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ABSTRACT

Background and aims: To investigate the prognostic value of blood neurofilament light chain protein (NfL)
in the acute phase of hospitalised patients with COVID-19.

Methods: We conducted an individual participant data (IPD) meta-analysis in accordance with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guideline. Articles have been screened
on MEDLINE (PubMed) and Scopus from database inception to May 23" 2022. We included studies
containing IPD from hospitalised adult COVID-19 patients with a measurement of blood NfL in the acute
phase and data regarding at least one clinical outcome among ICU admission, need of mechanical ventilation
(MV) and death. We derived the age-adjusted measures NfLL Z-scores and conducted mixed-effects modelling
to test associations between NfL Z-scores and other variables, including clinical outcomes. Summary receiver
operating characteristic curves (SROCs) were used to calculate the area under the curve (AUC) for blood NfL.
Results: We identified 382 records, of which 7 studies were included with 707 COVID-19 cases (mean age
66.2 £+ 14.7 years, 68.4% males) who met the inclusion criteria. Median NfLL Z-score (2.41, IQR: 1.22 - 3.10)
was elevated compared to age-matched reference population. NfLL Z-scores were significantly associated with
most clinical and laboratory parameters, including disease duration and severity. Higher NfL Z-scores were
associated with higher rates of ICU admission, MV and death, even after adjustment for covariates. SROCs
revealed AUCs of 0.73, 0.80 and 0.82 for mortality, MV and ICU admission respectively.

Conclusions: Blood NfL levels were elevated in individuals with COVID-19 and were associated with clinical
severity parameters. However, the limited prognostic value of the marker prevents its use alone as a routine

biomarker in hospitalised COVID-19 patients.

Key messages
What is already known on this topic
Neurofilament light chain protein (NfL) is a blood biomarker of neuroaxonal damage, the levels of which are

increased in hospitalised COVID-19 patients and seem to be associated with poor clinical outcome.



What this study adds

In this individual participant meta-analysis, we investigated the prognostic value of blood NfL in a large
multicentric cohort of 707 COVID-19 patients and found strong associations between marker levels and
clinical outcome (ICU admission, need of mechanical ventilation and death), although with a mostly fair
prognostic accuracy.

How this study might affect research, practice or policy

Given its limited prognostic value, future studies should evaluate the combination of blood NfL with other

potential surrogate parameters of COVID-19 severity in prognostic scores useful for clinical practice.

INTRODUCTION

Since the outbreak of the pandemic in January 2020, the management of COVID-19 has rapidly become a
priority in all healthcare organisations worldwide (Pezzini NatRev 2020; Ellul Lancet 2020; Mao JAMA
2020, Guan NEJM 2020). COVID-19 is a systemic disease primary affecting the respiratory system, although
30% of all patients complain about central and peripheral neurological manifestations (Pezzini, NatRev 2020;
Ellul, Lancet 2020; Mao JAMA 2020, Guan NEJM 2020). In this regard, neuronal damage may occur as a
consequence of various pathogenetic pathways, such as direct viral invasion, cytokines storm, para- or post-
infectious autoimmunity and secondary effects of a severe multi-organ dysfunction (Li JMedVirol 2020, Baig
Chem Neurosci 2020). Recently, the introduction of new ultrasensitive immunoassays has allowed the
assessment of blood neuronal and glial biomarkers, as correlates of CNS involvement, in large and longitudinal
cohorts of primary and non-primary neurological diseases, including COVID-19 (Khalil 2018, Abu Rumeileh
2022, Abdelhak 2022). In particular, neurofilament light chain protein (NfL) has gained significant attention
as a biochemical correlate of neuroaxonal involvement, given its ability to accurately track subclinical axonal
pathology, monitor disease course and predict long-term outcomes in different neurological and systemic
conditions (Khalil 2018, Abu Rumeileh 2022,).

The preliminary evidence of increased NfL levels in COVID-19 cases with only mild-to-moderate (e.g.,
anosmia, headache) or without specific neurological symptoms (Ameres M, JOON 2020, Mariotto JNNP
2020) suggested that a subtle neuronal damage might be even more frequent and still underestimated in
COVID-19. On the other side, patients with severe COVID-19 showed a sustained NfL elevation at follow up,
possibly reflecting a persistent CNS involvement (Kanberg N Neurol 2020, Kanberg 2021, Cooper 2020)
(Figure 1). Most interestingly, both prospective and cross-sectional studies have demonstrated an association
between NfL and unfavourable clinical outcomes, encompassing death, intensive care unit (ICU) admission,
and mechanical ventilation in hospitalized COVID-19 patients (Sutter R Ann Neurol 2020, Kanberg N
Neurol 2020, 2021, Mariotto JNNP 2020, De Lorenzo JON 2021, Aamodt JON 2021).

However, NfL median levels varied largely among different studies, probably as a consequence of

heterogeneous inclusion criteria across studies and a lack of systematic NfL value adjustment according to



confounding factors such as age and renal function (Benkert et al., Lancet Neurology, 2022, Joshua 2022,
Harp 2022, Fitzgerald 2022, Rubsamen 2022, Akamine 2020, Abu-Rumeileh 2022, Hay 2021).
Considering all these issues, we conducted an individual participant data (IPD) meta-analysis to test whether
the measurement of blood NfL levels in the acute phase of COVID-19 may aid prognostication in hospitalised

cases with COVID-19.

Figure 1. Mechanisms leading to blood neurofilament light chain (NfL) increase in COVID-19. Neuro-
axonal injury in COVID-19 may result from the interplay between different pathophysiological mechanisms
including 1) potentially direct viral invasion, 2) pro-inflammatory cytokine release and autoimmunity, 3)
secondary damage due to systemic impairment (e.g., hypoxia for concomitant COVID-19-related pneumonia).
NfL are first released in the central nervous system (CNS) interstitium, then they are drained in the
cerebrospinal fluid (CSF) and finally reach the bloodstream. In COVID-19 a sustained blood NfL increase
could be enhanced also by concomitant blood-brain barrier breakdown due to inflammatory and hypoxia-

related mechanisms. (Abu-Rumeileh Brain 2022)
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IPD meta-analysis protocol followed the Preferred Reporting Items for Systematic Reviews and meta-analysis
guidelines for IPD systematic reviews (PRISMA-IPD) (Stewart et al. 2015 ref) and was registered with
PROSPERO (CRD42022358924).

Search strategy and selection criteria

Six authors (MF, AA, SAR, LB, RO, MR) systematically searched MEDLINE (PubMed) and Scopus for
articles published from databases inception to May 23" 2022 addressing the role of biomarkers in predicting
the outcomes of interest. An a priori search string was developed with 3-steps Delphi method to include terms
for (i) NfL as a biomarker and (ii)) COVID-19 as disease of interest (Supplementary Material for full search
string). Results were restricted to original articles in English, German or Italian language. A priori criteria for
inclusion were: 1) hospitalised patients 2) age >18 years, 3) COVID-19 diagnosis (PCR or radiology-based),
4) a measurement of blood NfL during the acute phase and 5) available data regarding at least one outcome
among ICU admission, need of mechanical ventilation and mortality (primary outcome). Only COVID-19
cases without distinct neurological syndromes were included, therefore excluding all cases of encephalitis,
stroke or other major neurological complications related to COVID-19. We included only studies with
sufficient information to calculate the age- adjusted NfL Z-score (see below). Study selection was conducted
on Rayyan platform (rayyan.ai). Titles and abstracts were screened independently. Potentially relevant articles
were acquired in full text and assessed for eligibility by the same six authors working in pairs. The final

selection was shared among all the six authors. Disagreements were resolved by consensus.

Data extraction and processing

We invited authors of the included studies to participate by providing IPD on a standardized collection tool
(supplementary materials, under preparation). IPD comprised both data reported in the included studies as
well as unpublished data meeting our inclusion criteria (collected during the study enrolment but then excluded
from the authors). Contributors ensured local ethical, regulatory and data sharing agreement were in place. We
collected demographic, comorbidities and COVID-19 severity defined according to the World Health
Organization (WHO) criteria for the clinical management of COVID-19 (Who website); timing (i.e., days
onset to admission and to blood collection), biological matrix (plasma or serum) (Supplementary table 1) and
values of NfL, PaO2/FiO2 ratio and other laboratory parameters (absolute lymphocyte and neutrophil count,
lactate dehydrogenase — LDH and C-reactive protein [CRP] — PCR, creatinine levels). Submitted datasets were
processed by two investigators (FC, MF) to harmonise data recording across studies in accordance with pre-
defined variable types. If a contributor was unable to harmonise data with our format, we allowed to report the
original study data; these data were extracted and fully checked by two reviewers (FC, MF) with a standardised

approached, then the harmonisation was shared with all investigators.

Bias assessment



Quality assessment was performed with the Newcastle-Ottawa scale (NOS) (Luchini 2017). NOS includes
assessment of selection of cohort explored, control cohort, length and adequacy of observation, as well as
comparability of control and experimental cohorts. We summarized the assessment as low, moderate, or high

according to the overall score achieved by each study.

Statistical Analysis

Statistical analyses were carried out with IBM SPSS Statistics V.21 (IBM, Armonk USA), GraphPad Prism
V.7 (GraphPad Software, La Jolla, California, USA) and R version 4.2.2 (R-project, Vienna, Austria).

As NfL correlates with age (Benkert et al., Lancet Neurology, 2022, Abu-Rumeileh 2022), NfL age-adjusted
Z-score were calculated using available large reference database (n=4532 samples from control persons)
(Benkert et al., Lancet Neurology, 2022). Generalized Additive Model for Location, Scale and Shape
(GAMLSS model) was used to model NfL variations with age and to derive individual NfL Z-score, a
continuous measure indicating how strongly (in terms of number of standards deviations) the adjusted NfL
value deviates from levels in healthy controls. NfL plasma values were converted into corresponding serum
values for Z score calculations according to a published equation (Benkert lancet 2022).

Meta-analysis was conducted using mixed-effects modelling, with center/study implemented as random effect.
Generalized linear mixed-effects models (GLMMs) were applied to test associations between NfL Z-scores,
clinical features, laboratory values, potential prognostic variables (sex, PaO2/FiO2, hypertension, diabetes,
neutrophil and lymphocyte absolute count, creatinine, LDH, CRP) (Izcovich A et al., other papers) and binary
clinical outcomes (ICU admission, need for mechanical ventilation, death). Those variables which tested
significative at univariate analysis were added to multivariate GLMMs. For each model, we reported data on
estimate coefficient and/or odd ratio (OR) as well as p-values.

The lack of a common cut-off among studies precluded the traditional bivariate models for accuracy testing.
First, we investigate the performance of NfL in the assessment of poor outcome by means of receiver-operating
characteristic analysis by calculating the area under (AUC) the receiver-operating curves (ROCs) derived from
GLMMs. Second, we used a 2-stage random-effects model integrating multiple thresholds within each study
to calculate a summary ROC (SROC) from meta-analysis of diagnostic accuracy. For both methods, we
estimated optimal thresholds through maximized Youden index (sensitivity-+specificity-1) or through Youden
Index after weighting specificity at 75%, 85%, and 95%, defined a-priori as progressive reasonable threshold
for prognostications, and we reported each respective sensitivity. All analyses were considered statistically

significant with p<0.05.

RESULTS

We identified 382 records by database searches. Seven studies reached final stage, providing IPD for 893
hospitalised COVID-19 cases. A total of 707 patients referred to 7 centers (Oslo n=26, Drammen n=20, Milan
n=104, Uppsala n=19, Brescia n=370, Basel n=26, Jacksonville n=142) met the inclusion criteria and were

included in the analysis (Supplementary figures 1 and 2).



Cohort description

Demographical, clinical and laboratory features of included cohorts are reported in Table 1 and
supplementary table 2. Mean age at blood sampling was 66.2+14.7 years (males=470, 68.4%), mean disease
duration from symptom onset to admission was 6.8+5.1 day, and from onset to biomarker assessment was and
9.6£10.6 days Hypertension (26.5%) and diabetes (15.2%) were the most common cardiovascular risk factors
in the whole cohort. Included patients were mainly diagnosed with critical disease course (424/469 with
available classification, 91.4%), while 13 (2.8%) and 27 (5.8%) had moderate and severe disease, respectively.
Elevated CRP and LDH values, a normal neutrophil count and low absolute lymphocyte count were typical
findings in COVID-19 patients (Table 1). Median NfLL Z-scores were higher than 0 in the included cohorts
(median: 2.41; interquartile range, IQR: 1.22 - 3.10), ranging from a min of -3.72 to a max of 4.17
(Supplementary Figure 3). The median hospitalization time was 15 days (IQR: 6 - 32). During the hospital
stay, 74 out of 223 patients (33.2%) required MV with a median ventilation duration of 7.5 days (IQR: 3 - 16).
Moreover, 323 out of 657 patients (49.9%) were admitted at the ICU. Finally, data on survival were available
for all patients and death occurred in 198 cases (28.0%). Death was associated to COVID-19 itself and its

related complications.

Table 1. Demographical, clinical and laboratory features of analysed COVID-19 patients.

Whole cohort (n=707)

Value n. cases (%)
Sex (female/male) (frequency (%)] 217 (31.6) / 470 (68.4) 687 (97.2)
Age [mean (+ sd) (range)] 66.2 (= 14.7) (22.0-99.1) 707 (100.0)
NfL (pg/ml) [median (IQR) (range)] | 37.8 (17.1 - 78.4) (2.3 - 2233.2) 707 (100.0)
NfL Z-scores [median (IQR) (range)] | 2.41 (1.22 - 3.10) (-3.72 - 4.17) 707 (100.0)
Current disease
Time to admission (days) [median | 7 (4 -9) 264 (37.3)
(IQR)]
Time to blood sampling (days) | 7(2-14) 422 (59.7)
[median (IQR)]
COVID-19 severity 13 (2.8)/27(5.8)/429 (91.4) 469 (66.3)
(moderate/severe/critical) [frequency
(%0)]
Medical history
Diabetes (yes/no) [frequency (%)] 62 (15.2) /347 (84.8) 409 (57.9)
Hypertension (yes/no) [frequency | 113 (26.5)/313 (73.5) 426 (60.3)
(%0)]
Laboratory analyses




Lymphocyte count (x10°/1) [median | 0.90 (0.56 - 1.30) 285 (40.3)
(IQR)]

Neutrophil count (x10°/1) [median | 5.2 (3.5 - 8.0) 152 (21.5)
(IQR)]

CRP (mg/l) [median (IQR)] 68.2 (16.6 - 137.8) 338 (47.8)
LDH (U/1l) [median (IQR)] 334 (257 - 452) 247 (34.9)
Creatinine (mg/dl) [median (IQR)] 0.83 (0.72 -1.04) 149 (21.1)
Pa0O2/FiO2 [median (IQR)] 225 (106 - 326) 141 (19.9)
Clinical outcomes

Days of hospitalization [median | 15 (6 - 32) 506 (71.6)
(IQR)]

Mechanical  ventilation (yes/no) | 74 (31.8) / 159 (68.2) 233 (33.0)
[frequency (%)]

Days of mechanical ventilation | 7.5 (3 - 16) 52 (7.4)
[median (IQR)]

ICU admission (yes/no) [frequency | 323 (49.9)/324 (51.1) 647 (91.5)
(%0)]

Death (yes/no) [frequency (%)] 198 (28.0) / 509 (72.0) 707 (100.0)

Associations between NfL, clinical and laboratory variables

We found significant associations between NfL Z-scores and most clinical and laboratory variables (Table 2).
In particular, NfL Z-scores were significantly associated with disease duration (time from onset to blood
marker assessment) (p<0.0001) as well as with COVID-severity (p=0.0001, Table 2). Moreover, history of
hypertension (p=0.020) or diabetes mellitus (p<0.0001) was significantly related to higher NfL biomarker
values. Among laboratory parameters, CRP (p=0.009], LDH (p=0.005), creatinine (p<<0.001) but not absolute
lymphocyte and neutrophil counts were related to NfL Z-scores. Low values of PaO2/FiO2 ratio associated

with higher NfL Z-scores (p=0.0003).

Table 2. Associations between NfL Z-scores and other demographical, laboratory and clinical
variables (univariate GLMM, center as random effect).

Univariate GLMM analysis | Estimate (95%Cl) OR (95%Cl) p-value | n.cases
Male Sex 0.157 (-0.051 - 0.366) 1.171(0.950 - 1.442) 0.139 687
Current disease

Time to admission -0.007 (-0.037 - 0.020) 0.993 (0.967 - 1.02) 0.621 264
Time to blood sampling 0.040 (0.025 - 0.055) 1.041 (1.025 - 1.057) <0.0001 | 422
COVID-19 severity 0.692 (0.366 - 1.017) 1.997 (1.442 - 2.764) 0.0001 469
Medical history

Diabetes 0.678 (0.369 - 0.986) 1.969 (1.447 - 2.680) <0.0001 | 409
Hypertension 0.302 (0.048 - 0.556) 1.353 (1.049 - 1.744) 0.02 426




Laboratory analyses

Lymphocytes 0.019 (-0.055 - 0.094) 1.019 (0.946 - 1.098) 0.645 285
Neutrophils 0.005 (-0.022 - 0.031) 1.005 (0.977 - 1.031) 0.736 152
CRP 0.0018 (0.0005 - 0.0032) 1.002 (1.0005 - 1.003) 0.009 338
LDH 0.0009 (0.0003 - 0.0015) 1.0009 (1.0003 - 1.002) | 0.0052 247
Creatinine 0.948 (0.613 - 1.283) 2.580 (1.845 - 3.609) <0.0001 | 149
PaO2FiO2 -0.0028 (-0.0042 - -0.0013) | 0.997 (0.996 - 0.999) 0.0003 142

Associations between NfL and clinical outcome measures

In the whole cohort, univariate GLMM analyses identified NfL.-Z score, sex, COVID-19 duration (days from
symptoms onset), severity at blood collection, and history of diabetes, as variables associated with ICU
admission in COVID-19 cases (Table 3). In the multivariate GLMM, NfL Z-score remained a significant
independent predictor of ICU admission even after accounting for covariates (Table 3). When the need of MV
was considered as outcome, NfL-Z score, sex, disease duration at blood collection, and CRP resulted
significant predictors in the univariate GLMM (Table 4). Similarly, in the multivariate GLMM, higher NfL.
Z-score values were significantly associated with MV (Table 4). Further, NfL-Z score, days from onset to
admission, COVID-19 severity, diabetes, lymphocyte count, CRP, LDH, creatinine and PaO2/FiO2 ratio were
significantly associated with death as outcome at univariate GLMM analysis (Table 5). After accounting for

covariates, NfLL Z-score was confirmed as a significant negative prognostic factor for survival (Table 5).

Table 3. Associations between NfL, other variables and ICU admission (recruiting center as random

effect).
Univariate GLMM analysis Estimate difference | OR (95%Cl) z-value | p-value | n.cases
(95%Cl)
Male Sex 0.754 (0.384 - 1.124) 2.13(1.47 - 3.08) 3.9934 | 0.0001 627
NfL Z-scores 0.383 (0.245-0.521) 1.47 (1.28 - 1.68) 5.4458 | <0.0001 | 647
Current disease
Time to admission 0.021 (-0.036 - 0.079) | 1.02(0.96 - 1.08) 0.727 0.47 227
Time to blood sampling 0.094 (0.057 - 0.132) 1.10 (1.06 - 1.14) 4.8827 | <0.0001 | 385
COVID-19 severity 3.673 (3.671 - 3.676) 39.38(39.28-39.48) | 2796.7 | <0.0001 | 409
Medical history
Diabetes 1.044 (0.432 - 1.656) 2.84 (1.54 - 5.24) 3.3452 | 0.0008 409
Hypertension -0.021 (-0.487-0.445) | 0.98 (0.61 - 1.56) - 0.93 426
0.0893
Laboratory analyses




Lymphocytes -0.036 (-0.252-0.180) | 0.96 (0.78 - 1.20) - 0.75 251
0.3248

Neutrophils 0.020 (-0.033-0.073) | 1.02(0.97 - 1.08) 0.751 0.45 152

CRP 0.003 (-0.0003 - | 1.003 (0.9997 - | 1.7527 | 0.0797 303
0.006) 1.006)

LDH 0.004 (0.002 - 0.006) 1.004 (1.002 - 1.006) | 4.0676 | <0.0001 | 213

Creatinine 0.666 (-0.053 - 1.384) | 1.95 (0.95 - 3.99) 1.8163 | 0.069 149

PaO2Fi02 -0.011 (-0.016 - - | 0.99(0.98-0.994) - <0.0001 | 142
0.006) 4.5994

Multivariate GLMM analysis Estimate difference | OR (95%Cl) z-value | p-value | n.cases
(95%Cl)

Model 1

NfL Z-scores 0.374 (0.232-0.515) 1.45(1.26 - 1.67) 5.172 <0.0001 | 627

Male sex 0.711(0.332-1.091) 2.04 (1.39-2.98) 3.6708 | 0.0002

Model 2

NfL Z-scores 0.504 (0.306 - 0.702) 1.66 (1.36 - 2.02) 49872 | <0.0001 | 381

Male sex 0.580 (0.082 - 1.079) 1.79 (1.09 - 2.94) 2.2821 | 0.023

Time to blood sampling 0.067 (0.031-0.102) 1.07 (1.03-1.11) 3.6859 | 0.0002

Model 3

NfL Z-scores 1.011 (0.279 - 1.743) 2.75(1.32-5.71) 2.7061 | 0.0068 93

Male sex 0.396 (-1.069 - 1.861) | 1.49(0.34-6.43) 0.5302 | 0.596

Time to blood sampling 0.088 (0.027 - 0.149) 1.09 (1.03-1.16) 2.8334 | 0.0046

COVID-19 severity 0.789 (-0.689 - 2.266) | 2.20(0.50 - 9.64) 1.0458 | 0.296

Diabetes 2.109 (-0.072 - 4.29) 8.24 (0.93 - 72.96) 1.8955 | 0.058

Table 4. Associations of NfLL Z-scores

(recruiting center as random effect).

Univariate GLMM analysis | Estimate difference (95%Cl) | OR (95%Cl) z-value | p-value | n.cases

Male Sex 1.006 (0.244 - 1.768) 2.74 (1.28 - 5.86) 2.5886 | 0.0096 213

NfL Z-scores 0.786 (0.481 - 1.090) 2.19(1.62 - 2.98) 5.052 <0.0001 | 233

Current disease

Time to admission -0.108 (-0.409 - 0.194) 0.90 (0.66 - 1.21) -0.6988 | 0.48 30

Time to blood sampling 0.085 (0.033-0.136) 1.09 (1.03-1.15) 3.2334 | 0.0012 191

COVID-19 severity 1.110 (-0.495 - 2.715) 3.03 (0.61 - 15.10) 1.3552 | 0.18 99

Medical history

Diabetes - - - - only one
center

Hypertension -0.635 (-3.091 - 1.822) 0.53 (0.05-6.19) -0.5062 | 0.61 36

Laboratory analyses

Lymphocytes 0.048 (-0.136 - 0.232) 1.05 (0.87 - 1.26) 0.5072 | 0.61 41

Neutrophils 0.212 (-0.068 - 0.491) 1.24 (0.93-1.63) 1.4867 | 0.14 59

and other variables with the need of mechanical ventilation




CRP 0.016 (0.007 - 0.0257) 1.02 (1.01-1.03) 3.3129 | 0.0009 87

LDH - - - - no data
Creatinine 1.136 (-0.166 - 2.439) 3.12 (0.85-11.46) 1.7101 | 0.087 45
PaO2Fi02 0.025 (-0.014 - 0.065) 1.03 (0.99-1.07) 1.2565 | 0.21 41
Multivariate analysis Estimate difference (95%Cl) | OR (95%Cl) z-value | p-value | n.cases
Model 1

NfL Z-scores 0.845 (0.507 - 1.182) 2.33(1.66 - 3.26) 49088 | <0.0001 | 213
Male sex 0.958 (0.121-1.794) 2.61(1.13-6.02) 2.2441 | 0.025

Model 2

NfL Z-scores 0.968 (0.582 - 1.354) 2.63(1.79 - 3.87) 49159 | <0.0001 | 187
Male sex 0.937 (-0.012 - 1.887) 2.55(0.99 - 6.60) 1.935 0.053

Time to blood sampling 0.050 (0.004 - 0.096) 1.05 (1.004 - 1.10) 2.1181 | 0.034

Table 5. Associations between NfL, other variables and death (recruiting center as random effect).

Univariate GLMM analysis Estimate difference (95%Cl) | OR (95%Cl) z-value | p-value n. cases
Male Sex 0.243 (-0.149 - 0.635) 1.28 (0.86 - 1.89) 1.2162 0.22 687
NfL Z-scores 0.688 (0.4972 - 0.8785) 1.99(1.64 - 2.41) 7.0722 <0.0001 707
Current disease

Time to admission -0.113 (-0.186 - -0.040) 0.89 (0.83 - 0.96) -3.0473 | 0.0023 264
Time to blood sampling -0.002 (-0.030 - 0.027) 0.998 (0.97 - 1.03) -0.1112 | 0.91 422
COVID-19 severity 1.280(0.283 - 2.277) 3.60(1.33-9.74) 2.5163 0.012 469
Medical history

Diabetes 1.285 (0.690 - 1.881) 3.62 (1.99 - 6.56) 4.2302 <0.0001 409
Hypertension 0.367 (-0.124 - 0.858) 1.44 (0.88 - 2.36) 1.467 0.14 426
Laboratory analyses

Lymphocytes -0.608 (-1.060 - -0.156) 0.54 (0.35-0.86) -2.6383 | 0.008 285
Neutrophils 0.005 (-0.055 - 0.065) 1.005 (0.95 - 1.07) 0.1567 0.88 152
CRP 0.005 (0.002 - 0.008) 1.005 (1.002 - 1.008) | 3.3395 0.0008 338
LDH 0.004 (0.002 - 0.006) 1.004 (1.002 - 1.006) | 4.0661 <0.0001 247
Creatinine 1.192 (0.372 - 2.011) 3.30(1.45-7.47) 2.8508 0.0044 149
PaO2Fi02 -0.004 (-0.008 - -0.001) 0.996 (0.992-0.999) | -2.2537 | 0.024 142
Multivariate GLMM analysis | Estimate difference (95%Cl) | OR (95%Cl) z-value | p-value n. cases
Model 1

NfL Z-scores 0.588 (0.373 - 0.803) 1.80(1.45-2.23) 5.363 <0.0001 469
COVID-19 severity 1.059 (-0.113 - 2.230) 2.88 (0.89 -9.30) 1.7715 0.077

Model 2

NfL Z-scores 1.134(0.326 - 1.942) 3.11(1.39-6.97) 2.7521 0.0059 108
COVID-19 severity 8.501 (-426.88 - 443.881) >100 (0 - >1000) 0.0383 0.97
Lymphocytes -1.792 (-2.981 - -0.603) 0.17 (0.05 - 0.55) -2.9548 | 0.0031

Diabetes 1.783 (0.623 - 2.942) 5.94 (1.86 - 18.96) 3.013 0.0026




ROC curve analyses for NfL. Z-score

In the ROC analyses derived from univariate and multivariate GLMMs, the performance of NfLL Z-score to

discriminate patients with poor outcome from those with good outcome was moderate yielding an AUC >0.70

(Table 6). The best accuracy was yielded by the multivariate GLMM, which included NfL-Z score, sex, time

to blood sampling, COVID-19 severity and diabetes as variables in the prediction of ICU admission (AUC

0.916) (Table 6). SROCs for NfL Z-score as a biomarker and mortality as primary outcome showed an AUC
of 0.73 (95% CI= 0.62-0.80, Figure 2). After setting specificity at 75%, 85% and 95%, the optimal NfL Z-
score threshold was 2.91 (sensitivity 0.44. specificity 0.81), 3.28 (sensitivity 0.29, specificity 0.88), and 3.75

(sensitivity 0.15, specificity 0.95; Figure 2), respectively. At maximized Youden Index a cut-off of 2.08
yielded sensitivity of 77% and a specificity of 58%. SROCs for mechanical ventilation (AUC 0.80, 95%
CI=0.64-0.89) and ICU admission (AUC 0.82, 95% CI=0.72-0.90) showed also a fair predictive value of NfLL

Z-score, with sensitivity being low at a-priori set specificity boundaries (supplementary Figure 4).

Table 6. Receiver operating characteristic analyses for models with NfL-Z scores.

Outcome Model Variables AUC (95%Cl) 75% Specificity 85% Specificity 95% Specificity max Youden'’s index
Cut- Spec Sens Cut- Spec Sens Cut- Spec Sens Cut- Spec Sens
off off off off
ICU Univariate NfL Z-score 0.728 (0.690- | 0.584 | 0.753 | 0.536 | 0.617 | 0.852 | 0.430 | 0.667 | 0.951 | 0.279 | 0.539 | 0.710 | 0.647
admission model 0.767)
Multivatiate NfL Z-score + | 0.740 (0.702- | 0.554 | 0.751 | 0.569 | 0.643 | 0.851 | 0.421 | 0.697 | 0.951 | 0.270 | 0.535 | 0.725 | 0.623
model 1 sex 0.778)
Multivatiate NfL Z-score + | 0.786 (0.740- | 0.482 | 0.754 | 0.667 | 0.534 | 0.850 | 0.580 | 0.650 | 0.952 | 0.460 | 0.545 | 0.874 | 0.580
model 2 sex + time to | 0.833)
blood
sampling
Multivariate NfL Z-score + | 0.916 (0.861- | 0.608 | 0.750 | 0.892 | 0.740 | 0.857 | 0.800 | 0.792 | 0.964 | 0.738 | 0.792 | 0.964 | 0.738
model 3 sex + time to | 0.971)
blood
sampling  +
COVID-19
severity +
diabetes
Mechanical Univariate NfL Z-score 0.877 (0.827- | 0.282 0.767 0.838 0.367 0.855 0.757 0.540 0.956 0.568 0.420 0.912 0.730
ventilation model 0.927)
Multivatiate NfL Z-score + | 0.896 (0.849- | 0.250 | 0.755 | 0.886 | 0.355 | 0.860 | 0.814 | 0.612 | 0.951 | 0.571 | 0.294 | 0.804 | 0.871
model 1 sex 0.942)
Multivatiate NfL Z-score + | 0.881 (0.820- | 0.218 | 0.755 | 0.813 | 0.305 | 0.856 | 0.792 | 0.522 | 0.957 | 0.604 | 0.350 | 0.892 | 0.792
model 2 sex + time to | 0.942)
blood
sampling
Death Univariate NfL Z-score 0.767 (0.730- | 0.370 | 0.752 | 0.611 | 0.442 | 0.851 | 0.455 | 0.545 | 0.957 | 0.232 | 0.282 | 0.656 | 0.783
model 0.803)
Multivatiate NfL Z-score + | 0.715(0.668- | 0.446 | 0.756 | 0.553 | 0.494 | 0.856 | 0.371 | 0.554 | 0.96 0.200 | 0.430 | 0.702 | 0.629
model 1 COVID-19 0.763)
severity
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Figure 2. Receiver operating characteristic curves for the diagnostic accuracy of NfL Z-score for
predicting mortality.
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DISCUSSION

This is the first IPD meta-analysis investigating the prognostic role of blood NfL in a large and comprehensive
cohort of 707 hospitalised adult patients with COVID-19, admitted to 7 hospitals worldwide.

We showed that blood NfL values were typically elevated in hospitalised COVID-19 patients compared to
large age-adjusted datasets of healthy controls (Benkert et al., Lancet Neurology, 2022). Similar to previous
reports, NfL Z-scores correlated significantly with clinical severity as higher values were found in most severe
cases (Needham Brain 2022, Kanberg 2021). The significant associations between NfL Z-scores and CRP
or PaO2/Fi02 ratio, an established measure of lung injury severity, may support the complex interplay between
hypoxic injury, inflammatory response and other mechanisms that contribute to neuronal loss in COVID-19
(Kanberg 2021 and 2020, Smeele 2022). Taking together, all these data suggest that the rise of the biomarker
in blood might reflect the degree of a multifactorial neuroaxonal damage occurring in the acute phase, which,
in turn, relates to disease severity.

Most interestingly, we provided here evidence about the strong associations between higher blood NfL values
and higher rates of MV, ICU admission and death in hospitalised COVID-19 cases. Of note, NfL remained a
good independent predictor of unfavourable outcome, even after adjustment for covariates. Our results are in
line with recent findings in patients admitted to ICU after cardiac arrest or due to sepsis-associated
encephalopathy, in whom blood NfL values were significantly associated with disease severity and clinical
outcome (Paper Jama AC, Abu Rumeileh 2022, Ehler 2019). Nevertheless, a very recent and large cohort
study from two centres (Smeele Brain comm 2022) found contradicting results in regard to the association
between blood NfL and mortality in hospitalised COVID-19 patients. Nevertheless, Smeele et al. postulated a
potential relationship between faster mortality and NfL values assessed at admission but not during disease. In
line with this hypothesis, NfL at admission represented the mainstay of included values in our meta-analysis,
which might explain our finding of the strong association between the marker and survival (Smeele Brain
comm 2022).

Nevertheless, the general prognostic value of NfL in our cohort was too limited to be used as a standalone
predictive parameter in the clinical setting. In detail, at least in mortality prediction, the accuracy of NfL Z-
score alone was still insufficient to provide meaningful and univocal information with the cut-offs set. Indeed,
despite reaching an overall 72% accuracy, the critical issue of low sensitivity at non-absolute thresholds for
specificity is sufficient to discourage attempts to promote the single biomarker as the main driver of prognosis,
particularly as this concept may have detrimental implications on hospital care. On the other hand, blood NfL
might well represent a complementary, rapid and robust test for a multimodal assessment to simplify the early
approach to hospitalised COVID-19 patients. Conversely, in patients after OHCA, blood NfL showed a higher
prognostic value compared to those of other classical investigations, such as blood markers (neuron-specific
enolase, NSE, and S100b), head computed tomography and electro-encephalography (Paper Jama AC, Abu
Rumeileh 2022). Nevertheless, this represents a topic which is still largely unexplored in COVID-19 and

deserves further investigations in large and longitudinal cohorts. Here, it might be also of interest to investigate



whether single or repeated measurements with trends over time might further improve the sensitivity of the
biomarker to predict clinical outcomes.

In addition, our study also replicates, in a very large cohort of adult patients, the potential influence of several
physiological and pathophysiological factors on blood NfL. The strong correlation between blood NfL and age
is well-known in literature, and it is possibly related to ageing and age-related comorbidities (Khalil Nature
comm 2020, Abu Rumeileh 2022). Therefore, the adoption of NfL Z-scores instead of raw biomarker
concentrations (Benkert et al., Lancet Neurology, 2022) allowed to add robustness to our findings,
overcoming the potential lower consistency of unadjusted analyses. As previously described (Fitzgerald 2022,
Rubsamen 2022, Akamine 2020, Abu-Rumeileh 2022, Hay 2021), renal dysfunction, hypertension and
diabetes also influenced blood NfL variability in our cohort.

The major strength of our study relies on the generalisation of findings derived from small, heterogeneous and
geographically distinct cohorts to the population at large. This feature might allow to overcome a potential
single-centre bias and to optimise the diagnostic-prognostic assessment and standard care in COVID-19
patients. On the other side, given the high heterogeneity of clinical groups recruited among the centres,
biomarker median levels resulted strongly variable across distinct centres. Moreover, many of the variables

considered for the analyses did not have complete data as the present meta-analysis was not pre-specified.

The present IPD meta-analysis showed that blood NfL, although showing a significant association with main
clinical outcomes, should not be considered as a single parameter for routine purpose in hospitalised patients
with COVID-19, due to its fair prognostic performance. Further studies should evaluate whether combining
the prognostic value of NfL with that of other biological and clinical markers of COVID-19 severity may allow

to create reliable scores of easy implementations for outcomes prognostication in clinical practice.
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SUPPLEMENTARY MATERIALS

Box 1. Search string

["blood biomarker" OR "serum biomarker" OR "plasma biomarker" OR "blood neurofilament
light chain" OR "blood NfL" OR "serum neurofilament light chain" OR "serum NfL" OR
"plasma neurofilament light chain" OR "plasma NfL" OR "neurofilament" OR "neurofilament
light chain" OR "NfL"]) AND (["COVID-19" OR "Wuhan coronavirus" OR "novel coronavirus"
OR "novel coronavirus 2019" OR "SARS" OR "SARS-CoV-2"])

Supplementary Table 1. Number of individual participant data (IPD) included in the meta-analysis,

analytical and pre-analytical features of the 7 studies.

Authors (year) N of IPD Center Sample Assay Kit
(Country) matrix
Aamodt et al. 46 Oslo, Drammen Serum Simoa Neurology  4-
(2021) (Norway) Plex A
De Lorenzo et al. 104 Milan (Italy) Plasma Simoa Neurology  4-
(2021) Plex B
Fillmar et al. 19 Uppsala Plasma Simoa Neurology  4-
(2021)* (Sweden) Plex A
Masvekar et al. 370 Brescia (Italy) Plasma Simoa NF-LIGHT
(2022)
Prudencio et al. 142 Jacksonville Serum Simoa NF-LIGHT
(2021) (USA)
Sutter et al. 26 Basel Serum Simoa NF-LIGHT
(2021) (Switzerland)




Virhammar et 14 Uppsala Plasma Simoa Neurology

al. (2020)* (Sweden) Plex A

4-

*n=14/19 overlapping IPD.

Supplementary figure 1. PRISMA flow-chart. IPD = individual patient data.
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Supplementary figure 2. Location of the 7 recruiting centers providing individual participant data
(IPD). Country names and number of patients for which IPD were analyzed are displayed in boxes.
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Supplementary Table 2. Demographical, clinical and laboratory features of COVID-19 patients per recruiting center.

Oslo (n=26) Drammen (n=20) Milan (n=104) Uppsala (n=19) Brescia (n=370) Basel (n=26) Jacksonville (n=142)
value n.cases | value n.cases | value n.cases | Value n.cases | Value n.cases | value n.cases | value n. cases
Sex (female/male) | 9 (34.6) | 26 - - 40 (38.5) | 104 7 (36.8) | 19 94 (25.4) | 370 7 (26.9) | 26 60 (42.3) | 142
[frequency (%)] / 17 / 64 / 12 / 276 / 19 / 82
(65.4) (61.5) (63.2) (74.6) (73.1) (57.7)
Age [mean (+ sd) (range)] | 59.6 (| 26 60.5 (| 20 57.8 104 64 (48 - | 19 73.5 370 65 (55 - | 26 62 (48 - | 142
15.0) 18.2) (27 (485 - 72) (34 - (66.0 - 70) (37 - 72) (22 -
(30.0 - -93) 67.0) 76) 80.3) 92) 99)
87.0) (279 - (325 -
84.7) 99.1)
NfL raw values (pg/ml) | 17.1(9.9 | 26 26.4 (9.0 | 20 18.1 104 97.7 19 53.6 370 21.8 26 21.8 142
[median (IQR) (range)] - 302) - 46.9) (126 - (431 - (288 - (171 - (111 -
(5.8 - (65 - 35.1) 180.9) 105.5) 40.3) 49.0)
174.4) 122.7) (56 - (5.86 - (56 - (75 - (29 -
261.3) 877.0) 2233.2) 1311.7) 1538.5)
NfL log-transformed | 1.23 26 1.42 20 1.26 104 1.99 19 1.73 370 1.34 26 1.34 142
values (pg/ml) [median | (1.00 - (0.95 - (1.10 - (1.63 - (1.46 - (1.23 - (1.05 -
(1QR) (range)] 1.48) 1.64) 1.55) 2.26) 20.2) 1.61) 1.69)
(0.76 (0.81 - 075 - (077 - (0.75 - (0.88 - (0.46 -
2.24) 2.09) 2.42) 2.94) 3.35) 3.12) 3.19)
NfL Z-scores [median | 1.09 26 1.94 20 1.64 104 3.48 19 2.75 370 1.90 26 1.55 142
(1QR) (range)] (022 - (0.67 - (092 - (2.88 - (1.98 - (1.02 - (037 -
2.00) (- 2.77) (- 2.49) (- 3.62) (- 3.29) (- 2.56) (- 2.72) (-
1.44 - 0.03 - 0.61 - 081 - 2.33 - 0.08 - 3.72 -
3.72) 3.16) 3.78) 4.11) 4.17) 4.11) 4.17)
Current disease




Time to admission (days) | 8.0 (5.5- | 26 7.0 (6.0- | 4 7(4-10) | 104 - - 5(3-8) 130 - - - -
[median (IQR)] 11.8) 7.8)
Time to blood sampling | 8.0(5.5- | 26 7.0 (6.0- | 4 8(5-11) | 104 24 (21 - | 19 14 (8 - | 127 - - 1(0-3) | 142
(days) [median (IQR)] 11.8) 7.8) 30) 19)
COoVID-19 severity | - - - - - - 4(4-4) |19 4(4-4) | 370 3(3-3) | 26 4(4-4) | 54
(moderate/severe/critical
) [frequency (%)]
Comorbidities
Diabetes (yes/no) | - - - - 21 104 5 (26.3) | 19 36 286 - - - -
[frequency (%)] (20.2%) / 14 (12.6%)
/ 83 (73.7) /250
(79.8%) (87.4%)
Hypertension  (yes/no) | 9 (52.9) | 17 - - 38 104 10(52.6) | 19 56 286 - - - -
[frequency (%)] / 8 (36.5%) / 9 (19.6%)
(47.1) / 66 (47.4) / 230
(63.5%) (80.4%)
Laboratory analyses
Lymphocyte count | - - - - 1.00 98 8.1(5.2- | 15 0.85 146 0.47 26 - -
(x10°/1) [median (IQR)] (0.80 - 13.9) (051 - (027 -
1.30) 1.17) 0.67)
Neutrophil count (x10%/1) | 3.9 (2.4- | 26 43(3.0- | 20 53(3.7- | 93 75(55- | 13 - - - - - -
[median (IQR)] 6.2) 7.1) 8.0) 10.2)
CRP (mg/l) [median (IQR)] | 48.5 26 76.0 20 89.2 104 58.0 15 34.2 (9.1 | 147 181.4 26 - -
(105 - (520 - (247 - (111 - -98.4) (126.9 -
124.5) 157.5) 152.0) 135.5) 255.1)
LDH (U/I) [median (IQR)] | - - - - 387 (274 | 101 - - 309 (267 | 146 - - - -
-520) -424)




Creatinin (mg/dl) [median | 0.80 25 0.80 20 0.88 104 - - - - - - - -
(1QR)] (0.69 - (0.63 - (072 -

0.87) 1.30) 1.13)
Pa0O2/Fi02 [median | - - - - 284 (191 | 101 71.3 17 - - 157 (107 | 23 - -
(1QR)] -367) (65.3 - -177)

96.8)

Outcomes
Days of hospitalization | 1(1-3) | 25 25(2.0- | 4 10 (0 - | 103 49 (21 - | 19 27 (16 - | 187 22 (11 - | 26 9(6-15) | 142
[median (IQR)] 5.8) 25) 61) 41) 28)
Mechanical ventilation | 2 (7.7) / | 26 4 (20.0) | 20 - - 16(84.2) | 19 - - 22 (84.6) | 26 30(21.1) | 142
(yes/no) [frequency (%)] 24 (92.3 / 16 / 3 / 4 / 112

) (80.0) (15.8) (15.4) (78.9)
Days of mechanical | - - - - - - - - - - 10 (6 - | 22 3(0-14) | 30
ventilation [median (IQR)] 18)
ICU admission (yes/no) | 6 (23.1) | 26 5(25.0) | 20 34(32.7) | 104 17(89.5) | 19 129 310 26 26 54 (38.0) | 142
[frequency (%)] / 20 / 15 / 70 / 2 (41.6) / (100.0) / / 88

(76.9) (75.0) (67.3) (10.5) 181 0(0.0) (62.0)

(58.4)
Death (yes/no) | 2 (7.7) / | 26 4 (20.0) | 20 22(21.2) | 104 2 (105) | 19 150 370 5 (19.2) | 26 13 (9.2) | 142
[frequency (%)] 24 (92.3) / 16 / 82 / 17 (40.5) / / 21 / 129
(80.0) (78.8) (89.5) 220 (80.8) (90.8)

(59.5)




Supplementary figure 3. Distribution of NfL. Z-scores median values across recruiting centres
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Supplementary Figure 4. Summary ROC for NfL Z-score prediction of mechanical ventilation (left) and admission to ICU (right) according to predefined
specificity thresholds.
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Mechanical ventilation. Specificity 95% optimal cut-off 4.16 (sensitivity 0.08, specificity 0.98), specificity 85% optimal cut-off 3.73 (sensitivity 0.17, specificity
0.96), specificity 75% optimal cut-off 2.86 (sensitivity 0.49, specificity 0.86). At maximized Youden-Index optimal cut-off 2.03 (sensitivity 0.80, specificity 0.66)

ICU admission. Specificity 95% optimal cut-off 4.28 (sensitivity 0.21, specificity 0.94), specificity 85% optimal cut-off 3.86 (sensitivity 0.32, specificity 0.91),
specificity 75% optimal cut-off 84 (sensitivity 0.67, specificity 0.80). At maximized Youden-Index optimal cut-off 2.00 (sensitivity 0.88, specificity 0.67)



