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Serum neurofilament light 
chain as a sensitive biomarker 
for neuromonitoring 
during extracorporeal membrane 
oxygenation
Stefanie Fischer 1*, Lars Heubner 2, Stephanie May 2, Puya Shalchi Amirkhiz 1, Jens Kuhle 3, 
Pascal Benkert 4, Tjalf Ziemssen 1, Peter Spieth 2,5 & Katja Akgün 1,5

The use of extracorporeal membrane oxygenation (ECMO) has grown rapidly, driven by the COVID-
19 pandemic. Despite its widespread adoption, neurological complications pose a significant risk, 
impacting both mortality and survivors’ quality of life. Detecting these complications is challenging 
due to sedation and the heterogeneous nature of ECMO-associated neurological injury. Still, 
consensus of neurologic monitoring during ECMO is lacking since utilization and effectiveness of 
current neuromonitoring methods are limited. Especially in view of the heterogeneous nature of 
neurological injury during ECMO support an easily acquirable biomarker tracing neuronal damage 
independently from the underlying pathomechanism would be favorable. In a single-center 
prospective study on 34 severe acute respiratory distress syndrome (ARDS) patients undergoing 
ECMO, we explored the potential of serum neurofilament light chain levels (NfL) as a biomarker for 
neurological complications and its predictive power towards the overall outcome of ECMO patients. 
Individuals experiencing neurological complications (41%) demonstrated a notable rise in NfL levels 
(Tbaseline median 92.95 pg/ml; T24h median 132 pg/ml (IQR 88.6–924 pg/ml), p = 0.008; T7d median 
248 pg/ml (IQR 157–1090 pg/ml), p = 0.001). Moreover, under ECMO therapy, these patients exhibited 
markedly elevated concentrations compared to those without neurological complications (T24h median 
70.75 pg/ml (IQR 22.2–290 pg/ml), p = 0.023; T7d median 128 pg/ml (IQR 51.8–244 pg/ml), p = 0.002). 
There was no significant difference in the NfL dynamics between surviving patients and those who 
died during or shortly after ECMO therapy. While NfL indicates neuro-axonal damage during intensive 
care with ECMO therapy, we could not identify any correlation between survival outcome and the 
levels of NfL, indicating that NfL may not serve as a prognostic marker for survival. Nevertheless, 
additional studies involving a larger patient cohort are required.
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CI	� Confidence interval
CIP/CIM	� Critical illness myopathy/critical illness polyneuropathy
CNS	� Central nervous system
CSF	� Cerebrospinal fluid
ECMO	� Extracorporeal membrane oxygenation
Etc.	� Et cetera
FTD	� Frontotemporal dementia
GFAP	� Glial fibrillary acidic protein
ICH	� Intracranial hemorrhage
ICU	� Intensive care unit
IQR	� Interquartile range
MS	� Multiple sclerosis
NfL	� Neurofilament light chain
ns	� Not significant
NSE	� Neuron specific enolase
PD	� Parkinson: s disease
PRES	� Posterior reversible encephalopathy syndrome
SAH	� Subarachnoidal hemorrhage
SDH	� Subdural hemorrhage
sNfL	� Neurofilament light chain in serum
vs.	� Versus
VV-ECMO	� Veno-venous extracorporeal membrane oxygenation

In 1944, the internists Kolff and Berk made the discovery that blood flowing through cellophane chambers of 
an artificial kidney becomes oxygenated1. The foundation for the development of ECMO was laid. In addition 
to cardiac surgery, the technique has revolutionized intensive care medicine over the past 80 years. It maintains 
sufficient gas exchange over days and weeks while the lung parenchyma can recover from previous damage or 
mature in the case of premature infants.

Despite its often life-saving effect, the use of ECMO is considered a last resort in the treatment of critically ill 
patients with severe impaired pulmonary function or as extracorporeal life support (ECLS) for e.g. cardiogenic 
shock. Primarily due to its negative side effects, particularly neurological complications and hemostatic disor-
ders, e.g. bleeding and thrombosis, ECMO support cannot easily be recommended for every patient2. Distinct 
criteria for the eligibility of ECMO support in ARDS has been established in international guidelines3. ECMO 
support is frequently associated with neurological events such as hypoxic encephalopathy, ischemic strokes, or 
spontaneous intraparenchymal or extra-axial hemorrhages4–6. As the number of ECMO cases continues to rise, 
the need for standardized, sensitive, and easily applicable neuromonitoring methods becomes more urgent, 
especially in non-neonatal age groups. Additionally, a reliable biomarker for identifying suitable patients with 
a low hazard of significant neurological complications and, consequently, a low risk of mortality during ECMO 
support would be desirable.

A cross-disease blood-based biomarker that is highly sensitive to neuronal damage is neurofilament light 
chain (NfL), which has been associated with disease severity and prognosis in multiple neurological diseases and 
general neurodegeneration7–9. The neuronal cytoplasmic protein is highly expressed in large calibre myelinated 
axons. Its levels increase in cerebrospinal fluid (CSF) and blood proportionally to the degree of neuro-axonal 
damage in a variety of neurological disorders, including inflammatory, neurodegenerative, traumatic and cer-
ebrovascular diseases. Even though changes in NfL levels in biofluids are not specific to any particular central 
nervous system (CNS) disease, this biomarker may have diagnostic value and significant potential in terms of 
prognostic assessment and disease monitoring9. For instance, a recent meta-analysis indicates that serum NfL 
shows promise as an early biomarker of neurological outcomes following cardiac arrest10.

With our single center prospective observational study, we aimed to examine serum neurofilament light chain 
(sNfL) levels, neurological complications and their potential risk factors in patients undergoing veno-venous 
extracorporeal membrane oxygenation (VV-ECMO) due to acute respiratory distress syndrome (ARDS). As 
patient recruitment took place during the Covid-19 pandemic, almost exclusively patients with ARDS second-
ary to COVID-19 were included. We also addressed the question whether sNfL serves as a sensitive biomarker 
for neurological complications during ECMO therapy and whether baseline levels prior to ECMO initiation are 
useful in assessing patients’ mortality risk during ECMO treatment.

Methods
Patients and ethical approval
We conducted a single center prospective observational study, examining 34 patients at the anaesthesiological 
intensive care unit (ICU) at the university medical center of Dresden with severe ARDS who required VV-ECMO 
support in the period of 04/2021 to 11/2021. Patients were selected based on the following inclusion criteria: 
age ≥ 18 years, ARDS requiring VV-ECMO support, absence of pre-existing chronic or acute neurological dis-
eases or injuries. The management of ARDS and ECMO treatment in these patients was performed according 
to internal guidelines and has been previously published elsewhere11.

The study was performed according to the Declaration of Helsinki and the study protocol was approved by the 
Ethics Committee of the Faculty of Medicine of the Dresden University of Technology, Germany. If patients were 
not able to give their informed consent, their legal representatives or an independent physician of the university 
clinical center received written information about the study and were asked to give written informed consent for 
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participation considering the presumed patient`s interest. In these cases, informed consent was obtained later 
on, if patients were able to make decisions again.

sNfL measurements
Serum samples were collected at three predefined different time points: just before ECMO cannulation (Tbaseline), 
24 h afterwards (T24h) and 7 days after ECMO cannulation (T7d). Furthermore, patients were analyzed for demo-
graphic data (age, pre-existing diseases), routine laboratory parameters and the occurrence of complications, 
including clotting abnormalities, pulmonal, cardial, infectious, neurological events during or subsequent to 
ECMO support or exitus letalis at the ICU setting. Serum samples were stored at −80 °C till measurement. 
NfL levels were measured in serum using the commercially available Single Molecule Array NfL assay on a 
HD-1 Analyzer (SIMOA, Quanterix, Lexington, MA, USA)12,13. Samples were prepared as recommended in the 
manufacturer`s instructions (Quanterix, Lexington, MA, USA). Sample dilution was calculated and done by the 
instrument. The mean intra-assay coefficient of variation of duplicates was below 10%. NfL levels were measured 
in pg/ml and additionally log transformed for statistical analysis. Furthermore, NfL-levels were adjusted for age 
and BMI using a Generalized Additive Model for Location, Scale and Shape (GAMLSS model). NfL Z-scores 
(based on a large population of healthy controls) indicating how strongly the NfL levels deviate from levels in 
control persons of same age and BMI were calculated as described previously14.

Statistical analysis
Our longitudinal patient data were analyzed per cohort by generalized linear mixed models for repeated measures 
with log link function due to right-skewed distribution pattern of the data and point of time as the fixed effect of 
the model. The results were adjusted for age and sex. Bonferroni correction for pairwise tests was used. Values 
of *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 were considered as statistically significant.

The results are reported and graphically depicted as the median with indication of the interquartile range 
(IQR).

Results
Patient characteristics
A total of 34 patients were included in the study. The mean age was 54 years, 73.5% male and 26.5% female. Over 
80% of the patients had no significant pre-existing conditions and all patients had a prehospital Barthel Index of 
100. In over 90% of cases, the indication for ECMO was severe ARDS due to SARS-CoV-2 pneumonia. 44.1% 
survived at least until transfer to a rehabilitation facility. 41.2% of all ECMO patients developed neurological 
complications, of which, in turn, 57% resolved during the further course of hospitalisation. Other common 
complications occurring in 60–90% of patients included cardiovascular, pulmonary, coagulation, and infectious 
complications. All patients who deceased (55.9%) succumbed to multiorgan failure within the context of septic 
shock. Table 1 provides a detailed overview of the characteristics of the included patients.

Neurological complications during ICU and ECMO
To identify potential risk factors for developing neurological adverse events during ECMO support, we com-
pared patient characteristics of people who developed neurological complications and clinically neurologically 
asymptomatic patients (Table 2). There was a significant difference in the application of procoagulatory treatment 
(PPSB, fibrinogen) between both groups. Within the group without neurological complications 60% received 
procoagulatory products whereas only 21% of patients who developed neurological complications got procoagu-
latory therapy (p = 0.026). There were no relevant differences between the two subgroups concerning age, sex, 
pre-existing diseases, non-neurological complications, infusion of red cell concentrates or platelet concentrates, 
haemodialysis or the treatment with immune modulating drugs.

sNfL levels in the ICU setting during ECMO therapy
An important aspect of this study was to investigate the role of sNfL in the ICU setting during ECMO therapy. 
First, we evaluated the overall sNfL-kinetics of all patients undergoing VV-ECMO (Fig. 1). When considering 
the sNfL values of all ECMO patients, it was noticeable that the values were already significantly elevated imme-
diately before ECMO connection (Tbaseline median 73.85 pg/ml (IQR 35.5–213 pg/ml)). 24 h after start of ECMO, 
a significant increase in the sNfL level was observed compared to the baseline (T24h median 117 pg/ml (IQR 
57.2–301 pg/ml), p = 0.011). Seven days after the start of ECMO therapy, this value showed a further significant 
increase (T7d median 188.5 (IQR 107–344 pg/ml), p = 0.001). The sNfL values at the various measurement points 
in our studied patient cohort did not show any correlation with other blood parameters such as complete blood 
count, inflammation markers, retention parameters, cholestasis markers, or transaminases.

NfL levels are known to increase with age and decrease with increasing body mass index (BMI)14. Therefore, 
we calculated Z-scores for each sNfL value, representing the deviation of a given patient sNfL level versus same 
age and BMI healthy controls. Table 3 displays the Z-score distribution of all patients at time point 1 (baseline) 
in correlation to clinical outcome parameters (survival status, Barthel activities of daily living (ADL) index) and 
the occurrence of neurological complications during the course of ECMO therapy.

8.7% of patients who underwent ECMO therapy showed sNfL values with Z-scores higher than 4 (i.e. 99.99th 
percentile). 50.1% of patients showed sNfL Z-scores above 3 (99.7th percentile), and 20.3% above 2 (95.5th per-
centile). Interestingly, the sNfL values of one patient remained very low throughout the course of ECMO therapy 
(Tbaseline 3.14 pg/ml, Z-score -2.2 (1.45th percentile), T24h 4.46 pg/ml, Z-score -1.2 (12th percentile), T7d was not 
collected due to early discharge from the hospital). This patient was a 37-year-old man who had an uncompli-
cated hospital course with rapid decannulation from ECMO treatment and a barthel index of 100 at discharge.
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However, when comparing baseline sNfL Z-scores in terms of survival status, the prevalence of neurologi-
cal complications, or the Barthel Index at discharge, no significant differences could be observed between the 
respective subgroups.

Table 1.   Characteristics of study population. 1Crohn’s disease, atrial fibrillation, mitral valve insufficiency, 
tricuspid valve insufficiency, spinal canal stenosis, chronic kidney insufficiency, renal hyperparathyroidism, 
cholangiocellular carcinoma; 2Glucocorticoids, interleukin-6 (IL6) blocking agent.

Total patient number (n) 34

Mean age, years (range) 54.2 (18–77)

Sex, n (%) Female: 9 (26.5), male: 25 (73.5)

Severe ARDS resulting from: n (%)

 ● SARS-CoV-2 pneumonia 31 (91.2)

 ● Pleural empyema 1 (2.9)

 ● Ileus with misery 1 (2.9)

 ● Unknown cause 1 (2.9)

Pre-existing diseases1, n (%)

 ● Yes 6 (17.7)

 ● No 28 (82.3)

Survival, n (%)

 ● Survived 15 (44.1)

 ● Deceased 19 (55.9)

Complications, n (%)

 ● Neurological 14 (41.2)

 ● Pulmonary 26 (76.5)

 ● Cardiovascular 23 (67.6)

 ● Hemostatic 30 (88.2)

 ● Infectious 24 (70.6)

Co-treatment during ECMO, n (%)

 ● Haemodialysis 7 (20.6)

 ● Catecholamines 33 (97.1)

 ● Coagulation products 15 (44.1)

 ● Red blood cell concentrates 21 (61.8)

 ● Platelet concentrates 3 (8.8)

 ● Immunomodulators2 14 (41.2)

Table 2.   Comparison of patients who developed neurological complications during VV-ECMO therapy versus 
patients who did not.

Neurological complications

No (n = 20) Yes (n = 14) Chi2 test

N % Clopper Pearson CI n % Clopper Pearson CI p

Age (≥ 50 years) 15 75 (50.9–91.3%) 10 71.4 (41.9–91.6%) 0.816

Sex (females) 5 25 (8.7–49.1%) 4 28.6 (8.4–58.1%) 0.816

Pre-existing diseases 4 20 (5.7–43.7%) 2 14.3 (1.8–42.8%) 0.667

Bacterial superinfection 16 80 (56.3–94.3%) 8 57.1 (28.9–82.3%) 0.150

Clotting complications 17 85 (62.1–96.8%) 13 92.9 (66.1–99.8%) 0.484

Pulmonal complications 16 80 (56.3–94.3%) 10 71.4 (41.9–91.6%) 0.562

Haemodynamic complications 13 65 (40.8–84.6%) 10 71.4 (41.9–91.6%) 0.693

Haemodialysis 4 20 (5.7–43.7%) 3 21.4 (4.7–50.8%) 0.919

Vasopressors 20 100 (83.2–100%) 13 92.9 (66.1–99.8%) 0.225

Procoagulatory treatment (PPSB, fibrinogen) 12 60 (36.1–80.9%) 3 21.4 (4.7–50.8%) 0.026

Red cell concentrates 12 60 (36.1–80.9%) 10 71.4 (41.9–91.6%) 0.493

Platelet concentrates 2 10 (1.2–31.7%) 1 7.1 (0.2–33.9%) 0.773

Immunomodulation 9 45 (23.1–68.5%) 5 35.7 (12.8–64.9%) 0.558
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sNfL as marker to monitor neurological complications during ICU and ECMO
One of the main aims of the study was to investigate whether sNfL is a sensitive biomarker for neurological 
complications during ECMO therapy and thus suitable as a monitoring marker in the ICU setting. During our 
study, 41% of recruited patients undergoing ECMO developed neurological complications, which manifested as 
intracranial parenchymal hemorrhage (11.7%), ischemic stroke (2.9%), subdural hematoma (2.9%), subarachnoi-
dal hematoma (2.9%), posterior reversible encephalopathy syndrome (PRES) (2.9%), delirium and brain organic 
psychosis (11.7%), critical illness polyneuropathy and myopathy (CIP/CIM) (11.7%) and hepatic encephalopathy 
due to acute hepatic failure (2.9%).

The course of sNfL values in relation to the occurrence of neurological complications is depicted in (Fig. 2). 
In comparison to patients who did not develop neurological complications during ECMO treatment, patients 
with neurological events showed higher sNfL values even before ECMO connection, although statistical sig-
nificance had not been reached at this point in time (Tbaseline (with) median 92.95 pg/ml (IQR 64.7–207 pg/ml) 
vs. Tbaseline (without) median 52.6 pg/ml (IQR 24.5–218.5 pg/ml)). 24 h after start of ECMO therapy, the cohort of 
patients with neurological complications demonstrated a significant sNfL increase compared to their baseline 
level (T24h (with) median 132 pg/ml (IQR 88.6–924 pg/ml), p = 0.008). Seven days after ECMO, the sNfL value in 
this subpopulation further significantly increased compared to the previous time-points (T7d (with) median 248 pg/
ml (IQR 157–1090 pg/ml), p = 0.001). In contrast, patients without neurological complications did not show a 

Fig. 1.   sNfL levels during ICU and ECMO therapy. Median sNfL levels with IQR in patients undergoing ECMO 
support just before (Tbaseline), 24 h after (T24h) and 7 days after ECMO cannulation (T7d) are presented. Asterixis 
indicate level of statistical significance: *p < 0.05, **p < 0.01.

Table 3.   Adjusted Z-scores of sNfL baseline levels of the study population and their distribution in the several 
sub cohorts.

Z-Score baseline n (%) Deceased n (%) Survived n (%) Neurological complications n (%)
No manifest neurological 
complications n (%)

Barthel ADL index of survivors 
at discharge mean (range)

 < 1 2 (5.8) 1 (5.2) 1 (6.7) 1 (7.1) 1 (5) 100

 ≥ 1, < 2 3 (8.7) – 3 (20) 1 (7.1) 2 (10) 21.7 (0–65)

 ≥ 2, < 3 7 (20.3) 4 (21) 3 (20) 1 (7.1) 6 (30) 6.7 (0–10)

 ≥ 3, < 4 19 (55.1) 13 (68.4) 6 (40) 9 (64.3) 10 (50) 7.5 (0–45)

 ≥ 4 3 (8.7) 1 (5.2) 2 (13.3) 2 (14.3) 1 (5) 15 (10–20)

Fig. 2.   sNfL levels in patients with and without neurological complications during ICU and ECMO support. 
Median sNfL levels with IQR of ECMO-supported patients with neurological complications (pink) and without 
(purple) are presented at the points of time just before (Tbaseline), 24 h after (T24h) and 7 days after ECMO 
cannulation (T7d). Asterixis indicate level of statistical significance: **p < 0.01.
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significant increase in sNfL within the 7-day evaluation period and presented significantly lower sNfL levels at 
T24h (T24h (without) median 70.75 pg/ml (IQR 22.2–290 pg/ml), p = 0.023) and T7d (T7d (without) median 128 pg/ml 
(IQR 51.8–244 pg/ml), p = 0.002) compared to the group with neurological complications.

Predictive value of sNfL in terms of survival outcome
44.1% of the ECMO patients survived until discharge to a rehabilitation facility, 55.9% died within the observed 
time interval of seven days. Table 4 provides an overview between patients who survived and those who deceased 
in terms of their demographic data, received treatment measures, and the prevalence of complications during 
their ICU stay. Patients who passed away were on average approximately 10 years older than the survivors, had 
a higher prevalence of pre-existing conditions (26.3 vs. 6.7%), and experienced significantly more complications 
during their hospital stay.

The course of NfL values in relation to survival status is depicted in (Fig. 3). When considering baseline 
NfL levels (Tbaseline), there was no significant difference between patients who survived (Tbaseline (survived) median 
48.3 pg/ml (IQR 16.8–95.8 pg/ml)) and those who passed away during the subsequent course of intensive medi-
cal treatment (Tbaseline (deceased) median 119 pg/ml (IQR 47,4–262 pg/ml), p = 0.45). Furthermore, no significant 
difference was observed between the two subgroups at 24 h and 7 days after ECMO initiation in the subsequent 
course of treatment, although patients with a fatal outcome tended to exhibit higher values compared to survivors 
(T24h (deceased) median 274 pg/ml (IQR 66.3–363 pg/ml) vs. T24h (survived) median 75.2 pg/ml (IQR 23.5–132 pg/ml); 
T7d (deceased) median 255.5 pg/ml (IQR 81.1–546 pg/ml) vs. T7d (survived) median 162.5 pg/ml (IQR 112–246 pg/ml)).

Discussion
ICU treatment and ECMO therapy are associated with an increased risk of developing neurological complica-
tions. However, sensitive and specific biomarkers that allow for comprehensive monitoring of sedated patients 
regarding neurological complications are not yet standardized. Furthermore, reliable biomarkers are lacking to 
identify patients at risk for neurological complications as well as an unfavorable clinical course under planned 
intensive care measures. During the Covid-19 pandemic, the examined cohort almost exclusively comprised 

Table 4.   Comparison of the characteristics of patients who died and those who survived.

Deceased Survived

Mean age years (age range) 58.8 (47–77) 48.4 (18–68)

Sex, female (n = 9) n (%) 4 (44.4) 5 (55.6)

Male (n = 25) 15 (60) 10 (40)

Pre-existing diseases n (%) 5 (26.3) 1 (6.7)

Neurological complications n (%) 5 (26.3) 11 (60)

Pulmonary complications n (%) 19 (100) 7 (46,7)

Cardiovascular complications n (%) 17 (89,5) 6 (40)

Infectious complications n (%) 19 (100) 5 (33,3)

Hemostatic complications n (%) 18 (94.7) 12 (80)

Haemodialysis n (%) 6 (31.6) 1 (6.7)

Catecholamine requirement n (%) 19 (100) 14 (93.3)

Procoagulatory therapy n (%) 11 (57.9) 4 (26.7)

Red blood cell concentrates n (%) 15 (78.9) 7 (46.7)

Platelet concentrates n (%) 2 (10.5) 1 (6.7)

Fig. 3.   sNfl levels depending on survival during ICU and ECMO. Comparison between median sNfL levels of 
ECMO-supported patients depending on their outcomes (survived green; deceased red) at the points of time 
just before (Tbaseline), 24 h after (T24h) and 7 days after ECMO cannulation (T7d).
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patients with Covid-19-associated severe ARDS, with Covid-19 infection itself already proven to increase the 
risk of neurological complications.

NfL is a sensitive biomarker detecting neuronal damage in several neurological diseases, neurodegeneration 
and neurotrauma and seems promising for detecting neurological complications during ECMO therapy8,15–19. 
Furthermore, NfL serves as potential prognostic marker in various diseases, as it is considered a predictor of 
disease activity in patients with multiple sclerosis (MS), as an early biomarker of neurological outcomes fol-
lowing cardiac arrest, as well as marker for cognitive worsening in Alzheimer`s disease (AD), frontotemporal 
dementia (FTD) and parkinson`s disease (PD), and of motor worsening in patients with amyotrophic lateral 
sclerosis (ALS) and atypical parkinsonian disorders (APDs)7,10.

As people are getting older and present more comorbidities a reliable biomarker predicting the outcome of 
patients undergoing ECMO support is preferable to screen for those who benefit from this invasive treatment. 
However, in our study increased baseline sNfL levels were not associated with a poor prognosis comparing 
survivors and patients who died during or shortly after ECMO therapy. Furthermore, sNfL levels before ECMO 
initiation could not predict the risk for subsequent neurological complications during ECMO therapy. Although 
patients who developed neurological complications during ECMO had, on average, higher sNfL values before 
ECMO initiation compared to patients without neurological symptoms later on, this difference did not reach 
statistical significance. Our results are in line with those of Smeele et al. who observed that sNfL levels of COVID-
19 patients neither at ICU admission nor at their peak predict 90 days-mortality6. However, available research 
data are not consistent in respect to this question as a previous study could demonstrate an association between 
sNfL and mortality in ICU patients8,20.

Interestingly, the baseline sNfL levels before ECMO connection were elevated in nearly all patients, regardless 
of their subsequent clinical course, when compared to age-matched healthy controls by calculating Z-scores. In 
this context, more than 80% of the patients had their baseline sNfL values exceeding the 95.5th percentile versus 
healthy controls (i.e. versus 4.5% of same age and BMI controls expected to show higher sNfL levels). Possible 
explanatory approaches for the pre-existing elevated sNfL levels observed in nearly all patients include preced-
ing and persistent respiratory insufficiency, e.g. hypoxemia21, reduced venous CNS drainage due to elevates 
ventilator pressures22,23, negative effects of long-term sedation and analgesia24,25 as well as neurotoxicity due to 
Covid-associated systemic inflammatory response20,26–28.

Regardless of the clinical outcome, the dynamics of sNfL values during the course of ICU treatment exhibited 
an upward trend in all patients, even in those who did not manifest neurological complications. Therefore, it 
must be assumed that at least subclinical neurological damage occurred. Several sources and pathomechanisms 
for (subclinical) neurological injury during intensive care treatment have to be considered: Once again, it must 
be noted that almost all patients of our study were infected with COVID-19. Previous studies could demonstrate 
that severe COVID-19 infection itself leads to a sNfL increase in a non-linear fashion in the first month after ICU 
admission and is associated with higher sNfL compared with non-COVID-19 ICU controls8,20,27. NfL increase in 
critically ill COVID-19 patients does not surprise considering previously discovered pathomechanisms like toxic 
or metabolic encephalopathy8,28, axonal damage due to inflammatory response8,29, endothelial dysregulation due 
to viral entry3 as well as cytokine storm with associated prothrombotic state3. Furthermore, ECMO application 
holds high risk for neurological damage, among others due to rapid correction of hypercarbia30, severe hemostatic 
disorders as acquired von Willebrand syndrome due to higher sheer stress of the ECMO circuit, aggressive anti-
coagulation, thrombocytopenia and thrombosis6,31,32. Though not all patients receiving ECMO support develop 
clinically apparent neurological symptoms, Marinoni et al. could show that cerebral microemboli are detectable 
in neurologically asymptomatic ECMO patients as well33 indicating at least one source for subclinical neuronal 
damage. In addition, during our study ICU-associated complications like bacterial superinfections occurred 
frequently in the recruited study population, presumably leading to systemic inflammatory response syndrome, 
which could further contribute to brain injury34. Based on the collected sNfL data it can be assumed, that patients 
undergoing ECMO support sustain at least subclinical neuronal damage, emphasizing the compelling need for 
sensitive neuromonitoring in order to initiate further and targeted diagnostics in case of abnormalities.

Even though none of the patients in our cohort succumbed primarily to their neurological complications, 
sensitive and early detection of neurological complications can be live saving. On the other hand, a reliable 
neuromonitoring method with the early identification of neurological complications could contribute to early 
adjustment of therapeutic goals in case of predicted severe neurological disability. While sNfL values before 
the initiation of ECMO therapy do not appear to serve as predictors for the subsequent clinical course under 
ECMO support, our data does reveal significantly elevated sNfL levels in patients with manifest neurological 
complications acquired during the course of ECMO support independent on their sources compared to patients 
developing no evident neurological injury.

Molecular biomarkers like sNfL are of significant relevance in addition to clinical examination especially in 
ICU patients that are mostly sedated and often treated with muscle relaxants. Several methods of neuromonitor-
ing during ECMO have been analyzed, but its use is limited due to inconsistency because of different methods, 
high costs, limited availability of trained staff and the lack of validation in large-scale studies35. Furthermore, 
many of these assessed monitoring methods depend on a specific pathophysiology or epiphenomenon (e.g. 
elevated or reduced cerebral excitability, cortical desoxygenation etc.) which leads to a decreased sensitivity 
of detecting neuronal damage, particularly located in deep brain structures or due to other underlying factors.

Especially with respect to the broad spectrum of possible neurological complications during ECMO support, 
a monitoring method detecting neuronal damage instead of a single possible pathomechanism will contribute 
to a necessarily high sensitivity. Considering this, blood based neuronal biomarkers are promising candidates 
of a future standardized neuromonitoring protocol for patients undergoing ECMO support. There are published 
reports of the evaluation of other blood-based parameters like NSE, S100b and GFAP with regard to their eli-
gibility for neuromonitoring during ECMO35–39. However, despite their demonstrated significant association 
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with acute brain injury, validated biomarker-based monitoring protocols applicable for ECMO therapy are still 
lacking. Furthermore, most studies regarding these parameters were conducted speciously on biomarker dynam-
ics in infants undergoing ECMO. Reasons, why sNfL should be part of single or multi-panel blood biomarkers 
include its eligibility to detect axonal damage directly (vs. GFAP as glial parameter), the requirement of small 
blood volumes for assay, fast processing, precise quantification, low cost, minimal technical expertise required 
for the assay and the intense and ongoing research on sNfL, including studies examining potential neuroprotec-
tive agents as well40. Furthermore, it becomes apparent, that the combination of different neuronal biomarkers, 
including sNfL, could contribute to etiological classification of neuronal damage which could prospectively be 
helpful in an ICU setting as well41.

Regarding potential risk factors for the development of neurological complications in our cohort, we observed 
an association with the absence of administration of procoagulatory products. Due to the small size of our study 
population and the study design, no causal relationship can be inferred from our data. However, given that 
intracranial hemorrhages are a leading complication in COVID-19-infected patients under ECMO support, 
future studies investigating this relationship more closely could be promising3.

Some limitations of our study have to be discussed including the relatively small sample size and the lack of 
routine imaging, electrophysiologic measurements and consistent neurological scoring (e.g. GCS, NIHSS) to 
assign degree and kind of selected neurological complications more in detail. Furthermore, data on long-term 
clinical outcome of patients who survived are missing. The current project was planned as a pilot study in our 
anesthesiology-led intensive care unit. Here, acute neurological diagnostic procedures were performed as needed 
in the event of clinical signs of deterioration (GCS deterioration, pupillary difference, etc.). A standardized collec-
tion of functional neurological test parameters at the respective time points, particularly at discharge or transfer, 
was not initially planned in the study design. However, it must be consistently considered in future projects to 
investigate the association with brain-centered outcomes. A corresponding follow-up project is already in plan-
ning, which will include the mentioned implementation of standardized neurological diagnostics as well as a 
larger sample size. One of the main reasons for ending recruitment for the current study was the alignment with 
the sample sizes of previously published ECMO studies, coupled with the decline of the COVID-19 pandemic, 
which made further patient recruitment difficult.

As a final limiting factor of this study, we would like to point out the still not yet firmly established neurofila-
ment reference ranges. In the literature, a cutoff of 10 pg/ml is mentioned, which is also used for other neurologi-
cal diseases. It is assumed that neurofilament levels are likely normal if the value is below 10 pg/ml. Even for the 
assessment of BMI- and age-adjusted Z-scores, there are currently only reference values for previously studied 
neurological conditions. For example, in multiple sclerosis, a significant increase in NfL is present at a Z-score 
of 1.25, and a secure neurodestruction is assumed at a value of 1.514. To illustrate the neurofilament dynamics at 
different sampling times, we deliberately chose absolute neurofilament values to avoid information loss through 
Z-score transformation.

Nevertheless, the availability of a biomarker for neurological monitoring of ICU patients, especially patients 
undergoing ECMO support, could be of significant relevance concerning clinical decision-making. Our results 
show that significantly increasing sNfL levels during ECMO therapy indicate neurological complications, and 
suggest sNfL levels as potential molecular biomarker as part of a sensitive neuro-monitoring tool to predict 
neuro-axonal damage in ICU setting. Further studies are essential to define distinct sNfL levels and the impor-
tance of sNfL variation over time, to estimate the potential of sNfL measurements to predict neurological com-
plications in detail and to weigh mortality risks and clinical outcome in ICU patients.

Data availability
All data generated during/or analysed during this study are available from the corresponding author on reason-
able request.
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