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Abstract

Introduction: The postmortern examination still represents the reference standard for detecting
the pathological nature of chronic neurodegenerative diseases (NDD). This approach displays
intrinsic conceptual limitations since NDD represent a dynamic spectrum of partially overlapping
phenotypes, shared pathomechanistic alterations that often give rise to mixed pathologies.

Areas covered: We scrutinized the international clinical diagnostic criteria of NDD and the
literature to provide a roadmap toward a biomarker-based classification of the NDD spectrum. A
few pathophysiological biomarkers have been established for NDD. These are time-consuming,
invasive, and not suitable for preclinical detection. Candidate screening biomarkers are gaining
momentum. Blood neurofilament light-chain represents a robust first-line tool to detect
neurodegeneration tout court and serum progranulin helps detect genetic frontotemporal dementia.
Ultrasensitive assays and retinal scans may identify Ap pathology early, in blood and the eye,
respectively. Ultrasound also represents a minimally invasive option to investigate the substantia
nigra. Protein misfolding amplification assays may accurately detect a-synuclein in biofluids.

Expert opinion: Data-driven strategies using quantitative rather than categorical variables may
be more reliable for quantification of contributions from pathophysiological mechanisms and their
spatial-temporal evolution. A systems biology approach is suitable to untangle the dynamics
triggering loss of proteostasis, driving neurodegeneration and clinical evolution.

Keywords

Alzheimer’s disease; biomarkers; cerebral amyloid angiopathy; Parkinson disease; amyotrophic
lateral sclerosis

1. Introduction

Proteostasis is a complex interplay of subcellular molecular networks deputed to ensure a
dynamic equilibrium between protein folding quality control and clearance machineries.

Experimental models of aging indicate that the structural and functional integrity of each
proteostasis network account for longevity and health-span whereas aging is associated with
a risk of proteostasis failure and neurodegeneration.
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In this regard, NDD associated with proteinopathies represent a broad spectrum of diseases
characterized by loss of proteostasis and accumulation of misfolded and aggregated proteins
[1]. At present, NDD are classified depending on the type of misfolded protein depositions
[2,3].

The gold standard for a definite NDD diagnosis has been postmortem examination since the
introduction of the National Institute of Neurological and Communicative Disorders and
Stroke-Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA [4])
criteria for Alzheimer’s disease (AD), in 1984. Indeed, NDD clinical diagnostic criteria are
expected to provide high accuracy compared to their reference standard (essentially autopsy
data). Nevertheless, this approach has several practical and conceptual limitations. First,
postmortem diagnosis is not applicable to detect NDD in the early or preclinical phases
when prospective disease-modifying treatments are potentially more effective. Secondly, this
is a final result of /n vivo dynamic pathophysiological process acting differently in terms of
space and time with undetectable onset and progression. In fact, postmortem examination
often reveals composite patterns of multi-proteinopathies associated with diverse premortem
clinical phenotypes [5].

NDD are a spectrum, as demonstrated by their overlapping phenotypes, shared
pathophysiologies, and mixed pathologies [6,7]. Mounting evidence from autopsy studies
shows transactive response DNA-binding protein 43 KDa (TDP-43) and alpha-synuclein (a-
syn) co-pathologies in brains of individuals meeting pathological diagnostic criteria for AD.
A mixed misfolded deposition of amyloid-beta (Ap) and a-syn proteins was also described
in the central nervous system (CNS) of several amyotrophic lateral sclerosis (ALS) patients
[8]. Currently, NDD involve a broad disease spectrum, with classification criteria
representing at times limiting artificial boundaries [9,10]. Further, this categorization
remains descriptive and mainly focused on the late-stage clinical phenotypic picture, while
the underlying pathophysiological processes begin decades prior to symptomatic onset.
Relevant exceptions are represented by specific research criteria for preclinical and
prodromal AD [11-16] as well as prodromal Parkinson’s disease (PD) [17]. Indeed, from the
failure of several disease-modifying drug trials in AD we understood that in order to have a
chance to modify disease progression, interventions need to be implemented early.

Starting from a dissertation of the international consensus and diagnostic criteria, our aim is
to find pathophysiological commonalities and provide a roadmap toward a comprehensive
biomarker-based diagnostic representation of idiopathic chronic progressive NDD. In this
regard, we will not provide an exhaustive systematic review of biomarkers developments in
NDD. Rather, we seek to critically discuss syndromic and pathological overlaps among
NDD, especially focusing on candidate biomarkers that may refine patient stratifications and
early detection, or allow screening for targetable pathophysiological pathways, irrespective
of clinical diagnosis.

1.1. Alzheimer disease: a heterogeneous clinicopathological entity

AD is the most common pathology associated with dementia and its treatment represents a
major health-care challenge. AD is considered a complex, polygenic multifactorial disorder
[18]. Autosomal-dominant genetic AD represents <1% of cases (Table 1) and APOE-e4is
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the major established risk factor for sporadic AD [19]. Several large-scale genome-wide
association studies (GWAS) and meta-analyzes of GWAS have been executed, in the last
decade [20,21]. Moreover, whole-exome sequencing, whole-genome sequencing, and
targeted sequencing have led to the identification of contributions from rare genetic variants
to late-onset AD [22]. Besides the three identified causal genetic mutations (amyloid
precursor protein [APP], presenilin 1 and 2 [PSEN1 and PSENZ2]) for autosomal dominant
early-onset AD, more than 40 susceptibility genes/loci have been identified for late-onset
AD [22-26]. From a pathological perspective, diverse kinds and patterns of changes have
been demonstrated including a-syn and TDP-43 depositions in one-third and one-fifth of
AD autopsy cases, respectively [27], in addition to varying degrees of cerebrovascular
disease, including cerebral amyloid angiopathy (CAA) [28]. However, the pathologic
hallmarks of AD remain: a) extracellular neuritic plaques, primarily containing AB42
peptide aggregates [29] and b) intraneuronal neurofibrillary tangles, mainly composed of
abnormally phosphorylated protein tau (3R/4R tau) [28,30,31].

The typical phenotype in AD is characterized by an early impairment of episodic memory
[4], as defined by the NINCDS-ADRDA criteria in 1984 [4]. The clinical diagnosis of
probable AD based on this phenotype has a fairly good accuracy (Table 1). Since 2007, the
clinical criteria have been revised by the International Working Group (IWG) [13-15] and
the National Institute on Aging—Alzheimer Association (NIA-AA) [12,16,32,33]. In
particular, progressive refinements led to a simplified clinical diagnosis of AD in the IWG-2
criteria [15]. The previous diagnostic categorical distinction between prodromal AD
(alternatively mild cognitive impairment [MCI] due to AD for NIA-AA framework [16]) and
AD dementia was replaced by a novel unified categorical diagnostic group irrespective of
the severity of cognitive impairment, combined with /in vivo evidence of AD pathology [15].
Decreased cerebrospinal fluid (CSF) concentrations of AB42 combined with increased
hyperphosphorylated tau (p-tau), or total tau (t-tau) proteins are surrogates of AD
pathophysiology [12,15,16,32]. An additional pathophysiological biomarker is the increased
signal of cerebral amyloid-PET uptake. By contrast, brain atrophy and glucose
hypometabolism detected in some cerebral regions measured by brain MRI (e.g.
hippocampal volume) and 2-deoxy-2-[fluorine-18]fluoroD-glucose ([18F]-FDG)-PET (e.g.
parietotemporal and posterior cuneus areas) are currently considered as later features
occurring across AD phenotypes and useful for disease progression monitoring [9,34].
Additional imaging techniques that could refine the identification of AD subtypes and
monitor disease progression are Diffusion Tensor Imaging (DTI) MRI sequences and task-
free functional MRI [35]. These imaging modalities track different structural and functional
patterns of brain network disintegration, respectively [35].

Typical or hippocampal, and atypical AD presentations have been established. The former
shows episodic memory impairment fulfilling the original NINCDS-ADRDA, the latter
involves different cognitive domains (language, visual, praxis, or executive problems)
occurring earlier than memory deficits [24]. The rise in diagnoses of atypical AD
phenotypes and mixed AD forms (e.g. evidence of AD and coexisting parkinsonism or
cerebrovascular disease) may relate to the integration of pathophysiological biomarkers. The
IWG-2 criteria and the NIA-AA guidelines identified: an occipitotemporal variant
characterized by a predominant, and progressive impairment of visuoperceptive functions; a
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biparietal variant, defined by the presence of an early, predominant, and progressive
difficulty with visuospatial function; a logopenic variant with impairment of single word
retrieval and repetition of sentences; and a frontal variant characterized by behavioral
changes such as apathy, behavioral disinhibition, and executive dysfunction [15]. Frontal and
logopenic variants are AD phenotypes that can clinically overlap with behavioral variant of
frontotemporal dementia (bvFTD) and primary progressive aphasia (PPA) described below.
Posterior cortical atrophy (PCA) typically starts at a younger age (before age 60) than
typical AD, similarly to the other atypical AD variants [36], with patients exhibiting a
progressive impairment in object localization in the visual field among other visual
processing deficits; memory decline usually occurs later [36,37]. In 2017, a consensus
classification of PCA clinicopathological features was published [37]. Briefly, the early
occurrence of visual symptoms alterations is mandatory. Neuroimaging should show mainly
occipital, parietal or occipito-parietal bilateral atrophy (MRI) and a specific bilateral parieto-
occipital hypometabolism (FDG-PET). In this consensus, the concept of ‘Pure PCA’ vs
‘PCA-plus’ was introduced in order to capture the phenotype of patients that present with
typical PCA symptoms while also meeting core criteria for other NDD [37]. CSF AB42, t-
tau and p-tau levels in ‘pure PCA’ are indistinguishable from those of typical AD [38].
However, ‘pure PCA’ phenotypes may also be associated with non-AD-pathologies, such as
Lewy body disease (LBD), corticobasal degeneration (CBD) or even prion disease
pathological features [36].

With a wealth of research over the past decade, the definition of AD is gradually shifting
from that of a syndrome to a biological construct and continuum [33,39]. The unbiased
descriptive categorization proposed by the NIA-AA recognizes three general groups of
biomarkers, indicative of amyloid deposition (A), pathologic tau (T), and neurodegeneration
(N) (ATN). The committee agreed that only pathophysiological biomarkers should be
considered for a consistent AD diagnosis across stages. Notably, the mere presence of
amyloid deposition (A* state) has been now termed as Alzheimer’s pathologic change,
within the AD continuum. Cerebral tau-PET was added to the array of biomarkers compared
to the previous diagnostic AD criteria [33]. However, although tau-PET ligands (AV1451
tracer) bind preferentially to paired helical filament tau [40], false-positive binding in non-
tauopathy disorders such as in frontotemporal dementia (FTD) due to chromosome 9 open
reading frame 72 gene (C9ORF72) expansions [41] have been described.

A series of biomarker categories and profiles, independent from clinical symptoms, were
developed to chart the different pathological phases across the AD continuum (ATN system).
Noteworthy, the ATN biomarker categorization is intentionally open to incorporate novel
biomarkers. For instance, a-syn may represent an additional pathophysiological fluid
biomarker for AD and can be added to the matrix. In particular, CSF total levels of a-syn (t-
a-syn) are higher in AD and prodromal AD compared to both cognitive normal controls and
synucleinopathies such as PD, Parkinson’s disease dementia (PDD) and DLB [42]. On the
other hand, the oligomeric and phosphorylated forms of a-syn (0-a-syn, and p-a-syn) are
significantly reduced in AD patients compared to synucleinopathies [42]. A recent meta-
analysis showed that a-syn measurement using standard ELISA methods does not achieve
significant diagnostic accuracy in discriminating AD from synucleinopathies [42].
Innovative techniques such as Real Time quaking-induced conversion test assay (RT-QuIC
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[43]) and the Protein misfolding cyclic amplification (PMCA [44]) (these techniques
amplify and detect a-syn proteins in CSF and brain extracts conceptually as polymerase
chain reaction fragment analysis) are promising tools for the identification of subgroups of
AD individuals with a-syn co-pathology, namely AD patients [43] with Lewy body variant.

Despite an increased accuracy of up to 90% for the diagnosis of AD using core biomarkers,
all disease-modifying therapies of AD dementia have failed [45]. Therefore, early
recruitment into clinical trials and early treatment of preclinical AD with altered
pathophysiological biomarkers may well enhance the probability of success in modifying the
disease course.

As a consequence, minimally invasive and globally accessible screening tools with high
negative predictive value in individuals at high risk of AD could help to exclude the majority
of subjects not needing more complex evaluations [46]. Noninvasive and cost-effective
examinations such as retinal imaging or peripheral blood biomarker analyses may be used
for the initial broad screening phase within a multi-step diagnostic process to diagnose and
differentiate NDD. If made reproducible, their being easily repeatable, make them ideal
biomarkers of disease progression and response monitoring to disease-modifying treatments.
Growing evidence indicates that AD is not confined to the brain but also affects the retina
[47]. Inspired by the successful detection of the amyloid pathological hallmarks in the retina
and given the accessibility, safety, and low cost of high-resolution noninvasive retinal
imaging [47-51], an /n vivo approach for visualizing AP deposits in living subjects have
been recently developed [52-54] (Figure 1). Indeed, similar to brain plaques, retinal Ap
deposits are more frequent in AD patients as compared with controls, and their burden
correlates tightly with brain-plaque burden [50]. Since 2016 advanced high-sensitive
techniques [55] have significantly improved the detection of peripheral plasma/serum
biomarkers for NDD. In particular, several promising results from independent study groups
indicate that blood Ap peptides, alone or in combination, and blood p-tau have diagnostic
accuracy to detect AD pathophysiology almost to a comparable extent as more sophisticated
and expensive amyloid-PET investigations [56-59], as early as during the preclinical stage
of subjective memory complaints [60]. In addition, peripheral blood neurofilament light
chain (NFL), a marker of axonal degeneration, is evolving to be a robust candidate
biomarker to detect early AD-related neurodegenerative progression well discriminating AD
subjects from controls (AUROC = 0.87) [61]. High baseline plasma NFL concentration
could be predictive of subsequent cognitive decline in the preclinical phase of AD [62] and
is also potentially useful as a prognostic biomarker since faster increase in NFL levels have
been associated with worsening in cognitive score in MCI subjects [63]. In this regard, blood
NFL is promising, in prospective, as monitoring biomarker in disease-modifying trials.

1.2. Cerebral amyloid angiopathy: when neurodegeneration starts from circulation

CAA is the main cause of primitive lobar hemorrhage, and the risk of recurrence varies, on
average, between 7% and 12% per year. In autopsy studies, these are detected in 20-40% of
non-demented and in 50-60% of demented elderly patients, coexisting with AD up to 85—
95% [64]. Attention has been focused on amyloid perivascular drainage impairment and,
therefore, an inefficient clearance (glymphatic system) related to the integrity of the brain
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microcirculation or astrocytes [65,66]. Ultimately, the interstitial fluid blockage can lead to
the enlargement of perivascular Virchow-Robin spaces frequently associated also with deep
small vessels disease [67].

The clinical history of a patient affected by CAA can include lobar cerebral (or sometimes,
cerebellar) hemorrhages (ICH) and post-hemorrhagic dementia, cognitive decline or
vascular dementia without ICH, in addition to transient neurological focal deficits (amyloid
spells). The latter can mimic transient ischemic attacks leading physicians to administer
antithrombotic drugs [68].

Most CAA cases are sporadic. Rarely, causative genes related to the amyloid precursor
proteins may be recognized (Table 1) [69]. APOE polymorphisms seem to be associated
with different disease subtypes: e4 with non-1CH forms and abundance of neurofibrillary
tangles, £2 with cortical siderosis and lobar hemorrhages [68,70].

The clinical diagnosis of CAA requires meeting the Boston criteria [71]. These indicate that
specific cerebrovascular disease patterns, detected with brain MRI using particular
sequences (e.g., Gradient Echo (GE) T2*, Susceptibility Weighted Imaging (SWI)),
distinguish CAA from the hypertensive arteriopathy (or non-amyloid microangiopathy).
Actually, patients affected with CAA are typically found to harbor strictly lobar cerebral
microbleeds (CMB), essentially posterior white matter hyperintensities (WMH), cortical
superficial siderosis (CSS), and enlarged perivascular spaces in centrum semiovale.
Importantly, cerebral lacunes in deep white matter are rare. By contrast, the typical CMB
due to hypertensive arteriopathy are localized in basal ganglia and frequently in combination
with multiple ischemic lacunes [72]. CSS is usually absent, and WMH are variably
distributed throughout the brain.

The original Boston criteria have been recently modified to increase diagnostic accuracy in
vivo [71]. Substantially, they differ from the original ones, especially when classifying
probable from possible CAA, considering the presence of CSS in addition to the ICH
included in the old criteria. The standard diagnosis remains essentially postmortem
neuropathology or analyzing tissue samples from evacuated ICH. When validated in clinical
practice in a hospital-based or population-based MRI-neuropathology studies, the original
criteria have an optimal specificity but a low sensitivity that increases with the revised
criteria [71] (Table 1). Most importantly, a diagnostic challenge emerges when neurologists
investigate the etiology of a single lobar hemorrhage without CMB or an isolated siderosis
(criterium of “possible’ CAA). This has relevant therapeutic implications especially whether
starting (or not) an anticoagulant therapy, in the presence of atrial fibrillation. The cerebral
PET with 18F-Florbetapir or C-Pittsburgh compound B (PiB) showed a sensitivity of 79%
and a specificity of 78% [73] in a meta-analysis of 106 cases and 151 controls (healthy or
typical hemorrhages). Another meta-analysis including CAA cases, controls, and AD
patients reported a greater distribution rate of the tracer in the occipital regions in CAA
compared to AD but not to controls [74]. Notably, study results indicated that amyloid-PET
tracers do not significantly distinguish CAA from AD cases.
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Currently, there are no reliable fluid biomarkers supporting a CAA diagnosis. The majority
of studies have investigated AD related core pathophysiological pathways due to existing
commonalities. In particular, a recent meta-analysis [75] showed that the AB40/AB42 ratio
was significantly lower, while t-tau was higher in CAA compared to controls. Moreover,
CSF AB40 concentrations were lower in CAA compared to AD patients whereas Ap42, t-
tau, and p-tau were comparable. In conclusion, AD and CAA have largely overlapping CSF
core biomarkers profiles. We could not find significant data on specific blood diagnostic
biomarkers. High-sensitivity techniques measuring blood Ap40/Ap42 in AD patients,
however, demonstrated good diagnostic accuracy in predicting cerebral amyloid load
compared to cerebral amyloid-PET and CSF biomarkers concentrations [56,58]. Eventually,
given the pathological similarities between CAA and AD, we suggest the design of specific
studies measuring Ap40 and Ap42 peptides in CAA.

1.3. Parkinson’s disease

PD is the second most prevalent neurodegenerative disease next to AD and is associated
with progressive loss of dopaminergic neurons in the pars compacta of the substantia nigra
(SN). A minority of cases have a genetic cause (Table 1).

The presence of a parkinsonian syndrome is the clinical hallmark of PD. According to
current diagnostic criteria [76], parkinsonism is defined by the presence of bradykinesia with
either rest tremor or rigidity. Early diagnosis of PD may be challenging but supportive
criteria, absolute exclusion criteria, and ‘red flags’ were proposed to improve diagnostic
accuracy. In particular dopaminergic treatment responsiveness and levodopa-induced
dyskinesia onset support PD diagnosis. Using UK Parkinson’s Disease Society Brain Bank
clinical diagnostic criteria [77], clinical diagnosis was confirmed in 76% of autopsy cases
[78], whereas applying revised criteria [17,79] an optimal accuracy of 90% was obtained
[80]. In the elderly, concomitant AD pathology was reported in 48.9% of cases [81].

In the last decades, non-motor symptoms and signs of PD gained momentum and were used
to support diagnosis in a novel proposal of diagnostic criteria. The onset of non-motor
features may precede motor symptoms and a few clinical non-motor markers were included
in the research diagnostic criteria for prodromal PD [17]. In particular, prodromal REM
sleep behavior disorder (RBD) proven with polysomnography, and olfactory loss are
associated with a high likelihood of future PD. Prodromal criteria were recently validated in
a longitudinal study on RBD subjects: 39.7% of individuals converted to PD/DLB at 4-year
follow-up with 81.3% sensitivity and 67.9% specificity for conversion [82].

In addition to clinical biomarkers, neuroimaging and biochemical biomarkers have been
developed. Normal functional neuroimaging of the presynaptic dopaminergic system
(assessed with PET or SPECT) represents an absolute exclusion criterion for PD [76]
whereas a clearly abnormal tracer uptake was included in the list of PD prodromal
biomarkers. Conventional brain MRI excluded secondary parkinsonism, but advanced
techniques might improve the diagnostic workup of degenerative parkinsonism. Noteworthy,
the use of SWI with 3T and 7T MRI allowed visualization of SN anatomy, differentiating
PD patients from controls with an accuracy of 86% and 96%, respectively [83]. In a large
longitudinal cohort of healthy subjects, transcranial ultrasound identified SN
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hyperechogenicity at baseline in 14 out of 17 who subsequently developed PD [84]. Overall,
transcranial sonography represents a potential screening tool to support clinical diagnosis
(sensitivity = 84% and specificity = 85%), according to a recent meta-analysis [85].

Pathological biomarkers are lacking, but several molecules are currently under investigation.
A-syn and NFL might have a potential role in differential diagnosis between PD and
controls, but also between PD and atypical parkinsonism (AP). Regarding CSF AD
biomarkers, lower CSF Ap42 levels are considered a potential predictor of cognitive decline
in longitudinal studies [86]; recent multicenter data from the Parkinson’s Progression
Markers Initiative (PPMI) cohort would confirm these results [87]. Moreover, reduced CSF
AP42 baseline levels could be an independent predictor for early L-dopa-resistant gait
impairment and psychosis [88,89].

CSF a-syn (oligomeric or total) is a candidate biomarker for all synucleinopathies [90]. The
current consensus is that CSF a-syn levels are lower in PD than controls and similar to
multiple system atrophy (MSA) and DLB [91]. A meta-analysis [92] confirmed the
significantly lower CSF t-a-syn levels and higher CSF concentration of both 0-a-syn and p-
a-syn in PD patients compared to controls. Any consistent differences in CSF t-a.-syn levels
were demonstrated between PD and DLB as well as PD and MSA patients [93]. According
to previous findings, some authors hypothesize that CSF a.-syn measured with traditional
ELISA techniques is unlikely to be a diagnostic biomarker [94]. In addition, conflicting
results were obtained investigating its potential role as a prognostic biomarker for both
motor and cognitive progression [95-97].

A meta-analysis [98] reported that CSF NFL is higher in AP than PD and has an almost
optimal accuracy in discriminating PD from AP (AUROC = 0.89). These results were
confirmed in a larger review and meta-analysis [99] reporting overlapping CSF NFL
concentrations among PD, PDD, DLB, and control groups, and increased levels in AP.

Mounting data indicate that blood NFL measurement may be an effective and minimally
invasive biomarker to discriminate among parkinsonian syndromes: a class 111 study
demonstrated that blood NFL levels discriminate between PD and AP with comparable
accuracy to CSF levels of these proteins. Moreover, MSA, progressive supranuclear palsy
(PSP), and patients with corticobasal syndrome (CBS) are found to have higher blood NFL
levels compared to PD and controls [100]. Results from a Class Il study also confirmed that
serum NFL concentrations provide an excellent accuracy in discriminating PD from controls
(sensitivity = 86% and specificity = 85%) and charted a tight correlation with the CSF NFL
levels as reported in other studies on different NDD. According to overall results serum NFL
levels differentiate AP from PD with high accuracy, supporting its use in the diagnostic
workup of parkinsonian syndromes. Furthermore, at 3-year follow-up serum NFL levels
showed a negative association with both motor and cognitive performances, measured as
tandem gait test, H&Y score, and MMSE, respectively, suggesting a potential prognostic
value of NFL [101].
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1.4. Lewy body dementia

DLB belongs to the clinical spectrum of Lewy bodies (LB) disorders, characterized by
accumulation of pathogenic a.-syn in the brain. However, concomitant AD pathology can be
detected in up to 40% of patients with PD, PDD, and DLB clinical diagnoses [102-104].

Dementia is the main clinical feature, with memory impairment usually not prominent in
early stages, with deficits mainly affecting attention, executive functions, and
visuoperceptual abilities. Core clinical features include fluctuating cognition, recurrent
visual hallucinations, RBD, and features of parkinsonism. The onset of parkinsonism should
be concomitant or follow the onset of dementia. The so-called 1-year rule between dementia
and parkinsonism onset is currently recommended, although controversial, to discriminate
DLB and PDD. Supportive clinical features include among others sensitivity to
antipsychotic agents, postural instability, syncope or transient unresponsiveness, delusions
[105].

A limited number of ‘indicative biomarkers’ are reported in the recently revised criteria
[105,106]: the reduced dopamine transporter uptake in basal ganglia (demonstrated with
SPECT or PET), the reduced uptake on meta-iodo-benzyl-guanidine (MIBG) myocardial
scintigraphy, and a polysomnographic diagnosis of RBD. Medial temporal lobe structural
preservation on CT/MRI scan, reduced FDG-PET hypometabolism in occipital region and/or
cingulate gyrus (island sign), and EEG abnormalities characterized by prominent posterior
slowwave activity with periodic fluctuations in the pre-alpha/theta range are defined as only
‘supportive biomarkers’ (Table 1).

Results from CSF studies have confirmed the relevant role of AD pathology in DLB
patients. Levels of t-tau, p-tau, and AB42/AB38 ratio can be helpful in the differential
diagnosis between DLB and AD, whereas, similarly to PD, low CSF Ap42 levels predict the
development of cognitive impairment. In a large study on DLB patients, low baseline levels
of CSF AB42 were associated with a more rapid cognitive decline, measured with the
MMSE (2-year follow-up). CSF t-a-syn levels [107] are overlapping in PD and MSA
patients, but lower than in controls [104]. Most interestingly, CSF t-a-syn levels are higher
in AD [42] compared to PD, PDD, and DLB individuals [91,108]. Recently, RT-QulIC and
PMCA showed an average accuracy of 80% in distinguishing PD and DLB patients from
controls. CSF NFL levels are similar to those measured in PD, PDD, and controls but lower
compared to MSA, PSP, and CBS [99].

1.5. Atypical parkinsonism

Early differential diagnosis between PD and AP can be challenging. A retrospective
postmortem study evaluated accuracy of in vivo clinical diagnosis performed by general
neurologists: in the 75.3% of cases diagnosis of PD was confirmed (sensitivity = 89.2% and
specificity = 57.8%) whereas lower accuracy was reported for PSP and MSA (sensitivity
52.9% and 64.3%, and specificity 100% and 99.0%, respectively). The overall results
showed an overdiagnosis of PD compared to movement disorder specialists [109].

The most common PD mimics are MSA and PSP while the lowest diagnostic accuracy
accounts for CBS.
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Progressive supranuclear palsy

PSP is a rare sporadic 4-repeats (4R) tauopathy with onset >40 years and chronic
progression. Diagnostic criteria were recently revised [110,111] since the previous National
Institute of Neurological Disorders and Stroke and the Society for Progressive Supranuclear
Palsy (NINDS/SPSP) criteria have been published in 1996 [112] which had excellent
specificity for the most classical phenotype of PSP but low sensitivity for the atypical ones
in light of the broad spectrum of phenotypes in PSP. Four functional domains (ocular motor
dysfunction, postural instability, akinesia, and cognitive dysfunction) have been identified as
clinical predictors. The presence of predominant clinical features suggestive for a different
type of dementia (e.g. impairment of episodic memory) or parkinsonism (e.g. autonomic
failure or visual hallucinations) are considered mandatory exclusion criteria. Additional
clinical cues include levodopa-resistance, hypokinetic/spastic dysarthria, dysphagia, and
photophobia.

Supportive features are predominant midbrain atrophy (MRI) or hypometabolism (FDG-
PET) and post-synaptic striatal dopaminergic degeneration (SPECT/PET) (Table 1). The use
of combined MRI indexes like the magnetic resonance parkinsonism index (MRPI) [113]
improved differential diagnosis between PD and PSP, but with variable accuracy among
studies [114-116]. Advanced MRI techniques such as the use of SWI for qualitative
evaluation of SN failed to distinguish between PD and AP [117]. More encouraging results
were obtained with quantitative techniques (QSM) [118,119].

In the current Movement Disorder Society (MDS) criteria fluid biomarkers help in excluding
alternative NDD. Hence, the observation of a typical AD CSF pattern can help to distinguish
patients with primary AD neuropathology that can mimic PSP.

Similarly to other AP, PSP patients have higher serum NFL levels compared to controls
[120], thus strengthening its role as diagnostic biomarker in differentiating PD from AP.
Interestingly, a positive association with motor/cognitive symptoms progression has been
also reported. Indeed, high baseline NFL concentrations were associated with a subsequent
faster motor and cognitive decline [121], as well as a shorter survival [120]. These evidences
support an intriguing prognostic role of serum NFL for PSP patients.

1.5.2. Corticobasal syndrome—CBS is included in the group of 4R-tauopathies
(Table 1). The term CBS is used to denote a syndrome, whereas CBD refers to
pathologically confirmed cases. Misdiagnosis rate with previous criteria was extremely high
[122]. The current diagnostic criteria [123], based on pathologically proven cases, identified
four main phenotypes, according to the new concept of a spectrum of taurelated NDD with
overlapping phenotypes: CBS, frontal behavioral-spatial syndrome, the non-fluent/
agrammatic variant of PPA (nfvPPA) and the PSP syndrome (PSPS).

Clinical features of CBS include the asymmetric presentation of limb rigidity or akinesia,
limb dystonia, limb myoclonus, possibly associated with orobuccal or limb apraxia, cortical
sensory deficit, alien limb phenomena. These criteria were subsequently applied to clinical
cases with postmortermn examination and failed to demonstrate an improved /n vivo
diagnostic accuracy compared to the previous one, with only 47% of cases fulfilling criteria
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for CBS at presentation, and 68% at the final follow-up [124]. Differential diagnosis can be
challenging mainly regarding PSP and also AD where CBS phenotype has been reported in
up to 3.5% of pathologically proven cases [125]. Structural/functional imaging biomarkers
may support clinical diagnosis but with limited improvement of diagnostic accuracy [126].

Among biofluid biomarkers CSF NFL levels are higher in CBS than in PD [99].
Unfortunately, CSF and blood NFL remain unspecific surrogates of AP since they can
distinguish CBS from PD, but do not allow to discriminate one AP subtype from one other
[127].

1.5.3. Multiple system atrophy—Current diagnostic criteria define MSA [128] as a
rare NDD included in the group of synucleinopathies (Table 1).

Diagnosis of probable MSA requires the presence of autonomic failure involving urinary
incontinence, with erectile dysfunction in males, or orthostatic decrease of blood pressure
within 3 min of standing (at least 30 mmHg systolic or 15 mmHg diastolic). Symptoms must
be associated with a poorly levodopa-responsive parkinsonism or with a cerebellar
syndrome. Cerebellar (c-MSA) and parkinsonian (p-MSA) MSA phenotypes share few
clinical features, especially Babinski sign with hyperreflexia, and stridor. P-MSA is
essentially a rapidly progressive parkinsonism with poor response to levodopa, and c-MSA a
cerebellar syndrome characterized by gait/limbs ataxia, dysarthria, and oculomotor
dysfunction. The main features supporting MSA diagnosis include orofacial dystonia,
postural deformities, inspiratory sighs, severe dysphonia/dysarthria, snoring [129].

Cerebral MRI and FDG-PET imaging features suggestive for MSA are reported in Table 1.
Overall, conventional MRI improved accuracy compared to clinical diagnosis but
suboptimal sensitivity values were obtained in pathologically confirmed cases (76.9%
radiological vs 61.5% clinical diagnosis) [130]. No specific morphometric indices are
currently available. The use of advanced sequences like SWI-MRI was proposed to improve
differential diagnosis but qualitative evaluation of SN failed to discriminate MSA patients
[131]. A neuropathological study confirmed a frequent misdiagnosis with DLB (37%), PSP
(29%), and PD (15%) cases [132].

As mentioned for other AP, CSF NFL levels are significantly higher than in PD and controls
[99]. Noteworthy c-MSA reported higher blood NFL concentrations compared to sporadic
adult-onset ataxia, an MSA mimic (AUROC = 0.74).

1.6. The frontotemporal dementia spectrum

The term FTD indicates a group of clinically, genetically and pathologically heterogeneous
NDD which invariably progress to dementia and typically are associated with misfolded
protein aggregates in neural cells and atrophy of frontal and/or anterior temporal lobes. It is
a relatively common cause of dementia, being the second most common cause of young-
onset dementia after AD [133] (Table 1). A family history of dementia occurs up to 40% of
all cases of FTD, although a clear autosomal-dominant transmission is present in only 10%
of patients [134]. The most common genetic causes of FTD currently known are represented
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by mutations, in order of frequency, of COORF72 gene, microtubule-associated protein tau
(MAPT) gene, and of granulin precursor (GRN) gene [135].

Three broad clinical presentations of FTD are recognized: bvFTD, PPA(s), and the motor-
FTD syndromes detailed above (CBD syndromes and PSP). The PPAs are subdivided on the
basis of the prevalent language deficit involved in nfvPPA, and semantic-variant PPA
(svPPA). As noted above, the logopenic variant (IVPPA) is an atypical AD subtype, rather
than FTD [136]. The most common clinical type of FTD is bvFTD, covering over half of the
cases [137]. Differently from PPA where a quite fair relation between phenotype and
underlying pathology (nfvPPA with FTD-tau and svPPA with FTD-TDP) has been
described, bvFTD has a poor phenotype/pathological association [138].

Three main pathological subtypes are identified [35]. FTD with TDP-43 aggregates (FTD-
TDP) is the most frequent, genetically associated with the COORF72 and GRN mutations.
There is a clinical, genetic, and pathological heterogeneity in TDP-43 proteinopathies. On
this basis, four TDP-43 aggregates (A, B, C, and D) have been distinguished [139]. Type A
cases are associated with bvFTD or nfvPPA, along with mutations in GRN. Type B cases
with bvFTD including motor neuron disease (MND) and mutations of COORF72. Type C
cases with bvFTD or svPPA are generally sporadic. Finally, the type D cases are associated
with the mutation of the valosine-containing protein (VCP) gene [140]. FTD with tau
depositions (FTD-Tau), also referred to as Pick’s disease (3R) or PSP and CBD (4R) cover
about 40% of all cases of FTD [141]. Tau is abnormally hyperphosphorylated, dissociated
from microtubules, and prone to form aggregates within neurons and glia. Genetic forms are
linked to MAPT mutations. FTD with FUS aggregates represents a remaining 5-10% of
cases [35].

1.6.1. The behavioral variant of FTD—According to the new diagnostic criteria, the
main clinical core features of bvFTD include the early appearance of behavioral
disinhibition, apathy or inertia, loss of sympathy or empathy, perseverative/stereotyped or
compulsive/ritualistic behavior, hyperorality and dietary changes, executive deficits with
relative sparing of memory and visuospatial functions. For the diagnosis of probable bvFTD,
at least three of these symptom groups are required [142].

Typically, FTD patients have a low insight into their symptoms [136] and early functional
impairment [143], related to prominence in behavioral deficits. BvVFTD usually progresses
faster than AD [144], and decreased survival is associated often with MND [145].

Genetic testing and neuroimaging are currently available tools to confirm the clinical
diagnosis [136]. Conventional MRI and cerebral FDG-PET support a bvFTD diagnosis
though they do not identify a specific underlying pathology (Table 1). Functional imaging is
more sensitive than structural MRI in detecting early pathological changes in bvFTD and
FDG-PET should be used in the early diagnosis of bvFTD for its high negative predictive
value (0.78) [146,147]. Conversely, amyloid-PET tracers can help to distinguish FTD from
atypical variants of AD (frontal and logopenic variants) [148].
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Despite the recent revision of the diagnostic criteria improved accuracy (Table 1) [142,149],
the diagnosis of bvFTD remains challenging in the early phases of the late-onset bvFTD
where specificity remains low [150]. BvFTD shows significant overlap with other NDD and
with several psychiatric disorders. Notably, around 12.5% of bvFTD patients [151] develop
signs of MND [152,153], and around 20% parkinsonian syndromes [154], especially CBS
and PSP [155], suggesting common underlying pathophysiological pathways. Moreover,
early bvFTD is often misdiagnosed as a psychiatric disorder, especially depression, bipolar
disorder, and schizophrenia [156], or with personality disorders (borderline, antisocial, and
schizoid personality [136]) when these have late onset [157]. Psychiatric disorders fulfilling
the core clinical diagnostic criteria of bvFTD are classified as frontotemporal dementia
phenocopies. These cases are not progressive and with normal brain MRI and PET findings
[158]. In other cases, bvFTD phenocopies may also show a very slow-progressive cognitive
impairment that makes challenging the FTD diagnostic workup [159]. Eventually, they may
represent a slow sporadic or genetic form of bvFTD [159].

Recent imaging studies reported encouraging results for an earlier and more accurate
diagnosis although not at the level of the individual subject. DTI sequences measuring the
white matter integrity are an interesting biomarker of structural brain networks and
potentially more sensitive than traditional MRI sequences in detecting early and subtle FTD
changes. Actually, white matter alterations precede gray matter atrophy involving different
brain regions depending on the clinical FTD subtype [160]. The white matter fibers most
involved in bvFTD are the uncinate fasciculus, cingulum bundle, and genu of the corpus
callosum [161,162]. Interestingly, a greater loss of integrity of the white matter has been
found in the presence of tau rather than TDP-43 pathology [163]. F-MRI investigates
functional network connectivity and has revealed very early changes in presymptomatic
mutation carriers, even up to 10 years before the expected onset [164,165]. The patterns of
functional network connectivity identified differences among bvFTD, AD patients and
controls [166]. More precisely, reduced connectivity in frontoinsular and/or anterior
cingulate cortex, part of the so-called ‘salience network,” is the most common finding in
patients with bvFTD [167].

Currently, reliable fluid biomarkers are not yet clinically available to significantly improve
bvFTD diagnosis. The combination of CSF p-tau, t-tau proteins, AR peptides, and their
ratios only rules out the frontal variant of AD [168,169]. Nevertheless, several fluid
biomarkers are under investigation for bvFTD [170,171]. NFL is the most promising
candidate biomarker for FTD, especially for disease monitoring and prognosis [160,171].
Recent evidence proved that blood and CSF levels of NFL are tightly related and
significantly higher in FTD subjects than in controls [172]. This difference is more
pronounced for bvFTD subtypes [173,174], and NFL concentrations are associated with
disease severity, progression, and survival [175,176]. Moreover, some evidence show that
NFL levels are similar in presymptomatic FTD individuals and healthy controls while they
increase during the symptomatic stage [177]. In the symptomatic phase, NFL increases in
parallel with brain atrophy progression and the development of bvFTD symptoms [178].
CSF NFL concentrations have been shown to be higher in patients harboring TDP-43
compared to tau [177]. CSF NFL concentrations were also higher in bvFTD compared to
both AD [179,180] and psychiatric subjects [181]. Noteworthy, the best discrimination may
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be with non-NDD. Indeed, compared to controls, blood NFL was found to be significantly
higher in concentration in patients with bvFTD but not in patients with psychiatric disease
[181]. The strong correlation between blood and CSF NFL levels makes blood NFL a

suitable screening biomarker tool for FTD and a potential disease monitoring proxy [182].

Regarding other fluid biomarkers, gene-specific biomarkers are the most robust. Progranulin
and poly(GP) are the most studied, potentially useful in the differential diagnosis between
tau and TDP-43 subtypes [183]. Poly(GP) is an abnormal dipeptide repeat protein detectable
only in the CSF of C9ORF72 mutation carriers, that develop the TDP-43 pathologic subtype
of FTD (TDP type B). Most importantly, given that poly(GP) is negative in patients with tau
pathology, it may play a role in stratifying FTD into distinct pathophysiological pathways.
However, poly(GP) is present only in the symptomatic phase of FTD with very modest
correlation with neurodegeneration [184].

CSF and plasma progranulin concentrations are lower (around 25-40%) in GRN mutation
carriers compared to healthy controls and FTD non-mutation carriers, and allow to
discriminate mutation carriers from non-carriers with high sensitivity (96-100%) and
specificity (93-100%) [185-189]. This biomarker is associated with TDP-43 pathology
(TDP type A). Hence, progranulin may be a reliable gene-specific biomarker for GRN
mutation carriers and [171] could help in screening of familiar cases, in treatment
monitoring of GRN mutation carriers and finally in the discrimination of FTD pathologic
subtypes [160].

1.6.2. Primary progressive aphasia—PPAs are rare [190] clinical syndromes
resulting from the selective neurodegeneration in the cerebral networks responsible for
language control localized in the language-dominant cerebral hemisphere (the left
hemisphere up to 90% of cases).

International consensus guidelines on PPA assume a 2-steps clinical diagnosis supported by
imaging or associated with definite pathology at postmorterm examination or definite
pathogenic mutation [191,192]. First, core criteria for PPA require: (a) a subtle and
progressive language impairment, which should be (b) the main source of interference in
performing the activities of daily living (for at least the first 1-2 years), (c) isolated in the
initial phase and prominent throughout the whole course of the disease.

Three main clinical variants can be identified according to variant-specific patterns of
language impairment: nfvPPA, svPPA, and IVPPA. A small fraction of cases are labeled as
‘unclassifiable PPA’ or ‘mixed PPA’ [191]. These include the PPA phenotypes arising from
genetic mutations, such as GRN mutation, that often do not fit in the diagnostic boxes made
initially for sporadic disease.

In brief, language assessment requires evaluation of speech production features (grammar,
motor speech, sound errors, and word-finding pauses), repetition, single-word and syntax
comprehension, confrontation naming, semantic knowledge, and reading/spelling.

Essential features of nfvPPA are at least one of the following: (a) agrammatism, namely
shortening and simplification of phrases, misuse of grammatical morphemes like articles and
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conjunctions, and (b) effortful speech, which results slow and labored, with inconsistent
speech sound errors and distortions (apraxia of speech). Individuals may eventually develop
parkinsonism, either in the form of PSP or CBS [193]. Nevertheless, generalized motor
symptoms should be excluded from the nfvPPA diagnosis. Atrophy at MRI or FDG-PET
hypometabolism at the level of left posterior fronto-insular region (inferior frontal gyrus
particularly) is mandatory (Table 1). Regarding the underlying pathology, nfvPPA is the
most heterogeneous of the three PPA variants, being FTD-tau pathology the most commonly
associated (from 50% to 88% of the cases), followed by FTD-TDP (8-31%, type A more
frequently), and AD pathology (4-19%) [194-197]. Pathogenetic mutations in
FTDassociated genes (COORF72, GRN, MAPT) have been found in approximately 5% of
nfvPPA cases [198], although more frequently subjects with these mutations show a bvFTD
phenotype [134].

A diagnosis of svPPA requires the presence of both anomia and impaired single-word
comprehension. Impairment in naming is usually severe, particularly if compared to relative
sparing of other language features such as phrase repetition and speech production. Single-
word comprehension deficit typically involves unfamiliar or atypical items, at least at the
beginning. For imaging supported diagnosis see Table 1 [191,199]. This variant has been
associated with TDP-43 pathology (67-100%) usually of type C [194,196,197,200]. Genetic
forms of svPPA (GRN, MAPT, C90ORF) are more rarely reported than in nfvPPA (1.6%)
[198].

LVvPPA, related to AD neuropathology rather than FTD pathological entities, is the most
recently defined of the three variants [201], resulting from phonological loop dysfunction.
Core clinical features need both (a) impaired single-word retrieval in spontaneous speech
and naming and (b) impaired repetition of sentences and phrases. For imaging supported
diagnosis, brain MRI and FDG-PET should demonstrate atrophy and/or hypometabolism,
respectively, in left posterior perisylvian or parietal areas [191,194,202]. Very importantly,
patients with IvPPA show an AD pathology in most of the postmortem cases reported (54—
100%) [194-197]. Hence, IWG-2 criteria recently included IVPPA due to AD pathology
among the atypical presentations of AD [15]. Genetic forms (GRN, TARDBP) have been
recognized very rarely in IVPPA (1.1%) [198].

Patterns of language impairment essentially reflect areas of cerebral dysfunction (and the
relative control on specific language aspects) rather than specific underlying neuropathology.
Nevertheless, the preferential association of each PPA phenotype with recurrent pathologic
patterns indicates a specific vulnerability of certain brain areas and networks to different
misfolded protein accumulations [203].

Specific diagnostic biomarkers are necessary. Currently, only core biomarkers of AD
pathology [197,204—206] can be considered reliable pathologic biomarkers. DTI can help to
discriminate PPA subtypes according to different spatial patterns of white matter damage
[160,207], and specific network alterations are also found in svPPA at fMRI [208]. Higher
CSF and serum NFL levels were reported in nfvPPA and svPPA compared to controls, but
also compared to IVPPA [175,209-211]. Beyond specific diagnostic relevance, CSF and
serum NFL levels in nfvPPA and svPPA were proven to correlate with disease severity,
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cognitive worsening, and cerebral atrophy [209,210]. Notably, low CSF p/t-tau ratio may
contribute to the discrimination of nfvPPA and svPPA from controls, and it shows
correlation with survival [209]. Since neither high CSF NFL levels nor low p/t-tau ratio is
exclusive of svPPA and nfvPPA but have been found also in other FTD forms and NDD like
AD and DLB [99,172,175,212], identification of variant-specific biomarkers is mandatory.

1.7. Amyotrophic lateral sclerosis

ALS is a rare, aggressive, and phenotypically heterogeneous [213] NDD affecting mainly
cortical, brainstem, and spinal motor neurons [214]. ALS is a complex disease sharing many
of its biological and clinical features with FTD [215].

An abnormal deposition of TDP-43 is the pathological hallmark in about 95% of ALS
subjects [216]. The ALS pathogenesis is multifaceted and multiple neurodegenerative
pathways often concur [214,217]. Indeed, ALS may be familiar and sporadic with the former
representing up to 20% of cases, with more than 30 genes described so far [218]. The
increasing causal genes detection shed light on the ALS underlying pathophysiological
mechanisms [217]. Notably, the ALS genetic network is tangled and challenging since it
includes oligogenic inheritance, non-concordant penetrance, different expressivity, and
genetic pleiotropy [219]. Nevertheless, the mutation of four genes is responsible for ~70% of
familial ALS cases (Table 1).

In 1994, the EI Escorial criteria [220] stated the need of both upper and lower motoneuron
clinical signs of degeneration in three out of four parts (bulbar, cervical, thoracic, and
lumbosacral regions) of the body for a definite diagnosis of ALS; simplifying, probable and
possible diagnosis should be posed when two or one regions are involved, respectively. The
presence of isolated lower motoneuron signs allows only a suspected ALS diagnosis. These
criteria have an overall excellent specificity but a low sensitivity especially for early ALS
diagnosis. In this regard, these criteria were revised (Airlie House Criteria) in 2000 [221]
introducing electrophysiological evidence of upper and lower motoneuron degeneration as
supportive of ALS diagnosis. However, only with the Awaji-Shima criteria in 2008 the
electrophysiological alterations became surrogates of clinical signs, and this significantly
increased the diagnostic sensitivity (sensitivity = 57%, significantly higher compared to the
revised El Escorial criteria (45%)) especially in the earlier ALS stages [222,223], and in
bulbar as well as limb-onset subtypes, still maintaining very high specificity (~ 99%) [224].

The clinical presentation of ALS is complex and difficult to categorize. ALS phenotypes
include a classic form (70% of cases including prevalent bulbar (35%) and spinal subtypes
(65%)), an isolated bulbar localization (5%), and slow-progressive ALS with only lower
motor neuron signs (including isolated flail legs and flail arms syndrome) or primary ALS
which need an exclusive involvement of upper motor neurons for at least 4 years (10%).
Rare clinical pictures (3% of ALS) are also described and are characterized by generalized
cachessia and respiratory failure due to an early dramatic involvement of the diaphragm
[214]. In about half of ALS individuals neuropsychological deficits were described, leading
to frank dementia in the FTD spectrum (ALS-FTD) in 10-15% of cases [225]. Recently,
specific diagnostic criteria for ALS cognitive impairment were proposed [226,227] and
subsequently revised [215]. In brief, ALS subjects with cognitive impairment who do not

Expert Rev Mol Diagn. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Baldacci et al.

Page 18

fulfill criteria for FTD (in the majority of the cases the bvFTD phenotype, but one-third out
of ALS-FTD may show a predominant language profile [228]) are classified as ALS with
behavioral modifications (ALSbi) or with cognitive impairment (ALSci). In the latter,
evidence of executive dysfunction and alterations in verbal fluency or both is predominant.
The revised criteria in 2017 identify a further subtype with both behavioral and cognitive
impairment (ALScbi) [215] maybe representing a transitional stage to FTD as MCI in AD
[229]. Noteworthy, isolated memory impairment should be considered with caution as it is
rare (4%) and not yet sufficiently characterized to be causally associated with ALS [225].
Notably, in ALS with cognitive deficits, the mutation of COORF72 is more probable than in
ALS patients without cognitive impairment [230].

The clinical picture of ALS is diverse encompassing, apart from the mandatory motor
involvement, also sensory, cerebellar and/or extrapyramidal systems up to frank
parkinsonian signs [231,232]. Moreover, ALS phenotypes differ in rate of progression,
survival, age of onset, sight of onset, pattern of symptoms distribution, prevalence of upper
or lower motor signs [213]. Finally, a disease description by discrete and qualitative
categories (e.g. bulbar or spinal ALS) is misleading, though practical for a clinical
classification. Instead, a systematic and possibly multicenter collection of quantitative
variables including cognitive and motor scores using standardized clinical scale (e.g. the
Revised Amyotrophic Lateral Sclerosis Functional Rating Scale, namely ALSFRS-R),
imaging and molecular biomarkers, electrophysiological data, genetics information, could
implement ALS stratification. In particular, as recently proposed for AD clinical syndromes
[233], clustering analysis [213] with non-a priori determination of the number of categories,
could provide an innovative, data-driven stratification of ALS patients potentially useful for
a correct patients recruitment in disease-modifying trials.

Since the revised El Escorial diagnostic criteria have been published in 1994 [220],
considerable advances were made in ALS biomarker identification. Several promising
neurophysiological, neuropsychological, imaging, and biofluid biomarkers have been
assessed. Neurophysiological markers of lower motoneuron are currently incorporated in the
body of the diagnostic criteria for ALS and have been shown to increase sensitivity [223]
especially in early disease phase. Extensive psychometric evaluation in the diagnostic
workup of ALS-FTD spectrum [215,227] detects frequent subtle cognitive alterations in
course of the disease.

Although not yet included among ALS diagnostic criteria, advanced neuroimaging
techniques may help to identifying preclinical or prodromal ALS upper motoneuron signs
[234]. Cortical hypointensities on T2-weighted MRI sequences measuring ferritin microglia
deposition are sensitive early proxies of the motor cortex involvement in ALS subjects
[235,236]. Also, a reduction of the neuronal metabolite N-acetylaspartate concentration
relative to choline and creatine levels by Proton spectroscopy of the brain [237-240] is
considered nowadays as an accurate indicator of upper motor neuron disruption and has
been used in a clinical trial [236].

Up to now, the most interesting candidate biomarker for ALS is NFL [7,241,242]. Initially
measured in CSF, this biomarker has been extensively investigated also in blood dating back
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to 2016, when ultrasensitive techniques offered for a sensitivity 25 and 125 folds higher than
electrochemiluminescence and traditional ELISA methods, respectively [243,244].

CSF NFL is high in ALS subjects showing excellent diagnostic accuracy (AUROC > 0.90)
in differentiating ALS from normal controls and individuals with other neurological diseases
including ALS mimics (primary lateral sclerosis, Kennedy’s disease, cervical spondylosis,
and axonal polyneuropathies such as multifocal motor neuropathy with conduction block)
[245-247]. Noteworthy, NFL is not specific (pathognomonic) since it indicates axonal
degeneration but its massive release is an ALS hallmark compared to other chronic
neurological diseases. Moreover, CSF NFL has prognostic value distinguishing ALS fast
from slow progressors and correlating with motor symptoms. Indeed, ALS patients with
CSF NFL concentration in the third and upper quartile group revealed a shorter survival
[176]. Finally, bulbar and spinal phenotype reported similar NFL concentrations and higher
than flail arm or leg syndrome and progressive muscular atrophy [248]. Noteworthy, in
another study the CSF phosphorylated neurofilament heavy chain (p-NFH) showed even
better diagnostic accuracy in differentiating ALS from ALS-mimics than CSF NFL [245].
CSF p-NFH positively correlated with CSF YKL-40, a marker of glia activation and
neuroinflammation [249]. Increased CSF YKL-40 levels distinguish ALS from ALS mimics
with optimal accuracy [250], and is associated with symptoms progression and shorter
survival [251]. Serum NFL concentrations are significantly increased in ALS showing an
optimal diagnostic accuracy in discriminating ALS individuals from controls (AUROC >
0.90) [252]. Serum NFL also correlated with disease progression, and higher concentration
is associated with shorter survival [252-254]. Being a reliable peripheral proxy of ALS
neurodegeneration with low-invasiveness and feasible repeatability it represents an excellent
candidate biomarker as first-step diagnostic tool, prognostic surrogate, and treatment
monitoring.

2. Conclusions

Clinical syndromes of NDD are highly heterogeneous and overlapping as a given
proteinopathy can be found to be associated with multiple phenotypes and one phenotype
may result from the coexistence of several proteinopathies. Pure or single pathologic
hallmarks can be found in NDD, but mixed, or co-pathologies, including diverse kinds of
concurrent cerebrovascular disease, especially in elderly, are more common than previously
thought. In general, any given phenotype of chronic NDD is not specific for single pathology
and this should be taken into account especially in clinical practice. In prospective, classical
phenotypes of NDD currently considered distinct might be merged to constitute larger, and
conceptually more flexible, clinical groups definable ‘macrophenotypes’ (e.g. merging AD
and DLB in a single clinical entity). Indeed, the concept of ‘macro-phenotype’ might more
properly reflect common underlying pathophysiological mechanisms of neurodegeneration
than traditional clinical definitions (e.g. AD and DLB phenotypes share 3-amyloid and a-
synuclein pathologies) (Figure 2). Moreover, use of autopsy examinations as effective and
robust diagnostic gold standards pose problems since they are in effect static and final
representations of complex, dynamic pathophysiological processes, evolving over years to
decades.
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Reliable biomarkers included in core diagnostic criteria of various NDD that have the ability
to trace specific pathophysiological mechanisms are few (Figure 2), and mainly pertaining to
AD. Concerning parkinsonism, SPECT with DAT scan can reveal relatively early
dopaminergic nigrostriatal fibers degeneration. Cardiac [123I]-MIBG scintigraphy may be
supportive to refine the diagnosis distinguishing parkinsonian phenotypes due to
synucleinopathy from those due to non-synucleinopathies. Concerning cognitive
impairment, Ap peptides and tau levels in CSF together with brain binding of amyloid and
tau-PET ligands are consistent surrogates of AD pathology and confirmative or exclusionary
in the diagnostic workup. Advanced structural and fMRI techniques as well as cerebral
FDG-PET should be considered useful markers of intracerebral networks disintegration
and/or neuronal loss reflecting phenotypes but not specific pathophysiological process. On
the other hand, conventional MRI is needed to rule out mimics and T2* sequences
specifically support the diagnosis of CAA with relevant clinically therapeutic implications.
Similarly, to the above mentioned topographic and progression markers, electrophysiological
tests though useful to exclude ALS mimics are not specific of ALS pathophysiological
mechanisms.

Currently, effective validated screening biomarkers in preclinical or prodromal phases of
NDD are lacking. For screening, a biomarker needs a high negative predictive value. Ideally,
the first step should help select high-risk individuals that would undergo additional, more
expensive or invasive diagnostic studies. In this regard, an optimal screening tool should be
minimally invasive, fast, easily repeatable, and costeffective. Several biomarkers can serve
this purpose (Figure 2). First, although it is not specific, blood NFL levels, that tightly
correlate with CSF NFL expression is the most promising for a multistep diagnostic
approach [255], especially in selected populations at risk for neurodegeneration such as in
elderly, familial cases, and subjects with diabetes and some psychiatric diseases.
Noteworthy, a massive NFL increase is highly suggestive of acutely aggressive and rapidly
progressive NDD, such as ALS. Also, serum progranulin levels in suspected FTD patients
could precisely identify individuals carrying GRN mutations. In select cases, Poly(GP)
depositions in CSF may be effective to identify and monitor FTD patients with COORF72
mutation.

Further studies should confirm if the novel ultrasensitive techniques may be applied to blood
to recognize the amyloid-driven pathophysiological processes in the CNS. For instance, in
the near future a blood screening test evaluating a peripheral amyloid increase suggestive of
CAA might be proposed for older patients before starting any anticoagulants to assess the
risk of potential cerebral bleeding. In this regard, a noninvasive retinal scan allowing a serial
detection at any time of specific patterns of amyloid deposition — suggestive of AD and
CAA - as well as signs of cerebrovascular disease, might help screen the typically mixed
neurodegenerative and cerebrovascular pathological profiles in elderly. Transcranial
sonography as potential low-cost screening tool could early detect SN alteration as an
indirect sign of synucleinopathy in selected population such as people with RBD.
Importantly, blood biomarkers, noninvasive retinal scanning, and ultrasounds, being easily
repeatable, may be considered as progression and monitoring treatment biomarkers as well.
Finally, although a-syn strains measured in CSF with traditional ELISA methods do not
represent robust diagnostic biomarkers, the very recent advance of in vitro protein
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misfolding amplification assays (RT-QuIC and PMCA) to measure CSF a-syn prion-like
seeds is promising to identify synucleinopathies, mixed DLB-AD pathologies, and the Lewy
body variant of AD [256]. In prospective, the last decade has seen a surge in studies of novel
molecular pathways in aging and NDD. Amongst these, new evidence suggesting cell to cell
transmission of NDD pathologies via extracellular vesicles, such as exosomes (30——50 nm)
is beginning to emerge [257]. Methods for isolation of exosomes from human biospecimen
have been developed and quantification of AD neuropathologic markers such as tau, AR, and
p-tau from exosomes suggests utility of exosomal cargo as noninvasive biomarkers of
disease [258-261]. In addition to proteins, exosomes carry non-coding, microRNA (miRNA)
from one cell to another. These miRNAs have potent regulatory functions, thereby
representing an important cellcell communication in health and disease. Their quantification
across disease spectrum can serve as unique noninvasive biomarkers of molecular pathway
dysregulations across NDD [262,263]. In addition to exosomal cargo, cell-free miRNAs and
circular RNA (circRNA) are under investigation as novel biomarkers across NDD and in AD
[264]. However, more work remains to be done before these novel molecular markers can be
connected to clinical phenotypes and mapped onto disease states and stages.

3 Expert opinion

NDD are biologically and genetically heterogeneous entities characterized by complex
pathomechanistic alterations with non-linear spatial and temporal evolution [265].

Traditional neuropathological investigations as well as breakthrough studies conducted using
advanced high-throughput technologies, and a systems-level integration of multiple
biological signatures, indicate a wide spectrum of pathophysiological processes giving rise
to a given clinical phenotype or even just brain aging [8,34,266]. In advanced age [8], it is
well established that pathophysiological commonalities — due to (epi)genetic and biological
aberrant pathway(s) — are shared across divergent brain diseases and phenotypes [265,267].

Biomarker-based and systems biology approaches [9,268,269] are expected to guide the
dynamic detection and quantification of target druggability, the /n-vivo demonstration of
proof-of-mechanism, as well as the prediction of drug resistance mechanisms [270-272]. To
follow, biomarker panels will offer a flexible tool for the accurate selection of individuals
likely to benefit from pathway (mechanism)-based pharmacological therapies regardless of
the downstream clinical manifestations.

Going beyond the traditional ‘one marker, one disease, one diagnosis, one drug’ construct,
the use of biomarker-guided individualized health-care algorithms represents a crucial step
that can advance neurology toward benchmarks set for precision medicine. Based on the
continuum from aging to neurodegenerative disease, through intermediate stages of
compensation and resilience to incipient pathomechanistic alterations [266,273], we argue
that next-generation therapeutic strategies should aim at enhancing resilience pathways that
ensure normal cognitive functions during aging, in combination with treatments targeting
pathophysiological changes associated with diverse dementia syndromes [265].
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A conceptual shift toward a novel unifying framework characterizing and mapping all NDD
is still at its infancy. Traditional and unconnected clinical classifications can hardly depict
the complex multifaceted NDD spectrum with an important disconnect with underlying
pathophysiology. Similarly, the systematic strategy of stratifying patients with dichotomic
biomarker classifications (e.g. positive versus negative for a certain biomarker) may be
confounding, with the risk to add further arbitrary separations along the NDD spectrum.

Artificial intelligence-based techniques, including unsupervised clustering strategies, have
the potential [233] to enable the identification of multiple nonlinear associations among
quantitative variables systematically collected in subjects. These variables can encompass: i)
clinical scores, exploring cognitive, behavioral, and motor functions, ii) topographic and
pathophysiological biomarkers [213,233], as well as genetic variants. In theory, NDD may
be classified based on the combination of clinical and genetic/biological data to segregate
large-scale heterogeneous populations into consistent “clusters,” i.e. from bigdata to
‘smartdata’ [274,275].
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Avrticle highlights

The clinical diagnostic guidelines of neurodegenerative diseases (NDD) based
on post-mortem evaluations as reference standard do not reflect the dynamic
continuum of overlapping pathophysiological abnormalities, mixed
pathologies, and the shared anatomic, phenotypic constituents.

Few pathophysiological biomarkers are reported in the NDD diagnostic
criteria

CSF AB42, t-tau, p-tau concentrations or, alternatively, cerebral amyloid-PET
and tau-PET retention, essentially confirm or exclude an Alzheimer’s disease
pathology

SPECT with datscan detects specific dopaminergic denervation;
electrophysiological tests identify lower motor neuron degeneration

Altered patterns of cerebral atrophy or hypometabolism on conventional MRI
and FDG-PET, respectively, reflect phenotypes but not pathophysiologies

Protein misfolding amplification assays may accurately detect asynuclein
prion-like seeds in synucleinopathies and serum progranulin some genetic
forms of frontotemporal dementia.

Ultrasensitive techniques measuring blood AB42 and NFL concentrations
might represent screening tools in select populations

Other potential screening tools are retina scanning and ultrasound to non-
invasively investigate f-amyloid and substantia nigra

Strategies combining clinical and biomarker information to gather individuals
from large heterogeneous cohorts into consistent clusters might improve
classifications of NDD across the wide spectrum of presentations, and aid the
uncovering of pathophysiological causes and identification of impactful
therapies
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Figure 1.
Identification of Ap plagues and vascular amyloidosis in postmortem retinas from

Alzheimer’s disease patients. A-D. Representative micrographs of retinal flatmounts of AD
patients relative to age- and sex-matched cognitively normal (CN) controls, immunostained
against AB42 (DAB-12F4). AD patients’ retinas accumulate both abluminal (B, B”) and
vascular (D) AB4»-containing deposits. E. Quantitative immunohistochemical analysis of
retinal 12F4*AB4, plagues in AD patients vs. CN controls. Adopted from Koronyo et al. JCI
Insight 2017 with permission of ASCI via Copyright Clearance Center.
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Biomarkers of B-amyloid pathology: 1) CSF AB42, AB40, AB42:AB40; 2) Amyloid-PET; 3) Blood AB42, AB40, AB42:AB40; 4) B-Amyloid retina scanning

Biomarkers of tau pathology: 1) CSF p-tau, t-tau; 2) Tau-PET; 3) Blood p-tau and t-tau
Biomarkers of nigrostriatal degeneration: 1) DaT-SCAN SPECT; 2) MIBG myocardial scintigraphy; 3) CSF a-syn; 4) Transcranial sonography

Biomarkers of low motor neurodegeneration: Electrophysiological tests

Biomarkers of a general neurodegenerative process: CSF/Blood NFL

Figure 2.
Phenotypes of major neurodegenerative diseases, and their established and candidate

pathophysiological biomarkers. The clinical phenotypes of primary neurodegenerative
diseases are represented as colored box. Each color corresponds to a set of biomarkers (see
legend) that can capture pathological components of these neurodegenerative diseases
according to the diagnostic criteria. The biomarkers shown in cursive are potential and
emerging candidate biomarkers that are being validated and are not yet included in the
existing diagnostic criteria. Smoothed boxes group clinical phenotypes with shared
pathophysiological components (macro-phenotypes).
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