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Abstract

Background/Aims Improved data and methods are needed

for modeling disease progression in Alzheimer’s disease

(AD) for economic evaluation of treatments. The aim is to

estimate prediction models for long-term AD progression

and subsequently economic outcomes.

Methods Three-year follow-up data on 435 patients

treated with the cholinesterase inhibitor donepezil in clin-

ical practise were analyzed. Regression models were esti-

mated for long-term prediction of decline in cognitive

function (ADAS-cog) and activities in daily living (ADL)

ability, risk of institutionalization and costs of care.

Results The cognitive deterioration was estimated at

between 1.6 and 4 ADAS-cog points per every 6 months,

increasing with disease severity. Cognitive function was an

important predictor of ADL-ability, which itself was the

most important predictor of the risk of institutionalization

and costs of care. Combining all models in a cross-vali-

dation process generated accurate predictions of costs of

care at each 6 months follow-up.

Conclusion The proposed methods for representing AD

progression and economic outcomes can be used in micro-

simulation models for the economic evaluation of new

treatments.

Keywords Alzheimer’s disease � Cost of care � Economic

modeling � Institutionalization � Cholinesterase inhibitors �
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Introduction

Alzheimer’s disease (AD) is the most common cause of

dementia and a major cause of morbidity and mortality in

the elderly [1]. The societal costs associated with AD are

high and they increase with deteriorating cognitive and

functional ability as a consequence of the progression of

dementia [2]. Currently available drug treatments provide

short-term symptomatic improvement, but different stake-

holders disagree on whether the benefits are worth the

treatment costs [3]. The evidence from the economic

evaluation of these treatments is inconclusive, partly due to

methodological constraints [4], and this has limited

patients’ access to treatment in many markets. As the next

generation of anti-dementia drugs becomes available,

improved methods for their economic evaluation (i.e.,

estimating cost-effectiveness) are needed.

Within trial analysis of data from randomized controlled

trials has been used to estimate the cost-effectiveness of AD

treatments [5–8], but the external validity of these estimates

is limited by factors including the selection of patients and

insufficient follow-up [9]. Therefore, economic modeling is

needed as a complement to combine efficacy data from
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clinical trial with epidemiologic and economic data from

clinical practise. The economic model is used to predict the

long-term consequences of treatment with good external

validity of relevance to decision makers [9, 10]. Previous

models have been dominated by the use of cognitive

function as a single disease indicator to simulate disease

progression and link treatment efficacy to cost-effectiveness

[11]. With some exceptions including [12, 13] the patient’s

functional ability or ability to perform activities in daily

living (ADL-ability) has been omitted in most published

models, although it has been shown to be the most impor-

tant determinant of costs of care [14–16]. The British

National Institute for Health and Clinical Excellence

(NICE) has recognized the need for epidemiologic data to

include both cognitive function and ADL-ability for more

accurate prediction of disease progression in economic

evaluation [17]. Including ADL-ability could potentially

provide better evidence of the societal value of available

and future treatments [17]. Thus, there is need for improved

methods of modeling AD progression, incorporating both

cognitive impairment and the gradual loss of ADL-ability.

This study aims to develop new methods for predicting

disease progression and economic endpoints for the eco-

nomic evaluation of AD treatment. We have a unique

longitudinal sample of Alzheimer patients in clinical

practise. This data were used to develop an economic

model with prediction functions capable of simulating the

long-term outcomes of a typical AD cohort over time

including cognitive function, ADL-ability, care setting

(i.e., community dwelling or institution) and costs of care.

The model was then tested on its ability to replicate the

observed costs of care of the same cohort over time given

minimal baseline inputs.

Materials and methods

Patients

Data from the Swedish Alzheimer Treatment Study

(SATS): an open-label, prospective, multi-center, longitu-

dinal study on AD patients in a routine clinical setting was

analyzed. The sample included 435 patients from 10

memory clinics in Sweden. They were included from 1997

through 2001 and followed up to 3 years. All patients had a

clinical diagnosis of dementia as defined by the Diagnostic

and Statistical Manual of Mental Disorders, 4th ed (DSM-

IV) [18] and probable or possible AD, according to the

criteria of the National Institute of Neurological and

Communicative Disorders and Stroke and the Alzheimer’s

Disease and related Disorders Association (NINCDS-AD-

RDA) [19]. After the baseline assessment, all patients

started on ChEI treatment with donepezil (Aricept�,

Pfizer). Informed consent was attained from all patients and

their closest relative/caregiver. The study was conducted

according to the provisions of the Helsinki Declaration and

approved by the ethics committee of Lund University,

Sweden. For further detail, see Wallin et al. [20].

Assessments

Data were collected on cognitive function, ADL-ability and

resource utilization at baseline and every 6 months up to

3 years. Cognitive function was assessed with Alzheimer’s

Disease Assessment Scale-cognitive subscale (ADAS-cog)

[21]. ADAS-cog ranges from 0 to 70 with increasing

cognitive impairment. Basic ADLs were assessed with

Physical Self-Maintenance Scale (PSMS) [22]. It consists

of 6 domains (toileting, feeding, dressing, grooming,

physical ambulation and bathing), which form a total score

between 0 and 6 indicating in how many basic ADL

domains the patient is independent. Instrumental ADLs

were assessed with Instrumental Activities of Daily Living

Scale (IADL) [22]. It consists of eight items (using the

telephone, shopping, preparing food, housekeeping, laun-

dering, transportation, handling medications and handling

finances), which form a total score between 0 and 8 indi-

cating in how many instrumental ADL domains the patient

is independent. The resource utilization data included

inpatient care, some community care services (formal

home help, home-delivered meals and day care) and the

date of any move into an institutionalized care setting.

Economic model

An economic model was developed by identifying a

pathway from the progression of dementia (represented by

cognitive function) through its consequences on care need

(ADL-ability) and their impact on the provision of care or

economic endpoints (care setting and costs of care),

(Fig. 1). That is, we assumed that the cognitive function

represents the underlying disease, which may cause loss of

ADL-ability but not vice versa. In our model, these two

indicators represented the disease trajectory and were the

main predictors of the economic endpoints: care setting and

costs of care. Separate prediction functions were estimated

for each of the disease indicators and the economic end-

points. Additional predictors in all prediction functions

Cognitive
severity

ADL-ability Care setting Costs of care 

Dementia Care need Provision of care 

Fig. 1 Structure of economic model. The progression of dementia

(represented by cognitive function) is assumed to cause loss of ADL-

ability that determines the patient’s need for care. The care need

consequently translates into care provision and costs to society
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were time since disease onset, time since baseline, age and

gender. Any non-significant (P [ 0.1) predictor was removed

for the final prediction functions.

Cognitive function

Wallin et al. [20] reported an initial treatment effect over the

first 6-month period followed by a stable deterioration over

time in this sample, which is also coherent with the findings

of clinical trials of ChEIs [23, 24]. To estimate the disease

progression of patients on stable treatment, we, therefore,

only included data from 6 months post-baseline and onward.

Another 8 observations (0.6%) were excluded due to non-

valid scores from subjects not willing to carry out the

assessment. We estimated the mean 6 months progression in

ADAS-cog (difference between the assessments of two

adjacent patient visits) by 10 point ranges of ADAS-cog (at

the earlier of each pair of visits) using pooled data from all

time points. Small deviations from 182 days between two

visits were controlled for by multiplying with 182 divided by

the number of days between the visits, thereby assuming a

linear decline between every two visits.

ADL-ability

The number of independent domains in PSMS and IADL

was used to represent basic and instrumental ADL-ability,

respectively. For each of the two, a prediction function for

the number of independent domains was estimated using

pooled data from all time points. Both present and the

6 months lag of ADAS-cog (i.e., the ADAS-cog score at

the assessment 6 months preceding the current assessment)

were tested as predictors. Both ADL-ability measures had a

curvature relationship to ADAS-cog, which was explored

both by using squared outcome variables and adding

squared ADAS-cog as predictors. Observations were

clustered on each patient to take into account the potential

intra-individual correlation (i.e., between multiple assess-

ments of each patient over time). Further, repeated mea-

sures models were tested to further explore the sensitivity

of the potential intra-individual correlation.

Care setting

All patients resided in the community at baseline. The

probability of institutionalization over time was estimated

using a survival analysis approach on the number of days

from baseline to institutionalization. As the risk of insti-

tutionalization was assumed to increase over time at a

constant rate, we used a Weibull model capable of

accommodating this premise.

Costs of care

Each patient’s use of community care services within a

6-month period was calculated by multiplying the repor-

ted hours/visits per week by 26. For inpatient care, data

on exact resource use were available for each 6-month

period. Estimates of costs of care for each patient and

time point were calculated by multiplying the number of

resource units used in each 6-months period with a

Swedish price vector [25, 26] (inflated for 2005). Insti-

tutionalized patients were assumed to have a constant per

diem cost of 1,507 SEK (*150 EUR) [25]. For com-

munity-dwelling patients, a two-part model was employed

[27]. First, a logistic model was applied to estimate the

probability of a non-zero cost of community-dwelling

patients, since they commonly reported zero resource

utilization. Second, the mean costs by ADL-ability scores

were examined to predict the cost of community-dwelling

patients with a non-zero cost.

Economic model validation

All prediction functions were combined into an economic

model with the ability to predict the long-term outcomes

of an Alzheimer cohort with minimal baseline inputs.

That is, the prediction functions were used to predict the

disease severity measures and economic outcomes over

time, each time using the available baseline and already

predicted data as inputs into the prediction functions. The

economic model was tested by comparing the fit of the

predictions on the observed data using a cross-validation

approach [28]. An iterative process was programmed in

which half of the SATS data sample was randomly

drawn without replacement for re-estimation of all pre-

diction functions. These prediction functions were then

used to replicate the other half of the data, i.e., predict

the disease trajectory and economic endpoints over time

of the other half using their baseline inputs only. A

patient was assumed to move into institution, the first

time their predicted risk (between 0 and 1) was higher

than a random number (between 0 and 1), which was

drawn for each patient. Similarly, a community-dwelling

patient was assumed to have a non-zero cost if their

predicted risk was higher than another random number

drawn for each patient. The mean predicted and observed

costs of care across all patients in the prediction sample

were then calculated for each 6-month period following

baseline and saved as one observation in a separate data

set. This process was performed with 1,000 iterations,

each with a new random draw of estimation/prediction

samples.
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Technical specifications

All calculations were performed in STATA 9.0 for

Windows.

Results

Descriptive statistics

Descriptive statistics on all data from this cohort of SATS

patients except for costs of care have been presented in

previous publications [20, 29] and are, therefore, only

briefly described here. The mean ± standard deviation

(SD) age at baseline was 74.6 ± 6.5 years; number of

years since disease onset, 3.1 ± 2.3; baseline ADAS-cog

score, 20.7 ± 10.0; and 65% were female. Of the 435

patients at baseline, 166 remained in the study throughout

the 3 years of follow-up. Twenty-five (5.7%) of the

patients died, and the most common causes of dropping out

were institutionalization (n = 69, 15.9%) and suspected

side effects (n = 35, 8.0%). Twenty-four (5.5%) of the

patients withdrew because of unsatisfactory effect of

treatment or deterioration of the disease.

Cognitive function

The mean 6 months deterioration including 95% confi-

dence intervals over ADAS-cog levels (10 point ranges) is

shown in Fig. 2. The 6-months rate of decline increased

with level of cognitive function as measured by ADAS-

cog, ranging from 1.6 points in the lowest level (0 \
ADAS-cog score \ 10) and 4.0 points in the second

highest (50 \ ADAS-cog score \ 60). The confidence

intervals were wider in the higher levels due to fewer

observations, and the number of observations in the highest

level (60 \ ADAS-cog score \ 70) was too low for a

reliable estimate of mean deterioration (n = 3). The stan-

dard errors were too large for identifying any significant

linear relationship between the 6-months rate of decline

and ADAS-cog level. However, t tests showed significant

differences comparing ADAS-cog levels higher/lower

than 30, 40 and 50 points (P values; 0.02, 0.01 and 0.03),

respectively. No other significant predictors of the

6-months rate of decline could be identified in the regres-

sion analysis.

ADL-ability

The ADL-ability models with the best fit are presented in

Table 1. Modeling squared PSMS gave a better fit than

modeling untransformed PSMS while the opposite was

found for IADL. The significant predictors were similar for

both ADL-ability measures. Both basic and instrumental

ADL-ability were lower for older and more cognitively

impaired patients. Squared ADAS-cog had a negative

impact on ADL-ability indicating that the relationship

between ADL-ability and ADAS-cog was stronger in the

upper ranges of ADAS-cog where patients have a more

severe cognitive impairment. Further, the 6-months lagged

ADAS-cog also had a negative impact on ADL-ability
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Fig. 2 Mean 6-months rate of decline and 95% confidence intervals

for all observations excluding the first 6 months progression from

baseline over bands of 10 ADAS-cog points

Table 1 Predictors of ADL-

ability

* P \ 0.05, ** P \ 0.01,

*** P \ 0.001

– Excluded from model due to

non-significance (P [ 0.1)

Coefficients (SE) for PSMS squared Coefficients (SE) for IADL

ADAS-cog -0.7001 (0.0995)*** -0.135 (0.0203)***

ADAS-cog squared 0.006 (0.0015)*** 0.0012 (0.0003)***

Lag ADAS-cog -0.1741 (0.0489)*** -0.0867 (0.0222)***

Lag ADAS-cog squared – 0.0007 (0.0003)*

Days from baseline -0.0072 (0.001)*** -0.0008 (0.0002)***

Age -0.3161 (0.0653)*** -0.0663 (0.0135)***

Male – -0.7988 (0.1843)***

Constant 65.5041 (4.6609)*** 13.9163 (0.9669)***

R2 0.39 0.54

F- test \0.0001 \0.0001
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indicating that patients who had been cognitively impaired

for long had a relatively lower ADL-ability. The IADL

model also predicted lower abilities for men than for

women. IADL had more missing values than the other

instruments and more so for men where only 52% (n = 79)

had a complete assessment at baseline, compared to 72%

(n = 203) for women. The random effects model gave

similar results for both PSMS and IADL but with reduced

fit of the model predictions to the observed data in cross-

validation.

Care setting

Of the 435 patients, 130 moved into an institutionalized

setting during the study. Significant determinants of the

probability of institutionalization were ADL-ability and

gender (Table 2). The probability of institutionalization

increased over time, which was represented by using a

Weibull distribution with a shape parameter larger than

unity (P = 0.02). The model indicated that the probability

of a patient moving into an institution is higher for patients

with lower ADL-ability and for female patients. The sur-

vival model estimated the mean ± SD time to institution-

alization at 4.7 ± 1.8 years from baseline.

Costs of care

Care setting was an important determinant of costs of

care. The 6 months costs of a patient residing in an

institutionalized care setting (274,274 SEK; *27,000

EUR) were about 12 times higher than that of an average

patient residing in the community (22,210 SEK; *2,200

EUR). For community-dwelling patients, 1,082 (59%) of

all cost observations were equal to zero. The probability

of non-zero costs was higher for female patients with a

lower basic and instrumental ADL-ability and of higher

age (Table 2). The level of costs for patients with a non-

zero cost correlated similarly with both PSMS and IADL

(Fig. 3), but IADL was used as a single predictor for the

final model as PSMS did not add precision to the

estimates. Similarly, cognitive function also correlated

with costs of care but not when controlling for PSMS and

IADL (not shown).

Economic model validation

The combination of all prediction functions resulted in an

economic model capable of predicting the long-term out-

comes of an Alzheimer cohort with the following baseline

inputs: age, sex, cognitive function and ADL-ability. First,

the cognitive function (ADAS-cog) at each 6 months cycle

was predicted according to the estimated rate of decline

over 6 months (Fig. 2). Second, the ADL-ability (PSMS

and IADL) at each 6 months cycle was predicted according

to the equations in Table 1. Third, the probabilities of

institutionalization and non-zero costs were predicted

according to the equations in Table 2. Given these proba-

bilities, a stochastic process then determined whether the

patient was predicted to be institutionalized or live in the

community with a non-zero cost. Finally, this cost was

predicted according to the estimates of costs by IADL

scores (Fig. 3).

Table 2 Predictors of

Institutionalization and

non-zero costs

* P \ 0.05, ** P \ 0.01,

*** P \ 0.001

– Excluded from model due to

non-significance (P [ 0.1)

Coefficients (SE) for

institutionalization

Coefficients (SE)

for Non-zero costs

IADL -0.2614 (0.0717)*** -0.0072 (0.1798)

IADL squared – -0.0303 (0.0175)

PSMS -0.1923 (0.0763)* -0.3679 (0.068)***

Male -0.4685 (0.227)* -0.6369 (0.2145)**

Age – 0.0271 (0.0142)

Constant -7.5862 (0.9589)*** 0.2715 (1.1246)

LR chi2(3) = 67.22

Chi2 \ 0.0001

Pseudo R2 = 0.19

Chi2 \ 0.0001
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Fig. 3 Mean 6 months costs of care and 95% confidence intervals

(SEK) by ADL-scores, both basic (PSMS) and instrumental (IADL),

for community-dwelling patients with non-zero costs. ADL-scores

indicate the number of domains in which the patient is independent.

(10 SEK * 1 Euro)
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The results from the cross-validation process are shown

in Fig. 4. The economic model predictions correspond well

with the observed costs of care with overlapping con-

fidence intervals at all visits. Similarly, the predicted

proportions of institutionalized patients and community-

dwelling patients with non-zero costs were comparable

with the observed proportions, with overlapping confidence

intervals at all visits (not shown).

Discussion

In this study, we developed new methods for predicting

disease progression and economic endpoints for the eco-

nomic evaluation of AD treatment. We estimated the rate

of disease progression in patients treated with ChEI

donepezil in clinical practice, incorporating both cognitive

and functional ability, and developed models for assessing

the risk of institutionalization and the costs of care in

relation to disease severity in these two domains. Cross-

validation of the combined prediction models showed good

correspondence of predicted and observed costs of care

with overlapping confidence intervals at all visits. This is

an important finding, since it shows that prediction models

for each of the individual endpoints can be combined to

represent the complex disease progression of AD patients

and accurately estimate economic endpoints over time.

No significant predictors of the 6-months rate of decline

in ADAS-cog after 6 months of treatment could be iden-

tified, but there was a consistent and monotonic trend of

cognitive decline across ADAS-cog levels, which also

increased the accuracy of the model predictions. Stern et al.

[30] demonstrated similar results in untreated patients with

the outcome of ADAS-cog over time dependent on initial

ADAS-cog score. Wattmo et al. [29] reported that the long-

term cognitive outcome measured by MMSE and ADAS-

cog in ChEI treated patients was dependent on the baseline

scores and time since start of treatment. Our findings

suggest a steady although non-significant increase in the

rate of cognitive decline with increasing cognitive func-

tion, whereas other studies based on untreated patients have

found an inverse u-shaped relationship regarding cognition

between the rate of decline and severity with the fastest

deterioration in moderate dementia [30–32].

We assumed that cognitive decline would cause deteri-

oration in ADL-ability but not vice versa. The rationale for

this was purely practical, because the more complex

covariance structure between several measures of disease

severity would be difficult to assess. Although useful for

the purpose of this study, our assumption may be an

oversimplification of the reality and we do not claim to

have provided any evidence thereof.

ADL-ability decreased with time and deteriorating

cognitive function, whereas ADL-ability itself was a pre-

dictor of both the risk of institutionalization and the costs

of care of community-dwelling patients. Although both

resource utilization endpoints correlated with cognitive

function as well, this variance was almost totally removed

when controlling for ADL-ability. This suggests that the

effect of cognitive function on resource utilization is

mediated through functional ability and incorporating

ADL-ability in economic modeling is, therefore, important

for more accurate predictions of costs of care, as proposed

in the latest NICE report of ChEIs and memantine treat-

ment in the UK [17].

For costs of care, we differentiated between institu-

tionalized patients (for which a constant per diem cost was

assumed) and community-dwelling patients (for which a

two-part model was utilized to estimate costs of care). This

enables representation of the skewed distribution of costs

of care characteristic for AD patients; from zero, through

the bulk of low and up to the few high cost estimates. Thus,

our model can generate predictions of the distribution of

costs of care of individual patients, which makes it suitable

for micro-simulation modeling.

This study shares the limitation of most longitudinal

studies in the problem of patients lost to follow-up. Of the

435 patients entering the study, only 166 remained after

3 years. Wallin et al. [20] presented a dropout analysis of the

same sample where they found that patients who dropped

out were older and more severely cognitively impaired at

baseline. As they were not assessed after their withdrawal, it

is not known whether those who dropped out were worse off

over time than those completing the study. However, since

deterioration and institutionalization were common causes

of withdrawal and are both symptoms of worsening, there is

a risk for underestimation of both disease progression and
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costs of care. This risk was reduced by using a survival

model for modeling institutionalization, which handles

censored data efficiently. Further, since the cost of institu-

tionalized patients was assumed constant, the dropouts

should not affect the costs of these patients. The risk of

underestimation rather lies in the deterioration of patients

residing in the community and its implications on costs of

care. The extent of this problem is not known and should be

explored further in future studies.

The IADL measure is not complete for patients who

have never carried out certain tasks included in the

assessment [22]. This produces some missing values and

reduces the number of observations included in models

where IADL is either the outcome variable or a predictor.

In addition to limiting the sample size, this may imply that

the model is invalid for patients who have never carried out

the IADL tasks included in the instrument.

The methods for taking into account intra-individual

correlation as well as covariance between cognitive func-

tion and ADL-ability needs to be further explored in future

analysis. At present, we have modeled ADL-ability as a

function of cognition, although this probably does not

explain their interdependence in total. Further, we tried to

account for intra-individual correlation with a random

effects model of PSMS and IADL but it did not substan-

tially change the results, although it reduced the fit of the

model predictions to the observed data in cross-validation.

The resource utilization data collected in the SATS

study are limited as it does not include important health

care resources such as informal and outpatient care. Neither

was behavioral symptoms included which, in addition to

cognitive function and ADL-ability, constitute an impor-

tant disease indicator with high correlation to costs of care

[33]. It may, therefore, be of interest to re-estimate the cost

model in future cohorts with additional data available.

Further to this point, the focus of this study was not to

assess the detailed resource utilization or costs of Alzhei-

mer patients by disease severity or over time and we have,

therefore, not presented detailed data on the resource uti-

lization or unit costs used for analysis. This has been done

more elegantly in recent publications [34, 35], and our cost

estimates primarily serve the purpose of the primary

objectives of this study.

In conclusion, the SATS study provides unique patient

level data for estimating disease progression in both cog-

nitive function and ADL-ability and how this relates to

risks of institutionalization and costs of care over time. The

methods developed in this study for representing AD pro-

gression and economic outcomes can be used in micro-

simulation models for the economic evaluation of new

treatments. As the SATS study continues to follow AD

patients treated with ChEIs in clinical practise, the models

may be refined in future analysis of a larger sample.
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