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disability. To assess trends in health, investigators have 
to analyse trends in these diff erent levels of health, 
bearing in mind that diff erent indicators show diff erent 
phases of the disease and disability processes, and thus 
might follow diff erent trends. Studies of health trends 
are complex because (1) indicators of morbidity, 
functional limitations, and disability have been applied 
in consistently; (2) study designs, participation rates, and 
wording of questions have changed over time; and (3) 
institutional populations are excluded from many health 
surveys despite the burden this population places on 
health-care systems and despite changes in insti-
tutionalisation rates. 

We focus on trends and patterns in highly developed 
industrial countries, which have the most complete data 
for developments in health, despite diffi  culties with trend 
assessment. In view of the discussion by Vallin and 
Meslé35 about convergences and divergences in health 

transition and mortality, we expect similar trends in these 
countries, with the addition, however, of latecomers and 
forerunners. 

Disease
The prevalence of diseases in the elderly population has 
generally increased over time. Most survey data are based 
on self-reported morbidity. Although self-reported data 
are often assumed to underestimate true prevalence, 
investigators36 report higher prevalences in a Dutch 
population of diabetes mellitus, cardiac disease, lower-
back complaints, and asthma on the basis of self-reports 
than of medical records. However, increasing trends have 
generally been shown for both self-reports and medical 
records.36–38 These trends might partly show improved 
medical knowledge and health-service use in elderly 
people, without changes in underlying conditions. For 
instance, initially silent diseases, such as type 2 diabetes, 
hypertension, and some cancers, now get diagnosed 
earlier and receive better treatment than they did 
previously. This progress leads to a longer period of 
morbidity, but with an improved functional status.39

A rise in prevalence of chronic diseases, including 
heart disease, arthritis, and diabetes, was recorded in 
elderly people between the 1980s and 1990s in the 
USA,40,41 12 OECD countries,42 the Netherlands,36 and 
Sweden.37,43 Increases in pain and psychological 
distress,44 general fatigue, dizziness, leg ulcers, heart 
problems, hyper tension, and musculoskeletal pain,36,45 

and worsening lung function34 have been reported for 
the elderly population in Sweden between 1991 and 
2002. Reports suggest a general increase in multiple 
symptoms,36,45 although in the Netherlands improve-
ments have been noted for some diseases—eg, 
prevalences of cardiac disease, asthma, osteoarthritis, 
depression based on family doctors’registers, and lower-
back complaints.36 

Total cancer incidence has been rising, mainly because 
of population ageing, but also because of some cancers, 
such as prostate cancer in men, lung and breast cancer 
in women, and colorectal cancer and melanoma in both 
sexes. The most consistent decrease in Europe was 
noted for gastric and cervical cancers and male lung 
cancer. Survival rates for cancer have generally increased. 
Reduced exposure to carcinogens (eg, tobacco smoke), 
earlier diagnosis, and therapeutic improvements 
account for part of this change, but overall the 
distribution of cancer has shifted towards less aggressive 
cancers, with the notable exception of lung cancer in 
women.46 

An increase in disease and chronic conditions has been 
reported in people aged 65–69 years;47 for example, in 
arthritis and chronic airways obstructions in the UK. At 
working ages in the USA, rises have been noted for 
asthma, chronic bronchitis, diabetes, congestive heart 
failure, and arthritis.48 A comparison of baby boomers—ie, 
people born during the post-World War 2 baby boom, 

Figure 1: Best-practice life expectancy and life expectancy for women in selected countries from 1840 to 2007 
Linear regression trend depicted by solid grey line with a slope of 0·24 per year. Data from supplementary material 
of reference 12 and the Human Mortality Database.
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Alzheimer’s disease most common type of dementia, 50% of the cases.

Alzheimer Association, 2012



• Gradually worsening ability to remember new information.
• Several cognitive deficits.
• Progressive deterioration in functional ability.
• Increased disability and mortality.



• Frequently AD patients exhibit a remarkable weight loss.
• Considered one of the diagnoses of dementia.
• Direct cause of mobility limitation, bed-bound, and increased mortality.



Deterioramento cognitivo …. demenza

Demenza è il termine usato
per descrivere i sintomi di
un numeroso gruppo di
malattie che provocano il
deterioramento progressivo
delle funzioni mentali di una
persona.



Tante demenze …. quali demenze
La Malattia di Alzheimer la più comune (50-70%)

Nelle fasi iniziali i sintomi sono quasi impercettibili
La Demenza Vascolare (multi-infartuale)

problemi della circolazione sanguigna cerebrale
Il Morbo di Parkinson

Nelle ultime fasi della malattia si può sviluppare demenza
Demenza con corpi di Lewy

Piccolissime strutture sferiche che contribuiscano alla morte
delle cellule cerebrali
Il Morbo di Pick

Deterioramento progressivo capacità mentali
La Corea di Huntington

Malattia degenerativa ereditaria del cervello



Segni e sintomi

Perdita della 
memoria a 

breve termine

Difficoltà nel 
compiere le ADL

Problemi di 
linguaggio

Disorientament
o spazio 

temporale
wandering

Diminuzione 
della capacità di 

giudizio

La cosa giusta al 
posto sbagliato

Cambiamenti di 
umore e 

personalità

Controllo 
dell’alvo e 
minzione







Transracial Doppler



Arterial spin labeling (MRI)



Microcirculation 

MCI 12 mesi prima della 
diagnosi di AD Diagnosi di AD

Whitwell J. Brain 2007



Test clinici predittivi

Whitwell J. Brain 2007

3 anni prima della 
diagnosi di AD

1 anno prima della 
diagnosi di AD

Diagnosi di AD

MMSE 27 25 24
CDR 1.0 2.0 3.5
DRS 132 125 120



Demenza: quali fattori di rischio ?

Verghese J. N Engl J Med 2003

Variabile Non sviluppo della demenza Sviluppo della demenza

età 78 80 *

sesso 63 67

entia 92 91

Scolarizzazione elevata 74 84 *

Capacità funzionali 10,9 11,5 *

Attività fisica precedente 13,6 12,8

Livello cognitivo 10,6 7,5 *

ipertensione 52 45

diabete 11 12

infarto 7 3

Patologie cardiache 29 23

Disfunzioni tiroidee 14 9

depressione 17 19



Demenza: quali fattori preventivi ?

Verghese J. N Engl J Med 2003

• Studio prospettico 21 anni 
• Correlazione significativa tra:
• Partecipazione all’attività fisica nel tempo libero e 

decremento del rischio di demenza (Alzheimer e vascolare)
• La partecipazione ad una attività settimanale corrisponde 

ad una riduzione del 7% dell’insorgenza della malattia 



Demenza … e gli interventi di attività fisica

Ruscheweyh R. Neurobiology of Aging. 2009



Demenza … e gli interventi di attività fisica

Ruscheweyh R. Neurobiology of Aging. 2009



Demenza … e gli interventi di attività fisica

Ruscheweyh R. Neurobiology of Aging. 2009



Altri fattori associati all’insorgenza 
della demenza

Middleton L. Arch Neurol 2009



Componenti cardiovascolari

Middleton L. Arch Neurol 2009



Attività ad elevato impatto cognitivo

Middleton L. Arch Neurol 2009



Attività fisica

Middleton L. Arch Neurol 2009



Rapporti sociali

Middleton L. Arch Neurol 2009



Alimentazione

Middleton L. Arch Neurol 2009



Depressione

Middleton L. Arch Neurol 2009



Allenamento aerobico e performance 
cognitive

Masley F. J Clin Psychol Med Settings. 2009



Allenamento aerobico e performance 
cognitive

Masley F. J Clin Psychol Med Settings. 2009



Ma l’intensità dell’attività fisica è 
importante ?

McAuley, E. Journal of Gerontology. 2009



Malattie durante l’esercizio fisico
with subjective memory complaints but
no objective cognitive impairment).

The mechanisms by which physical
activity improves cognition in older
people at increased risk of dementia are
not clear. One possible mechanism is an
alteration in cerebral vascular function-
ing and brain perfusion. Studies involv-
ing animal models have shown that
physical activity can stimulate angiogen-
esis, brain perfusion and neurovascular
integrity within 3 to 4 weeks.45 Another
possible mechanism is environment en-
richment associated with greater physi-
cal activity.46 Basic research has shown
that enriched environments are activity-
prone46,47 and contribute to enhanced
brain plasticity via synaptogenesis, neu-
rogenesis, and attenuation of neural re-
sponses to stress.48,49 For example, Uda
et al49 compared the hippocampus of
control adult rats with rats that ran on a
treadmill for 30-minute a day for 7 days.
Active rats had more astrocytes and neu-
roblasts with proliferative ability in the
subgranular zone of the dentate gyrus of
the hippocampus, as well as increased
number of neurons in transient stage
than control rats. The authors specu-
lated that the observed changes were as-

sociated with increased production of fi-
broblast growth factor 2 in the active rats.
Likewise, Kronenberg et al48 demon-
strated in a mouse model that volun-
tary wheel running induced neurogen-
esis in older animals. They suggested that
this effect was partly mediated by N-
methyl-D-asparte receptors, a shift in cor-
ticoid receptor expression in the hippo-
campus, and activation of insulinlike
growth factor 1, vascular endothelial
growth factor, brain-derived neuro-
trophic factor, and endorphins.

In humans, Colcombe et al50 demon-
strated that physical activity is associ-
ated with increased blood perfusion of
brain regions that modulate attention.
Twenty-nine high-functioning older
adults were randomly assigned to either
aerobic activity or stretching and ton-
ing activity. The aim of the aerobic ex-
ercise group was to improve cardiores-
piratory fitness, whereas the stretching
and toning group served as a control
group. Participants in both groups met
3 times a week for 40 to 45 minutes. Af-

Table 5. Effects of the Intervention on Objective Measures of Physical Activity Relative to Baseline (Intention-to-Treat Analysis Using Multiply
Imputed Data)a

Measure, mo

Mean Difference From Baseline (95% CI)
P Value ANCOVA

for Repeated Measuresb

Exercise Group
(n = 85)

Control Group
(n = 85)

Between
Participants

Within
Participants

Total steps per week
6 5207.48 (513.51 to 9208.46) −4024.91 (−8760.7 to 302.14)
12 8947.74 (3787.37 to 14 529) −564.03 (−5735.65 to 3599.74) .009 .78
18 3290.70 (−1231.22 to 7999.36) −2989.68 (−8739.04 to 2161.33)

All moderate-intensity-plus activitiesc

6 95.55 (23.59 to 167.51) −46.57 (−110.59 to 17.45)
12 −9.79 (−66.89 to 47.32) −61.71 (−134.45 to 11.03) .09 .02
18 −6.68 (−68.27 to 54.9) −48.58 (−118.39 to 21.23)

All moderate-intensity–related activities
6 173.44 (76.48 to 270.41) −80.16 (−165.23 to 4.92)
12 31.60 (−55.09 to 118.29) −107.17 (−196.72 to −17.63) .12 .02
18 53.06 (−36.28 to 142.39) −129.89 (−224.56 to −35.22)

Energy expended in all moderate-plus activities, kcal
6 419.48 (86.26 to 752.69) −98.09 (−413.82 to 217.64)
12 57.39 (−206.55 to 321.33) −145.36 (−456.64 to 165.92) .12 .05
18 39.39 (−255.61 to 334.39) −47.01 (−324.39 to 230.36)

Abbreviation: ANCOVA, analysis of covariance; CI, confidence interval.
aMixed effect models with repeated measures and ANOVA F tests used. Covariates including age, sex, education level, premorbid IQ, marital status, and baseline measure adjusted.
bDegrees of freedom for between-participant and within-participant analyses are (1,162) and (2,162), respectively. The first degree of freedom in parentheses refers to that for effect

(between groups or between times) and the second to that for the error term.
cMinutes per week of all activities that were moderate, hard, and very hard.

Table 6. Adverse Events and Discontinuation of Intervention During Active (First 24 Weeks)
or After Active (24 Weeks to 18 Months) Period

Control
Group

Intervention
Group During
Active Phase

Intervention
Group After

Active Phase
Total adverse events reported 2 3 5

Cardiovascular problem 1 1a 2
Stroke or transient ischemic attack 1 0 1d

Inoperable lung cancer 0 1b 0
Foot pain and gout 0 1c 0
Disorientation episodes 0 0 1
Shoulder operation needing 8-wk recovery 0 0 1d

aThis event (myocardial infarction) took place before the intervention commenced.
bDiagnosed during intervention active phase, illness resulted in loss to 6-month follow-up data (participant died shortly

after).
cPreexisting gout and foot pain led to temporary interruption in intervention.
dThese 2 events occurred in the same participant.

PHYSICAL ACTIVITY AND COGNITIVE FUNCTION

©2008 American Medical Association. All rights reserved. (Reprinted with Corrections) JAMA, September 3, 2008—Vol 300, No. 9 1035

 at Azienda Ospedaliera di Verona on November 9, 2009 www.jama.comDownloaded from 

Lautenschlager, N.T. JAMA 2008



Meccanismi fisiologici
Chodzko-Zajko & Moore, 1994; Poon, 2006 hanno proposto alcune ipotesi che
spiegano la correlazione positiva tra l’attività fisica e le performance
cognitive:
Miglioramento del flusso ematico celebrale



Meccanismi fisiologici
Rigenerazione dei neuroni e delle sinapsi



Meccanismi fisiologici
Modificazioni nella sintesi e degradazione di neurotrasmettitori



Esercizio fisico e demenza di Alzheimer …. 
Esiste una relazione?



Exercise programs for people with dementia (Review)

Forbes D, Thiessen EJ, Blake CM, Forbes SC, Forbes S

This is a reprint of a Cochrane review, prepared and maintained by The Cochrane Collaboration and published in The Cochrane Library
2013, Issue 12

http://www.thecochranelibrary.com

Exercise programs for people with dementia (Review)

Copyright © 2013 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.



Effects of interventions

Primary outcomes

Cognition (eight trials; 329 participants)

We included eight trials that examined the effect of exercise on
cognition in the meta-analysis (Christofoletti 2008; Eggermont

2009a; Eggermont 2009b; Hwang 2010; Kemoun 2010; Van de
Winckel 2004; Venturelli 2011; Vreugdenhil 2012). We included
post-intervention end point measures of means, SDs, and number
of participants in each group in the meta-analysis.
A random-effects model was used, as the Chi2 value was 34.67
and the I2 value was 80%, indicating substantial heterogeneity.
The meta-analysis yielded significant results (P value 0.04) that
favoured the exercise program (k = 8, n = 329; SMD 0.55, 95%
CI 0.02 to 1.09) (Analysis 1.1; Figure 4a).

Figure 4. Forest plot of comparison 1: Physical activity vs usual care: cognition

We explored potential reasons for the high heterogeneity by com-
pleting the following meta-analyses that included only trials: 1)
with people diagnosed with AD; and 2) that ran the exercise pro-
grams for: more than 12 weeks; more than three times per week;
less than three times per week; included only aerobic exercise;
and included only strength exercise. None of these meta-analy-
ses reduced the heterogeneity. However, when we removed the
Venturelli 2011 trial - since it was the only trial that included only
participants with moderate to severe dementia - the heterogene-
ity was reduced (Chi2 value 18.49; I2 value 68%), but the results
of this meta-analysis were not significant (P value 0.15; k = 7; n

= 308; SMD 0.31, 95% CI -0.11 to 0.74) (Analysis 1.1; Figure
4b).
Although three additional trials also examined cognition (
Holliman 2001; Steinberg 2009; Stevens 2006), they could not be
included in the analyses as the necessary data were not reported,
and the authors did not provide them upon request. However,
their conclusions were mixed: Holliman 2001 and Steinberg 2009
showed no benefit of exercise on cognition, whereas participants
in the exercise program in the Stevens 2006 study showed im-
provement in cognition.

15Exercise programs for people with dementia (Review)

Copyright © 2013 The Cochrane Collaboration. Published by John Wiley & Sons, Ltd.
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Activities of daily living (ADLs) (six trials; 289 participants)

Six studies measured the effect of exercise on ADLs (Conradsson
2010; Francese 1997; Rolland 2007; Santana-Sosa 2008;
Venturelli 2011; Vreugdenhil 2012). We included end point mea-
sures of means, SDs, and number of participants in each group
in the meta-analysis. A random-effects model was used as the Chi
2 value was 22.19 and the I2 value was 77%, indicating consid-
erable heterogeneity. The meta-analysis yielded significant results
(P value 0.03), that favoured the exercise program (k = 6; n = 289;
SMD 0.68, 95% CI 0.08 to 1.27) (Analysis 2.1; Figure 5).

Figure 5. Forest plot of comparison 2: Physical activity vs usual care: Activities of daily living (ADLs)

We explored potential reasons for the high heterogeneity and com-
pleted the following meta-analyses that included only trials: 1)
with participants diagnosed with AD; and 2) that ran the exercise
programs for more than 12 weeks; less than 12 weeks; more than
three times per week; less than three times per week; a combina-
tion of aerobic and strength exercises; and removing the trial with
only persons with moderate to severe dementia (Venturelli 2011).
None of these meta-analyses reduced the heterogeneity.

Challenging behaviours (four trials; 110 participants)

Holliman 2001, Rolland 2007, Stevens 2006, and Van de Winckel
2004 examined the effect of exercise on challenging behaviours.
Holliman 2001 did not provide the SDs when using the PGDRS
behaviour scale, but did report that participants showed improved
behaviour only during group sessions, and not outside the group.
Stevens 2006 did not provide useable data but reported that the
participants in the exercise program showed improvement in be-
haviour. Van de Winckel 2004 also did not provide useable data
and reported no significant behavioural effects. The Rolland 2007

study revealed non-significant results (P value 0.75; k = 1; n = 110;
MD -0.60, 95% CI -4.22 to 3.02).

Depression (six studies; 341 participants)

Six studies examined the effect of exercise on depression (
Conradsson 2010; Eggermont 2009b; Rolland 2007; Steinberg
2009; Vreugdenhil 2012; Williams 2008). The trial authors of
Steinberg 2009 did not report the data needed for the analysis,
or respond to requests for this data. Williams 2008 included two
experimental groups: a supervised individual walking group and a
comprehensive individual exercise group. We combined the data
from the two experimental groups resulting in a sample size of 33,
a mean of 9.01 and an SD of 6.11. The meta-analysis revealed a
Chi2 value of 1.87 and an I2 value of 0%, indicating no hetero-
geneity. Consequently, a fixed-effect model was utilized that re-
vealed non-significant results (P value 0.20; k =5; n = 341; MD -
0.14, 95% CI -0.36 to 0.07) (Analysis 3.1; Figure 6). As there was
no heterogeneity, no subgroup or sensitivity analyses were needed.

16Exercise programs for people with dementia (Review)
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…. Ma perchè esiste questa relazione positiva?



Neurovascular unit 

1 relazione anatomico funzionale
raised the hypothesis that astrocytes are important for

the maintenance of vascular tone, or even for the rein-

statement of this tone as responses after neuronal stim-

ulation. Astrocytes seem to be the most versatile cells

of the NVU, as they communicate simultaneously with

both neurones and blood vessels, thus establishing ver-

satile connexions (L!opez-Bayghen & Ortega 2011,

Santello et al. 2012). Such connexions enable the inter-

play not only between neurones but also to the capil-

laries and pericytes, physically and chemically through

the release of gliotransmitters (Haydon & Carmignoto

2006, Koehler et al. 2006, Petzold & Murthy 2011,

Kowia!nski et al.2013). Like neurones, astrocytes can

be organized into syncytial structures of up to 100

units, strongly united anatomically by gap junctions

and functionally through calcium waves (Giaume et al.
2010, Tanigami et al. 2012). This organization makes

possible the propagation of electrical messages through

large distances and their transmission to the smooth

muscle cells of the vessels and pericytes. This may lead

to changes in vessel tone, not only in near areas, but

also sometimes at longer distances, even recruiting

other syncytia (Haydon & Carmignoto 2006). This

signal may be then modified according to neuronal

activity, which indirectly causes vasoconstriction or

vasodilation. Astrocytes also produce and release

numerous substances such as prostaglandins, ATP and

NO, which may also trigger vasodilation and vasocon-

striction (Gordon et al. 2008).
Anatomically, neurovascular communication takes

place through the astrocyte endfoot. The endfoot is a

very peculiar anatomical structure, consisting of a

highly specialized astrocyte extension, that is in con-

tact with the surface of the Smc and pericytes (Kacem

et al. 1998). The endfoot provides a broad surface

contact with the Smc or pericytes, wrapping them and

acting as a fast and efficient surface for the action of

neurotransmitters and neuromodulators. It remains

nevertheless unclear how exactly the astrocytes interact

in the tripartite synapses, and through which mecha-

nisms they actually interfere with neuronal synapses

and with other astrocytes (Kowia!nski et al. 2013).

Pericytes and myocytes

Pericytes are rounded and isolated cells that are in

close contact with endothelial cells. Similarly, to other

components of the NVU, this intimate contact is not

only anatomical but also functional (Peppiatt et al.
2006, Armulik et al. 2010). Through anatomical con-

tact, the pericytes provide support to endothelial cells.

By proximity, they participate in the development and

maturation of endothelial cells, and take part in the

metabolic performance of myocytes (S!a-Pereira et al.
2012). Like astrocytes, pericytes were described until

recently as a simple support cells (Armulik et al.
2010, S!a-Pereira et al. 2012). Even today, the knowl-

edge about role of the pericyte is still limited, but

Kawamura (Kawamura et al. 2003) and his collabora-

tors showed that pericytes contract as a response to

ATP increases and secrete growth factors and adhe-

sion molecules. Peppiatt reported that they possess

contractile proteins and, being juxtaposed to cerebral

capillaries, are able to control the capillary diameter

and probably help modulate the blood flow in

response neuronal activity (Peppiatt et al. 2006). Fur-
thermore, pericytes play a fundamental role in the

blood–brain barrier, phagocytosis and angiogenesis

(Armulik et al. 2010). There is also evidence that

the pericytes constrict in a synchronized manner when

Figure 1 The figure above shows the

components of the neurovascular unit:

The neurone (blue) establishes synapses

with interneurones (purple) and with

astrocytes (green), sending information

through neurotransmitters on their

oxygen requirements and commands

contraction or vascular relaxation. As-

trocytes, through calcium waves, trans-

mit the order to the vessels. The point of

contact between astrocytes and the vas-

culature is the endfeet, which can be in

touch directly with endothelial cells

(red), pericytes (yellow) or myocytes/Smc

(orange).

© 2014 Scandinavian Physiological Society. Published by John Wiley & Sons Ltd, doi: 10.1111/apha.12250792

The neurovascular unit · V Muoio et al. Acta Physiol 2014, 210, 790–798



Human embryogenesis

endotelio

2 stessa origine embrionale 



Zacchigna et al. Nature Reviews 2008
Nature Reviews | Neuroscience

Microvessel angiopathy:
amyloid deposition (pink), 
basement-membrane thickening, 
impaired O2 diffusion and 
vasoregulation, inflammation

Vessel regression, 
hypoperfusion, endothelial 
degeneration

Abnormal vessel growth, size
and shape. Blood–brain-barrier 
disruption, leakiness, impaired 
clearance of toxins

b

c

d

e

a

Healthy blood vessel, showing 
an endothelial cell (yellow), a 
pericyte (brown), a glial cell 
(purple) and the basement 
membrane (blue)

Pleiotropism
The ability of a single protein 
to have several seemingly 
unrelated biological actions.

resulting in lower levels of VEGF and therefore reduced 
neuroprotection34, whereas another model suggests 
that VEGF is upregulated in AD brains as a secondary 
response to hypoxia35. Neuron-specific inactivation of 
HIF1A lowers VEGF levels in the CNS and causes loss 
of dopaminergic neurons in adult mice, but it is unclear 
whether this is due to a developmental or an adult-onset 
defect36. Notably, intravitreal injection of a VEGF blocker 
in normal animals leads to a 50% loss of VEGFR-positive 
retinal ganglion cells, whereas VEGF delivery protects 
ischaemic retinal neurons against apoptosis37. Overall, 
a substantial body of evidence indicates that (partial) 
loss of function of VEGF causes or aggravates various 
neurodegenerative disorders.

Other VEGF family members, such as VEGFB and 
VEGFC, also have direct effects on neurons, but a role 
for these proteins in neurodegeneration has not been 
documented. Platelet-derived growth factors (PDGFs) 
are the closest homologues of the VEGF family mem-
bers, and these two families even share a common 
ancestral origin in fruitflies and worms. Activation of 

PDGF receptor-B (PDGFRB) recruits smooth-muscle 
cells around endothelial channels and thereby stabilizes 
nascent vessels. Interestingly, this receptor is not required 
for adult-neuron survival in healthy conditions, but it is 
neuroprotective in pathological conditions38.

Recent genetic studies in humans further suggest 
roles for other angiogenic factors in neurodegeneration. 
Various heterozygous missense mutations were identi-
fied in the angiogenin (ANG) gene in patients with ALS39. 
ANG’s angiogenic properties are mediated, in part, down-
stream of VEGF, through direct effects on endothelial 
cells40; in addition, ANG directly stimulates the survival 
of motor neurons41. There are also a number of other 
angiogenic factors, such as angiopoietin 1 (ANG1), that 
regulate neurogenesis or neuroprotection, but genetic 
evidence for the involvement of these angioneurins in 
neurodegeneration has not yet been established.

Other angioneurins. A number of molecules were first 
identified through their pleiotropic effects on different 
cell types; some of these molecules affect both neurons 
and vascular cells either directly or indirectly and can 
thus be considered angioneurins (FIG. 2; TABLE 1). Recent 
genetic studies in humans identified loss-of-function 
mutations of the progranulin gene (PGRN) in individuals 
with ubiquitin-positive frontotemporal dementia (FTD) 
or ALS42. PGRN is a member of the granulin/epithelin 
family of growth factors. As well as its roles in FTD and 
ALS, PGRN stimulates cancer progression and tumour 
angiogenesis, at least in part by affecting endothelial cells 
directly 43 (although it also affects them indirectly by 
upregulating VEGF expression44). PGRN also has direct 
neurotrophic effects on motor and cortical neurons.

Other molecules, such as FGF2, EGF, transforming 
growth factor-B1 (TGFB1), hepatocyte growth factor 
(HGF), insulin-like growth factor 1 (IGF1), erythro-
poietin (EPO) and others, have also been implicated 
in postnatal neuron loss or adult-onset neurodegen-
eration (TABLE 1). Loss-of-function mutations of these 
angioneurins result in a spectrum of histopathological 
features, including neuron loss, dysfunction and degen-
eration, that develop either spontaneously or after injury. 
Some angioneurins of this group have cell-type-specific 
effects, reflecting their pleiotropic nature. For instance, 
loss of function of TGFB1 in neurons causes AD-like 
lesions45,46, whereas gain of function of TGFB1 in astro-
cytes results in AD-like angiopathy47,48 but enhanced 
clearance of amyloid-B (AB	 by activated microglia49. The 
expression of some of these angioneurins is reduced in 
human neurodegenerative disorders (for instance, FGF2 
expression in PD50 and TGFB-receptor-II expression in 
AD45), but genetic loss-of function mutations in humans 
have not been reported thus far, and genetic-association 
studies have been insufficiently validated.

How do angioneurins affect neurodegeneration?
Effects on the vasculature. It is plausible that some 
angioneurins regulate adult-neuron survival through 
their effects on the vasculature. For instance, enhanced 
peripheral sensory signalling promotes angiogenesis in the 
ischaemic brain by upregulating the expression of VEGF 

 Box 2 | Vascular defects in neurodegenerative disease

The figure illustrates several distinct vessel defects that are observed in 
neurodegenerative disorders. Compared with the normal brain vasculature (a), which 
consists of a pial artery that branches into parenchymatous vessels, microvessels in 
neurodegeneration, are pruned and thinned (b), more numerous and abnormally 
enlarged (c), show signs of blood–brain-barrier (BBB) disruption with resultant 
leakiness and exhibit signs of amyloid angiopathy (e compared with d). In Alzheimer’s 
disease (AD), various vascular abnormalities have been documented, ranging from 
capillary distortion, BBB dysfunction, thickening of the basement membrane and 
endothelial degeneration to perivascular neuroinflammation134. Amyloid deposits in 
smaller arteries cause smooth-muscle cell loss, dilatation and rupturing that leads to 
intracerebral bleeding135, whereas larger vessels often contain atherosclerotic plaques 
that cause microinfarctions and hypoperfusion136. Impaired endothelium-dependent 
regulation of the microcirculation also causes a mismatch between cerebral blood flow, 
metabolism and brain activity (neurovascular uncoupling) in AD models and in patients 
with AD137. In AD mice, vessel density is reduced in vulnerable brain regions before 
amyloid plaques appear138, suggesting that vessel defects might contribute causally to 
the pathogenesis of the disease. Also, in humans hypoperfusion is a predictor of AD in 
asymptomatic patients that have a genetic risk or family history of AD139. Parts a–d 
modified, with permission, from REF. 54 � (2005) Elsevier Science. Part e modified, with 
permission, from REF. 140 � (2004) Macmillan Publishers Ltd.
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and other angioneurins; this in turn might have beneficial 
effects on recovery following focal ischaemia51. However, 
despite there being clear evidence of vessel abnormalities 
in neurodegenerative disorders (BOX 2), the nature of the 
molecules that cause these vessel alterations often remains 
enigmatic. Also, the coexistence of qualitatively opposite 
vascular changes (such as the regression of existing vessels 
together with the excess formation of abnormal vessels) 
remains largely unexplained. This makes it challeng-
ing to determine whether the vessel abnormalities or 
observed changes in angioneurin expression are a cause 
or a consequence of the neurodegenerative process itself. 
VEGF, for instance, is highly upregulated by hypoxia and 
inflammation. Reports of its elevated levels thus need to 
be interpreted with this in mind.

Quiescent endothelial cells require survival signals to 
cope with stressful conditions. Genetic and pharmaco-
logical studies show that a low level of VEGF is required 
to maintain the integrity of quiescent vessels52 (FIG. 3a). 
This might explain why endothelium-specific loss of 
VEGF causes generalized vessel disintegration with 
resultant brain infarcts and bleeding52, and why VEGF 
protects vessels in peripheral nerves against damage by 
chemotherapeutic agents15. FGFs, and probably many 
more angioneurins, have similar ‘vasculo-protective’ 
effects on quiescent vessels.

Angioneurins might also regulate vessel function 
and, in particular, perfusion through the upregulation 
of vasodilatative molecules such as nitric oxide (NO)53 
(FIG. 3a). This could explain why low VEGF levels, in 
the absence of detectable vessel regression, impair CNS 

perfusion and thus cause the ischaemic degeneration 
of motor neurons26. Some angioneurins have complex 
activities; for instance, despite its beneficial effects on 
the BBB (see below), expression of a TgfB1 transgene 
in astrocytes results in AD-like angiopathic features, 
including perivascular astrocytosis, thickening of corti-
cal capillary basement membranes and amyloid deposi-
tion in the vessel wall of cerebral arterioles, which lead 
to reduced brain perfusion47,48.

Angioneurins also protect neuronal homeostasis by 
maintaining an intact BBB (FIG. 3a). In the BBB, endothe-
lial cells are surrounded by pericytes and glial cells; 
disruption of this ‘neurovascular unit’ leads to neuronal 
dysfunction and loss54. TGFB1, HGF and FGF2 pro-
mote the maintenance and integrity of the BBB, in part 
by upregulating the expression of endothelial-junction  
molecules55–57. Loss of FGF2 causes BBB leakiness, prob-
ably as a result of cytoskeletal defects in astrocytes58. As 
mentioned above, low levels of VEGF are required for 
the maintenance of quiescent vessels. However, the activ-
ity profile of VEGF is highly dependent on its dose, and 
hence at very high levels, which occur during severe cer-
ebral ischaemia and epileptic insults, VEGF can induce 
toxic BBB leakage59,60. Intracerebral injection of excessive 
amounts of VEGF also disrupts the BBB, with secondary 
loss of dopaminergic neurons61. Another angioneurin 
that needs to be tightly regulated is EPO. Constitutive 
overexpression of EPO results in adult-onset demyeli-
nating peripheral neuropathy, presumably because of the 
excessive vascular leakage and vessel enlargement that 
occurs62. Thus, angioneurins can affect adult-neuron  
survival through several vascular mechanisms and are, 
in general, protective. However, their levels must be 
tightly controlled.

Neuroprotective effects. An important property of 
some angioneurins is their neuroprotective activity, 
promoting neuronal survival in response to hypoxia, 
hypoglycaemia, injury, excitotoxicity or other forms of 
stress63. Both neurons and glia release neuroprotective 
angioneurins, such as VEGF, TGFB1, PGRN and HGF. 
For most angioneurins, direct neuroprotective effects 
have been documented in vitro, but conclusive evidence 
that they act directly on neurons in vivo is often missing. 
VEGF, by contrast, has been shown to act directly on 
neurons in vitro and in vivo. Indeed, this factor promotes 
the survival of isolated motor neurons through VEGFR2 
signalling in vitro, and transgenic studies reveal that 
neuronal overexpression of VEGFR2 protects ALS mice 
against motor-neuron loss29. Also, inhibition of VEGF 
signalling results in the loss of retinal ganglion cells37. A 
direct neuroprotective effect is further suggested by the 
finding that VEGF stimulates the survival of ischaemic 
retinal neurons ex vivo37. Direct neuronal effects have 
also been demonstrated for TGFB1, in mice expressing 
a kinase-deficient TGFBRII transgene in neurons45, 
and for FGF2, using brain-specific FGF-receptor-1  
(FGFR1)-knockout mice64 (TABLE 1).

Angioneurins can exert their neuroprotective effects 
through several mechanisms (FIG. 4a). Direct neuro-
protective effects include the activation of molecular 

Figure 2 | Principal angioneurins and their receptors. A schematic representation of 
the three types of angioneurins; a representative member of each type and its main 
receptor is shown. Some neurotrophic factors were originally discovered through their 
neuronal effects and then later found to also have angiogenic activity (for example, brain-
derived neurotrophic factor (BDNF)); some were originally discovered through their 
angiogenic effects and then later found to also have neuroprotective activity (for example, 
vascular endothelial growth factor (VEGF)); others are more pleiotropic but still have 
relevant neurovascular activities, being involved in both angiogenesis and neuroprotection 
(for example, transforming growth factor-B1 (TGFB1) and  insulin-like growth factor 1 
(IGF1)). ANG, angiogenin; EGF, epidermal growth factor; EPO, erythropoeitin; FGF2, 
fibroblast growth factor 2; HGF, hepatocyte growth factor; NGF, nerve growth factor; NT, 
neurotrophin; PDGF, platelet-derived growth factor; PGRN, progranulin.
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and, to a lesser extent, NGF have also been widely stud-
ied using electrophysiological methods (for a review see 
REF. 95). Angioneurins thus regulate synaptic plasticity 
through both structural and functional effects.

A well-studied synapse is the neuromuscular junction 
(NMJ), which degenerates in motor-neuron disorders. 
Although ALS has long been considered to result from 
degeneration of the motor-neuron soma, recent findings 
reveal that the disease might in fact commence with the 
degeneration of the peripheral axon96. The neuromuscu-
lar synapse is composed of a presynaptic nerve terminal, 
perisynaptic Schwann cells (PSCs; also termed terminal 
Schwann cells) and a postsynaptic muscle fibre. PSCs are 
dispensable for establishing the initial contact between 
axons and myofibers in development, but in adulthood 
they become essential for the function, maintenance and 
regeneration of NMJs and serve as guidance substrates 
for regenerating nerve sprouts97. In a mouse model 
of ALS, PSCs of fast-fatigable muscle fibres express 
increased amounts of the neurorepellent semaphorin 3A, 
suggesting that this angioneurin might directly or indi-
rectly contribute to axon loss in motor-neuron disease98. 
Furthermore, target-derived IGF1 inhibits the age-
dependent switch in muscle-fibre-type innervation in  
senescent mice99 and preserves NMJ innervation 
in an ALS model100. Thus, angioneurins counteract  
neurodegeneration by stimulating synaptic plasticity.

Effects on neurite outgrowth, branching and elimination. 
In addition to the effects described above, angioneurins 
might have other effects on neurons (FIG. 5). IGF1 induces 
axon outgrowth in isolated motor neurons, similar to 
the direct effect of angioneurins on neurite extension 
in various other neuron types101,102. Angioneurins also 
regulate axon pruning and branching. During develop-
mental innervation or adult reinnervation after injury, 
myofibres in vertebrates are transiently poly-innervated 
and subsequently become mono-innervated through 
synapse elimination. IGF1 acts directly on neurons to 
preserve poly-innervation during developmental syn-
apse elimination and, in addition, stimulates terminal 
motor-axon sprouting at the NMJ in denervated adult 
myofibres103. FGF2 exerts similar effects when it is deliv-
ered with CNTF102. By contrast, BDNF enhances branch-
ing and arborization but not axon outgrowth101. Overall, 
angioneurins exert beneficial effects on neurites.

Effects on myelination. Demyelination is a hallmark of 
MS, but is also a characteristic of AD, PD, diabetic neuro-
pathy and cognitive deterioration in the elderly104. Several 
angioneurins promote (re)myelination through direct 
effects on oligodendrocytes and Schwann cells and their 
precursors. In vitro, various angioneurins exert mitogenic 
effects on oligodendrocytes and Schwann cells and protect 
them from apoptosis105–108. Pdgfa-null mice that survive 
birth develop tremor due to severe hypomyelination of 
neuronal projections, whereas heterozygous deficiency  
of PDGFRA impairs oligodendrocyte-progenitor prolif-
eration and oligodendrocyte regeneration in adult models 
of toxin-induced demyelination109. The type-1 IGF recep-
tor has a critical role in remyelination; it stimulates the 

proliferation of oligodendrocyte progenitors110. In a model 
of ischaemic peripheral neuropathy, VEGF preserves 
axon myelination and promotes axon regeneration, in 
part through the direct stimulation of Schwann-cell 
migration and proliferation105. Other angioneurins, such 
as VEGFC, affect oligodendrocyte precursors in develop-
ment but have no documented role in adult myelination111. 
However, not all angioneurins act the same way. Indeed, 
by inhibiting terminal differentiation of oligodendrocyte 
progenitors to mature oligodendrocytes, FGF2 suppresses 
myelin production in the CNS; it has similar effects on 
Schwann cells in the PNS74. Thus, angioneurins modulate 
both demyelination and remyelination.

Therapeutic perspectives
The spectrum of angioneurin activities described above 
offers attractive opportunities for the treatment of 
neurodegeneration. We now discuss the results of these 
attempts, focusing on motor-neuron degeneration, 
which has seen the most promising results thus far.

Motor-neuron degeneration. Preclinical studies reveal 
that angioneurin therapy might be beneficial for motor-
neuron degeneration. Depending on the route of admin-
istration, angioneurins can elicit distinct complementary 
effects on the motor-neuron cell body or axon, the 
NMJ or the muscle. Therapeutic genes can be targeted 
to the motor-neuron soma using viral vectors that are 
retrogradely transported to the cell body. Use of such 
IGF1- or VEGF-expressing vectors prolongs the lifespan 

Figure 5 | Angioneurins promote innervation and axon 
sprouting. The repair of neurodegeneration and nerve 
injury by compensatory reinnervation involves both axon 
outgrowth and axon sprouting, and thus results in transient 
poly-innervation of muscle fibres (until mono-innervation is 
established). Axon sprouting can occur at the motor 
endplate (ultra-terminal sprouting), at the nerve terminal 
(pre-terminal sprouting) or at the nodes of Ranvier (nodal 
sprouting). Angioneurins promote axon outgrowth and 
terminal sprouting; whether they also promote nodal 
sprouting is less established.
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Fig. 2. Mean brain-derived neurotrophic factor (BDNF) plasma con-
centration before (pre) and after (post) the exercise session in the
Alzheimer’s disease patients and control group. ∗Significant differ-
ence (p < 0.05) pre to post exercise session.

Table 2
Analysis of covariance (ANCOVA) for brain-derived neurotrophic
factor (BDNF) plasma levels at baseline controlled by cognitive

function, level of physical activity and aerobic fitness

Variables F p

Cognitive function (MMSE) 1.74 0.19
Level of physical activity (QBME) 1.00 0.32
Aerobic fitness

Lmax 2.30 0.14
Treadmill grade 2.25 0.14
Time exhaustion 3.02 0.09
VO2 2.24 0.15

MMSE, Mini-Mental State Examination; GDS, Geriatric Depres-
sion Scale; BQME, Baecke Questionnaire Modified for the Elderly;
Lmax, maximal lactate levels; VO2, oxygen uptake. ∗Significant
difference (p < 0.05).

obic exercise significantly increased BDNF plasma
levels in AD patients (pre = 255.2 ± 116.2 pg/ml;
post = 311.6 ± 110.7 pg/ml) and in the healthy con-
trols (pre = 353.3 ± 169.9 pg/ml; post = 411.0 ±
172.8 pg/ml) was found (Fig. 2). In relative units,
BDNF plasma levels increased by 22% in patients with
AD and by 16% in healthy elderly following acute
aerobic exercise. The analysis of the observed Power
indicated 0.94, i.e. the study sample has a 94% chance
of detecting a difference that exists in the population.
The ANCOVA did not show effect of confounding vari-
ables (cognitive function, levels of physical activity,
and aerobic fitness) on BDNF plasma levels (Table 2).

No significant correlations were found between
BDNF plasma levels and aerobic fitness. However,
a significant moderate positive correlation (p = 0.04;
r = 0.33) was found between BDNF plasma levels and
the level of physical activity (Fig. 3).

Fig. 3. Moderate positive correlation between brain-derived neu-
rotrophic factor (BDNF) plasma levels at post aerobic exercise and
level of physical activity (Baecke Questionnaire Modified for the
Elderly) in the Alzheimer’s disease patients and healthy controls.

DISCUSSION

The main findings of our study are that AD patients
and healthy controls showed significant increases in
BDNF plasma levels immediately after acute aer-
obic exercise. Some studies reported a significant
increase of BDNF levels induced by physical exercise
in patients with neurodegenerative and neuropsychi-
atric diseases. Laske et al. [17] applied acute aerobic
exercise (submaximal-graded exercise treadmill test)
in major depressive patients and found an increase in
serum BDNF levels. Acute aerobic exercise increased
BDNF levels in patients with panic disorder [26], in
patients with depression [27], and in patients with mul-
tiple sclerosis [28].

Our results suggest that the enhancement of BDNF
levels might be associated with the acute aerobic
exercise efficacy. The increase in BDNF plasma lev-
els occurs in response to acute aerobic exercise,
once BDNF was collected immediately after exercise.
The effect of an aerobic training program on BDNF
response from rest period to the end of acute aerobic
exercise was studied in humans. Knapeen et al. [13]
showed several studies which applied acute aerobic
exercise that have resulted in increases in BDNF lev-
els in individuals with chronic diseases. According to
these authors, physical exercise temporarily elevates
basal BDNF and possibly upregulates the cellular pro-
cessing of BDNF.

The work of Rasmussen et al. [16] indicates evi-
dence for a release of BDNF from the brain during
aerobic exercise, since the concentration of this neu-
rotrophin in the internal jugular vein increased about
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Fig. 2. Possible roles of endothelial dysfunction, cerebral hypoperfusion, and A! in the pathogenesis of Alzheimer’s disease (AD). Plasma
ADMA (asymmetric dimethylarginine) levels are increased in many of the diseases regarded as vascular risk factors.

after subarachnoid hemorrhage [3] are factors that
generate and develop an impairment of endothelial
function. Smoking and hypertension seem to have an
additive effect as risk factors for endothelial dysfunc-
tion [29]. Occurrence of the inevitable age-dependent
endothelial dysfunction would be delayed to occur by
physical exercise [30, 31] and therapeutic agents act-
ing on the NO/cyclic GMP pathway and eliminating
oxidative stress [2]. Oxidative stress and ADMA as fac-
tors involved in endothelial dysfunction also contribute
to eliminating NO liberated from nitrergic nerves and
inhibiting the nNOS activity, respectively.

Studies on experimental animals

There is evidence showing that vascular NO derived
from eNOS plays a critical role in spatial memory func-
tion during chronic brain hypoperfusion, possibly by
keeping cerebral perfusion optimal through its regu-
lation of cerebral blood flow and that disruption of
this mechanism may result in spatial memory impair-
ment in rats [32]. Cerebral arteries from 16-month-old
amyloid-! protein precursor (A!PP)-transgenic mice
features decreased vasodilator responses to ACh

compared with wild-type mice [33, 34]. Treatment
with L-NA abolished the protective effect of adapta-
tion to hypoxia, potentiated the damaging effect of A!,
and produced memory disorders in rats similar to those
observed during experimental AD [35].

EFFECTS OF A! ON NO-MEDIATED
CEREBRAL BLOOD FLOW AND
VASCULAR TONE

A! is a peptide central to the pathogenesis of AD
through mechanisms involving decreased NO bioavail-
ability and cerebral blood flow.

In segments of rat posterior cerebral vessels, the
threshold concentration of A! for a decrease in the
endothelium-dependent vasodilator response to ACh
was lower in vessels from aged rats (20 months of
age) than in those from mature rats (3 months of
age), suggesting that A! impairs endothelial func-
tion and this effect is enhanced by aging [36].
Cerebral vascular dysfunction induced by A!1-40 in
rats in vivo was demonstrated using a non-invasive
approach [37]. Vasomotor responses of rat basilar
arteries were not changed by treatment for 6 h with



and differed only in V̇O2max. Our findings support the notion
that acute and chronic exercise improve putative EPC function
and suggest a novel cellular mechanism that may explain this
effect.

NADPH oxidase is regarded as one of the most important
sources of oxidative stress in the CV system (9, 25, 26). ECs
throughout the CV system express elevated NADPH oxidase in
several pathological conditions associated with physical inac-
tivity, including CV disease (1), hypertension (15), and diabe-
tes (23). In putative EPCs, excessive NADPH oxidase-derived
superoxide radicals promote premature cellular senescence and
reduced proliferative capacity (13). Here, we show elevated
expression of the NADPH oxidase catalytic subunit gp91phox

gene in CFU-EC of healthy men who would be considered very
healthy, and have excellent CV disease risk profiles, but who
do not regularly perform endurance exercise. We show further
that a single bout of exercise reduces mRNA expression of
gp91phox and p47phox in CFU-EC NOi from these men. To our
knowledge, no studies have assessed the effects of acute or
chronic endurance exercise on putative EPC NADPH oxidase

gene expression, but these data are consistent with a previous
report of CV disease patients showing a reduction in gp91phox

mRNA in coronary artery ECs following a 4-wk endurance
training program (1).

Because eNOS uncoupling, and subsequent depletion of
NOi, is a consequence of elevated NADPH oxidase activity
(16, 26), we tested whether the observed differences in eNOS
and NADPH oxidase gene expression between groups and with
acute exercise were corroborated by differences in CFU-EC
NOi. Consistent with the elevated baseline gp91phox and re-
duced eNOS mRNA levels in the inactive group, these indi-
viduals also displayed significantly lower NOi compared with
the active group. The inactive group NOi levels increased with
BL-APO, EX-VEH, and EX-APO treatments. Importantly, the
effects of NADPH oxidase inhibition and acute exercise on
NOi were nearly identical in magnitude and were not additive,
as evidenced by no further increase in NOi in the EX-APO
condition over either treatment alone. Furthermore, there was
no acute exercise effect on eNOS mRNA in either group,
despite a between-group difference at baseline. Together, these
data indicate that, in inactive individuals, NOi in putative EPCs
is increased by acute endurance exercise through an NADPH
oxidase-driven mechanism. This is a critical finding of the
study, but this mechanism only partly explains the training-
related differences in NOi in cells of the CFU-EC assay. The
increases in the inactive group’s NOi by apocynin, exercise,
and their combination were not sufficient to reach the levels of
the active group’s CFU-EC NOi under the BL-VEH condition.
Thus the exercise training-induced difference in NOi is also
likely explainable by the elevated baseline eNOS gene expres-
sion in the active group as well as other mechanisms indepen-
dent from NADPH oxidase.

The changes observed with acute exercise in the inactive
group were not observed in the active group. CFU-EC of these
individuals displayed lower gp91phox mRNA at baseline and
decreased expression of gp91phox following exercise, but this
change was apparently without consequence for NOi levels,
which remained higher in CFU-EC from active men under all
experimental conditions. It is reasonable to speculate that we

Fig. 2. Endothelial nitric oxide synthase (eNOS) mRNA as measured by
semiquantitative RT-PCR in active and inactive men. *Significant difference
between groups (P ! 0.05).

Fig. 1. A: endothelial cell colony-forming units (CFU-EC) in active and
inactive men at baseline and after 30 min exercise at 75% maximal oxygen
uptake (V̇O2max). *Significantly different from baseline value (P ! 0.05).
B: acute exercise-induced change in CFU-EC in active and inactive men.
*Significantly smaller change in inactive than active men (P ! 0.05).
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sumably by arterial remodelling, plaque stabilization and func-
tional adaptations such as increased endothelium-dependent vaso-
dilation (Hambrecht et al., 2004). At low concentrations, free

radicals and their reactive non-radical derivatives, e.g., hydrogen
peroxide, may act as mediators and modulators of cell signaling
which contribute to key functions such as the regulation of blood

Fig. 1. Pathophysiology of vascular dysfunction in Alzheimer’s disease (AD). Amyloid deposition in the extracellular neuropil and vascular walls is the hallmark of AD
pathology. Vascular deposition promotes endothelial dysfunction leading to decreased eNOS expression and activity, hence turning down basal NO release. The ensuing
impairment of vascular reactivity mediates a decrease in functional cerebral blood flow, further promoting oxidative damage to the vasculature, particularly the endothelium:
a vicious cycle closes. Amyloidogenic damage to the basal forebrain results in degeneration of cholinergic vascular innervation, providing yet another entry into the vicious
cycle via impairment of functional vascular reactivity. Exercise is assumed to counteract the pathophysiological cascade at various points (grey bars, see text for details).

Fig. 2. The vascular reserve paradigm. From early midlife on, accumulation of vascular stressors such as certain lifestyle and VRFs as well as aging itself impose increasing
oxidative stress on brain vessels. In case of incident AD, specific pathology additionally strains the cerebral vasculature. The incidence and extent of the dementia syndrome
depends on vascular reserve which contributes to neuronal integrity and ‘‘cognitive reserve” to a great extent. The balance of neurodegeneration and neuroprotection in the
aging brain greatly depends on acquired vascular plasticity during lifetime, and exercise appears to be a key factor.

C. Lange-Asschenfeldt, G. Kojda / Experimental Gerontology 43 (2008) 499–504 501

Paradigma della riserva vascolare

Lange-Asschenfeldt et al. exp Geront
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statistically significant (F(1, 20)¼ 15.63, p¼ .0008); the adjusted
least-square means were 4.82 for GrT and 3.51 for GrC.

Shoulder flexibility improved in the GrT group to 27.2" 7.9 cm
(Figure 2), whereas the control group maintained values of 37.7"
10.7 cm (nonadjusted means), similar to the starting level. The
correlation between posttraining values and baseline values was
statistically significant (F(2, 19)¼ 29.6, p< .0001; R2¼ .819), but
the assumption of parallelism was not met for this variable (F(1,
19)¼ 8.39, p¼ .0092), thus ANCOVA could not be performed. The
difference between values after treatment between GrT and GrC
groups was statistically significant (t(21)¼ 2.70, p¼ .01). The vari-
ation from baseline was significantly different between groups, being
11" 8.0 cm in GrT and #1.1" 3.4 cm in GrC (t(21)¼ 4.74,
p¼ .0001).

Arm circumferences did not increase after the training period
neither in GrT (25.9" 2.7 cm) nor in GrC (24.9" 2.1 cm) (non-
adjusted means). The correlation between posttraining values
and baseline values was statistically significant (F(2, 19)¼ 28.7,

Figure 2. Relative (%) changes from pre- to posttraining values in Barthel
ADL (activity of daily living) index, MMSE (Mini-Mental State Examin-
ation), 1RM arm curl (upper body strength), and arm circumference, and
absolute changes (in cm) in back scratch (upper body flexibility). $p< .05
within group; xp< .05 between groups. Independent samples t test was used
to compare values between groups. Analysis of covariance (ANCOVA) was
used to test training effects.

198 M. Venturelli et al.
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Six-Month Walking Program Changes
Cognitive and ADL Performance in
Patients With Alzheimer

Massimo Venturelli, PhD1,2,3, Renato Scarsini, MD2, and
Federico Schena, MD, PhD1

Abstract
Motor inactivity is typical in the later stages of Alzheimer’s disease although there is evidence that physical exercise can reduce
depression and enhance performance of daily activities. The aim of this study was to determine whether a walking program could
reduce the functional and cognitive decline of elderly nursing home residents in the later stages of Alzheimer’s disease. A total of
21 patients (84 + 5 years) were randomly assigned to a walking program (WG) or to a control group (CG). A 6-minute walking
test (6WT), the Barthel index of activities of daily living (ADLs), and Mini-Mental State Examination (MMSE) tests were performed
before and after 24 weeks of the program. The WG showed significant improvement in the 6WT (20%) and ADLs (23%), while
the CG decreased in MMSE (!47%), the WG had a slower decline (!13%). This study indicates that it is possible to stabilize the
progressive cognitive dysfunctions in nursing home residents with Alzheimer’s disease through a specific walking program.

Keywords
walking, severe dementia, caregiver, ADL

Introduction

Today, one of the main purposes of institutional long-term care
is to offer complete and combined therapy intervention that can
enhance nursing home residents’ functional abilities. New inte-
grated clinical approaches concerning physical exercise and
Alzheimer’s disease (AD) have recently received attention in
the scientific literature.1 Although physical exercise enhances
and maintains benefits on general heath, quality of life, and
physical fitness in the older population,2-4 there is also evi-
dence indicating cognitive advantages for older adults5,6 with
mild cognitive impairment.

Previous randomized control trials have reported that it is
possible to get people with mild cognitive impairment7,8 to
exercise. Studies on people with moderate dementia have
described numerous positive effects of physical exercise and
walking programs: improvement in walking endurance, better
urinary continence, enhanced communication, reduced depres-
sion, and an increase in activities of daily living (ADLs).9-11

Other studies have shown that physical exercise alleviates cer-
tain symptoms of early dementia and biomarkers of AD, and
improves health and quality of life.2,3,12-14

In a 12-month multicenter, randomized, controlled study,
Rolland et al15 provided evidence that a moderate exercise pro-
gram carried out twice a week significantly slowed the progres-
sive deterioration in their ability to perform ADLs in people
with moderate AD residing in nursing homes; but the authors
pointed out the problem of low adherence to the exercise program

in this population. On the other hand, Teri et al16 reported positive
adherence to an integrated program (exercise and behavioral
management) designed for people with dementia, carried out
with the participation of caregivers. The participants increased
their physical activity level, decreased their rates of depression,
and improved their physical health and functions.

The overall importance of physical exercise in persons with
cognitive impairment was recently emphasized in a meta-anal-
ysis,17 which reported the positive effects of different kinds of
exercise interventions on individuals with dementia. However,
only 13% of the selected studies were done on individuals with
severe cognitive impairment. Exercise programs for persons at
later stages of AD are very difficult to carry out because their
anxiety, sadness, anger, and behavior disturbances are difficult
to manage. However, Edwards et al18 demonstrated the feasi-
bility of an exercise program for individuals with severe
dementia and mobility limitations. Despite these encouraging
reports, some clinical trials emphasized caution regarding these
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in the care of a family member that was institutionalized at the
time of the program. Because the management of people with
dementia is difficult in a home situation and the burden is usu-
ally on the shoulders of a family member caregiver,28,29 this
burden seems to become lighter if the patient is institutiona-
lized in a specific ACU.

Improvement in the 6-minute walk test distance (þ20%)
was completely different from the range ("2.5%; "20.9%)
reported in a previous comparable study.30 Despite the fact that
our participants had greater cognitive limitations, the higher
continuous participation in the walking program (90 of 96
training days), the frequency/week of exercise sessions, and the
total distance covered during the 6 months of the study could
explain this great difference.

The great variability of biomedical data and the small sam-
ple in this study surely influenced the biomedical outcomes;
our interpretation of these results suggests that the walking pro-
gram did not modify the most important cardiovascular risk
factors (glycemia, systolic and diastolic blood pressure) in this
population. The American College of Sport Medicine (ACSM)
and American Heart Association (AHA) recommendations for
physical activity and public health in older adults31 state that
physical activity plays a substantial therapeutic role in coronary
heart disease, hypertension, peripheral vascular disease,
diabetes, obesity, and high cholesterol. On the other hand,
Eggermont et al32 pointed out that cardiovascular risk factors
could attenuate or reverse the positive effects of exercise on
cognitive performance. Our data are partially in contrast with
these investigations, but the slow walking speed recorded in
our study could possibly influence the outcome.

Our data show that, after the training period, residents in the
WG improved their ADLs, particularly in moving from bed to
chair, as well as their mobility on level planes and on stairs.
Previous studies reported similar improvement in ADLs after
a training program,4,11 but those results were obtained in parti-
cipants with mild cognitive impairment and not in the later
stages of AD. Our data strengthen the notion of the positive
effects of physical activity on ADLs also in severe AD nursing
home residents.

Cognitive levels, evaluated by the MMSE test, remained
unchanged during the walking program with no significant dif-
ferences for the WG, while the control group showed a signif-
icant decrease in cognitive functions after 6 months. These
results on the CG are partially in agreement with Musicco
et al33 who reported a decrease of 5 points or more in MMSE
scores for 31% of participants with severe cognitive impair-
ment. However, the follow-up of our study, 6 months compared
with the 2 years reported in the literature suggests that the cog-
nitive decline shown by the control group was greater than
what is typical, though other factors and comorbidities could
exacerbate this result. On the other hand, the temporary

Figure 3. Individual changes after the 6-month walking program.
Panel A, Individual changes in the 6-minute walk test (6WT). Panel
B, Individual changes in cognitive performance (Mini-Mental State

Figure 3 (continued). Examination [MMSE]). Panel C, Individual
changes in the activities of daily life (Barthel). Open circles represent
the walking group (WG) and dark circles the control group (CG).
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From Alzheimer’s Disease Retrogenesis
A New Care Strategy for Patients With
Advanced Dementia
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Abstract
There is evidence that exercise may reduce the progressive cognitive dysfunction of Alzheimer’s disease (AD). However, no
previous investigation has studied the acute effects of adapted games (AG) on patients with AD. The aim of this study was to
examine the acute effects of AG on the agitated behavior (rating scale Agitated Behavior Rating Scale [ABRS]) and cognitive
performance (Test for Severe Impairment [TSI]) of patients with advanced dementia. Twenty patients (83+4 yrs) participated in
AG and placebo activities (PL). Agitated behavior and cognitive performance were compared before and after 30 minutes of AG
and PL. In the hour after the AG, agitated behavior decreased by *4 ABRS points and cognitive performance increased by *5 TSI
points. On the contrary, after PL we found no change in agitated behavior or cognitive performance. Our data indicate that AG
can momentarily reduce agitated behavior and increase the cognitive performance in participants with AD.

Keywords
adapted games, agitated behavior, cognitive performance, Alzheimer’s

Introduction

Alzheimer’s disease (AD) is characterized by a progressive
sequence of clinically observable decreases in memory, inde-
pendence, cognitive function, and mobility. Despite clear and
substantial differences between older participants with demen-
tia and children, several studies have shown similarities
between the clinical sequences of cognitive and functional
decline in participants with AD and the sequence of acquisition
during normal human development.1 Reisberg et al clearly
described this phenomenon called retrogenesis,2 and they
developed the Functional Assessment Staging (FAST) method
that includes 16 progressive stages of capacity loss during pro-
gressive cognitive degeneration typical of AD. Significant
validity and repeatability of this process of capacity
impairment in AD have been extensively documented.3

Agitated behavior is frequent in patients with AD having
advanced dementia, and the management of related problems in
these patients is crucial to maintaining their quality of life.4 The
neuroleptics and physical restraints are traditional methods used
to handle behavior disorders in participants with AD.5-7 This
approach seems to reduce symptoms like aggressiveness, agita-
tion, delusion, wandering, among others, but a frequent side effect
is worsening cognitive function.8 While many advances in AD
care have been made, clearly more needs to be done and there are
particular needs for the development of new nonpharmaceutical
interventions that can potentially help in the management of
patients with AD.9 Interestingly, nonpharmaceutical passive care

actions, for example foot baths, seem to be suitable methods to
help bedridden palliative care patients relax.10 Yamamoto et al
11 reported that warm water foot baths led to relaxation with an
increase in parasympathetic response and a decrease in sympa-
thetic response; however, the effect of this nonpharmaceutical
passive approach on the agitated behavior of patients with AD
is not clear. In this scenario, other studies have reported that non-
pharmaceutical passive care strategies such as therapeutic touch-
ing12,13 or more active interventions like light exercise can
mitigate agitation behaviors and reduce progressive cognitive
dysfunction of participants with dementia.14-16 Studies on people
with moderate dementia have described the numerous positive
effects of physical exercise: improvement in walking capacity,
better urinary continence, enhanced communication, reduced
depression, and increased activities of daily life (ADLs).17

Although most of the physical exercise activities used in previous
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participant, and the duration of the foot baths was the same as
for the ball games (*30 minutes).

Statistical Analysis

Statistical analysis was done using StatPlus for Macintosh, ver-
sion 2009 (AnalystSoft Inc). Analysis of variance (2-way
ANOVA) and Tukey all pairwise multiple comparison proce-
dures were used to test the effects of AG and PL; a P value
below .05 was considered statistically significant. Data are pre-
sented as mean + standard deviation (SD).

Results

Participant Characteristics

The clinical characteristics of the participants—anthropometrics,
medication, and mobility—are shown in Table 1. Although 7
patients selected for this study showed severe mobility limitations
and were in wheelchairs, none of them had difficulty in perform-
ing the ball activities or foot baths and foot massage.

General cognitive capacity, functional impairments in
performing ADLs and the FAST stages of participants are
shown in Table 1. The mean MMSE was 11 + 2 confirming

the severe cognitive impairment of the selected residents. Both
ADL indexes, BANSS 17 + 2 and Barthel 52 + 17, indicated
substantial functional impairment in performing ADLs. The
range of functional capacity loss determined by the FAST
method was between the 6d and 7a stages, which corresponds
to a moderately severe to severe Alzheimer stage.

Compliance to the Experiment Activities

Two residents, 1 man and 1 woman, experienced anxiety and
discomfort during the 2 AG sessions; 1 woman refused to do
the foot bath; and 1 additional patient interrupted the PL activ-
ity because she felt discomfort in the feet. Twenty patients,
2 men and 18 women, completed both session requirements;
thus equal dropouts of 2 patients were recorded during the
AG or PL sessions (Figure 2).

Agitated Behavior

Five major agitated behaviors and total agitated behaviors
recorded 1 hour before and 1 hour after the AG and PL sessions
are shown in Table 2. The ABRS coefficients of variation
between the repetition of the 2 AG sessions was 6.5% (before)
and after 7.8% (after). None of the agitated behaviors were dif-
ferent before the AG and PL. The ball games significantly
decreased agitated behaviors: manual manipulation (!47%;
P < .05), searching or wandering (!54%; P < .05), tapping
or banging (!78%; P <.05), and vocalization (!70%;
P < .05); whereas escaping restraints had no significant change
(!40%; P ¼.7). After the AG, the average of total agitated
behaviors had drastically decreased by 60% (P < .05). The
placebo activity significantly reduced only the manual manip-
ulation agitated behavior (!41%; P < .05); and despite a trend
in the reduction of ABRS, total agitated behaviors recorded
1 hour after PL did not decline (!23%; P ¼ .8).

Acute Effects on Cognitive Performance

The individual and group mean values of the test for severe
impairment recorded before and after the 2 sessions of AG and

Table 2. Agitated Behaviora

AG (N ¼ 20) PL (N ¼ 20)

ABRS Pre Post Pre Post

Total 6.5 + 2.2 2.6 + 1.6b,c 6.3 + 2.3 4.9 + 2.3
Manual 1.5 + 0.9 0.8 + 0.6b 1.4 + 0.8 0.9 + 0.9b

Escape 0.8 + 0.8 0.6 + 0.6 0.9 + 0.9 0.8 + 0.8
Search 1.3 + 0.8 0.6 + 0.6b 1.0 + 0.8 0.9 + 0.8
Tapping 1.6 + 0.9 0.5 + 0.5b,c 1.4 + 1.0 1.2 + 1.0
Vocal 1.4 + 0.7 0.5 + 0.5b,c 1.5 + 1.1 1.2 + 1.2

Abbreviations: ABRS agitated behavior rating scale28; SD, standard deviation;
AG, adapted games.
aData expressed as mean + SD. AG exercise games with a ball, PL foot baths,
and foot massage.
bIn-group P < .05.
cBetween groups P < .05.
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Figure 2. Individual and Group mean Test for Severe Impairment. TSI
indicates test for severe impairment.29 Open circles represent individ-
ual TSI score before and after the first ball games (adapted games
[AG]), open triangles represent individual TSI score before and after
the second AG session. Open squares represent group mean of TSI
before and after AG. Filled circles represent individual TSI score
before and after the first placebo exercise (PL), filled triangles repre-
sent individual TSI score before and after the second PL activity. Filled
squares represent group mean of TSI before and after PL. Group
means are mean + standard deviation (SD). *between-groups p < .05.
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PL are shown in Figure 3. The TSI coefficients of variation
between the repetition of the 2 AGs was 7.2% (before) and
8.3% (after). Before the experiment sessions, TSI was similar
(15.1 + 2.8) and (15.2 + 2.3) for AGs and PL, respectively
(P ¼ .9)AQ5 . After the games with a ball, the mean TSI increased
significantly (20.2 + 3.1; P < .05) but had not changed after
the placebo sessions (15.6 + 2.5; P ¼ .5). Both individual and
mean data of TSI immediately after the AGs were 23% greater
compared to the PL (P < .05).

Learning Effect

The average number of errors for 6 different cognitive
domains—memory, general knowledge, conceptualization,
language comprehension, language production, and motor per-
formance—recorded during the TSI before and after the AG
and PL sessions are shown in Figure 3AQ6 . None of the 6 different
cognitive domains were different before the AG and PL
activities. After the ball games, the mean number of errors on
memory and motor performance had significantly decreased
("84%; P < .05) and ("70%; P < .05), respectively. No
difference was found in the mean number of errors for the
remaining 4 cognitive domains.

Discussion

The care of patients with AD having advanced dementia is a
major problem in Western countries.31 Certain nonpharmaceu-
tical passive care approaches like foot bathing and therapeutic
touching are promising methods to reduce the agitated behavior
of participants with AD.10-13 On the other hand, active
exercise-based activities like walking programs are feasible

approaches to reduce progressive cognitive dysfunction.14

Indeed, participants with AD and children are extremely
different in most of the aspects of their lives, but similar in
certain ways nevertheless, as suggested by the neurological ret-
rogenesis of AD.1 In this scenario, it appears that a successful
exercise program to reduce cognitive impairment in the AD
population needs to mimic the games typically played by
children. To demonstrate the feasibility and acute effects on
agitated behavior, cognitive performance and the learning
effects related to these active or passive programs, we
organized simple ball games specifically designed for patients
with AD, and passive relaxing foot baths and foot massage
activities. Our data indicate that active small-group games like
tossing, catching, and kicking a lightweight ball can momenta-
rily reduce agitated behavior and increase cognitive
performance in people with advanced dementia. Similarly, a
significant learning effect seems to be associated with these
AG by enhancing memory and the motor cognitive domains.

Despite acknowledgment of their disadvantages, physical
and pharmaceutical restraints are frequently used as standard
methods to manage patients’ agitated behavior.5 Moreover, the
AIFA (Italian Drug Agency) recommends the use of drugs only
to control severe behavioral disorders that do not respond to
nonpharmacological intervention (such as changes in environ-
ment, counseling, and so on). Accordingly, other studies have
reported the positive effects of nonpharmaceutical or physical
restraints but rather therapeutic passive interventions to control
agitation in participants with dementia. In this scenario, the
results of the present study clearly indicate that for people with
advanced dementia, activities that require active physical
participation for 30 minutes can reduce agitated behavior in the
hour immediately following the exercise. Possible explanations
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Figure 3. Number of errors on the 6 subscale cognitive domains of TSI. Data expressed as mean + standard deviation (SD). * in-group and
between groups p < .05.
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Figure 5. Causal mechanisms linking Alzheimer’s disease (AD) and involuntary weight loss (WL).
Resting metabolic rate (RMR); daily physical activity (PA); hypothalamic–pituitary–adrenal axis (HPA-axis); 
reactive oxygen species (ROS).
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Exercise Training on Locomotion
in Patients with Alzheimer’s Disease: A Feasibility Study
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Fig. 2. Individual changes after 6 months Exercise treatment (ET) and Cognitive treatment (CT). A) Individual change in gait speed (cm·s−1).
B) Individual change in stride (cm). C) Individual change in step (cm). D) Individual change in single support (%). E) Individual change in
double support (%).
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Fig. 3. Individual changes after 6 months of Exercise treatment (ET) and Cognitive treatment (CT). A) Individual change in oxygen
consumption at the first walking speed (VO2 WS1; ml·min−1·kg−1). B) Individual change in oxygen consumption at the second walking
speed (VO2 WS2; ml·min−1·kg−1). C) Individual change in oxygen consumption at the third walking speed (VO2 WS3; ml·min−1·kg−1).
D) Individual change in heart rate at the first walking speed (HR WS1, bpm). E) Individual change in heart rate at the second walking speed
(HR WS2, bpm). F) Individual change in heart rate at the third walking speed (HR WS3, bpm). G) Individual change in energy cost of
walking at the first walking speed (Cw WS1, J·kg−1·m−1). H) Individual change in energy cost of walking at the second walking speed (Cw
WS2, J·kg−1·m−1). I) Individual change in energy cost of walking at the third walking speed (Cw WS3, J·kg−1·m−1).

importance because it may contribute in maintaining
independence and the quality of life of individuals
with AD.

Certainly, as reported in previous other studies [8,
21, 27], we cannot neglect that the effects of ET on
CW can be ascribed to both central and peripheral

Pedrinolla et al. JAD, 2018
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Personal View

the specifi c pathophysiological processes that they 
measure, the sensitivity of histopathological assays is 
almost certainly greater than that of in-vivo biomarkers. 
This Personal View addresses three diff erent potential 
concepts that should be kept distinct: biomarkers of AD 
patho physio logy; histopathology that can be measured at 
aut opsy; and pathophysiological processes that are not 
yet accurately measurable with either biomarkers or 
histo path ology—eg, detection of various oligomeric 
forms of Aβ.

One of the most important criticisms of our original AD 
biomarker model was that it did not account for the fact 
that medial temporal limbic tau pathology is a nearly 
universal feature of ageing and that tau pathology typically 
appears in individuals at a younger age than do Aβ 
plaques.82 Indeed, since we presented our model, Braak 
and Del Tredici83 have published the results of a study 
using AT8 immunostaining at autopsy of individuals aged 
younger than 30 years. AT8 is a phosphorylation-specifi c 
anti-tau monoclonal antibody that recognises pathologically 
phosphorylated tau at Ser202. AT8-positive pretangles (ie, 
positively stained perikarya) were reported in a high 
proportion of young individuals (as young as 6 years old) 
in select subcortical areas. On the basis of youngest age of 
appearance, Braak and Del Tredici83 propose that tau 
pathology begins in the locus coeruleus. These changes 
then spread to other brainstem nuclei and to the entorhinal 
cortex, perhaps by direct cell-to-cell transmission.84,85 

Braak and Del Tredici83 therefore propose that subcortical 
tau deposition is the starting point of the AD patho-
physiological cascade, beginning as early as the fi rst decade 
of life. An alternative point of view, however, posits that 
since subcortical and medial temporal limbic tauopathy 

occurs in such a high proportion of clinically asymptomatic 
individuals,82 subcortical tau deposition does not represent 
the beginning of the AD patho physiological cascade, but 
instead is a variant of ageing that alone might lead to subtle 
cognitive impairment but not to AD. 

The amyloid hypothesis86 assumes serial causal events, 
with abnormal increases in Aβ causing tau 
hyperphosphorylation.87 Small and Duff ,87 however, have 
suggested that tau hyperphosphorylation and Aβ 
accumulation might be independent patho physiological 
processes that share a common upstream cause. 
Mesulam88 specifi cally suggested that protracted exposure 
to upregulation of cellular activity related to neural 
plasticity could represent the common upstream cause of 
both tau hyperphosphorylation and Aβ accumulation. 
Duyckaerts89 has also suggested that tau and Aβ 
pathological changes could be independent processes, but 
with pathogenic synergy. 

Model incorporating tau and Aβ pathology as 
independent processes
Two sets of evidence exist that on the surface seem 
contradictory. First, several independent sources of AD 
biomarker evidence in elderly people and in young 
autosomal-dominant mutation carriers suggest that the 
sequence of events depicted by these biomarkers is 
Aβ pathophysiology fi rst, then tau-related neuro-
degeneration. However, autopsy data83 suggest that AD-
like tauopathy precedes Aβ deposition. One way to 
integrate these apparently confl icting data into a coherent 
model of disease is a variation on the theme of tauopathy 
and Aβ pathophysiology arising independently. This 
integrative model recognises that the earliest evidence of 
AD pathophysiological changes lies beneath the detection 
threshold of in-vivo AD biomarkers. In this proposed 
integrative model (fi gure 6), subcortical tauopathy is the 
fi rst AD pathophysiological process to arise in many 
individuals and is detectable only by immunostaining 
methods. This tauopathy, however, does not by itself lead 
to AD. Aβ pathophysiology arises later and independently 
from pre-existing tauopathy. Through unknown 
mechanisms, Aβ pathophysiological changes quali tatively 
transform and, as proposed by Price and Morris,90 
accelerate the antecedent subcortical tauopathy leading to 
neocortical spread of NFTs.91 Acceleration of the initial 
slowly developing subcortical tauopathy occurs after Aβ 
biomarkers become abnormal. FDG PET and MRI 
biomarker changes then occur, followed last by onset of 
overt clinical symptoms.

In elderly people, the theme of tauopathy and 
amyloid pathophysiology as independent processes with a 
common causal factor is consistent with the notion of a 
general age-related failure to clear misfolded proteins, a 
failure of normal protective mechanisms to sequester toxic 
soluble forms of these proteins, or both. However, we 
propose in fi gure 6 that an independently arising 
Aβ pathophysiology can accelerate an antecedent tauopathy 
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Figure 6: Model integrating Alzheimer’s disease immunohistology and biomarkers 
The threshold for biomarker detection of pathophysiological changes is denoted by the black horizontal line. The grey 
area denotes the zone in which abnormal pathophysiological changes lie below the biomarker detection threshold. In 
this fi gure, tau pathology precedes Aβ deposition in time, but only early on at a subthreshold biomarker detection 
level. Aβ deposition then occurs independently and rises above the biomarker detection threshold (purple and red 
arrows). This induces acceleration of tauopathy and CSF tau then rises above the detection threshold (light blue 
arrow). Later still, FDG PET and MRI (dark blue arrow) rise above the detection threshold. Finally, cognitive 
impairment becomes evident (green arrow), with a range of cognitive responses that depend on the individual’s risk 
profi le (light green-fi lled area). Aβ=amyloid β. FDG=fl uorodeoxyglucose. MCI=mild cognitive impairment.


