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Abstract

INTRODUCTION: People with neurodegenerative disorders (ND) frequently face

diagnostic delay andmisdiagnosis.We investigated blood and cerebrospinal fluid (CSF)

neurofilament light chain (NfL) to distinguish ND from primary psychiatric disorders

(PPD), a common challenge in clinical settings.

METHODS:PlasmaandCSFNfL levelsweremeasured and comparedbetween groups,

adjusting for age, sex, andweight.

RESULTS: A total of 337 participants were included: 136 ND, 77 PPD, and 124

Controls. Plasma NfL was 2.5-fold elevated in ND compared to PPD and had

strong diagnostic performance (area under the curve, [AUC]: 0.86, 81%/85% speci-

ficity/sensitivity) that was comparable to CSF NfL (2-fold elevated, AUC: 0.89,

95%/71% specificity/sensitivity). Diagnostic performance was especially strong in

younger people (40– < 60 years). Additional findings were cutoffs optimized for

sensitivity and specificity, and issues important for future clinical translation.

CONCLUSIONS: This study adds important evidence for a simple blood-based

biomarker to assist as a screening test for neurodegeneration and distinction from

PPD, in clinical settings.
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the original work is properly cited.
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Highlights

∙ NfL levels were significantly higher in ND versus PPD.

∙ Plasma NfL showed strong diagnostic performance, comparable to CSF NfL, to

distinguish ND from PPD.

∙ Diagnostic performance was higher in younger people, where diagnostic challenges

are greater.

∙ Further research is needed on analytical and reference range factors, for clinical

translation.

∙ These findings support a simple screening blood test for neurodegeneration.

1 INTRODUCTION

Despitemajor improvements in clinical assessment,manypatientswith

neurodegenerative disorders (ND) still face significant barriers and

challenges to timely, accurate diagnosis; delays often last several years

even with gold-standard assessments.1 These challenges are worse

for younger people (onset of symptoms < 60–65 years of age), where

a wider range of ND and less typical presentations of ND are more

common, and substantial overlap in symptoms with psychiatric disor-

ders exists.1–3 Methods to distinguish ND from primary psychiatric

disorders (PPD) are amajor unmet need.

One of the most well-established biomarkers for neuronal injury,

neurofilament light chain protein (NfL), has shown great promise in dis-

tinguishing broad causes of ND from PPD and non-neurodegenerative

disorders. We have previously demonstrated the strong diagnostic

utility of cerebrospinal fluid (CSF) NfL3–7; however, a blood-based

biomarker could be a less invasive, more easily accessible option to

improve diagnosis, which is critical for improved outcomes for patients,

families, healthcare systems, and clinical trials.

Research investigating blood NfL in distinguishing diverse ND

directly from diverse PPD in clinical settings, especially in younger

populations, has been limited. Most studies have focused on compar-

ing NfL levels between different NDs and controls8–13 Some studies

have investigated CSF and blood NfL for broad ND diagnosis in clini-

cal settings, finding elevated concentrations of NfL in ND, diagnostic

utility, and/or increasing diagnostic certainty.14–20 The latter studies

have primarily been in older people in memory clinic settings, and

most have not specifically been compared to diverse PPD. Studies

that have included PPD have either been small (e.g., n = 17),20 or

grouped PPD with healthy controls or “non-neurodegenerative disor-

der” or similar categorizations, and did not specifically compare ND

to PPD,14 despite some evidence that plasma NfL may be mildly ele-

vated in PPD compared to healthy controls.21,22 While blood NfL has

shown strong diagnostic performance in distinguishing PPD from spe-

cific ND subtypes, such as behavioral variant frontotemporal dementia

(bvFTD),8,9,21–24 broader comparative studies across diverse ND and

PPD populations are needed to fully realize its clinical utility and

for real-world clinical translation. Finally, there is also increasing

recognition of the importance of further research in clinical settings,

including important covariates that can influence individual levels and

reference ranges and interpretations, such as age, analytical plat-

form, and technological factors, for standardization and proper clinical

translation.25–29

This study aims to address the significant gaps in research by com-

paring diverse ND and PPD reflective of real-world practice, with a

focus on younger populations where the diagnostic overlap between

ND and PPD is particularly challenging, aiming to provide a more

nuanced understanding of NfL’s diagnostic utility in a clinical set-

ting. The primary aim of this study was to investigate differences in

blood and CSF NfL concentrations between ND and PPD seen in a

clinical neuropsychiatry service, and their diagnostic performance in

differentiating between the two diagnostic groups (Aim 1). We also

aimed to investigate the accuracy and utility of age-based cutoff lev-

els/concentrations between younger and older patients and cutoffs

optimizing sensitivity and specificity (Aim 2). For issues related to

clinical translation, we also aimed to perform exploratory analyses to

compare the accuracy of different classification systems, including our

previously described age-adjusted percentile and z-score models,22

and previously described reference ranges (Aim 3).

2 METHODS

2.1 Study cohorts

This study included participants prospectively recruited between June

2019 and April 2023, who had provided a blood sample for NfL anal-

ysis. A subset of patients had CSF collected for clinical purposes, with

remnant samples available for NfL analysis. The patient cohorts were

people referred for diagnostic assessment andmanagementof possible
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RESEARCH INCONTEXT

1. Systematic review: We reviewed the literature on

PubMed on neurofilament light (NfL). There is exten-

sive data on cerebrospinal fluid (CSF) and blood NfL in

neurodegenerative disorders (ND), including recent com-

prehensive reviews. However, there is limited literature

on blood NfL in primary psychiatric disorders (PPD),

specifically on blood NfL to assist with the common

clinical diagnostic challenge of distinguishing diverse ND

from PPD.

2. Interpretations: This study demonstrated the strong

diagnostic performance of blood NfL, comparable to CSF

NfL, adding important evidence on the strong diagnos-

tic utility of blood NfL to assist the clinical distinction of

ND from PPD, especially in younger people, in real-world

clinical settings.

3. Future directions: Our ongoing and future studies aim

to replicate these findings in larger cohorts and from

more settings including primary care settings, as well

as further investigating and addressing important issues

still required for clinical translation and the possibility

of a simple, widely available blood test to reduce diag-

nostic delay and misdiagnosis, and dramatically improve

outcomes for patients with cognitive and psychiatric

symptoms, their families, clinical trials, and healthcare

systems.

ND to the Neuropsychiatry Centre at The Royal Melbourne Hospi-

tal, a quaternary service receiving referrals for diagnostically complex

cases from primary care and other specialist services within Australia.

Patients received comprehensive multidisciplinary assessments and

multimodal investigations, including CSF analysis, with gold standard

consensus diagnosis based on established diagnostic criteria, as previ-

ously described in detail.3,5 Control participantswere people recruited

from the community, with no symptoms or diagnoses of neurologi-

cal or neurodegenerative disorders, no active psychiatric symptoms or

conditions.

This study included 38 patients (26 ND, 12 PPD) from our previ-

ous CSF study.3 The remaining patients (n = 175), controls (n = 124),

and data in this study (including all blood NfL data), have not been

described previously. Diagnostic group categorizationwas determined

based on the most recent diagnosis at longitudinal follow-up, blinded

to NfL levels, as previously described.3,5

CSF and EDTA plasma samples were stored at -80◦C. Plasma NfL

wasmeasured usingNF-Light kits on aQuanterix Singlemolecule array

(Simoa) HD-X analyzer, according to the manufacturer’s instructions

(Quanterix Corporation, Billerica, MA, USA). CSF NfL was measured

using a commercial enzyme-linked immunosorbent assay (ELISA; NF-

light; UmanDiagnostics, Sweden).

2.2 Statistical analyses

Statistical analyses were performed using R version 4.3.2 (2023-10-

31). As several biomarker distributions were non-Gaussian even when

log-transformed, biomarker levels in different groups were compared

using standardized bootstrapped quantile regression, with age and

sex as additional covariates. To examine statistical effects, standard-

ized quantile regression coefficients (ß) were interpreted along with

95% confidence intervals (CIs). Receiver operating characteristic

(ROC) curve analyses were performed to investigate diagnostic utility

between different combinations of groups. Bootstrapped DeLong

test was used to compare ROC curves. Optimal cutoffs were selected

based on Youden’s J, and alternative cutoffs for screening based

on optimized specificity and sensitivity. Additional diagnostic test

parameters were computed: positive and negative likelihood ratios,

positive and negative predictive values, overall accuracy, and diagnos-

tic odds ratio (DOR). DOR is a single indicator of test performance that

combines the sensitivity and specificity of a diagnostic test, reflecting

the odds of a positive test result in patients with ND relative to the

odds of a positive test result in those without. A higher DOR indicates

better discriminatory test performance, with a DOR of 1 indicat-

ing that the test does not discriminate between patients with and

without ND. Additional sensitivity analyses were performed: exclud-

ing extreme outliers and performing all quantile regressions with

weight included as a covariate. As the results were similar, the results

excluding weight were presented to maximize the sample sizes for

analyses and presented results (since not all participants had weight

data).

This study, part of TheMarkers inNeuropsychiatricDisorders Study

(The MiND Study, https://themindstudy.org), was approved by the

Human Research Ethics Committee at Melbourne Health (2016.038,

2017.090, 2018.371, 2020.142).

3 RESULTS

3.1 Study cohort

The total study cohort included 337 participants: 136 with ND, 77

with PPD, and 124 Controls (Table 1). Controls were slightly older at

63.2 years compared to the other groups (ND 60.8 years, PPD 54.8

years) and had a greater proportion of females (71% compared to ND

43%, PPD 51%). 250 people had weight data. PPD had a higher weight

(84 kg) compared to ND (75 kg) and Controls (76 kg).

All 337 people had plasma NfL. Both plasma and CSF NfL concen-

trations were determined for 84 people (plasma+CSF group: 63 ND,

22 PPD), the remainder had only plasma NfL data available (plasma-

only group: 252 people, ND73, PPD55, 124Controls). Details of these

subsets can be found in Tables S1 and S2.

The ND group consisted of Alzheimer’s disease (AD, n = 44),

bvFTD, n = 16, Lewy body dementia (DLB, n = 7), dementia not-

otherwise-specified (dementia NOS, n = 9), Huntington’s disease

(n = 17), vascular dementia (n = 6), mixed Alzheimer’s/vascular

https://themindstudy.org
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TABLE 1 Study demographics and plasma and CSFNfL levels in ND, PPD, and Controls.

ND PPD Control

Parameter N= 136 N= 77 N= 124 N

Age 60.8 (55.9;65.9) 54.8 (46.6;61.8) 63.2 (56.0;70.0) 337

Sex (female) 59 (43.4%) 39 (50.6%) 88 (71.0%) 337

Weight 75.0 (59.8;89.1) 84.0 (73.4;98.8) 76.0 (66.0;84.0) 250

(n= 102) (n= 58) (n= 90)

PlasmaNfL (pg/mL) 25.2 (15.8;39.6) 10.1 (7.85;12.5) 12.5 (8.70;17.8) 337

CSFNfL (pg/mL) 1048 (741;1585) 495 (386;671) – 85

(n= 63) (n= 22)

Note: Data aremedian [interquartile range] or n (%).
Abbreviations: CSF, cerebrospinal fluid; NfL, neurofilament light chain; ND, neurodegenerative disorder; PPD, primary psychiatric disorder.

dementia (n = 3), Creutzfeldt–Jakob disease (n = 2), substance-

induced dementia (n = 2), and Other ND (n = 30, which included

autoimmune encephalitis, cerebral amyloid angiopathy, corticobasal

syndrome, CNS vasculitis, Down syndrome, Fahr disease, metabolic

disorders, Niemann–Pick Type C, Parkinson’s disease, and cerebellar

degenerative disorder). The PPD group consisted of major depressive

disorder (MDD, n = 23), schizophrenia spectrum disorders (n = 19),

functional neurological/cognitive disorders (n = 9), bipolar affective

disorder (BPAD, n = 6), and Other PPD (n = 18, including anxiety

disorders [n = 6], post-traumatic stress disorders [n = 4], obsessive-

compulsive disorders [n = 4], personality disorders [n = 2], bvFTD

“phenocopy syndrome” [n = 2], undifferentiated psychiatric disorders

[n= 2]).

3.2 Aim 1: Plasma and CSF NfL levels and
diagnostic utility in neurodegenerative and PPD

3.2.1 In a subset of patients with both CSF and
plasma samples, compared to the subset with only
plasma

We first separately analyzed the subset of patients with both CSF

and plasma levels (plasma+CSF), and the subset with only plasma

levels (plasma-only), to determine comparability, and thus determine

whether the total cohort could be analyzed as a whole.

For the plasma+CSF group (n = 85, 63 ND, 22 PPD), NfL levels

were significantly elevated in ND compared to PPD, in CSF (median

1048 pg/mL vs. 495 pg/mL, standardized quantile regression coeffi-

cient ß: 0.09, 95% CI: [0.04, 0.53], p < 0.001), and in plasma (median

24.4 pg/mL vs. 10.3 pg/mL, ß: 0.07, 95% CI: [0.03, 0.54], p < 0.001),

Table S1.

The plasma-only group (n = 128, 73 ND, 55 PPD) had compara-

ble results, with plasma NfL significantly elevated in ND compared to

PPD (median 26.8 pg/mL vs. 10.1 pg/mL, ß: 0.18, 95% CI: [0.08, 0.70],

p < 0.001), Table S2. We therefore analyzed the entire cohort and

presented detailed results below, with a focus on plasmaNfL.

3.2.2 In entire cohort

NfL levels were significantly elevated in ND compared to PPD, 2.5-

fold in plasma (median 25.2 pg/mL vs. 10.1 pg/mL; ß: 0.10 [0.05, 0.43],

p < 0.001), and 2-fold in CSF (median 1048 pg/mL vs. 495 pg/mL, ß:

0.09, 95%CI: [0.04, 0.53], p< 0.001), Table 1 and Figure 1.

Compared to controls, plasmaNfL levels were higher in ND (median

25.2 pg/mL vs. 12.5 pg/mL, ß: 0.13, 95% CI: [0.07, 0.48], p < 0.001),

but there was no difference between PPD and controls (10.1 pg/mL vs.

12.5 pg/mL, ß: 0.00 [-0.03, 0.03], p= 0.998).

ROC curve analyses (Figure 2, Table 2) demonstrated strong diag-

nostic performance of plasmaNfL in distinguishing ND from PPD, with

an area under the curve (AUC) of 0.86 [0.81, 0.92], with an optimal

cutoff of 14.1 pg/mL associated with 81% specificity, 85% sensitiv-

ity, 4.34 positive likelihood ratio (LR+), 0.19 negative likelihood ratio

(LR-), 88% positive predictive value (PPV), 75% negative predictive

value (NPV), 22.6 DOR, 83% accuracy (base rate/disease prevalence

63.85%).

CSF NfL had a similar AUC: (0.89 [0.82, 0.96]). The optimal CSF cut-

off of 823 pg/mL was associated with 95% specificity, 71% sensitivity,

15.71 LR+, 0.30 LR-, 98%PPV, 54%NPV, 52.5 DOR, and 78% accuracy.

An alternative CSF cutoff, optimizing for sensitivity was 531 pg/mL,

64% specificity, 95% sensitivity, 2.62 LR+, 0.07 LR-, 88% PPV, 82%

NPV, 35 DOR, and 87% accuracy. There was no statistical difference

between plasmaNfL and CSF performance (p= 0.520).

Considering specific ND subgroups that are the most common dif-

ferential diagnoses, AD and bvFTD, plasma and CSF NfL had high

diagnostic performance for all ages (AD vs. PPD AUCs: 0.89 [plasma]

and 0.95 [CSF]; bvFTD vs. PPD AUCs: 0.79 [plasma], 0.86 [CSF]), with

even stronger performance in younger people (full details in Table 2).

3.3 Aim 2: Age-based cutoffs and cutoffs
optimized for screening

We investigated cutoffs and diagnostic performance in younger peo-

ple (40– < 60 years), and older people (60– < 70 years), similar to
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recent publications.21 We restricted to these age ranges as these had

the greatest overlap between ND and PPD. In addition, we assessed

alternative cutoffs optimized for screening, for 100%, 97.5%, 95%, and

90% specificity, and sensitivity, also similar to recent publications.30

Alternative cutoffs and additional information are presented in Table 2,

Table S3 (which includes ratios of cutoffs), and Figures S1–S3.

3.3.1 Younger people

In younger people (total 98, 48 PPD, 50 ND), plasma NfL had an AUC

of 0.89 [0.83, 0.96], cutoff 14.6 pg/mL, 90% specificity, 84% sensitivity,

8.06 LR+, 0.18 LR-, 89% PPV, 84%NPV, 45.2 DOR, 87% accuracy.

CSF NfL had an AUC of 0.97 [0.92, 1.00], 814 pg/mL cutoff, 100%

specificity, 88% sensitivity, 0.13 LR-, 100% PPV, 81% NPV, and 92%

accuracy. An alternate cutoff, optimizing for sensitivity, was 558pg/mL,

85% specificity, 96% sensitivity, 6.23 LR+, 0.05 LR-, 92% PPV, 92%

NPV, 126.5 DOR, and 92% accuracy. Plasma and CSF AUCs were not

statistically different (p= 0.061).

3.3.2 Older people

In older people (total 77, 20 PPD, 57 ND), plasma NfL had an AUC of

0.76 [0.63, 0.89], cutoff 11.9 pg/mL, 55% specificity, 91% sensitivity,

2.03 LR+, 0.16 LR-, 85% PPV, 69%NPV, 12.7 DOR, 82% accuracy.

CSF NfL had an AUC of 0.76 [0.59, 0.92], 967 pg/mL cutoff, 100%

specificity, 55% sensitivity,∞ LR+, 0.45 LR-, 100%PPV, 36%NPV, 64%

accuracy. There were no differences in AUC between plasma and CSF

(p= 0.961).
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Comparing AUCs between younger and older groups, CSF NfL per-

formed better in younger compared to older people (AUC: 0.97 vs.

0.76, p = 0.015), but while there was a trend, this was not the case for

plasmaNfL (0.89 vs. 0.76, p= 0.081).

3.4 Aim 3: Exploratory comparisons to large
reference cohort, different classification systems, and
their diagnostic performance

We explored a range of different classification systems, reference

ranges and cutoffs, and their diagnostic utility, to understand these

important factors and potential issues related to clinical translation.

3.4.1 Comparing to large reference control cohort

We compared plasmaNfL levels in our cohort to a previously described

large reference control cohort (“Control Group 2”).22,31

PlasmaNfL levels inNDwere significantly elevatedwhen compared

to Control Group 2, 25.2 pg/mL versus 8.34 pg/mL, ß: 0.36, 95% CI:

[0.21, 1.41], p < 0.001). Interestingly, levels were also higher in PPD

compared to Control Group 2 (PPD ß: 0.04 [0.01, 0.14], p = 0.004),

and surprisingly, Controls compared toControlGroup2 aswell (ß: 0.05

[0.02, 0.18], p< 0.001).

This was also reflected in NfL age-adjusted z-scores, derived from

Control Group 2 as previously described.22 A large difference was

seen between ND and Control Group 2 z-scores (ß: 1.98 [1.81, 2.18],

p< 0.001). Smaller differences were observed between Control Group

2 and PPD (ß: 0.57 [0.25, 1.07], p < 0.001) and Controls (ß: 0.44 [0.29,

0.57], p< 0.001).

To investigate the possibility of systematic and analytical bias,

factors such as batch effect to explain these surprising findings,

especially the differences between Controls and Control Group 2

(i.e., that plasma NfL levels from the batch analysis were system-

atically higher than the levels from the Control Group 2 batch), we

looked at data from 19 samples from our cohort (Batch 1) that were

subsequently also analyzed on a different batch (Batch 2), using

the same analysis kit and platform. Levels between the two batches

correlated strongly in a linear fashion (R2 = 0.958), but levels in Batch

1 were on average approximately 1.4 times higher than levels in

Batch 2.
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TABLE 2 Details of ROC curve analyses and diagnostic test parameters.

Categorization Age AUC Cutoff Spec Sens LR± LR- PPV NPV DOR Accuracy

ND vs. PPD

PlasmaNfL All 0.86 (0.81, 0.92) 14.1 81% 85% 4.34 0.19 88% 75% 22.63 83%

CSFNfL All 0.89 (0.82, 0.96) 823 (532) 95% (64%) 71%

(95%)

15.71

(2.62)

0.30

(0.07)

98%

(88%)

54%

(82%)

52.5 (35) 78%

(87%)

PlasmaNfL Younger 40–< 60 0.89 (0.83, 0.96) 14.6a 90% 84% 8.06 0.18 89% 84% 45.15 87%

CSFNfL Younger 40–< 60 0.97 (0.92, 1) 814b (558) 100%

(85%)

88%

(96%)

g(6.23) 0.13

(0.05)

100%

(92%)

81%

(92%)

g(126.5) 92%

(92%)

PlasmaNfL Older 60–< 70 0.76 (0.63, 0.89) 11.9c 55% 91% 2.03 0.16 85% 69% 12.71 82%

CSFNfL Older 60–< 70 0.76 (0.59, 0.92) 967d 100% 55% g 0.45 100% 36% g 64%

AD vs. PPDe

PlasmaNfL All 0.89 (0.84, 0.95) 14.6 82% 93% 5.13 0.08 75% 95% 61.50 86%

CSFNfL All 0.95 (0.90, 1) 824 95% 87% 19.07 0.14 96% 84% 136.5 90%

bvFTD vs. PPDf

PlasmaNfL All 0.79 (0.65, 0.92) 11.9 69% 81% 2.61 0.27 35% 95% 9.57 71%

CSFNfL All 0.86 (0.70, 1) 975 100% 63% g 0.38 100% 88% g 90%

Previous reference

ranges/cutoffs

ND vs. PPD

z-score All 0.80 (0.73, 0.86) 1.44 74% 74% 2.83 0.36 83% 61% 7.92 74%

Younger 40–< 60 0.87 (0.80, 0.95) 1.70 85% 82% 5.62 0.21 85% 82% 26.68 84%

Older 60–< 70 0.76 (0.64, 0.89) 0.37 55% 91% 2.03 0.16 85% 69% 12.71 82%

95th percentile All ages 77% 68% 2.89 0.42 84% 57% 6.9 71%

40–< 60 83% 82% 4.92 0.22 84% 82% 22.8 83%

60–< 70 65% 63% 1.80 0.57 84% 38% 3.2 64%

95th percentile adjusted

levels

All 88% 45% 3.84 0.62 87% 48% 6.1 61%

40–< 60 92% 54% 6.48 0.50 87% 66% 12.9 72%

60–< 70 90% 42% 4.21 0.64 92% 35% 6.5 55%

Simrén et al. plasma

cutoffs

All Age-based 73% 71% 2.59 0.4 82% 58% 6.4 71%

Simrén et al. with

adjusted NfL levels

All Age-based 90% 46% 4.39 0.61 89% 48% 7.2 62%

Kang et al. CSF cutoffs All Age-based 73% 83% 3.03 0.24 90% 59% 12.6 80%

Eratne et al. CSF cutoff All 582 64% 94% 2.58 0.10 88% 86% 25.8 86%

Abbreviations: AD, Alzheimer’s disease; AUC, the area under the curve; bvFTD, behavioural variant frontotemporal dementia; CSF, cerebrospinal fluid; LR+,
positive likelihood ratio; LR-, negative likelihood ratio; NfL, neurofilament light chain; ND, neurodegenerative disorder; NPV, negative predictive value; PPD,

primary psychiatric disorder; PPV, positive predictive value; Sens, sensitivity; Spec, specificity.
aAlternative cutoffs optimizing specificity were: 30.8 pg/mL (100% specificity), 24.4 pg/mL (98% specificity), 24 pg/mL (96% specificity), 14.6 pg/mL (90%),

and for sensitivity: 6.0 pg/mL (100%), 8.0 pg/mL (98%), 10.1 pg/mL (94%), 11.5 pg/mL (90%).
bAlternative CSF cutoffs for specificity were 814 pg/mL (100% specificity), 743 pg/mL (92%), 558 pg/mL (85%), and for sensitivity were 445 pg/mL (100%

sensitivity), 558 pg/mL (96% sensitivity, 85% specificity), 638 pg/mL (92%).
cAlternative cutoffs associatedwith 100%, 95%, and 90% specificity were 74.9 pg/mL, 31.8 pg/mL, and 31 pg/mL, respectively. Alternative cutoffs optimizing

for sensitivity were 7.6 pg/mL (100% sensitivity), 10.4 pg/mL (98%), 10.85 pg/mL (95%), and 11.9 pg/mL (91%).
dAlternative cutoffs optimizing for specificity were 967 pg/mL (100%) and 823 pg/mL (88%), and for sensitivity were 511 pg/mL (97%), 571 pg/mL (94%),

600 pg/mL (90%).
eHigher DOR and accuracy in younger people (154 and infinity, 91% and 96%, for plasma and CSFNfL respectively).
fHigher DOR and accuracy in younger people (16.5 and infinity, 86% and 94%, for plasma and CSFNfL respectively).
gValue of infinity/not able to be calculated (usually because PPVwas 100%).
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We then investigated the influence of this possible batch effect by

applying a conversion formula and converting NfL levels in the present

cohorts (Batch 1), adjusted level = 1.33 + 0.63 * x (see Table S4 and

Figure S4). After applying this adjustment, plasma NfL levels were no

longer different between PPD and Control Group 2 (ß: -0.02 [-0.06,

0.02], p = 0.286), or between the present Controls and Control Group

2 (ß: 0.00 [-0.05, 0.07], p=0.810). z-Scores derived from these adjusted

NfL levels were also no longer different between PPD and Control

Group 2 (p = 0.92) and between the present Controls and Control

Group 2 (p = 0.176). ND remained elevated; however, compared to

Control Group 2, even with adjusted levels (17.2 pg/mL vs. 8.34 pg/mL,

ß: 0.27 [0.15, 0.79], p< 0.001), and the difference in z-scores remained

large (ß: 1.44 [1.20, 1.66], p < 0.001). This could suggest that (a) Batch

2 levels were closer to levels derived from Control Group 2 batches,

and (b) batch-to-batch variability could result in potentially spurious

findings, where there are small differences between groups.

While the plasma NfL diagnostic performance parameters

described above (e.g., AUC, sensitivity, specificity, DOR) were

unchanged when using adjusted plasma NfL levels, the values of

optimal cutoff values were influenced. For example, the optimal

plasma NfL cutoff for ND versus PPD for all ages changed from

14.1 pg/mL to 10.2 pg/mLwhen using the adjusted NfL levels.

For all ages, the diagnostic performance of z-scores to distinguish

ND from PPD was outperformed by plasma NfL (AUC: 0.80 vs. 0.86,

p < 0.001 and CSF NfL (0.80 vs. 0.89, p = 0.037). In younger people, z-

scores were not statistically different from plasma NfL AUCs (0.87 vs.

0.89, p = 0.091), but were outperformed by CSF NfL (0.87 vs. 0.97,

p = 0.031). In older people, there were no statistical differences in

AUCs between plasma NfL and z-scores (p = 0.856), or CSF NfL and z-

scores (p= 0.948). Using z-scores based on adjusted NfL values did not

result in improved AUCs (0.78 for all ages [vs. 0.80 unadjusted], 0.87

for younger [vs. 0.87], and 0.77 for older [vs. 0.77]).

3.4.2 Compared to previously described cutoffs

Weexplored thediagnostic utility of other previously describedplasma

and CSF cutoffs.3,5,31

Age-based plasma NfL cutoffs presented by Simrén et al.31 resulted

in 73% specificity, 71% sensitivity, 2.59 LR+, 0.40 LR-, 82% PPV, 58%

NPV, 6.4 DOR, and 71% accuracy. The use of adjusted NfL levels (as

described above) resulted in improved specificity: 90% specificity, 46%

sensitivity, 4.39 LR+, 0.61 LR-, 89% PPV, 48% NPV, 7.2 DOR, and 62%

accuracy.

Using our previously described age-basedCSFNfL cutoffs3 resulted

in 73% specificity, 83% sensitivity, 3.03 LR+, 0.24 LR-, 90% PPV, 59%

NPV, 12.6 DOR, 80% accuracy. Using only the 582 pg/mL cutoff across

all ages previously described,5 resulted in 64% specificity, 94% sen-

sitivity, 2.58 LR+, 0.10 LR-, 88% PPV, 78% NPV, 25.8 DOR, and 86%

accuracy. Once again, this improved in younger people: 85% specificity,

96% sensitivity, 6.23 LR+, 0.05 LR-, 92% PPV, 92% NPV, 126.5 DOR,

and 92% accuracy.

4 DISCUSSION

This study investigated the ability of plasma andCSFNfL to distinguish

between diverse ND and PPD in patients referred to and assessed at a

specialist clinic. We found significantly elevated plasma and CSF NfL

levels in ND compared to PPD, and strong and comparable diagnos-

tic performance of both plasma and CSF NfL to aid in this common,

challenging clinical distinction. Diagnostic performance was especially

high in younger people, and we described a range of cutoffs based on

age and optimized for sensitivity and specificity. Finally, findings from

exploratory analyses highlighted potential issues with sample analysis

and choices of reference range, issues critical for future broad clinical

implementation.

Strengths of this study included focusing on distinguishing diverse

ND from a large group of diverse PPD, and the clinical and younger

nature of the cohort. To our knowledge, other studies have not thus

far investigated plasmaNfL in distinguishing diverseND fromas large a

group ofwell-describedPPD, all froma real-world setting.We included

a clinical cohort of patients, with no exclusion criteria, to ensure that

the findings were reflective of a real-world setting. Findings in diverse

conditions and ages in a clinical setting provide important evidence

for real-world performance since current real-world clinical practice

involves broad differentials for people with symptoms rather than dis-

tinguishing ND from controls or distinguishing only AD from controls

or preclinical AD. Understanding NfL levels in diverse PPD from clini-

cal settings is important, since a significant proportion of people who

present to clinical serviceswith neuropsychiatric symptoms for assess-

ment of a possible ND (especially younger-onset) will be diagnosed

with a PPD, and finally, since PPDmay be associatedwith subtle abnor-

malities and cannot be assumed to be equivalent to or comparable to

healthy controls.21,22 Furthermore, we focused on a relatively younger

cohort, in contrast to most previous studies in clinical settings, which

have had older cohorts.14,16,20 This is an important group to inves-

tigate; the range of differential diagnoses and atypical presentations

means that rates of misdiagnosis and diagnostic uncertainty are all

higher in younger people compared to older people.2,32,33

Diagnostic performance and metrics of both plasma and CSF NfL

were very high in younger people and were higher compared to older

people, consistent with previous studies.3,21 The AUC of CSF NfL in

younger people was particularly high (AUC: 0.97). This difference was

not statistically different from the AUC for plasma NfL in younger

people (AUC: 0.89), suggesting that plasmaNfL levels alonemaybe suf-

ficient for diagnosis, and there may be little benefit in routinely adding

on CSF NfL for a younger person who has already had their plasma

NfL levels analyzed. Performance was weaker in older people for both

plasma and CSF NfL; however, we still found the diagnostic utility of a

single cutoff forNfL in older people, unlike other studies that did not.21

Our study results support using plasma NfL as a less invasive

alternative to CSF NfL for differentiating ND from PPD, and using

age-based cutoffs optimized for sensitivity and sensitivity to aid inter-

pretations. Levels above or below a single optimal cutoff would still

offer strong diagnostic utility, especially in younger people; however,
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greater caution would be required for older people. For example, very

high plasmaNfL could indicate a neurodegenerative cause (and dismiss

a primary psychiatric cause) of a patient’s symptoms and facilitate the

precision use of more specific investigations based on ND differential

diagnoses (such as plasma ptau217 for AD).34,35 Conversely, very low

plasma NfL could indicate a primary psychiatric cause of symptoms.

Although plasma NfL outperformed CSF NfL in terms of AUC, CSF NfL

had very high DOR and accuracy for AD versus PPD and bvFTD versus

PPD distinctions. Future research is needed to determine in what cir-

cumstances diagnosis would benefit from using both plasma and CSF

NfL, such aswhen “borderline” plasmaNfL levels are observed or there

remains strong suspicion of ND.

Exploratory comparisons to a large reference cohort revealed some

surprising findings, important for future research and clinical imple-

mentation. Variability of levels on different batches resulted in slightly

higher levels in all groups in this study, compared to the reference

cohort. This did not affect the utility of plasma NfL to distinguish ND

from the reference cohort as NfL levels in NDwere so highly elevated;

however, this resulted in a possibly spurious finding of elevated lev-

els in PPD (and the present control group) compared to the reference

cohort. Adjusting our NfL levels to correct this batch effect reversed

this finding of elevated levels in PPD and controls compared to the

reference cohort, aligning with previous/expected results.5,22 In addi-

tion, potential systematic batch or analysis factors would influence the

actual value of the reference range or cutoff (for example, an opti-

mal cutoff changed from 14.1 pg/mL to 10.2 pg/mL). These exploratory

findings highlight potential limitations and the need for caution in using

levels and reference ranges derived from other cohorts and differ-

ent batches, caution in interpreting individual levels, especially levels

relatively close to a reference range/cutoff or “borderline,” consis-

tent with other studies that have investigated similar issues.28 Our

findings support the importance of a local control group, contrary to

our previous study where comparisons to the large reference cohort

were comparable and at times were more useful than comparing to

a local control group.22 In addition, the findings of this study would

also suggest that raw levels and cutoffs were superior to our previ-

ously described age-adjusted z-scores, and age-based cutoffs derived

from the large reference cohort.22,31 Future research should further

investigate thesepotential issues, to advance analysis technologies and

improve accurate interpretation of individual levels.

Limitations of this study include the relatively small subset of

patients who had both plasma and CSF NfL, and the lack of serial NfL

levels. Future studies will include larger numbers of people with both

CSF and plasma NfL levels, and investigate diagnostic utility of serial

NfL levels. An important issue is interpretation of initially ambigu-

ous or “borderline” NfL levels, and the next steps for the clinician.

Future research is required and underway to provide guidance in these

situations, for example, on the utility of repeating plasma NfL levels

as well as the optimal delay between collections, and the additional

value of CSF NfL. In addition, several covariate or confounding vari-

ables are known to acutely/subacutely elevate NfL levels for several

weeks to months (such as recent head injury, stroke, delirium).36–41

Further research including suchpatients is required, to properly under-

stand the diagnostic performance and delay to testing for screening for

neurodegeneration in these scenarios. Most patients in this study did

not have definitive confirmation, such as genetic or postmortem con-

firmation of ND. While patients had comprehensive multidisciplinary

assessments andmultimodal investigations with current gold standard

clinical diagnosis and longitudinal follow up, the limitations and insta-

bility of even gold standard clinical diagnosis are recognised.2,3,7 Of

note, CSF NfL in this study’s subset of 85 patients had a slightly lower

AUC for all ages compared to our previous study (0.89 vs. 0.94), which

had a larger sample size and longer follow up duration.5 The smaller

sample sizes in this study could also have contributed to wider CIs

and difficulty detecting true differences between AUCs. Therefore, it

is possible that with larger sample sizes, additional time and follow up

of patients, the diagnostic categorization and overall findings from this

study for both plasma and CSF NfL could be different. The relatively

small sample of older people, especially people over age 70,means that

our findings in older people must be taken with caution, and replicated

in larger studies.While theND group included themost common types

of dementia such as AD, bvFTD, DLB, due to the specialized nature

of our clinical service that includes a Huntington’s disease service, it

also included patientswith these rarer causes.1,2,42 Finally, our findings

from a specialist service cannot be directly translated to lower preva-

lence settings, such as primary care, and studies are underway in these

settings.

To conclude, this study found strong diagnostic performance of both

plasma andCSFNfL to distinguishND fromPPD in a real-world clinical

setting. NfL had particularly strong diagnostic performance in younger

people, where the range of differential diagnoses and atypical presen-

tations, misdiagnosis, and diagnostic delay, are all greater.2,32,33 The

comparability of plasma NfL to CSF NfL adds important evidence for

the utility of a simple blood-based biomarker to assist in a common, yet

challenging clinical situation, as a screening test for neurodegenera-

tion, akin to a “CRP for the brain,” to reducemisdiagnosis and delay and

improve precision care and outcomes for patients, their families, and

healthcare systems. Future research will need to focus on implemen-

tation and translational issues such as analytical, technological, and

reference range issues.
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