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Abstract.
Background: Pharmacological treatment of Alzheimer’s disease (AD) involves symptomatic improvement of cognition using
cholinesterase inhibitors (ChEIs) and memantine. The cost-effectiveness of these medications will guide decision-makers in
making judicious use of scarce healthcare resources, particularly during the advanced disease stages.
Objective: To evaluate the cost-effectiveness of ChEIs, memantine, and ChEI-memantine combinations in persons with
moderate-to-severe AD from the US healthcare perspective.
Methods: This pharmacoeconomic evaluation study used a state-transition Markov cohort model to simulate the costs
and effectiveness of ChEI-memantine combinations compared with monotherapies of ChEI (donepezil, galantamine and
rivastigmine) and memantine in persons with moderate-to-severe AD over a lifetime horizon with a 1-year cycle length.
We estimated expected quality-adjusted life-years (QALYs), costs (in 2020 $US), net monetary benefits, and incremental
cost-effectiveness ratios (ICERs). We discounted future costs and QALYs at the rate of 3%.
Results: In this study, donepezil monotherapy, galantamine-memantine combination, and rivastigmine transdermal patch
formed the cost-effectiveness frontier. Findings suggests that rivastigmine transdermal patch is the optimal treatment strategy
at a willingness-to-pay (WTP) threshold of $150,000/QALY (ICER = $93,307/QALY [versus donepezil monotherapy]).
Results across subgroups by age and sex also suggest that the rivastigmine transdermal patch is the optimal treatment strategy
with the highest net benefit.
Conclusion: From the US healthcare perspective, we found that, for persons with moderate-to-severe AD at a WTP threshold
of $150,000/QALY, the rivastigmine transdermal patch is the most cost-effective pharmacological treatment option. Given that
the transdermal patch is a preferred route of administration for persons with AD and their caregivers due to its convenience,
our findings provide additional incentives for its use.
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INTRODUCTION

The number of persons with Alzheimer’s disease
(AD) in the United States (US) is rising as the popu-
lation of older adults increases [1]. AD is a growing
concern due to longer life expectancy and the consid-
erable size of the population expected to reach age
65 and beyond in the coming decades. An estimated
6.2 million people aged 65 and older in the US are
living with AD [2, 3]. It is the most common type of
dementia and accounts for 60–80% of reported cases
[4]. Among individuals in the US aged 65 years or
older, more than 1 in 9 has AD [2, 5]. AD is the fifth
leading cause of death in persons aged 65 years or
older [6]. In 2018, the US society spent an estimated
$277 billion in the cost of care of persons with AD
and other dementias [3]. Currently, AD has no cure,
and pharmacological options for the management of
its symptom are limited.

Pharmacological treatment for AD comprises
memantine and the cholinesterase inhibitors (ChEIs)
donepezil, galantamine, and rivastigmine. Although
most cases progress to a severe stage that can last
many years, most published clinical and economic
evaluations have focused on the mild-to-moderate
stages [7, 8]. The American Academy of Family
Physicians recommends that treatment for mild-
to-moderate AD should begin with ChEIs [9].
Donepezil, galantamine, and rivastigmine are FDA-
approved for use during these stages. Switching
ChEIs for lack of response or intolerable adverse
effects is acceptable. For moderate-to-severe AD,
studies suggest that combining memantine with an
ChEI might help [10, 11]. Donepezil and the rivastig-
mine transdermal patch are FDA-approved for all
stages, and memantine and donepezil-memantine
combination for moderate-to-severe AD.

About 75% of the healthcare costs associated with
AD occur during the more severe stages [12]. There-
fore, the cost-effectiveness of medications during
later stages is important to guide decision-making
for judicious use of scarce healthcare resources.
Previous cost-effectiveness studies of pharmacolog-
ical treatments of moderate-to-severe AD have not
compared all relevant drug combinations in a sin-
gle decision analytic model (e.g., only comparing
donepezil-memantine versus donepezil monotherapy
[13], or memantine with ChEI as a drug class ver-
sus ChEI-class monotherapies; [14] both based on
single clinical trials). It is unknown which ChEI-
memantine combination is most cost-effective, since
combinations differ in cost and effectiveness [14, 15].

We aimed to conduct a cost-effectiveness analysis
of treating moderate-to-severe AD with all the clin-
ically plausible and relevant treatment alternatives;
the combination of memantine with each ChEI ver-
sus best supportive care (BSC) or ChEI monotherapy
or memantine monotherapy.

METHODS

Model description and treatment strategies

This report follows the Consolidated Health Eco-
nomic Evaluation Reporting Standards (CHEERS)
guideline for health economic evaluations [16, 17].
Following guidance from the US Panel on Cost-
effectiveness in Health and Medicine [18, 19], we
developed a state-transition Markov model [20]
to evaluate the cost-effectiveness of the following
nine strategies in treating moderate-to-severe AD:
BSC; donepezil or galantamine or oral rivastig-
mine or rivastigmine transdermal patch or memantine
monotherapy; donepezil-memantine, galantamine-
memantine or oral rivastigmine-memantine combi-
nations.

The model begins with an initial distribution of
patients in moderate and severe health states and
recursively applies annual transition probabilities to
simulate how patients switch states (to or from mild,
moderate, or severe AD, or to death from AD or
death from other causes; Fig. 1). Death from other
causes was estimated from the US Life Table (Sup-
plementary Table 1), stratified by sex (Supplementary
Table 2) [21].

Fig. 1. Health-State Transition Diagram. Depicts the Markov
model health state transition. The circles represent health states,
and the arrows represent possible transitions from one health state
to another.
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Model parameters

Transition probabilities
We obtained data for patients aged ≥ 65 with

AD enrolled in approximately 29 Alzheimer’s Dis-
ease Centers (ADCs) between 2005–2015 from the
National Alzheimer’s Coordinating Center (NACC)
database. ADCs are funded by the National Institute
on Aging (NIA) of the National Institutes of Health
[22, 23]. The ADCs enroll and follow participants
approximately annually and NACC provides data for
research upon request; all participants provided writ-
ten informed consent. An Institutional Review Board
(IRB) at each ADC approved all research activi-
ties, including data sharing; this secondary analysis
of the de-identified data did not require additional
approval.

Selected patients had ≥ 1 annual visit to the ADCs.
Health states were determined using validated Clini-
cal Dementia Rating Scale (CDR® Dementia Staging
Instrument) scores [24]: CDR 0.5–1 is mild; 2 is
moderate and 3 is severe [25, 26]. These categories
correlate with other AD measures [24]. We used the
msm package in R to develop a multistate model
[27, 28] and calculate the annual transition probabil-
ities for treated or untreated patients aged 65 years.
The disease stages were modelled as homogenous
continuous-time Markov process with a transition Q
matrix [28]. The calculated transition probabilities
were consistent with others using the same database
from a shorter timeframe (2005–2009) [29]. These
probabilities were used to populate the transition
matrix (Supplementary Table 3).

Intervention effectiveness and model
assumptions

We incorporated the effect of interventions from a
Bayesian network meta-analysis (NMA) of 142 stud-
ies [15]. This provides the most comprehensive and
current evidence of the effectiveness of pharmacolog-
ical treatments of AD, including indirect treatment
estimates. The effect of the drugs on mortality (ver-
sus BSC) are presented in Supplementary Table 4.
We converted the odds ratio (OR) to relative risk
(RR) using the formula by Zhang et al. [30] before
incorporating treatment effects for pertinent transi-
tion probabilities into the model using the RRs.

Although this NMA provided direct and indirect
evidence for most of the strategies, we were unable to
obtain data on transitioning from moderate or severe
to death for rivastigmine-memantine, so we assumed
the transition probability to be identical to donepezil-

memantine because the drugs are similar, and this is
the most studied combination in clinical trials with
the most robust evidence.

Costs and utilities
All cost inputs were inflation-adjusted to 2020

US dollar value using the Consumer Price Index
from the US Bureau of Labor Statistics. We included
direct medical, non-medical, and caregiving costs.
Cost of drugs acquisition were obtained from the
2016 Medicare Provider Utilization and Payment
Data from the US Centers for Medicare & Medicaid
Services (CMS) [31], except for rivastigmine trans-
dermal patch which was unavailable in CMS so was
obtained from the Average Wholesale Price (AWP)
using the RED BOOK (Truven Health Analytics)
[32]. We derived cost of care and utility estimates
by disease stage based on an analysis by Saint-
Laurent Thibault et al. (2015) [14] (Supplementary
Table 5). We used direct medical cost of care (includ-
ing antipsychotic medications, monitoring, physician
visits and home care) to reflect the healthcare payer
perspective (typically reimbursed by Medicare) [14].

Model outcomes and analysis

We defined outcomes (QALYs and costs) from
the model over a lifetime horizon (i.e., the patient’s
lifetime which was until every patient dies, and con-
sistent with studies that have indicated that people
≥ 65 can live between 4 to 20 years) [3]. We assessed
cost-effectiveness for each strategy by estimating the
expected ICERs and net monetary benefits (NMBs).
Expected ICER was estimated as the difference in
cost between treatments divided by the difference in
effect. In this cost-effectiveness analysis, compari-
son was made in the following ways [33]. 1) We
arranged alternatives in order of increasing effective-
ness. 2) We ruled out strongly dominated alternatives.
3) We calculated ICERs based on moving to increas-
ingly costly and increasingly effective alternatives. 4)
If the ICER associated with moving to more costly
alternative falls, then the lower-cost alternative used
to calculate the ICER is extendedly dominated and
was ruled out. 5) We then recalculated ICERs based
on comparisons of moving to increasingly costly
but increasingly effective alternatives that are neither
strongly nor extendedly dominated. Expected NMB
was estimated as the effectiveness (in QALYs) mul-
tiplied by the willingness-to-pay (WTP) threshold,
minus the cost of treatments. Using the NMB, which
is found to be consistent with ICER approach, treat-
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ment with the greatest net benefit was determined as
the most optimal treatment [33].

We applied a 3% discounting rate for costs and
outcomes as recommended by the US Panel on
Cost-effectiveness in Health and Medicine [18, 19].
A WTP threshold of $100,000 or $150,000 per
QALY has been recommended (outside the context
of an explicit resource constraint) [34]. We used
$150,000/QALY to determine the optimal strategy in
the reference-case and sensitivity analyses. Decision-
makers may use the WTP threshold of their choice
within the context of an explicit resource constraint.

To account for heterogeneity within the model,
we conducted subgroup analyses on males, female,
and starting age of 74 years, since age and sex
are among the most important risk factors for AD,
for which outcomes might differ [3]. All mod-
elling computations were conducted using hēRo3, a
web-based, open-source health economic modeling
platform (https://heroapps.io/).

Sensitivity analysis

Deterministic, one-way sensitivity analysis was
conducted by varying some selected variables
through plausible ranges to assess the robustness of
our results. Specifically, we varied the cost of rivastig-
mine transdermal patch, given that costs were from
the RED BOOK while other drug costs were from
CMS. We also varied the probabilities of moving
to death from moderate and severe health states for
rivastigmine-memantine as the probability we used
was assumed to equal that of donepezil-memantine
due to lack of data. This one-way analysis varied the
estimates by ± 25% of the base case values, consis-
tent with the literature where ranges are unavailable
[35].

To account for joint parameter uncertainty in the
entire model, we conducted a probabilistic sen-
sitivity analysis (PSA) using second-order Monte
Carlo simulations [36] based on 1000 iterations
using distributions appropriate to the parameters: beta
distribution for transition probabilities (adequately
reflects a binomial distribution for a fraction of event
and no event; bounded between 0 and 1), normal dis-
tributions for costs (data from a large sample size [37,
38]), and lognormal distribution for utilities (suitable
when health states close to death are possible, such
as severe AD [37, 38]).

RESULTS

Table 1 presents the results for all nine strategies.
Donepezil, galantamine-memantine combination,
and rivastigmine transdermal patch formed the
cost-effectiveness or efficiency frontier (Fig. 2)
[39]. In the reference-case analysis, the most
effective treatment is rivastigmine transdermal
patch (2.250 QALYs), followed by rivastigmine-
memantine (1.831 QALYs). BSC and oral rivastig-
mine are the least effective (0.755 and 0.876 QALYs,
respectively). Apart from rivastigmine transdermal
patch, all combination treatments were more effective
than their monotherapies. Subgroup analyses suggest
that treatments are more effective in females than
males and at 65 than 74 years (Tables 1 and 2).

The reference-case result indicates that rivastig-
mine oral and galantamine monotherapy were
strongly dominated by galantamine-memantine as
they cost more and were less effective (Fig. 2 and Sup-
plementary Figure 1). Memantine was dominated by
donepezil and rivastigmine-memantine was extend-
edly dominated by rivastigmine transdermal patch.

Table 1
Reference-Case Cost-Effectiveness of Cholinesterase Inhibitors and Memantine in Moderate-to-Severe Alzheimer’s Disease

Intervention QALYs Cost, $ ICER, $/QALY NMB, $

Best supportive care 0.755 38,473 Strongly dominated (versus galantamine-memantine) 74,777
Rivastigmine oral monotherapy 0.876 58,277 Strongly dominated (versus donepezil monotherapy) 73,123
Galantamine monotherapy 0.908 60,793 Strongly dominated (versus donepezil monotherapy) 75,407
Galantamine-memantine 0.961 37,335 – 106,815
Memantine monotherapy 1.294 48,728 Strongly dominated (versus donepezil monotherapy) 145,372
Donepezil monotherapy 1.609 48,176 16,739 (versus galantamine-memantine) 193,174
Donepezil-memantine 1.795 73,423 Extendedly dominated (versus rivastigmine transdermal patch) 195,827
Rivastigmine-memantine 1.831 89,832 Extendedly dominated (versus rivastigmine transdermal patch) 184,818
Rivastigmine transdermal patch 2.250 108,036 93,307 229,464

QALYs, quality-adjusted life-years; ICER, incremental cost-effectiveness ratio (expressed in 2020 US dollars per QALY); Strongly dom-
inated, means that a treatment is ruled out because it costs more for fewer QALYs than the comparator alternative; extendedly dominated
means that a treatment is ruled out because it has an ICER that is greater than that of a more effective comparator alternative.

https://heroapps.io/
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Fig. 2. Cost-effectiveness plane. Shows the cost-effectiveness plane for costs and outcomes (quality-adjusted life-years) associated with all
possible treatment strategies for AD. The solid line represents the cost-effective frontier.

Table 2
Cost-Effectiveness of Cholinesterase Inhibitors and Memantine Among Age and Sex Subgroups

Male Female Age 74
Intervention QALYs Cost, $ NMB, $ a QALYs Cost, $ NMB, $a QALYs Cost, $ NMB, $ a

Best supportive care 0.747 37,992 74,058 0.759 38,731 75,119 0.726 36,560 72,340
Rivastigmine oral monotherapy 0.866 57,400 72,500 0.882 58,750 73,550 0.834 54,702 70,398
Galantamine monotherapy 0.896 59,596 74,804 0.915 61,437 75,813 0.859 55,774 73,076
Galantamine-memantine 0.953 37,020 105,930 0.965 37,505 107,245 0.932 36,138 103,662
Memantine monotherapy 1.279 48,138 143,712 1.302 49,046 146,254 1.235 46,386 138,864
Donepezil monotherapy 1.584 47,389 190,211 1.622 48,600 194,700 1.507 44,940 181,110
Donepezil-memantine 1.763 71,999 192,451 1.813 74,190 197,760 1.662 67,458 181,842
Rivastigmine-memantine 1.798 88,092 181,608 1.849 90,770 186,580 1.693 82,541 171,409
Rivastigmine transdermal patch 2.198 105,341 224,359 2.278 109,486 232,214 2.027 96,440 207,610

QALY, quality-adjusted life-years; ICER, Incremental cost-effectiveness ratio (expressed in 2020 US dollars per QALY); NMB, Net monetary
benefit. aNet monetary benefit at willingness-to-pay threshold of $150,000/QALY. Treatments with the greatest net monetary benefits are
highlighted in bold.

This cost-effectiveness analysis suggests that
rivastigmine transdermal patch is the optimal treat-
ment strategy at a WTP value of $150,000/QALY
(ICER = $93,307/QALY versus donepezil monother-
apy), with similar results across subgroups.

One-way sensitivity analysis by varying the cost
of rivastigmine transdermal patch and probabilities of
rivastigmine-memantine combination from moderate
or severe AD to death did not change suggestions on
the optimal treatment (ICER<WTP) as both variables
did not remarkably influence the ICER.

The PSA result based on healthcare perspective at
WTP value of $150,000/QALY suggests that rivastig-
mine transdermal patch was the optimal treatment in
78.2% of iterations followed by donepezil-meman-
tine (11.6%); then rivastigmine-memantine (7.9%);
and then donepezil monotherapy (2.3%) (Fig. 3).

DISCUSSION

In this study for patients with moderate-to-severe
AD, we examined the cost-effectiveness of ChEI-
memantine combinations versus memantine or ChEI
monotherapy. Based on the US healthcare perspec-
tive, our results suggest that monotherapy with
the rivastigmine transdermal patch is the optimal
treatment strategy at a WTP value of $150,000
per QALY. These results were consistent across
subgroups. Combination therapies were more effec-
tive (provided more QALYs) than their respective
monotherapies, except for the rivastigmine transder-
mal patch.

Previous cost-effectiveness studies on treatments
for moderate-to-severe AD, which did not compare
all available treatment options and used a shorter
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Fig. 3. Probabilistic Sensitivity Analysis Cost-Effectiveness Acceptability Curve. Shows Cost-Effectiveness Acceptability Curves for nine
different treatment options. The vertical axis represents probability that a treatment option is cost-effective while the horizontal axis presents
the willingness-to-pay (WTP) threshold range (i.e., $0 – $200,000 per QALY). Rivastigmine transdermal patch has the highest probability
to be cost-effective (“optimal”) at WTP values ≥ $50,000 per QALY.

time horizon, yielded results that differed from ours.
Weycker et al. (2007) [13] compared memantine-
donepezil versus donepezil monotherapy, for only a
year time horizon, and concluded that the combina-
tion was more cost-effective. Saint-Laurent Thibault
et al. (2015) [14] compared ChEI-memantine ver-
sus memantine or ChEIs monotherapy over a 3-year
time horizon and found that the combination was
cost-effective. However, the study did not include the
rivastigmine transdermal patch and did not differen-
tiate between the three possible ChEI combinations.

The estimates of drug effect in both these studies
were based on single clinical trials.

In the UK, a cost-effectiveness analysis by Knapp
et al. (2017) with model inputs derived from a
pragmatic clinical trial compared no treatment,
donepezil monotherapy, memantine monotherapy,
and donepezil-memantine [40–42]. It found that
donepezil-memantine was not more cost-effective
than donepezil monotherapy. It called for the UK
National Institute for Health and Care Excellence
(NICE) to revise its reimbursement guidelines [40,
43], which were based on the conclusion that
insufficient evidence exists to differentiate between
ChEIs. The NICE guidelines recommended that the
best use of resources would be the option with
the lowest acquisition cost [43]. However, in eco-
nomic evaluations, decisions on optimal treatments
should be based on maximizing net benefits rather
than differences in statistical significance, given
that the magnitude of costs and effects are not the
same [44].

Failing to include all relevant alternatives could
result in overestimation of cost-effectiveness if
an intervention was not compared with a more
cost-effective treatment [33]. Including all possible
alternatives can be challenging because randomized
controlled trials (RCTs) rarely compare all relevant
treatment strategies, and we were able to use the
NMA of 142 studies (published after the above three
previous studies) to include treatments that were
never compared directly in clinical trials [15]. To be
able to completely assess the cost-effectiveness of
interventions, it is also necessary that the time hori-
zon should be long enough to capture all relevant
outcomes [33], and our estimate is based on a lifetime
horizon.

Since the introduction of tacrine in 1993 (with-
drawn from the US market in 2012), and until new
treatments are developed, memantine and the three
ChEIs remain the mainstay in the symptomatic treat-
ment of AD. It is worth noting, however, that in May
2018, the French Ministry of Health announced a
policy that removed all AD drugs (donepezil, galan-
tamine, rivastigmine, and memantine) from its list
of reimbursable treatments [45]. If our US cost-
effectiveness findings also apply to France, this 2018
policy decision in effect denies treatment that delivers
more than two QALYs.

The high probability of being cost-effective we
found for rivastigmine transdermal patch (78% from
the healthcare perspective) gives an insight into the
level of parameter uncertainty and supports our con-
clusion. This is one example of the value of our
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cost-effectiveness analysis, being able to guide deci-
sion makers regarding the best use of resources
among available treatment options.

Strength and limitations

To our knowledge, our study is the first cost-
effectiveness analysis of ChEI-memantine combina-
tion therapy versus ChEI or memantine monotherapy
in the treatment of moderate-to-severe AD that com-
pares all relevant alternatives, making available the
most complete set of data for decision makers. In
addition, our study accounted for model heterogene-
ity to evaluate differences in results due to sex or
age.

As with any simulation model, our study should be
viewed in the context of some limitations. First, our
cohort consist of patients with a starting age of 65
(and a subgroup of 74) years; it is not clear whether
our conclusion is applicable to other starting ages.
This limitation is significant, because older patients
have a higher mortality rate, and they are at higher
risk of disease progression than younger ones. In
the future, it will be important to evaluate the cost-
effectiveness of these agents at other ages. Another
limitation is that the model in the current study did
not include differences in side effects of drugs. How-
ever, clinical experts indicate that, over long-term use,
these medications are equally tolerated. Moreover,
we accounted for adverse effects and drug switching
in the MSM used to generate transition probabilities.
Although a small proportion of NACC participants
are in a skilled nursing facility, nursing home, hospi-
tal, or hospice, this study was limited to majority of
patients in the community, as costs and utility inputs
of the model were based on those reported for patients
in such settings. Institutionalized patients incur more
healthcare cost, and hence it is unclear whether our
findings regarding optimal treatment would be appli-
cable to these patients.

CONCLUSION

From the US healthcare perspective, we found that,
for moderate-to-severe AD patients aged 65 years, at
a WTP value of $150,000, the rivastigmine transder-
mal patch was the most cost-effective treatment. On
examining parameter uncertainty, rivastigmine also
had the greatest probability of being cost-effective.
Given that the transdermal patch is a preferred route
of administration for AD patients and caregivers due
to its convenience, our findings provide an additional

incentive for its use. These finding are consistent
across subgroups by age and sex. Future studies may
explore the cost-effectiveness of these agents in other
age groups and institutional settings.
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