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Abstract: The behavioral variant of frontotemporal dementia (bvFTD) is a clinical syndrome result-
ing from various causes of neuronal demises associated with frontotemporal lobar degeneration.
Symptoms include behavioral and personality changes, social cognitive impairment, and executive
function deficits. There is a significant clinical overlap between this syndrome and various primary
psychiatric disorders (PPD). Structural and functional neuroimaging are considered helpful to sup-
port the diagnosis of bvFTD, but their sensitivity and specificity remain imperfect. There is growing
evidence concerning the potential of neurofilaments as biomarkers reflecting axonal and neuronal
lesions. Ultrasensitive analytic platforms have recently enabled neurofilament light chains” (NfL)
detection not only from cerebrospinal fluid but also from peripheral blood samples in FTD patients.
In this short review, we present recent advances and perspectives for the use of NfL assessments as
biomarkers of neuroaxonal damage to differentiate bvFTD from primary psychiatric disorders.

Keywords: neurofilaments; blood biomarkers; behavioral frontotemporal dementia; neuropsychiatry;
diagnosis; single molecular array

1. Introduction

Frontotemporal dementia (FTD) is a heterogeneous group of neurodegenerative disor-
ders characterized by a combination of behavioral changes, social cognitive impairment,
language and memory impairments, and executive function deficits. These clinical symp-
toms result from the prominent degeneration of neurons in the frontal and temporal lobes
associated with diverse underlying pathology [1]. FTD is divided into three major clinical
syndromes: The behavioral variant (bvFID) [2] and the two language variants referred
to as semantic or non-fluent primary progressive aphasias [3]. The diagnosis of bvFTD
is challenging because cognitive impairment may be absent or subtle in the early stages,
and initial symptoms, including behavioral disinhibition, apathy, lack of empathy, dietary
changes, and compulsions, may be suggestive of primary psychiatric disorders (PPD). This
clinical overlap with late-onset PPD leads to a high rate of misdiagnosis at the initial stages
of bvFID. Indeed, in a large retrospective study, about 50% of bvFTD patients received
a prior diagnosis of a psychiatric disorder [4]. This led international experts to recently
publish consensus recommendations to distinguish bvFTD from PPD [5].

Thus, biomarkers with the potential to accurately discriminate between late-onset
PPD and bvFTD are needed to help early diagnosis and to initiate appropriate patient man-
agement. CSF and blood neurofilament proteins, which are axonal structural proteins, have
emerged as biomarkers of axonal damage in various neurological disorders [6]. Moreover,
neurofilament light chains’ (NfL) detection from peripheral blood samples is now possible
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with ultrasensitive analytic platforms [7]. This convenient and less invasive option than
CSF assessments could be especially suited for neuropsychiatric differential diagnostic.

In this short review, we first focus on the clinical overlap between bvFTD and relevant
PPD. We then present the biomarkers used in current practice for the diagnosis of bvFTD
and their respective limitations, especially regarding FTD/PPD differential diagnosis.
Finally, after a short introduction to the broader use of neurofilaments in neuropsychiatry,
we review and discuss recent studies exploring NfL as biomarkers for the differential
diagnosis between bvFTD and late-onset PPD.

2. Methods

We performed a systematic search in accordance with the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines. We identified all published articles
from database inception to April 2020 on the Medline and Cochrane databases using
the following Medical Subject Heading (MeSH) terms: “frontotemporal dementia” OR
“frontotemporal lobar degeneration” OR “primary psychiatric disorder” OR “bipolar
disorder” OR “depression” OR “psychosis” AND “neurofilament” AND “blood” OR
“serum” OR “plasma” OR “cerebrospinal fluid” OR “biomarker”. Papers were first screened
based on titles and abstracts (n = 145) and then preselected articles (1 = 40) were read in
full. Articles were included in the systematic review using the following criteria: The study
(1) was available in English; (2) reported primary data; (3) included individuals diagnosed
with FTD or PPD; (4) had included at least 70% of bvFTD patients in the FTD group or
primary data were available for bvFID; (5) quantified NfL in human CSF, plasma, or serum
using the prominent NfL antibody (mAb47:3, UmanDiagnostics, Umed, Sweden) either in
commercial or homemade kits; and (6) reported NfL concentration as mean and standard
deviation, or the median and interquartile range (IQR) or confidence interval. This search
and inclusion criteria are described in the flowchart (Figure 1) and resulted in 29 articles
selected for the systematic review.

145 eligible studies
identified in database
based on Mesh term

40 full-text studies
assessed for elligibility

29 studies included for
systematic review

‘ 21 CSF studies ‘ ‘ 6 blood studies | 2 with both
blood and CSF

measures

Figure 1. Flowchart of the selection process.

Medians and IQR were converted to means and standard deviation following the
methodology presented by Hozo et al. [8]. Data extracted from the included studies are
summarized in Supplementary Table S1. Because the retrieved data were not abundant
enough to perform a comparative analysis, we made a pooled forest plot analysis. We also
examined papers cited in the selected articles and included additional references based on
their relevance regarding the scope of this paper.
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3. The Clinical Overlap between bvFTD and PPD

Major depressive disorder (MDD) is one of the most frequent psychiatric disorders. It
is characterized by sadness associated with a wide range of clinical symptoms, including
lack of interest, social withdrawal, and decreased motivation. Moreover, severe major
depression often causes impaired cognitive processing [9]. In some patients, these cognitive
and behavioral symptoms are prominent over sadness, a clinical situation that can result in
increased difficulty to perform a valid differential diagnosis with bvFTID. This is especially
true in late-life depression, which is characterized by less subjective sadness, less insight,
and more cognitive symptoms [10].

Bipolar affective disorders were the second most common psychiatric misdiagnosis
in bvFTD patients in a retrospective study [4]. Indeed, bvFTD and mania share common
symptoms such as socially inappropriate behaviors, excessive joviality, impulsivity, hyper-
sexuality, and overspending. These symptoms, which are constitutive of early behavioral
disinhibition, are included in clinical criteria of both bipolar disorders and bvFID.

Negative symptoms of schizophrenia include marked apathy, paucity of speech, and
emotional flattening, which are also observed in bvFTD. While symptoms usually start at a
younger age in schizophrenia than in bvFTD, late-onset schizophrenia has been described.
In addition, the cognitive deficits described at the initial stage of bvFTD, such as deficits
in attention, working memory, executive function, and processing speed, are frequently
observed in patients with schizophrenia [11]. The two diseases also share similar social
cognitive deficits and limited insight. Finally, florid psychosis was reported as an atypical
initial presentation of bvFTD. Especially, late-onset psychosis at the initial stage of the
disease seems particularly frequent in patients carrying the CO9ORF72 mutation. Results
from two different cohorts of FTD patients with COORF72 mutations revealed a similar rate
of about one-third of psychosis at initial presentation (12/32 in a British cohort [12] and
10/33 in an Italian cohort [13]). In these studies, persecutory delusions, paranoid ideations,
and both visual and auditory hallucinations were the most frequent symptoms.

Obsessive—compulsive disorder (OCD) is less frequently reported as a misdiagnosis,
but compulsions have been described as the sole initial manifestation of bvFTD [14].
Stereotyped and ritualistic behaviors are one of the clinical bvFTD diagnosis criteria [2].
They range from simple stereotypies to more elaborate rituals mimicking the compulsions
observed in OCD. Of note, marked anxiety is frequently lacking in bvFTD patients with
only OCD. However, the DSM V definition of OCD highlights the fact that OCD can be
present without the insight that OCD beliefs are untrue [15]; OCD with poor insight can be
hard to differentiate from bvFTD compulsive behaviors.

It is worth noting that the assessment of family history can also be misleading. Between
35% and 50% of FTD patients have a family history of FTD or amyotrophic lateral sclerosis
(ALS) [16]. Even if the inheritance mechanisms are unclear, the familial aggregation in
bipolar affective disorders [17] and schizophrenia [18] is also high. In addition, FTD patients
harboring the C9ORF72 mutation have a higher frequency of psychiatric disorders in their
family history [19]. Altogether, a study analyzing the risk factors of prior PPD diagnosis
in patients with early neurodegenerative diseases showed that positive family history of
psychiatric disorders biased physicians toward psychiatric rather than neurodegenerative
etiologies [4].

Finally, a recently described FTD-like entity may be responsible for peculiar diagnostic
challenges. Cohort studies have identified patients fulfilling diagnostic criteria for pos-
sible bvFTD and showing neither neuroimaging supportive features nor clear cognitive
deterioration over time. In this subgroup, called “bvFTD phenocopy”, patients are pre-
dominantly men, are less impaired in executive functions or social cognition, and have
normal lifespan [20]. Some of these individuals have very slowly progressive forms of
bvFTD secondary to C9ORF72 [21]. A recent longitudinal study reported that a majority do
not fulfill criteria of probable bvFTD after up to 21 years of follow-up [22]. This raises the
question of undiagnosed mild PPD, such as atypical residual mood disorders or low-grade
psychotic disorders, although much uncertainty remains as to the nature of this condition.
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4. Biomarkers to Support the Diagnosis

Apart from genetically proven cases, definitive biomarkers for the diagnosis of bvFTD
are lacking. Routine CSF biomarkers (amyloid-f3, t-tau, and p-tau) are helpful to distinguish
FTD from AD and are listed in the exclusionary criteria of bvFTD [2]. Currently, as no
specific CSF biomarker pattern has been identified in FID [23], they are of no help to
distinguish FTD from PPD.

The 2011 consensus criteria [2] introduced imaging biomarkers (structural or func-
tional imaging) as possible tools to increase diagnostic probability. Disproportional atrophy
in the medjial frontal, orbital-insular, and anterior temporal regions on brain MRI are ob-
served in bvFTD patients [22]. However, a neuropathologically confirmed cohort showed
that 50% of bvFTD patients were lacking these typical MRI features, reflecting the low
sensitivity of structural brain imaging in bvFTD patients, especially at the early stages of
the disease [24]. This is in line with the idea that clinical and functional abnormalities may
precede structural imaging changes in the disease course, as shown by brain functional
imaging. However, a study assessing the added value of [18 F]-FDG-PET in patients with
suspected bvFTD and normal structural MRI reported a sensitivity of only 47%, while
the specificity was high (92%) [25]. A report from the Late-Onset Frontal Lobe Syndrome
Study (an observational prospective follow-up of patients with late-onset frontal behav-
ioral change consisting of apathy, disinhibition, or compulsive/stereotypical behavior)
found that the specificity of [18 F]-FDG-PET might be lower in bvFTD patients with initial
psychiatric presentation [26].

Thus, there is a global unmet need for new biomarkers to facilitate an earlier and more
accurate diagnosis of bvFTD, and this is even more crucial for PPD/bvFTD differential
diagnosis issues.

5. Neurofilaments as Emerging Biomarkers in Neurological Disorders

Neurofilaments (Nf) are neuronal-specific cytoskeleton filaments. They are composed
of heteropolymers of three subunits, namely, neurofilament heavy, medium, and light
(NfH, NfM, and NfL) that assemble to form long and thin intermediate filaments. Nf are
expressed throughout the whole cell and are especially enriched in the axonal region. Thus,
axonal injury causes the release of Nf proteins into the extracellular fluid, the amount
depending on the extent of damage [27]. Interestingly, Nf subunits levels can be measured
in CSF and, more recently, in peripheral blood using high-sensitivity detection techniques
such as the single molecule array (Simoa™) assays [28].

Consequently, numerous studies have demonstrated that levels of Nf proteins, espe-
cially NfL in CSF and plasma, are increased in a wide range of neurological diseases [6].
Both CSF and serum NfL, for instance, have been extensively studied in multiple sclerosis
in which they revealed to be interesting biomarkers for assessment of disease activity,
prognosis, and drug response [29,30]. CSF NfL have also been studied in various neurode-
generative disorders. Two cohort studies demonstrated that CSF NfL levels can effectively
differentiate Parkinson’s disease from atypical parkinsonian disorders [31,32]. In ALS, CSF
Nf£L levels are especially high, which aids differential diagnosis and correlates with disease
extent and prognosis [33-35]. Among neurocognitive degenerative disorders, a mild eleva-
tion of NfL has been reported in Alzheimer’s disease [36], but levels are consistently higher
in FTD [37]. In addition, both CSF and serum NfL levels seem to correlate with the severity
of the disease, either measured by survival rates [38] or frontal lobe atrophy rate [39] in
FTD patients.

6. Neurofilaments Used to Differentiate PPD from bvFTD

Contrary to neurodegenerative diseases such as bvFTD, PPD are not considered
to be associated with prominent neuroaxonal damage. However, one study found a
slightly elevated CSF NfL level in bipolar patients [40], whereas CSF NfL levels in different
primary psychiatric disorders (including bipolar disorder, major depressive disorder, and
schizophrenia) did not differ from controls in another study [41]. Similarly, in one study
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exploring serum NfL in patients with major depressive disorder receiving electroconvulsive
therapy, baseline serum NfL concentrations did not differ between patients and healthy
controls [42].

Very few studies directly compared NfL concentrations in bvFTD and PPD to estimate
the comparative degrees of NfL changes and the usefulness for differential diagnosis. In
two studies comparing several CSF biomarkers of neurodegeneration in bvFTD and PPD,
CSF NfL appeared to provide the best discriminative performance either alone [43] or in
combination with total Tau [44]. Because NfL detection in plasma is now available, recent
studies also examined the usefulness of NfL in this setting. Al Shweiki et al. [45] compared
serum NfL levels in 20 bvFTD patients and 50 psychiatric patients (11 schizophrenia,
11 bipolar, and 28 depression patients) and found 85% sensitivity and 78% specificity with
a cutoff of 23.7 pg/mL to differentiate bvFTD from PPD. No significant differences were
observed between serum NfL levels in psychiatric patients and controls. A second study
by Katisko et al. [46] with 66 bvFTD patients and 34 PPD showed that serum NfL could
differentiate bvFTD and PPD with 79% sensitivity and 85% specificity using a cutoff level
of 19.9 pg/mL. It is worth noting that the cutoffs reported in these two studies were in
the same range as the one previously described in studies comparing bvFTD patients
and healthy controls [47]. Indeed, as shown in Figures 2 and 3, the studies published so
far show relatively low variability of NfL levels in both CSF and serum in the groups of
interest, with values in the same range in PPD patients and in controls that are much below
those observed in FTD patients and with little apparent overlap.

Study mean [IC 95%]
Primary psychiatric disorders (PPD)
Vivjverberg atal. (2017) 857.3(740.2;974.3)

Rolstad et al. (2015) @
Isgren et al. (2017) @
Jakobsson etal. (2015) @
Fourier et al. (2020) -
Eratne et al. (2019) -

485.7(393.6;577.9)
395[210.5;579.5]
480[475.8; 484.2]
1199 (1016.5; 1381.5]
949 [815.6; 1082.4]
Overall weighted mean @ 635.1[607.2; 663]
Frontotemporal dementia (FTD)
Vivjverberg at al. (2017)

9660 [6844; 12,476]

Fourier et al. (2020) — 4442 [3492; 5392)
Scherling et al. (2014) e 5224.9(3836.1;6613.8]
Magdalinou et al. (2015) — 1428 (947.3;1908.7)
Gaiani et al. (2017) —— 2337.4[1758.6;2916.2]
Alcolea et al. (2017) —— 2174.4[1605.2; 2743.6)

listaetal. 2017) ~—— 1050 (626; 1474]

Abu-Rumeileh et al. (2018a) —_—— 4586.7 [3134.2; 6039.2]
Ljubenkov et al. (2018) —_— e 5610 [4122.5; 7097.5]
Goosens et al. (2018) —_——— 4557 [3541.5;5572.5)
Wilke et al. (2016) —.— 2494.7(2163.8; 2825.5]
Abu-Rumeileh et al. (2018b) 5846.3 [2248.3; 9444.3]
Meeter at al. (2018a) @ 3246(2910.3; 3581.7]
Paterson et al. (2018) — 1987.6 [1429.4; 2545.8)
Hampel et al. (2018) —_— 1050 [626; 1474]
Niikado et al. (2019) 2609.5 [1693.6; 3525.4]
Steinacker al.al. (2018) — 2948 [2100.6; 3795.4]
Abu-Rumeileh et al. (2020) —_———— 3110.7[1836.9; 4384.5]
Antonell et al. (2020) —— 2616.8(2102.9;3130.7)
Overall weighted mean > 3577.3(3467.7; 3686.9]
Controls

Rolstad et al. (2015) ®
Jakobsson etal. (2015) @

254.4(241.5;267.3)
359[351.8;366.2]

Eratne et al. (2019) - 1036 [915.3; 1156.7)
Scherling et al. (2014) - 1164.3[985.2;1343.5)
Magdalinou etal. (2015)  + 619.3(505.1; 733.5)

Gaiani et al. (2017)

Alcolea et al. (2017)

Lista etal. (2017)
Abu-Rumeileh et al. (2018a)
Ljubenkov et al. (2018)
Goosens et al. (2018)

Wilke et al. (2016)
Abu-Rumeileh et al. (2018b)
Meeter at al. (2018a)
Paterson et al. (2018)
Hampel et al. (2018)
Niikado et al. (2019)
Abu-Rumeileh et al. (2020)
Antonell et al. (2020)
Overall weighted mean

506.9 (397.2; 616.6)
461.3(411.8;510.8)
632.7(545.3;720.1)
1282.7[1076.4; 1488.9)
1300 (1129.2;1470.8]
1889 (687.2;3090.8]
1044 [912; 1176]
1171.7(966.1;1377.2]
982.3(816.5; 1148.1]
671.5 [578.5; 764.4)
632.7(545.3;720.1]
656.6(487.1;826.1]
891(793.1;988.9]
406.3 (368.4; 444.1)
756.8(728.5; 785]

0

2000 4000 6000 8000 10,000

NfL (neurofilament light), pg/mL

12,000

14,000

Figure 2. Forest plot analysis of CSF NfL levels in FTD, PPD, and control patients.
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Study mean [IC 95%)]

Primary psychiatric disorders (PPD)

Besse et al. (2019) — 17.4[11.4; 23.4)

Rami Al Shweiki et al. (2019) - 17.1[15.1;19.1)
Katisko et al. (2020) — 15.5(12.3;18.7)

Overall weighted mean <> 16.6 (16.4; 16.8]

Frontotemporal dementia (FTD)

Rami Al Shweiki et al. (2019) —_—— 63.7 [42.1; 85.2)
Katisko et al. (2020) —— 37.4[29.5; 45.3]
Wilke et al. (2016) ——— 50.2 [38.5; 61.9]
Rohrer et al. (2016) —— 57.8 [49.9; 65.7]
Verde et al. (2019) 56.3 [16.6; 96]
Steinacker et al. (2018) —— 49 [41; 57)
Ven der Ende et al. (2019) S 48.3 (39.6; 57.1)
Overall weighted mean < 49.6 [48.8; 50.4]
Controls
Rami Al Shweiki et al. (2019) - 15.2 [13; 17.4)
Wilke et al. (2016) —— 18.7 [13.6; 23.8]
Rohrer et al. (2016) —— 19.6 [16.6; 22.6)
Verde et al. (2019) ———— 33.8(18.1; 49.6)
Steinacker et al. (2018) —_— 21.7[11.3;32.1)
Vender Endeetal. (2019) @ 8.3(7.7;9]
Overall weighted mean > 16.7 [15.7; 17.8]
6 2'0 4'0 GID 8'0 l(‘)O léD

NfL (neurofilament light), pg/mL
Figure 3. Forest plot analysis of serum NfL levels in FTD, PPD, and control patients.

7. Unsolved Questions

These results were highly encouraging, but some points remain to be clarified in future
studies. First, several studies, such as the one from Al Shweiki and colleagues, focused
on younger patients (both PPD and bvFTD). As serum NfL levels steadily increased
with aging (6), it would be important to confirm the results in older patients. Second,
most studies included mainly or only bvFTD patients classified as probable according
to the current diagnostic criteria, that is, with imaging indicative of bvFTD (86% of the
286 patients with detailed information available). As mentioned above, new biomarkers
would be especially needed in possible bvFTD cases when supportive imaging biomarkers
are lacking. In addition, as Nf levels have been suggested to directly correlate with
the intensity of neurodegeneration, the added diagnostic value of Nf to structural and
functional imaging markers in FTD at the early stages has yet to be evaluated. This would
be made possible by analyzing NfL levels at baseline in patients with possible bvFTD/late
frontal syndrome enrolled in prospective longitudinal studies with sufficient follow-up
or pathologic confirmation. Finally, the use of serum NfL as a screening tool in primary
care settings would imply the establishment of standardized measurement procedures and
consensus cutoff values.
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8. Conclusions

Due to a significant symptomatic overlap, differentiating bvFTD from PPD is a fre-
quent diagnostic challenge. Biomarkers used currently in clinical practice to facilitate this
diagnostic process have limited sensitivity. Misdiagnosis of bvFTD leads to ineffective and
potentially harmful treatments, delays in organizing proper support, and increased family
stress [48]. Disease-modifying treatments for FTD are currently in the research pipeline
and some are already under investigation in clinical trials. Thus, there is an urgent need for
earlier and more accurate diagnosis of bvFTD, especially when the initial presentation is
equivocal. In late-onset neuropsychiatric presentation, the level of CSF and/or serum neu-
rofilaments could be a convenient measure to assess whether or not a neurodegenerative
process is already in progress.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/diagnostics11050754/s1, Table S1: Aggregated summary of literature review.

Author Contributions: Conceptualization, E.C. and V.D.; methodology, ].D., A.E, V.D. and E.C;
software, A.F. and V.D,; formal analysis, V.D.; investigation, E.C., V.D., ].D. and C.P.; data curation,
V.D.; writing—original draft preparation, V.D.; writing—review and editing, E.C., V.D., ].D. and C.P;
supervision, E.C. All authors have read and agreed to the published version of the manuscript.

Funding: Not applicable.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Acknowledgments: The authors thank the doctors from the Department of Psychiatry and addictol-
ogy of Fernand-Widal Hospital for their fruitful clinical collaboration.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.
11.

12.

Mackenzie, I.R.A.; Neumann, M.; Bigio, E.H.; Cairns, N.J.; Alafuzoff, I.; Kril, J.; Kovacs, G.G.; Ghetti, B.; Halliday, G.; Holm, L.E.;
et al. Nomenclature for Neuropathologic Subtypes of Frontotemporal Lobar Degeneration: Consensus Recommendations. Acta
Neuropathol. 2009, 117, 15-18. [CrossRef]

Rascovsky, K.; Hodges, ].R.; Knopman, D.; Mendez, M.F.,; Kramer, ].H.; Neuhaus, J.; van Swieten, ].C.; Seelaar, H.; Dopper, E.G.P;
Onyike, C.U.; et al. Sensitivity of Revised Diagnostic Criteria for the Behavioural Variant of Frontotemporal Dementia. Brain
2011, 134, 2456-2477. [CrossRef]

Gorno-Tempini, M.L.; Hillis, A.E.; Weintraub, S.; Kertesz, A.; Mendez, M.; Cappa, S.F.; Ogar, ].M.; Rohrer, ].D.; Black, S.; Boeve,
B.F; et al. Classification of Primary Progressive Aphasia and Its Variants. Neurology 2011, 76, 1006-1014. [CrossRef]

Woolley, J.D.; Khan, B.K.; Murthy, N.K.; Miller, B.L.; Rankin, K.P. The Diagnostic Challenge of Psychiatric Symptoms in
Neurodegenerative Disease: Rates of and Risk Factors for Prior Psychiatric Diagnosis in Patients With Early Neurodegenerative
Disease. J. Clin. Psychiatry 2011, 72, 126-133. [CrossRef] [PubMed]

Ducharme, S.; Dols, A.; Laforce, R.; Devenney, E.; Kumfor, F.; van den Stock, J.; Dallaire-Théroux, C.; Seelaar, H.; Gossink, E;
Vijverberg, E.; et al. Recommendations to Distinguish Behavioural Variant Frontotemporal Dementia from Psychiatric Disorders.
Brain 2020, 142, 18. [CrossRef] [PubMed]

Khalil, M.; Teunissen, C.E.; Otto, M.; Piehl, F.; Sormani, M.P,; Gattringer, T.; Barro, C.; Kappos, L.; Comabella, M.; Fazekas, F.; et al.
Neurofilaments as Biomarkers in Neurological Disorders. Nat. Rev. Neurol. 2018, 14, 577-589. [CrossRef] [PubMed]
Andreasson, U.; Blennow, K.; Zetterberg, H. Update on Ultrasensitive Technologies to Facilitate Research on Blood Biomarkers
for Central Nervous System Disorders. Alzheimer Dement. Diagn. Assess. Dis. Monit. 2016, 3, 98-102. [CrossRef] [PubMed]
Hozo, S.P.; Djulbegovic, B.; Hozo, I. Estimating the Mean and Variance from the Median, Range, and the Size of a Sample. BMC
Med. Res. Methodol. 2005, 5, 13. [CrossRef]

Wei, J; Ying, M.; Xie, L.; Chandrasekar, EK.; Lu, H.; Wang, T.; Li, C. Late-Life Depression and Cognitive Function among
Older Adults in the U.S.: The National Health and Nutrition Examination Survey, 2011-2014. |. Psychiatr. Res. 2019, 111, 30-35.
[CrossRef]

Blazer, D. Depression in Late Life: Review and Commentary. |. Gerontol. A Biol. Sci. Med. Sci. 2003, 58, 249-265. [CrossRef]
Lewandowski, K.E.; Cohen, B.M.; Ongur, D. Evolution of Neuropsychological Dysfunction during the Course of Schizophrenia
and Bipolar Disorder. Psychol. Med. 2011, 41, 225-241. [CrossRef] [PubMed]

Snowden, J.S.; Rollinson, S.; Thompson, J.C.; Harris, ].M.; Stopford, C.L.; Richardson, A.M.T.; Jones, M.; Gerhard, A.; Davidson,
Y.S.; Robinson, A.; et al. Distinct Clinical and Pathological Characteristics of Frontotemporal Dementia Associated with C9ORF72
Mutations. Brain 2012, 135, 693-708. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/diagnostics11050754/s1
https://www.mdpi.com/article/10.3390/diagnostics11050754/s1
http://doi.org/10.1007/s00401-008-0460-5
http://doi.org/10.1093/brain/awr179
http://doi.org/10.1212/WNL.0b013e31821103e6
http://doi.org/10.4088/JCP.10m06382oli
http://www.ncbi.nlm.nih.gov/pubmed/21382304
http://doi.org/10.1093/brain/awaa018
http://www.ncbi.nlm.nih.gov/pubmed/32129844
http://doi.org/10.1038/s41582-018-0058-z
http://www.ncbi.nlm.nih.gov/pubmed/30171200
http://doi.org/10.1016/j.dadm.2016.05.005
http://www.ncbi.nlm.nih.gov/pubmed/27453931
http://doi.org/10.1186/1471-2288-5-13
http://doi.org/10.1016/j.jpsychires.2019.01.012
http://doi.org/10.1093/gerona/58.3.M249
http://doi.org/10.1017/S0033291710001042
http://www.ncbi.nlm.nih.gov/pubmed/20836900
http://doi.org/10.1093/brain/awr355
http://www.ncbi.nlm.nih.gov/pubmed/22300873

Diagnostics 2021, 11, 754 80f9

13.

14.

15.

16.

17.
18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Galimberti, D.; Fenoglio, C.; Serpente, M.; Villa, C.; Bonsi, R.; Arighi, A.; Fumagalli, G.G.; Del Bo, R.; Bruni, A.C.; Anfossi, M.; et al.
Autosomal Dominant Frontotemporal Lobar Degeneration Due to the COORF72 Hexanucleotide Repeat Expansion: Late-Onset
Psychotic Clinical Presentation. Biol. Psychiatry 2013, 74, 384-391. [CrossRef]

Mendez, M.F; Perryman, K.M.; Miller, B.L.; Swartz, ].R.; Cummings, ].L. Compulsive Behaviors as Presenting Symptoms of
Frontotemporal Dementia. |. Geriatr. Psychiatry Neurol. 1997, 10, 154-157. [CrossRef]

American Psychiatric Association. Diagnostic and Statistical Manual of Mental Disorders, 5th ed.; American Psychiatric Association:
Washington, DC, USA, 2013; ISBN 9780890425558.

Hallam, B.J.; Silverberg, N.D.; LaMarre, A K.; Mackenzie, LR.A.; Feldman, H.H. Clinical Presentation of Prodromal Frontotempo-
ral Dementia. Am. |. Alzheimers Dis. Demen. 2008, 22, 456—467. [CrossRef]

Gordovez, EJ.A.; McMahon, EJ. The Genetics of Bipolar Disorder. Mol. Psychiatry 2020. [CrossRef] [PubMed]

Chou, I.-].; Kuo, C.-F; Huang, Y.-S.; Grainge, M.].; Valdes, A.M.; See, L.-C.; Yu, K.-H.; Luo, S.-F; Huang, L.-S.; Tseng, W.-Y,;
et al. Familial Aggregation and Heritability of Schizophrenia and Co-Aggregation of Psychiatric Illnesses in Affected Families.
Schizophr. Bull. 2017, 43, 1070-1078. [CrossRef]

Devenney, E.; Hornberger, M.; Irish, M.; Mioshi, E.; Burrell, J.; Tan, R.; Kiernan, M.C.; Hodges, J.R. Frontotemporal Dementia
Associated with the COORF72 Mutation: A Unique Clinical Profile. JAMA Neurol. 2014, 71, 331. [CrossRef]

Kipps, C.M.; Hodges, ].R.; Hornberger, M. Nonprogressive Behavioural Frontotemporal Dementia: Recent Developments and
Clinical Implications of the ‘BvFTD Phenocopy Syndrome. Curr. Opin. Neurol. 2010, 23, 628-632. [CrossRef]

Khan, B.K.; Yokoyama, J.S.; Takada, L.T.; Sha, S.J.; Rutherford, N.J.; Fong, J.C.; Karydas, A.M.; Wu, T.; Ketelle, R.S.; Baker, M.C.;
et al. Atypical, Slowly Progressive Behavioural Variant Frontotemporal Dementia Associated with COORF72 Hexanucleotide
Expansion. . Neurol. Neurosurg. Psychiatry 2012, 83, 358-364. [CrossRef]

Mendez, M.F; Shapira, ].S.; McMurtray, A.; Licht, E.; Miller, B.L. Accuracy of the Clinical Evaluation for Frontotemporal Dementia.
Arch. Neurol. 2007, 64, 830. [CrossRef]

Simrén, J.; Ashton, N.J.; Blennow, K.; Zetterberg, H. An Update on Fluid Biomarkers for Neurodegenerative Diseases: Recent
Success and Challenges Ahead. Curr. Opin. Neurobiol. 2020, 61, 29-39. [CrossRef] [PubMed]

Knopman, D.S.; Boeve, B.E,; Parisi, J.E.; Dickson, D.W.; Smith, G.E.; Ivnik, R.J.; Josephs, K.A.; Petersen, R.C. Antemortem
Diagnosis of Frontotemporal Lobar Degeneration. Ann. Neurol. 2005, 57, 480-488. [CrossRef] [PubMed]

Kerklaan, B.J.; van Berckel, B.N.M.; Herholz, K.; Dols, A.; van der Flier, W.M.; Scheltens, P.; Pijnenburg, Y.A.L. The Added Value
of 18-Fluorodeoxyglucose-Positron Emission Tomography in the Diagnosis of the Behavioral Variant of Frontotemporal Dementia.
Am. . Alzheimers Dis. Demen. 2014, 29, 607—-613. [CrossRef] [PubMed]

Krudop, W.A; Dols, A.; Kerssens, C.J.; Prins, N.D.; Méller, C.; Schouws, S.; Barkhof, E; van Berckel, B.N.M.; Teunissen, C.E.; van
der Flier, W.M.; et al. Impact of Imaging and Cerebrospinal Fluid Biomarkers on Behavioral Variant Frontotemporal Dementia
Diagnosis within a Late-Onset Frontal Lobe Syndrome Cohort. Dement. Geriatr. Cogn. Disord. 2016, 41, 16-26. [CrossRef]
[PubMed]

Petzold, A. Neurofilament Phosphoforms: Surrogate Markers for Axonal Injury, Degeneration and Loss. J. Neurol. Sci. 2005, 233,
183-198. [CrossRef] [PubMed]

Kuhle, J.; Barro, C.; Andreasson, U.; Derfuss, T.; Lindberg, R.; Sandelius, A.; Liman, V., Norgren, N.; Blennow, K.; Zetterberg,
H. Comparison of Three Analytical Platforms for Quantification of the Neurofilament Light Chain in Blood Samples: ELISA,
Electrochemiluminescence Immunoassay and Simoa. Clin. Chem. Lab. Med. (CCLM) 2016, 54, 1655-1661. [CrossRef]
Malmestrém, C.; Haghighi, S.; Rosengren, L.; Andersen, O.; Lycke, ]. Neurofilament Light Protein and Glial Fibrillary Acidic
Protein as Biological Markers in MS. Neurology 2003, 61, 1720-1725. [CrossRef]

Gunnarsson, M.; Malmestrom, C.; Axelsson, M.; Sundstrom, P.; Dahle, C.; Vrethem, M.; Olsson, T.; Piehl, E; Norgren, N.;
Rosengren, L.; et al. Axonal Damage in Relapsing Multiple Sclerosis Is Markedly Reduced by Natalizumab. Ann. Neurol. 2011, 69,
83-89. [CrossRef]

Magdalinou, N.K; Paterson, R.W.; Schott, ] M.; Fox, N.C.; Mummery, C.; Blennow, K.; Bhatia, K.; Morris, H.R.; Giunti, P.; Warner,
T.T,; et al. A Panel of Nine Cerebrospinal Fluid Biomarkers May Identify Patients with Atypical Parkinsonian Syndromes. .
Neurol. Neurosurg. Psychiatry 2015, 86, 1240-1247. [CrossRef]

Hall, S.; Ohrfelt, A.; Constantinescu, R.; Andreasson, U.; Surova, Y.; Bostrom, E; Nilsson, C.; Widner, H.; Decraemer, H.; Nagga,
K.; et al. Accuracy of a Panel of 5 Cerebrospinal Fluid Biomarkers in the Differential Diagnosis of Patients With Dementia and/or
Parkinsonian Disorders. Arch. Neurol. 2012, 69, 1445. [CrossRef]

Weydt, P.; Oeckl, P; Huss, A.; Miiller, K.; Volk, A.E.; Kuhle, J.; Knehr, A.; Andersen, PM.; Prudlo, J.; Steinacker, P; et al.
Neurofilament Levels as Biomarkers in Asymptomatic and Symptomatic Familial Amyotrophic Lateral Sclerosis: Biomarkers in
ALS. Ann. Neurol. 2016, 79, 152-158. [CrossRef]

Poesen, K.; De Schaepdryver, M.; Stubendorff, B.; Gille, B.; Muckova, P.; Wendler, S.; Prell, T.; Ringer, T.M.; Rhode, H.; Stevens, O.;
et al. Neurofilament Markers for ALS Correlate with Extent of Upper and Lower Motor Neuron Disease. Neurology 2017, 88,
2302-2309. [CrossRef]

Lu, C.-H,; Petzold, A.; Topping, J.; Allen, K.; Macdonald-Wallis, C.; Clarke, J.; Pearce, N.; Kuhle, J.; Giovannoni, G.; Fratta, P.;
et al. Plasma Neurofilament Heavy Chain Levels and Disease Progression in Amyotrophic Lateral Sclerosis: Insights from a
Longitudinal Study. J. Neurol. Neurosurg. Psychiatry 2015, 86, 565-573. [CrossRef]


http://doi.org/10.1016/j.biopsych.2013.01.031
http://doi.org/10.1177/089198879701000405
http://doi.org/10.1177/1533317507308781
http://doi.org/10.1038/s41380-019-0634-7
http://www.ncbi.nlm.nih.gov/pubmed/31907381
http://doi.org/10.1093/schbul/sbw159
http://doi.org/10.1001/jamaneurol.2013.6002
http://doi.org/10.1097/WCO.0b013e3283404309
http://doi.org/10.1136/jnnp-2011-301883
http://doi.org/10.1001/archneur.64.6.830
http://doi.org/10.1016/j.conb.2019.11.019
http://www.ncbi.nlm.nih.gov/pubmed/31838254
http://doi.org/10.1002/ana.20425
http://www.ncbi.nlm.nih.gov/pubmed/15786453
http://doi.org/10.1177/1533317514524811
http://www.ncbi.nlm.nih.gov/pubmed/24576796
http://doi.org/10.1159/000441023
http://www.ncbi.nlm.nih.gov/pubmed/26473985
http://doi.org/10.1016/j.jns.2005.03.015
http://www.ncbi.nlm.nih.gov/pubmed/15896809
http://doi.org/10.1515/cclm-2015-1195
http://doi.org/10.1212/01.WNL.0000098880.19793.B6
http://doi.org/10.1002/ana.22247
http://doi.org/10.1136/jnnp-2014-309562
http://doi.org/10.1001/archneurol.2012.1654
http://doi.org/10.1002/ana.24552
http://doi.org/10.1212/WNL.0000000000004029
http://doi.org/10.1136/jnnp-2014-307672

Diagnostics 2021, 11, 754 90f9

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Mattsson, N.; Insel, P.S.; Palmqyvist, S.; Portelius, E.; Zetterberg, H.; Weiner, M.; Blennow, K.; Hansson, O.; the Alzheimer’s Disease
Neuroimaging Initiative. Cerebrospinal Fluid Tau, Neurogranin, and Neurofilament Light in Alzheimer’s Disease. EMBO Mol.
Med. 2016, 8, 1184-1196. [CrossRef] [PubMed]

Meeter, L.H.; Dopper, E.G.; Jiskoot, L.C.; Sanchez-Valle, R.; Graff, C.; Benussi, L.; Ghidoni, R.; Pijnenburg, Y.A.; Borroni, B.;
Galimberti, D.; et al. Neurofilament Light Chain: A Biomarker for Genetic Frontotemporal Dementia. Ann. Clin. Transl. Neurol.
2016, 3, 623-636. [CrossRef]

Pijnenburg, Y.A.L.; Verwey, N.A.; van der Flier, W.M.; Scheltens, P.; Teunissen, C.E. Discriminative and Prognostic Potential of
Cerebrospinal Fluid PhosphoTau/Tau Ratio and Neurofilaments for Frontotemporal Dementia Subtypes. Alzheimer Dement.
Diagn. Assess. Dis. Monit. 2015, 1, 505-512. [CrossRef] [PubMed]

Rohrer, ].D.; Woollacott, 1.O.C.; Dick, K.M.; Brotherhood, E.; Gordon, E.; Fellows, A.; Toombs, ]J.; Druyeh, R.; Cardoso, M.].;
Ourselin, S.; et al. Serum Neurofilament Light Chain Protein Is a Measure of Disease Intensity in Frontotemporal Dementia.
Neurology 2016, 87, 1329-1336. [CrossRef]

Jakobsson, J.; Bjerke, M.; Ekman, C.J.; Sellgren, C.; Johansson, A.G.; Zetterberg, H.; Blennow, K.; Landén, M. Elevated Concentra-
tions of Neurofilament Light Chain in the Cerebrospinal Fluid of Bipolar Disorder Patients. Neuropsychopharmacology 2014, 39,
2349-2356. [CrossRef] [PubMed]

Eratne, D.; Loi, S.M.; Walia, N.; Farrand, S.; Li, Q.-X.; Varghese, S.; Walterfang, M.; Evans, A.; Mocellin, R.; Dhiman, K; et al. A
Pilot Study of the Ultility of Cerebrospinal Fluid Neurofilament Light Chain in Differentiating Neurodegenerative from Psychiatric
Disorders: A ‘C-Reactive Protein’ for Psychiatrists and Neurologists? Aust. NZJ. Psychiatry 2020, 54, 57-67. [CrossRef]

Besse, M.; Belz, M.; Folsche, T.; Vogelgsang, ].; Methfessel, I.; Steinacker, P.; Otto, M.; Wiltfang, J.; Zilles, D. Serum Neurofilament
Light Chain (NFL) Remains Unchanged during Electroconvulsive Therapy. World ]. Biol. Psychiatry 2020, 21, 148-154. [CrossRef]
[PubMed]

Vijverberg, E.G.B.; Dols, A.; Krudop, W.A.; Del Campo Milan, M.; Kerssens, C.J.; Gossink, E; Prins, N.D.; Stek, M.L.; Scheltens, P;
Teunissen, C.E.; et al. Cerebrospinal Fluid Biomarker Examination as a Tool to Discriminate Behavioral Variant Frontotemporal
Dementia from Primary Psychiatric Disorders. Alzheimer Dement. Diagn. Assess. Dis. Monit. 2017, 7, 99-106. [CrossRef] [PubMed]
Fourier, A.; Formaglio, M.; Kaczorowski, F.; Mollion, H.; Perret-Liaudet, A.; Sauvee, M.; Quadrio, I. A Combination of Total Tau
and Neurofilaments Discriminates between Neurodegenerative and Primary Psychiatric Disorders. Eur. J. Neurol. 2020, 27, 14247.
[CrossRef] [PubMed]

Al Shweiki, M.R; Steinacker, P.; Oeckl, P.; Hengerer, B.; Danek, A.; Fassbender, K.; Diehl-Schmid, J.; Jahn, H.; Anderl-Straub, S.;
Ludolph, A.C,; et al. Neurofilament Light Chain as a Blood Biomarker to Differentiate Psychiatric Disorders from Behavioural
Variant Frontotemporal Dementia. J. Psychiatr. Res. 2019, 113, 137-140. [CrossRef]

Katisko, K.; Cajanus, A.; Jadskeldinen, O.; Kontkanen, A.; Hartikainen, P.; Korhonen, V.E.; Helisalmi, S.; Haapasalo, A.; Koivumaa-
Honkanen, H.; Herukka, S.-K.; et al. Serum Neurofilament Light Chain Is a Discriminative Biomarker between Frontotemporal
Lobar Degeneration and Primary Psychiatric Disorders. J. Neurol. 2020, 267, 162-167. [CrossRef]

Steinacker, P.; Anderl-Straub, S.; Diehl-Schmid, J.; Semler, E.; Uttner, I.; von Arnim, C.A.F,; Barthel, H.; Danek, A.; Fassbender,
K.; Fliessbach, K; et al. Serum Neurofilament Light Chain in Behavioral Variant Frontotemporal Dementia. Neurology 2018, 91,
1390-1401. [CrossRef]

Passant, U.; Elfgren, C.; Englund, E.; Gustafson, L. Psychiatric Symptoms and Their Psychosocial Consequences in Frontotemporal
Dementia. Alzheimer Dis. Assoc. Disord. 2005, 19, 15-18. [CrossRef]


http://doi.org/10.15252/emmm.201606540
http://www.ncbi.nlm.nih.gov/pubmed/27534871
http://doi.org/10.1002/acn3.325
http://doi.org/10.1016/j.dadm.2015.11.001
http://www.ncbi.nlm.nih.gov/pubmed/27239528
http://doi.org/10.1212/WNL.0000000000003154
http://doi.org/10.1038/npp.2014.81
http://www.ncbi.nlm.nih.gov/pubmed/24694925
http://doi.org/10.1177/0004867419857811
http://doi.org/10.1080/15622975.2019.1702717
http://www.ncbi.nlm.nih.gov/pubmed/31818180
http://doi.org/10.1016/j.dadm.2017.01.009
http://www.ncbi.nlm.nih.gov/pubmed/28337476
http://doi.org/10.1111/ene.14247
http://www.ncbi.nlm.nih.gov/pubmed/32243670
http://doi.org/10.1016/j.jpsychires.2019.03.019
http://doi.org/10.1007/s00415-019-09567-8
http://doi.org/10.1212/WNL.0000000000006318
http://doi.org/10.1097/01.wad.0000183084.22562.5a

	Introduction 
	Methods 
	The Clinical Overlap between bvFTD and PPD 
	Biomarkers to Support the Diagnosis 
	Neurofilaments as Emerging Biomarkers in Neurological Disorders 
	Neurofilaments Used to Differentiate PPD from bvFTD 
	Unsolved Questions 
	Conclusions 
	References

