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Abstract 

Health-care professionals, patients, and families seek as much information as possible about 

prognosis for patients with Alzheimer’s disease (AD); however we do not yet have a robust 

understanding of how demographic factors predict prognosis. We evaluated associations between 

age at presentation, age of onset and symptom length with cognitive decline as measured using the 

mini-mental state examination (MMSE) and clinical dementia rating sum-of-boxes (CDR-SOB) in a 

large dataset of AD patients. Age at presentation was associated with post-presentation decline in 

MMSE (p<0.001), with younger patients showing faster decline. There was little evidence of an 

association with change in CDR-SOB. Symptom length, rather than age, was the strongest predictor 

of MMSE and CDR-SOB at presentation, with increasing symptom length associated with worse 

outcomes. The evidence that younger AD patients have a more aggressive disease course implies 

that early diagnosis is essential.     

Keywords: Age Factors; Alzheimer Disease; cognition; age of onset; cognitive decline  

 

1. Introduction 

Dementia is a syndrome affecting more than 35 million people worldwide, with numbers predicted 

to increase to more than 65 million by 2030 [1]. Alzheimer’s disease (AD) is the commonest cause of 

dementia. Understanding the extent to which AD disease severity and progression vary with the age 

of the patient is important. Elucidating age-related associations not only aids understanding of the 

disease, but also allows clinicians and patients to have more precise and accurate information 

regarding prognosis.  

There is a suggestion that younger onset AD or all-cause dementia patients have a higher rate of 

disease progression measured using neuropsychological test changes over time [2-5].  However, 
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severity at clinical assessment varies, with most studies showing no association with age and three 

reporting worse cognition in younger cases compared with older cases [6-8].  

Different age variables (age at presentation, at diagnosis, at symptom onset, at cognitive decline) 

can be used in studies investigating associations between age and disease progression, presenting 

challenges both when designing studies and when performing statistical analysis. Age at 

presentation and/or age at diagnosis are usually accurately recorded in prospective studies, whilst 

ages at symptom onset (age at decline) is often based on patient or caregiver’s recall in discussion 

with a clinician. Clinical associations with each of these various ages can potentially be different, 

particularly if symptom length (which can be expressed as time from symptom onset to either age at 

presentation or age at diagnosis) is a strong predictor of disease progression. Additionally, 

interpretation of each of these age associations is changed if symptom length is used as a covariate 

in the analysis.  

In the dataset used in this study, age at presentation and recalled age at onset (age at decline) were 

available. Symptom length was computed as the difference between these ages. Our primary aim 

was to investigate the associations between these variables (age of onset, presentation and 

symptom length) and disease progression (change in cognitive scores) over time. Our secondary aim 

was to understand whether similar associations were found with disease severity (cognitive status 

scores) at presentation. We hypothesized that younger age of presentation or onset would be 

associated with greater decline in cognitive status scores.  

 

2. Materials and Methods 

2.1.  Subjects 

We used data from AD patients collected by the National Alzheimer’s Coordinating Center (NACC, 

n=7154). NACC developed and maintains a database of standardized clinical research data from 
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individuals with normal cognition, mild cognitive impairment and degenerative diseases collected 

from 34 past and present NIA-funded ADCs from across the USA. The study was approved by an 

institutional review board at each institution and is in line with the Helsinki Declaration of 1975. 

NACC recruitment and data collection has been described previously [9]. Data included patients seen 

at ADCs from the beginning of data collection in 2005 and June 2012. Subjects included in our study 

had to have dementia and a diagnosis of probable or possible AD according to standard diagnostic 

criteria [10] at first NACC visit.  We only included subjects who had a recorded age of onset, mini-

mental state examination (MMSE) at baseline and educational attainment.  Notably, only a subset of 

subjects had follow-up visits (approximately half) and so progression of disease was only measurable 

in these subjects.  

 

2.2. Variables  

We used the following variables in our analyses: age at first NACC clinic presentation, age of onset 

(age of decline) defined as a clinician’s estimate of the age at which cognitive decline began (prior to 

NACC presentation), length of symptoms (calculated as age of first NACC clinic presentation minus 

age of onset), ADC, MMSE, clinical dementia rating sum-of-boxes (CDR-SOB), gender, years of 

education, first predominant cognitive symptom and apolipoprotein E (APOE) ε4 genotype.  

The timing of collection of variables was as follows: age at presentation was the age of the patient at 

first NACC visit; NACC visits can sometimes follow an initial clinical assessment visit either at an ADC 

or another center dependent on each center’s recruitment practice. Age of onset and first 

predominant cognitive symptom was recorded at first visit by the clinician. First predominant 

cognitive symptom was based on the clinician’s opinion following discussion with the patient and 

caregiver and review of the cognitive profile.  Testing for cross-sectional MMSE and CDR-SOB scores 

occurred at the first NACC visit. The longitudinal annualized differences in MMSE and CDR-SOB 
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scores were calculated from the difference between scores recorded at first and second visits for 

those subjects with follow up.  

MMSE and CDR sum of boxes at first NACC visit were used as measures of cognitive status. ADC was 

included as a covariate in all analyses to attempt to allow for the fact that there may be variation in 

the recording of age of onset across centers [11] or scheduling of patients for first NACC visit. 

Gender and years of education were used in analyses of cognitive status variables to allow for 

differences in scores attributable to these potential confounders. We excluded subjects from the 

longitudinal analyses who had an interval of <180 days between their first two visits in order to 

minimize practice effects. Notably, some subjects who had a repeat CDR-SOB did not have a repeat 

MMSE and therefore numbers of subjects included varied between these analyses. Since change in 

cognitive status scores over time might be related to baseline score, we included baseline score as a 

covariate in these longitudinal analyses. 

2.3. Statistical analysis 

In order to examine whether the age of onset or that at presentation, or the difference between the 

two (symptom length), was most important we first separately assessed these before then fitting a 

model with both age of presentation and symptom length as predictors (age at onset then being 

omitted as it can be derived from the other two). To investigate potential non-linear associations 

between the variables investigated, we used generalized additive models using the gam function in 

the mgcv package in R. These permit flexible estimation and testing of non-linear associations [12].  

For longitudinal analyses separate generalized additive regression models relating annualized 

change in MMSE score to each of i) age at presentation, ii) age of onset and iii) symptom length were 

fitted. The associations of these ages and symptom length variables with change in MMSE were 

modelled non-linearly using default thin plate regression splines, with the smoothing parameter 

estimated using generalized cross-validation. Models including both age at presentation and 
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symptom length as covariates were also fitted. Gender and years of education were included as 

linear covariates, and MMSE score at the first NACC visit was included non-linearly using a thin plate 

spline. Random ADC effects were included for all models. Analogous models for the annualised CDR-

SOB change, with gender, years of education and the CDR-SOB score at the first NACC visit as 

covariates were also fitted. To aid interpretation of differences between younger and older onset 

cases, similar analyses using a binary <65 years vs ≥65 years age at presentation cut-off were also 

fitted. Further models with change in MMSE as the outcome variable were fitted in subjects who 

performed above floor (0) at first and second NACC visit, and again re-fitted in subjects who had a 

first NACC visit score of >9, to assess whether results were influenced by those who fall to floor or 

who were severe at baseline. Similarly, we fitted further CDR change models excluding those who 

were at floor (18) at either first NACC visit and second NACC visit and then again excluding those 

with a first NACC visit score >14. These cut-off scores for MMSE and CDR-SOB are arbitrary but 

should reduce the chances of results being materially influenced by those whose score reductions 

are less than they would be were there no floor effects.  

Similarly, for cross-sectional analyses separate generalized additive regression models relating each 

of first visit MMSE score and first visit CDR-SOB to each of i) age at presentation, ii) age of onset and 

iii) symptom length were fitted. Models including both age at presentation and symptom length as 

predictors were also fitted. Gender and years of education (linearly) were included in all these 

models. Again, additional models were also fitted with age at presentation, dichotomized at 65 

years, to assess differences between older and younger presenting cases.  

To assess whether our results were affected by disease presentation, as this has been shown to be 

associated with age of presentation [13],  we refitted all models adjusting additionally for first 

cognitive symptom where this was known (categories: memory; judgment and problem solving; 

language; visuospatial function; attention/concentration; “other”; fluctuating cognition; no 
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symptom). Similarly we refitted all models adjusting for APOE ε4 status in the subset of patients in 

which this was tested.  

For the results of all analyses plots showing predicted values of each dependent variable against 

either age at presentation or symptom length are shown. Predictions are for individuals with values 

of other covariates that are typical of those in the dataset, and with the ADC (mean zero) random 

effect set to zero. The plots include 95% pointwise confidence intervals and p-values testing the null 

hypothesis that age at presentation or symptom length has no independent association with the 

dependent variable are provided. We note that as described by Wood [12], both the confidence 

intervals and p-values are approximate, since their derivations ignore uncertainty induced through 

selection of the smoothing parameter. 

3. Results 

Summary demographic information for the group is reported in Table 1.  7154 subjects were 

included in the cross-sectional analysis and were on average 75 years old when presenting for their 

first NACC visit and ranged in age at presentation between 36 and 104 years and age at onset 

between 20 and 103 years. Slightly more than half were female and subjects were typically mild-to-

moderately demented with MMSE scores around 19 out of 30. The subset with longitudinal data 

(n=3960) were not markedly different from the cross-sectional dataset. 

 Cross-sectional dataset Longitudinal dataset  

N 7154 3960 

N Alzheimer Disease Centers 33 31 

Age at first presentation, years 75.5 (9.6) 75.1 (9.5) 

Age at onset, years 70.7 (9.7) 70.2 (9.6) 

Symptom length, years 4.8 (3.4) 4.8 (3.3) 
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Gender % women 55.9 53.1 

N Probable AD (%)  5953 (83.2) 3353 (84.7) 

Education, years  13.9 (3.8) 14.2 (3.7) 

MMSE at first presentation, /30 19.4 (6.8) 20.5 (6.1) 

MMSE at second presentation, /30 ^ N/A 18.4 (7.0)  

CDR SOB at first presentation, /18  6.7 (4.1) 6.1 (3.7) 

CDR SOB at second presentation, /18 N/A 7.8 (4.4) 

Interval between visits 1 and 2 for MMSE, days 

^ 

N/A 425.0 (137.9) 

Annualised change in MMSE (points/year) ^ N/A -2.1 (3.6) 

Interval between visits 1 and 2 for CDR sum of 

boxes, days  

N/A 427.2 (141.7) 

Annualised change in CDR sum of boxes 

(points/year) 

N/A 1.5 (2.3) 

First 

predominant 

cognitive 

symptom % # 

Memory  89.2 90.1 

Judgment and problem 

solving 

3.6 3.1 

Language 4.0 3.7 

Visuospatial function 2.2 2.3 

Attention / concentration 0.6 0.5 

“Other” 0.4 0.4 

Fluctuating cognition 0.1 0.0 

No symptom 0.0 0.0 

APOE ε4 status %0, 1, 2 alleles ¥ 42.2, 45.4, 12.4 41.6, 45.7, 12.7 
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Table 1 Summary demographics and cognitive status scores for cross-sectional and longitudinal 

analyses. Mean (SD) unless otherwise stated. 

^ data available in 3816; # data available in 7134 for cross-sectional analysis and 3955 for 

longitudinal; ¥ data available in 4885 for cross-sectional analysis and 3052 for longitudinal; N/A - not 

applicable  

Figures 1a-c illustrate the estimated relationships between rates of change in MMSE between NACC 

visits 1 and 2 and ages of presentation and onset and symptom length. The predictions and 

confidence intervals shown relate specifically to a female with 14 years of education, an MMSE at 

presentation of 20, from an ADC with random effect equal to zero; altering one or more of these 

choices will change all of the predictions by a constant amount, but leave the form of the 

relationship unchanged. There was strong evidence (p<0.001) that the rate of change (adjusted for 

sex, years of education and baseline MMSE) depends on age at presentation with the greatest rates 

of decline seen at younger ages. The rates of decline decrease with increasing age up to around age 

80, then appear to plateau. There was no evidence that symptom length was related to the rate of 

change in MMSE when considered alone (p=0.11) or after adjustment for age at presentation 

(p=0.29, figure 1e). As a consequence of this, the association with age of onset was similar to that 

with age of presentation (p<0.001) and adjustment for symptom length had little impact on the 

association with age at presentation (figure 1d). Coefficients of gender and (linear) education are 

shown in supplementary table 1 for these models assessing ages and symptom length as continuous 

variables. From the model where age at presentation was dichotomized it was estimated that after 

adjustment for symptom length, gender, education, baseline MMSE and ADC, those presenting 

below the age of 65 years declined by 0.69 (95% CI 0.37 to 1.02, p<0.001) points per year more than 

those presenting at age 65 or above. 
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From analogous models for rates of change in CDR-SOB there was borderline statistically significant 

evidence of an association (adjusted for sex, years of education and baseline CDR-SOB) between age 

at presentation and rate of change in CDR-SOB (p=0.05, and p=0.03 with additional adjustment for 

symptom length). The observed relationship was approximately “u”-shaped in form with the 

youngest and oldest presenting cases having the largest rates of change. There was no evidence of 

an association between CDR-SOB change and age at onset (p=0.16) or symptom length (p=0.43). 

From the dichotomized model, after adjustment for symptom length, gender, education, baseline 

CDR-SOB and ADC, there was no evidence (p=0.92) that change in CDR-SOB differed between those 

presenting below the age of 65 and those presenting at age 65 or above. 

  

1a  

 

2a  
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1b  

 

2b  

 

1c  

 

2c  
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1d  2d  

 

1e 

 

2e 

 

Figure 1. Plots of predicted change in MMSE (points per year) with 95% pointwise confidence 

intervals with predictors being: a) age of presentation, b) age of onset, c) symptom length, d) age 

of presentation adjusted for symptom length and e) symptom length adjusted for age of 

presentation.  Predictions are for a female subject, with 14 years of education, and a MMSE at 

presentation of 20. In plot d) the prediction is for a patient with symptom length 5 years. In plot e) 

the prediction is for a patient with age of presentation 75 years. 

Figure 2. Plots of the predicted change in CDR-SOB (points per year) with 95% pointwise 

confidence intervals with predictors being: a) age of presentation b) age of onset, c) symptom 

length, d) age of presentation adjusted for symptom length and e) symptom length adjusted for 

age of presentation.  Predictions are for a female subject, with 14 years of education, and a CDR-

SOB at presentation of 7. In plot d) the prediction is for a patient with symptom length 5 years. In 

plot e) the prediction is for a patient with age of presentation 75 years. 
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Figures 3a-c show the relationships between MMSE at first visit and age of presentation, onset and 

symptom length. The predictions and confidence intervals shown relate specifically to a female with 

14 years of education and ADC random effect equal to zero; as above altering one or both of these 

choices will change all of the predictions by a constant amount, but leave the form of the 

relationship unchanged. Figures 3d and 3e show the mutually adjusted associations with age at 

presentation and symptom length. There was evidence of an association between age at 

presentation and MMSE when analyzed in the separate model with the relationship a shallow 

inverted “u” (figure 3a, p<0.001). There was a positive relationship between age of onset and MMSE 

(figure 3b, p<0.001). The relationship between symptom length and MMSE was “u” shaped, 

although the predictions of MMSE for large symptom lengths were imprecise due to the limited 

number of patients with such long symptom lengths (figure 3c, p<0.001). The co-adjusted 

relationships between age of presentation and symptom length with MMSE at baseline remained 

significant and similar in form (figures 3d and 3e, both p<0.001). Coefficients for the effects of 

gender and education for these models where ages and symptom length are analysed as continuous 

variables are shown in supplementary table 1. From the model where age at presentation was 

dichotomised it was estimated that after adjustment for symptom length, gender, education and 

ADC, those with an age at presentation of 65 years or above had a mean MMSE at first visit 1.37 

(95% CI 0.95 to 1.78, p<0.001) points higher than those presenting below 65 years. 

There was evidence of an association between age at presentation and CDR-SOB (see Figure 4a, 

p<0.001); little relationship was discernable until 70 years from which point an older age of 

presentation was associated with poorer scores. There was a small association of age of onset with 

CDR-SOB, with older ages associated with better scores (see figure 4b, p=0.02). Symptom length 

showed an inverted “u” shaped relationship with CDR-SOB (see figure 4c, p<0.001). The associations 

between CDR-SOB with age at presentation and symptom length in the co-adjusted model remained 

significant (figures 4d and 4e, p<0.001 both tests), with their independent associations remaining 
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largely unchanged. From the dichotomised model, after adjustment for symptom length, gender, 

education and ADC, those presenting at 65 years and above had CDR-SOB at first visit 0.11 lower 

(95% CI -0.14 to 0.35, p=0.40). 

 

 

3a 

 

4a  

 

3b  

 

4b  
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3e  4e  

 

Figure 3. Plots of predicted MMSE at first visit with 95% pointwise confidence intervals with 

predictors being: a) age of presentation, b) age of onset, c) symptom length, d) age of presentation 

adjusted for symptom length and e) symptom length adjusted for age of presentation.  Predictions 

are for a female subject with 14 years of education. In plot d) the prediction is for a patient with 

symptom length 5 years. In plot e) the prediction is for a patient with age of presentation 75 years. 

Figure 4. Plots of predicted CDR-SOB at first visit with 95% pointwise confidence intervals with 

predictors being: a) age of presentation, b) age of onset, c) symptom length, d) age of presentation 

adjusted for symptom length and e) symptom length adjusted for age of presentation.  Predictions 

are for a female subject with 14 years of education. In plot d) the prediction is for a patient with 

symptom length 5 years. In plot e) the prediction is for a patient with age of presentation 75 years. 

Adjusting for APOE ε4 meant that the relationship between symptom length and MMSE change 

became borderline significant in the separate model (p=0.03, see supplementary figure 1); this 

relationship was not significant when additionally adjusting for age of presentation (p=0.09). For 

CDR-SOB change, excluding those who scored at floor at either timepoint or those who scored >14 

at baseline or adjusting for APOE ε4 meant the borderline significant result between age of 

presentation and score change became non statistically significant in individual models (p>0.05, all 

tests) as well as the model for APOE ε4 additionally adjusted for symptom length (p=0.3). In all other 

analyses where poor performers were excluded or models were adjusted for APOE ε4 or first 

predominant cognitive symptom, results did not materially change.   

 

4. Discussion  
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We found strong evidence that the AD subjects who presented at younger ages subsequently 

progressed faster with respect to MMSE. For CDR-SOB, those who presented at younger ages 

progressed more quickly, as did those at the oldest ages; across the middle of the age range the 

relationship appeared quite flat.  There was no evidence that symptom length was associated with 

MMSE or CDR-SOB progression with or without adjustment for age at presentation. Little influence 

of gender was seen in these longitudinal analyses; higher educational attainment was associated 

with greater cognitive decline (supplementary table 1).  

Analysis of first visit results revealed that increased age at presentation was associated with better 

MMSE scores up to about 70 years. From 70 years an increase in age was associated with both 

poorer MMSE and CDR scores. Symptom length had a strong relationship with both MMSE and CDR-

SOB with a longer symptom length (up to 20 years) associated with poorer scores. In the co-adjusted 

models a higher age of presentation was associated with better scores on both tests until 70 years. 

From that point an increase in age was associated with poorer scores. A higher age of onset was 

associated with better MMSE and CDR scores. The differing forms of the relationships with age at 

presentation and age at onset are linked to the effect of symptom length. The down turn in the 

association with age at presentation at older ages being a reflection of the fact that those with the 

oldest presentations are likely to have long symptom lengths (associated with worse outcomes) 

despite their likely late age at onset (associated more weakly with better outcomes).   Women 

tended to perform more poorly than men on MMSE and CDR-SOB allowing for educational 

attainment; greater education was associated with better baseline cognitive performance 

(supplementary table 1).  

Longitudinal results show earlier-presenting AD cases are associated with more aggressive disease 

progression. Longitudinal CDR-SOB results also suggest that later presenting cases from the 10th 

decade onwards may experience more aggressive disease progression. This latter association may be 

due to fact that older patients are more likely to be frail and have comorbid conditions which are 



18 

 

associated with more rapid decline. Cross-sectional results are more complicated with increased 

symptom length (up to around 15 years) being a predictor of poorer cognitive status at baseline. 

Earlier age of presentation before 70 years and later age after 70 years was associated with more 

severe disease at baseline. The effect prior to 70 may again be explained by a more aggressive 

disease at earlier ages. The effect after 70 years may be in part due to bias: older patients are more 

likely to have memory deficits (at least at first) and older patients may expect memory to decline 

with age and therefore it may take them longer to seek help and obtain an appointment. The fact 

that higher educational attainment was associated with greater decline (see supplementary table 1), 

but better cognitive status at baseline, may be related to increased cognitive reserve in those with 

more education [14].  

Other biases are important to consider when interpreting these results, in particular inaccuracies in 

recording of ages at presentation and symptom length. There will be inaccuracy in symptom length 

due to inaccurate recall of age of onset [11]. Additionally, if some patients have appointments 

postponed and others do not, or if some patients have easier access to medical care whilst others do 

not, then this will impact on with age at presentation. It is plausible that at least some of the 

between-subject variability in ages at presentation and symptom lengths will be due to factors 

unrelated to the disease and so these effects will be akin to those induced by random measurement 

error in predictor variables in regression models. It is known that such measurement error induces 

bias [15]: in simple linear regression models the true effect is always attenuated (hence the bias is 

sometimes termed regression dilution bias [16]), but in multiple regression models this need not be 

the case. Here, where errors due to presentation variability and inaccurate recall variability are likely 

to have different magnitudes it is difficult to anticipate the impact. This means that associations of 

small magnitude in particular need to be interpreted cautiously.  

Previously only relatively small and often single-site studies have investigated relationships between 

age and features of AD such as progression and cognitive status. Different definitions of symptom 
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length, age of onset and age of presentation have been used across studies and the age variable 

used in analyses to dichotomize subjects or used as a continuous predictor varies also. The type and 

structure of healthcare systems from which patient data are derived may also influence results. Our 

results presented here may indicate that studies assessing change in cognitive status score are more 

robust to the choice of age variable used as a predictor compared with those assessing relationships 

between baseline cognitive status and age. We also found that associations of scores with age and 

symptom length are largely non-linear. This means that the range of ages included in studies as well 

as the distribution of ages will affect associations seen.  

A number of studies have found evidence using serial neuropsychology that the rate of progression 

decreased with increased age of symptom onset or age at assessment [2-4,17-22]. One study 

reported older age to be associated with greater decline [23]. One early study showed rate of 

progression in a dementia ratings scale to be higher in older onset cases [24].  

Two studies have found that longer symptom lengths are associated with poorer cognitive function 

at assessment [18,22]. A number of studies have found no evidence of a relationship between 

MMSE (including modified versions) and age of symptom onset, disease onset, caregiver-noted 

substantive change, or diagnosis [3,5,25-31]; whereas others found lower MMSE at first time-point 

in younger diagnosed, assessed or symptom onset cases [6-8], in keeping with our own findings. Two 

studies of the same patients reported CDR-SOB and found no evidence of a difference according to 

age of symptom onset [19,28]. All of these studies either dichotomized subjects, placed them into 

tertiles or performed linear analyses. The nature of the relationships we found between 

presentation age and cognitive scores may partly explain the apparent discrepancies amongst the 

literature, particularly if different ranges and distributions of ages are included.   

Imaging studies have demonstrated that AD or mild cognitive impairment patients who progress to 

AD have lower rates of tissue loss at older ages [32,33]. Further, another study has revealed younger 
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cases having greater progressive cortical thinning in association cortices, whereas only a small area 

of the medial temporal lobe was thinning more quickly in older cases [19]. In addition, increased 

subcortical structural decline has been demonstrated in younger as opposed to older cases [28]. EEG 

analysis has demonstrated that younger cases have more severe slowing of spontaneous oscillatory 

activity than older cases [31] as well as more common focal and diffuse EEG abnormalities [7].  

Cerebrospinal fluid analysis has also demonstrated younger cases having more amyloid pathology 

(as well as being more severe according to MMSE) [6]. These findings together with our own provide 

multiple lines of evidence of a differing and more aggressive course in younger onset patients. 

Interestingly, results did not greatly change when adjusting for APOE ε4. Since APOE ε4 is not only 

associated with greater risk of AD but also with earlier age of onset, this means there are likely other 

genes or variables which are associated with earlier age of onset and increased rate of decline.  

These other variables might be co-morbidities [34] and/or identified risk factors such as low 

education in early life, hypertension and obesity in midlife or smoking, depression or social isolation 

in late life [35].  Other predictors, such as subtle atrophy patterns in the posterior of the brain, may 

also indicate faster decline [36]. Clinically, this means that younger onset patients would benefit 

from early diagnosis, in order that they gain key prognostic information and can make appropriate 

plans, before they become severely affected.  

The major strengths of this study are the multi-site and systematic nature of data collection, 

combined with the assessment of two commonly used methods to assess cognitive status (CDR and 

MMSE). One limitation with this study is that we only had evidence for change in cognitive status 

measures in a subset of the subjects owing to the nature of the clinical data collection.  It may be 

that those subjects with second NACC visit neuropsychology are different to those who are not 

followed, which may bias results if the probability of having a second visit is related to change in 

cognitive status score. Other work using linear regression models has shown that changes in scores 

such as MMSE are variable amongst AD patients; 95% of patients have changes between -7.15 and 
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+0.33 points per year and with test-retest differences over a 1 month interval ranging from  +7 

points to -8 points. This means that on an individual level, MMSE may not be appropriate to track 

changes in cognition, particularly over short intervals [23]. Other cognitive tests are available from 

NACC [9]. We did not investigate the effects of both age variables and symptom length on all tests 

available although this may be an avenue of future research.  Further we did not include 

neuropathological information in these subjects in order to be as inclusive as possible of the subjects 

seen at ADCs; it is possible that neuropathological data are biased towards more atypical cases of 

AD. In addition many of these patients may have presented earlier to a specialist, but then were 

referred to an ADC due to interest in research.  This procedure may differ across ADCs and be a 

source of noise in the dataset. However, we adjusted for ADC in our analyses and for symptom 

length, which should allow for some aspects of this confounding issue. This is also why we use the 

term “age at presentation” rather than “age at diagnosis”. NACC co-ordinates academic AD centers 

which may have more difficult and complex cases compared with community-based AD clinics, thus 

limiting generalizability of our findings to the wider AD population. Finally, using the analytical 

approach we chose, the derived confidence intervals understate uncertainty which may mean 

significance (p-values) is overstated.  

In summary, our study demonstrates in a large AD cohort that differences exist in disease course 

according to age at presentation and onset. We found the strongest predictor of progression was 

age rather than symptom length (younger age associated with quicker progression and therefore 

implying more aggressive disease) and that the strongest predictor of disease severity at first visit 

was symptom length rather than age (longer symptom length up to two decades associated with 

greater severity).  Understanding the course of Alzheimer’s disease and those variables that can 

influence this course is extremely important and may influence clinical services. The finding that 

younger AD patients have a more aggressive disease course implies that early diagnosis is essential.     

 



22 

 

Acknowledgements including sources of support 

J Barnes is funded by an Alzheimer’s Research UK Senior Fellowship. The Dementia Research Centre 

is supported by Alzheimer's Research UK, Brain Research Trust, and The Wolfson Foundation. This 

work was supported by the NIHR Queen Square Dementia Biomedical Research Unit and the 

National Institute for Health Research Biomedical Research Centre (BRC). The NACC database is 

funded by NIA/NIH Grant U01 AG016976. NACC data are contributed by the NIA-funded ADCs: P30 

AG019610 (PI Eric Reiman, MD), P30 AG013846 (PI Neil Kowall, MD), P50 AG008702 (PI Scott Small, 

MD), P50 AG025688 (PI Allan Levey, MD, PhD), P50 AG047266 (PI Todd Golde, MD, PhD), P30 

AG010133 (PI Andrew Saykin, PsyD), P50 AG005146 (PI Marilyn Albert, PhD), P50 AG005134 (PI 

Bradley Hyman, MD, PhD), P50 AG016574 (PI Ronald Petersen, MD, PhD), P50 AG005138 (PI Mary 

Sano, PhD), P30 AG008051 (PI Thomas Wisniewski, MD), P30 AG013854 (PI M. Marsel Mesulam, 

MD), P30 AG008017 (PI Jeffrey Kaye, MD), P30 AG010161 (PI David Bennett, MD), P50 AG047366 (PI 

Victor Henderson, MD, MS), P30 AG010129 (PI Charles DeCarli, MD), P50 AG016573 (PI Frank 

LaFerla, PhD), P50 AG005131 (PI James Brewer, MD, PhD), P50 AG023501 (PI Bruce Miller, MD), P30 

AG035982 (PI Russell Swerdlow, MD), P30 AG028383 (PI Linda Van Eldik, PhD), P30 AG053760 (PI 

Henry Paulson, MD, PhD), P30 AG010124 (PI John Trojanowski, MD, PhD), P50 AG005133 (PI Oscar 

Lopez, MD), P50 AG005142 (PI Helena Chui, MD), P30 AG012300 (PI Roger Rosenberg, MD), P30 

AG049638 (PI Suzanne Craft, PhD), P50 AG005136 (PI Thomas Grabowski, MD), P50 AG033514 (PI 

Sanjay Asthana, MD, FRCP), P50 AG005681 (PI John Morris, MD), P50 AG047270 (PI Stephen 

Strittmatter, MD, PhD). 

Disclosure Statement 

The authors have nothing to declare which may specifically bias the work in this manuscript which 

was paid to her institution.   

J. Barnes has received remuneration for grant reviewing from ANR (France). 



23 

 

J.W. Bartlett is employed by AstraZeneca and owns shares in AstraZeneca. 

D.A. Wolk received grant funding from Merck, Biogen, Avid Radiopharmaceuticals and Eli Lilly and 

personal fees from GE Healthcare, Merck, Eli Lilly, and Janssen. 

Research programs of W.M. van der Flier have been funded by ZonMW, NWO, EU-FP7, Alzheimer 

Nederland, CardioVascular Onderzoek Nederland, stichting Dioraphte, Gieskes-Strijbis fonds, 

Boehringer Ingelheim, Piramal Neuroimaging, Roche BV, Janssen Stellar, Combinostics. WF has 

performed contract research for Boehringer Ingelheim. WF has been an invited speaker at 

Boehringer Ingelheim. All funding is paid to her institution. 

 

 

 

 

 

Reference List 

 

 [1]  Alzheimer's Disease International (2009) World Alzheimer's Report 2009. 

 [2]  Wilkosz PA, Seltman HJ, Devlin B, Weamer EA, Lopez OL, DeKosky ST, Sweet RA (2010) 

Trajectories of cognitive decline in Alzheimer's disease. Int Psychogeriatr 22, 281-290.  

 [3]  Jacobs D, Sano M, Marder K, Bell K, Bylsma F, Lafleche G, Albert M, Brandt J, Stern Y (1994) 

Age at onset of Alzheimer's disease: relation to pattern of cognitive dysfunction and 

rate of decline. Neurol 44, 1215-1220.  



24 

 

 [4]  Mungas D, Reed BR, Ellis WG, Jagust WJ (2001) The effects of age on rate of progression of 

Alzheimer disease and dementia with associated cerebrovascular disease. Arch Neurol 

58, 1243-1247.  

 [5]  van der Vlies AE, Koedam EL, Pijnenburg YA, Twisk JW, Scheltens P, van der Flier WM (2009) 

Most rapid cognitive decline in APOE epsilon4 negative Alzheimer's disease with early 

onset. Psychol Med 39, 1907-1911.  

 [6]  Dumurgier J, Gabelle A, Vercruysse O, Bombois S, Laplanche JL, Peoc'h K, Schraen S, 

Sablonniere B, Pasquier F, Touchon J, Lehmann S, Hugon J, Paquet C (2013) 

Exacerbated CSF abnormalities in younger patients with Alzheimer's disease. Neurobiol 

Dis 54, 486-491.  

 [7]  de Waal H, Stam CJ, Blankenstein MA, Pijnenburg YA, Scheltens P, van der Flier WM (2011) 

EEG abnormalities in early and late onset Alzheimer's disease: understanding 

heterogeneity. J Neurol Neurosurg Psychiatry 82, 67-71.  

 [8]  Mendez MF, Lee AS, Joshi A, Shapira JS (2012) Nonamnestic presentations of early-onset 

Alzheimer's disease. Am J Alzheimers Dis Other Demen 27, 413-420.  

 [9]  Morris JC, Weintraub S, Chui HC, Cummings J, DeCarli C, Ferris S, Foster NL, Galasko D, Graff-

Radford N, Peskind ER, Beekly D, Ramos EM, Kukull WA (2006) The Uniform Data Set 

(UDS): clinical and cognitive variables and descriptive data from Alzheimer Disease 

Centers. Alzheimer Dis Assoc Disord 20, 210-216.  

[10]  McKhann G, Drachman D, Folstein M, Katzman R, Price D, Stadlan EM (1984) 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. 

Neurol 34, 939-944.  



25 

 

[11]  Roe CM, Xiong C, Grant E, Miller JP, Morris JC (2008) Education and reported onset of 

symptoms among individuals with Alzheimer disease. Arch Neurol 65, 108-111.  

[12]  Wood SN (2006) Generalized Additive Models: An Introduction with R., Chapman & Hall/CRC,  

[13]  Barnes J, Dickerson B, Frost J, Jiskoot LC, Wolk D, van der Flier WM (2015) Alzheimer's disease 

first symptoms are age dependent: evidence from the NACC dataset. Alzheimer's and 

Dementia  

[14]  Christie GJ, Hamilton T, Manor BD, Farb NAS, Farzan F, Sixsmith A, Temprado JJ, Moreno S 

(2017) Do Lifestyle Activities Protect Against Cognitive Decline in Aging? A Review. 

Front Aging Neurosci 9, 381-  

[15]  Fuller WA (1987) Measurement Error Models. In Wiley, New York, pp. 

[16]  MacMahon S, Peto R, Cutler J, Collins R, Sorlie P, Neaton J, Abbott R, Godwin J, Dyer A, Stamler 

J (1990) Blood pressure, stroke, and coronary heart disease. Part 1, Prolonged 

differences in blood pressure: prospective observational studies corrected for the 

regression dilution bias. Lancet 335, 765-774.  

[17]  Musicco M, Palmer K, Salamone G, Lupo F, Perri R, Mosti S, Spalletta G, di IF, Pettenati C, 

Cravello L, Caltagirone C (2009) Predictors of progression of cognitive decline in 

Alzheimer's disease: the role of vascular and sociodemographic factors. J Neurol 256, 

1288-1295.  

[18]  Mortimer JA, Ebbitt B, Jun SP, Finch MD (1992) Predictors of cognitive and functional 

progression in patients with probable Alzheimer's disease. Neurol 42, 1689-1696.  



26 

 

[19]  Cho H, Jeon S, Kang SJ, Lee JM, Lee JH, Kim GH, Shin JS, Kim CH, Noh Y, Im K, Kim ST, Chin J, Seo 

SW, Na DL (2013) Longitudinal changes of cortical thickness in early- versus late-onset 

Alzheimer's disease. Neurobiol Aging 34, 1921-1921.  

[20]  Storandt M, Grant EA, Miller JP, Morris JC (2002) Rates of progression in mild cognitive 

impairment and early Alzheimer's disease. Neurol 59, 1034-1041.  

[21]  Teri L, McCurry SM, Edland SD, Kukull WA, Larson EB (1995) Cognitive decline in Alzheimer's 

disease: a longitudinal investigation of risk factors for accelerated decline. J Gerontol 

50A, M49-55.  

[22]  Wilson RS, Gilley DW, Bennett DA, Beckett LA, Evans DA (2000) Person-specific paths of 

cognitive decline in Alzheimer's disease and their relation to age. Psychol Aging 15, 18-

28.  

[23]  Clark CM, Sheppard L, Fillenbaum GG, Galasko D, Morris JC, Koss E, Mohs R, Heyman A (1999) 

Variability in annual mini-mental state examination score in patients with probable 

Alzheimer disease: A clinical perspective of data from the consortium to establish a 

registry for Alzheimer's disease. Arch Neurol 56, 857-862.  

[24]  Huff FJ, Growden JH, Corkin S, Rosen T (1987) Age at onset and rate of progression of 

Alzheimer's Disease. J Am Geriatr Soc 35, 27-30.  

[25]  Koedam EL, Lauffer V, van der Vlies AE, van der Flier WM, Scheltens P, Pijnenburg YA (2010) 

Early-versus late-onset Alzheimer's disease: more than age alone. J Alzheimers Dis 19, 

1401-1408.  

[26]  Shinagawa S, Ikeda M, Toyota Y, Matsumoto T, Matsumoto N, Mori T, Ishikawa T, Fukuhara R, 

Komori K, Hokoishi K, Tanabe H (2007) Frequency and clinical characteristics of early-



27 

 

onset dementia in consecutive patients in a memory clinic. Dement Geriatr Cogn 

Disord 24, 42-47.  

[27]  Kaiser NC, Liang LJ, Melrose RJ, Wilkins SS, Sultzer DL, Mendez MF (2014) Differences in 

anxiety among patients with early- versus late-onset Alzheimer's disease. J 

Neuropsychiatry Clin Neurosci 26, 73-80.  

[28]  Cho H, Seo SW, Kim JH, Kim C, Ye BS, Kim GH, Noh Y, Kim HJ, Yoon CW, Seong JK, Kim CH, Kang 

SJ, Chin J, Kim ST, Lee KH, Na DL (2013) Changes in subcortical structures in early- 

versus late-onset Alzheimer's disease. Neurobiol Aging 34, 1740-1747.  

[29]  Moller C, Vrenken H, Jiskoot L, Versteeg A, Barkhof F, Scheltens P, van der Flier WM (2013) 

Different patterns of gray matter atrophy in early- and late-onset Alzheimer's disease. 

Neurobiol Aging 34, 2014-2022.  

[30]  Sa F, Pinto P, Cunha C, Lemos R, Letra L, Simoes M, Santana I (2012) Differences between Early 

and Late-Onset Alzheimer's Disease in Neuropsychological Tests. Front Neurol 3, 81-  

[31]  de Waal H, Stam CJ, de HW, van Straaten EC, Scheltens P, van der Flier WM (2012) Young 

Alzheimer patients show distinct regional changes of oscillatory brain dynamics. 

Neurobiol Aging 33, 1008-1031.  

[32]  Evans MC, Barnes J, Nielsen C, Kim LG, Clegg SL, Blair M, Leung KK, Douiri A, Boyes RG, 

Ourselin S, Fox NC (2010) Volume changes in Alzheimer's disease and mild cognitive 

impairment: cognitive associations. Eur Radiol 20, 674-682.  

[33]  Jack CR, Jr., Weigand SD, Shiung MM, Przybelski SA, O'Brien PC, Gunter JL, Knopman DS, Boeve 

BF, Smith GE, Petersen RC (2008) Atrophy rates accelerate in amnestic mild cognitive 

impairment. Neurol 70, 1740-1752.  



28 

 

[34]  Doraiswamy PM, Leon J, Cummings JL, Marin D, Neumann PJ (2002) Prevalence and impact of 

medical comorbidity in Alzheimer's disease. J Gerontol A Biol Sci Med Sci 57, M173-

M177.  

[35]  Livingston G, Sommerlad A, Orgeta V, Costafreda SG, Huntley J, Ames D, Ballard C, Banerjee S, 

Burns A, Cohen-Mansfield J, Cooper C, Fox N, Gitlin LN, Howard R, Kales HC, Larson EB, 

Ritchie K, Rockwood K, Sampson EL, Samus Q, Schneider LS, Selbaek G, Teri L, 

Mukadam N (2017) Dementia prevention, intervention, and care. Lancet 390, 2673-

2734.  

[36]  Kinkingnehun S, Sarazin M, Lehericy S, Guichart-Gomez E, Hergueta T, Dubois B (2008) VBM 

anticipates the rate of progression of Alzheimer disease: a 3-year longitudinal study. 

Neurol 70, 2201-2211.  

 

 



29 

 

Supplementary Section  

 

Supplementary figure 1: Plot of predicted change in MMSE (points per year) with 95% pointwise 

confidence intervals by symptom length.  Predictions are for a female subject, with 14 years of 

education, an MMSE at presentation of 20 and one APOE ε4 allele. 
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 Predictor(s) of 

interest in main 

results section, 

years 

Outcome  

MMSE  CDR 

Longitudinal 

analyses 

Age at presentation Gender: -0.12 

[0.12], p=0.3 

Education: -0.05 

[0.02], p=0.004 

Gender: 0.11[0.07], 

p=0.1  

Education: 0.02 

[0.01], p=0.02 

Age of onset Gender: -0.13 

[0.12], p=0.3 

Education: -0.05 

[0.02], p=0.004 

Gender: 0.12 

[0.07], p=0.1 

Education:  0.02 

[0.01], p=0.02 

Symptom length  Gender: -0.10 

[0.12], p=0.4 

Education: -0.06 

[0.02], p<0.001 

Gender: 0.12 

[0.07], p=0.1 

Education: 0.02 

[0.01], p=0.03 

Age at presentation 

and symptom 

length 

Gender: -0.11 

[0.12], p=0.4 

Education: -0.05 

[0.02], p=0.005 

Gender: 0.11 

[0.07], p=0.1 

Education: 0.02 

[0.01], p=0.03 
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Cross-sectional 

analyses  

Age at presentation Gender: -0.14 

[0.16], p=0.4 

Education: 0.34 

[0.02], p<0.001 

Gender: 0.20 

[0.10], p=0.04 

Education: -0.10 

[0.01], p<0.001 

Age of onset Gender: -0.20 

[0.16], p=0.2 

Education: 0.36 
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Age at presentation 

and symptom 

length 
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[0.15], p=0.03 

Education: 0.35 

[0.02], p<0.001 

Gender:0.35 [0.09] 

p<0.001 

Education: -0.11 

[0.01], p<0.001 

 

Supplementary table 1  Results from mutually-adjusted models for the effects of gender and 

education on outcomes. Longitudinal models were additionally adjusted for cognitive status at first 

visit (either MMSE for MMSE change outcomes, or CDR-SOB for CDR-SOB change outcomes), and 

ADC. Cross-sectional models were adjusted for ADC. Coefficients represent change in the outcome 
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for a 1-unit increase in the predictor [standard error], p value. For gender this represents the 

difference seen in women, compared with men.  
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for a 1-unit increase in the predictor [standard error], p value. For gender this represents the 

difference seen in women, compared with men.  

 

 

 


