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Abstract

IMPORTANCE People with Down syndrome have a high risk of developing Alzheimer disease

dementia. However, penetrance and age at onset are considered variable, and the association of this

disease with life expectancy remains unclear because of underreporting in death certificates.

OBJECTIVE To assesswhether the variability in symptomonset of Alzheimer disease inDown syn-

drome is similar to autosomal dominantAlzheimer disease and to assess its associationwithmortality.

DESIGN, SETTING, AND PARTICIPANTS This study combines ameta-analysis with the assessment

of mortality data from US death certificates (n = 77 347 case records with a International

Classification of Diseases code for Down syndrome between 1968 to 2019; 37 900 [49%] female)

and from a longitudinal cohort study (n = 889 individuals; 46% female; 3.2 [2.1] years of follow-up)

from the Down Alzheimer Barcelona Neuroimaging Initiative (DABNI).

MAINOUTCOMESANDMEASURES Ameta-analysiswas conducted to investigate the age at onset,

age at death, anddurationofAlzheimerdiseasedementia inDownsyndrome.PubMed/Medline,

Embase,Webof Science, andCINAHLwere searched for research reports, andOpenGraywasused for

gray literature. Studieswithdata about the age at onset or diagnosis, age at death, anddiseaseduration

were included. Pooledestimateswith corresponding95%CIswere calculatedusing random-effects

meta-analysis. Thevariability in diseaseonsetwas comparedwith that of autosomal dominantAlzheimer

disease. Basedon theseestimates, a hypothetical distributionof age at deathwas constructed, assuming

fully penetrantAlzheimerdisease. These resultswere comparedwith real-worldmortality data.

RESULTS In this meta-analysis, the estimate of age at onset was 53.8 years (95% CI, 53.1-54.5 years;

n = 2695); the estimate of age at death, 58.4 years (95% CI, 57.2-59.7 years; n = 324); and the

estimate of disease duration, 4.6 years (95% CI, 3.7-5.5 years; n = 226). Coefficients of variation and

95% prediction intervals of age at onset were comparable with those reported in autosomal

dominant Alzheimer disease. USmortality data revealed an increase in life expectancy in Down

syndrome (median [IQR], 1 [0.3-16] years in 1968 to 57 [49-61] years in 2019), but with clear ceiling

effects in the highest percentiles of age at death in the last decades (90th percentile: 1990, age 63

years; 2019, age 65 years). The mortality data matched the limits projected by a distribution

assuming fully penetrant Alzheimer disease in up to 80% of deaths (corresponding to the highest

percentiles). This contrasts with dementia mentioned in 30% of death certificates but is in

agreement with themortality data in DABNI (78.9%). Important racial disparities persisted in 2019,

being more pronounced in the lower percentiles (10th percentile: Black individuals, 1 year; White

individuals, 30 years) than in the higher percentiles (90th percentile: Black individuals, 64 years;

White individuals, 66 years).
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Abstract (continued)

CONCLUSIONSANDRELEVANCE These findings suggest that themortality data and the consistent

age at onset were compatible with fully penetrant Alzheimer disease. Lifespan in personswith Down

syndromewill not increase until disease-modifying treatments for Alzheimer disease are available.

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910

Introduction

Down syndrome is themost frequent genetic cause of intellectual disability due to the presence of all

or part of a third copy of chromosome 21, which occurs approximately in 1:800 births. In Europe and

the US, current estimates indicate a population prevalence of 5.6 and 6.7 per 10000 individuals,

respectively, which translates to more than 200000 people in the US1 andmore than 400000

people in Europe.2

Down syndrome is a complex condition with multiple associated comorbidities that vary

throughout the lifespan.3 Improvements in health care, most notably surgery for congenital heart

defects, have remarkably increased life expectancy, from approximately 5 years in the 1950s to

roughly 60 years in the 2020s.4,5However, this still represents a survival difference of about 20

years when compared with the general population.

A consequence of this increased life expectancy has been the emergence of age-related

diseases, most importantly Alzheimer disease, which has a risk of more than 90% by the seventh

decade for people with Down syndrome.6 The strong association between Alzheimer disease and

Down syndrome has a genetic basis through a gene-dose effect of the amyloid precursor protein

(APP) gene located on chromosome 21, which is triplicated in this population. While the triplication

of other genes on chromosome 21 can also contribute to amyloid aggregation,7 APP triplication is

necessary and sufficient to cause dementia.8 Consequently, neuropathologic changes associated

with Alzheimer disease, namely amyloid-β (Aß) plaques and neurofibrillary tangles composed of

hyperphosphorylated tau, are universally seen in persons with Down syndrome by age 40 years,9

and biomarker changes follow a predictable course that is strikingly similar to that found in autosomal

dominant Alzheimer disease.10 The latter represents genetic cases, which are caused by fully

penetrant mutations in the APP, Presenilin 1 (PSEN1), or Presenilin 2 (PSEN2) genes, leading to early-

onset dementia at a predictable age, typically between age 30 and 60 years, depending on the

mutation.

Because of these similarities, Down syndrome has been conceptualized as genetically

determined Alzheimer disease, just like the autosomal dominant forms.11,12However, the implications

of this conceptualization on the predictability of symptom onset in Down syndrome and the limit

Alzheimer disease imposes on life expectancy, have not been fully explored. Indeed, many have

emphasized the variability in age at onset of dementia in Down syndrome,13-19 in sharp contrast with

the recognized predictability of symptomonset in autosomal dominant forms.20As such, constructs

like the estimated years to symptom onset (EYO), which have been developed and applied with

success to study the natural history of Alzheimer disease in autosomal dominant forms,21 have been

less used in Down syndrome and remain controversial. This view represents an important setback

for the inclusion of adults with Down syndrome in preventive trials, and for the development of

appropriate care guidelines for patients and families.

For these purposes, we conducted ameta-analysis to determine the age at onset, age at death,

and duration of Alzheimer disease dementia in adults with Down syndrome and compared the

variability in disease onset with that reported in autosomal dominant Alzheimer disease. Based on

these estimates, we constructed a hypothetical distribution of age at death in people with Down

syndrome, under the assumption that Alzheimer disease had full penetrance and was lethal. We

compared these results with mortality data from people with Down syndrome obtained fromUS

death certificates in the past 50 years. We also investigated the underreporting of dementia in death
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certificates by imputing data based on the hypothetical distribution and the US Centers for Disease

Control and Prevention (CDC) data and collectingmortality data from the Down Alzheimer Barcelona

Neuroimaging Initiative (DABNI) clinical cohort.10

Methods

Systematic Review andMeta-analysis

This meta-analysis adhered to the Preferred Reporting Items for Systematic Reviews and Meta-

analyses (PRISMA) reporting guideline. The review protocol and search strategy were registered in

the International Prospective Register of Systematic Reviews (CRD42020203967). We conducted a

systematic search to examine the age at onset, age at death, and duration of Alzheimer disease

dementia among persons with Down syndrome using the following databases: PubMed/Medline,

Embase, Web of Science, and CINAHL (eTable 1 in the Supplement). OpenGray was used for gray

literature. Further details can be found in the eMethods in the Supplement.

Eligibility Criteria andData Extraction

Studies were considered if they contained numerical results of the following outcomes among

persons with Down syndrome: (1) age at onset or age at diagnosis of Alzheimer disease dementia,

defined via sufficiently explainedmethodological criteria and based on expert clinical judgment or

dementia criteria; (2) age at death in thosewith Alzheimer disease; or (3) disease duration (defined as

the time fromdementia onset/diagnosis to death).We imported records into the Covidence software

version 2640 to assist the screening process. Two independent reviewers (MFI and DGC) screened

all titles and abstracts to identify studies for full-text review. The risk of bias was assessed using a

quality assessment tool (eTable 2 in the Supplement) adapted from the scale of McGrath et al.22

Further details are included in the eMethods in the Supplement.

Data Synthesis andAnalysis

Pooled estimates with corresponding 95% CIs were calculated using random-effects meta-analysis

with the DerSimonian–Laird method.23 Analyses were done in Stata version 15.1 using the metan

package version 3.03 (StataCorp). Heterogeneity was assessed with the I2 index.24 Further details on

the subgroup analyses are in eMethods in the Supplement.

To compare the variability in age at onset of Alzheimer disease in Down syndromewith that of

autosomal dominant forms, we used 2 approaches: (1) computing the coefficients of variation of age

at onset for each study individually (SD/mean × 100), and (2) calculating the time interval during

which 95% of the individuals will develop cognitive symptoms (prediction intervals [95% PI],

calculated as mean ± 1.96 × SD). For Down syndrome, these values were calculated from our

systematic review of 44 studies on Alzheimer disease dementia. For autosomal dominant Alzheimer

disease, these values were calculated from 60 studies (with n � 5) with data on age at symptom

onset available in a previously published study.20Data collection took place from August 2020 to

February 2021, and data analysis took place from February 2021 to July 2021.

Mortality Analyses

Hypothetical Death Distribution Assuming Full Penetrance of Alzheimer Disease

Data analysis was performed in R version 4.0.4 (R Project for Statistical Computing). We used

pooled data from the systematic review calculated with a fixed-effect model25 to describe a

hypothetical normal distribution of mortality in Down syndrome, assuming fully penetrant Alzheimer

disease. The hypothetical death distribution was obtained from the sum of 2 independent

distributions (age at onset and duration) as follows: meandeath = meanonset + meanduration and

SDdeath = sqrt (SDonset
2 + SDduration

2). We also examined the distribution using the estimate of age at

death in those with Alzheimer disease.
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USMortality Data

We contrasted data obtained from the hypothetical death distribution with data obtained from

Multiple-CauseMortality Files from 1968 to 2019, compiled by the CDC. We used the following

International Classification of Diseases (ICD) codes to select records from people with Down

syndrome: 759.3 (ICD, Eighth Revision: 1968-1997), 758.0 (ICD, Ninth Revision: 1979-1998), and Q90

ICD, Tenth Revision: 1999-2019). Further details are in eMethods in the Supplement. We calculated

themedian age at death and the 10th, 25th, 75th, and 90th percentiles by year.

We next examined the trend in the reporting of congenital heart disease and dementia in people

with Down syndrome between 1968 to 2019 (eTable 3 in the Supplement). Given that dementia is

typically underreported on death certificates,26,27we performed an exploratory analysis to compare

the real age at death (CDC data) with the estimated ages at death in the fully penetrant hypothetical

distribution by calculating the difference between the 2 for each percentile. Whenever the difference

was close to 0, we assumed that Alzheimer disease could be the contributor. When this difference

was larger, we attributed it to other causes of death. We plotted this difference for each percentile,

and we visually assessed the graph and mathematically tested if there was an inflection point by

implementing threshold regressions using the R library “chngpt”.

Mortality Data From theDABNI Cohort

We collected mortality data from DABNI, a single-center prospective cohort that is part of a public

health plan developed for the screening of Alzheimer disease in adults with Down syndrome in

Catalonia, Spain, through clinical andmultimodal biomarker assessments.10 The sample is

representative of the adult population aged 18 years or older with Down syndrome in Catalonia,

Spain. All participants or their legal representatives were required to give informed consent. The

Clinical Research Ethics Committee at Hospital Sant Pau reviewed and approved all DABNI protocols.

Between February 1, 2013, and July 31, 2021, we evaluated 889 individuals with Down syndrome

(46% females), with a mean follow-up of 3.2 (2.1) years. Details about the Alzheimer diagnostic

procedures are in eMethods in the Supplement.

Results

Systematic Review andMeta-analysis

We identified 7004 studies for title and abstract screening after the removal of duplicates (eFigure 1

in the Supplement). Of these, 261 underwent full-text review, and 52 (20%) met the inclusion

criteria. Outcomes of interest were extracted from studies from 8 different countries. No time

restriction was imposed in the search, and eligible studies were published between 1985 and 2020.

A description of included studies is available in eMethods and eTable 4 in the Supplement, and the

studies are cited in the reference list.6,10,28-77

The age at onset of Alzheimer disease dementia in Down syndromewas highly conserved, with

a pooled estimate of 53.8 (95% CI, 53.1-54.5) years (n = 2695) (Figure 1). For age at death and

disease duration, the pooled estimates were 58.4 (95% CI, 57.2-59.7) (n = 324) and 4.6 (95% CI,

3.7-5.5) years (n = 226), respectively (Figure 2). Although there was considerable statistical

heterogeneity in themeta-analysis (I2 = 60%-87%), there was, nevertheless, high consistency in the

mean values of the three outcomes across studies. eFigures 3, 4, 5, 6, and 7 in the Supplement show

the subanalysis of age at onset by sex, APOE genotype, data source, geographic location and sample

size. For the 3 outcomes of interest, most studies were ranked at low risk of bias (eTables 5, 6, and 7

in the Supplement) and age at onset did not vary significantly by study quality (eFigure 2 in the

Supplement).

Variability in theOnset of Alzheimer Disease

Despite differences in sample size, cohort characteristics, andmethods, the variability in age at

symptom onset between Down syndrome and autosomal dominant Alzheimer disease was
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comparable both when considering the coefficients of variation and 95% PIs (Figure 3 and eFigure 8

in the Supplement). The interval in which 95% of individuals could develop Alzheimer disease

symptoms highly overlapped, spanning the median (IQR) 95% PI range of 24.9 (21.5-28.3) years in

Down syndrome and 20.5 (15-29.4) years in autosomal dominant Alzheimer disease (panel B of

Figure 3). Panel C of Figure 3 shows the similarities in 95% PI range of age at onset between Down

syndrome (largest individual cohort study) and the largest cohorts for each pathogenic variant. Age

at onset spanned 36 years in families with the 3.4Mb APP duplication, 34 years in the APP V717I

variant, 32 years in Down syndrome, 33 years in the E280A PSEN1 variant, and 29 years in the PSEN2

N141I variant. Of note, sample size influenced the variability observed in autosomal dominant

Alzheimer disease but not in Down syndrome (eFigure 9 in the Supplement).

Figure 1. Forest Plot ofMean Age at Onset of Alzheimer Disease Dementia in AdultsWith Down Syndrome
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Mortality Analyses

AHypothetical Distribution of Age at Death Assuming Fully Penetrant Alzheimer Disease

Using a combined mean (SD) estimate of age at onset of 54.4 (7.1) years and disease duration of 5.1

(3.1) years calculated from the systematic review, we constructed a hypothetical distribution of age at

death in Down syndrome assuming Alzheimer disease had 100% penetrance and was lethal. The

estimated 10th, 25th, 50th, 75th, and 90th percentiles in this distribution were 49.6 years, 54.3

years, 59.5 years, 64.7 years, and 69.4 years, respectively (Figure 4). The percentiles were very

similar when calculated from the estimate of age at death, corresponding to 50.7 years, 54.6 years,

59 years, 63.4 years, and 67.4 years, respectively (eFigure 10 in the Supplement).

We then contrasted these results with data obtained from US death certificates from 1968 to

2019. We identified 77 347 case records with the respective ICD codes for Down syndrome (37 900

females [49%]). We found a remarkable increase in themedian age at death of people with Down

syndrome in the past 50 years, from 1 year in 1968 to 57 years in 2019 (Figure 4; eFigure 11 in the

Supplement). However, we also observed a ceiling effect in the last 2 decades in the higher

percentiles, suggesting a limit on life expectancy.

Importantly, these percentiles were in close agreement with our fully penetrant model

(Figure 4; eFigure 10 in the Supplement), suggesting that Alzheimer disease is a likely cause for this

limit in survival in adults with Down syndrome. We also found racial disparities but no clear sex

differences (Figure 4). Age at deathwas consistently lower for Black individuals, except for the higher

percentiles in the 2010s.

Figure 2. Forest Plot ofMean Age at Death andMean Duration of Alzheimer Disease Dementia in AdultsWith Down Syndrome
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Contributing Causes of Death in Down Syndrome

Deaths related to congenital heart disease and dementia were frequent contributing causes of death

in Down syndrome in the period 1968 to 2019. Deaths related to congenital heart disease decreased

in the last 50 years, while those related to dementia increased up to 30% in 2019 (Figure 5).

To approximate the percentage of deaths potentially linked to Alzheimer disease, we performed

2 analyses. First, we calculated the difference between the hypothetical mortality distribution and

the observed ages at death. Whenever the difference was close to 0, we assumed that Alzheimer

disease could be the contributor. A larger difference would likely indicate other causes of death.

Figure 5 shows the difference between the hypothetical and CDC data for the year 2019 (and

eFigure 12 in the Supplement for 1968 to 2019). We can see that the difference between these

estimates is larger until approximately the 20th percentile andminimal after. We found a significant

inflection point at percentile 18 (95% CI, 17-21), suggesting that up to 80% of deaths in Down

syndromemight have Alzheimer disease as a contributing factor.

In addition to the imputed data, we calculated the proportion of deaths with dementia in the

DABNI cohort. A total of 889 individuals were included in the final sample, with a mean (SD) age at

baseline of 42.4 (11.5) years. Of these, 90 (54males, 36 females) died during the study period: 71 died

with a diagnosis of Alzheimer dementia, 5 with a diagnosis of prodromal Alzheimer disease and 14

were asymptomatic. Therefore, 71 (78.9%) of participants in the DABNI cohort had dementia when

they died, in close agreement with the imputed data and in striking contrast with that reported in

death certificates. Likewise, there was agreement between the median (IQR) age at death of those

with dementia in the DABNI cohort, which was 58.7 (53.5-63.0) years, the estimate of age at death

derived from the meta-analysis (58.4 [95% CI, 57.2-59.7] years) and the CDC mortality data (median

[IQR] age, 57 [49-61] years). The other percentiles in DABNI (10th, 25th, 75th, 90th) were also

congruent with the hypothetical death distribution and the CDC data, and corresponded to 48.3,

53.5, 63.0, and 64.5 years, respectively.

Figure 3. Variability in Age at Onset
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of the 44 studies on age at onset of Alzheimer disease dementia in adults with Down

syndrome (DSAD) included in the systematic review and the LnCV of 60 studies on

symptom onset in autosomal dominant Alzheimer disease.20 Panel B shows the span of

age at onset. The span of age at onset was calculated by computing the 95%prediction

interval (PI) range of the same studies included in panel A, by subtracting the lower 95%

PI to the upper 95% PI. A larger PI range indicates a wider interval (in years) in which

95% of individuals will develop symptoms. Dots indicate a single study, the size of the

dot indicates the sample size, whiskers indicate the 25th and 75th percentiles, and the

bold line in the boxes indicate the median. Panel C shows the 95% prediction intervals

(PI) for the largest individual cohort studies. For DSAD, the data is from the study of

Tsiouris et al.71 For ADAD, individual pathogenic variants are indicated in the Figure.

ADAD indicates autosomal dominant Alzheimer disease.

a Onset refers to the onset of dementia in DSAD and to the onset of progressive

cognitive symptoms in ADAD, as determined by clinicians.
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Discussion

This study suggests that the onset of Alzheimer disease in Down syndrome is as variable as in the

autosomal dominant forms. Our findings also suggest that most people with Down syndrome now

live up to the limit imposed by Alzheimer disease, suggesting near full penetrance of this disease.

Therefore, the lifespan of people with Down syndrome, which is stil approximately 20 years lower

than the general population, will not increase further until treatments against Alzheimer disease are

available. These findings have considerable implications for public health, policymaking, and

counseling to families.

Figure 4. Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome
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Notably, the common assumption has been that the age at onset of dementia in Down

syndrome is highly variable,13-19 in contrast with the autosomal dominant forms, in which age at

onset is considered relatively constant within each pedigree.20 This view likely stems from the

emphasis given to thewide range of disease onset in Down syndrome (ie, 95%PIs) as opposed to the

predictability of disease onset ascribed to autosomal dominant forms (ie, 95% CIs). Indeed, given

that the diagnosis of symptomatic Alzheimer disease is challenging in Down syndrome, we expected

a larger variability in disease onset comparedwith autosomal dominant Alzheimer disease. However,

our analysis revealed that age at onset was consistent across studies, with a similar variability as in

the autosomal dominant forms. Importantly, the estimate of age at onset and the variability range

was similar to that described in families with APP duplications (52.2; 95% CI, 49.9-54.4).20 This

agrees with the concept that dementia in Down syndrome is primarily driven by the extra copy of the

APP gene, which is both sufficient and necessary to cause Alzheimer disease pathology and

symptoms.8,12

While age at onset and its range were consistent across studies, this variability was quite large

(25 years). Therefore, it is critical to understand the causes of this variability and to study what

modifiable and non-modifiable factors may influence it. For instance, the APOE ε4 haplotype is

associated with a 2-year earlier onset of symptomatic Alzheimer disease in Down syndrome.78

Further studies should assess the impact of other medical conditions associated with Down

syndrome (eg, hypothyroidism, autoimmune disorders, periodontal disease, sleep apnea, epilepsy,

vision and hearing problems) as well as the contribution of sociodemographic factors, such as

residential status (living with family vs institutionalization), intellectual disability, and economic

status of the caregivers.68,79

Themain finding of this study is the observation that the real-world mortality data fitted with a

distribution of age at death assuming fully penetrant Alzheimer disease. Treating modifiable

conditions has dramatically increased life expectancy in Down syndrome in the past decades;

however, Alzheimer disease is lethal and has no cure, and therefore imposes a limit on survival for

most adults with Down syndrome. In other words, our studymay provide an explanation for the gap

in life expectancy between Down syndrome and the general population, and the approximately

15-year stagnation of age at death. Our study further expands these results by suggesting that,

although Alzheimer disease diminished the differences in life expectancy between Black individuals

and White individuals in the higher percentiles, disparities still persist in lower percentiles. As

previously suggested, these differences likely reflect avoidable deaths via better access to

specialized health services (eg, pediatric cardiology).80

Figure 5. Reporting of Congenital Heart Defects and Dementia in Death Certificates
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The importance of Alzheimer disease as a leading cause of death in Down syndrome is

increasingly recognized and is reported in more than 30% of US death certificates in 2019. However,

this is likely an underestimate, given that Alzheimer disease is typically underreported in death

certificates in the general population. To attempt to quantify this underreporting, we conducted 2

analyses. First, we imputed data between our hypothetical death distribution and the CDC data,

which suggested that Alzheimer disease could contribute to death in up to 80% of individuals with

Down syndrome. Second, we analyzed mortality data from the DABNI cohort, which revealed that

78.9% of all deaths occurred in those with dementia. Of note, this is consistent with a prior

longitudinal cohort study reporting that Alzheimer disease was the proximate cause of death in 70%

of adults with Down syndrome.41 Altogether, these data reinforce the idea that dementia-related

deaths are largely underreported in death certificates of people with Down sydrome.26,27

Notwithstanding the importance of other medical comorbidities, which can greatly affect the

quality of life of people with Down syndrome, our findings emphasize a strong association between

Alzheimer disease andmortality, which could explain themore than 20-year difference in life

expectancy compared with the general population. Furthermore, our study underscores that

Alzheimer disease has the same variability in age at onset in Down syndrome and autosomal

dominant pedigrees. This demonstrates that Down syndrome is also an optimal population to study

the natural history of Alzheimer disease.10,81 Likewise, the predictability in age at onset (and

biomarker changes)10 seen in Down syndrome, similar to that seen in autosomal dominant forms,

support the use of EYOwhen comparing clinical and biomarker changes in both genetic forms of

dementia and can facilitate the enrolment of persons with presymptomatic disease into clinical

trials.12Many efforts are already in place, including the development of large population cohorts

gathering clinical and biomarker data on Alzheimer disease,10,12,13 and also the launching of trial-ready

cohorts across the US and several international sites.

Limitations

This study had limitations. We performed a systematic search andmeta-analysis with strict criteria to

ensure rigor and excellent methodological quality; however, diagnostic criteria used for dementia

diagnosis varied across studies, and samples sizes were often small. Data were predominantly from

European and US data sources, and the number of studies that included data on disease duration and

age at death was small. Regarding the CDCmortality data, these were extracted from death

certificates, which have inherent limitations, such as incomplete reporting, particularly of

co-occurring conditions contributing to death. We overcame this limitation by also analyzing

mortality data from a prospective clinical cohort (ie, DABNI) designed to study the natural history of

Alzheimer disease in Down syndrome. As most participants in the DABNI cohort are of Caucasian

ethnicity, we could not perform segregated analyses to match those presented with the CDC data.

Conclusions

These findings suggests that Alzheimer disease should be recognized as a critical medical priority in

people with Down syndrome. The mortality data suggest that Down syndrome is compatible with

fully penetrant Alzheimer disease. Therefore, increasing life expectancy and closing the gap with the

general population will require effective prevention andmanagement for Alzheimer disease.

ARTICLE INFORMATION

Accepted for Publication:March 29, 2022.

Published:May 23, 2022. doi:10.1001/jamanetworkopen.2022.12910

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2022 Iulita MF

et al. JAMA Network Open.

JAMANetworkOpen | Neurology Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910 (Reprinted) May 23, 2022 10/15

Downloaded From: https://jamanetwork.com/ on 09/15/2023

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2022.12910&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910


Corresponding Authors: Juan Fortea, MD, PhD (jfortea@santpau.cat) andMaria Florencia Iulita, PhD

(miulita@santpau.cat), Memory Unit, Neurology Department, Hospital de la Santa Creu i Sant Pau, 08025

Barcelona, Spain.

Author Affiliations: Sant PauMemory Unit, Department of Neurology, Hospital de la Santa Creu i Sant Pau,

Biomedical Research Institute Sant Pau, Universitat Autònoma de Barcelona, Barcelona, Spain (Iulita, Garzón

Chavez, Valle Tamayo, Alcolea, Videla, Barroeta, Benejam, Altuna, Padilla, Pegueroles, Belbin, Carmona-Iragui,

Blesa, Lleó, Bejanin, Fortea); Center of Biomedical Investigation Network for Neurodegenerative Diseases, Madrid,

Spain (Iulita, Garzón Chavez, Valle Tamayo, Alcolea, Videla, Barroeta, Benejam, Altuna, Padilla, Pegueroles, Belbin,

Carmona-Iragui, Blesa, Lleó, Bejanin, Fortea); National Centre for Register-based Research, Aarhus University,

Aarhus, Denmark (Klitgaard Christensen, Plana-Ripoll); Departments of Pediatrics and Obstetrics and Gynecology,

University of Florida College of Medicine, Gainesville, Florida (Rasmussen); Department of Epidemiology,

University of Florida College of Public Health and Health Professions and College of Medicine, Gainesville, Florida

(Rasmussen); Iberoamerican Cochrane Centre, Biomedical Research Institute Sant Pau, Barcelona, Spain (Roqué

Figuls); Barcelona Down Medical Center, Fundació Catalana Síndrome de Down, Barcelona, Spain (Videla,

Benejam, Fernandez, Carmona-Iragui, Fortea).

Author Contributions:Drs Iulita and Fortea had full access to all of the data in the study and take responsibility for

the integrity of the data and the accuracy of the data analysis. Drs Bejanin and Fortea share senior authorship.

Concept and design: Iulita, Garzón Chavez, Blesa, Lleó, Bejanin, Fortea.

Acquisition, analysis, or interpretation of data: Iulita, Garzón Chavez, Christensen, Valle Tamayo, Plana-Ripoll,

Rasmussen, Roque Figuls, Alcolea, Videla, Barroeta, Benejam, Altuna, Padilla, Pegueroles, Fernandez, Belbin,

Carmona-Iragui, Bejanin, Fortea.

Drafting of the manuscript: Iulita, Garzón Chavez, Padilla, Bejanin, Fortea.

Critical revision of the manuscript for important intellectual content: Iulita, Christensen, Valle Tamayo, Plana-Ripoll,

Rasmussen, Roque Figuls, Alcolea, Videla, Barroeta, Benejam, Altuna, Pegueroles, Fernandez, Belbin, Carmona-

Iragui, Blesa, Lleó, Bejanin, Fortea.

Statistical analysis: Iulita, Garzón Chavez, Plana-Ripoll, Roque Figuls, Belbin, Bejanin, Fortea.

Obtained funding: Alcolea, Carmona-Iragui, Blesa, Lleó, Fortea.

Administrative, technical, or material support: Iulita, Garzón Chavez, Valle Tamayo, Videla, Barroeta, Altuna, Padilla,

Fernandez, Carmona-Iragui, Fortea.

Supervision: Iulita, Valle Tamayo, Barroeta, Blesa, Lleó, Fortea.

Conflict of Interest Disclosures:Dr Alcolea reported receiving personal fees from Fujirebio-Europe, Roche

Diagnostics, Nutricia, Krka Farmacéutica S.L, Zambón SAU, and Esteve Pharmaceuticals SA outside the submitted

work. Dr Belbin reported receiving personal fees from ADx NeuroSciences outside the submitted work. Dr Lleó

reported receiving grants from CIBERNED and the Instituto de Salud Carlos III and serving as a consultant or at

advisory boards for Fujirebio-Europe, Roche, Biogen, and Nutricia outside the submitted work. Dr Fortea reported

receiving personal fees fromNovartis Consultancy, Lundbeck Consultancy, Esteve, Novonordisk, Roche, Biogen,

and Zambon Consultancy outside the submitted work. Drs Alcolea, Belbin, LLeó, and Fortea reported holding a

patent for markers of synaptopathy in neurodegenerative disease (licenced to ADx, EPI8382175.0). No other

disclosures were reported.

Funding/Support: The authors acknowledge financial support from the Fondo de Investigaciones Sanitario. Dr

Carmona-Iragui was supported by grant PI18/00335 from Instituto de Salud Carlos III, grant GBHI_ALZ-18-543740

from the Global Brain Health Initiative and Alzheimer’s Association, grant Premi Beca Fundació SCN 2020 from

the Fundació Societat Catalana de Neurologia, and grant 1913 Cycle 2019B from the Jérôme Lejeune Foundation.

Dr Fortea was supported by grant PI20/01473 from the Instituto de Salud Carlos III and grants 1R01AG056850-

01A1, R21AG056974, and R01AG061566 from the National Institutes of Health, grant 20141210 from Fundacío La

Marató de TV3c, and grant SLT006/17/00119 from Generalitat de Catalunya. Dr Iulita was supported by grant

Project 1941 from the Jérôme Lejeune Foundation and the Jérôme Lejeune Postdoctoral Fellowship. Ms

Christensen was supported by a Niels Bohr Professorship to JohnMcGrath from the Danish National Research

Foundation. Dr Plana-Ripoll was supported by the Lundbeck Foundation Fellowship R345-2020-1588 and the

Marie Sklodowska-Curie grant agreement 837180 from the European Union’s Horizon 2020 Research and

Innovation. Dr Altuna was supported by the Río Hortega Fellowship CM19/00066 from the Carlos III Health

Institute. Dr Padilla was supported by the Sara Borrell Postdoctoral Fellowship CP20/00133 from the Carlos III

Health Institute. Dr Bejanin was supported by grant CP20/00038 from the Carlos III Health Institute in Spain.

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,

management, analysis, and interpretation of the data; preparation, review, or approval of themanuscript; and

decision to submit themanuscript for publication.

JAMANetworkOpen | Neurology Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910 (Reprinted) May 23, 2022 11/15

Downloaded From: https://jamanetwork.com/ on 09/15/2023

mailto:jfortea@santpau.cat
mailto:miulita@santpau.cat


Disclaimer: The views expressed in themanuscript are those of the authors and not necessarily those of

the funders.

Additional Contributions:We thankMaria Lluïsa Antón Guerrero (Biblioteca Josep Laporte, Barcelona, Spain), for

help with the development of the search strategy and search strings. We also thank Alberto Ferrari, PhD, and

Armand González Escalante, MSc, for guidance on the statistical analyses and help in the assembling of

the Figures.

REFERENCES

1. de Graaf G, Buckley F, Skotko BG. Estimation of the number of people with Down syndrome in the United States.

Genet Med. 2017;19(4):439-447. doi:10.1038/gim.2016.127

2. de Graaf G, Buckley F, Skotko BG. Estimation of the number of people with Down syndrome in Europe. Eur J

Hum Genet. 2021;29(3):402-410. doi:10.1038/s41431-020-00748-y

3. Capone GT, Chicoine B, Bulova P, et al; Down SyndromeMedical Interest Group DSMIG-USA Adult Health Care

Workgroup. Co-occurring medical conditions in adults with Down syndrome: a systematic review toward the

development of health care guidelines. Am JMed Genet A. 2018;176(1):116-133. doi:10.1002/ajmg.a.38512

4. Yang Q, Rasmussen SA, Friedman JM. Mortality associated with Down’s syndrome in the USA from 1983 to

1997: a population-based study. Lancet. 2002;359(9311):1019-1025. doi:10.1016/S0140-6736(02)08092-3

5. Presson AP, Partyka G, Jensen KM, et al. Current estimate of Down Syndrome population prevalence in the

United States. J Pediatr. 2013;163(4):1163-1168. doi:10.1016/j.jpeds.2013.06.013

6. McCarronM, McCallion P, Reilly E, Dunne P, Carroll R, Mulryan N. A prospective 20-year longitudinal follow-up

of dementia in persons with Down syndrome. J Intellect Disabil Res. 2017;61(9):843-852. doi:10.1111/jir.12390

7. Wiseman FK, Pulford LJ, Barkus C, et al; London Down Syndrome Consortium. Trisomy of human chromosome

21 enhances amyloid-β deposition independently of an extra copy of APP. Brain. 2018;141(8):2457-2474. doi:10.

1093/brain/awy159

8. Doran E, Keator D, Head E, et al. Down Syndrome, partial trisomy 21, and absence of Alzheimer’s disease: the

role of APP. J Alzheimers Dis. 2017;56(2):459-470. doi:10.3233/JAD-160836

9. Mann DM. The pathological association between Down syndrome and Alzheimer disease.Mech Ageing Dev.

1988;43(2):99-136. doi:10.1016/0047-6374(88)90041-3

10. Fortea J, Vilaplana E, Carmona-Iragui M, et al. Clinical and biomarker changes of Alzheimer’s disease in adults

with Down syndrome: a cross-sectional study. Lancet. 2020;395(10242):1988-1997. doi:10.1016/S0140-6736(20)

30689-9

11. Dubois B, Feldman HH, Jacova C, et al. Advancing research diagnostic criteria for Alzheimer’s disease: the

IWG-2 criteria. Lancet Neurol. 2014;13(6):614-629. doi:10.1016/S1474-4422(14)70090-0

12. Fortea J, Zaman SH, Hartley S, Rafii MS, Head E, Carmona-Iragui M. Alzheimer’s disease associated with Down

syndrome: a genetic form of dementia. Lancet Neurol. 2021;20(11):930-942. doi:10.1016/S1474-4422(21)00245-3

13. Handen BL, Lott IT, Christian BT, et al; Alzheimer’s Biomarker Consortium‐Down Syndrome (ABC‐DS). The

Alzheimer’s biomarker consortium-Down syndrome: rationale andmethodology. Alzheimers Dement (Amst).

2020;12(1):e12065. doi:10.1002/dad2.12065

14. ZigmanWB, Devenny DA, Krinsky-McHale SJ, et al. Alzheimer’s disease in adults with Down syndrome. Int Rev

Res Ment Retard. 2008;36:103-145. doi:10.1016/S0074-7750(08)00004-9

15. Firth NC, Startin CM, Hithersay R, et al; LonDownS Consortium. Aging related cognitive changes associated

with Alzheimer’s disease in Down syndrome. Ann Clin Transl Neurol. 2018;5(6):741-751. doi:10.1002/acn3.571

16. Potter H. Beyond trisomy 21: phenotypic variability in people with Down syndrome explained by further

chromosomemis-segregation andmosaic aneuploidy. J Down Syndr Chromosom Abnorm. 2016;2(1):109. doi:10.

4172/2472-1115.1000109

17. Stanton LR, Coetzee RH. Down’s syndrome and dementia. Adv Psychiatr Treat. 2004;10(1):50-58. doi:10.1192/

apt.10.1.50

18. ZigmanWB, Lott IT. Alzheimer’s disease in Down syndrome: neurobiology and risk.Ment Retard Dev Disabil

Res Rev. 2007;13(3):237-246. doi:10.1002/mrdd.20163

19. Startin CM, Rodger E, Fodor-Wynne L, Hamburg S, Strydom A. Developing an informant questionnaire for

cognitive abilities in Down syndrome: the cognitive scale for Down syndrome (CS-DS). PLoS One. 2016;11(5):

e0154596. doi:10.1371/journal.pone.0154596

20. Ryman DC, Acosta-Baena N, Aisen PS, et al; Dominantly Inherited Alzheimer Network. Symptom onset in

autosomal dominant Alzheimer disease: a systematic review andmeta-analysis.Neurology. 2014;83(3):253-260.

doi:10.1212/WNL.0000000000000596

JAMANetworkOpen | Neurology Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910 (Reprinted) May 23, 2022 12/15

Downloaded From: https://jamanetwork.com/ on 09/15/2023

https://dx.doi.org/10.1038/gim.2016.127
https://dx.doi.org/10.1038/s41431-020-00748-y
https://dx.doi.org/10.1002/ajmg.a.38512
https://dx.doi.org/10.1016/S0140-6736(02)08092-3
https://dx.doi.org/10.1016/j.jpeds.2013.06.013
https://dx.doi.org/10.1111/jir.12390
https://dx.doi.org/10.1093/brain/awy159
https://dx.doi.org/10.1093/brain/awy159
https://dx.doi.org/10.3233/JAD-160836
https://dx.doi.org/10.1016/0047-6374(88)90041-3
https://dx.doi.org/10.1016/S0140-6736(20)30689-9
https://dx.doi.org/10.1016/S0140-6736(20)30689-9
https://dx.doi.org/10.1016/S1474-4422(14)70090-0
https://dx.doi.org/10.1016/S1474-4422(21)00245-3
https://dx.doi.org/10.1002/dad2.12065
https://dx.doi.org/10.1016/S0074-7750(08)00004-9
https://dx.doi.org/10.1002/acn3.571
https://dx.doi.org/10.4172/2472-1115.1000109
https://dx.doi.org/10.4172/2472-1115.1000109
https://dx.doi.org/10.1192/apt.10.1.50
https://dx.doi.org/10.1192/apt.10.1.50
https://dx.doi.org/10.1002/mrdd.20163
https://dx.doi.org/10.1371/journal.pone.0154596
https://dx.doi.org/10.1212/WNL.0000000000000596


21. Montal V, Vilaplana E, Pegueroles J, et al; Dominantly Inherited Alzheimer Network (DIAN). Biphasic cortical

macro- andmicrostructural changes in autosomal dominant Alzheimer’s disease. Alzheimers Dement. 2021;17(4):

618-628. doi:10.1002/alz.12224

22. McGrath J, Saha S, Welham J, El Saadi O, MacCauley C, Chant D. A systematic review of the incidence of

schizophrenia: the distribution of rates and the influence of sex, urbanicity, migrant status andmethodology. BMC

Med. 2004;2:13. doi:10.1186/1741-7015-2-13

23. Egger M, Smith GD, Altman DG, eds. Systematic Reviews in Health Care: Meta-analysis in Context. Wiley; 2001.

24. Higgins JP, Thompson SG. Quantifying heterogeneity in a meta-analysis. Stat Med. 2002;21(11):1539-1558.

doi:10.1002/sim.1186

25. Higgins JPT, Thomas J, Chandler J, et al. Cochrane Handbook for Systematic Reviews of Interventions.

Cochrane Training; 2021. AccessedMay 4, 2022. http://www.training.cochrane.org/handbook

26. Englund A, Jonsson B, Zander CS, Gustafsson J, Annerén G. Changes in mortality and causes of death in the

Swedish Down syndrome population. Am JMed Genet A. 2013;161A(4):642-649. doi:10.1002/ajmg.a.35706

27. Landes SD, Stevens JD, Turk MA. Cause of death in adults with Down syndrome in the United States. Disabil

Health J. 2020;13(4):100947. doi:10.1016/j.dhjo.2020.100947

28. Aylward EH, Li Q, Honeycutt NA, et al. MRI volumes of the hippocampus and amygdala in adults with Down’s

syndromewith and without dementia. Am J Psychiatry. 1999;156(4):564-568. doi:10.1176/ajp.156.4.564

29. Ball SL, Holland AJ, Treppner P, Watson PC, Huppert FA. Executive dysfunction and its association with

personality and behaviour changes in the development of Alzheimer’s disease in adults with Down syndrome and

mild to moderate learning disabilities. Br J Clin Psychol. 2008;47(Pt 1):1-29. doi:10.1348/014466507X230967

30. Bayen E, Possin KL, Chen Y, Cleret de Langavant L, Yaffe K. Prevalence of aging, dementia, andmultimorbidity

in older adults with Down syndrome. JAMA Neurol. 2018;75(11):1399-1406. doi:10.1001/jamaneurol.2018.2210

31. Collacott RA. Epilepsy, dementia and adaptive behaviour in Down’s syndrome. J Intellect Disabil Res.

1993;37(Pt 2):153-160. doi:10.1111/j.1365-2788.1993.tb00582.x

32. Coppus AM, Evenhuis HM, Verberne GJ, et al. Early age at menopause is associated with increased risk of

dementia andmortality in womenwith Down syndrome. J Alzheimers Dis. 2010;19(2):545-550. doi:10.3233/JAD-

2010-1247

33. Coppus A, Evenhuis H, Verberne GJ, et al. Dementia andmortality in personswith Down’s syndrome. J Intellect

Disabil Res. 2006;50(Pt 10):768-777. doi:10.1111/j.1365-2788.2006.00842.x

34. Coppus AM, Evenhuis HM, Verberne GJ, et al. The impact of apolipoprotein E on dementia in persons with

Down’s syndrome. Neurobiol Aging. 2008;29(6):828-835. doi:10.1016/j.neurobiolaging.2006.12.013

35. Coppus AMW, Schuur M, Vergeer J, et al. Plasma β amyloid and the risk of Alzheimer’s disease in Down

syndrome. Neurobiol Aging. 2012;33(9):1988-1994. doi:10.1016/j.neurobiolaging.2011.08.007

36. CosgraveMP, Tyrrell J, McCarronM, Gill M, Lawlor BA. A five year follow-up study of dementia in persons with

Down’s syndrome: early symptoms and patterns of deterioration. Ir J Psychol Med. 2000;17(1):5-11. doi:10.1017/

S0790966700003943

37. Deb S, Braganza J, Norton N, et al. APOE epsilon 4 influences themanifestation of Alzheimer’s disease in

adults with Down’s syndrome. Br J Psychiatry. 2000;176:468-472. doi:10.1192/bjp.176.5.468

38. Devenny DA, Krinsky-McHale SJ, Sersen G, SilvermanWP. Sequence of cognitive decline in dementia in adults

with Down’s syndrome. J Intellect Disabil Res. 2000;44(Pt 6):654-665. doi:10.1111/j.1365-2788.2000.00305.x

39. Evenhuis HM. The natural history of dementia in Down’s syndrome. Arch Neurol. 1990;47(3):263-267. doi:10.

1001/archneur.1990.00530030029011

40. Fonseca LM, Mattar GP, Haddad GG, et al. Frontal-subcortical behaviors during Alzheimer’s disease in

individuals with Down syndrome. Neurobiol Aging. 2019;78:186-194. doi:10.1016/j.neurobiolaging.2019.02.028

41. Hithersay R, Startin CM, Hamburg S, et al. Association of dementia with mortality among adults with Down

syndrome older than 35 years. JAMA Neurol. 2019;76(2):152-160. doi:10.1001/jamaneurol.2018.3616

42. Hodgkins PS, Prasher V, Farrar G, et al. Reduced transferrin binding in Down syndrome: a route to senile

plaque formation and dementia. Neuroreport. 1993;5(1):21-24. doi:10.1097/00001756-199310000-00005

43. Janicki MP, Dalton AJ. Prevalence of dementia and impact on intellectual disability services.Ment Retard.

2000;38(3):276-288. doi:10.1352/0047-6765(2000)038<0276:PODAIO>2.0.CO;2

44. Jones EL, Ballard CG, Prasher VP, et al. An intron 7 polymorphism in app affects the age of onset of dementia

in Down syndrome. Int J Alzheimers Dis. 2010;2011:929102. doi:10.4061/2011/929102

JAMANetworkOpen | Neurology Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910 (Reprinted) May 23, 2022 13/15

Downloaded From: https://jamanetwork.com/ on 09/15/2023

https://dx.doi.org/10.1002/alz.12224
https://dx.doi.org/10.1186/1741-7015-2-13
https://dx.doi.org/10.1002/sim.1186
http://www.training.cochrane.org/handbook
https://dx.doi.org/10.1002/ajmg.a.35706
https://dx.doi.org/10.1016/j.dhjo.2020.100947
https://dx.doi.org/10.1176/ajp.156.4.564
https://dx.doi.org/10.1348/014466507X230967
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2018.2210&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://dx.doi.org/10.1111/j.1365-2788.1993.tb00582.x
https://dx.doi.org/10.3233/JAD-2010-1247
https://dx.doi.org/10.3233/JAD-2010-1247
https://dx.doi.org/10.1111/j.1365-2788.2006.00842.x
https://dx.doi.org/10.1016/j.neurobiolaging.2006.12.013
https://dx.doi.org/10.1016/j.neurobiolaging.2011.08.007
https://dx.doi.org/10.1017/S0790966700003943
https://dx.doi.org/10.1017/S0790966700003943
https://dx.doi.org/10.1192/bjp.176.5.468
https://dx.doi.org/10.1111/j.1365-2788.2000.00305.x
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneur.1990.00530030029011&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneur.1990.00530030029011&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://dx.doi.org/10.1016/j.neurobiolaging.2019.02.028
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2018.3616&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://dx.doi.org/10.1097/00001756-199310000-00005
https://dx.doi.org/10.1352/0047-6765(2000)038%3C0276:PODAIO%3E2.0.CO;2
https://dx.doi.org/10.4061/2011/929102


45. Krinsky-McHale SJ, Devenny DA, Kittler P, SilvermanW. Selective attention deficits associated with mild

cognitive impairment and early stage Alzheimer’s disease in adults with Down syndrome. Am JMent Retard.

2008;113(5):369-386. doi:10.1352/2008.113:369-386

46. Krinsky-McHale SJ, Devenny DA, SilvermanWP. Changes in explicit memory associated with early dementia

in adults with Down’s syndrome. J Intellect Disabil Res. 2002;46(Pt 3):198-208. doi:10.1046/j.1365-2788.2002.

00365.x

47. Lai F, Kammann E, Rebeck GW, Anderson A, Chen Y, Nixon RA. APOE genotype and gender effects on

Alzheimer disease in 100 adults with Down syndrome.Neurology. 1999;53(2):331-336. doi:10.1212/WNL.53.2.331

48. Lai F, Mhatre PG, Yang Y,WangMC, Schupf N, Rosas HD. Sex differences in risk of Alzheimer’s disease in adults

with Down syndrome. Alzheimers Dement (Amst). 2020;12(1):e12084. doi:10.1002/dad2.12084

49. Lai F, Williams RS. A prospective study of Alzheimer disease in Down syndrome. Arch Neurol. 1989;46(8):

849-853. doi:10.1001/archneur.1989.00520440031017

50. Lao PJ, Gutierrez J, Keator D, et al. Alzheimer-related cerebrovascular disease in Down syndrome. Ann Neurol.

2020;88(6):1165-1177. doi:10.1002/ana.25905

51. Lee JH, Gurney S, Pang D, et al. Polymorphisms in HSD17B1: early onset and increased risk of Alzheimer’s

Disease in womenwith Down syndrome. Curr Gerontol Geriatr Res. 2012;2012:361218. doi:10.1155/2012/361218

52. Lin AL, Powell D, Caban-Holt A, et al. (1)H-MRSmetabolites in adults with Down syndrome: effects of

dementia. Neuroimage Clin. 2016;11:728-735. doi:10.1016/j.nicl.2016.06.001

53. Margallo-LanaM, Morris CM, Gibson AM, et al. Influence of the amyloid precursor protein locus on dementia

in Down syndrome. Neurology. 2004;62(11):1996-1998. doi:10.1212/01.WNL.0000129275.13169.BE

54. Margallo-LanaML, Moore PB, Kay DW, et al. Fifteen-year follow-up of 92 hospitalized adults with Down’s

syndrome: incidence of cognitive decline, its relationship to age and neuropathology. J Intellect Disabil Res.

2007;51(Pt. 6):463-477. doi:10.1111/j.1365-2788.2006.00902.x

55. Martins RN, Clarnette R, Fisher C, et al. ApoE genotypes in Australia: roles in early and late onset Alzheimer’s

disease and Down’s syndrome. Neuroreport. 1995;6(11):1513-1516. doi:10.1097/00001756-199507310-00012

56. Naudé PJ, Dekker AD, Coppus AM, et al. Serum NGAL is associated with distinct plasma amyloid-β peptides

according to the clinical diagnosis of dementia in Down syndrome. J Alzheimers Dis. 2015;45(3):733-743. doi:10.

3233/JAD-142514

57. Prasher V. End-stage dementia in adults with Down syndrome. Int J Geriatr Psychiatry. 1995;10(12):

1067-1069. doi:10.1002/gps.930101213

58. Prasher VP, ChungMC, HaqueMS. Longitudinal changes in adaptive behavior in adults with Down syndrome:

interim findings from a longitudinal study. Am J Ment Retard. 1998;103(1):40-46. doi:10.1352/0895-8017(1998)

103<0040:LCIABI>2.0.CO;2

59. Prasher VP, Filer A. Behavioural disturbance in people with Down’s syndrome and dementia. J Intellect Disabil

Res. 1995;39(Pt 5):432-436. doi:10.1111/j.1365-2788.1995.tb00547.x

60. Prasher VP, Sajith SG, Rees SD, et al. Significant effect of APOE epsilon 4 genotype on the risk of dementia in

Alzheimer’s disease andmortality in persons with Down syndrome. Int J Geriatr Psychiatry. 2008;23(11):

1134-1140. doi:10.1002/gps.2039

61. Prasher VP. Down syndrome, dementia andmacrocytosis. Br J Dev Disabil. 1994;40(79):131-134. doi:10.1179/

bjdd.1994.016

62. Raghavan R, Khin-Nu C, Brown AG, et al. Gender differences in the phenotypic expression of Alzheimer’s

disease in Down’s syndrome (trisomy 21).Neuroreport. 1994;5(11):1393-1396.

63. RoystonMC, Mann D, Pickering-Brown S, et al. Apolipoprotein E epsilon 2 allele promotes longevity and

protects patients with Down’s syndrome from dementia. Neuroreport. 1994;5(18):2583-2585. doi:10.1097/

00001756-199412000-00044

64. Schupf N, Lee JH,Wei M, et al. Estrogen receptor-alpha variants increase risk of Alzheimer’s disease in women

with Down syndrome. Dement Geriatr Cogn Disord. 2008;25(5):476-482. doi:10.1159/000126495

65. Schupf N, Patel B, SilvermanW, et al. Elevated plasma amyloid beta-peptide 1-42 and onset of dementia in

adults with Down syndrome. Neurosci Lett. 2001;301(3):199-203. doi:10.1016/S0304-3940(01)01657-3

66. Schupf N, Winsten S, Patel B, et al. Bioavailable estradiol and age at onset of Alzheimer’s disease in

postmenopausal womenwith Down syndrome.Neurosci Lett. 2006;406(3):298-302. doi:10.1016/j.neulet.2006.

07.062

67. Sekijima Y, Ikeda S, Tokuda T, et al. Prevalence of dementia of Alzheimer type and apolipoprotein E

phenotypes in aged patients with Down’s syndrome. Eur Neurol. 1998;39(4):234-237. doi:10.1159/000007940

JAMANetworkOpen | Neurology Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910 (Reprinted) May 23, 2022 14/15

Downloaded From: https://jamanetwork.com/ on 09/15/2023

https://dx.doi.org/10.1352/2008.113:369-386
https://dx.doi.org/10.1046/j.1365-2788.2002.00365.x
https://dx.doi.org/10.1046/j.1365-2788.2002.00365.x
https://dx.doi.org/10.1212/WNL.53.2.331
https://dx.doi.org/10.1002/dad2.12084
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archneur.1989.00520440031017&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://dx.doi.org/10.1002/ana.25905
https://dx.doi.org/10.1155/2012/361218
https://dx.doi.org/10.1016/j.nicl.2016.06.001
https://dx.doi.org/10.1212/01.WNL.0000129275.13169.BE
https://dx.doi.org/10.1111/j.1365-2788.2006.00902.x
https://dx.doi.org/10.1097/00001756-199507310-00012
https://dx.doi.org/10.3233/JAD-142514
https://dx.doi.org/10.3233/JAD-142514
https://dx.doi.org/10.1002/gps.930101213
https://dx.doi.org/10.1352/0895-8017(1998)103%3C0040:LCIABI%3E2.0.CO;2
https://dx.doi.org/10.1352/0895-8017(1998)103%3C0040:LCIABI%3E2.0.CO;2
https://dx.doi.org/10.1111/j.1365-2788.1995.tb00547.x
https://dx.doi.org/10.1002/gps.2039
https://dx.doi.org/10.1179/bjdd.1994.016
https://dx.doi.org/10.1179/bjdd.1994.016
https://www.ncbi.nlm.nih.gov/pubmed/7919207
https://dx.doi.org/10.1097/00001756-199412000-00044
https://dx.doi.org/10.1097/00001756-199412000-00044
https://dx.doi.org/10.1159/000126495
https://dx.doi.org/10.1016/S0304-3940(01)01657-3
https://dx.doi.org/10.1016/j.neulet.2006.07.062
https://dx.doi.org/10.1016/j.neulet.2006.07.062
https://dx.doi.org/10.1159/000007940


68. Sinai A, Hassiotis A, Rantell K, Strydom A. Assessing specific cognitive deficits associated with dementia in

older adults with Down syndrome: use and validity of the arizona cognitive test battery (ACTB). PLoS One. 2016;11

(5):e0153917. doi:10.1371/journal.pone.0153917

69. Sinai A, Mokrysz C, Bernal J, et al. Predictors of age of diagnosis and survival of Alzheimer’s disease in Down

syndrome. J Alzheimers Dis. 2018;61(2):717-728. doi:10.3233/JAD-170624

70. StartinCM,HamburgS,HithersayR, et al; LonDownSConsortium.Cognitivemarkers of preclinical andprodromal

Alzheimer’s disease inDown syndrome.AlzheimersDement. 2019;15(2):245-257. doi:10.1016/j.jalz.2018.08.009

71. Tsiouris JA, Patti PJ, Flory MJ. Effects of antidepressants on longevity and dementia onset among adults with

Down syndrome: a retrospective study. J Clin Psychiatry. 2014;75(7):731-737. doi:10.4088/JCP.13m08562

72. Tyrrell J, CosgraveM, McCarronM, et al. Dementia in people with Down’s syndrome. Int J Geriatr Psychiatry.

2001;16(12):1168-1174. doi:10.1002/gps.502

73. Vaughan RM, McGee C, Guerin S, Tyrrell J, Dodd P. The challenges of diagnosis and treatment of dementia in

Down’s syndrome. Ir J Psychol Med. 2016;33(3):151-158. doi:10.1017/ipm.2016.1

74. Visser FE, Aldenkamp AP, van Huffelen AC, KuilmanM, Overweg J, vanWijk J. Prospective study of the

prevalence of Alzheimer-type dementia in institutionalized individuals with Down syndrome. Am JMent Retard.

1997;101(4):400-412.

75. Wisniewski KE, Dalton AJ, McLachlan C, Wen GY, Wisniewski HM. Alzheimer’s disease in Down’s syndrome:

clinicopathologic studies. Neurology. 1985;35(7):957-961. doi:10.1212/WNL.35.7.957

76. ZhaoQ, Lee JH, PangD, et al. Estrogen receptor-beta variants are associatedwith increased risk of Alzheimer’s

disease inwomenwith down syndrome.DementGeriatr CognDisord. 2011;32(4):241-249. doi:10.1159/000334522

77. ZigmanWB, Schupf N, Jenkins EC, Urv TK, Tycko B, SilvermanW. Cholesterol level, statin use and Alzheimer’s

disease in adults with Down syndrome. Neurosci Lett. 2007;416(3):279-284. doi:10.1016/j.neulet.2007.02.023

78. Bejanin A, Iulita MF, Vilaplana E, et al. Association of apolipoprotein e ε4 allele with clinical andmultimodal

biomarker changes of Alzheimer disease in adults with Down syndrome. JAMA Neurol. 2021;78(8):937-947. doi:

10.1001/jamaneurol.2021.1893

79. Hendrix JA, Amon A, Abbeduto L, et al. Opportunities, barriers, and recommendations in down syndrome

research. Transl Sci Rare Dis. 2021;5(3-4):99-129. doi:10.3233/TRD-200090

80. Rasmussen SA, Wong LY, Correa A, Gambrell D, Friedman JM. Survival in infants with Down syndrome,

metropolitan Atlanta, 1979-1998. J Pediatr. 2006;148(6):806-812. doi:10.1016/j.jpeds.2006.01.010

81. Bateman RJ, Xiong C, Benzinger TL, et al; Dominantly Inherited Alzheimer Network. Clinical and biomarker

changes in dominantly inherited Alzheimer’s disease. N Engl J Med. 2012;367(9):795-804. doi:10.1056/

NEJMoa1202753

SUPPLEMENT.

eAppendix.Methods and Results

eTable 1. Pubmed Search Strategy and Hits Retrieved

eTable 2.Quality and Rigor Assessment of Included Studies

eTable 3. Extraction of Death Certificate Data of Down Syndrome From CDC Records

eTable 4. Summary Characteristics of Eligible Studies

eTable 5. Extracted Data From 44 Studies on Age at Onset of Alzheimer Disease

eTable 6. Extracted Data From 9 Studies on Age at Death of Alzheimer Disease

eTable 7. Extracted Data From 7 Studies on Duration of Alzheimer Disease

eFigure 1. PRISMA Flow Diagram

eFigure 2. Association of Risk of Bias and Age at Onset Estimate

eFigure 3. Association of Biological Sex and Age at Onset Estimate

eFigure 4. Association of APOE Genotype and Age at Onset Estimate

eFigure 5. Association of Data Source and Age at Onset Estimate

eFigure 6. Association of Geographic Location and Age at Onset Estimate

eFigure 7. Association of Sample SizeWith Age at Onset Estimate

eFigure 8. Variability in Age at Onset

eFigure 9. Effect of Sample Size on Variability Estimates

eFigure 10. Concordance Between Estimated and Real Distribution of Age at Death

eFigure 11.Distribution of Age at Death in PersonsWith Down Syndrome in the USA

eFigure 12.Difference Between the Estimated and Observed Age at Death of PeopleWith Down Syndrome in the

USA Between 1968-2018

eReferences.

JAMANetworkOpen | Neurology Association of Alzheimer DiseaseWith Life Expectancy in PeopleWith Down Syndrome

JAMA Network Open. 2022;5(5):e2212910. doi:10.1001/jamanetworkopen.2022.12910 (Reprinted) May 23, 2022 15/15

Downloaded From: https://jamanetwork.com/ on 09/15/2023

https://dx.doi.org/10.1371/journal.pone.0153917
https://dx.doi.org/10.3233/JAD-170624
https://dx.doi.org/10.1016/j.jalz.2018.08.009
https://dx.doi.org/10.4088/JCP.13m08562
https://dx.doi.org/10.1002/gps.502
https://dx.doi.org/10.1017/ipm.2016.1
https://www.ncbi.nlm.nih.gov/pubmed/9017086
https://www.ncbi.nlm.nih.gov/pubmed/9017086
https://dx.doi.org/10.1212/WNL.35.7.957
https://dx.doi.org/10.1159/000334522
https://dx.doi.org/10.1016/j.neulet.2007.02.023
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2021.1893&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2022.12910
https://dx.doi.org/10.3233/TRD-200090
https://dx.doi.org/10.1016/j.jpeds.2006.01.010
https://dx.doi.org/10.1056/NEJMoa1202753
https://dx.doi.org/10.1056/NEJMoa1202753

