

pay, λ, it is always more probable that “ASL” 

strategy is the ideal strategy. This probability even 

increases with λ. 
Lately the model was run with data from a private 

health care provider in Lisbon (described in one of 

the sensitivity analysis as “Strategies Cost”), 

corroborating the results previously seen, which 

proves the robustness of the model. 

 However, some limitations were found: ASL exam 

cost was estimated with excessive uncertainty 

associated; ASL performance values are probably 

excessively close to values from a theoretical “perfect 

examination” or the patient age does not influence 

explicitly transitions between AD states. Mild 

Table 3 – Summary of 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. 
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Fig. 6 – Acceptability curve for a MonteCarlo Simulation 

with 10000 draws. B. Sensitivity Analyses 
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Cognitive Impairment was also not considered in the model 

as a state previous to AD. At last, the wide range of sources 

for data may also limit the results. 

On future studies these limitations can be overcame and 

more sensitivity analyses might be performed namely on 

other classification system as EQ-5D, which is common in 

European studies, but would demand a correct estimation 

of quality of life weights for the division 

Community/Nursing home that does not exist yet. 

Although some setbacks at the investigation of AD 

treatment, our focus - the diagnosis - demands for more 

studies to improve knowledge in the field. Results 

throughout the thesis have shown the model to be robust 

and state ASL can, in effect, be a valid option for 

diagnosing AD patients. Therefore, the economic 

evaluation conducted along 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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