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Abstract 

Background  Evidence on the relative risk of death across all stages of Alzheimer’s disease (AD) is lacking but greatly 
needed for the evaluation of new interventions. We used data from the Uniform Data Set (UDS) of the National Alzhei-
mer’s Coordinating Center (NACC) to assess the expected survival of a person progressing to a particular stage of AD 
and the relative risk of death for a person in a particular stage of AD compared with cognitively normal (CN) people.

Methods  This was a retrospective observational cohort study of mortality and its determinants in participants 
with incident mild cognitive impairment (MCI) due to AD or AD dementia compared with CN participants. Overall 
survival and hazard ratios of all-cause mortality in participants ≥ 50 years of age with clinically assessed or diagnosed 
MCI due to AD, or mild, moderate, or severe AD dementia, confirmed by Clinical Dementia Rating scores, versus CN 
participants were estimated, using NACC UDS data. Participants were followed until death, censoring, or until informa-
tion to determine disease stage was missing.

Results  Aged between 50 and 104 years, 12,414 participants met the eligibility criteria for the study. Participants 
progressing to MCI due to AD or AD dementia survived a median of 3–12 years, with higher mortality observed 
in more severe stages. Risk of death increased with the severity of AD dementia, with the increase significantly higher 
at younger ages. Participants with MCI due to AD and CN participants had a similar risk of death after controlling 
for confounding factors.

Conclusions  Relative all-cause mortality risk increases with AD severity, more so at younger ages. Mortality does 
not seem to be higher for those remaining in MCI due to AD. Findings might imply potential benefit of lower mor-
tality if preventing or delaying the progression of AD is successful, and importantly, this potential benefit might be 
greater in relatively younger people. Future research should replicate our study in other samples more representative 
of the general US population as well as other populations around the world.
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Background
The burden of Alzheimer’s disease (AD) is enormous, 
with the latest global estimates suggesting that up to 100 
million people could be affected when including those 
in the early symptomatic stages of the disease (i.e., mild 
cognitive impairment [MCI] due to AD and AD demen-
tia) [1]. AD is associated with impaired quality of life and 
premature death [2, 3], substantial burden to family care 
partners [4], and large costs to society [5]. As global num-
bers are expected to rise, policymakers and drug devel-
opers are determined to find a way to prevent or slow 
disease progression in AD. Improving our understanding 
of the relationship between AD and mortality is crucial 
to achieving this in two key ways. Firstly, mortality is a 
major concern for people living with AD and their fami-
lies [6, 7]. Secondly, the relationship between AD and 
mortality is expected to have a major impact on the long-
term consequences and value of efforts to prevent or 
delay the disease, since treatment benefit would be deter-
mined by a therapy’s ability to both reduce morbidity and 
extend life [8]. At present we have limited knowledge of 
precisely how mortality is affected by AD, and specifically 
by AD progression and disease severity. This limits our 
ability to assess the value of interventions and thus make 
informed policy decisions.

Dementia is the fifth leading cause of death worldwide, 
accounting for 2.4 million deaths worldwide in 2016 [3]. 
The median survival after a dementia diagnosis has been 
estimated to be between 3 and 7 years [9], suggesting a 
loss of approximately 9–10 years of life for a 70-year-old 
person with AD dementia [10]. The available literature 
consistently demonstrates reductions in life expectancy 
in AD and dementia, but there are several confounding 
factors that complicate the picture [9, 11, 12]. In addi-
tion to age, key risk factors for death in AD populations 
include male sex [13–17], advanced disease severity 
[13–17] and comorbidities (in particular diabetes [13, 14, 
18] but also hypertension [18]), coronary artery disease 
(CAD) [14], and cerebrovascular disease [15, 19]. Addi-
tional factors found to be associated with an increased 
risk of death in some AD studies include being White 
[15, 20, 21], lower levels of education [17, 19], being 
underweight (according to body mass index [BMI]) [22], 
and apolipoprotein E (APOE) ε4-positivity (albeit only in 
men) [23]. Living in an institutional care setting has also 
been shown to be associated with an increased risk of 
death in people with dementia of any cause [24].

Evidence on how disease severity impacts the risk of 
death is essential for disease models used to predict long-
term outcomes and evaluate new interventions. Such 
long-term effects are typically not possible to assess in 
randomized controlled trials because the length of fol-
low-up is too short; therefore, longer-term observational 

studies are also needed [8]. There have been a number of 
such studies in people with AD [13, 14, 25] and all-cause 
dementia populations [24–26] but these can have signifi-
cant limitations, especially when evaluating interventions 
in early disease. Firstly, studies on predementia stages of 
disease are lacking and rarely make comparisons with 
cognitively normal (CN) participants [13, 14, 24, 25]. Sec-
ondly, some studies perform their analyses on prevalent 
cases [24, 25], thereby lacking a clinically relevant start-
ing point for the exposure and potentially introducing 
survival bias [12]. Thirdly, some studies define disease 
stage based on single outcome measures (e.g., cognition) 
[24], thereby omitting other important symptoms such 
as functional impairment and behavior. Finally, some 
studies run their analyses on cohorts combining several 
dementia etiologies [24, 26] or do not account for impor-
tant confounding factors (e.g., comorbidities) [25, 26], 
both of which limit the generalizability of their findings 
to specific populations.

This study was therefore performed on a well-charac-
terized US population, enabling up to 15 years of follow-
up of participants across all clinical stages of AD. We had 
two main research questions: 1) What is the expected 
survival of a person progressing to a particular stage of 
AD? and 2) What is the relative risk of death of a person 
in a particular stage of AD compared with CN people?

Methods
Study design
This was a retrospective observational cohort study of 
mortality, and the factors that affect the risk of death, in 
participants with incident MCI due to AD or AD demen-
tia compared with CN participants. Individual-level data 
were sourced from the Uniform Data Set (UDS) of the 
National Alzheimer’s Coordinating Center (NACC) [27]. 
Study participants were identified in the NACC UDS at 
any time during the study period September 1, 2005 to 
March 1, 2021.

Data sources
The NACC UDS is a large, longitudinal, and well-struc-
tured data set of participants with varying cognitive 
statuses, ranging from normal cognition to MCI and 
demented. An additional category, “impaired not MCI”, 
exists for subjects who are cognitively impaired but do 
not meet the criteria for MCI [27]. Standardized data 
have been collected prospectively at Alzheimer’s Dis-
ease Research Centers (ADRCs) throughout the US since 
2005, funded by the National Institute on Aging (NIA). 
The data used in this study included all visits for the 
subset of UDS participants who consented to allow the 
sharing of research data with commercial entities. This 
analysis used data from 33 ADRCs.
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After the initial UDS visit, individuals had an annual 
follow-up visit until death or dropout. The data collected 
included socio-demographics, family and health history, 
neurologic exam findings, functional status, clinical diag-
nosis, neuropsychologic test results, imaging availability, 
and APOE status.

Disease severity measures of relevance used in this 
study included the Clinical Dementia Rating (CDR®) 
Dementia Staging Instrument [28] (providing both 
Global Scores [CDR-GS] and Sum of Boxes [CDR-SB]), 
the Mini-Mental State Examination (MMSE) [29] and the 
Montreal Cognitive Assessment (MoCA) [30] for cogni-
tive impairment, the Functional Activities Questionnaire 
(FAQ) [31] for functional impairment, and the Neuropsy-
chiatric Inventory Questionnaire (NPI-Q) [32] for behav-
ioral and psychiatric symptoms.

Deaths were reported by the ADRCs via a specific mile-
stones form, and therefore these were only for partici-
pants who were actively followed.

Eligibility criteria and cohorts
Eligible participants had an index visit at 50 years old 
or older and contributed an observation time of at least 
one day. At their index visit, participants were classified 
into one of three cohorts: CN, MCI due to AD, and AD 
dementia; see Additional file  1 for details on variables 
and cutoff scores for each cohort.

CN participants had a clinical diagnosis of normal cog-
nition confirmed by CDR scores at index, and no prior 
record of impairment at any pre-index visit. Since clini-
cal diagnosis of normal cognition is based on the absence 
of symptoms, subjects in this cohort could be in the pre-
clinical stages of AD. Participants with MCI due to AD 
had a clinical diagnosis of amnestic or non-amnestic 
MCI confirmed by CDR scores at index, and no prior 
record of more severe impairment. To limit to incident 
cases of AD, participants were further required to have 
a pre-index visit with normal cognition or impaired not 
MCI, confirmed by CDR scores within 15 months before 
the index date. They were also required to have a record 
of AD etiology at index or after, and no record of non-AD 
etiologic diagnosis potentially causing cognitive impair-
ment before or at index, with the exception of anxiety 
and depression, because these have been suggested to be 
possible first signs of AD [33, 34] (see Additional file 1).

Participants with AD dementia had a clinical diagno-
sis of dementia, confirmed by CDR and MMSE scores 
at index, and no prior record of such impairment. They 
were required to have a pre-index visit with normal cog-
nition, impaired not MCI, or MCI, confirmed by CDR 
scores within 15 months before the index date. They were 
also required to have a presumptive primary etiologic 

diagnosis of AD at index, and no record of a non-AD 
etiologic diagnosis potentially causing cognitive impair-
ment before or at index, with the exception of anxiety 
and depression. Finally, to enable further dementia stag-
ing, participants with AD dementia were required to 
have complete MMSE or MoCA scores, complete NPI-Q 
scores, and at least five completed tasks for the FAQ scale 
at index (see Additional file 1).

Due to limitations in data availability, biomarker con-
firmation of AD etiology was not possible, except for in 
a subset of participants with biomarker-positive MCI 
due to AD (n = 47) who were considered in a sensitivity 
analysis. Biomarker-positivity was defined as abnormally 
elevated amyloid on positron emission tomography or 
abnormally low amyloid in cerebrospinal fluid.

Participants with AD dementia were further classified 
into one of three disease severity stages (mild, moderate, 
and severe), according to a previously published model 
using scores on cognitive, behavioral, and functional 
symptom domains as measured by the MMSE, NPI-Q, 
and FAQ scales [35] (see Additional file 1).

Individual participants could contribute observation 
time to several cohorts upon disease progression if they 
met the corresponding eligibility criteria. Back-tran-
sitions to less severe stages of AD were disregarded to 
simplify the analysis, and as they are likely temporary in 
most cases (Supplementary Table 2) [36, 37].

Follow‑up
Participants were followed until death, censoring (either 
at the end of the study period or due to discontinuation 
or loss to follow-up), or until information to determine 
disease stage was missing; participants who progressed to 
a more severe disease stage were included in the subse-
quent cohort if they met the eligibility criteria (see Addi-
tional file 1 and Supplementary Table 1).

Outcomes
Key outcomes included overall survival (median time 
in years from progression to a particular stage, or study 
entry for CN participants, to date of death), and hazard 
ratios (HRs) for different disease stages in comparison 
with CN participants, with or without adjustment for 
age, and other potential confounding variables. Date of 
death was recorded with a precision of year and month in 
the NACC UDS. For our purpose, the date was assumed 
to be the last day of each month, thereby avoiding records 
of visits after the assumed date of death, while acknowl-
edging this could potentially lead to overestimating the 
overall survival by an average of about half a month.



Page 4 of 16Crowell et al. BMC Neurology          (2023) 23:302 

Predictors and covariates
Age at the start of a particular stage (or study entry for 
CN) and disease stage (i.e., MCI due to AD, and mild, 
moderate, or severe AD dementia) were the primary pre-
dictors of the analysis, with CN participants as a refer-
ence. The selection of additional covariates was guided 
by a systematic literature review on the determinants of 
mortality, and they were considered for inclusion if: a) 
there was convincing evidence of their association with 
mortality and b) they could be assumed to vary across the 
different populations that we would like our results to be 
generalizable to. The following variables were found to 
meet these criteria: sex [13–17], years of education [17, 
19], race/ethnicity [15, 20, 21], BMI [22], APOE status 
[23], presence or history of CAD [14], presence or history 
of cerebrovascular disease [15, 19], and type of residence 
[24] (see Additional file 1). In addition, variables for cur-
rent smoking status and alcohol abuse were considered 
as they are known to cause premature death [38, 39]. All 
covariates were recorded at study entry except for age, 
disease stage, and type of residence, which varied over 
time and were updated at progression.

Statistical analysis
To investigate the expected survival of a person pro-
gressing to a particular stage of AD, we assessed overall 
survival separately for each cohort, with Kaplan–Meier 
estimators reporting median survival time and 95% confi-
dence intervals (CIs) constructed with the Brookmeyer–
Crowley method. In this analysis, participants were not 
censored upon progression but could contribute observa-
tion time (and deaths) to multiple cohorts. Therefore, this 
analysis did not allow for comparison across cohorts but 
instead shows the expected survival of a person starting 
in a particular stage of AD irrespective of whether or not 
they progress. Kaplan–Meier estimators were not strati-
fied by age or other predictors; they describe the overall 
survival of participants with the age distribution of our 
sample cohorts.

To assess the relative risk of death of a person in a par-
ticular stage of AD compared with CN participants, we 
fitted Cox proportional-hazards models, adjusting for 
age and the other covariates. Participants were censored 
from the stage of AD upon progression, while adding 
observation time to the new cohort where possible. Five 
models were considered, including a crude model with 
disease stage as the only predictor (model 1), a simple 
model adding age, sex, and a dichotomous variable for 
up to (or more than) 12 years of education (model 2), 
an exploratory model including all preselected predic-
tors and covariates (model 3), and an optimized model 
with covariates selected by the least absolute shrinkage 
and selection operator (Lasso, model 4), optimized using 

fivefold nested cross-validation (see Additional file  1) 
plus sex (based on clinical judgment and interpretability). 
The fifth model was based on model 4, adding the inter-
action between disease stage and age because they had 
large main effects (before fitting the interaction terms) 
and are of high importance in evaluating the value of a 
treatment. Other interactions with disease severity were 
considered including sex, type of residence, years of edu-
cation, and race/ethnicity, but were not selected either 
because they were not significant or because the varia-
tion in these variables was considered too low. The pro-
portional-hazards model assumption was tested by visual 
inspection of Schoenfeld residuals. All models were fit-
ted on participants with complete information on the 
included variables in each particular model, without any 
imputation.

Sensitivity analyses
We refitted exploratory model 3 excluding comorbidity 
variables because it is not clear whether they are on the 
causal pathway from AD to death (i.e., a mediator) or if 
they are confounding variables, which, if so, should be 
controlled [40, 41]. Also, to test whether the COVID-19 
pandemic influenced our results, we refitted exploratory 
model 3 on a data set truncated on March 1, 2020, which 
is when the COVID-19 lockdown began in the US. We 
also compared the characteristics of participants with 
MCI due to AD who had a positive biomarker for amy-
loid-beta (AMYLPET=1 or AMYLCSF=1) with those in 
the overall MCI due to AD cohort, but the number of 
participants was too low for a separate analysis of mor-
tality. The characteristics of participants lost to follow-up 
were compared with those remaining until death, pro-
gression, or data cut.

Finally, in order to test the sensitivity to different classi-
fications of disease severity, we reassigned all participants 
using an alternative model based on the CDR-SB [42–44], 
which set cutoffs for CDR-SB at 0.5–4 for MCI due to 
AD, 4.5–9 for mild AD dementia, 9.5–15.5 for moderate 
AD dementia, and 16–18 for severe AD dementia [44]. 
These updated the CDR-GS eligibility criteria and the 
multi-domain model for AD dementia stages, whereas 
other criteria were unchanged (Supplementary Table 3). 
All Cox proportional-hazards models 1 through 5 were 
refitted using this alternative classification.

Results
Participant characteristics
The NACC UDS included 33,874 participants with a 
visit at ≥ 50 years of age, of whom a total of 12,414 par-
ticipants met the eligibility criteria for at least one of 
our cohorts (Table  1, Supplementary Table  3). In 1,045 
instances, a participant progressed to a more severe 
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stage and could be included in another cohort, and 917 
participants died (Table 1). The mean duration of follow-
up ranged from about 2–3 years in AD dementia, up to 
3.7 years in MCI due to AD, and 4.4 years in CN, while 
the maximum follow-up was 15 years (Supplementary 
Table  1). Most participants with severe AD dementia 
died during follow-up. In contrast, most participants 
in the other cohorts either progressed or discontinued 
before the event of death or end of study.

Participants were aged between 50 and 104 years at 
study entry, with higher mean ages in the AD cohorts 
compared with CN (Table  2). About two-thirds (65%) 
were female, and most were non-Hispanic Whites (75%).

Observed survival
The median overall survival of a person progressing 
to AD dementia or MCI due to AD was estimated at 
between 3 and 12 years, with higher mortality in more 
severe stages (Fig. 1, Table 1). The observation period was 
too short to estimate median survival in CN participants, 
as well as for an upper bound of the CI for MCI due to 
AD.

Relative risk of death across disease stages
The Cox proportional-hazards models showed a clear 
pattern of increasing mortality with increasing dis-
ease severity (Table  3). The effect sizes were attenuated 
when controlling for potential confounding factors, but 
remained statistically significant, with the exception of 
MCI due to AD compared with CN participants. Addi-
tional predictors of higher mortality included: higher 
age, male sex, residential or institutionalized care set-
ting, presence or history of CAD, currently smoking, 
and alcohol abuse. Weight categories were defined using 
BMI [45]; being overweight (BMI = 25.0–29.9) but not 
obese (BMI ≥ 30.0) predicted lower mortality compared 
with being underweight (BMI < 18.5) or with BMI in the 
normal range (BMI = 18.5–24.9); Asian participants had 
lower relative risk of death compared with White partici-
pants, and Hispanic/Latino participants compared with 
non-Hispanic/Latino participants. Education and APOE 
status were not significant predictors of mortality. Due 
to missing data, the more comprehensive models were 
based on fewer observations, while the underlying analy-
sis populations were not substantially different in terms 
of baseline characteristics (Supplementary Table 8).

Of note, there was a statistically significant interac-
tion between age and disease severity, suggesting that the 
relative effect on mortality from increasing disease sever-
ity is higher in younger participants (Fig. 2). For instance, 
the HRs (95% CI) for mortality at 65 years of age were 6.7 
(2.7–16.9), 14.8 (8.8–24.8), and 30.1 (16.7–56.8) for mild, 
moderate, and severe AD, respectively; at 80 years of age, 

the corresponding HRs (95% CI) were 2.4 (1.7–3.3), 3.1 
(2.4–3.9), and 6.6 (4.8–9.1), respectively (Supplementary 
Table 4).

Sensitivity analyses
The two sensitivity analyses on the exploratory model 3, 
i.e., removing comorbidity predictors and limiting data 
to pre-COVID-19 lockdown, only showed minor impacts 
on the results (Supplementary Table 5). Participants with 
MCI due to AD with a positive AD biomarker (n = 47) 
were similar to the overall MCI due to AD cohort (Sup-
plementary Table 6), but there were too few participants 
for a separate analysis. Back-transitions to less-severe 
stages did occur, but in a minority of cases (Supplemen-
tary Table  2). Participants lost to follow-up were some-
what younger, more often females, and, on average, had 
fewer symptoms (Supplementary Table  9). This may be 
expected because these factors reduce the risk of death 
and, with regard to age and symptoms, also progression, 
which are competing risks of loss to follow-up.

The alternative classification model of disease severity 
based on CDR-SB resulted in slightly different estimates, 
but did not change the direction of any effects and 
resulted in marginal changes to the significance of some 
predictors (Supplementary Tables  7 and 4). Overall, 
the relative mortality risks in AD dementia stages were 
somewhat higher with the CDR-SB model compared 
with the multi-domain model. Notably, the number of 
participants with CDR-SB scores available (n = 12,448) 
was lower than those included in the multi-domain 
model (n = 13,459), and especially low in the AD demen-
tia group.

Discussion
Main findings
In this study, we show that all-cause mortality increases 
with the severity of symptoms in AD dementia, includ-
ing when controlling for other predictors of mortality. 
We also show that this relative increase in the risk for 
death is higher in younger people. This is supported 
by previous studies [12] but to our knowledge has not 
been considered in earlier reports on relative risks. It 
implies that we can expect increased longevity from 
AD prevention interventions, and importantly, that this 
potential benefit is greater in relatively younger people. 
For example, according to our estimates, an 80-year-old 
person with severe AD dementia has a sevenfold risk 
of dying compared with an 80-year-old CN person, 
whereas the corresponding risk increase for a 65-year-
old person with severe AD dementia is 31 times higher 
(albeit with a wide CI ranging from 16.7 to 56.8, sug-
gesting inadequate power and lower estimation preci-
sion). The relatively lower impact on mortality from AD 
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Table 2  Participant characteristics by cohort (at start of stage; some participants included in several cohorts if progressing)

CN MCI due to AD Mild AD 
dementia

Moderate AD 
dementia

Severe AD 
dementia

Total (unique 
participants, at 
study entry)

Total 
(overlapping 
cohorts, at start 
of stage)

n = 11,458 n = 937 n = 522 n = 457 n = 85 n = 12,414 n = 13,459

Age at first visit (including pre-index visits)

Mean (SD) 70.4 (9.15) 75.6 (7.78) 75.5 (7.97) 75.2 (7.64) 73.9 (8.50) 70.8 (9.14) 71.2 (9.14)

Median (Q1, Q3) 70.0 (65.0, 77.0) 76.0 (71.0, 81.0) 76.0 (71.0, 81.0) 75.0 (71.0, 80.0) 75.0 (69.0, 80.0) 71.0 (65.0, 77.0) 71.0 (65.0, 78.0)

Min, Max 38.0, 104 41.0, 102 46.0, 96.0 46.0, 97.0 46.0, 91.0 38.0, 104 38.0, 104

Age at study entry (index visit)

Mean (SD) 70.5 (9.07) 79.2 (8.05) 78.0 (8.22) 79.0 (8.06) 79.1 (9.07) 71.0 (9.17) 71.7 (9.42)

Median (Q1, Q3) 70.0 (65.0, 77.0) 80.0 (74.0, 85.0) 79.0 (73.0, 84.0) 79.0 (74.0, 85.0) 80.0 (74.0, 85.0) 71.0 (65.0, 77.0) 72.0 (65.0, 78.0)

Min, Max 50.0, 104 51.0, 103 50.0, 97.0 50.0, 98.0 53.0, 96.0 50.0, 104 50.0, 104

Sex, n (%)

Male 3877 (33.8) 390 (41.6) 245 (46.9) 223 (48.8) 40 (47.1) 4337 (34.9) 4775 (35.5)

Female 7581 (66.2) 547 (58.4) 277 (53.1) 234 (51.2) 45 (52.9) 8077 (65.1) 8684 (64.5)

BMI, n (%)

Normal or healthy 
weight

3685 (32.2) 358 (38.2) 216 (41.4) 195 (42.7) 34 (40.0) 4045 (32.6) 4488 (33.3)

Underweight 122 (1.1) 20 (2.1) 13 (2.5) 9 (2.0) 4 (4.7) 144 (1.2) 168 (1.2)

Overweight 4073 (35.5) 329 (35.1) 197 (37.7) 160 (35.0) 28 (32.9) 4442 (35.8) 4787 (35.6)

Obese 2941 (25.7) 148 (15.8) 66 (12.6) 58 (12.7) 8 (9.4) 3077 (24.8) 3221 (23.9)

Missing 637 (5.6) 82 (8.8) 30 (5.7) 35 (7.7) 11 (12.9) 706 (5.7) 795 (5.9)

Race, n (%)

White 9286 (81.0) 790 (84.3) 453 (86.8) 370 (81.0) 69 (81.2) 10,089 (81.3) 10,968 (81.5)

Black or African 
American

1668 (14.6) 114 (12.2) 51 (9.8) 60 (13.1) 11 (12.9) 1775 (14.3) 1904 (14.1)

American Indian 
or Alaska Native

77 (0.7) 2 (0.2) 0 (0) 1 (0.2) 0 (0) 80 (0.6) 80 (0.6)

Native Hawaiian or
Other Pacific 
Islander

9 (0.1) 0 (0) 0 (0) 1 (0.2) 1 (1.2) 10 (0.1) 11 (0.1)

Asian 272 (2.4) 21 (2.2) 12 (2.3) 16 (3.5) 3 (3.5) 298 (2.4) 324 (2.4)

Other 84 (0.7) 5 (0.5) 5 (1.0) 5 (1.1) 1 (1.2) 95 (0.8) 100 (0.7)

Unknown 62 (0.5) 5 (0.5) 1 (0.2) 4 (0.9) 0 (0) 67 (0.5) 72 (0.5)

Hispanic/Latino ethnicity, n (%)

No 10,636 (92.8) 871 (93.0) 497 (95.2) 423 (92.6) 79 (92.9) 11,520 (92.8) 12,506 (92.9)

Yes 767 (6.7) 64 (6.8) 24 (4.6) 31 (6.8) 5 (5.9) 836 (6.7) 891 (6.6)

Unknown 55 (0.5) 2 (0.2) 1 (0.2) 3 (0.7) 1 (1.2) 58 (0.5) 62 (0.5)

Years of education

Mean (SD) 15.9 (2.94) 15.7 (3.33) 15.5 (3.00) 15.0 (3.35) 15.5 (2.92) 15.9 (2.98) 15.8 (2.99)

Median (Q1, Q3) 16.0 (14.0, 18.0) 16.0 (14.0, 18.0) 16.0 (13.0, 18.0) 16.0 (12.0, 18.0) 16.0 (13.0, 18.0) 16.0 (14.0, 18.0) 16.0 (14.0, 18.0)

Min, Max 0, 29.0 0, 28.0 6.00, 30.0 1.00, 24.0 8.00, 20.0 0, 30.0 0, 30.0

Missing 63 (0.5) 5 (0.5) 1 (0.2) 1 (0.2) 0 (0) 63 (0.5) 70 (0.5)

More than 12 years of education, n (%)

12 years or less 1815 (15.8) 179 (19.1) 120 (23.0) 128 (28.0) 17 (20.0) 2048 (16.5) 2259 (16.8)

More than 12 
years

9580 (83.6) 753 (80.4) 401 (76.8) 328 (71.8) 68 (80.0) 10,303 (83.0) 11,130 (82.7)

Missing 63 (0.5) 5 (0.5) 1 (0.2) 1 (0.2) 0 (0) 63 (0.5) 70 (0.5)
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Table 2  (continued)

CN MCI due to AD Mild AD 
dementia

Moderate AD 
dementia

Severe AD 
dementia

Total (unique 
participants, at 
study entry)

Total 
(overlapping 
cohorts, at start 
of stage)

n = 11,458 n = 937 n = 522 n = 457 n = 85 n = 12,414 n = 13,459

Type of residence, n (%)

Single- or multi-
family private resi-
dence
(apartment, 
condo, house)

10,697 (93.4) 813 (86.8) 466 (89.3) 400 (87.5) 67 (78.8) 11,549 (93.0) 12,443 (92.5)

Retirement com-
munity or inde-
pendent group 
living

538 (4.7) 85 (9.1) 41 (7.9) 35 (7.7) 11 (12.9) 603 (4.9) 710 (5.3)

Institutionalized 37 (0.3) 12 (1.3) 9 (1.7) 22 (4.8) 7 (8.2) 53 (0.4) 87 (0.6)

Other or unknown 186 (1.6) 27 (2.9) 6 (1.1) 0 (0) 0 (0) 209 (1.7) 219 (1.6)

Currently smoking, n (%)

No 10,917 (95.3) 580 (61.9) 413 (79.1) 318 (69.6) 65 (76.5) 11,640 (93.8) 12,293 (91.3)

Yes 445 (3.9) 15 (1.6) 6 (1.1) 4 (0.9) 0 (0) 460 (3.7) 470 (3.5)

Missing 96 (0.8) 342 (36.5) 103 (19.7) 135 (29.5) 20 (23.5) 314 (2.5) 696 (5.2)

Alcohol abuse, n (%)

Absent 11,002 (96.0) 572 (61.0) 410 (78.5) 309 (67.6) 61 (71.8) 11,710 (94.3) 12,354 (91.8)

Recent/active 47 (0.4) 3 (0.3) 1 (0.2) 4 (0.9) 1 (1.2) 51 (0.4) 56 (0.4)

Remote/inactive 329 (2.9) 16 (1.7) 8 (1.5) 9 (2.0) 3 (3.5) 354 (2.9) 365 (2.7)

Missing 80 (0.7) 346 (36.9) 103 (19.7) 135 (29.5) 20 (23.5) 299 (2.4) 684 (5.1)

APOE status, n (%)

No ε4 allele 6636 (57.9) 530 (56.6) 183 (35.1) 156 (34.1) 32 (37.6) 7009 (56.5) 7537 (56.0)

One or two copies 
of ε4 allele

2945 (25.7) 323 (34.5) 303 (58.0) 273 (59.7) 48 (56.5) 3441 (27.7) 3892 (28.9)

Missing 1877 (16.4) 84 (9.0) 36 (6.9) 28 (6.1) 5 (5.9) 1964 (15.8) 2030 (15.1)

Presence or history of CAD, n (%)

No 10,909 (95.2) 856 (91.4) 487 (93.3) 424 (92.8) 78 (91.8) 11,790 (95.0) 12,754 (94.8)

Yes 527 (4.6) 81 (8.6) 35 (6.7) 33 (7.2) 7 (8.2) 602 (4.8) 683 (5.1)

Missing 22 (0.2) 0 (0) 0 (0) 0 (0) 0 (0) 22 (0.2) 22 (0.2)

Presence or history of CVD, n (%)

No 10,910 (95.2) 871 (93.0) 481 (92.1) 422 (92.3) 78 (91.8) 11,801 (95.1) 12,762 (94.8)

Yes 546 (4.8) 66 (7.0) 41 (7.9) 35 (7.7) 7 (8.2) 611 (4.9) 695 (5.2)

Missing 2 (0.0) 0 (0) 0 (0) 0 (0) 0 (0) 2 (0.0) 2 (0.0)

CDR-GS at index 
date

Mean (SD) 0 (0) 0.415 (0.188) 0.662 (0.246) 0.914 (0.402) 1.78 (0.629) 0.0473 (0.181) 0.0968 (0.284)

Median (Q1, Q3) 0 (0, 0) 0.500 (0.500, 
0.500)

0.500 (0.500, 
1.00)

1.00 (0.500, 1.00) 2.00 (1.00, 2.00) 0 (0, 0) 0 (0, 0)

Min, Max 0, 0 0, 0.500 0.500, 2.00 0.500, 3.00 0.500, 3.00 0, 2.00 0, 3.00

MMSE/MoCA at index date

Mean (SD) 29.1 (1.38) 27.7 (2.16) 23.9 (1.66) 19.8 (3.15) 12.8 (5.03) 28.7 (2.09) 28.4 (2.81)

Median (Q1, Q3) 30.0 (29.0, 30.0) 28.0 (27.0, 29.0) 24.0 (23.0, 25.0) 20.0 (18.0, 22.0) 14.0 (9.00, 17.0) 29.0 (28.0, 30.0) 29.0 (28.0, 30.0)

Min, Max 16.0, 30.0 18.0, 30.0 21.0, 26.0 10.0, 26.0 2.00, 20.0 4.00, 30.0 2.00, 30.0

Missing 222 (1.9) 56 (6.0) 0 (0) 0 (0) 0 (0) 239 (1.9) 278 (2.1)

FAQ score at index date

Mean (SD) 0.205 (1.20) 1.95 (3.22) 9.63 (6.14) 16.5 (7.91) 26.7 (4.09) 0.833 (3.18) 1.44 (4.67)

Median (Q1, Q3) 0 (0, 0) 0 (0, 2.50) 9.00 (4.44, 14.0) 17.0 (10.0, 23.0) 28.0 (25.0, 30.0) 0 (0, 0) 0 (0, 0)

Min, Max 0, 30.0 0, 19.0 0, 23.0 0, 30.0 7.50, 30.0 0, 30.0 0, 30.0
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in advanced ages is likely due to competing causes of 
death. It should be noted that specific causes of death 
are not captured in the NACC UDS and are therefore 
not considered in this analysis.

We found no increase in mortality associated with MCI 
due to AD after controlling for confounding factors and, 
importantly, disease progression over time. People in the 
early stages of AD should indeed be expected to have a 
shorter survival than CN persons, because most will pro-
gress to AD dementia over time [46] and AD dementia 
clearly causes increased mortality. This has been dem-
onstrated by previous studies albeit in persons with MCI 
due to any cause [47–49]; however, our analysis further 
suggests that there is no significant increase in mortality 
for people while remaining in the MCI due to AD stage. 
This does not mean that they will not have an increased 
risk of dying later, which, again, is consistent with previ-
ous studies. In our Cox proportional-hazards models, 
participants with MCI due to AD who progressed to AD 
dementia were censored from this particular cohort at 
the time of progression. However, we cannot assume that 
these censored participants would have the same mortal-
ity risk going forward as compared with those remaining 
in the MCI due to AD stage. The Kaplan–Meier estimates 
on unadjusted and non-censored data were also con-
sistent with this interpretation. The higher death rate in 

people with MCI due to AD compared with CN people 
may be explained by more advanced age and relatively 
more men in the MCI due to AD stage, in addition to 
this population having a higher rate of progression to 
AD dementia, which is associated with higher mortal-
ity. However, there is a possibility that our methods pre-
vented us from finding an actual difference in mortality, 
as well as in MCI due to AD. Our eligibility criteria were 
somewhat more restrictive for AD cohorts compared 
with CN participants, as we excluded participants with a 
record of non-AD etiologic diagnosis potentially causing 
cognitive impairment before or at index. This may have 
resulted in underestimation of the relative mortality in 
MCI due to AD compared with CN participants.

Overall, our findings on increasing mortality with 
increasing severity of dementia are consistent with 
previous studies [13, 14, 24–26], albeit with varying 
effect sizes, probably largely explained by differences 
in the source populations, definitions of disease stages, 
and methodologies. For example, the HRs reported 
by Andersen et  al. [26] from a Danish cohort of par-
ticipants with prevalent and incident dementia were 
approximately 3, 4, and 10 for mild, moderate, and 
severe dementia, respectively, defined by CDR and after 
adjusting for age and sex. These estimates were quite 
close to the estimates from our sensitivity analysis using 

Table 2  (continued)

CN MCI due to AD Mild AD 
dementia

Moderate AD 
dementia

Severe AD 
dementia

Total (unique 
participants, at 
study entry)

Total 
(overlapping 
cohorts, at start 
of stage)

n = 11,458 n = 937 n = 522 n = 457 n = 85 n = 12,414 n = 13,459

Missing 349 (3.0) 31 (3.3) 0 (0) 1 (0.2) 0 (0) 362 (2.9) 381 (2.8)

NPI-Q at index date

Mean (SD) 0.632 (1.53) 1.54 (2.63) 2.58 (2.47) 4.82 (4.50) 9.98 (6.55) 0.812 (1.86) 0.972 (2.21)

Median (Q1, Q3) 0 (0, 1.00) 0 (0, 2.00) 2.00 (0, 4.00) 3.00 (1.00, 7.00) 9.00 (5.00, 14.0) 0 (0, 1.00) 0 (0, 1.00)

Min, Max 0, 26.0 0, 20.0 0, 12.0 0, 23.0 0, 28.0 0, 26.0 0, 28.0

AD biomarker positive, n (%)

No 732 (6.4) 31 (3.3) 6 (1.1) 12 (2.6) 1 (1.2) 754 (6.1) 782 (5.8)

Yes 210 (1.8) 47 (5.0) 45 (8.6) 42 (9.2) 6 (7.1) 289 (2.3) 350 (2.6)

Missing 10,516 (91.8) 859 (91.7) 471 (90.2) 403 (88.2) 78 (91.8) 11,371 (91.6) 12,327 (91.6)

Number of visits (in this stage)

Mean (SD) 3.81 (3.16) 3.24 (2.53) 1.90 (1.28) 2.45 (1.54) 1.96 (1.36) 3.72 (3.11) 3.64 (3.06)

Median (Q1, Q3) 3.00 (1.00, 5.00) 2.00 (1.00, 4.00) 1.00 (1.00, 2.00) 2.00 (1.00, 3.00) 1.00 (1.00, 3.00) 3.00 (1.00, 5.00) 3.00 (1.00, 5.00)

Min, Max 1.00, 16.0 1.00, 14.0 1.00, 10.0 1.00, 11.0 1.00, 7.00 1.00, 16.0 1.00, 16.0

Number of visits (overall)

Mean (SD) 4.93 (3.55) 7.29 (3.44) 5.65 (2.75) 6.28 (2.81) 6.74 (2.46) 4.98 (3.51) 5.18 (3.55)

Median (Q1, Q3) 4.00 (2.00, 7.00) 7.00 (4.00, 10.0) 5.00 (4.00, 7.00) 6.00 (4.00, 8.00) 7.00 (5.00, 8.00) 4.00 (2.00, 7.00) 4.00 (2.00, 7.00)

Min, Max 1.00, 16.0 2.00, 16.0 2.00, 15.0 2.00, 15.0 2.00, 14.0 1.00, 16.0 1.00, 16.0

AD Alzheimer’s disease, APOE Apolipoprotein E, BMI Body mass index, CAD Coronary artery disease, CDR-GS Clinical Dementia Rating – Global Score; CN Cognitively 
normal, CVD Cerebrovascular disease, FAQ Functional Activities Questionnaire, MCI Mild cognitive impairment, MMSE, Mini-Mental State Examination, MoCA Montreal 
Cognitive Assessment, NPI-Q Neuropsychiatric Inventory Questionnaire, Q1 First quartile, Q3 Third quartile, SD Standard deviation
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CDR-SB (model 2 resulted in HRs 2, 4, and 9 for mild, 
moderate, and severe AD dementia, respectively). Also, 
consistent with previous studies, we found that male 
sex [13–17, 47] and residential or institutionalized care 
setting are important predictors of increased mortality 
[24]. Other significant factors that emerged included 
presence or history of CAD, currently smoking, alco-
hol abuse, being overweight, Asian race, and Hispanic 
ethnicity (levels of education and APOE status were not 
significant factors). Moreover, we should expect col-
linearity between several variables, which may imply 
that the effect of some predictors of mortality is nulli-
fied when controlling for others; however, we employed 

methodology (i.e., Lasso) to try to account for such a 
limitation.

This study did not and could not assess the causality 
of AD progression on mortality. This potentially causal 
effect needs to be tested in experimental studies, long 
enough to show an impact of AD prevention on the mor-
tality outcome. Although many studies have shown that 
AD is associated with premature death, this association 
does not necessarily need to be constant when modifying 
the progression of the disease. In other words, delaying 
disease progression, as measured by severity of symp-
toms or AD biomarkers, does not necessarily imply 
increased longevity, although this is highly likely.

Fig. 1  Overall survival of participants progressing to a particular stage of AD. Shaded areas show 95% confidence intervals. Some participants 
contribute to several stages upon progression. Please note, any comparison across stages underestimates the uncertainty because some 
participants contribute to several cohorts. The curve of cognitively normal lacks a relevant clinical interpretation as the starting point is their first 
visit at ≥ 50 years of age. Kaplan–Meier estimators were not stratified by age or other predictors; they describe the overall survival of participants 
with the age distribution of our sample cohorts. Numbers at risk at 0, 5, 10, and 15 years respectively: CN: 11458, 4185, 1272, 64; MCI due to AD: 
937, 249, 50, 0; mild AD dementia: 522, 139, 11, 0; moderate AD dementia: 457, 77, 2, 0; severe AD dementia: 85, 8, 0, 0. AD Alzheimer’s disease, CN 
cognitively normal, MCI mild cognitive impairment 
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Table 3  Relative risks of death estimated by Cox proportional-hazards models

Model 1 Model 2 Model 3 Model 4 Model 5
Crude Parsimonious Exploratory Lasso + sex Age x severity interaction

Model parameters, hazard ratios (95% CI)
Disease severity
CN ref ref ref ref ref

MCI due to AD 2.1*** (1.71–2.59) 0.9 (0.72–1.11) 1.04 (0.81–1.34) 0.84 (0.65–1.07) 1.32 (0.08–21.1)

Mild AD dementia 4.92*** (3.68–6.57) 2.05*** (1.52–2.76) 2.36*** (1.66–3.37) 2.08*** (1.49–2.91) 615** (9.70-38-945)

Moderate AD dementia 7.74*** (6.39–9.38) 2.85*** (2.27–3.58) 2.75*** (2.01–3.75) 2.55*** (1.94–3.35) 12827*** (1-102-149-363)

Severe AD dementia 17.2*** (13.5–21.8) 7.04*** (5.32–9.32) 8.04*** (5.51–11.8) 6.19*** (4.36–8.80) 24036*** (1-192-484-606)

Age at start of stage 1.11*** (1.10–1.12) 1.11*** (1.10–1.12) 1.1*** (1.09–1.12) 1.13*** (1.11–1.14)

Sex
Male - ref ref ref ref

Female - 0.6*** (0.52–0.68) 0.61*** (0.52–0.72) 0.56*** (0.48–0.65) 0.57*** (0.49–0.66)

BMI
Normal or healthy weight - - ref ref ref

Underweight - - 1.83* (1.01–3.32) 1.73 (0.93–3.22) 1.48 (0.76–2.89)

Overweight - - 0.75** (0.63–0.90) 0.75*** (0.63–0.89) 0.76** (0.64–0.89)

Obese - - 1.19 (0.96–1.47) 1.21 (0.99–1.48) 1.24* (1.02–1.51)

Race
White - - ref - -

Black or African American - - 0.96 (0.73–1.25) - -

Asian - - 0.23* (0.06–0.87) - -

Other - - 1.77 (0.59–5.35) - -

Hispanic/Latino ethnicity
No - - ref - -

Yes - - 0.35** (0.19–0.67) - -

Unknown - - 0.49 (0.14–1.67) - -

Years of education 0.98 (0.96–1.01)

More than 12 years of education - - - - -

12 years or less - ref - ref ref

More than 12 years - 0.86 (0.73–1.02) - 0.93 (0.76–1.14) 0.96 (0.78–1.17)

Type of residence
Single- or multi-family private residence 
(apartment, condo, house)

- - ref ref ref

Retirement community or independent 
group living

- - 1.31** (1.07–1.60) 1.44*** (1.19–1.75) 1.36** (1.12–1.65)

Institutionalized - - 2.49*** (1.72–3.60) 3.1*** (2.22–4.33) 3.11*** (2.28–4.25)

APOE status
No ε4 allele - - ref ref ref

One or two copies of ε4 allele - - 1.09 (0.91–1.29) 1.11 (0.94–1.30) 1.05 (0.89–1.25)

Presence or history of CAD
No - - ref - -

Yes - - 1.93*** (1.50–2.49) - -

Presence or history of CVD
No - - ref - -

Yes - - 1.32 (0.99–1.75) - -

Currently smoking
No - - ref - -

Yes - - 2.06*** (1.37–3.10) - -

Alcohol abuse
Absent - - ref - -
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Strengths
One strength of this study was the long follow-up (up to 
15 years) on a large (n = 12,414) and well-characterized 
study population, encompassing all clinical stages of AD 
and CN participants. This enabled us to consider inci-
dent cases of AD and study them from the start of any 
particular clinical disease stage to progression or death. 
Another strength was the availability of annual assess-
ments across all relevant symptom domains, including 
cognition, function, and behavior, which allowed us to 
classify participants into disease stages according to a 
comprehensive multi-domain disease model, and not just 
by MMSE scores. Furthermore, the availability of data 
on etiology (albeit limited biomarker data), comorbidi-
ties, and other characteristics allowed us to control for 
potential confounding factors for mortality. The result-
ing adjusted models increased the generalizability of our 
findings to populations that differ from the NACC UDS, 
e.g., in terms of age or sex.

Limitations
Our study had several limitations. Firstly, the NACC UDS 
is a volunteer-based case series data set and is not con-
sidered a representative sample of the general US popu-
lation and therefore includes limited variation between 
some variables. For instance, participants are more highly 
educated and non-Hispanic White persons are over-rep-
resented compared with the general US population limit-
ing the study’s ability to draw conclusions about mortality 
risks in different racial and ethnic groups, and thus in the 
overall US population [50]. Non-Hispanic White persons 

represent approximately 71% of all participants in the 
NACC UDS [51], compared with 59% of the general US 
population [52]. The NACC UDS population is also more 
highly educated and women are slightly over-represented 
(57% in the NACC UDS vs 51% of the general US popula-
tion). Comparison of our data to life tables suggests that 
our cohort may have longer average life expectancy than 
the general US population. As an example, a subset of 
CN participants (414 women and 287 men) aged 85 years 
and above had a median survival of 9.4 and 7.2 years, 
respectively, which is higher than the expected survival in 
the US of 85 years of age: median survival 7.1 years for 
women and 6.0 years for men [53]. The difference may 
be explained by the inclusion of people with dementia in 
the latter estimate, which should result in lower overall 
survival. However, the selection of participants into the 
NACC UDS may have caused us to underestimate the 
mortality in CN participants and therefore overestimate 
the relative risk of death in AD.

Secondly, there is a risk of underreporting of mortal-
ity because the NACC UDS relied on ADRCs to report 
deaths and data were therefore only available for actively 
followed participants. This problem was mitigated by 
censoring participants without a recent follow-up, but 
this may have instead increased the risk of informative 
censoring, i.e., if participants with a higher/lower mortal-
ity have a higher risk of being lost to follow-up. This may 
have biased our HRs if censoring was more common in 
either of the cohorts. Examining the attrition rates (Sup-
plementary Table  1), we noticed some variation across 
cohorts. However, censoring due to loss to follow-up was 

Table 3  (continued)

Model 1 Model 2 Model 3 Model 4 Model 5
Crude Parsimonious Exploratory Lasso + sex Age x severity interaction

Recent/Active - - 1.4 (0.63–3.11) - -

Remote/Inactive - - 1.66** (1.15–2.38) - -

Disease severity by age at start of stage
MCI due to AD by age at index visit - - - - 0.99 (0.96–1.03)

Mild AD by age at index visit - - - - 0.93** (0.89–0.98)

Moderate AD by age at index visit - - - - 0.9*** (0.87–0.93)

Severe AD by age at index visit - - - - 0.9*** (0.87–0.94)

Number of observations per stage
CN 11,458 11,395 8859 8971 8971

MCI due to AD 937 932 497 777 777

Mild AD dementia 522 521 367 456 456

Moderate AD dementia 457 456 276 395 395

Severe AD dementia 85 85 53 69 69

AD Alzheimer’s disease, APOE Apolipoprotein E, BMI Body mass index, CAD Coronary artery disease, CI Confidence interval, CN Cognitively normal, CVD 
Cerebrovascular disease, MCI Mild cognitive impairment, ref reference category
* p < 0.05; **p < 0.01, ***p < 0.001
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most common in the CN and MCI due to AD cohorts 
(as well as moderate AD dementia), in contrast to what 
would be expected if increased disease severity increases 
the risk of discontinuation. In fact, there was no con-
sistent association between stage and percentage lost to 
follow-up. Furthermore, participants who were lost to 
follow-up were similar to those who were not, and, if any-
thing, were slightly younger, more often female, and with 
fewer symptoms overall. Both these findings may sug-
gest that discontinuation is not primarily associated with 
increased disease severity or risk of death, and therefore 
a lower risk of informative censoring. However, acknowl-
edging there is still a risk of bias due to informative cen-
soring in our analysis; this most likely should have caused 
us to underestimate the relative risk of death in AD, at 
least if relatively healthy participants in each cohort had a 
higher likelihood of continuing.

Thirdly, there is a risk of misclassification bias, both 
in terms of etiology of symptoms and staging of disease. 
Biomarker data were only available in a small subset of 
participants and could therefore not be used to confirm 
AD etiology in participants with a clinical AD diagno-
sis. This may have caused us to misclassify both AD and 
non-AD participants across all cohorts; especially in MCI 
due to AD where symptoms are subtle. Encouragingly, 
in a previous NACC study, investigators reported that 
438 (83.3%) of 526 participants with clinically probable 
AD actually met neuropathologic criteria for AD [54]. 
Also, baseline characteristics of participants with bio-
marker-confirmed MCI due to AD were similar to those 
of participants in the MCI due to AD cohort (Supple-
mentary Table 6). Similarly, the staging of disease sever-
ity is dependent on the accuracy of individual tests and 
the scoring algorithm to assign participants to different 

Fig. 2  Hazard ratios (filled lines) with 95% confidence intervals (dashed lines) of risk of death compared with cognitively normal participants 
by disease stage (panels) and age (x-axis). AD Alzheimer’s disease 
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stages. Cognitive measurements are imprecise and may 
fluctuate over time [36]. This is seen in back-transitions 
to less-severe stages (Supplementary Table 2). We chose 
to disregard back-transitions as they are likely temporary 
in most cases. In a previous study, 38% of MCI partici-
pants reverted to CN, but 65% subsequently developed 
MCI or dementia, suggesting that a diagnosis of MCI 
at any time, even among participants who revert to CN, 
has prognostic value for AD dementia [37]. Our sensitiv-
ity analysis showed that a different algorithm, classifying 
people into severity stages by CDR-SB, had some impact 
on the HRs (Supplementary Table 7). There is no prevail-
ing standard for the definition of disease stages, and it is 
therefore important to make sure that disease stages are 
defined consistently across combined data sets and mod-
els. Other factors that may have caused misclassification 
include changing criteria for diagnosis across the NACC 
UDS versions (National Institute of Neurological and 
Communicative Diseases and Stroke/Alzheimer’s Disease 
and Related Disorders Association [NINCDS/ADRDA] 
in version 1 [55] and version 2 [56] and NIA – Alzhei-
mer’s Association [NIA-AA] in version 3 [57]), as well 
as potential reporting biases (e.g., via participant health 
history) and missingness in variables used to determine 
comorbidity.

A fourth noteworthy, but probably marginal, limitation 
is related to the lack of precision in the timing of the data 
records. Death was recorded by year and month in the 
NACC UDS, with the death date set to the last day of the 
month to avoid negative follow-up time. This should have 
resulted in an average overestimation of survival across 
all groups of about half a month. Similarly, events of pro-
gression were not continuously recorded (as per other 
AD studies, to our knowledge), which implies that partic-
ipants may have progressed earlier than at the visit when 
progression was assessed. Neither of these limitations 
should have had any meaningful impact on our results.

Taken together, these limitations should cancel each 
other out to some degree but there remains a risk of us 
over- or underestimating the true increase in the risk of 
death in AD.

Conclusions
We conclude three important findings from this study. 
Firstly, our data show a relative increase in the risk of 
death in people in more severe stages of AD. Secondly, 
this effect is higher in relatively younger persons. Thirdly, 
our data suggest no increased mortality in persons with 
MCI due to AD while remaining in this disease stage.

These findings have two major implications. They show 
that there is a potential benefit of decreased mortality 
if preventing or delaying the progression of AD is suc-
cessful, and this benefit is greatest in relatively younger 

persons and as long as they remain in the MCI due to 
AD stage. Also, they show the importance of considering 
both age and disease stage, as well as their interaction, 
when evaluating health campaigns, prevention strategies, 
and treatment interventions. The HRs from our Cox pro-
portional-hazards models can be used for this purpose.

In future research, our results should be replicated 
in other samples more generalizable to the general US 
population as well as other populations around the 
world, preferably with linkage to mortality/vital records 
for more complete reporting of death, and more exten-
sive biomarker-based characterization of persons with 
AD. Ultimately, clinical trials are necessary to more fully 
assess the potential causal effect of preventing or delay-
ing the progression of AD on mortality.

Abbreviations
AD: 	� Alzheimer’s disease
ADRC: 	� Alzheimer’s Disease Research Center
APOE: 	� Apolipoprotein E
BMI: 	� Body mass index
CAD: 	� Coronary artery disease
CDR-GS	� Clinical Dementia Rating – Global Score
CDR-SB	� Clinical Dementia Rating – Sum of Boxes
CI: 	� Confidence interval
CN: 	� Cognitively normal
FAQ: 	� Functional Activities Questionnaire
HR: 	� Hazard ratio
MCI: 	� Mild cognitive impairment
MMSE: 	� Mini-Mental State Examination
MoCA: 	� Montreal Cognitive Assessment
NACC: 	� National Alzheimer’s Coordinating Center
NIA: 	� National Institute on Aging
NIA-AA: 	� National Institute on Aging – Alzheimer’s Association
NINCDS/ADRDA: 	� National Institute of Neurological and Communicative 

Diseases and Stroke/Alzheimer’s Disease and Related 
Disorders Association

NPI-Q: 	� Neuropsychiatric Inventory Questionnaire
UDS: 	� Uniform Data Set

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12883-​023-​03353-w.

Additional file 1. 

Additional file 2. 

Acknowledgements
The NACC database is funded by NIA/NIH Grant U24 AG072122. NACC data 
are contributed by the NIA-funded ADCs: P50 AG005131 (PI James Brewer, 
MD, PhD), P50 AG005133 (PI Oscar Lopez, MD), P50 AG005134 (PI Bradley 
Hyman, MD, PhD), P50 AG005136 (PI Thomas Grabowski, MD), P50 AG005138 
(PI Mary Sano, PhD), P50 AG005142 (PI Helena Chui, MD), P50 AG005146 (PI 
Marilyn Albert, PhD), P50 AG005681 (PI John Morris, MD), P30 AG008017 (PI 
Jeffrey Kaye, MD), P30 AG008051 (PI Thomas Wisniewski, MD), P50 AG008702 
(PI Scott Small, MD), P30 AG010124 (PI John Trojanowski, MD, PhD), P30 
AG010129 (PI Charles DeCarli, MD), P30 AG010133 (PI Andrew Saykin, PsyD), 
P30 AG010161 (PI David Bennett, MD), P30 AG012300 (PI Roger Rosenberg, 
MD), P30 AG013846 (PI Neil Kowall, MD), P30 AG013854 (PI Robert Vassar, PhD), 
P50 AG016573 (PI Frank LaFerla, PhD), P50 AG016574 (PI Ronald Petersen, MD, 
PhD), P30 AG019610 (PI Eric Reiman, MD), P50 AG023501 (PI Bruce Miller, MD), 
P50 AG025688 (PI Allan Levey, MD, PhD), P30 AG028383 (PI Linda Van Eldik, 

https://doi.org/10.1186/s12883-023-03353-w
https://doi.org/10.1186/s12883-023-03353-w


Page 15 of 16Crowell et al. BMC Neurology          (2023) 23:302 	

PhD), P50 AG033514 (PI Sanjay Asthana, MD, FRCP), P30 AG035982 (PI Russell 
Swerdlow, MD), P50 AG047266 (PI Todd Golde, MD, PhD), P50 AG047270 (PI 
Stephen Strittmatter, MD, PhD), P50 AG047366 (PI Victor Henderson, MD, MS), 
P30 AG049638 (PI Suzanne Craft, PhD), P30 AG053760 (PI Henry Paulson, MD, 
PhD), P30 AG066546 (PI Sudha Seshadri, MD), P20 AG068024 (PI Erik Roberson, 
MD, PhD), P20 AG068053 (PI Marwan Sabbagh, MD), P20 AG068077 (PI Gary 
Rosenberg, MD), P20 AG068082 (PI Angela Jefferson, PhD), P30 AG072958 (PI 
Heather Whitson, MD), P30 AG072959 (PI James Leverenz, MD).
VC, AR, SQZ, MV, SG, and AG made substantial contributions to the concep-
tion, design, analysis, and interpretation of the work. All authors contributed 
to revising the work critically for important intellectual content and approved 
the final version to be published.

Author contributions
VC, AR, SQZ, MV, SG, and AG made substantial contributions to the concep-
tion, design, analysis, and interpretation of the work. All authors contributed 
to revising the work critically for important intellectual content and approved 
the final version to be published.

Funding
This study on secondary data from the NACC UDS was funded by F. Hoffmann-
La Roche Ltd, Basel, Switzerland.

Availability of data and materials
Individual-level data were sourced from the Uniform Data Set of the National 
Alzheimer’s Coordinating Center. Information about the data used in this 
study, including detailed descriptions and the process for obtaining them, is 
available at https://​naccd​ata.​org/.

Declarations

Ethics approval and consent to participate
Research using the National Alzheimer’s Coordinating Center database 
was approved by the University of Washington Institutional Review Board. 
Informed consent was obtained from all participants at the individual US Alz-
heimer’s Disease Centers. The National Alzheimer’s Coordinating Center data 
were de-identified. All methods were carried out in accordance with relevant 
guidelines and regulations.

Consent for publication
Not applicable.

Competing interests
VC, SG, and AR are employees and shareholders of F. Hoffmann-La Roche Ltd. 
SG is a shareholder of Novartis AG. SZ is employed by Genesis Research, the 
recipient of consulting fees from F. Hoffmann-La Roche Ltd. MV has received 
research funding from F. Hoffmann-La Roche Ltd and Biogen in past and 
consults for F. Hoffmann-La Roche Ltd; she receives research funding from 
NIH and has equity ownership in Abbott Laboratories, Johnson & Johnson, 
Medtronic, Merck, and Amgen. AG is a partner of Quantify Research, providing 
consultancy services to pharmaceutical companies, as well as other private 
and public organizations and institutions.

Author details
1 F. Hoffmann-La Roche Ltd, Basel, Switzerland. 2 Genesis Research, Hoboken, 
NJ, USA. 3 Department of Quantitative Health Sciences, Mayo Clinic, Rochester, 
MN, USA. 4 Quantify Research, Stockholm, Sweden. 5 Department of Neurobiol-
ogy, Care Sciences and Society, Karolinska Institutet, Stockholm, Sweden. 

Received: 2 February 2023   Accepted: 2 August 2023

References
	1.	 Gustavsson A, Norton N, Fast T, Frolich L, Georges J, et al. Global estimates 

on the number of persons across the Alzheimer’s disease continuum. 
Alzheimers Dement. 2023;19:658–70.

	2.	 Gustavsson A, Raket LL, Lilja M, Rutten-Jacobs L, Fues Wahl H, et al. 
Health utility in preclinical and prodromal Alzheimer’s disease for 

establishing the value of new disease-modifying treatments-EQ-
5D data from the Swedish BioFINDER study. Alzheimers Dement. 
2021;17:1832–42.

	3.	 GBD Dementia Collaborators. Global, regional, and national burden 
of Alzheimer’s disease and other dementias, 1990–2016: a systematic 
analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 
2019;18:88–106.

	4.	 Brodaty H, Donkin M. Family caregivers of people with dementia. 
Dialogues Clin Neurosci. 2009;11:217–28.

	5.	 WHO. Global status report on the public health response to dementia. 
Geneva: World Health Organization,. 2021.

	6.	 Tochel C, Smith M, Baldwin H, Gustavsson A, Ly A, et al. What out-
comes are important to patients with mild cognitive impairment or 
Alzheimer’s disease, their caregivers, and health-care professionals? A 
systematic review. Alzheimers Dement (Amst). 2019;11:231–47.

	7.	 Janssen O, Vos SJB, Garcia-Negredo G, Tochel C, Gustavsson A, et al. 
Real-world evidence in Alzheimer’s disease: the ROADMAP Data Cube. 
Alzheimers Dement. 2020;16:461–71.

	8.	 Gustavsson A, Green C, Jones RW, Forstl H, Simsek D, et al. Current 
issues and future research priorities for health economic modelling 
across the full continuum of Alzheimer’s disease. Alzheimers Dement. 
2017;13:312–21.

	9.	 Todd S, Barr S, Roberts M, Passmore AP. Survival in dementia and pre-
dictors of mortality: a review. Int J Geriatr Psychiatry. 2013;28:1109–24.

	10.	 Strand BH, Knapskog AB, Persson K, Edwin TH, Amland R, et al. Survival 
and years of life lost in various aetiologies of dementia, mild cognitive 
impairment (MCI) and subjective cognitive decline (SCD) in Norway. 
PLoS One. 2018;13: e0204436.

	11.	 Guehne U, Riedel-Heller S, Angermeyer MC. Mortality in dementia. 
Neuroepidemiology. 2005;25:153–62.

	12.	 Brodaty H, Seeher K, Gibson L. Dementia time to death: a systematic 
literature review on survival time and years of life lost in people with 
dementia. Int Psychogeriatr. 2012;24:1034–45.

	13.	 Go SM, Lee KS, Seo SW, Chin J, Kang SJ, et al. Survival of Alzheimer’s dis-
ease patients in Korea. Dement Geriatr Cogn Disord. 2013;35:219–28.

	14.	 Larson EB, Shadlen MF, Wang L, McCormick WC, Bowen JD, et al. 
Survival after initial diagnosis of Alzheimer disease. Ann Intern Med. 
2004;140:501–9.

	15.	 Mueller C, Huntley J, Stubbs B, Sommerlad A, Carvalho AF, et al. Associa-
tions of neuropsychiatric symptoms and antidepressant prescription with 
survival in Alzheimer’s disease. J Am Med Dir Assoc. 2017;18:1076–81.

	16.	 Ueki A, Shinjo H, Shimode H, Nakajima T, Morita Y. Factors associated with 
mortality in patients with early-onset Alzheimer’s disease: a five-year 
longitudinal study. Int J Geriatr Psychiatry. 2001;16:810–5.

	17.	 Liang FW, Chan W, Chen PJ, Zimmerman C, Waring S, et al. Cognitively-
related basic activities of daily living impairment greatly increases the risk 
of death in Alzheimers disease. PLoS One. 2016;11: e0160671.

	18.	 Helzner EP, Scarmeas N, Cosentino S, Tang MX, Schupf N, et al. Survival 
in Alzheimer disease: a multiethnic, population-based study of incident 
cases. Neurology. 2008;71:1489–95.

	19.	 Xue H, Sun Q, Liu L, Zhou L, Liang R, et al. Risk factors of transition from 
mild cognitive impairment to Alzheimer’s disease and death: a cohort 
study. Compr Psychiatry. 2017;78:91–7.

	20.	 Cosentino S, Scarmeas N, Albert SM, Stern Y. Verbal fluency predicts 
mortality in Alzheimer disease. Cogn Behav Neurol. 2006;19:123–9.

	21.	 Mehta KM, Yaffe K, Perez-Stable EJ, Stewart A, Barnes D, et al. Race/ethnic 
differences in AD survival in US Alzheimer’s Disease Centers. Neurology. 
2008;70:1163–70.

	22.	 Jang H, Kim JH, Choi SH, Lee Y, Hong CH, et al. Body mass index and 
mortality rate in Korean patients with Alzheimer’s disease. J Alzheimers 
Dis. 2015;46:399–406.

	23.	 Dal Forno G, Carson KA, Brookmeyer R, Troncoso J, Kawas CH, et al. APOE 
genotype and survival in men and women with Alzheimer’s disease. 
Neurology. 2002;58:1045–50.

	24.	 Garcia-Ptacek S, Farahmand B, Kareholt I, Religa D, Cuadrado ML, et al. 
Mortality risk after dementia diagnosis by dementia type and underly-
ing factors: a cohort of 15,209 patients based on the Swedish Dementia 
Registry. J Alzheimers Dis. 2014;41:467–77.

	25.	 Brehaut JC, Raina P, Lindsay J. Does cognitive status modify the relation-
ship between education and mortality? Evidence from the Canadian 
Study of Health and Aging. Int Psychogeriatr. 2004;16:75–91.

https://naccdata.org/


Page 16 of 16Crowell et al. BMC Neurology          (2023) 23:302 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	26.	 Andersen K, Lolk A, Martinussen T, Kragh-Sørensen P. Very mild to severe 
dementia and mortality: a 14-year follow-up - the Odense study. Dement 
Geriatr Cogn Disord. 2010;29:61–7.

	27.	 Beekly DL, Ramos EM, Lee WW, Deitrich WD, Jacka ME, et al. The National 
Alzheimer’s Coordinating Center (NACC) database: the Uniform Data Set. 
Alzheimer Dis Assoc Disord. 2007;21:249–58.

	28.	 Morris JC. The Clinical Dementia Rating (CDR): current version and scor-
ing rules. Neurology. 1993;43:2412–4.

	29.	 Folstein MF, Folstein SE, McHugh PR. “Mini-mental state”. A practical 
method for grading the cognitive state of patients for the clinician. J 
Psychiatr Res. 1975;12:189-98.

	30.	 Nasreddine ZS, Phillips NA, Bédirian V, Charbonneau S, Whitehead V, et al. 
The Montreal Cognitive Assessment, MoCA: a brief screening tool for 
mild cognitive impairment. J Am Geriatr Soc. 2005;53:695–9.

	31.	 Pfeffer RI, Kurosaki TT, Harrah CH Jr, Chance JM, Filos S. Measurement 
of functional activities in older adults in the community. J Gerontol. 
1982;37:323–9.

	32.	 Kaufer DI, Cummings JL, Ketchel P, Smith V, MacMillan A, et al. Validation 
of the NPI-Q, a brief clinical form of the Neuropsychiatric Inventory. J 
Neuropsychiatry Clin Neurosci. 2000;12:233–9.

	33.	 Dafsari FS, Jessen F. Depression-an underrecognized target for prevention 
of dementia in Alzheimer’s disease. Transl Psychiatry. 2020;10:160.

	34.	 Hanseeuw BJ, Jonas V, Jackson J, Betensky RA, Rentz DM, et al. Association 
of anxiety with subcortical amyloidosis in cognitively normal older adults. 
Mol Psychiatry. 2020;25:2599–607.

	35.	 Green C, Zhang S. Predicting the progression of Alzheimer’s disease 
dementia: a multidomain health policy model. Alzheimers Dement. 
2016;12:776–85.

	36.	 Lee DR, Taylor JP, Thomas AJ. Assessment of cognitive fluctuation in 
dementia: a systematic review of the literature. Int J Geriatr Psychiatry. 
2012;27:989–98.

	37.	 Roberts RO, Knopman DS, Mielke MM, Cha RH, Pankratz VS, et al. Higher 
risk of progression to dementia in mild cognitive impairment cases who 
revert to normal. Neurology. 2014;82:317–25.

	38.	 Ferrari P, Licaj I, Muller DC, Kragh Andersen P, Johansson M, et al. Lifetime 
alcohol use and overall and cause-specific mortality in the European Pro-
spective Investigation into Cancer and nutrition (EPIC) study. BMJ Open. 
2014;4: e005245.

	39.	 Jacobs DR Jr, Adachi H, Mulder I, Kromhout D, Menotti A, et al. Cigarette 
smoking and mortality risk: twenty-five-year follow-up of the Seven 
Countries Study. Arch Intern Med. 1999;159:733–40.

	40.	 Fabbri E, Zoli M, Gonzalez-Freire M, Salive ME, Studenski SA, et al. Aging 
and multimorbidity: new tasks, priorities, and frontiers for integrated 
gerontological and clinical research. J Am Med Dir Assoc. 2015;16:640–7.

	41.	 Grande G, Marengoni A, Vetrano DL, Roso-Llorach A, Rizzuto D, et al. 
Multimorbidity burden and dementia risk in older adults: the role of 
inflammation and genetics. Alzheimers Dement. 2021;17:768–76.

	42.	 Herring WL, Gould IG, Fillit H, Lindgren P, Forrestal F, et al. Predicted life-
time health outcomes for aducanumab in patients with early Alzheimer’s 
disease. Neurol Ther. 2021;10:919–40.

	43.	 Potashman M, Buessing M, LevitchiBenea M, Cummings J, Borson S, et al. 
Estimating progression rates across the spectrum of Alzheimer’s disease 
for amyloid-positive individuals using National Alzheimer’s Coordinating 
Center data. Neurol Ther. 2021;10:941–53.

	44.	 O’Bryant SE, Waring SC, Cullum CM, Hall J, Lacritz L, et al. Staging demen-
tia using Clinical Dementia Rating Scale Sum of Boxes scores: a Texas 
Alzheimer’s research consortium study. Arch Neurol. 2008;65:1091–5.

	45.	 Centers for Disease Control and Prevention (CDC): Defining Adult Over-
weight & Obesity. https://​www.​cdc.​gov/​obesi​ty/​basics/​adult-​defin​ing.​
html. Accessed 11 Apr 2023.

	46.	 Vos SJ, Verhey F, Frölich L, Kornhuber J, Wiltfang J, et al. Prevalence and 
prognosis of Alzheimer’s disease at the mild cognitive impairment stage. 
Brain. 2015;138:1327–38.

	47.	 Vassilaki M, Cha RH, Aakre JA, Therneau TM, Geda YE, et al. Mortality in 
mild cognitive impairment varies by subtype, sex, and lifestyle factors: 
the Mayo Clinic Study of Aging. J Alzheimers Dis. 2015;45:1237–45.

	48.	 Bae JB, Han JW, Kwak KP, Kim BJ, Kim SG, et al. Impact of mild cognitive 
impairment on mortality and cause of death in the elderly. J Alzheimers 
Dis. 2018;64:607–16.

	49.	 Contador I, Bermejo-Pareja F, Mitchell AJ, Trincado R, Villarejo A, et al. 
Cause of death in mild cognitive impairment: a prospective study 
(NEDICES). Eur J Neurol. 2014;21:253-e9.

	50.	 Weintraub S, Salmon D, Mercaldo N, Ferris S, Graff-Radford NR, et al. The 
Alzheimer’s Disease Centers’ Uniform Data Set (UDS): the neuropsycho-
logic test battery. Alzheimer Dis Assoc Disord. 2009;23:91–101.

	51.	 National Alzheimer’s Coordinating Center (NACC): Uniform Data Set 
(UDS): UDS Demographics and diagnoses. https://​naccd​ata.​org/​reque​
sting-​data/​data-​summa​ry/​uds. Accessed 11 Apr 2023.

	52.	 United States Census Bureau: QuickFacts United States. https://​www.​
census.​gov/​quick​facts/​fact/​table/​US/​EDU63​5220. Accessed 11 Apr 2023.

	53.	 Arias E, Xu J. United States Life Tables, 2019. Natl Vital Stat Rep. 
2022;70:1–59.

	54.	 Beach TG, Monsell SE, Phillips LE, Kukull W. Accuracy of the clinical 
diagnosis of Alzheimer disease at National Institute on Aging Alzheimer 
Disease Centers, 2005–2010. J Neuropathol Exp Neurol. 2012;71:266–73.

	55.	 McKhann G, Drachman D, Folstein M, Katzman R, Price D, et al. Clinical 
diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work 
Group under the auspices of Department of Health and Human Services 
Task Force on Alzheimer’s Disease. Neurology. 1984;34:939–44.

	56.	 McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR Jr, et al. The 
diagnosis of dementia due to Alzheimer’s disease: recommendations 
from the National Institute on Aging-Alzheimer’s Association workgroups 
on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 
2011;7:263–9.

	57.	 Jack CR Jr, Albert MS, Knopman DS, McKhann GM, Sperling RA, et al. 
Introduction to the recommendations from the National Institute on 
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for 
Alzheimer’s disease. Alzheimers Dement. 2011;7:257–62.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://www.cdc.gov/obesity/basics/adult-defining.html
https://www.cdc.gov/obesity/basics/adult-defining.html
https://naccdata.org/requesting-data/data-summary/uds
https://naccdata.org/requesting-data/data-summary/uds
https://www.census.gov/quickfacts/fact/table/US/EDU635220
https://www.census.gov/quickfacts/fact/table/US/EDU635220

	Disease severity and mortality in Alzheimer’s disease: an analysis using the U.S. National Alzheimer’s Coordinating Center Uniform Data Set
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study design
	Data sources
	Eligibility criteria and cohorts
	Follow-up
	Outcomes
	Predictors and covariates
	Statistical analysis
	Sensitivity analyses

	Results
	Participant characteristics
	Observed survival
	Relative risk of death across disease stages
	Sensitivity analyses

	Discussion
	Main findings
	Strengths
	Limitations

	Conclusions
	Anchor 27
	Acknowledgements
	References


