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Abstract

Background Studies have shown that the prevalence of all-variants Alzheimer’s disease (AD) and frontotemporal dementia
(FTD) both increase with age, even before the age of 65. However, it is not known whether their different clinical presenta-
tions all increase in prevalence with age in the same way.

Methods We studied the prevalence of the different clinical presentations of young-onset AD and FTD by 5-year age groups
in a population-based study identifying all dementia patients with a diagnosis of AD and FTD and symptoms onset before
age 65 in the Modena province, Italy. By using regression models of cumulative occurrences, we also estimated age-specific
prevalence and compared the growth curves of the clinical presentations.

Results The prevalence of all-variants AD increased with age, from 18/1,000,000 in the 40-44 age group to 1411/1,000,000
in the 60—64 age group. The prevalence of all-variants FTD also increased with age, from 18/1,000,000 to 866/1,000,000.
An estimation of age-specific prevalence functions of each clinical presentation showed that atypical non-amnestic AD and
aphasic FTD grew the most in early ages, followed by the behavioural variant of FTD (bvFTD). Then, around the age of
60, amnestic AD took over and its age-specific prevalence continued to increase disproportionally compared to all the other
clinical variants of AD and FTD, which, instead, started to decrease in prevalence.

Conclusions Amnestic AD is the clinical presentation that increases the most with advancing age, followed by bvFTD, sug-
gesting that there is a differential vulnerability to the effect of ageing within the same neurodegenerative disease.

Keywords Alzheimer’s disease - Frontotemporal dementia - Young-onset dementia - Early-onset dementia - Age-specific
prevalence - Amnestic AD - Atypical AD - Posterior cortical atrophy - Logopenic variant of primary progressive aphasia -
Aphasic FTD - Behavioural variant of FTD

Introduction epidemiological study conducted in the province of Modena,

Northern Italy, we showed that the prevalence of all-cause

The prevalence of all-cause dementia increases exponen-
tially from ages 65 to 85, doubling every 5 years [1, 2], and
continues to increase even after the age of 90 [3]. In a recent

P4 Giovanna Zamboni
giovanna.zamboni @unimore.it

Dipartimento di Scienze Biomediche, Metaboliche e
Neuroscienze, Universita di Modena e Reggio Emilia, Via
Giardini 1355, 41126 Modena, Italy

Neurologia, Azienda Ospedaliero Universitaria di Modena,
Modena, Italy

Dipartimento di Scienze Fisiche, Informatiche e
Matematiche, Universita di Modena e Reggio Emilia,
Modena, Italy

Published online: 21 April 2024

dementia increases exponentially with age also before the
age of 65. More precisely, it increased from 74/1,000,000
in the 40—44 age group, to 508/1,000,000 in the 50-54 age
group, to 2964/1,000,000 in the 60-64 age group [4].

Of all the causes of dementia, Alzheimer’s disease (AD)
is certainly the most common one, accounting for 70% of the
cases of late-onset dementia [5]. It has been recently shown
that it is also the most common cause of young-onset demen-
tia (YOD), i.e. dementia with symptoms occurring before the
age of 65 [4, 6, 7], although older studies had found similar
prevalences of AD and frontotemporal dementia (FTD) in
the 45-64 years group [8]. It is established that the preva-
lence of AD increases with age across the entire age spec-
trum [9, 10] including ages before 65 [6, 11, 12]. However,
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it is not known whether the age-related increase of the preva-
lence of AD concerns only the most frequent, amnestic pres-
entation, or also affects atypical presentations (also indicated
as clinical variants, syndromes, or phenotypes) such as the
logopenic variant of primary progressive aphasia (IvPPA),
posterior cortical atrophy (PCA) and behavioural-dysexec-
utive variant (be-dAD). While studies from clinical cohorts
suggest that these atypical presentations of AD usually occur
in patients in their sixth and seventh decade [13, 14] and that
the relative proportion of patients with atypical presentations
is lower in older than in younger populations [15, 16], it has
been suggested that the absolute number of cases with atypi-
cal presentations may still be higher in the older than in the
younger populations, given the large number of people with
AD in the former [17].

The second most prevalent form of YOD is frontotempo-
ral dementia (FTD) [4, 6]. Although some epidemiological
studies focussing on YOD have reported that the prevalence
of FTD peaks between 55 and 59 years of age [6, 7, 11,
18], other studies have suggested that the prevalence of FTD
increases with age [12, 19], although evidence supporting
a continuous age-related increase of FTD is not as strong
as that which exists for AD. Recent studies reporting the
epidemiology of the whole frontotemporal lobar degenera-
tion (FTLD) spectrum (i.e., including FTD as well as motor
syndromes) across all the ages have reported that prevalence
peaks at 65-69 years of age [20] and incidence peaks at
the age of 71 [21] or even later, at 75-79 years of age [22].
Accordingly, a systematic review of the epidemiology of
FTD did not show a lower FTD prevalence or incidence
amongst older subjects compared to individuals younger
than 65 [23]. Like AD, it is not known whether the clinical
presentations of FTD increase with age in the same way, or
the age-related increase is only driven by its most frequent
presentation.

We aimed at studying the prevalence by age of onset of
the different presentations of young-onset AD (including its
amnestic and atypical presentations) and FTD (including its
behavioural and aphasic presentations) with a population-
based study. We hypothesised that demonstrating that the
typical, amnestic presentation of AD is the only presenta-
tion of dementia that truly increases in prevalence with age
would suggest that there are biological reasons that make it
especially vulnerable to the effect of ageing. Showing that
the prevalence of the atypical presentations of AD as well as
of FTD also increases with age would instead suggest that
different presentations as well as different neurodegenerative
diseases are equally vulnerable to the effect of ageing, and
therefore, there is no specific interaction between ageing and
their distinguishing biological factors. Focussing on YOD
allowed us to have more comparable numbers between dif-
ferent clinical presentations. In addition, in YOD, co-pathol-
ogy occurs less frequently than in older-onset dementia,
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therefore the classification of different clinical presentations
is more clearly biomarker—and thus biologically—driven
and the comparisons are cleaner [24].

Methods

Prevalent young-onset AD and FTD cases were identified
in a population study conducted in the province of Modena,
Northern Italy [4], involving all the residents alive on census
day (June 30th, 2019) who had received a diagnosis of YOD.
For FTD we purposefully focussed on the three core clinical
syndromes [25], including the most common behavioural
variant of FTD (bvFTD) and the two language syndromes,
namely, nonfluent/agrammatic variant of primary progres-
sive aphasia (nfvPPA) and semantic variant of primary
progressive aphasia (svPPA). We did not include cortico-
basal syndrome and progressive supranuclear palsy, which
together with FTD are part of the pathological concept of
FTLD, as the number of cases with these two syndromes was
too low to estimate their prevalence by age of onset.

Patient ascertainment involved the extended network of
dementia services existing in the province of Modena, which
includes inpatient and outpatient neurology, psychiatry and
geriatric clinics covering the entire province and is part of
the Italian National Health System (Sistema Sanitario Nazi-
onale). The diagnosis of the clinical presentation was estab-
lished by expert cognitive neurologists (A.C., G.V., M.T.,
and G.Z.) through the use of most recent diagnostic criteria
for AD [26], its behavioural-dysexecutive variant (be-dAD)
[27], bvFTD [28], primary progressive aphasia (PPA) and
its variants [29], and PCA [13]. Exclusion criteria were co-
existing diagnoses of developmental disorders, longstand-
ing history of schizophrenia and bipolar disorder, cogni-
tive impairment in the context of a neurological disorder
in which non-cognitive symptoms were the most disabling,
age younger than 30, and residence outside the province of
Modena on census day. Diagnoses were based on neurologi-
cal examination, clinical history, neuropsychological assess-
ment, and brain magnetic resonance imaging (MRI) and also
supported, when indicated, by measurement of cerebrospinal
fluid (CSF) and amyloid PET imaging biomarkers. Preva-
lence and incidence of young-onset AD and FTD have been
reported in [4]. Here we study the prevalence by age of onset
of the different presentations of young-onset AD and FTD.

The study was conducted in accordance with local clini-
cal research regulations and conformed to the Declaration
of Helsinki. All subjects provided informed written consent
(Study Number 186/2016, approved by the ethical commit-
tee Area Vasta Emilia Nord, Italy).

Prevalent cases of each AD and FTD presentation were
stratified according to 5-year age groups and prevalence
rates computed. In addition, age-specific prevalence (i.e., the
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prevalence stratified according to 1-year age groups) was
calculated using as denominator the Modena province
residing population on January 1st, 2019. The age-specific
prevalence function P(x) = {number of prevalent cases with
symptoms onset at age x} tended to increase with advancing
age but showed fluctuations because of the small age groups.
Therefore, to obtain more robustness, age-specific preva-
lence was estimated through a regression model. For this
purpose, the cumulative occurrence function F(x)= {number
of cases with symptoms onset by age x} was considered.
The cumulative occurrence function F is non-decreasing and
relates to age-specific prevalence as follows:

P(x) =[F(x)— Fx-1)]/ [number of residents of age x]

It follows that estimating cumulative occurrence can also
be useful to predict the age-specific prevalence. Fitting a
function to a sample of points requires first a selection of
the family of candidate functions. Growth rates that increase
at the beginning and decline at the end can faithfully be
described by non-linear models. The ideal curve model
should accommodate the variations of the true curve with
the smallest number of parameters [30]. The five-parameter
Generalized Logistic function [31] provides a compromise
between over-parameterized models that can fit data closely
at the cost of a large variance in the predictions and under-
parameterized models that suffer from large lack-of-fit error.
The function incorporates the sigmoidal shape of the cumu-
lative occurrences with respect to time:

A-D
1E
1+ (2)]
In our study, the independent variable x represents the

age in the interval 30-64 years. The parameters A, B, C, D,
E have the following meaning:

F(x)~ D+

e A controls the inferior asymptote. In our data there are no
cases for x <42, thus A is fixed at zero.

B refers to the steepness of the curve.

C is related to the inflection point.

D controls the superior asymptote.

E is the asymmetry factor. When E=1 the curve is sym-
metric around the inflection point.

Supplementary Fig. 1 shows the changes of the function’s
shape for different parameter selections. Having fixed A =0,
a four-parameters regression was obtained. The best fit was
selected by minimizing the residual sum of squares (RSS).
The algorithm was implemented on MATLAB, using the
function fit and adapting the LP5 script of Cardillo [32].
The procedure was repeated several times, to find the best
regression function for each of the following diagnostic

groups: amnestic AD, atypical AD (IvPPA, PCA, and be-
dAD), bvFTD, aphasic FTD (svPPA and nfPPA). A group
including the three PPA (IvPPA, svPPA, nfPPA) was also
separately considered. Age-specific prevalence of all-vari-
ants AD was calculated by summing up the estimates of
age-specific prevalence of amnestic AD and atypical AD.
Age-specific prevalence of FTD was calculated by summing
up the estimates of age-specific prevalence of bvFTD and
aphasic FTD.

Results

We identified 172 patients with a diagnosis of young-onset
AD or FTD on census day. The diagnosis of AD was sup-
ported by at least one biomarker of amyloidosis (either
CSF, 69 patients, or Amyloid-PET, 6 patients) in 70.7% of
cases. The diagnosis of FTD was supported by the absence
of biomarkers of amyloidosis (either CSF, 35 patients, or
Amyloid-PET, 5 patients) in 60.6% of cases.

Table 1 reports the prevalence by 5-year range of age-
of-onset of all-variants AD, all-variants FTD, and each of
their clinical presentations. The prevalence of all-variants
AD increased from 18/1,000,000 in the 40—44 age group
to 1322/1,000,000 in the 60-64 age group. All-variants
FTD increased from 18/1,000,000 in the 40—44 age group
to 752/1,000,000 in the 60-64 age group. The prevalence
by single year of age-of-onset is plotted in Fig. 1. Its oscil-
lating behaviour justified the use of cumulative occurrence
for fitting purposes.

Figure 2 shows the percentage of cumulative cases by age
of symptoms onset for the different variants of AD (grouped
in amnestic and atypical) and FTD (grouped in behavioural
and aphasic), as well as separately for all the PPA grouped
together and compared to amnestic AD and bvFTD. All col-
umns have the same height to highlight how the proportion
of different clinical presentations changed with advancing
age. More specifically, the graph shows that the relative
proportion of cumulative cases of bvFTD remained stable
across the ages, accounting for approximately 30% of total
cases. On the other hand, the relative proportions of PPA and
amnestic AD changed and balanced each other across the
years. The proportion of PPA was highest before the age of
51 and started to decrease only after amnestic AD appeared
and soon became more represented with the increase of age.

These observations were confirmed by the general-
ized logistic regression models (Supplementary Table 1).
Indeed, the “worst” model explained 96.79% of the vari-
ability in the data (adjusted R*=0.9679). The estimated
cumulative occurrence functions and their derivatives are
represented in Fig. 3. To compare the growth rate (i.e.,
the slope of the curve) of different clinical presentations,
the plotted values were scaled to the interval 0—1, so that
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Table 1 Crude prevalence of the different clinical presentations of young-onset AD and FTD at census date by 5-year range of age-of-onset per 1,000,000 inhabitants. Table also shows the total

cases of AD and FTD and the number of residents in Modena province

FTD

AD

Residents

Age of onset

IvPPA PCA be-dAD Al FTD bvFTD svPPA nfPPA

Amnestic AD

All AD

Prev Total Prev Total Prev Total Prev Total Prev Total Prev Total Prev Total Prev Total Prev

Total

18
17
105
313
616

18
51
158
392
752

19

18
34
245
607
1322

1
2
14
31

54,241
59,048
57,072
51,060
43,860

40-44
45-49
50-54
55-59
60-64

34
18
39
137

34
35
98
228

35

35

175
392
1003

10
20
44

39

16
27

20

33

98

20
91

10

58

cumulative occurrences at age 64 are set to 1 for all clini-
cal presentations. The normalized cumulative occurrence
of x is thus the percentage of people with a specific clini-
cal presentation who had developed symptoms by age X,
amongst those with that clinical presentation of YOD.
Because the growth rate and the inflection point of a func-
tion are described by the value of its derivative and its
maximum, respectively, the peaks of the graphs reported
in the bottom part of Fig. 3 indicate the ages when cumu-
lative occurrence functions slowed their growth and age-
specific prevalence started to decrease. As for AD, the
estimated function curve of amnestic AD never stopped
increasing, whereas the estimated function curve of atypi-
cal AD started to decrease after age 62 (function inflec-
tion point). In younger ages, the estimated curve of atypi-
cal AD grew faster than amnestic AD, until the age of
59 (derivatives intersection at age 59), when the curve
of amnestic AD started to grow much faster than that of
atypical AD. As for FTD, the estimated function curve of
both bvFTD and aphasic FTD continued to grow across all
the considered age interval (i.e., their estimated functions
inflection points fell right after 65). The curve of aphasic
FTD grew faster than that of bvFTD until the age of 54
(aphasic FTD and bvFTD derivatives intersection), when
bvFTD started to grow faster. Also, the curve of bvFTD
grew faster than amnestic AD in younger ages until the age
of 60 (amnestic AD and bvFTD derivatives intersection,
not shown), when amnestic AD took over.

Figure 4 and Supplementary Table 2 show the estimated
age-specific prevalence by age-of-onset obtained using
the regression models of cumulative occurrences for all-
variants AD and FTD and for their different clinical pres-
entations. The slope of estimated age-specific prevalence
function increased with advancing age in both diseases in
early years, although the two curves started to separate
after 50 years of age, with AD increasing much more than
FTD. The difference was driven by amnestic AD: indeed,
the estimated age-specific prevalence functions of all the
clinical presentations increased with advancing age in
early ages, but the slope of such increase started to flatten
after the age of 60 for all the clinical presentations except
for amnestic AD, which, by the age of 60, had overcome
the growth rate of all the other presentations. Atypical AD
and aphasic FTD (and consequently PPA) were the clinical
presentations for which the estimated age-specific preva-
lence slowed the most after 60 (Supplementary Table 2).
More precisely, the delta for age-specific prevalence
between age 60 and age 64 was + 75.3% for amnestic AD
(from 706 cases/1.000.000 to 1238/1,000,000), 4+ 30.2% for
bvFTD (from 500/1,000,000 to 651/1,000,000), + 17.3%
for aphasic FTD (from 98/1,000,000 to 116/1,000,000),
and + 9.8% for atypical AD (from 287/1,000,000 to
315/1,000,000).



Journal of Neurology

Age-specific prevalence across variants
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Fig. 1 Age-specific prevalence across clinical presentations. The left panel shows all-variants AD and all-variants FTD. The right panel shows

amnestic AD, atypical AD, behavioural FTD, and aphasic FTD

Discussion

The present study was aimed at establishing if the preva-
lence of the different clinical presentations of young-onset
AD and FTD increases in the same way with ageing. We
studied the break-down of prevalence by 5-year range of
age-of-onset of the different clinical presentations of young-
onset AD and FTD in a population-based study. We then
estimated age-specific prevalence, i.e., prevalence stratified
by single year of age-of-onset, with regression analyses to
increase robustness and overcome limitations related to the
fluctuations observed with small case numbers when count-
ing prevalence figures.

The prevalence of all-variants AD increased by about 70
times from the 4044 age group (18/1,000,000) to the 60—-64
age group (1322/1,000,000). All-variants FTD increased by
about 40 times from the 40—44 age group (18/1,000,000)
to the 60—64 age group (752/1,000,000). The differences
between AD and FTD were also clearly shown by their esti-
mated age-specific prevalence (i.e., prevalence by year of
age obtained from the estimation of regression models of
cumulative occurrences), which were almost overlapping in
the fifth decade, progressively separated in the sixth decade,

and showed a sharp increase of AD in the first half of the
seventh decade.

When looking at the different clinical presentations of
AD and FTD, we found that the amnestic variant of AD
increased disproportionally in age-specific prevalence com-
pared to atypical AD (including PCA, IvPPA, and be-dAD)
and all the presentations of FTD. Atypical AD and aphasic
FTD (and therefore also the three PPA grouped together)
were the clinical presentations for which the estimated age-
specific prevalence grew the least and almost stabilized
after the age of 60, whereas bvFTD remained the closest to
amnestic AD, although the curve of its age-specific preva-
lence also started to flatten after the age of 60. This meant
that as the overall prevalence of dementia increased with
advancing age, the proportion of PPA decreased giving
way to the sharp increase in the proportion of amnestic AD,
while the proportion of bvFTD remained stable across the
examined age interval.

The growth rates and the ages when growth curves slowed
were compared using the derivative of the age-specific prev-
alence function. The derivative of atypical AD curve peaked
at age 62, indicating that the age-specific prevalence started
to decrease at that age. The derivatives of both bvFTD and

@ Springer
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Fig.2 Percentage of cumulative
cases by year of symptoms onset
by clinical presentation. Num-
bers inside the bars indicate

the number of cases that had
developed symptoms by the age %0% N i )
indicated in the x-axes. The top
panel shows cumulative cases 70%

of amnestic AD, atypical AD, 2
bvFTD, and aphasic FTD. In 60z

the bottom panel the IvPPA was
grouped together with aphasic
FTD (including svPPA and
nfPPA) so that all PPA could be
compared to amnestic AD and
bvFTD
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Values inside the bars correspond to the number of cases with symptoms onset by the age indicated in the x-axis

aphasic FTD peaked just after age 65, while the growth
curve of amnestic AD never stopped or stabilized.

These results suggest that the most frequent clinical
presentation of AD and FTD (amnestic AD and bvFTD)
are also those whose prevalence increases the most with
advancing age. While age-related increase slows for bvFTD
between ages 60 and 65, it accelerates for amnestic AD,
which increases disproportionally compared to all the other
clinical presentations of AD and FTD.

The specific effect of ageing on the amnestic variant of
AD cannot be explained in terms of underlying pathology,
which is shared by the atypical variants of AD. We specu-
late that it rather relates to the fact that the vulnerability of
medial temporal structures to disease manifest itself only
if no other pre-existing/developmental vulnerabilities have
already taken their toll on the clinical presentation: on the

@ Springer

one hand, there is increasing evidence that some neurodevel-
opmental conditions are associated with neurodegenerative
diseases. More specifically, dyslexia is overrepresented in
patients with PPA [33], visuospatial learning disabilities in
PCA [34], non-right handedness in svPPA [35]. This has
suggested that atypical neurodevelopmental features con-
fer added vulnerability to specific clinical presentations of
adult-onset neurodegenerative diseases [33, 34]. On the
other hand, normal ageing is associated with brain changes:
the hippocampus undergoes volume loss especially after
the age of 50 [36]. This is associated with decreased epi-
sodic memory in non-cognitively impaired individuals [37].
Interestingly, the hippocampal subregions more involved in
age-related volume loss, i.e., cornu ammonis 1-4 and den-
tate gyrus, are also the most affected by AD pathology [38].
Normal ageing also affects functioning and structure of
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Fig.3 Top panels show the
fit of the model. Points in the
graphs indicate normalized

AD: amnestic vs atypical

Normalized generalized logistic fit

FTD: behavioural vs aphasic

. . 2 [ I‘ 2 [
cumulative occurrences, while O cum. occurrences amnestic AD / O cum. occurrences bvFTD
the curves represent the estima- 181 fit amnestic AD i 1.8 fit bFTD
tion produced by the model. O cum. occurrences atypical AD ] cum. occurrences aphasic FTD
The top-left panel compares 167 fit atypical AD ! 167 |- fit aphasic FTD P

amnestic AD to atypical AD,
while the top-right panel
compares bvFTD to aphasic
FTD. Cumulative occurrences
at age 64 are scaled to 1, so
that all normalized values fall
in the 0-1 interval. Graphs are
meant to compare the steepness
of the curves, not the values on

-
»
T

-
N
T

o
©
.

normalized occourrences
-
-

o
o
T

-
N

-
N

o
o

normalized occourrences
iy

o
o

the y-axis, which were scaled 04r 04r
to 1. BoFton} panels mdwgte the 02l 02}
first derivatives of the esti-
mated functions. Note that the 0¢ odess .
inflection point of a function 55 40 35 70
corresponds to the maximum age age
Of;(s first Cifr:i"at,ltvhe’ th;fs t{‘e Derivative of the normalized estimated functions
peaks, marked with vertical
lines, can be interpreted as the 02 ' AD: 'amne‘stic vs atypical . 0.2 ETD: Ilaehav‘iouraly 'S aphasig
age when the cumulative occur- ——— K =
;(,Z;cgé;?;qig ;lorv;(s) 1;5S %;i)lwth. 0.18 1 atypical AD I,/ 0.18 aphasic FTD
isplaying purpos y, .
curves are extended beyond the 016 ! 0.16
age of 64 (dotted lines) 014 - 6,75
0121 0.12
0.1+ 01f
0.08 - 0.08
0.06 0.06
0.04 0.04 1
0.02 - 0.02 -
0 0 =—
35 35

age

the pre-frontal cortex [39, 40]. Changes related to atypical
neurodevelopmental features are present in the brain since
childhood, largely preceding the onset of neurodegenerative
diseases, while age-related hippocampal atrophy and frontal
lobe dysfunction represent age-specific modifications. If a
neurodegenerative disease occurs in the adult life, having
had atypical neurodevelopmental features may therefore add
a vulnerability to presentations associated with brain areas
different from the ones mostly involved in normal ageing.
We speculate that this added vulnerability may explain the
increase in prevalence in early ages of atypical and aphasic
clinical presentations. Vice-versa, if the same neurodegen-
erative disease occurs in the absence of such pre-existing
added vulnerability, the effect of ageing alone may contrib-
ute more substantially to the clinical presentation. The dis-
ease will, therefore, manifest with presentations associated

age

with the involvement of brain structures primarily exposed
to age-related modifications. These clinical presentations
may therefore increase in prevalence exponentially with
ageing. Further in-depth analysis of patients’ genetic pro-
files and developmental brain features across the clinical
presentations of neurodegenerative dementias are needed
to clarify these hypotheses and to better understand their
specific risk factors.

The present study has limitations. First, the number of
prevalent cases was low and may have biased the identi-
fication of associations between age and the less frequent
presentations of AD or FTD. However, we deem this to
be unlikely, as the atypical presentations of AD and apha-
sic presentations of FTD were pooled together to increase
group sample size and the confidence of the estimates.
Second, the regression analysis was performed on crude
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Estimated age-specific prevalence
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Fig.4 Estimated age-specific prevalence functions. The left panel compares all-variants AD versus all-variants FTD, while the right panel com-

pares amnestic AD, atypical AD, bvFTD, and aphasic FTD

occurrences. The decision not to stratify by sex was based
on the need to avoid reducing the model’s statistical power.
Furthermore, there is no consensus on whether YOD is
differentially frequent between sexes [41]. Third, neuro-
pathological confirmation of the diagnoses was not avail-
able. However, differently from the majority of existing
literature on the epidemiology of dementia, in which the
lack of information on amyloid status may have favoured
overestimation of AD and underestimation of FTD, in the
present study the diagnosis of AD and FTD was supported
by the amyloidosis biomarker in most cases.

In conclusion, to the best of our knowledge, this is the
first report of the age-specific prevalence of the differ-
ent clinical presentations of AD and FTD in YOD. These
presentations behave differently as age increases, with the
proportion of the atypical variants of AD and the aphasic
variants of FTD being gradually “compressed” as the pro-
portion of bvFTD and, especially, amnestic AD, increases.
This suggests that a differential vulnerability of the differ-
ent presentations to the effect of ageing may contribute to
phenotypical variability within the same neurodegenera-
tive disease.

@ Springer

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00415-024-12364-7.

Acknowledgements We are grateful to all the patients and their fami-
lies, and to the general practices that referred patients to our service
and collaborated with the study. We acknowledge all the colleagues of
the Modena Dementia Geriatric Service who referred EOD patients
from their geriatric clinics to our service. Finally, we are grateful to
Dr Marcella Malagoli (neuroradiologist), Dr Roberta Bedin (biologist),
and Dr Chiara Galli (neuropsychologist) who supported data acquisi-
tion and patients’ diagnosis.

Funding Open access funding provided by Universita degli Studi di
Modena e Reggio Emilia within the CRUI-CARE Agreement. The
research leading to these results received funding from Airalzh ONLUS
& Coop Italia, from the Italian Ministry of University and Research
under a grant “Dipartimenti di eccellenza 2018-2022” to the Depart-
ment of Biomedical, Metabolic and Neural Sciences, University of
Modena, from the Italian Ministry of University and Research (MUR)
funded by European Union — Next Generation EU under a grant “PRIN
2022 PNRR” (no. P20229KSXB), from the University of Modena and
Reggio Emilia under a grant UNIMORE FAR 2023”, and from the
European Union (European Research Council) for under the Grant to
GZ UnaWireD (project number 101042625).

Data availability Data not provided in the article because of space
limitations may be shared (anonymized) at the request of any qualified


https://doi.org/10.1007/s00415-024-12364-7

Journal of Neurology

investigator for purposes of replicating procedures and results upon
permission by the ethics committee.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Manly JJ, Jones RN, Langa KM, Ryan LH, Levine DA, McCam-
mon R, Heeringa SG, Weir D (2022) Estimating the prevalence of
dementia and mild cognitive impairment in the us: the 2016 health
and retirement study harmonized cognitive assessment protocol
project. JAMA Neurol 79:1242-1249. https://doi.org/10.1001/
jamaneurol.2022.3543

2. Cao Q, Tan CC, Xu W, Hu H, Cao XP, Dong Q, Tan L, YuJT
(2020) The prevalence of dementia: a systematic review and meta-
analysis. J Alzheimers Dis 73:1157-1166. https://doi.org/10.3233/
JAD-191092

3. Corrada MM, Brookmeyer R, Paganini-Hill A, Berlau D, Kawas
CH (2010) Dementia incidence continues to increase with age in
the oldest old: the 90+ study. Ann Neurol 67:114—121. https://doi.
org/10.1002/ana.21915

4. Chiari A, Vinceti G, Adani G, Tondelli M, Galli C, Fiondella L,
Costa M, Molinari MA, Filippini T, Zamboni G et al (2021) Epi-
demiology of early onset dementia and its clinical presentations
in the province of modena, italy. Alzheimers Dement 17:81-88.
https://doi.org/10.1002/alz.12177

5. Brookmeyer R, Evans DA, Hebert L, Langa KM, Heeringa SG,
Plassman BL, Kukull WA (2011) National estimates of the prev-
alence of alzheimer’s disease in the united states. Alzheimers
Dement 7:61-73. https://doi.org/10.1016/j.jalz.2010.11.007

6. Kvello-Alme M, Brathen G, White LR, Sando SB (2019) The
prevalence and subtypes of young onset dementia in central Nor-
way: a population-based study. J Alzheimers Dis 69:479-487.
https://doi.org/10.3233/JAD-181223

7. Hendriks S, Peetoom K, Bakker C, van der Flier WM, Papma JM,
Koopmans R, Verhey FRJ, de Vugt M, Kohler S, G. Young-Onset
Dementia Epidemiology Study et al (2021) Global prevalence of
young-onset dementia: a systematic review and meta-analysis.
JAMA Neurol 78:1080-1090. https://doi.org/10.1001/jamaneurol.
2021.2161

8. Ratnavalli E, Brayne C, Dawson K, Hodges JR (2002) The preva-
lence of frontotemporal dementia. Neurology 58:1615-1621

9. Rajan KB, Weuve J, Barnes LL, McAninch EA, Wilson RS, Evans
DA (2021) Population estimate of people with clinical Alzhei-
mer’s disease and mild cognitive impairment in the united states
(2020-2060). Alzheimers Dement 17:1966—1975. https://doi.org/
10.1002/alz.12362

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Niu H, Alvarez-Alvarez I, Guillen-Grima F, Aguinaga-Ontoso
1 (2017) Prevalence and incidence of Alzheimer’s disease in
Europe: a meta-analysis. Neurologia 32:523-532. https://doi.
org/10.1016/j.nr1.2016.02.016. (Prevalencia e incidencia de la
enfermedad de Alzheimer en Europa: metaanalisis)

Withall A, Draper B, Seeher K, Brodaty H (2014) The prevalence
and causes of younger onset dementia in eastern Sydney, Aus-
tralia. Int Psychogeriatr 26:1955-1965. https://doi.org/10.1017/
S1041610214001835

Ikejima C, Yasuno F, Mizukami K, Sasaki M, Tanimukai S, Asada
T (2009) Prevalence and causes of early-onset dementia in Japan:
a population-based study. Stroke 40:2709-2714. https://doi.org/
10.1161/strokeaha.108.542308

Crutch SJ, Schott JM, Rabinovici GD, Murray M, Snowden JS,
van der Flier WM, Dickerson BC, Vandenberghe R, Ahmed S,
Bak TH et al (2017) Consensus classification of posterior corti-
cal atrophy. Alzheimers Dement 13:870-884. https://doi.org/10.
1016/j.jalz.2017.01.014

Ahmed S, Irish M, Loane C, Baker I, Husain M, Thompson S,
Blanco-Duque C, Mackay C, Zamboni G, Foxe D et al (2018)
Association between precuneus volume and autobiographical
memory impairment in posterior cortical atrophy: Beyond the
visual syndrome. Neuroimage Clin 18:822-834. https://doi.org/
10.1016/j.nic1.2018.03.008

Koedam EL, Lauffer V, van der Vlies AE, van der Flier WM,
Scheltens P, Pijnenburg YA (2010) Early-versus late-onset Alz-
heimer’s disease: more than age alone. J Alzheimers Dis 19:1401-
1408. https://doi.org/10.3233/JAD-2010-1337

Mendez MF, Lee AS, Joshi A, Shapira JS (2012) Nonamnestic
presentations of early-onset Alzheimer’s disease. Am J Alzhei-
mers Dis Other Demen 27:413-420. https://doi.org/10.1177/
1533317512454711

Graff-Radford J, Yong KXX, Apostolova LG, Bouwman FH, Car-
rillo M, Dickerson BC, Rabinovici GD, Schott JM, Jones DT,
Murray ME (2021) New insights into atypical Alzheimer’s disease
in the era of biomarkers. Lancet Neurol 20:222-234. https://doi.
org/10.1016/S1474-4422(20)30440-3

Harvey RJ, Skelton-Robinson M, Rossor MN (2003) The preva-
lence and causes of dementia in people under the age of 65 years.
J Neurol Neurosurg Psychiatry 74:1206-1209. https://doi.org/10.
1136/jnnp.74.9.1206

Wada-Isoe K, Ito S, Adachi T, Yamawaki M, Nakashita S, Kusumi
M, Hiroe Y, Takada T, Watanabe K, Hikasa C et al (2012) Epide-
miological survey of frontotemporal lobar degeneration in Tottori
prefecture, Japan. Dement Geriatr Cogn Dis Extra 2:381-386.
https://doi.org/10.1159/000342972

Coyle-Gilchrist IT, Dick KM, Patterson K, Vazquez-Rodriquez
P, Wehmann E, Wilcox A, Lansdall CJ, Dawson KE, Wiggins
J, Mead S et al (2016) Prevalence, characteristics, and survival
of frontotemporal lobar degeneration syndromes. Neurology
86:1736—1743. https://doi.org/10.1212/WNL.0000000000002638
Logroscino G, Piccininni M, Graff C, Hardiman O, Ludolph AC,
Moreno F, Otto M, Remes AM, Rowe JB, Seelaar H et al (2023)
Incidence of syndromes associated with frontotemporal lobar
degeneration in 9 European countries. JAMA Neurol 80:279-286.
https://doi.org/10.1001/jamaneurol.2022.5128

Logroscino G, Piccininni M, Binetti G, Zecca C, Turrone
R, Capozzo R, Tortelli R, Battista P, Bagoj E, Barone R et al
(2019) Incidence of frontotemporal lobar degeneration in Italy:
the Salento—Brescia registry study. Neurology 92:€2355-e2363.
https://doi.org/10.1212/WNL.0000000000007498

Hogan DB, Jette N, Fiest KM, Roberts JI, Pearson D, Smith EE,
Roach P, Kirk A, Pringsheim T, Maxwell CJ (2016) The preva-
lence and incidence of frontotemporal dementia: a systematic
review. Can J Neurol Sci 43(Suppl 1):S96-S109. https://doi.org/
10.1017/¢jn.2016.25

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1001/jamaneurol.2022.3543
https://doi.org/10.1001/jamaneurol.2022.3543
https://doi.org/10.3233/JAD-191092
https://doi.org/10.3233/JAD-191092
https://doi.org/10.1002/ana.21915
https://doi.org/10.1002/ana.21915
https://doi.org/10.1002/alz.12177
https://doi.org/10.1016/j.jalz.2010.11.007
https://doi.org/10.3233/JAD-181223
https://doi.org/10.1001/jamaneurol.2021.2161
https://doi.org/10.1001/jamaneurol.2021.2161
https://doi.org/10.1002/alz.12362
https://doi.org/10.1002/alz.12362
https://doi.org/10.1016/j.nrl.2016.02.016
https://doi.org/10.1016/j.nrl.2016.02.016
https://doi.org/10.1017/S1041610214001835
https://doi.org/10.1017/S1041610214001835
https://doi.org/10.1161/strokeaha.108.542308
https://doi.org/10.1161/strokeaha.108.542308
https://doi.org/10.1016/j.jalz.2017.01.014
https://doi.org/10.1016/j.jalz.2017.01.014
https://doi.org/10.1016/j.nicl.2018.03.008
https://doi.org/10.1016/j.nicl.2018.03.008
https://doi.org/10.3233/JAD-2010-1337
https://doi.org/10.1177/1533317512454711
https://doi.org/10.1177/1533317512454711
https://doi.org/10.1016/S1474-4422(20)30440-3
https://doi.org/10.1016/S1474-4422(20)30440-3
https://doi.org/10.1136/jnnp.74.9.1206
https://doi.org/10.1136/jnnp.74.9.1206
https://doi.org/10.1159/000342972
https://doi.org/10.1212/WNL.0000000000002638
https://doi.org/10.1001/jamaneurol.2022.5128
https://doi.org/10.1212/WNL.0000000000007498
https://doi.org/10.1017/cjn.2016.25
https://doi.org/10.1017/cjn.2016.25

Journal of Neurology

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Rahimi J, Kovacs GG (2014) Prevalence of mixed pathologies
in the aging brain. Alzheimers Res Ther 6:82. https://doi.org/10.
1186/513195-014-0082-1

Elahi FM, Miller BL (2017) A clinicopathological approach to the
diagnosis of dementia. Nat Rev Neurol 13:457-476. https://doi.
org/10.1038/nrneurol.2017.96

McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR
Jr, Kawas CH, Klunk WE, Koroshetz WJ, Manly JJ, Mayeux R
et al (2011) The diagnosis of dementia due to Alzheimer’s disease:
recommendations from the national institute on aging-Alzheimer’s
association workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimers Dement 7:263-269. https://doi.org/10.1016/].
jalz.2011.03.005

Ossenkoppele R, Pijnenburg YA, Perry DC, Cohn-Sheehy BI,
Scheltens NM, Vogel JW, Kramer JH, van der Vlies AE, La Joie
R, Rosen HJ et al (2015) The behavioural/dysexecutive variant
of Alzheimer’s disease: clinical, neuroimaging and pathological
features. Brain 138:2732-2749. https://doi.org/10.1093/brain/
awv191.x

Rascovsky K, Hodges JR, Knopman D, Mendez MF, Kramer JH,
Neuhaus J, van Swieten JC, Seelaar H, Dopper EG, Onyike CU
et al (2011) Sensitivity of revised diagnostic criteria for the behav-
ioural variant of frontotemporal dementia. Brain 134:2456-2477.
https://doi.org/10.1093/brain/awr179

Gorno-Tempini ML, Hillis AE, Weintraub S, Kertesz A, Mendez
M, Cappa SF, Ogar JM, Rohrer JD, Black S, Boeve BF et al (2011)
Classification of primary progressive aphasia and its variants.
Neurology 76:1006—1014. https://doi.org/10.1212/WNL.0b013
¢31821103e6

Gottschalk PG, Dunn JR (2005) The five-parameter logistic: a
characterization and comparison with the four-parameter logistic.
Anal Biochem 343:54-65. https://doi.org/10.1016/j.ab.2005.04.
035

Richards FJ (1959) A flexible growth function for empirical use.
J Exp Bot 10:290-300

Cardillo G (2012) Five parameters logistic regression—there and
back again. http://www.mathworks.com/matlabcentral/fileexchan
2e/38043

Rogalski EJ, Rademaker A, Wieneke C, Bigio EH, Weintraub
S, Mesulam MM (2014) Association between the prevalence of

@ Springer

34.

35.

36.

37.

38.

39.

40.

41.

learning disabilities and primary progressive aphasia. JAMA Neu-
rol 71:1576-1577. https://doi.org/10.1001/jamaneurol.2014.2805
Miller ZA, Rosenberg L, Santos-Santos MA, Stephens M, Allen
IE, Hubbard HI, Cantwell A, Mandelli ML, Grinberg LT, Seeley
WW et al (2018) Prevalence of mathematical and visuospatial
learning disabilities in patients with posterior cortical atrophy.
JAMA Neurol 75:728-737. https://doi.org/10.1001/jamaneurol.
2018.0395

Miller ZA, Mandelli ML, Rankin KP, Henry ML, Babiak MC,
Frazier DT, Lobach 1V, Bettcher BM, Wu TQ, Rabinovici GD et al
(2013) Handedness and language learning disability differentially
distribute in progressive aphasia variants. Brain 136:3461-3473.
https://doi.org/10.1093/brain/awt242

Daugherty AM, Bender AR, Raz N, Ofen N (2016) Age differ-
ences in hippocampal subfield volumes from childhood to late
adulthood. Hippocampus 26:220-228. https://doi.org/10.1002/
hipo.22517

Persson J, Pudas S, Lind J, Kauppi K, Nilsson LG, Nyberg L
(2012) Longitudinal structure-function correlates in elderly reveal
MTL dysfunction with cognitive decline. Cereb Cortex 22:2297—
2304. https://doi.org/10.1093/cercor/bhr306

Raz N, Ghisletta P, Rodrigue KM, Kennedy KM, Lindenberger
U (2010) Trajectories of brain aging in middle-aged and older
adults: regional and individual differences. Neuroimage 51:501—
511. https://doi.org/10.1016/j.neuroimage.2010.03.020

Rabbitt P (2005) Frontal brain changes and cognitive performance
in old age. Cortex 41:238-240. https://doi.org/10.1016/s0010-
9452(08)70906-7

Shaw ME, Sachdev PS, Anstey KJ, Cherbuin N (2016) Age-
related cortical thinning in cognitively healthy individuals in their
60s: the path through life study. Neurobiol Aging 39:202-209.
https://doi.org/10.1016/j.neurobiolaging.2015.12.009

Peeters G, Katelekha K, Lawlor B, Demnitz N (2021) Sex differ-
ences in the incidence and prevalence of young-onset Alzheimer’s
disease: a meta-analysis. Int J Geriatr Psychiatry. https://doi.org/
10.1002/gps.5612


https://doi.org/10.1186/s13195-014-0082-1
https://doi.org/10.1186/s13195-014-0082-1
https://doi.org/10.1038/nrneurol.2017.96
https://doi.org/10.1038/nrneurol.2017.96
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1093/brain/awv191.x
https://doi.org/10.1093/brain/awv191.x
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1016/j.ab.2005.04.035
https://doi.org/10.1016/j.ab.2005.04.035
http://www.mathworks.com/matlabcentral/fileexchange/38043
http://www.mathworks.com/matlabcentral/fileexchange/38043
https://doi.org/10.1001/jamaneurol.2014.2805
https://doi.org/10.1001/jamaneurol.2018.0395
https://doi.org/10.1001/jamaneurol.2018.0395
https://doi.org/10.1093/brain/awt242
https://doi.org/10.1002/hipo.22517
https://doi.org/10.1002/hipo.22517
https://doi.org/10.1093/cercor/bhr306
https://doi.org/10.1016/j.neuroimage.2010.03.020
https://doi.org/10.1016/s0010-9452(08)70906-7
https://doi.org/10.1016/s0010-9452(08)70906-7
https://doi.org/10.1016/j.neurobiolaging.2015.12.009
https://doi.org/10.1002/gps.5612
https://doi.org/10.1002/gps.5612

	Age-specific prevalence of the different clinical presentations of AD and FTD in young-onset dementia
	Abstract
	Background 
	Methods 
	Results 
	Conclusions 

	Introduction
	Methods
	Results
	Discussion
	Acknowledgements 
	References


