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1 | INTRODUCTION

In line with the aging population, the prevalence of dementia is rapidly
increasing, with a projected 152.8 million Alzheimer’s disease (AD)
cases in 2050.1 Consequently, the cost of dementia is set to rise; direct
costs already comprise 1% of the total global gross domestic product.?
Previous studies have indicated that the cost of care increases as the
disease progresses (e.g.%). Given the expected rise in prevalence and
cost to society, it is critical to understand the precise timing of the
progression to inform clinical decision making, prognosis, and health
economic models. We aim to determine the sojourn times for the dif-
ferent dementia stages by creating a disease progression model in
clinically identified patients.

Receiving a dementia diagnosis represents profound stress for the
patient and their loved ones.* Typically, one of their foremost concerns
is the amount of time a patient has until the severe stage of dementia.’
The cognitive decline of dementia occurs in a continuum of stages.
The earliest stage of cognitive decline may manifest itself as subjec-
tive cognitive decline (SCD), in which a person experiences cognitive
decline without having cognitive impairment. Importantly, an individ-
ual with SCD has a hazard ratio of around 2 for developing any further
symptoms of cognitive impairment.® In the next stage, mild cognitive
impairment (MCI), most functional cognitive aspects are preserved,
and mild symptoms exist in one or more domains; however, many MCI
patients report never experiencing an SCD stage. Following the MCI
stage, the loss of independence and decreasing cognitive capacity indi-
cate the onset of dementia, which progresses relatively continuously
until death.

Providing patients and their loved ones with a detailed, individu-
alized prediction of how long a patient will spend in each stage, for
example, MCI, mild-, moderate-, or severe dementia, and institutional-
ization, until death, can provide a much needed road map in the face
of uncertainty. The results can also inform clinical decision making
and policy decisions around the implementation of disease-modifying
treatment and prevention programs. Thus, beyond economic mod-
els, the sojourn time represents a clinical necessity for both medical
professionals and patients.

Most dementia progression studies rely on data from simulations or
multiple data sources and, as a result, must make assumptions about
data parametrics.” Additionally, many studies have used parametric
modeling which may not capture the nuance and flexibility of the true
disease course.® Therefore, a semi-parametric model using recently
collected, uniform, generalizable data could provide more accurate
estimates for cost-effectiveness studies.

Key efforts have been made to provide dementia stage durations,
such as a systematic review published in 2012, and given that the

treatment and diagnostic landscape have changed dramatically, these

estimates must be updated.® A more recent systematic review identi-
fied few updated studies in which the time spent in dementia disease
states was the primary aim. Most of the included studies consisted
of smaller samples (e.g., <1000 participants), which may have led to
underpowered samples. To illustrate, one epidemiological study used
six longitudinal data sources to determine the sojourn time for each
disease state.ll However, with just over 3000 participants, they were
unable to fully examine the later stages of AD and mortality. Thus, an
update is sorely needed to understand the time spent in disease sta-
tus, especially until death and the severe disease states. Thus, we aim
to create a multi-state survival model to determine the sojourn time

spent across dementia disease stages using a multi-national cohort.

2 | METHODS
2.1 | Participants
2.1.1 | SveDem

SveDem—the Swedish national quality registry for cognitive
disorders—began in 2007.}2 Patients with any dementia diagno-
sis are followed up annually from the date of diagnosis until death.
Mini-Mental State Examination (MMSE) scores are used to determine
cognition, and national register data are used to determine institu-
tionalization and death.'® Currently, the register comprises more than
81,844 patients. Coverage is fairly high, with data from 75% of primary
care clinics, more than 600 nursing homes, and all Swedish dementia

specialization clinics.2

2.1.2 | Amsterdam Dementia Cohort

The Amsterdam Dementia Cohort (ADC) consists of patients from
the Alzheimer Center Amsterdam, Amsterdam UMC from 2008 and
onward. A battery of assessments, including the MMSE, is used to
determine cognition, and biomarker data are available in the form of
PET, MRlIs, and other biomaterials.1® The cohort contains information
on over 2800 patients with SCD, MCl, and dementia.

2.1.3 | Memento Cohort

The Memento Cohort contains detailed data from 2,323 participants
collected from 28 memory clinics across France. Patients with either
SCD or MCI were recruited from the clinics between 2011 and 2014
and were followed every 6 months for 5 years. Memento contains
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and mortality rates differ widely compared to those living in the
iy 17,18
RESEARCH IN CONTEXT community.

1. Systematic review: Relevant literature on multistate
modeling and disease progression in dementia and
Alzheimer’s disease was obtained through PubMed. Few
epidemiology studies which examined sojourn times were
identified.

2. Interpretation: In the largest disease progression mod-
eling study to date, we present the sojourn times across
disease severity and institutionalization until death. The
full disease course from mild cognitive impairment (MCI)
to institutionalized severe dementia lasted between 6.2
and 10.1 years. The results show that a younger age at
baseline, amyloid negative status, and being female were
associated with a slower disease course.

3. Future direction: Further research is needed to bet-
ter understand the transition from subjective cognitive
decline (SCD) to MCI. Providing a sojourn time could give
reassurance to patients in the face of uncertainty. Includ-
ing more dementia sub-types and alternative biomarkers,
for example, p-tau or hippocampal volume would help
to better stratify patients and provide more precise
estimates.

data across biomarkers, various cognitive assessments, and lifestyle
factors.
Allindividuals with available MMSE data were included in the study,

no exclusion criteria were applied.

2.2 | Measures
221 | Outcome

MCI and dementia diagnoses were determined based on diagnosis in
the respective clinical settings. In Memento, all dementia cases were
validated by an expert committee panel, blinded to genetic and bio-
logical markers, with the Diagnostic and Statistical Manual of Mental
Disorders (DSM) IV criteria. Similarly, SveDem used DSM-|V criteria
prior to 2013 and DSM-5 criteria following. ADC diagnosed individuals
based on the National Institute on Aging-Alzheimer’s criteria.l®

Once patients were diagnosed with dementia, their latest MMSE
score was used to determine disease severity. The MMSE measures
cognitive impairment on a scale of 0-30 and is one of the most widely
used measures for dementia. The scores were broken down into mild
(30-20), moderate (19-10), and severe (9-0) stages.'3

In the SveDem, the Swedish national registers captured institution-
alization and mortality. While Memento and ADC obtained information
from clinical follow-up with patients and caregivers. We decided to

create separate states for institutionalization given that the costs

222 | Predictors

To create the binary variable AD dementia diagnosis, we used the
first specified dementia diagnosis given by a clinician, once the patient
passed the MCl state; thus, patients were considered to have either an
AD dementia diagnosis or another form of dementia. No MCl data were
available for SveDem participants as follow-up began after dementia
diagnosis.

Amyloid positive status was evaluated through cerebral spinal fluid
(CSF) obtained via lumbar puncture as well as through positron emis-
sion tomography (PET) scans. Further information on the tests and

cutoffs can be found in the supplemental material.

2.3 | Analysis
2.3.1 | Data handling

In the Svedem data, we imputed a new MMSE every 6 months follow-
ing participants’ last score until death or the end of follow-up using
a non-linear mixed effects model from the r package progmod,'? and
a time lag was added (Figure S1). This step was not completed in the
other cohorts due to incomplete mortality data, as Memento and ADC
rely on regular follow-up information for death rather than the national
register data available for SveDem. In all cohorts, if a participant’s
recorded transition skipped a stage, for example, a transition from mild
to severe, we imputed the time of the missing state by using the date
halfway between the two recorded stages. As a sensitivity analysis, we
repeated the analysis for the individuals who skipped a stage.

We separated individuals into a training and hold out sample using a
10:1 split to validate our findings. The data split was stratified by cohort
and based on preserving an equal distribution of MCI, mild, and severe
states between the sets.

2.3.2 | Estimating disease progression

To model the progression of dementia, we constructed a multistate
model using Cox regression. A multistate model represents multiple
survival curves, where each state has its own model. As each possible
state is modeled, the multistate model inherently accounts for com-
peting risks. A transition matrix was created based on the states MCl,
mild, moderate, severe, institutionalized -mild, -moderate, -severe,
and death leading to 17 transitions and models. A flow chart of the
possible transition pathways can be found in Figure 1. All partici-
pants were included in each model, the exposure was considered the
dementia stage specified at the transition starting state (e.g., Mod-
erate); thus, patients were considered non-exposed (i.e., not at risk)

if they did not enter that particular dementia stage during the study
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Moderate

Moderate |

Institution

FIGURE 1 Possible pathways through the disease severity states. MCI = mild cognitive impairment. Participants can begin in any state.
Transition into death is possible from all states. MCl was determined through clinical diagnosis. After patients were diagnosed with dementia by a
clinician, Mini-Mental State Examination (MMSE) scores were used to break down the disease states into mild (30-20), moderate (19-10), and

severe (9-0) stages.

duration. Days since entry into the study were used as the underlying
time scale, for example, clock forward. Due to data availability, only
Memento and ADC data were used to model the MCl transitions. The
resulting sojourn times can be interpreted as the predicted disease
duration based on an individual with the same specified patient
profile.

Models were individually trained using backward elimination, and
variables with a p-value lower than 0.05 were included in the final
models.?® The candidate variables were sex, age at study entry, amy-
loid positive status (only for models with the starting state in MCI), and
AD dementia diagnosis (i.e., a binary variable indicating (1) being diag-
nosed with AD dementia or (0) another form of dementia; only included
in models with the starting state in mild or later stages). We reported
results by the average and 1 standard deviation + for each age, sepa-
rated by sex and AD dementia diagnosis. In order to prevent borrowing
from the future, (i.e., using information collected following the expo-
sure, in this case the “from” transitioning state), we did not include AD
dementia diagnosis in models that started in the MCI state, and the
biomarkers were only included that were obtained before a dementia
diagnosis. To internally validate the results, the models were then cre-
ated using the validation dataset, the sojourn time estimates from the
main dataset were considered robust if they fell within the confidence
intervals (Cls) of estimates from the validation dataset. This method
tests the reliability of the estimates as well as the internal validity of
the study, as the validation set is not a resampling of the data (i.e., sim-
ply repeating the analysis) but data new to the model. Moreover, the
method has been shown to reduce bias in survival analysis in large

community-level studies.?!

Data were analyzed in R using the package Mstate.??

3 | RESULTS

Atotal of 80,543 participants (58.2% female; 50.9% diagnosed with AD
dementia) were included in the study (Table 1). SveDem was the largest
cohort with 76,747 participants, followed by Memento (N = 1119),
and ADC (N = 1942). The amyloid data were available for a subset of
patients from Memento and ADC (N = 2,336). The median follow-up
time was between 3 and 6 years (SveDem = 3.08 years; ADC = 4.44
years; Memento = 6 years). The total follow-up time varied between
the cohorts (SveDem = 17.2 years; ADC = 12.3 years; Memento = 6.5
years), with a total person-time of 255,906 years. The training set
(N =72,490) and the test set (N = 8053) split were uniform (Table S1).
Proportions were similar between the sexes across entry states. The
majority of participants of both sexes entered in the mild stage (65.3%
of all females; 68.0% of all males) and the moderate stage (23.6% of all
females; 22.0% of all males).

Few participants had skipped stages (e.g., those with recorded mild
and severe stages but not moderate) (mild N = 68; moderate N = 241;
institutional moderate N = 106), and we imputed these values using the
date halfway between the two recorded values (mild = 698 days; mod-
erate = 790 days; and institutional moderate = 797 days). When we
repeated the analysis with the imputed individuals removed, we found
similar estimates to the main analysis (Table S2).

A Spearman correlation matrix was created for the covariates
(Table S3).
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TABLE 1 Demographicinformation for the total sample.

SveDem
N 76,747
Female 44,854 (58.4%)
Mean age (range) 80 (35-105)
Diagnosed with AD N 39,550(51.5%)
Amyloid available N (proportion positive) NA
Total N
Mild cognitive impairment 0
Mild 52,706
Moderate 41,095
Severe 12,027
Institutionalized mild 14,478
Institutionalized moderate 25,839
Institutionalized severe 17,189
N at study entry (proportion)
Mild cognitive impairment 0
Mild 52,706 (68.70%)
Moderate 18,017 (23.50%)
Severe 1738 (2.26%)
Institutionalized mild 2070 (2.70%)
Institutionalized moderate 1878 (2.40%)
Institutionalized severe 338(0.44%)
N death 37,879 (49.4%)
N institutionalization 34,516 (45.0%)

3.1 | Multi-state modeling

Afulllist of the variables and coefficients used in each transition model
can be found in Table 2. Figures S2-S18 contain the survival curves.
Results from the cohort distribution indicated that many patients with
MCI did not transition to dementia status during the study period
(Figure 2, Figure S19-521). Indeed, 297 patients with MCI (16%) from
Memento and 1467 patients with MCI (84%) from ADC transitioned
to dementia. Moreover, there was a steep decline at year 7, which
matched the maximum follow-up time for Memento, in other words,
these individuals were censored due to end of follow-up.

The range of the full disease course from MCIl to death was between
10.08 (8.94-12.18) years for females 71 years at study entry who were
diagnosed with AD dementia and 6.20 (5.57-6.98) years for males aged
87 who were diagnosed with AD dementia (Figure 3). The age cate-
gories were derived based on the mean age of the sample + 1 standard
deviation. Generally, the individuals who were amyloid positive and
later diagnosed with AD dementia spent less time in the MCI state
(sojourn time in years [95% Cl]; for example, MClI, females 79 years
at study entry 5.51 [4.78-6.25]) compared to those negative and diag-
nosed with another form of dementia (MCI, females 79 years at study
entry 7.03[6.23-7.83]). Likewise, males tended to progress faster than

females and spent less time in the MCI state (MCI, males diagnosed

THE JOURNAL OF THE ALZHEIMER’S ASSOCIATION

Memento Amsterdam Dementia Cohort
1854 1942

1119 (60.4%) 905 (46.6%)
70.5(32-93) 65.6 (50-86)
224 (13.2%) 1264 (65.1%)
655 (12.5%) 1,681(83.10%)
1,842 647

291 966

153 727

21 113

25 9

24 18

10 4

1842 (99.4%) 647 (33.30%)
11(0.6%) 794 (40.90%)
0 443 (22.80%)
0 55(2.83%)
1(0.05%) 2(0%)

0 0

0 1(0.06%)

88 (4.8%) 872 (44.9%)
47 (2.5%) 43(2.21%)

State

[] Death

Inst. Severe
Ll Inst. Moderate
L] Inst. Mild
Severe
Moderate
Mild

MCI

Probability
o
=

T

4 6 8 10 12 14 16
Years

FIGURE 2 The cohort distribution based on the predictions for
females, aged 79, with Alzheimer’s disease (AD). Years represents days
since study entry. The predicted probability for being in each state
over time for females starting in mild cognitive impairment, aged 79 at
study entry, diagnosed with AD dementia, and amyloid positive.

with AD dementia, 79 years old 4.15 [3.71-4.59]). The length of time
spent in each state decreased with participant age at study entry (e.g.,
mild, females diagnosed with AD dementia, 71 years old 1.28 [0.87-
1.70]; 79 yearsold 1.18[0.81-1.55]; 87 years old 1.03[0.67-1.40]). The
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TABLE 2

Transition
number

1

2

Transition models.

From To

MCI Mild

MCI Death

Mild Moderate
Mild Inst. Mild

Mild Inst. moderate
Mild Death
Moderate Severe
Moderate Inst. moderate

Moderate

Moderate Death
-Severe \
_Severe ;Death
;nst. mild \

;nst. mild ;Death

Inst. moderate Inst. severe

Inst. moderate Death

Inst. severe Death

Inst. severe

Inst. severe

Inst. moderate

TATE ET AL.

Natrisk(Nin  Median survival time
transition) (years) Variables included HR (CI) V4 p
2240 (409) Median not reached® Amyloid positive 4.50(3.7-5.47) 5,83 <0.001
- - Age at baseline (age) 1.04(1.02-1.05) 15.07 <0.001
2240 (143) 7.53(7.35-8.56) Age 1.06 (0.04-0.08) 5.39 <0.001
- - Female 0.40(0.28-0.57) 4.98 <0.001
48,537 (21,145) 3.00(3.00-3.00) Age 1.02(1.02-1.02) 18.92 <0.001
- - Female 1.12(1.09-1.15) 8.30 <0.001
48,537 (11,170) 7.04(6.57-8.27) Diagnosed with Alzheimer’s 0.75(0.72-0.78) 15.08 <0.001

disease dementia (AD)
= = Age 1.06 (1.06-1.07)) 42.47 <0.001
- - Female 1.27(1.22-1.32) 11.89 <0.001
48,537 (276) Median not reached® Age 1.02(1.00-1.04) 251 0012
48,537 (4578)  7.33(7.04-7.52) AD 0.75(0.71-0.8)) 9.57 <0.001
- - Age 1.08(1.07-1.08) 31.87 <0.001
- - Female 0.62(0.59-0.66) 15.90 <0.001
37,746 (9349)  4.5(4.50-4.50) AD 0.93(0.89-0.97) 3.32 0.001
- Age 1.01(1.01-1.01)) 6.21 <0.001
37,746 (12,214) 3.10(2.99-3.24) AD 0.92(0.88-0.95) 4.79 <0.001
= = Age 1.04(1.04-1.04) 31.71 <0.001
- - Female 1.12(1.08-1.17) 6.22 <0.001
37,746 (97) Median not reached® No variables included
37,746 (5,310)  5.28(5.04- 5.48) AD 0.86(0.81-0.9) 559 <0.001
- - Age 1.06(1.05-1.06) 28.28 <0.001
- - Female 0.61(0.57-0.64)) 18.04 <0.001
10,939 (3,431) 2.05(1.89-2.26) AD 1.12(1.04-1.19) 3.15 0.002
- - Age 1.03(1.02-1.03) 11.79 <0.001
10,939(2,204) 4.37(4.15-4.72) Age 1.06 (1.06-1.07) 2047 <0.001
- - Female 0.64(0.59-0.69) 10.54 <0.001
13,058 (9,088) 2.5(2.50-2.50) AD 1.05(1.00-1.09) 217 0.030
- - Age 1.01(1.01-1.02) 9.86 <0.001
13,058 (3,348) 2.63(2.51-2.76) AD 0.88(0.82-0.94) 377 <0.001
- - Age 1.04(1.04-1.05) 16.01 <0.001
- - Female 0.61(0.57-0.65) 14.13 <0.001
23,273(11,641) 3.50(3.50-3.50) Age 1.00(1.00-1.01) 259 0.010
- - Female 1.04(1.00-1.09) 2.08 0.037
23,273(9180) 2.25(2.16-2.34) AD 0.94(0.90-0.97) 3.18 0.002
- - Age 1.05(1.04-1.05)0 27.81 <0.001
- - Female 0.62(0.59-0.65) 22.23 <0.001
15,482(10,143) 2.13(1.96-2.28) Age 1.04(1.04-1.05) 29.18 <0.001
- - Female 0.68(0.66-0.71) 17.93 <0.001

2Median not reached at the end of follow-up, 16 years.

5U80 17 SUOWILIOD AITERID B|ed1|ddke aU) AQ PoueA0B 3 SBPILE YO 98N J0 SB[ 0} ARG 1T 3UIIUO AB|IA O (SUONIPUGO-PLE-SLLLIBYLIOO" A3 1M ARGl PUI O/ SAL) SUOTIPUOD) PUE SWL | aU) 95 *[§20Z/ZT/2T] U0 ARiq 1T auIluO A5|1m Xmespiog aq a1S,eAIUN Ad 88YET ZIR/Z00T 0T/I0p/u0" |1 AIRIq1BU 1 |UO'S eIND -2 e//:Sdy WoJ) papeojumoq ‘0 '6/252SST



TATE ET AL.

Alzheimer’s & Dementia® K

71 years old at baseline

Female, with AD 110.08 (8.94-12.18)
Female, other dementia | 9.32 (8.22-10.78)
Male, with AD | 8.46 (7.63-9.88)

Male, other dementia| 7.73 (7.07-8.61)

79 years old at baseline

Female, with AD * 8.59 (7.59-10.31)
Female, other dementia | 8.27 (7.31-9.52)
Male, with AD | 7.18 (6.42-8.34)

Male, other dementia| 6.96 (6.4-7.69)

87 years old at baseline

Female, with AD -+ 7.07 (6.07-8.66)
Female, other dementia ' 7.36 (6.48-8.53)
Male, with AD | 5.88 (5.05-7.06)

Male, other dementia| 6.2 (5.57-6.98)
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FIGURE 3 Sojourn times for each disease state, separated by age at study entry, years represents years since entry into the study. Orange bars
indicate the 95% confidence intervals for the total disease time; “with AD” signifies being amyloid positive and diagnosed with Alzheimer’s disease
dementia; “other dementia” signifies being amyloid negative and diagnosed with another form of dementia. Ages were broken down based on the
average age at study entry (79 years) + 1 standard deviation. the figure can be interpreted as the predicted disease duration based on an individual
with the patient profile specified on the x-axis. This graph represents an individual who begins clinical follow-up in a mild cognitive impairment
(MCI) state; while the sections of the bar represents the transitioning state. In other words, the mild section represents how long a patient who

originally presents with MCl is expected to spend in the mild state.

years spent in each disease state decreased as severity worsened and
after institutionalization (Figure 3; Tables S4-S13).

The time spent in each disease state increased for patients that
entered the study at a later disease stage (e.g., males aged 79,
diagnosed with AD dementia, time in severe state: starting in MCI
0.36 years [0.27-0.44]; starting in mild 0.65 [0.57-0.73]; starting in
moderate 0.83 [0.76-0.90]; starting in severe 1.69[1.56-1.82]).

3.2 | Validation

After completing the analysis using the validation dataset, the sojourn
time from the training set fell within the Cl of the test set in all but 9
models (out of 300). All failures occurred in individuals who entered

the study in the MClI state and six occurred in the youngest age group
(Tables S4-515).

4 | DISCUSSION
41 | Sojourn time

This study sought to chart the timeline of disease progression, mor-

tality, and institutionalization in a multi-national sample of 80,543

patients with cognitive decline. We found that patients’ full disease
course from clinically identified MCI to death can be expected to last
between 6.20 (5.57-6.98) years for males 87 years old at study entry,
amyloid positive, and diagnosed with AD dementia and 10.08 (8.94-
12.18) years for females 71 years at study entry, amyloid positive, and
diagnosed with AD dementia. There was a noticeable steep decline at
year 7, which coincided with the maximum follow-up time with the
Memento cohort, indicating a wave of censoring end of follow-up.

Our sojourn times were slightly longer compared to the average
estimates found by systematic reviews. Briick et al.2® found an aver-
age duration of 5.12 years from MCl to death for patients with all types
of dementia and 6.30 years for patients with AD. While an older review
identified a wider range of 1.1 to 8.5 years from mild dementia to death
depending on the patient profile.” It is likely that the discrepancy par-
tially arises from the age of the studies included in past reviews, as
mortality in dementia patients has reduced over time.!° This could
reflect the improvement in overall age-adjusted survival and health in
the general population leading to a spillover effect for reduced mor-
tality for dementia patients, as well as the increase in early diagnosis
of dementia. Indeed, our sojourn aligned but attenuated compared to
those presented in Vermunt et al.’s more recent study (also included
in Briick et al.’s review).!! They found a total disease duration of 12.2
years and 9.6 years for individuals age 70 and 80 at study entry, respec-

tively (not including their preclinical, i.e., SCD, phase), compared to our
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total duration range of 7.73-10.08 years across all patient groups aged
71 at baseline and 6.96-8.59 years across all patients groups aged 79
years at baseline.

Our results should also be interpreted in the context of a study by
Mooldijk, et al.?* which sought to chart the life expectancy in a sample
of community-dwelling MClI patients from the beginning of first symp-
toms. Within individuals aged 70 and 80, they found the disease course
to last between 13.8 and 8.0 years, respectively. While our study aimed
to capture patients at the time when patients first began clinical follow-
up or time at the first clinician visit, our results are attenuated. Thus,
this is likely due to a difference in study design, as well as sample dif-
ferences between the community and those within clinical care, arising
from self-selection biases and perhaps poorer general health.

Using covariates, amyloid status, age, sex, and AD dementia diagno-
sis, we were able to present results for patient subgroups commonly
seen by clinicians. Amyloid positive patients who were later diagnosed
with AD dementia transitioned from clinically identified MCl to demen-
tia more quickly (5.51 years) compared to those who were negative
and later diagnosed with another form of dementia (7.03). Partici-
pants who were older at study entry tended to progress more quickly
through each stage (e.g., mild state for individuals 87 at study entry:
1.03 years) compared those younger individuals (71 at study entry:
1.28 years). This fits within previous literature, which has consistently
found increased mortality and disease severity for older dementia
patients.2>-27

Males had a shorter disease duration (on average 7.07 years) com-
pared to females (on average 8.44 years). Previous literature identified
males with dementia as having a greater mortality and worse cog-
nition compared to females,”2” perhaps arising from sex hormone
differences?® or a greater number of comorbidities.?? Moreover, insti-
tutionalization was associated with more rapid disease progression
across all patient subgroups, aligning with findings from a previous
Swedish study.'” This association could be due, in part, to the rela-
tionship between poorer overall health and being institutionalized.3°
Finally, individuals who entered the study beginning in mild or later
state, stayed longer in each state; this held true for all progressive
stages. This could be due to participants’ time in each state being fully
captured, as follow-up for patients’ entering in an earlier state may end
before the transition to a new state, indicating an underestimation of
time in later disease states. The finding could also be partially due to
differences in patients who begin treatment in the later stage of the

disease, for example, less comorbidities or clinician interaction.

4.2 | Validation

Our results were internally validated through use of a holdout sample
(i.e., test set), only 9 out of 300 models had sojourn times that fell out-
side of the test set Cls. All failures occurred in individuals who entered
the study in the MCI state, and all except for two failures occurred
in patients aged 71 years at study entry. Given that younger patients
at baseline as well as individuals who entered the study at an earlier

stage may have been more likely to be censored due to end of follow-up

before reaching the severe stage, it is likely that low-power limited the
certainty of the results for this patient group. Moreover, our youngest
cohort, ADC, had fewer patients that entered into severe states, which
also may have limited our power for this group.

4.3 | Strengths and weaknesses

The primary strength of this study is the sample. To the authors’ knowl-
edge this is the largest study to date on dementia progression. We had
access to large cohorts from across Europe consisting of a national
population register and almost 30 memory clinics. The use of the popu-
lation register, SveDem, gave us nearly complete coverage of all deaths
and institutionalizations. Moreover, we used a semi-parametric mod-
eling method and Cox regression for our multi-state models, meaning
fewer assumptions were made about the data compared to parametric
methods. Finally, the use of a holdout sample to internally validate our
results gives some confidence to the stability of our findings.

The study was hampered by limited overlap and the datasets as well
as potential differences in the samples, for example, national register
data versus specialized memory clinics. For example, the lack of bio-
markers in our largest cohort, SveDem, and as a result, we were unable
to use the amyloid data in any state other than MCI. Additionally, MCI
data were not available in SveDem, as a result our estimates may lead
to an underestimation of the time spent in the MCI state compared to
the general population.2* We have used the phrase “diagnosed with AD
dementia” deliberately, as the diagnosis may not reflect reality due to
misdiagnosis or a delay in diagnosis. The misdiagnosis or delay in diag-
nosis may lead to an underestimation of the time spent in each stage,
especially in the early stages, when a patient may not notice symp-
toms. To this end, we have used the phrase “clinically identified” to
account for biases that lead to underestimation of the early disease
stages. Further, the models that were not able to be validated using
the test set occurred in the participants who were younger at study
entry, potentially spelling that, even with our large sample sizes, we
were still underpowered in some models. With this, we did not have a
large enough sample to investigate diagnosis of other types of demen-
tia, for example, Lewy body dementia, as well as patients experiencing
SCD. Finally, our analysis had a clock forward assumption, meaning that
the risk of progression was related to the total follow-up time, rather
the time spent in a disease state (e.g., clock reset).3! This leads to more

naive estimates than if we would have accounted for both avenues.

5 | CONCLUSION

Future studies should examine SCD and the time to transition. Finally,
other forms of dementia besides AD are understudied and this study,
unfortunately, is not an exception. Cohorts with a larger sample of
individuals with other types of dementia should include individual
estimates when possible.

In conclusion, we found that individuals with dementia and clinical

care, or follow-up can expect the disease course of dementia from MCI
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to death to last from 6.20 to 10.08 years, depending on amyloid status,
sex, AD dementia or other dementia diagnosis, and age. The estimates
given in this study are of particular use to health economists who wish
to estimate treatment effects and for clinicians to calculate patient
prognosis.
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