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Abstract Amyotrophic lateral sclerosis (ALS) is a rapidly
progressive disorder characterized primarily by selective neu-
rodegeneration of the motor neurons. The basis of diagnosis is
the presence of signs of both upper and lower motor neuron
involvement in more than one body region. ALS was consid-
ered until a few years ago a disease of young adults but re-
cently population-based studies have consistently shown that
ALS is an age-related disease with age incidence curve similar
to other age-dependent neurodegenerative diseases like
Parkinson’s disease and Alzheimer’s disease. The peak of in-
cidence is in the eighth decade and declines thereafter, first in
men and then in women. In the majority of cases, ALS is
sporadic while 5–10 % of the disease is familiar. After the
identification of C9ORF72, it is now recognized that the def-
inition of familial ALS can be enlarged to include family
members with frontotemporal dementia considering the tight
link between the two nosological entities.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a rapidly progressive
disorder characterized primarily by selective neurodegenera-
tion of motor neurons. Clinical features important for diagno-
sis and prognosis have been defined largely in tertiary centers
[1]. ALS leads to death in 15 to 20 months after diagnosis in
50 % of patients [2••], generally due to respiratory failure. An
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older age and bulbar involvement at onset are the main nega-
tive prognostic factors. Ten percent survives more than
10 years. Younger age, predominant upper motor neuron in-
volvement, and longer diagnostic delay (i.e., interval between
first symptoms and diagnosis) favor a long survival. For 5 %
of cases, there is a family history of ALS. Among those, 60 %
can probably be explained by high-risk genes. Consequences
of ALS are not only neurological, but also nutritional and
respiratory. Apart from symptomatic treatments, to date there
are no effective therapeutic agents that significantly modify
the progression of ALS. The only approved drug is riluzole,
which is associated with an increase in survival of a few
months. The research is now strongly focused on early diag-
nosis and a better definition of progression through the use of
imaging andmolecular biomarkers. Most of the data presented
in this review are based on epidemiological studies conducted
in population-based settings [3••]. Previously, studies were
based primarily on data from tertiary centers where the referral
tend to include the younger individuals, of male sex, and with
better prognosis [4]. This methodological approach has deter-
mined the recognition of a broader spectrum of the pheno-
types and the definition of ALS as an age-related disease.
Within this broader spectrum of clinical phenotypes, the use
of biochemical, genetic, and imaging biomarkers is in prog-
ress to provide an early diagnosis, define prognosis, and assess
therapeutic intervention [5].

Diagnosis, Staging, Prognosis

Clinical symptoms at onset are frequently non-specific:
cramps, muscle weakness, fatigue, and lack of coordination.
The diagnostic process can therefore be delayed. The mean
diagnostic delay varies between 12 and 17 months [2••], it is
probably longer in the USA, (e.g., 2.5 years) at least in Medi-
care data [6]. The shortest interval between first symptom and
diagnosis is observed in patients with bulbar symptoms at
onset like dysphagia and dysarthria. The delay is longer in
subjects with clinical presentation mimicking other neurolog-
ical diseases, especially more common in older subjects, such
as cervical myelopathy. The most common exams used to
determine the diagnosis includes magnetic resonance imaging
(MRI) and computed tomography scans, electromyography,
and sensory /motor nerve conduction tests [6]. ALS in older
patients differs in terms of clinical presentation (i.e., more
frequent bulbar onset) and prognosis (shorter survival),
Table 1.

The diagnostic process improved considerably after the
introduction of El Escorial Diagnostic Criteria (EEC) [7].
EEC are based only on clinical symptoms and signs and not
on instrumental or laboratory data. The certainty of diagnosis
(definite, probable, possible, suspected) depends on the clas-
sification of clinical signs related to the involvement of the

upper and lower motor neurons and their localization in four
body regions (head, trunk, superior, and inferior limbs). New
criteria recommend the incorporation of electrophysiological
and genetic results along with clinical data [8].

Staging systems of disease are designed to provide an ob-
jective measurement over time of the involvement of different
part of the nervous system with increasing clinical severity. A
proper and widely accepted staging is essential for prognosis,
design of randomized clinical trials (RCT), and allocation of
public resources. The critical points to be demonstrated are
that most patients should progress through all or at least most
of the consecutive stages and none should go back to earlier
stages. There are two proposed ALS staging system:

1.King’s College system is based on successive milestones in
the clinical course: symptom onset, diagnosis, functional in-
volvement of a second region and then of a third region, indi-
cation for gastrostomy and non-invasive ventilation [9].
2. ALS Milano-Torino Staging is based on four functions:
swallowing, walking/self-care, communicating and breathing.
There are 5 stages that capture the observed progressive loss
of independence and function and are based on the number of
domains in which independence is lost [10]. Stage 0 corre-
sponds to functional involvement but no loss of independence
on any domain and stage 5 is death.

Both systems are still in the process of validation in differ-
ent setting and populations.

The prognosis of ALS is very severe with death generally
between 2 to 5 years: older age (e.g., ≥80 years) and bulbar
involvement at onset are the main negative prognostic factors.
Ten percent survives more than 10 years: younger age at onset
(less than 45 years), predominant upper motor neuron involve-
ment, longer interval onset diagnosis [11] determine a longer
survival.

About 50 % of subjects with ALS have cognitive impair-
ment at onset. Subjects with cognitive abnormalities have a
poorer prognosis with worse disability, faster rates of motor
decline, and higher mortality [12]. Normal cognition at base-
line is associated with tendency to keep preserved cognitive
functions until death. To date, no clear relationship has been
identified between age and prevalence of ALS-associated
frontotemporal dementia.

Nutrition and Respiratory Involvement in ALS

Consequences of ALS are not only neurological, but also nu-
tritional and respiratory. Decreased food intake and higher
energy expenditure may well promote the development of a
state of malnutrition [13]. Decreased food intake is caused by
swallowing and salivation disorders, frequent anorexia or con-
stipation, modification of taste, problems due to possible
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respiratory insufficiency, and difficulties in activities of daily
living such as shopping, cooking, or putting food into the
mouth.

ALS patients progressively lose lean mass (LM) that
should produce a decrease of resting energy expenditure
(REE). However, 50 to 70 % of sporadic cases and all familial
are characterized by an opposite phenomenon, hypermetabo-
lism [14, 15], defined by a REE of 110 % or more of the
theoretical value. Loss of weight and of body mass index
(BMI) has been described at various times during the ALS
course. Weight loss appears moderate (10 % of weight loss)
to severe (20%) in 25 to 30% of patients [16] and estimates of
the prevalence of malnutrition vary widely (between 10 and
30 %). The definitions of malnutrition are diverse and assess-
ments have been made at different times in the course of the
disease (Table 2). Relation between malnutrition and weight
loss with sex and age has, to date, not been assessed. Other
markers such as phase angle assessed by bioimpedance anal-
ysis appear dramatically reduced as compared to controls,
reflecting severe cellular alterations. Disorders of lipid status
are possible but inconsistent across studies and perhaps linked
with cultural dietary habits [17, 18].

Malnutrition is associated with an eightfold increase in the
risk of death [16]. Low BMI measured during follow-up [14],
before gastrostomy placement [13], and weight loss at time of
diagnosis are associated with a shorter survival [19••]. During
the natural history of ALS, a higher level of fat as measured by
fat mass using bioimpedance seems to be a positive factor for
survival. Hypertriglyceridemia and hypercholesterolemia
have been associated with better clinical evolution [20] and
increased survival [17].

These data emphasize the prognostic value of nutritional
assessment in the early stages after diagnosis and the thera-
peutic indication to increase the fat mass.

Likewise, respiratory involvement is present in almost all
cases at some stage of the illness and is characterized by a
rapid evolution with a strong impact on prognosis. Respiratory
insufficiency is the commonest cause of death in ALS. The

importance of a regular respiratory evaluation is related to the
vital prognosis associated thereto. Respiratory function
assessed at time of diagnosis is a major prognostic factor for
survival of patients. This function is usually assessed using
forced vital capacity (FVC) (expressed as % of predicted val-
ue) [21]. Respiratory symptoms appear only when FVC is
lower than 50 % of the normal value. Decline of respiratory
function, described as a linear phenomenon, was associated
with survival in population-based [22], clinical series and
RCT. Nevertheless, the sensitivity of FVC to identify alter-
ation of inspiratory function is low, as studies have found
significant alteration of inspiratory force in patients with nor-
mal vital capacity. Patients with bulbar muscle weakness
might have difficulties performing spirometry because of fa-
cial muscular paresis, making FVCmeasurement challenging.
Sniff nasal inspiratory pressure (SNIP) is another system bet-
ter suited than FVC to evaluate respiratory failure [23, 24] and
is a good indicator also of intra-thoracic pressures. SNIP is the
best predictor of death or tracheostomy within 1-year of
follow-up (adjusted HR of 10 for a SNIP <18 cmH20 as com-
pared to >51 cmH20 [25••]. SNIP can be used in patients with
bulbar dysfunction, as it does not require a seal around a
mouthpiece. Other respiratory measures such as maximum
expiratory and inspiratory pressure have been associated with
survival [26].

The clinical importance of nutritional and respiratory status
underlines the need for multidisciplinary care of the ALS pa-
tient as stated both in European and US guidelines [27, 28].

Epidemiology

Most of new evidence in the epidemiology of ALS is based on
population-based registries, based mainly in Europe [3••].
ALS epidemiological studies are particularly difficult because
of the heterogeneity of clinical phenotypes, especially at on-
set; absence of valid biomarkers; and uncertainties of the clin-
ical diagnostic criteria (EEC and revised EEC). An additional

Table 1 ALS clinical
presentation and prognosis in the
elderly versus overall ALS
population

Characteristics Overall ALS
population

Over 80
yearsa

Comments on ALS over 80 years

Diagnosis delay, mean 12 months < Disease more advanced clinically

Sex ratio (M/F) 1.3 < More women, reduced sex-ratio

Bulbar onset 30 % > More bulbar onset

Frontotemporal dementia 1–13 % = No difference identified by age

Access to care < Reduced access to neurologist and riluzole

Age-related comorbidities > In some case comorbidities rendering diagnosis
challenging

Median survival 15–20 months < Around 6 months of reduction in survival

< lower, > higher, = no difference to date
a Frequency of disease characteristics in individuals >80 compared to <=80
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issue compared with the other most common neurode-
generative diseases (Alzheimer’s disease, Parkinson’s
disease) is that ALS is a rare disease with low incidence
and prevalence. Recent work has shown that incidence of
ALS can be as high as about 3/100,000, using the
capture-recapture method to take into account different
sources of patient referral to estimate the number of
missed cases [36•].

Several studies have shown heterogeneity of the incidence
rates across Europe, indicating a possible lower incidence in
Mediterranean countries like Southern Italy, Sicily, and Cata-
lonia [37–39]. Bulbar onset in the data from EURALS, the
consortium of European population-based registries are more
common in Ireland (more than 40 %) than in Italy (30 %)
[3••].

Male/female ratio in most recent studies in Europe is
around one but was 2:1 in the studies in the 1960s and in
recent studies from countries in Africa and South America.

ALS was considered a disease of young adults but in
population-based studies. ALS is an age-related disease
with age incidence curve similar to other age-dependent
neurodegenerative diseases like Parkinson’s disease. The
peak of incidence is in the eighth decade and declines
thereafter, first in men and then in women (Fig. 1). ALS
patients older than age 80 are largely with bulbar onset
and survive on average 6 months less than younger pa-
tients (Table 1) [40]. The likelihood that an elderly ALS
patient is prescribed riluzole, PEG, or is referred to a
neurologist is low.

The overall lifetime risk for ALS is around 1:400 for men
and slightly lower for women. Familial ALS (fALS) cases are
about 5–10 % in clinical setting, while it is close to 5 % in
population-based studies [2••, 41].

The risk of ALS in families is much higher (twice) in first-
degree males than females, and no increase in risk is present in
distant relatives [42]. Incidence in Asian and African countries

Table 2 Proportion of malnutrition in ALS patients. Studies ranked by definition of malnutrition (BMI level or weight loss) and decreasing time
interval between onset and evaluation

Reference Number of
patients

Mean time interval since onset (months) Definition of malnutrition Malnutrition (%)

Marin et al. J Neurol Neurosurg Psychiatr
2011 [19••]

92 27.0 (last evaluation before death)a BMI <18.5 (<70 years)
BMI <21.0 (≥70 years)

15.2

Desport et al.
Neurology 1999 [16]

55 29.0±25.0 BMI <18.5 16.4

Desport et al.
Amyotr Lat Scler 2000 [13]

30 26.0±19.0
(time of gastrostomy placement)

BMI <18.5
BMI <20.0

17.8
27.4

Mazzini et al.
J Neurol 1995 [29]

31 26.0±11.0
(time of gastrostomy placement)

BMI <20 53.0

Jesus et al.
Amyotr Lat Scler 2012 [30]

40 22.2 BMI <18.5 (<70 years)
BMI <21.0 (≥70 years)

7.5

Desport et al.
Neurodegenerative Dis 2005 [14]

168 19.0±18.0 BMI <20.0 16.1

Bouteloup et al.
J Neurol 2009 [31]

61 14.3±10.0 BMI <18.5 (<65 years)
BMI <20.0 (≥65 years)

9.8

Worwood et al.
Eur Neurol 1998 [32]

47 11.0 BMI <20 6.4

Limousin et al.
J Neurol Sci 2010 [33]

63 11.0
(time of diagnosis)

BMI <18.5 0.0

Marin et al.
J Neurol Neurosurg Psychiatr 2011 [19••]

92 7.9 (IQR 6.0–12.2) (time of diagnosis)b BMI <18.5 (<70 years)
BMI <21.0 (≥70 years)

8.7

Slowie et al.
J Am Diet Assoc 1983 [34]

19 48.0 Weight loss >10 % 21.0

Meininger et al.
Adv Neurol 1995 [35]

936 22.0 Weight loss >20 % 24.5

Bouteloup et al.
J Neurol 2009 [31]

61 14.3±10.0 Weight loss >10 % 29.5

Limousin et al.
J Neurol Sci 2010 [33]

63 11.0
(time of diagnosis)

Weight loss >10 % 21.0

BMI body mass index, NM not mentioned, y years, IQR interquartile range
aMedian survival time
bMedian
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is lower. Mixed populations show lower incidence as mea-
sured by mortality compared to whites and black [2••,43].

The analyses of time trends in Europe and the USA show
clearly that ALS incidence is rapidly increasing: in recent data
from Denmark, of 2 % per year in the last 30 years. The
increase is stronger over age 70 [44•]. The first explanation
of this trend is the increased life-span. A possible role of
reduced penetrance of some genes and a different distribution
of environmental risk factors as shown by the change of sex
ratio in the same period are hiyotheses that need further
exploration.

Genetic Biomarkers

In the majority of cases, ALS is sporadic (sALS), while, part
of familial aggregation (fALS) is probably due to a genetic
effect. It is now recognized that the definition of fALS can be
enlarged, including family members with frontotemporal de-
mentia (FTD), considering the tight link between the two no-
sological entities [45]. It must be noted that fALS might be
underrepresented in ALS patients, because of inadequate re-
cording of family history, early death due to other causes,
misdiagnosis, small family sizes and illegitimacy, or because
of low penetrance of the Mendelian causative genes. An
oligogenic hypothesis has recently been proposed for fALS
with Mendelian inheritance [46]. Based on this model, muta-
tions in two or more genes are required for an individual for
disease manifestation. This hypothesis is supported by reports
of patients with mutations in more than one ALS-associated
gene [47, 48].

Genetically, fALS are associated with a large number of
pleiotropic genes whose mutations impair different biochem-
ical pathways, resulting in overlapping clinical and patholog-
ical phenotypes. Mutations in large-effect genes associated
with fALS may be detected in cases with sALS. Overall, phe-
notypic characteristics are often indistinguishable between
mutation carriers and non-carriers. Table 3 shows the most
common high penetrance genes involved in the pathogenesis
of ALS, along with the corresponding cellular pathways im-
paired and the age of onset (range). The molecular genetics of
ALS started in 1993 when Rosen and colleagues identified
mutations in the superoxide dismutase-1 (SOD1) gene as
causative of fALS [49]. For more than one decade, SOD1
was thought to be the primary genetic cause of fALS and
sALS, although it accounts for only 12 % of fALS and 1 %
of sALS [50]. In 2008 and 2009, two other causative genes
were discovered: TAR DNA-binding protein (TARDBP) on
chromosome 1 [51] and fused in sarcoma/translated in
liposarcoma (FUS/TLS) on chromosome 16 [52] that in-
creased the understanding of the pathogenesis of ALS, but
did not change considerably the known heritability of ALS.
The turning point was in 2011when two groups simultaneous-
ly reported the finding of a noncoding GGGGCC
hexanucleotide repeat expansion in C9ORF72, which co-
segregated with ALS, spell out FTD, and ALS-FTD
[53••,54••]. The mutations seem to be geographically clus-
tered in Europe and North America where the mutation is
present in about a third of fALS cases. Mutations in
C9ORF72 seem associated with a specific phenotype of
ALS, with earlier age of onset, more malignant course of
disease, a bulbar onset, and a frequent occurrence of psychotic
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symptoms. However, characteristics of age at onset of
C9ORF72 as well as other genotypes are discordant.

Results from genome-wide association studies (GWAS) are
often conflicting. They have been useful to identify genetic
susceptibility loci but most of them failed to be replicated in
different populations. In addition to searching for susceptibil-
ity loci, there have been GWA efforts to identify genetic var-
iants influencing ALS phenotype. For example, genetic vari-
ation in the KIFAP3 and EPHA4 loci has been reported to
significantly influence survival among ALS patients [55,
56], and a large meta-analysis of ALS GWAS recently report-
ed that age of onset is modulated by a locus on the short arm of
chromosome 1 [57].

It has been proposed that with the discovery of C9ORF72,
about 60 % of the heritability of fALS and 10 % of the heri-
tability of sALS can now be explained [53••]. Nevertheless,
twin studies have estimated the genetic component of sALS at
0.61 (range 0.38–0.78) [58], underlining that a large part of
the heritability of ALS is still unknown. Furthermore, the ma-
jority of ALS genetic research has been largely focused on

European populations, and other ethnicities have been only
recently studied, showing that genetic architecture of ALS is
probably different in populations of different ancestral origin.

Biochemical Biomarkers

Both early diagnosis and prognostication remain elusive in
ALS despite the availability of diagnostic criteria and func-
tional rating scales which capture the extension, severity, and
phenotypic expression of the disease, based on clinical and
neurophysiological evaluations [8, 59]. To improve this large-
ly ineffective approach, the identification and validation of
disease-specific biological signals to be used for disease rec-
ognition and monitoring is critical. The added value of novel
disease biomarkers in ALS is also in the pharmacodynamic
potential they offer and in the opportunity they provide to
design more cost-effective RCT. Only recently, neurochemi-
cal biomarkers have started shaping new ways to monitor
disease progression and to predict survival in ALS but they

Table 3 Principal high-risk genes related to adult onset ALS

Gene Chromosome Encoded protein Principal pathway involved Inheritance Age of onset

SOD1 21q22.11 Cu/Zn superoxide dismutase 1 Oxidative stress AD/AR/sporadic Adult/elder onset (some genetic
variances young onset)

(range 20–85 years)

TARDBP 1p36.22 TAR DNA-binding protein 43 RNA metabolism and processing/
splicing regulation

AD/sporadic Adult onset
(range 52–70 years)

FUS 16p11.2 Fused in sarcoma RNA metabolism and processing/
DNA repair/splicing regulation

AD/sporadic Juvenile/young/adult onset
(35 % young onset)
(range 13–62 years)

C9ORF72 9p21.2 Chromosome 9 open reading
frame 72

Unknown AD/sporadic Adult/elder onset
(range 32–83 years)

VCP 9p13.3 Valosin-containing protein ATP-binding/vesicle transport
and fusion

AD Young/adult onset
(range 37–62 years)

OPTN 10p13 Optineurin Membrane and vesicle trafficking AD, AR Young/adult onset
(range 30–60 years)

VAPB 20q13.33 Vesicle-associated membrane
protein-associated protein B

Vesicular trafficking AD Young/adult onset
(range 25–60 years)

PFN1 7p13.2 Profilin 1 Actin polymerization AD Adult onset
(range 52–74 years)

ANG 14q11.1 Angiogenin Angiogenesis/cellular migration/
apoptosis

AD/sporadic Young/adult/elder onset
(range 28–80 years)

ATXN2 12q24.12 Ataxin 2 Unknown Sporadic Adult onset
(range 50–60 years)

VEGF 6p21.1 Vascular endothelial growth
factor

Angiogenesis/cellular migration/
apoptosis

Sporadic Adult onset
(range 58–67 years)

UBQLN2 Xp11.21 Ubiquilin 2 Ubiquitination/protein degradation X-linked Juvenile/young/adult onset
(range 16–71 years)

The age of onset are as follows: <20 years=juvenile onset ALS, 20–39 years=young onset ALS, 40–79 years=adult onset ALS, and ≥80 years=elder
onset ALS

AD autosomal dominant, AR autosomal recessive
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have not gone far enough to provide any means for early
disease recognition and had so far no real impact on diagnostic
latency [60]. The main stumbling block in this research has
been the significant clinical heterogeneity in ALS, whereby
rate of progression can vary significantly with a protean clin-
ical presentation dominated by either bulbar or spinal features
from disease onset [61]. Arguably, a neurochemical marker’s
adoption in clinic requires also complex procedures of analyt-
ical and pre-clinical validation. In addition, while cerebrospi-
nal fluid (CSF) is the natural biorepository of any product of
neuroaxonal disintegration and the ideal biofluid for bio-
markers discovery, lumbar punctures become impractical in
advanced ALS patients when serial sampling for treatment
monitoring is needed. The limitation imposed by CSF collec-
tion has also emerged in recent studies where cross-sectional
analysis of biomarkers to define their ALS-specificity against
healthy control or other ALS-mimicking syndromes has been
extended to incorporate the study of the same markers
throughout the disease trajectory in longitudinal studies [62,
63]. The latter approach seems relevant when looking at the
natural history of any biological signal of disease, when the
endpoint is, for example, the change of the same biomarker
after the administration of neurorestorative treatments.

In the case of neurofilaments (Nf), blood measurements
have started only recently to be a feasible alternative to CSF
analyses, despite a number of technical challenges that any
measurement in this complex matrix implies [63–69]. Nf are
among the most stable neuroaxonal component released in
biological fluids upon neuronal disintegration and have
emerged as leading blood and CSF Buniversal^ markers of
axonal loss in ALS and in other neurodegenerative conditions
[62, 63, 65, 66]. Studies have gone someway towards the goal
of providing both cross-sectional and longitudinal data
matched against the rate of progression [63–67, 70, 71]. The
choice of a more accessible albeit complex matrix like blood
poses analytical challenges including Nf aggregation causing
epitope masking and reducing detection by antibody-based
techniques andautoimmunity to Nf with an increase of
antibodies against Nf in advanced stages of the disease
which have a possible Nf-clearing effect from circulation
[66, 67, 72].

Tentative neurochemical biomarkers with prognostic
values in ALS have encompassed a wide range of moieties,
either directly linked to neuroaxonal disintegration (e.g., Nf)
or related to the immune response to the process of neurode-
generation as well as to metabolic alterations believed to be
intrinsic to the disease process [20, 73, 74]. It has become
clear that the immune response to neurodegeneration in ALS
could provide clues to the stage and progression of ALS [73].
The expression of immune mediators like cytokines and acute
phase reactants change with the disease progression while the
immunological profile of the disease may be dominated by a
change in immunotolerance with a raising adaptive immune

response after the initial innate reaction to the pathology [72,
73, 75]. Another important step towards establishing a bio-
marker of ALS by immunomonitoring is the discovery of a
profound T regulatory cell (treg) downregulation in individ-
uals with ALS, particularly in those who present a faster dis-
ease progression [74]. The identification of markers of inflam-
mation has gone in parallel with the characterization of other
signatures of disease progression, which relate to metabolism.
Hypermetabolism has been found to correlate with the disease
process in association with lipid dysmetabolism, and these
findings taken together may provide an additional prognostic
biomarker [20].

The relative absence of published data on the role of dis-
ease biomarkers to monitor treatment response in ALS is mit-
igated by a few published pilot studies. CSF analysis to eval-
uate pioglitazone HCl and tretinoin treatment in ALS by mea-
surement of the levels of CSF tau and phosphorilated neuro-
filament heavy chain (pNFH) were undertaken [76]. Over
6 months of therapy, CSF tau levels decreased in subjects
randomized to active treatment and increased in subjects on
placebo, while the rate of disease progression was strongly
correlated with levels of pNFH in the CSF at baseline. In an
animal model of the disease, treatment with arimoclomol with
a confirmed motor cell-sparing effect was associated with a
steady reduction of the area under the curve of plasma NfH
and increased survival in these animals [67].

As in other neurodegenerative conditions, the future of bio-
markers in ALS lies in a proper multi-modal approach, where-
by a panel of neurochemical markers of disease progression is
combined with imaging improving diagnostic potency. This
composite biomarker has not as yet been produced in ALS and
each domain of investigation has so far progressed rather in-
dependently providing a fragmented picture of the pathogen-
esis and limited information on survival and prognosis
[60, 77].

Imaging

ConventionalMRI is not informative in the most ALS patients
and is essentially useful in excluding disorders that have
symptoms mimicking ALS. Neuroimaging studies using ad-
vanced quantitative MR techniques and PET much increased
in the last years, in the attempt to provide pathophysiological
information, diagnostic tools, and biomarkers of progression
[78]. Many studies focused on gray matter pathology, mostly
using voxel-based [79••,80, 81] or surface-based morphome-
try [82, 83], revealing cortical atrophy of the primary motor
cortex, but also of extra-motor regions, as at the level of the
frontotemporal and parietal cortex, correlated with the pres-
ence of cognitive dysfunctions. Notably, longitudinal analysis
revealed progressive and widespread changes in the gray mat-
ter, including the basal ganglia, in contrast with a limited white
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matter pathology progression [79••], with implications for the
development of effective imaging biomarkers. Neuronal loss
in the motor cortex was also detected using 1H-magnetic res-
onance spectroscopy (1H-MRS), showing reduced N-
acetylaspartate (NAA) concentrations or NAA/creatine ratio,
with high sensitivity (86 %) but low specificity (37 %) to
detect upper motor neuron signs [84]. 1H-MRS findings also
suggested an imbalance between excitatory (raised glutamate-
glutamine) and inhibitory (reduced GABA) signaling [85].

Pathological abnormalities at the level of white matter fi-
bers, mainly the corticospinal tracts and middle-posterior parts
of the corpus callosum, were reported by a great number of
diffusion tensor (DTI) studies, in terms of decreased fractional
anisotropy and increased mean diffusivity, and correlated to
clinical severity and rate of disease progression [78] [79••,86].
An individual patient data meta-analysis, reviewing all
DTI studies, compared mean cerebral corticospinal tract
fractional anisotropy values between ALS subjects and
controls, and calculated diagnostic accuracy with pooled
sensitivity of 65 % and pooled specificity of 67 %
[87•]. As for gray matter pathology, also white matter
pathology extended beyond motor pathways. Indeed,
DTI abnormalities, other than corticospinal tracts and
corpus callosum, involved long association white matter
tracts bilaterally, as cingulum, inferior longitudinal, in-
ferior fronto-occipital, and uncinate fasciculi, and were
associated with changes in cognitive functions [88].

Degeneration of the corticospinal tracts leads to damage of
the cervical cord, which was reported by studies using spinal
cord MRI, in terms of atrophy [89], DTI abnormalities [90],
and reduced NAA to creatine ratio [91]. DTI abnormalities
were greater changed at more distal cervical segments,
supporting the dying back hypothesis of neurodegeneration
in ALS [92].

An increasing number of neuroimaging studies investigat-
ed functional and structural connectivity in ALS patients by
using resting state fMRI and DT-tractography analyses,
reporting decreased functional connectivity within the senso-
rimotor network and in brain networks related to cognition
and behavior [78], which paralleled the structural connectivity
changes in the same networks [93]. An increased functional
connectivity of sensorimotor networks was also reported, spe-
cifically in those ALS patients with less severe corticospinal
tract DTI changes, suggesting an initial attempt to compensate
for the structural damage. Such higher functional connectivity
might be also related to pathogenic loss of local inhibitory
circuitry, as supported by the decreased uptake of the
PET marker of benzodiazepine receptor 11C-flumazenil
seen in the primary motor cortex and frontal cortex of
ALS patients [94].

Finally, 18F-FDG-PET seems to be a promising biomarker
for diagnosis. It was able to detect motor and extra-motor
hypometabolism and brainstem and medial temporal cortex

hypermetabolism, providing a very high accuracy in discrim-
inating patients with ALS from controls [95].

Therapy

To date there are no effective therapeutic agents that signifi-
cantly contrast the progression of ALS. The only approved
drug is riluzole that showed a substantial improvement in
survival at 1 year in a randomized clinical trial (RCT) con-
ducted in 1993–1994 on 155 outpatients with ALS [96], and
in subsequent RCT [97–99]. As a consequence, the search for
new and better treatment strategies for ALS is a top priority.
The aim is to find additional treatments that have cumulative
effects to riluzole and that can stop the disease process in an
early stage. Numerous distinct therapeutic interventions have
been examined but currently ALS does not have a cure or an
efficacious treatment. This is probably due to the extreme
heterogeneity of the disease in terms of phenotype, genetic
predisposition, pathogenesis, and involved pathophysiologi-
cal pathways. This could also be due in some extent to the
inclusion in RCT of selected subset of patients, with better
prognosis factors (including younger age), as a consequence
of restrictive inclusion criteria and recruitment founded on
referral centers. Those patients who are not representative of
the entire ALS population could be less prone to benefit from
experimental drugs. Also, available transgenic mouse models
for ALS do not represent the entire spectrum of the disease.
Consequently, all the drugs that had showed promising results
in animal models failed to replicate efficacy in phase II and
phase III RCT in humans. The most recent example is
dexpramipexole, a free-radical scavenger, with an effect on
mitochondrial dysfunction, which prolonged the life-span of
ALS-SOD1 transgenic mice [100], was well tolerated and
showed a moderate affect in phase II RCT [101], but failed
to produce beneficial results in the recent phase III RCT [102].
Small phase II RCT are more likely to involve small homoge-
neous subgroups more responsive to the trial drug. Specific
post hoc analyses that take into account factors of heteroge-
neity, simultaneous testing of different drugs with different
therapeutic targets, and use of biomarkers of therapeutic re-
sponse can be some examples of methods to improve RCT
design in ALS.

Research conducted in the last decade has provided in-
sights in the biological mechanisms of the disease, and novel
therapeutic targets have been identified. Stem cells, in partic-
ular induced pluripotent stem cells (iPSC), represented one of
the major tools in the fight against ALS. Patient-derived iPSC
can be used to generate individual-specific disease models to
find novel therapies [103], and can provide an autologous
transplant source that can produce motor neurons [104]. Gene
therapy, using antisense oligonucleotides or small interfering
RNAs, seems to be promising. In other neurodegenerative
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diseases (Huntington’s disease and two types of
spinocerebellar ataxia (SCA), it has been demonstrated that
the expression of the mutant protein can be silenced and this
could halt and even reverse the disease phenotype [105, 106].
Furthermore, mutant proteins can be cleared by specifically
designed antibodies. Passive and active immunization against
misfolded SOD1 shows therapeutic potential inmouse models
[107].

Developing a causal therapy that targets a specific disease-
causing gene can have a huge effect by preventing the patho-
logical events responsible for the disease. However, only a
limited number of patients affected by ALSmight benefit from
this type of therapy. Another approach can be targeting each
pathogenic process that is involved in ALS such as non-
neuronal cell alterations, mitochondrial dysfunction,
deregulated autophagy, and/or axonal transport dysfunction.
Most likely, the effect of such a modifying treatment will be
smaller compared to that of a causal treatment, but the target
population will be larger as all ALS patients could benefit from
this treatment. In order to achieve a more prominent effect,
future approaches will combine different modifying therapies
to have an additive and hopefully even a synergistic effect.

Conclusions

The phenotype definition and understanding of the pathogen-
esis of ALS has considerably improved in the last few years.
However, the improved survivorship due to the only licensed
drug, riluzole, in the real world is really disappointing, only 2–
3 months. The future is largely based on the development of
new molecular and imaging biomarkers to effect early detec-
tion and improve follow-up. The appropriate definition of risk
due to the genes associated with sporadic forms and the pos-
sible role of environmental risk factors are areas for research.
The ALS trials have tested more than 100 compounds in an-
imal and human experiments with an impressive series of
failures [108]. ALS trials have been shown to select patients
with better prognosis [109]. Future trials will benefit from the
inclusion of samples representative of the entire phenotype
spectrum.
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