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Abstract
Objective
To explore the utility of serum neuroﬁlament light chain (NfL) as a biomarker for primary and
secondary neuroaxonal injury after ischemic stroke (IS) and study its value for the prediction of
clinical outcome.
Methods
We used an ultrasensitive single-molecule array assay to measure serum NfL levels in healthy
controls (n = 30) and 2 independent cohorts of patients with IS: (1) with serial serum sampling
at hospital arrival (n = 196), at days 2, 3, and 7 (n = 89), and up to 6 months post stroke; and (2)
with standardized MRI at baseline and at 6 months post stroke, and with cross-sectional serum
sampling at 6 months (n = 95). We determined the temporal proﬁle of serum NfL levels, their
association with imaging markers of neuroaxonal injury, and with clinical outcome.
Results
Patients with IS had higher serum NfL levels compared with healthy controls starting from
admission until 6 months post stroke. Serum NfL levels peaked at day 7 (211.2 pg/mL
[104.7–442.6], median [IQR]) and correlated with infarct volumes (day 7: partial r = 0.736, p =
1.5 × 10−15). Six months post stroke, patients with recurrent ischemic lesions on MRI (n = 19)
had higher serum NfL levels compared to those without new lesions (n = 76, p = 0.002). Serum
NfL levels 6 months post stroke further correlated with a quantitative measure of secondary
neurodegeneration obtained from diﬀusion tensor imaging MRI (r = 0.361, p = 0.001). Serum
NfL levels 7 days post stroke independently predicted modiﬁed Rankin Scale scores 3 months
post stroke (cumulative odds ratio [95% conﬁdence interval] = 2.35 [1.60–3.45]; p = 1.24 ×
10−05).
Conclusion
Serum NfL holds promise as a biomarker for monitoring primary and secondary neuroaxonal
injury after IS and for predicting functional outcome.
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Glossary
ANTs = Advanced Normalization Tools; CIRCULAS = Circulating Biomarkers in Acute Stroke; DEMDAS = German Center
for Neurodegenerative Diseases—Mechanisms of Dementia After Stroke; FLAIR = ﬂuid-attenuated inversion recovery;
FMRIB = Oxford Centre for Functional Magnetic Resonance Imaging of the Brain; FSL = FMRIB’s Software Library; HC =
healthy control; IS = ischemic stroke; LMU = Ludwig-Maximilians University; MD = mean diﬀusivity; mRS = modiﬁed Rankin
Scale; NfL = neuroﬁlament light chain; NIHSS = NIH Stroke Scale.

Ischemic stroke (IS) presents with largely variable infarct sizes,
outcomes, and recurrence rates. Infarct volumes predict stroke
outcome.1,2 However, determination of infarct volumes requires
brain MRI or delayed CT scans as well as postprocessing and
image segmentation, which are demanding in terms of logistics,
personnel, and costs. Hence, there is great interest in circulating
biomarkers that can easily be obtained from all patients and that
correlate with the extent of neuronal injury.3 Patients with IS
show a high rate of recurrent ischemic lesions on MRI particularly within the ﬁrst months after stroke.4,5 Such lesions might
also be reﬂected in circulating molecules.6,7 Acute infarcts further
induce secondary neurodegeneration outside the infarct area8,9
including white matter tracts connected to the infarct.10,11 Such
secondary damage likely contributes to clinical outcome8 and
might also be reﬂected in molecules released from injured neurons. As such, circulating neuronal injury markers could be of
interest for patient monitoring and for use in observational and
interventional studies.12
Neuroﬁlament light chain (NfL) is a neuronal scaﬀolding
protein that is released into the extracellular space upon
neuroaxonal damage.13 Serum NfL levels increase during
aging and are elevated in various neurologic conditions including traumatic brain injury,14 multiple sclerosis,15,16 and
neurodegenerative diseases.17,18
We thus set out to explore the temporal evolution of serum
NfL after IS and its association with infarct volumes, recurrent
ischemic lesions, and an MRI measure of stroke-induced
secondary neurodegeneration. We further determined its
predictive value for functional outcome 3 months post stroke.
To address these questions, we leveraged data from 2 prospective stroke cohorts with complementary study design.

Methods
Patient enrollment
CIRCULAS cohort

From February 2014 to March 2017, we prospectively
recruited 277 patients with suspected IS within 24 hours of
symptom onset through the Circulating Biomarkers in Acute
Stroke (CIRCULAS) study. Patients were recruited through
the emergency department of the university hospital at
Ludwig-Maximilians University (LMU), a tertiary level hospital in Munich, Germany, as previously described.19 All
patients had a ﬁnal diagnosis of IS as deﬁned by an acute focal
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neurologic deﬁcit in combination with a hyperintense lesion
on diﬀusion-weighted MRI, or a new ischemic lesion on
a delayed CT scan.20 Patients with neurologic diseases within
the last 3 months preceding the stroke were excluded (n =
81), leaving 196 patients for inclusion (ﬁgure 1A). We further
included 30 healthy controls (HCs) (mostly spouses of
patients) who were matched for age and sex and recruited
through a single outpatient clinic at LMU.
DEMDAS cohort

From December 2013 to November 2016, we prospectively
recruited 134 patients with IS through the DEMDAS study
(German Center for Neurodegenerative Diseases—
Mechanisms of Dementia After Stroke), a multicenter study
conducted at 6 university hospitals in Germany.21 For the
current study, we used data from 3 centers. IS was deﬁned as
described for the CIRCULAS study. Patients were excluded if
(1) MRIs did not meet prespeciﬁed quality criteria (n = 33),
(2) they had neurologic diseases within the last 3 months
preceding the stroke (n = 5), or (3) serum NfL levels were
below detection limit (n = 1), leaving 95 patients for analyses
(ﬁgure 1D).
Standard protocol approvals, registrations,
and patient consents
All procedures were conducted in accordance with the Declaration of Helsinki and institutional guidelines. Written and
informed consent was obtained from all participants in accordance with approval by the local ethics committee. The
DEMDAS study was registered at clinicaltrials.gov
(NCT01334749).
Serum sampling and processing
Blood samples from patients included in the CIRCULAS
study were collected immediately on hospital arrival in the
emergency department, at day 2 (D2), day 3 (D3), and day 7
(D7), as well as 3 months and 6 months post stroke (ﬁgure
1A). Blood samples from patients included in the DEMDAS
study were collected at 6 months post stroke (n = 95).
Samples were drawn using a tourniquet, 21-gauge needles,
and uniform procedures. After 30 to 45 minutes at room
temperature, separation of serum was achieved by diﬀerential
centrifugation at 2,000g for 10 minutes at 15°C. Samples were
aliquoted in screw cap vials and kept at −80°C.
NfL assay
Serum NfL levels were measured by a single-molecule array
assay using the capture monoclonal antibody 47:3, and the
Neurology.org/N
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Figure 1 IS causes long-lasting elevations of serum NfL levels

(A) Study profile of the CIRCULAS
study. (B) Temporal profile of serum
NfL levels in patients with IS starting
from admission (D1) up to 6 months
post stroke and comparison with
serum NfL levels in HCs. Shown are
data from all patients with available
NfL measurements (n = 196). (C) Effect sizes of serum NfL levels between HCs and different time
intervals between stroke and blood
sampling in patients with IS. (D)
Study profile of the DEMDAS study.
(E) Serum NfL levels in patients with
IS from DEMDAS obtained 6 months
post stroke compared to serum NfL
levels in HCs. (B) Mann-Whitney test,
Friedman test followed by the Conover test with Bonferroni correction;
(C) Cohen d; and (E) Mann-Whitney
test. The upper horizontal bar in
panel B indicates a statistically significant difference between HCs and
each time point in patients with IS
covered by the bar. The lower horizontal bar in panel B and the horizontal bar in panel E indicate
a statistically significant difference
between all groups covered by the
bar. *Includes 48 patients with serum sampling at day 7 and outcome
data for 3 months post stroke. CIRCULAS = Circulating Biomarkers in
Acute Stroke; D1 = day 1; D2 = day 2;
D3 = day 3; D7 = day 7; DEMDAS =
DZNE—Mechanisms of Dementia
After Stroke; HC = healthy control; IS
= ischemic stroke; M3 = month 3; M6
= month 6; NfL = neurofilament light
chain; QC = quality control.

biotinylated detector monoclonal antibody 2:1 from UmanDiagnostics (Umeå, Sweden) as previously described.15
Interassay variabilities (coeﬃcient of variation of concentrations) were 13%, 14%, and 5% for 3 control samples with
mean concentrations of 8, 22, and 101 pg/mL, respectively.
The mean intra-assay variability of duplicate determinations
was 4.6%. Few samples showing intra-assay coeﬃcients of
variations above 20% were measured again.15
Neuroimaging
In CIRCULAS, infarct volumes were quantiﬁed on images
from diagnostic scans (n = 83), either diﬀusion-weighted MRI
(n = 69) or noncontrast CT (n = 14) obtained at least 24
hours after symptom onset. Infarcts were segmented manually
slice-by-slice by trained raters.
In DEMDAS, patients were scanned using a standardized
MRI protocol both at baseline and 6 months post stroke.21
Infarct volumes and microstructural tissue integrity were
quantiﬁed on diﬀusion-weighted scans (b = 1,000 s/mm2,
2-mm isotropic resolution, 30 diﬀusion directions). Preprocessing of diﬀusion images included denoising and Gibbs
ringing artifact removal as implemented in the mrtrix software
package (version 3.0_RC2),22–24 correction for motion and
Neurology.org/N

eddy current–induced distortions as implemented in the
FMRIB Software Library (FSL,25 version 5.0.10), and intensity bias correction as implemented in the N4 bias correction tool from the Advanced Normalization Tools
(ANTs,26 version 2.1.0).
For infarct volume calculation, preprocessed diﬀusionweighted images were averaged and segmented into 2 tissue
probability maps using FAST (FMRIB’s Automated Segmentation Tool)27 from FSL. Diﬀusion-restricted lesions
were separated from CSF, which were in the same tissue
probability map, by the Otsu histogram segmentation
method. The segmentation maps were then manually edited and cleaned from misclassiﬁed artifacts using a custom,
in-house, 3-dimensional (3D) editing tool and trained
raters.
For the identiﬁcation of incident ﬂuid-attenuated inversion
recovery (FLAIR) lesions between baseline and follow-up,
we calculated diﬀerence maps. After N4 intensity bias correction and aﬃne registration of baseline and follow-up
images (3D FLAIR and diﬀusion tensor imaging, both 1-mm
isotropic resolution) to halfway space using the ANTs
toolbox,28 diﬀerence maps were created by subtracting
Neurology | Volume , Number  | Month 0, 2018
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Figure 2 Serum NfL levels correlate with infarct volumes and recurrent ischemic lesions

(A–C) Results obtained in the CIRCULAS study. (A) Serum NfL levels in individual patients with IS (n = 83) starting from admission until D7 and their association
with infarct volumes. (B) Association of serum NfL levels with age and infarct volumes in patients with IS at hospital admission (D1) and at D7. (C) Relative
variable importance of infarct volume compared to age for explaining serum NfL levels after IS over time. (D and E) Results obtained in the DEMDAS study. (D)
Methodology used to identify recurrent ischemic lesions on brain MRI 6 months post stroke (for explanations see the methods section). (E) Serum NfL levels in
patients with incident ischemic lesion at 6-month follow-up compared to patients without new lesion. Red points depict positive lesions on diffusion-weighted
imaging. (B) Linear regression models; the linear fit (dashed line) and 95% confidence intervals are shown in color. (C) Random forest conditional variable
importance analyses. (E) Mann-Whitney test. The black line indicates a statistically significant difference (p < 0.05). CIRCULAS = Circulating Biomarkers in Acute
Stroke; D1 = day 1; D2 = day 2; D3 = day 3; D7 = day 3; DEMDAS = DZNE—Mechanisms of Dementia After Stroke; IS = ischemic stroke; IV = infarct volume; NfL =
neurofilament light chain; rp = partial correlation coefficient.

baseline images from follow-up images. An experienced
rater visually checked for new lesions, which were easy
to identify on the diﬀerence maps (ﬁgure 2D). The acute
infarct segmentation was superimposed on top of the
diﬀerence maps to identify recurrent lesions, i.e., FLAIR
lesions not originating from the infarct visible on the baseline scan.
For the quantiﬁcation of microstructural damage within major
white matter tracts as a measure of secondary neurodegeneration, we ﬁrst calculated fractional anisotropy and mean
diﬀusivity (MD) maps for baseline and follow-up scans using
“dtiﬁt” from FSL. The maps were then reduced to the main ﬁber
tract skeleton using the tract-based spatial statistics pipeline of
FSL29 with standard parameters. In addition, we applied a custom mask excluding areas close to CSF to minimize CSF contamination on MD values. The infarct area and a 2-mm spacer
around the infarct were excluded from the analysis. We calculated the change in MD over time (DMD) for each voxel in the
main tract skeleton. Next, we analyzed histograms derived from
the DMD values for the hemisphere ipsilateral to the infarct and
for the contralateral side (ﬁgure 3, A and B). We deﬁned the 90th
percentile of DMD values as a quantitative measure for
e4
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microstructural changes in major white matter tracts between
baseline and 6 months post stroke.30
Statistics
Statistical analyses were performed in “R,” version 3.4.0.31 To test
for normality, we used the Shapiro-Wilk test. If signiﬁcant, log
transformation (base e) was used to achieve normal distribution.
For group comparisons, the Mann-Whitney test was used. Paired
data were analyzed using the Friedman test followed by the
Conover test. All tests were performed 2-sided. A p value <0.05
was considered statistically signiﬁcant. Where indicated, Bonferroni correction for multiple testing was applied. Eﬀect sizes between HCs and patients with IS were calculated using Cohen d.
We applied linear regression analysis to assess associations of
serum NfL levels with infarct volume, age, and the change in MD
(DMD-p90). Where indicated, adjustment was performed using
analysis of residuals after regressing out confounders. To determine associations with the modiﬁed Rankin Scale (mRS) score
(as dependent variable), we used simple ordinal logistic regression as implemented in the R package “ordinal.”32 Fulﬁllment
of the proportional odds assumption was tested using the Brant
test.33 Random forest regression was used to assess conditional
variable importance in a multivariable model. We used standard
Neurology.org/N
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Figure 3 Serum NfL levels correlate with secondary
degeneration of major white matter tracts

IS causes long-lasting elevations of serum NfL
Compared to age- and sex-matched HCs, patients with acute
IS had higher serum levels of NfL at admission (D1),
throughout the ﬁrst week (D2, D3, D7), and at 3 and 6
months after stroke (CIRCULAS study; ﬁgure 1, A and B).
Serum NfL levels in patients increased up to D7 (all group
comparisons between time points D1 to D7: p < 2 × 10−16,
Friedman test with Bonferroni-corrected Conover post hoc
tests) and remained elevated 3 and 6 months after stroke
compared to admission (ﬁgure 1B). Similar results were
obtained when restricting the analysis to patients with complete measurements from D1 to D7 (n = 89, data available
from Dryad, ﬁgure e-1A, doi.org/10.5061/dryad.1s6s162),
from D1 to 3 months (n = 35, data available from Dryad,
ﬁgure e-1B), and from D1 to 6 months (n = 11, data available
from Dryad, ﬁgure e-1, A–C). Accordingly, the eﬀect size
indicated the largest diﬀerence between HCs and patients on
D7 (Cohen d: 2.11, 95% conﬁdence interval: 1.61–2.61;
ﬁgure 1C). Long-lasting elevations of serum NfL 6 months
post stroke were further seen in a second independent cohort
of patients with IS recruited through the DEMDAS study
(55.6 vs 31.8 pg/mL [IS vs HC; n = 95/30; p = 0.0005]; ﬁgure
1, D and E, and table 1).
Serum NfL levels correlate with infarct
volumes and recurrent ischemic lesions
Infarct volume

(A) Coregistered DWI scans from a representative patient with ischemic stroke
obtained at baseline (top) and 6 months post stroke (bottom). The acute infarct is
visible as a DWI-positive lesion on the baseline scan. (B) Upper panel: coronary
view showing the change in mean diffusivity (DMD) from baseline to 6 months
post stroke within the main white matter tract skeleton (color-coded); lower
panels: histograms of DMD quantified across the main white matter tract skeletons contralateral (left) and ipsilateral (right) to the infarct. Colored lines delineate
the 90th percentile (p90) of the histogram. (C) DMD-p90 within white matter tracts
ipsilateral to the infarct compared to white matter tracts contralateral to the
infarct. (D) Association of serum NfL levels and DMD-p90 ipsilateral to the infarct.
(C) Mann-Whitney test. The black line indicates a statistically significant difference
(p < 0.05). (D) Simple linear regression analysis; the linear fit (dashed line) and 95%
confidence intervals are shown in color. Con = contralateral; DWI = diffusionweighted imaging; Ipsi = ipsilateral; MD = mean diffusivity; NfL = neurofilament
light chain.

parameters, grew 1,501 trees per run, and performed 200 runs to
calculate 95% conﬁdence intervals (“party” package in R).34
Data availability
The raw data used in preparation of the ﬁgures and tables will
be shared in anonymized format by request of a qualiﬁed
investigator to the corresponding author for purposes of
replicating procedures and results.

Results
Baseline characteristics of the study samples and HCs are
presented in table 1 and data available from Dryad, table e-1,
doi.org/10.5061/dryad.1s6s162.
Neurology.org/N

To assess the relationship between serum NfL levels and the
extent of primary ischemic injury, we examined the relationship between infarct volumes and serum NfL levels during
the acute phase (D1–D7, n = 83; ﬁgure 2A). Because of
associations between serum NfL levels and both age
and hypertension in patients at D1 (age: r = 0.762, p < 2 ×
10−16; hypertension: p = 0.006) and D7 (age: r = 0.422, p =
4.2 × 10−5; hypertension: p = 0.01) (ﬁgure 2B; data available
from Dryad, table e-2, doi.org/10.5061/dryad.1s6s162), all
subsequent analyses were adjusted for age and hypertension.
Infarct volumes correlated positively with NfL levels on D7
(partial correlation coeﬃcient rp = 0.736, p = 1.5 × 10−15) and
D3 (rp = 0.370, p = 0.0003) but not at earlier time points
(ﬁgure 2B). Focusing on age and infarct volume, the relative
variable importance of infarct volume to explain serum NfL
levels increased from D1 to D7 (ﬁgure 2C).
Recurrent ischemic lesions on brain MRI during followup

We next investigated the relationship between recurrent ischemic lesions during follow-up and serum NfL levels at 6
months drawing on patients from the DEMDAS study (n = 95
patients). Nineteen patients (20%) developed recurrent ischemic lesions as deﬁned by a new hyperintense lesion on the
6-month FLAIR (ﬁgure 2D) or diﬀusion-weighted imaging
scans, 2 of which were symptomatic. Compared to patients
without recurrent ischemic lesions, patients with recurrent
ischemic lesions showed higher NfL levels at 6 months (78.7
vs 53.3 pg/mL, n = 19/76, p = 0.002; ﬁgure 2E). Recurrent
Neurology | Volume , Number  | Month 0, 2018
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Table 1 Characteristics of healthy controls and patient cohorts
Healthy controls
(n = 30)

Patients with IS
(CIRCULAS) (n = 196)

Patients with IS
(DEMDAS) (n = 95)

Age, y, median (IQR)

78.0 (19.7)

74.9 (16.9)

65.0 (19.0)

Sex, female, n (%)

13 (43.3)

83 (42.3)

34 (35.8)

Hypertension

14 (46.7)

154 (79.0)

45 (47.4)

Hypercholesterolemia

10 (33.3)

53 (27.3)

28 (29.5)

Diabetes

1 (3.3)

34 (17.5)

9 (9.5)

Current or past smoking

11 (36.7)

81 (43.3)

58 (61.1)

Family history

2 (6.7)

24 (13.0)

11 (11.6)

Prior stroke/TIA

0 (0.0)

40 (20.3)

7 (7.4)

NIHSS score at D7a/baselineb

NA

2 (4)

2 (4)

mRS score at D7a/baselineb

NA

1 (2)

1 (1)

pmRS score

NA

0 (1)

0 (0)

NA

27.7 (64.7)

9.1 (19.7)

Large artery atherosclerosis

NA

42 (21.4)

22 (23.2)

Cardioembolism

NA

62 (31.6)

21 (22.1)

Small vessel occlusion

NA

16 (8.2)

16 (16.8)

Arterial dissection

NA

5 (2.6)

3 (3.2)

Undetermined

NA

71 (36.2)

33 (34.7)

Demographic characteristics

Vascular risk factors, n (%)

Clinical scores, median (IQR)

Infarct volume, mL, mean (SD)
Etiology of IS, n (%)

Abbreviations: CIRCULAS = Circulating Biomarkers in Acute Stroke; D7 = day 7; DEMDAS = DZNE—Mechanisms of Dementia After Stroke; IQR = interquartile
range; IS = ischemic stroke; mRS = modified Rankin Scale; NA = not available; NIHSS = NIH Stroke Scale; pmRS = premorbid modified Rankin Scale.
Family history was considered positive if the patient had a parent and/or sibling with a history of stroke, myocardial infarction, treated angina, or of sudden
cardiac death before age 55 years in men or age 65 years in women.
a
In CIRCULAS patients.
b
In DEMDAS patients (ranged from day 1 to day 3).

ischemic lesions remained an independent predictor of serum
NfL levels at 6 months post stroke when adjusting for age, sex,
hypertension, and infarct volume at baseline (p = 0.014).
Serum NfL levels correlate with secondary
degeneration of major white matter tracts
Given previous evidence for secondary neurodegeneration
after acute ischemic infarcts8,9,11,35,36 and the observed longlasting elevations of serum NfL levels 6 months post stroke,
we next assessed the association between secondary neuroaxonal injury after stroke and serum NfL levels at 6 months in
the DEMDAS cohort. As a quantitative measure for secondary neuroaxonal injury, we calculated the change in MD
(DMD-p90) in major white matter tracts outside the infarct
area between baseline and 6 months post stroke (ﬁgure 3, A
and B). For methodologic reasons, we focused on patients
with unilateral infarcts (n = 71). As expected, DMD-p90 in
e6
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white matter tracts ipsilateral to the infarct (DMD-p90ipsi)
was higher than DMD-p90 in white matter tracts contralateral
to the infarct (DMD-p90contra) (p = 0.0002, ﬁgure 3C) and
strongly correlated with infarct volume at baseline (r = 0.624,
p = 3.8 × 10−9), consistent with secondary neuroaxonal injury.
Of note, serum NfL levels at 6 months were associated with
DMD-p90ipsi (r = 0.361, p = 0.001; ﬁgure 3D) but not with
DMD-p90contra (r = 0.141, p = 0.15). Serum NfL levels at 6
months remained associated with DMD-p90ipsi after adjustment for age, sex, hypertension, and recurrent ischemic
lesions (p = 0.02).
Serum NfL levels predict clinical outcome
As a ﬁnal step, we explored the predictive value of serum NfL
levels for clinical outcome. Because of the superior eﬀect size
of serum NfL levels on D7 post stroke, we performed the
analyses in CIRCULAS patients with available sampling at D7
Neurology.org/N
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Table 2 Ordinal logistic regression analyses with mRS
scores at 3 months as dependent variable
p Value

Cumulative OR (95% CI)

Age

0.513

1.12 (0.79–1.60)

Sex, female

0.131

Infarct volume at baseline

0.002

1.73 (0.85–3.52)
a

1.81 (1.25–2.61)

Serum NfL at D7

a

1.24e-05

2.35 (1.60–3.45)

mRS score at D7

5.65e-08a

3.14 (2.08–4.75)

a

NIHSS score at D7

2.26e-06

2.67 (1.78–4.01)

pmRS score

0.275

1.22 (0.85–1.75)

Abbreviations: CI = confidence interval; D7 = day 7; mRS = modified Rankin
Scale; NfL = neurofilament light chain; NIHSS = NIH Stroke Scale; OR = odds
ratio; pmRS = premorbid modified Rankin Scale.
Analyses were performed with data from patients from the CIRCULAS (Circulating Biomarkers in Acute Stroke) study (n = 110).
a
Significant.

(n = 110). mRS scores at 3 months post stroke ranged from
0 to 6 (median = 1). In simple logistic regression analyses,
serum NfL levels on D7, infarct volumes, mRS scores on D7,
and NIH Stroke Scale (NIHSS) scores on D7 were associated
with mRS scores 3 months post stroke (table 2 and ﬁgure 4A).
To estimate the contribution of each variable, while accounting for high intercorrelation, we calculated the conditional variable importance from random forest regression.
mRS scores on day 7, NIHSS scores on day 7, and serum NfL
levels on day 7 were the most important predictors for mRS
scores at 3 months post stroke (ﬁgure 4B).

Discussion
This study identiﬁes serum NfL as a biomarker of both primary and secondary neuroaxonal injury after IS. Our main

Figure 4 Serum NfL levels predict clinical outcome

(A) Association of serum NfL levels at D7 with mRS at 3 months post stroke.
(B) Variable importance of serum NfL levels at D7 compared to other variables to predict mRS scores 3 months post stroke. (A) Simple logistic regression analysis. (B) Random forest conditional variable importance
analyses. Shown are point estimates and 95% confidence intervals obtained
from 200 runs. D7 = day 7; mRS = modified Rankin Scale; NfL = neurofilament light chain; NIHSS = NIH Stroke Scale; OR = odds ratio; pmRS = premorbid modified Rankin Scale.

Neurology.org/N

ﬁndings can be summarized as follows: (1) patients with IS
had higher serum NfL levels compared to age-matched HCs
starting from admission until 6 months post stroke; (2) NfL
levels increased from D1 to D7 and correlated with infarct
volumes; (3) NfL levels 6 months post stroke were associated
both with recurrent ischemic lesions on brain MRI and secondary degeneration of major white matter tracts ipsilateral to
the infarct; and (4) NfL levels 7 days post stroke independently predicted clinical outcome 3 months post stroke.
Together, these ﬁndings highlight the potential utility of serum NfL as a biomarker for monitoring primary and secondary neuroaxonal injury in patients with IS.
We found serum NfL levels to increase from hospital admission (D1) to D7. This ﬁnding broadly agrees with
observations from a recent study in symptomatic patients with
recent small subcortical infarcts that found increasingly higher
NfL levels with increasing time from symptom onset to ﬁrst
blood sampling.6 Of note, however, in the current study, we
used serial blood sampling, thus controlling for potential bias
inﬂuencing the timing of sampling. Also, we did not exclude
patients with cortical infarcts, larger infarct sizes, or speciﬁc
stroke etiologies. Hence, our ﬁndings can be considered
representative of the spectrum of IS. The observed association
between serum NfL levels and age in patients with stroke on
admission (D1) mirrors the reported correlation between
serum NfL and age in other cohorts.15,17,37 Of note, however,
the importance of age for explaining NfL levels in patients
decreased from D1 to D7, whereas the importance of infarct
volume greatly increased from D1 to D7, evidencing infarcted
tissue as the primary source of increasing serum NfL levels
within the ﬁrst week after stroke. The eﬀects of vessel recanalization on serum NfL levels should be further explored in
future studies. Given the observed association between NfL
levels at D7 and both infarct size and clinical outcome (see
below), serum NfL might be of great interest as an adjunct
outcome marker for future therapeutic trials, although this
would need to be determined in the setting of a prospective
trial.38
We further found serum NfL levels 6 months post stroke to be
associated with recurrent ischemic lesions on brain MRI 6
months post stroke. The majority of these lesions were negative on diﬀusion-weighted imaging (ﬁgure 2E), suggesting
that recurrent lesions of variable age39–41 contributed to elevations of serum NfL levels at follow-up. The range of serum
NfL levels in patients with recurrent lesions diﬀered markedly
from those in patients without recurrent lesions. Hence, serum NfL might assist in monitoring patients with elevated
vascular risk and selecting patients for further diagnostic
workup, although such an approach would need to be validated in a separate study. Again, our ﬁndings broadly agree
with those from a recent study in patients with small subcortical infarcts, which found higher serum NfL levels in
individuals with new vascular lesions at follow-up.6 However,
that study did not control for potential confounders, whereas
we found recurrent ischemic lesions to inﬂuence serum NfL
Neurology | Volume , Number  | Month 0, 2018
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levels independent of demographic factors and baseline infarct volume.
Among the most notable ﬁndings is the observed association
between serum NfL levels 6 months post stroke and an MRI
marker of secondary neurodegeneration. Speciﬁcally, we
found higher serum NfL levels to moderately associate with
a shift of MD (DMD-p90) toward higher values in major
white matter tracts ipsilateral to the infarct. The validity of
DMD-p90 as a measure for secondary neurodegeneration is
supported by several observations: (1) we previously showed
that ischemic infarcts cause focal degeneration in remote
cortex via degeneration of connecting ﬁber tracts quantiﬁed
using DMD8,9,11; (2) we now found DMD-p90 in white
matter tracts ipsilateral to the infarct (DMD-p90ipsi) to be
signiﬁcantly higher than DMD-p90 in white matter tracts
contralateral to the infarct (DMD-p90contra) as would be
expected in the presence of secondary degeneration; and (3)
DMD-p90ipsi strongly correlated with infarct volume as would
also be expected in the presence of secondary neurodegeneration. Of note, we excluded infarct voxels and voxels
surrounding the infarct from the MD measurements thus
eliminating signal contamination by the infarct itself and by
signal alterations in close vicinity to the infarct. Moreover,
visual inspection of the DMD maps revealed the highest values in white matter tracts connected to the infarct as evidenced, e.g., by the pyramidal tract in ﬁgure 3B. NfL is
predominantly expressed in large myelinated axons such as
motor neurons13 but is likewise present in neuronal bodies
and dendrites with a presumed role in dendritic growth.42
Collectively, these ﬁndings suggest that elevated serum NfL
levels post stroke in part reﬂect secondary neurodegeneration
of connecting white matter tracts.
Given the association between serum NfL levels at 6 months
and recurrent ischemic lesions as well as secondary neurodegeneration during follow-up, serum NfL might have clinical
utility for patient monitoring. Speciﬁcally, serum NfL levels
might help in identifying patients with stroke who would
beneﬁt from repeated diagnostic workup and potentially more
intensive secondary prevention, although this would need to
be examined in the context of a clinical trial. Future studies
may further determine the half-life of serum NfL, which
cannot be estimated from our study but would help when
interpreting repeat measurements.
We further found serum NfL levels on D7 to predict clinical
outcome 3 months post stroke independent of other variables
including age, infarct volume, stroke severity (D7), and
functional status (D7). In fact, serum NfL levels on D7
showed higher predictive value compared to earlier43 and
later, clinically less meaningful, time points44,45 and were the
most important predictor of mRS scores 3 months post stroke
following clinical scores at baseline. This might relate to serum NfL capturing both primary and secondary neuroaxonal
injury, therefore also reﬂecting vascular injury preceding the
stroke as evidenced by our ﬁndings in DEMDAS. Along the
e8
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same lines, serum NfL levels in our patients might have been
inﬂuenced by unrecognized neurodegenerative disease that
might also have contributed to disability. Also, it might be that
NfL captures aspects of stroke-related tissue injury that are
particularly relevant for functional outcome. Conceivably, its
speciﬁcity for neuroaxonal damage might distinguish serum
NfL from other blood-based biomarkers with predictive value
for stroke outcome reﬂecting other biological processes, such
as copeptin,46 brain natriuretic peptide,47 and C-reactive
protein.48 Whether patients with elevated serum NfL levels on
D7 beneﬁt from more intensive rehabilitative treatment
would need to be investigated in a prospective study.
In contrast, the utility of serum NfL for diagnosing IS on
admission seems limited. First, the diﬀerence in serum NfL
levels between patients with IS and HCs on D1 was low and of
less utility compared to neuroimaging and other
biomarkers,19,49 in accord with a recent study in patients with
acute cerebrovascular events.43 Second, elevations of serum
NfL are seen in various conditions including neurodegenerative diseases,17,18 multiple sclerosis,15,16 and brain trauma.14
Third, we found serum NfL levels to be inﬂuenced by ischemic lesions occurring weeks or months before blood sampling
as evidenced by our ﬁndings on recurrent ischemic lesions in
DEMDAS. Still, the combination of 2 measurements, one at
admission and one on D7, would be instructive and might
indeed provide valuable information in patients without
infarcts on admission scans. Additional data involving serial
sampling in diﬀerent patient groups, including patients with
TIAs, are needed to deﬁne the utility of such an approach.
Our study has several methodologic strengths. First, we used
data from 2 prospective cohorts with systematic follow-up and
complementary study design enabling us to study multiple
aspects of stroke and vascular brain injury. Second, our sampling strategy in CIRCULAS involved serial blood sampling
starting immediately upon hospital admission before any
medical interventions and extended up to 6 months post
stroke thus enabling us to study the dynamics of serum NfL
levels both in the overall sample and in individual patients.
Third, quantiﬁcation of serum NfL levels was performed using
the latest technology (single-molecule array [Simoa]) and an
extensively validated ultrasensitive single molecule assay.50
Also, neuroimaging in the DEMDAS cohort involved state-ofthe-art longitudinal MRI at 3-tesla and postprocessing, including isotropic 3D T1 and FLAIR sequences, diﬀerence
imaging, and a high-quality diﬀusion tensor imaging analysis,
enabling the quantiﬁcation of changes in ﬁber tract integrity
over time as a measure for secondary neurodegeneration.
Finally, recurrent ischemic lesions were identiﬁed on diﬀerence images, which is largely observer-independent.
Our study also has limitations. Because of the study-related
requirements with multiple assessments and follow-up, we
might have selected patients with minor stroke as reﬂected by
the low admission NIHSS scores. Correspondingly, infarct
sizes were in the smaller range and the median mRS scores at
Neurology.org/N
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3 and 6 months were low. We cannot exclude a diﬀerential
behavior of serum NfL levels in patients with severe stroke
and large infarct sizes. However, we would argue, if at all, the
preferential inclusion of patients with minor stroke would
have resulted in an underestimation of strength of associations between serum NfL levels, MRI measures, and clinical
outcome. Also, the clinical utility of serum NfL levels to
monitor disease activity is likely to be highest in patients with
minor stroke, who have the largest expected gain in prevention. Another limitation is the high proportion of patients
from CIRCULAS with incomplete blood sampling at D2 or
later time points who were therefore excluded from the
analyses. Of note, however, sensitivity analyses showed that
serum NfL levels at earlier time points were similar across
participants with missing values at later time points. Also, we
were not able to determine the exact time point of peak serum
NfL levels because our sampling strategy did not cover the
time interval between D7 and 3 months. Furthermore,
DEMDAS had no standardized blood sampling at baseline,
thus precluding analyses involving both baseline NfL and
follow-up MRI. Finally, the number of patients with both
serum NfL levels at D7 and outcome data was relatively small,
thus requiring validation in additional patient cohorts.
Herein, we identify serum NfL as a promising biomarker of
primary and secondary neuroaxonal injury after IS. Serum
NfL levels in part reﬂect neuroaxonal degeneration of white
matter tracts after acute ischemic lesions. As such, serum NfL
levels seem suited to monitor multiple aspects of disease activity in patients with vascular brain lesions. Our ﬁndings
further show that serum NfL levels obtained 7 days after
stroke might have clinical utility for the prediction of clinical
outcome and as an adjunct readout for future therapeutic
trials.
Author contributions
Steﬀen Tiedt, MD: conception and design of the study, acquisition, analysis, and interpretation of data, drafting a signiﬁcant portion of the manuscript or ﬁgures. Marco Duering,
MD: conception and design of the study, acquisition, analysis,
and interpretation of data, drafting a signiﬁcant portion of the
manuscript or ﬁgures. Christian Barro, MD: acquisition,
analysis, and interpretation of data. Asli Gizem Kaya: acquisition, analysis, and interpretation of data. Julia Boeck: acquisition, analysis, and interpretation of data. Felix J. Bode,
MD: acquisition, analysis, and interpretation of data. Matthias
Klein, MD: acquisition, analysis, and interpretation of data.
Franziska Dorn, MD: acquisition, analysis, and interpretation
of data. Benno Gesierich, PhD: acquisition, analysis, and interpretation of data. Lars Kellert, MD: acquisition, analysis,
and interpretation of data. Birgit Ertl-Wagner, MD: acquisition, analysis, and interpretation of data. Michael W. Goertler,
MD: acquisition, analysis, and interpretation of data. Gabor C.
Petzold, MD: acquisition, analysis, and interpretation of data.
Jens Kuhle, MD: acquisition, analysis, and interpretation of
data. Frank A. Wollenweber, MD: conception and design of
the study, acquisition, analysis, and interpretation of data. Nils
Neurology.org/N

Peters, MD: conception and design of the study, acquisition,
analysis, and interpretation of data. Martin Dichgans, MD:
conception and design of the study, drafting a signiﬁcant
portion of the manuscript or ﬁgures.
Study funding
M. Dichgans was supported by grants from the Deutsche
Forschungsgemeinschaft (CRC 1123 [B3] and Munich
Cluster for Systems Neurology [SyNergy]), the German
Federal Ministry of Education and Research (BMBF, e:Med
programme e:AtheroSysMed), the FP7/2007-2103 European
Union project CVgenes@target (grant agreement no. HealthF2-2013-601456), the European Union Horizon2020 projects
SVDs@target (grant agreement no. 66688) and CoSTREAM
(grant agreement no. 667375), the Fondation Leducq
(Transatlantic Network of Excellence on the Pathogenesis of
Small Vessel Disease of the Brain), the Vascular Dementia
Research Foundation, and the Jackstaedt Foundation. S.T.
was supported by the Josef-Hackl-Stiftung and by a grant
from the Deutsche Forschungsgemeinschaft (Munich
Cluster for Systems Neurology [SyNergy]). J.K. was supported by the Swiss National Research Foundation
(320030_160221). N.P. was supported by the Neurology
Research Pool (University Hospital Basel). M. Duering was
supported by grants from the Alzheimer Forschung Initiative e.V. (#16018CB) and the German Research Foundation (DFG DU1626/1-1).
Disclosure
The authors report no disclosures relevant to the manuscript.
Go to Neurology.org/N for full disclosures.
Publication history
Received by Neurology January 24, 2018. Accepted in ﬁnal form
July 4, 2018.
References
1.
2.

3.

4.
5.
6.
7.

8.
9.
10.
11.

12.

Baird AE, Dambrosia J, Janket S, et al. A three-item scale for the early prediction of
stroke recovery. Lancet 2001;357:2095–2099.
Vogt G, Laage R, Shuaib A, et al. Initial lesion volume is an independent predictor of
clinical stroke outcome at day 90: an analysis of the Virtual International Stroke Trials
Archive (VISTA) database. Stroke 2012;43:1266–1272.
Foerch C, Singer OC, Neumann-Haefelin T, et al. Evaluation of serum S100B as
a surrogate marker for long-term outcome and infarct volume in acute middle cerebral
artery infarction. Arch Neurol 2005;62:1130–1134.
Kang DW, Latour LL, Chalela JA, et al. Early and late recurrence of ischemic lesion on
MRI: evidence for a prolonged stroke-prone state? Neurology 2004;63:2261–2265.
Kang DW, Latour LL, Chalela JA, et al. Early ischemic lesion recurrence within a week
after acute ischemic stroke. Ann Neurol 2003;54:66–74.
Gattringer T, Pinter D, Enzinger C, et al. Serum neuroﬁlament light is sensitive to
active cerebral small vessel disease. Neurology 2017;89:2108–2114.
Kang DW, Yoo SH, Chun S, et al. Inﬂammatory and hemostatic biomarkers associated
with early recurrent ischemic lesions in acute ischemic stroke. Stroke 2009;40:
1653–1658.
Kuchcinski G, Munsch F, Lopes R, et al. Thalamic alterations remote to infarct appear
as focal iron accumulation and impact clinical outcome. Brain 2017;140:1932–1946.
Duering M, Schmidt R. Remote changes after ischaemic infarcts: a distant target for
therapy? Brain 2017;140:1818–1820.
Duering M, Righart R, Csanadi E, et al. Incident subcortical infarcts induce focal
thinning in connected cortical regions. Neurology 2012;79:2025–2028.
Duering M, Righart R, Wollenweber FA, et al. Acute infarcts cause focal thinning
in remote cortex via degeneration of connecting ﬁber tracts. Neurology 2015;84:
1685–1692.
Ahmad O, Wardlaw J, Whiteley WN. Correlation of levels of neuronal and glial
markers with radiological measures of infarct volume in ischaemic stroke: a systematic
review. Cerebrovasc Dis 2012;33:47–54.

Neurology | Volume , Number  | Month 0, 2018

Copyright ª 2018 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

e9

13.
14.

15.
16.
17.
18.

19.

20.

21.
22.
23.
24.
25.
26.
27.

28.

29.
30.

31.
32.

e10

Zetterberg H, Blennow K. Fluid biomarkers for mild traumatic brain injury and related
conditions. Nat Rev Neurol 2016;12:563–574.
Shahim P, Zetterberg H, Tegner Y, Blennow K. Serum neuroﬁlament light as
a biomarker for mild traumatic brain injury in contact sports. Neurology 2017;88:
1788–1794.
Disanto G, Barro C, Benkert P, et al. Serum neuroﬁlament light: a biomarker of
neuronal damage in multiple sclerosis. Ann Neurol 2017;81:857–870.
Kuhle J, Nourbakhsh B, Grant D, et al. Serum neuroﬁlament is associated with
progression of brain atrophy and disability in early MS. Neurology 2017;88:826–831.
Hansson O, Janelidze S, Hall S, et al. Blood-based NfL: a biomarker for diﬀerential
diagnosis of parkinsonian disorder. Neurology 2017;88:930–937.
Byrne LM, Rodrigues FB, Blennow K, et al. Neuroﬁlament light protein in blood as
a potential biomarker of neurodegeneration in Huntington’s disease: a retrospective
cohort analysis. Lancet Neurol 2017;16:601–609.
Tiedt S, Prestel M, Malik R, et al. RNA-seq identiﬁes circulating miR-125a-5p, miR125b-5p, and miR-143-3p as potential biomarkers for acute ischemic stroke. Circ Res
2017;121:970–980.
Sacco RL, Kasner SE, Broderick JP, et al. An updated deﬁnition of stroke for the 21st
century: a statement for healthcare professionals from the American Heart
Association/American Stroke Association. Stroke 2013;44:2064–2089.
Wollenweber FA, Zietemann V, Rominger A, et al. The Determinants of Dementia After
Stroke (DEDEMAS) Study: protocol and pilot data. Int J Stroke 2014;9:387–392.
Veraart J, Novikov DS, Christiaens D, et al. Denoising of diﬀusion MRI using random
matrix theory. Neuroimage 2016;142:394–406.
Veraart J, Fieremans E, Novikov DS. Diﬀusion MRI noise mapping using random
matrix theory. Magn Reson Med 2016;76:1582–1593.
Kellner E, Dhital B, Kiselev VG, Reisert M. Gibbs-ringing artifact removal based on
local subvoxel-shifts. Magn Reson Med 2016;76:1574–1581.
Jenkinson M, Beckmann CF, Behrens TE, et al. FSL. Neuroimage 2012;62:782–790.
Tustison NJ, Avants BB, Cook PA, et al. N4ITK: improved N3 bias correction. IEEE
Trans Med Imaging 2010;29:1310–1320.
Zhang Y, Brady M, Smith S. Segmentation of brain MR images through a hidden
Markov random ﬁeld model and the expectation-maximization algorithm. IEEE Trans
Med Imaging 2001;20:45–57.
Avants BB, Epstein CL, Grossman M, Gee JC. Symmetric diﬀeomorphic image
registration with cross-correlation: evaluating automated labeling of elderly and
neurodegenerative brain. Med Image Anal 2008;12:26–41.
Smith SM, Jenkinson M, Johansen-Berg H, et al. Tract-based spatial statistics: voxelwise analysis of multi-subject diﬀusion data. Neuroimage 2006;31:1487–1505.
Baykara E, Gesierich B, Adam R, et al. A novel imaging marker for small vessel disease
based on skeletonization of white matter tracts and diﬀusion histograms. Ann Neurol
2016;80:581–592.
R Core Team. R: A Language and Environment for Statistical Computing. Vienna: R
Foundation for Statistical Computing; 2017.
Christensen RHB. Ordinal: Regression Models for Ordinal Data; R Package Version
2015.6-28 [online]. 2015. Available at: cran.r-project.org/package=ordinal/. Accessed
December 1, 2017.

Neurology | Volume , Number  | Month 0, 2018

33.
34.
35.

36.

37.

38.
39.

40.

41.

42.

43.
44.

45.
46.
47.
48.
49.

50.

Brant R. Assessing proportionality in the proportional odds model for ordinal logistic
regression. Biometrics 1990;46:1171–1178.
Strobl C, Boulesteix AL, Kneib T, Augustin T, Zeileis A. Conditional variable importance for random forests. BMC Bioinformatics 2008;9:307.
Zhang J, Zhang Y, Xing S, et al. Secondary neurodegeneration in remote regions
after focal cerebral infarction: a new target for stroke management? Stroke 2012;43:
1700–1705.
Kluge MG, Kracht L, Abdolhoseini M, et al. Impaired microglia process dynamics
post-stroke are speciﬁc to sites of secondary neurodegeneration. Glia 2017;65:
1885–1899.
Steinacker P, Semler E, Anderl-Straub S, et al. Neuroﬁlament as a blood marker for
diagnosis and monitoring of primary progressive aphasias. Neurology 2017;88:
961–969.
Kuhle J, Disanto G, Lorscheider J, et al. Fingolimod and CSF neuroﬁlament light
chain levels in relapsing-remitting multiple sclerosis. Neurology 2015;84:1639–1643.
Eastwood JD, Engelter ST, MacFall JF, et al. Quantitative assessment of the time
course of infarct signal intensity on diﬀusion-weighted images. AJNR Am J Neuroradiol 2003;24:680–687.
Schulz UG, Flossmann E, Francis JM, et al. Evolution of the diﬀusion-weighted signal
and the apparent diﬀusion coeﬃcient in the late phase after minor stroke: a follow-up
study. J Neurol 2007;254:375–383.
Conklin J, Silver FL, Mikulis DJ, Mandell DM. Are acute infarcts the cause of
leukoaraiosis? Brain mapping for 16 consecutive weeks. Ann Neurol 2014;76:
899–904.
Zhang Z, Casey DM, Julien JP, Xu Z. Normal dendritic arborization in spinal
motoneurons requires neuroﬁlament subunit L. J Comp Neurol 2002;450:
144–152.
De Marchis GM, Katan M, Barro C, et al. Serum neuroﬁlament light chain in patients
with acute cerebrovascular events. Eur J Neurol 2018;25:562–568.
Traenka C, Disanto G, Seiﬀge DJ, et al. Serum neuroﬁlament light chain levels are
associated with clinical characteristics and outcome in patients with cervical artery
dissection. Cerebrovasc Dis 2015;40:222–227.
Singh P, Yan J, Hull R, et al. Levels of phosphorylated axonal neuroﬁlament subunit H
(pNfH) are increased in acute ischemic stroke. J Neurol Sci 2011;304:117–121.
Katan M, Fluri F, Morgenthaler NG, et al. Copeptin: a novel, independent prognostic
marker in patients with ischemic stroke. Ann Neurol 2009;66:799–808.
Rost NS, Biﬃ A, Cloonan L, et al. Brain natriuretic peptide predicts functional
outcome in ischemic stroke. Stroke 2012;43:441–445.
Winbeck K, Poppert H, Etgen T, et al. Prognostic relevance of early serial C-reactive
protein measurements after ﬁrst ischemic stroke. Stroke 2002;33:2459–2464.
Hopyan J, Ciarallo A, Dowlatshahi D, et al. Certainty of stroke diagnosis: incremental
beneﬁt with CT perfusion over noncontrast CT and CT angiography. Radiology
2010;255:142–153.
Kuhle J, Barro C, Andreasson U, et al. Comparison of three analytical platforms for
quantiﬁcation of the neuroﬁlament light chain in blood samples: ELISA, electrochemiluminescence immunoassay and Simoa. Clin Chem Lab Med 2016;54:
1655–1661.

Neurology.org/N

Copyright ª 2018 American Academy of Neurology. Unauthorized reproduction of this article is prohibited.

Serum neurofilament light: A biomarker of neuroaxonal injury after ischemic stroke
Steffen Tiedt, Marco Duering, Christian Barro, et al.
Neurology published online September 14, 2018
DOI 10.1212/WNL.0000000000006282
This information is current as of September 14, 2018
Updated Information &
Services

including high resolution figures, can be found at:
http://n.neurology.org/content/early/2018/09/14/WNL.0000000000006
282.full

Subspecialty Collections

This article, along with others on similar topics, appears in the
following collection(s):
All Cerebrovascular disease/Stroke
http://n.neurology.org/cgi/collection/all_cerebrovascular_disease_strok
e
Clinical trials Observational study (Cohort, Case control)
http://n.neurology.org/cgi/collection/clinical_trials_observational_stud
y_cohort_case_control
DWI
http://n.neurology.org/cgi/collection/dwi
MRI
http://n.neurology.org/cgi/collection/mri
Volumetric MRI
http://n.neurology.org/cgi/collection/volumetric_mri

Permissions & Licensing

Information about reproducing this article in parts (figures,tables) or in
its entirety can be found online at:
http://www.neurology.org/about/about_the_journal#permissions

Reprints

Information about ordering reprints can be found online:
http://n.neurology.org/subscribers/advertise

Neurology ® is the official journal of the American Academy of Neurology. Published continuously since
1951, it is now a weekly with 48 issues per year. Copyright © 2018 American Academy of Neurology. All
rights reserved. Print ISSN: 0028-3878. Online ISSN: 1526-632X.

