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Abstract
Objective
To evaluate neurofilament light chain (NfL) levels in serum and CSF of patients with aggressive
MS pre- and post-treatment with immunoablation followed by autologous hematopoietic stem
cell transplantation (IAHSCT) and examine associations with clinical and MRI outcomes.

Methods
Paired serum and CSF in addition to MRI and clinical measures were collected on 23 patients
with MS at baseline and 1 and 3 years post-IAHSCT. An additional 33 sera and CSF pairs were
taken from noninflammatory neurologic controls. NfL levels were quantitated using the Simoa
platform (Quanterix).

Results
Baseline MS NfL levels were significantly elevated relative to controls in serum (p = 0.001) and
CSF (p = 0.001). Following IAHSCT, high pretreatment NfL levels significantly reduced in
serum (p = 0.0023) and CSF (p = 0.0068) and were not significantly different from controls.
Serum and CSF NfL levels highly correlated (r = 0.81, p < 0.0001). Baseline NfL levels were
associated with worse pretreatment disease measures (Expanded Disability Status Scale
[EDSS], relapses, MRI lesions, and MR spectroscopy (MRS) N-acetylaspartate/creatine).
Elevated baseline NfL levels were associated with persistently worse indices of disease burden
post-IAHSCT (sustained EDSS progression, cognition, quality of life, T1 and T2 lesion vol-
umes, MRS, and brain atrophy).

Conclusion
These data substantiate that serum and CSF NfL levels reflect disease severity and treatment
response in patients with MS and may therefore be a useful biomarker. Baseline serum levels
associated with markers of pretreatment disease severity and post-treatment outcomes.

Classification of evidence
This study provides Class II evidence that for patients with aggressive MS, serumNfL levels are
associated with disease severity.

RELATED ARTICLE

Editorial
Blood neurofilament light
chain at the doorstep of
clinical application

Page e599

MORE ONLINE

Class of Evidence
Criteria for rating
therapeutic and diagnostic
studies

NPub.org/coe

From the The University of Ottawa and Ottawa Hospital Research Institute (S.T., M.B., H.L.A., M.S.F.); Department of Physics (D.R.T., V.T.-C.), University of Ottawa; Montreal
Neurological Institute (H.L., D.L.A.); and Perelman School of Medicine and University of Pennsylvania (A.B.-O.).

Go to Neurology.org/NN for full disclosures. Funding information is provided at the end of the article.

The Article Processing Charge was funded by the authors.

This is an open access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivatives License 4.0 (CC BY-NC-ND), which permits downloading
and sharing the work provided it is properly cited. The work cannot be changed in any way or used commercially without permission from the journal.

Copyright © 2019 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Academy of Neurology. 1

http://dx.doi.org/10.1212/NXI.0000000000000598
mailto:sthebault@toh.ca
http://NPub.org/coe
https://nn.neurology.org/content/6/5/e598/tab-article-info
http://creativecommons.org/licenses/by-nc-nd/4.0/


MS is known for its diverse clinical presentation, with some
patients presenting early with minimal disease and others
presenting late with considerable damage from silent disease.1

There are now many therapeutic options with differing
mechanisms of action, efficacy, and safety profiles. An annual
MRI scan is recommended as a “standard of care” in the as-
sessment of ongoing disease activity,2 but this is a costly, time-
consuming test and is impractical in areas where access to MRI
is limited. MRI is also semiquantitative, with significant inter-
scan variability on routine scanning. It has limited sensitivity for
predicting disease progression3,4 and is not recommended for
monitoring treatment response.2 Routine MRI scanning also
ignoresmost of the spinal cord (inmany cases, the cervical cord
is examined); spinal cord disease more closely correlates with
Expanded Disability Status Scale (EDSS) progression, espe-
cially as the disease advances.5 As such, there is an unmet need
for alternative biomarkers to help clinicians prognosticate,
monitor for disease activity, and assess treatment response.
Serum neurofilament light chain (NfL), a neuroaxonal in-
termediate protein, is a promising biomarker candidate.
Advances in highly sensitive detection methodologies using

single-molecule counting tomeasure biomarker concentrations
down to the femtomolar levels have enabledNfL quantification
in plasma or serum.6,7 Serum NfL has been closely correlated
withCSF levels. Elevated serum levels in patients withMSdrop
when MS activity seems controlled by a variety of MS treat-
ments8 and may even be of prognostic value.9–11 Many hope
that the precise quantification of this abundant CSF biomarker
in the serum could become a convenient, objective mainstay of
MS monitoring and prognostication.

Immunoablation followed by autologous hematopoietic stem
cell transplantation or IAHSCT (previously referred to as
autologous bone marrow transplantation) is an intensive yet
efficacious therapy reserved for particularly aggressive cases of
MS. The rigorous regimen adopted in Canada involves
myeloablative doses of chemotherapy and antithymocyte
globulin followed by autologous hematopoietic stem cell
transplants. Using this approach, we have reported that
patients with MS experience a robust treatment response
(stabilization or improvement in most) in the absence of
ongoing disease-modifying treatments (DMTs) following

Glossary
DMT = disease-modifying treatment; EDSS = Expanded Disability Status Scale; FIS = Fatigue Impact Score; IAHSCT =
immunoablation followed by autologous hematopoietic stem cell transplantation; MRS = MR spectroscopy; MSQOL = MS
Quality of Life; NAA/Cr = N-acetylaspartate/creatine; NfL = neurofilament light chain; RRMS = relapsing-remitting MS;
SPMS = secondary progressive MS; VOI = volume of interest.
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IAHSCT.12 These patients had aggressive disease, as defined
by frequent disabling relapses and early rapid progression
despite reasonable trials of DMT. Following IAHSCT, they
had complete suppression of focal white matter inflammatory
disease activity, as measured by MRI, and no clinical relapses
after more than a decade of follow-up. Despite the lack of
ongoing inflammatory disease, some patients continued to
show disability progression andMRI atrophy. We considered,
therefore, that this unique cohort of patients might be of
interest to study the prognostic and therapeutic utility of
measuring NfL levels, as a baseline marker of disease severity,
as a marker of treatment response, and possibly a predictor of
post-treatment outcomes.

Methods
Patients with aggressive MS undergoing
IAHSCT
The study has been previously described in detail,12 but briefly
was a phase II, nonrandomized control study of IAHSCT (n =
24) vs best available treatment (n = 8) performed at 3 hos-
pitals in Canada in patients with aggressive MS who had
a poor predicted 10-year prognosis,13,14 (ClinicalTrials.gov,
NCT01099930). Detailed follow-up of the initial study in-
cluded predefined and scheduled clinical, laboratory, andMRI
examinations starting 5 months before the IAHSCT and
continuing for at least 3 years. The study was then extended
for monitoring alone for an additional 5 years and beyond.

Available data included demographics, HLA risk allele sub-
type, longitudinal clinical measures (number of clinical
relapses, EDSS,MSQuality of Life [MSQOL-54] physical and
mental scores, cognitive Paced Auditory Serial Addition Test
score, and Fatigue Impact Score [FIS]), longitudinal serologic
measures (oligoclonal bands, immunoglobulin G index, and
immunoglobulin G-albumin ratio), and longitudinal MRI
measures (T1-weighted sequences pre- and post-gadolinium
[Gd], T2-weighted sequences, MR spectroscopy [MRS]
N-acetylaspartate/creatine [NAA/Cr] ratio, and brain volume
metrics). Two pretreatment MRI scans were performed with
a minimum interval of 2 months, at 5 months, and 3 months
before AHSCT. Post-treatment MRI time points were 1, 2, 4,
6, 9, and 12 months, then every 6 months until 3 years,
thereafter every 12 months, maximum duration 10.5 years.

Paired sera and CSF were available for 23 patients at baseline
(at the point of enrollment into the study), 20/23 patients at 1
year, and 18/23 at 3 years after treatment. Samples had been
stored and aliquoted at −80°C to avoid freeze-thaw cycles.
Complete serum-CSF paired samples were available in 23/23
patients at baseline.

Noninflammatory controls
Thirty-three patients were identified with noninflammatory
illnesses with available serum and CSF obtained with appro-
priate consent.

Research questions (level II evidence)
Primary research question: In this cohort of patients with
aggressive MS treated with IAHSCT, do levels of serum NfL
reduce following treatment?

Secondary research question: Are pre- and post-treatment
serum NfL levels associated with clinical and MRI indicators
of disease severity and treatment response?

Neurofilament quantification
NfL levels in each serum/CSF were quantified in duplicate in
accordance with manufacturers’ instructions with appropriate
standards and internal controls. Quanterix commercially
available NfL immunoassay kits (cat#103186) were run in the
fully automated ultrasensitive Simoa HD-1 Analyzer
(Quanterix).

MRI analyses

T1 and T2 lesion volumes
MRI lesion-based measurements included number and vol-
ume of T1-weighted lesions (precontrast), number and
volume of gadolinium-enhancing (Gd) lesions (T1 post-
contrast), number of new or enlarging T2-weighted lesions,
and volume of T2-weighted lesions.

Atrophy (whole brain, gray matter, and white matter)
Longitudinal brain volume changes (atrophy) were calculated
in individual patients using pairs of precontrast T1-weighted
images. All measurements were made with respect to the
baseline MRI scans. Percentage whole-brain volume changes
were calculated using FSL-Structural Image Evaluation using
Normalisation of Atrophy.15 Gray and white matter volume
changes were separately calculated using Jacobian integration,
which is a nonlinear registration-based method.16

MRS NAA/Cr
MRS examinations were obtained using a Philips 1.5T
Gyroscan ACS II scanner that was later changed to a Siemens
1.5T Sonata scanner. The spectroscopic volume of interest
(VOI) consisted of a 15-mm thick slab centered on the corpus
callosum and angulated parallel to the callosal line. The mean
NAA/Cr was calculated within the spectroscopic VOIs.

Statistical analyses
Data analysis was performed using Graphpad Prism 5 soft-
ware. For all analyses, a 95% significance level was used, and
p values were 2 tailed. Complete serum-CSF paired samples
were available in 23/23 patients at baseline, 20/23 at 1 year,
and 18/23 at 3 years. The EDSS data set was complete except
for 2 patients, who were lost to follow-up at 24 months and
36 months post-IAHSCT, respectively. Complete MRI data
were available on 23/23 patients at baseline, 20/23 by
12 months, and 18/23 by 36 months. The last-observation-
carried-forward method was used to impute the missing EDSS
and MRI data. To compare NfL levels at baseline, 1, and 3
years, 1-way analysis of variance was used with Bonferroni
multiple comparison test. For comparisons between 2 groups,
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paired and unpaired T tests were used as appropriate. To
assess for correlations of baseline serum NfL levels and other
variables, Pearson (parametric) and Spearman (non-
parametric) correlation were selected as indicated by the
D’Agostino-Pearson omnibus K2 test, and linear regression
used to generate a best-fit line. To allow binary comparisons
of patients with “high” compared with “low” baseline NfL
levels and outcomes, the median baseline serumNfL level was
selected as a cutoff; patients with an NfL level greater than the
median were considered “high” and patients with a baseline
serum NfL less than the median were considered “low”.
Subsequent comparisons of “high” vs “low” NfL and their
interaction with clinical and MRI variables over time were
performed using 2-way repeat-measures (mixed model)
analysis of variance or survival curves and applying the log-
rank (Mantel-Cox) test. All statistics were performed in du-
plicate for consistency.

Registrations, patient consents, and approvals
Ethics and protocols in this study had been approved by
Regional Ethics Boards of participating institutions as part of
the original study, ClinicalTrials.gov Identifier: NCT01099930.12

All participants had given informed written consent.

Data availability
Individual deidentified participant data from this study will be
shared on written request. Requests to access the data will be
considered on request to the corresponding author.

Results
Baseline characteristics of IAHSCTpatients and
noninflammatory controls
Baseline characteristics of patients with aggressive MS are
outlined in table 1.

Of the 33 noninflammatory controls, 24 were women and 9
were men. The mean age at the time of sampling was 37.5
years, SD 10.9 years. Following exclusion of inflammatory/
degenerative neurologic illnesses by neurologist assessment,
MRI and CSF analysis, primary diagnoses were as follows:
somatization (9), migraine (7), chronic fatigue syndrome (6),
fibromyalgia (5), anxiety (3), labyrinthitis (2), and Bell palsy
(commonly known as Bell’s palsy) (1).

Serum and CSF NfL levels following IAHSCT
Serum NfL levels (figure 1A) were high in the patients with
aggressive MS at baseline (mean 31.06 pg/mL, median 28.24
pg/mL, SD 25.01 pg/mL) relative to noninflammatory con-
trols (mean 8.20 pg/mL SD 3.90 pg/mL). The differences
were significant (p = 0.0001, 95% CI for the difference
12.22–33.49 pg/mL). Levels reduced significantly at 12
months (mean 14.39 pg/mL, SD 5.94 pg/mL, p = 0.0023, CI
5.19–28.14 pg/mL) and remained low at 36 months (mean
10.92 pg/mL, SD 4.63 pg/mL) following IAHSCT. Levels at
12 and 36 months did not differ significantly from each
other and were not significantly different from non-
inflammatory controls. These results were similar to those

seen in the CSF, albeit the latter showed much higher levels
(figure 1B, mean for baseline group 2,248 pg/mL, SD 1897
pg/mL, p value for difference between baseline and controls
= 0.0331, p value for difference between baseline and 12
months = 0.0068). Correspondingly, serum and CSF NfL
levels correlated (figure 1C, Spearman r = 0.76 [0.56–0.89],
p = 0.0001). Despite the significant reduction in serum NfL
levels post-IAHSCT, baseline serum levels correlated
weakly with post-treatment serum levels at 12 months (r =
0.5, p = 0.015) and 36 months (r = 0.60, p = 0.0083) (data
not shown).

Baseline serum NfL levels compared with
pre-IAHSCT clinical and MRI findings
The mean number of days between baseline serum/CSF
sampling and the IAHSCT induction was 129 SD 121 days.
The mean number of days between baseline serologic sam-
pling and comparator MRI was 4.1, SD 25.5 days.

Although patients were all considered to have aggressive
MS at baseline for inclusion in the study, patients with
EDSS scores ≥6 had higher levels of NfL (n = 11, mean
43.19, SD 24.98 pg/mL) compared with those with an
EDSS of <6 (n = 12, mean 19.94, SD 20.04 pg/mL) (figure
2A, p = 0.022). In addition, patients who had experienced
a clinical relapse in the 12 months before baseline sampling
also had had higher NfL levels (n = 9, mean 44.62, SD
33.68 pg/mL) compared with those who had not had
a clinical relapse (n = 13, mean 23.24, SD 12.3) (figure 2B,
p = 0.047).

Spearman correlations between baseline serum NfL and MRI
measures are summarized in table 2.

Increased serum NfL levels correlated with increased lesion-
basedMRI markers including T2 lesion volume (figure e-1A,
links.lww.com/CPJ/A114, p = 0.0001, r = 0.74), the number

Table 1 Canadian IAHSCT cohort

Sex: male, female 9,14

MS subtype: RRMS, SPMS 11, 12

Age at onset: mean (SD) 26 (7)

Age at diagnosis: mean (SD) 27 (6)

Onset to EDSS score 3: mean mo (SD) 48 (39)

Onset to IAHSCT: mean mo (SD) 89 (46)

Last EDSS score before IAHSCT: median (range)

All 5 (3–6.5)

RRMS 4 (3–6.5)

SPMS 6 (4–6)

Abbreviations: SPMS = secondary progressive MS; RRMS = relapsing-re-
mitting MS; EDSS = Expanded Disability Status Scale; IAHSCT = autologous
hematopoietic stem cell transplantation.
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of new/enlarging T2 lesions (p = 0.0189, r = 0.60, figure
e-1B, links.lww.com/CPJ/A114), and T1 lesion volumes (p
= 0.0247, r = 0.50 figure e-1C, links.lww.com/CPJ/A114).
There was a negative correlation between serumNfL and the
MRS marker of health tissue, NAA/Cr ratio (figure e-1C,
links.lww.com/CPJ/A114, p = 0.0111, r = −0.6614). There
was no significant correlation between baseline NfL levels
and sex, age at onset of MS, clinical subtype (relapsing-
remitting MS [RRMS] vs secondary progressive MS

[SPMS]), and baseline number and volume of Gd-
enhancing lesions.

Baseline serumNfL levels comparedwith post-
IAHSCT clinical and MRI findings
To enable a binary comparison of NfL levels, the baseline
group was divided into “high” and “low” levels using the
median to establish a cutoff (28.24 pg/mL). Baseline
samples with NfL >28.24 were considered “high” (n = 11)

Figure 1 Serum and CSF neurofilament levels following Immunoablative Autologous Haematopoietic StemCell Transplant

Baseline NfL levels (n = 23) were significantly ele-
vated relative to controls (n=33) in (A), serum (p =
0.0001, 95% CI 13.33-32.38) and (B), CSF (p = 0.0001,
95% CI 1122-2638 ). Following IAHSCT, levels signif-
icantly reduced in both compartments (serum
p=0.0023, 95% CI 6.39-26.94; CSF p = 0.0068, 95% CI
522.0-2141). Post-ASCT NfL levels (12 and 36m) in
both serum and CSF were not significantly different
from controls (p ≥ 0.05). Serum and CSF NfL levels
were c, correlated (p = 0.0001, Spearman r = 0.76).
12m: 12 months post IAHSCT. 36m: 36 months post
IAHSCT. Error bars represent the standard error of
the mean. CI = confidence interval; IAHSCT =
immunoablation followed by autologous hemato-
poietic stem cell transplantation; NfL = neurofila-
ment light chain.

Figure 2 Baseline clinical status of patients and serum NfL levels

Patients who had a baseline NfL greater than the median value
(>28.24 pgml-1, red line, n = 11) had rapidly reached EDSS score of
6 prior to IAHSCT, (A), median duration 6.91 years, compared to
patients with lower levels (≤28.24 pgml-1, blue line, n = 12). Nine
of the 23 patients had clinical relapses in the 12 months prior to
IAHSCT. On average these patients had higher baseline serum
NfL compared to the 13 patients who had not (p = 0.047). Error
bars represent the standard error of themean. EDSS = Expanded
Disability Status Scale; IAHSCT = immunoablation followed by
autologous hematopoietic stem cell transplantation; NfL = neu-
rofilament light chain.
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and samples with ≤ 28.24 pg/mL were considered low
(n = 12).

Following IAHSCT, none of the 23 patients with previously
aggressive MS had further clinical relapses or newMRI lesions.
Although EDSS scores in most patients remained stable or

even improved following treatment, 7/23 patients experienced
sustained accumulation of additional disability. Sustained pro-
gression was defined as an increase in the EDSS score observed
on at least 2 occasions more than 6months apart in the absence
of new relapse or new MRI lesions. In these 7 patients, sus-
tained progression occurred in the first 2 years following
treatment. Deteriorations were nonspecific and by functional
system included visual (n = 1), brainstem (n = 5), pyramidal
(n = 4), cerebellar (n = 3), sensory (n = 3), bowel and bladder
(n = 4), and mental (n = 2). Six of 7 patients with sustained
progression had high baseline serum NfL levels (>28.24 pg/
mL, the median baseline value). Conversely, 1/12 patients with
low baseline NfL levels experienced EDSS progression (figure
3A, p = 0.013, log-rank Mantel-Cox test).

Using the total scores from the Paced Auditory Serial Addi-
tion test as a surrogate for cognition, we found that patients
with high NfL consistently had worse cognitive scores both at
baseline and following treatment (figure 3B, p = 0.0009). The
interaction of cognitive scores over time between high and
low NfL groups was not significant, indicating that the ob-
served differences post-treatment are attributable to baseline
differences; post-treatment cognitive scores between the
groups paralleled each other. Similarly, patients with baseline

Table 2 Spearman correlation between baseline serum
NfL and baseline MRI findings

Correlation coefficient
(95% CI) p Value

T2 lesion volume 0.74 (0.44 to 0.89) <0.0001

MRI spectroscopy NAA/Cr
ratio

−0.69 (−0.90– to −0.23) 0.0065

No. of new/enlarging T2 0.60 (0.08 to 0.78) 0.0189

T1 lesion volume 0.50 (0.07 to 0.78) 0.0247

Gd lesion number 0.34 (−0.10 to 0.69) 0.1109 (ns)

Gd lesion volume 0.26 (−0.19 to 0.62) 0.1490 (ns)

Abbreviations: NAA/Cr = N-acetylaspartate/creatine; NfL = neurofilament
light chain.

Figure 3 Baseline NfL levels and post IAHSCT clinical outcomes

A baseline serum Nf-L greater than the median value (>28.24 pgml-1, red line, n = 11) compared to less than the median (<28.24 pgml-1, blue line, n = 12) was
associated with (A) a greater chance of experiencing sustained progression (p = 0.029, Kaplan-Meir Log-rank test), (B) worse cognitive outcomes (p = 0.009),
and (C) worse quality of life scores (p = 0.001) after IAHSCT. There were no differences in (D) fatigue scores following AHSCT. All interactions were non-
significant, indicating that differences, where seen, were attributable to baseline differences between the high and low NfL groups. Error bars represent the
standard error of themean. IAHSCT = immunoablation followed by autologous hematopoietic stem cell transplantation; NfL = neurofilament light chain; ns =
non-significant.

6 Neurology: Neuroimmunology & Neuroinflammation | Volume 6, Number 5 | September 2019 Neurology.org/NN

http://neurology.org/nn


NfL had persistently worse quality of life as indicated by the
MSQOL-54 in physical (figure 3C, p = 0.0001) but not
mental score (data not shown). Again, the interaction was not
significant, indicating that post-treatment differences are
likely related to baseline differences. Although patients with
high NfL at baseline had significantly more fatigue (measured
by the Fatigue Impact Scale) at baseline compared with those
with low NfL levels (p = 0.048, data not shown), following
IAHSCT, fatigue dropped to similar levels in patients with
high and low baseline NfL levels and there were no significant
differences seen between the lines (figure 3D).

High NfL at baseline was associated with increased T1
lesion volumes (p = 0.0017, figure 4A), T2 lesion volumes
(p = 0.0009, figure 4B), and a lower MRS NAA/Cr ratio (p
= 0.0038, figure 4C) after IAHSCT. The interaction over
time of post-IAHSCT T1 lesion volumes between high and
low NfL groups was significant (p = 0.0060, figure 4A),
i.e., patients with high NfL at baseline had more ongoing T1
lesion volume accrual post-IAHSCT compared with those
who had low NfL levels. Although significant, this in-
teraction was mild, accounting for 0.9% of the variation.
Higher baseline NfL was also associated with and increased
whole-brain atrophy (p value for high vs low NfL = 0.029,
figure 5A), which was sustained at a higher rate after
treatment (p value for the interaction 0.0008, accounting

for 3.51% of the variation). This atrophy was greatest in
white matter (NfL p = 0.0043, interaction p = 0.0001:
variation 5.48%, figure 5B) compared with the gray matter
atrophy where differences were accounted for baseline
differences (NfL p = 0.021, insignificant interaction,
figure 5C).

Post-IAHSCT serum NfL levels compared with
post-IAHSCT clinical and MRI findings
Following IAHSCT, none of the patients experienced any
new relapses or evidence of ongoing MRI lesion activity.
Nonetheless, we found that 12-month NfL levels were higher
in the 7 patients who experienced sustained progression
(mean 18.6 pg/mL, SD 6.6) compared with those who
remained stable or improved (figure e-2A, links.lww.com/
CPJ/A114, mean 12.6 pg/mL SD 4.8, p = 0.029). In addition,
there was also a positive correlation of 12-month serum NfL
and 12-month white matter atrophy (figure e-2B, links.lww.
com/CPJ/A114, p = 0.017, Spearman r = 0.494) and a weaker
association with whole-brain and gray matter atrophy, which
did not reach significance. There was no correlation with 12-
month NfL and T1/T2 lesion volumes, MRI spectroscopy
NAA/Cr, or any of the clinical indices including FIS, Paces
Auditory Serial Addition Test, or the MSQOL Inventory.
There was no association with 36-month serum NfL levels
and clinical or MRI outcomes.

Figure 4 Baseline NfL levels and post IAHSCT MRI outcomes

A baseline serum Nf-L >28.24 pgml-1 (red lines, n = 11) com-
pared to <28.24 pgml-1 (blue lines, n = 12) was associated with
(A) greater T1 lesion volumes (p = 0.017), (B) greater T2 lesion
volumes (p = 0.0009) and (C) reduced MRI spectroscopy NAA/
Cr ratio (p = 0.0038). The interaction of NfL over time was only
significant for T1, accounting for 0.9% of the variability;
patients with high baseline NfL had slightly more T1 lesion
volume accrual post-treatment. Error bars represent the
standard error. NfL = neurofilament light chain.
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Discussion
In this small study of patients with aggressive MS treated with
IAHSCT, we show that elevated baseline levels of both serum
and CSF NfL reduce quickly following treatment and remain
low for at least 3 years of follow-up. Serum and CSF levels
correlate closely. Raised baseline serum NfL levels also asso-
ciated with poorer clinical outcomes following IAHSCT and
more extensive MRI disease compared with those with lower
levels.

Pre- and post-treatment samples from this IAHSCT cohort
represent the extremes of MS disease severity, with aggressive
disease at baseline followed by durable suppression of in-
flammatory activity following treatment. They therefore
provided a valuable opportunity to investigate NfL as a bio-
marker of treatment response.

Before IAHSCT, mean NfL levels in our group of patients
(31.1 pg/mL) were much higher than levels recently reported
in a large population of patients with RRMS using the same
assay platform (16.9 pg/mL, although we note that this was
quantified using an in-house rather than commercially available
kit as in our study).17 Even so, at baseline, there was significant
variability in the observed levels; although 4 patients had levels
>70 pg/mL, some patients with clinically aggressive disease had
serum NfL levels similar to those of the controls. This likely
reflects a spectrum of disease activity even within this group,
where we found associations between pretreatment NfL levels
and established clinical and MRI measures of MS activity,

similar to other studies.5,6,13 Before treatment, high baseline
NfL levels were associated with more rapid EDSS progression
and higher EDSS scores, more relapses in the preceding year,
greater MRI lesion burden, and an unfavorable MRI spec-
troscopy profile. Further chart review revealed that of the 3 of
the 4 patients with the highest levels had clinically relapsed in
the 3 months before IAHSCT, and none had received in-
duction therapies. Conversely, 0 of 6 patients with the lowest
levels had relapsed in the 6 months before IAHSCT, and 4 had
received mitoxantrone therapy in the preceding 2 years to
stabilize their condition. These observations substantiate the
role of NfL as a potential marker of disease activity.

Following IAHSCT, all of the patients’ NfL levels remained
suppressed in both serum and CSF and were not significantly
different from a non-MS control group. However, there
remained a weakly significant correlation of pre- and post-
treatment levels at both 12 and 36 months. The mean
reduction from 31.06 pg/mL to 14.39 pg/mL by 1 year post-
treatment is the most dramatic reduction in serum NfL levels
following an MS treatment reported to date.8,10,18,19 For ex-
ample, using the same assay, in a study of 240 patients starting
fingolimod,19 mean serum NfL reduced from 20.4 pg/mL to
13.5 pg/mL after 1 year of treatment (although again, we note
that this study used an in-house methodology, perhaps lim-
iting comparability with the commercially available kit we
used). Our study is unique in that NfL levels were consistently
suppressed in all of the patients following treatment in the
absence of other DMT’s; in all of the previous studies,

Figure 5 Baseline NfL levels and post IAHSCT MRI brain atrophy

High baseline NfL (>28.24 pgml-1, red
lines, n = 11) was associated with (A)
more brain atrophy following AHSCT (p =
0.029) compared to low baseline NfL
(<28.24 pgml-1, blue lines, n = 12). More-
over, the high NfL group continued to
endure a greater rate of on-going brain
atrophy post IAHSCT signified by the in-
teraction of NfL over time between the
groups (p = 0.0008, 3.51% of total varia-
tion). This was more attributable to (B)
white matter (p = 0.0043) rather than (C)
grey matter volume loss (p = 0.037). The
greatest differential rate of brain atrophy
was seen in the white matter which per-
sisted at 36 months post IAHSCT (p <
0.0001). Error bars represent the stan-
dard error. IAHSCT = immunoablation
followed by autologous hematopoietic
stem cell transplantation; NfL = neuro-
filament light chain.
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although there was a correlation of NfL reduction with
treatment response, there were individual patients who ex-
perienced significant increases in NfL associated with treat-
ment failure. We have shown previously that IAHSCT
produces a long-term suppression of ongoing inflammatory
disease activity,12 and here, we show that this is associated
with a substantial sustained suppression of NfL levels.
Nonetheless, the observation that pretreatment NfL levels
still correlated with those post-treatment likely indicates that
inflammatory disease activity is not the only driver of NfL
release in patients with MS. Secondary neurodegenerative
processes may be also be contributory and continue irre-
spective of ongoing inflammation.

Higher baseline NfL levels were associated with a worse post-
treatment clinical prognosis (sustained EDSS progression,
cognitive markers, and quality of life indices) and worse MRI
outcomes (T1 and T2 lesion burden, MRS, and brain atro-
phy). Most of these post-treatment associations seem to be
attributable to baseline differences between these groups;
more severe patients fared the worst post-IAHSCT largely
due to more progressed disease to begin with. However, post-
IAHSCT, brain atrophy continued to accumulate at a faster
rate in patients who had high pretreatment NfL levels. These
differences were greatest in the white matter as opposed to the
gray matter, and interestingly, even the 12-month post-
treatment NfL levels weakly correlated with white matter
atrophy. Although others have shown that serum NfL is
predictive of future MRI brain atrophy,9,20 we saw this in our
study even in the absence of ongoing inflammatory disease
activity, a possible confounder. Furthermore, this is the first
study to correlate NfL levels with differential measures of
white and gray matter atrophy in MS. The finding that NfL is
most strongly associated with future white matter atrophy was
surprising, as NfL is thought to represent neuroaxonal loss.

The association of serum NfL with the MRS NAA/Cr is
novel, but makes sense as both NfL and NAA/Cr are markers
of neuroaxonal damage. It is not clear why there was a sus-
tained rate of T1 lesion accrual post-IAHSCT in patients with
high NfL (as none of these patients had any new lesions).
However, the magnitude of this interaction was mild (ac-
counting for only 0.9% of variation) and may represent nat-
ural evolution of existing lesions.

The substrate of post-treatment clinical (EDSS) progression
seen in 7/23 of the IAHSCTpatients is unclear. Remarkably, the
patients whowent on to develop sustained progression generally
had high pretreatment NfL levels (figure 3A). A similar obser-
vation was made by Petzold et al.,21 who observed that high
serum neurofilament heavy chain levels (a close relative of NfL)
were associated with sustained disability progression on the
EDSS following a similar bone marrow transplant.

In our study, these associations remained weakly significant in
the 12-month neurofilament levels. Together, the positive
associations of pre- and post-treatment NfL levels with

sustained EDSS progression and MRI atrophy perhaps in-
dicate ongoing neurodegeneration more evident in some
patients, which persists irrespective of inflammatory disease,
more evident in patients with more active and advanced
pretreatment disease. This is important if we are to un-
derstand the use of NfL in progressive MS trials.

We found associations with highNfL and poorer outcomes on
well-validated functional indices of cognition (PASAT22) and
quality of life (MSQOL-5423 physical composite). There was
no association with the mental composite of the MSQOL-54
or fatigue, although there was a 36% reduction following
IAHSCT in this cohort as reported elsewhere.24 The observed
differences in cognition and quality of life are attributable to
baseline differences between the groups.

Although this study was limited by its size, this was dictated by
the small number of patients who underwent IAHSCT for
aggressive MS as part of the Canadian Bone Marrow Trans-
plant Study. Other limitations include the retrospective study
design and the wide intervals between sampling. A separate
study to investigate more frequent time points in the first year
post-IAHSCT is currently underway. This will help delineate
the timeline of the NfL reduction compared MRI observa-
tions. As shown in figure 5, there was a particularly large
increase in brain volume loss in the first month following
IAHSCT. This has also been observed following induction of
other treatments.25 Likely contributory explanations include
pseudoatrophy related to brain shrinkage as the inflammation
subsides,25 or perhaps more concerning in the case of
IAHSCT, neuronal loss related to chemotherapy neurotox-
icity. This hypothesis is substantiated by increases in neuro-
filament heavy chain in the CSF in the months following bone
marrow transplant for MS.21 Serial quantification of serum
NfL and other markers of neuronal injury at early post-
treatment time points will be informative.

This study provides group-level data supporting the role of
NfL as a quantitative marker of MS disease severity and
treatment response. This convenient measure may one day
form part of routine MS monitoring. However, further
studies are required before clinicians can depend on it to
inform treatment choices for their patients; it is not clear
how changes in NfL translate to individual patients and
treatment decisions. Ongoing prospective studies will help
to address this. Further basic research is also necessary to
clarify the mechanisms underlying NfL release, CSF-serum
clearance, and how these factors might differ between
patients independently of neuroaxonal loss.
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