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Abstract
Background and Objectives
Improved biomarkers of neuroprotective treatment are needed in progressive multiple sclerosis
(PMS) to facilitate more efficient phase 2 trial design. The MS-STAT randomized controlled
trial supported the neuroprotective potential of high-dose simvastatin in secondary progressive
MS (SPMS). Here, we analyze serum from the MS-STAT trial to assess the extent to which
neurofilament light (NfL) and neurofilament heavy (NfH), both promising biomarkers of
neuroaxonal injury, may act as biomarkers of simvastatin treatment in SPMS.

Methods
The MS-STAT trial randomized patients to 80 mg simvastatin or placebo. Serum was ana-
lyzed for NfL and NfH using Simoa technology. We used linear mixed models to investigate
the treatment effects of simvastatin compared with placebo on NfL and NfH. Additional
models examined the relationships between neurofilaments andMRI and clinical measures of
disease severity.

Results
A total of 140 patients with SPMS were included. There was no evidence for a simvastatin
treatment effect on NfL or NfH: compared with placebo, NfL was 1.2% lower (95% CI 10.6%
lower to 9.2% higher; p = 0.820) and NfH was 0.4% lower (95% CI 18.4% lower to 21.6%
higher; p = 0.969) in the simvastatin treatment group. Secondary analyses suggested that higher
NfL was associated with greater subsequent whole brain atrophy, higher T2 lesion volume, and
more new/enlarging T2 lesions in the previous 12 months, as well as greater physical disability.
There were no significant associations between NfH and MRI or clinical variables.

Discussion
We found no evidence of a simvastatin treatment effect on serum neurofilaments. While
confirmation of the neuroprotective benefits of simvastatin is awaited from the ongoing phase 3
study (NCT03387670), our results suggest that treatments capable of slowing the rate of whole
brain atrophy in SPMS, such as simvastatin, may act via mechanisms largely independent of
neuroaxonal injury, as quantified by NfL. This has important implications for the design of
future phase 2 clinical trials in PMS.

Trial Registration Information
MS-STAT: NCT00647348.
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Classification of Evidence
This study provides class I evidence that simvastatin treatment does not have a large impact on either serum NfL or NfH, as
quantified in this study, in SPMS.

Few treatments are available for progressive multiple sclerosis
(PMS), with most restricted to those with active inflammatory
disease. Treatments for nonactive PMS1 may require an alter-
native approach, utilizing neuroprotective mechanisms alone or
in combination with immunomodulation. One such candidate
neuroprotective treatment is simvastatin, which in the MS-
STAT trial demonstrated a 43% reduction in annualized brain
atrophy, in addition to benefits on secondary physical and cog-
nitive outcomes. No differences were noted on a panel of im-
munologic markers, supporting a neuroprotective rather than
immunomodulatory mechanism.2,3 The phase 3 MS-STAT2
study is ongoing (NCT03387670).

Blood neurofilament light (NfL) is a biomarker of neuroaxonal
injury and an appealing surrogate outcome measure for trials in
relapsing-remitting MS.4 It is less well studied in PMS.5 Initia-
tion of immunosuppressive disease-modifying treatment is as-
sociated with a reduction in blood NfL in PMS cohorts, but an
important question remains over the ability of NfL to capture
the treatment effect of purportedly neuroprotective therapies.6-9

Clarifying this is an important goal of the progressive MS alli-
ance, with implications on future phase 2 trial design.10 Data for
blood neurofilament heavy (NfH) are more limited, but it may
have utility as a biomarker of neuroprotection.11,12

Here, we analyze serumNfL andNfH from theMS-STAT trial.
We use the known positive effect of simvastatin on whole brain
atrophy to interrogate our primary research question: whether
serum NfL and NfH may act as biomarkers of neuroprotective
treatment with simvastatin in secondary progressive MS
(SPMS). We additionally perform further analyses to examine
the relationships between serum neurofilaments and estab-
lished MRI and clinical variables.

Methods
MS-STAT Trial and Sample Processing
The MS-STAT study protocol has been outlined previously.2

Briefly, patients with SPMS, aged 18–65 years with Expanded
Disability Status Scale (EDSS) score 4.0–6.5, were eligible. Key
exclusion criteria included primary progressive MS; relapse or
steroid use within 3 months; and the use of immunosuppressive
or disease-modifying therapy within the last 6 months. A total of

140 patients were randomized, 1:1, to simvastatin 80 mg or
placebo. Baseline characteristics are shown in Table 1. Blood
samples were acquired at baseline and months 6, 12, and 24.
Serum was separated and stored at −80°C until time of analysis.

Neurofilament Quantification
NfL and NfH are components of a neurone-specific in-
termediate filament, differing in their C-terminal domain and
phosphorylation state. Both are released following neuro-
axonal injury into the CSF and blood, where they may be
quantified. Serum NfL and NfH were measured by Simoa
technology on a HD-1 analyzer, according to the manufac-
turer’s instructions (Quanterix, Billerica, MA). The Simoa
NF-Light Advantage and Simoa pNF-heavy Discovery Kits
(Quanterix) were used. Briefly, serum samples were thawed at
21°C, vortexed, and centrifuged at 10,000 RCF for 5 minutes
at 21°C. On-board the HD-1, samples were diluted 1:4 with
sample diluent and bound to paramagnetic beads coated with
a capture antibody specific for human NfL or NfH. Antibody-
coated beads were incubated with a biotinylated anti-NfL or
anti-NfH detection antibodies, that in turn were labeled with a
streptavidin-β-galactosidase complex. Following the addition
of the β-galactosidase substrate resorufin β-D-galactopyrano-
side, a fluorescent signal proportional to the concentration of
neurofilament present in the sample was generated in the
antigen-containing microwells of the Simoa plates.

Duplicate measurements were taken of each sample. Sample
concentrations were extrapolated from a standard curve, fitted
using a 4-parameter logistic algorithm. The lower limit of
quantification (LLoQ) for NfL is 0.174 pg/mL and for NfH is
2.88 pg/mL.13,14 Values below the LLoQ were assigned the
value of half the LLoQ. The coefficient of variation (CoV)
between sample replicates tends to be higher for lower value
results. To avoid bias, all data were therefore included in the
primary statistical analysis regardless of the CoV. Each assay
was run in the same or consecutive batches by the same
operator, who was blinded to treatment allocation.

MRI Processing
The imaging data have been previously published and were
acquired as previously described.2,15 Briefly, 3D T1-weighted,
double-echo proton density, and T2-weighted MRI was
obtained at baseline, month 12, and month 25. Whole brain

Glossary
9HPT = 9-hole peg test; 25FW = 25-foot timed walk;CoV = coefficient of variation; EDSS = Expanded Disability Status Scale;
IQR = interquartile range; LLoQ = lower limit of quantification;MS = multiple sclerosis; NfH = neurofilament heavy; NfL =
neurofilament light; PMS = progressive MS; SPMS = secondary progressive MS; T2LV = T2 lesion volume.
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atrophy was determined using the boundary shift integral
method and expressed as percentage change in whole brain
volume. T2 new/enlarging lesions were expressed as a count
and T2 lesion volume (T2LV) in milliliters.

Statistical Analysis
The prespecified primary analysis was to examine the effect of
simvastatin (80 mg) vs placebo on levels of serum NfL at 24
months. The primary analysis was conducted on the intention to
treat population regardless of treatment adherence. An exploratory
analysis was undertaken to examine the treatment effect using a

per-protocol data set, which included patients who complied with
treatment and completed follow-up to 25 months. Participants
were considered compliantwith treatment if they reported taking,
on average, at least 90% of their tablets at the protocol dose of 2
tablets per day.

The prespecified secondary analysis examined the relationship
between serum NfL and whole brain atrophy rate. Further
analyses of the association of NfL with other MRI and clinical
variables and all analyses of NfH data were exploratory. Neu-
rofilament data were skewed, and hence, all analyses were

Table 1 Characteristics of theMS-STAT Trial Cohort and Descriptive Statistics for SerumNfL and SerumNfH Across Time
Points

Placebo (n = 70) Simvastatin (n = 70) All (N = 140)

Baseline characteristics

Sex, n (%), female 48 (69) 49 (70) 97 (69)

Ethnicity, n (%), White 63 (90) 69 (99) 132 (94)

Relapse in last 24 mo, n (%) 18 (26) 8 (11) 26 (19)

Age, y, mean (SD) 51.1 (6.8) 51.5 (7.0) 51.3 (6.9)

MS duration, y, mean (SD) 20.3 (8.8) 22.1 (8.3) 21.2 (8.6)

SPMS duration, y, mean (SD) 7.1 (4.8) 7.3 (5.6) 7.2 (5.2)

EDSS score, median (IQR) 6 (5.5–6.5) 6 (5.5–6.5) 6 (5.5–6.5)

Previous use of interferon, n (%) 12 (17) 10 (14) 22 (16)

Serum NfL, pg/mL

Baseline, median (IQR) 15.3 (10.2–22.2) 13.9 (10.9–19.7) 14.6 (10.8–20.2)

N 63 65 128

Month 6, median (IQR) 14.8 (12.0–23.0) 15.0 (11.5–21.8) 14.8 (11.7–22.6)

N 53 59 112

Month 12, median (IQR) 16.6 (12.1–22.3) 16.8 (13.3–23.1) 16.7 (12.8–22.9)

N 53 59 112

Month 24, median (IQR) 16.9 (12.4–22.6) 16.0 (11.7–21.4) 16.0 (11.9–22.2)

N 48 64 112

Serum NfH, pg/mL

Baseline, median (IQR) 64.2 (24.0–136.0) 67.4 (23.9–116.0) 65.5 (24.0–118.5)

N 63 62 125

Month 6, median (IQR) 71.4 (25.7–135.4) 58.0 (22.7–112.1) 62.5 (22.7–121.9)

N 49 53 102

Month 12, median (IQR) 66.5 (22.9–135.5) 67.2 (25.2–107.1) 67.0 (25.2–113.6)

N 52 57 109

Month 24, median (IQR) 71.9 (26.6–111.8) 60.0 (27.0–125.6) 69.7 (27.0–119.5)

N 48 64 112

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile range; MS = multiple sclerosis; NfH = neurofilament heavy; NfL = neurofilament
light; SPMS = secondary progressive MS.
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performed following log2 transformation. Clinical data in-
cluded EDSS scores, 25-foot timed walk (25FW) expressed as
speed (inverse of completion time in seconds), and 9-hole peg
test (9HPT) expressed as a speed (1,000 × inverse of com-
pletion time in seconds). Analyses were conducted in Stata 15.1
or later.

Analysis of Simvastatin Treatment Effect on
NfL and NfH
A mixed effect model was used to estimate the simvastatin
treatment effect on serum neurofilaments at 6, 12, and 24
months, for NfL and NfH. A single model was used to esti-
mate a separate treatment effect at each visit (6, 12, and 24
months) by including a categorical variable for visit and an
interaction between visit and treatment group. Baseline neu-
rofilament data were included as an additional end point, but
with the treatment effect here constrained to be 0. This is
essentially equivalent to adjusting for the baseline neurofila-
ment level.16 The model included an unstructured residual
covariance matrix for the residuals (hence allowing a different
variance at each visit and different covariances between each
pair of measurements on the same participant). The following
baseline variables, which were used as minimization factors in
the randomization, were adjusted for by including them and
their interactions with visit as fixed effects: age, sex, di-
chotomized EDSS scores (4.0–5.5, 6.0–6.5), and study site.
The mean of the estimated treatment effects across all follow-
up visits is also presented. In addition, an exploratory analysis
was conducted which adjusted for the minimization factors in
the randomization and the following baseline variables: T2LV

and number of relapses in the previous 24 months. In these
models, we did not perform adjustments for covariates mea-
sured after randomization as they may be influenced by the
treatment allocation and hence introduce bias into the anal-
ysis of treatment effect.17

Analysis Relating NfL and NfH to MRI and
Clinical Variables
This analysis used data on baseline neurofilament levels and
the rates of change in neurofilament levels during the trial as
predictors of MRI and clinical outcomes. A 2-stage analysis
was performed.

In the first stage, a summary measure for rate of change in NfL
and NfH for each participant was calculated as the slope from
a simple linear regression model relating each participant’s
repeated measures of log NfL, and separately log NfH, to time
from baseline using ordinary least squares.18 In the second
stage, each participant’s estimated rate of change in log NfL or
log NfH was used as a predictor variable, along with baseline-
centered log NfL or log NfH, in a series of separate models for
MRI and clinical outcomes. For each outcome, a separate
model was fitted for log NfL and log NfH.

The model for whole brain atrophy was an extension of a
previously described linear mixedmodel for directly measured
change between each pair of MRI visits (baseline to 12,
baseline to 25, and 12–25 months) as the outcome.19 It in-
cluded participant-level random slopes for time between scans
and random effects for visit. All predictor variables were in-
cluded as interactions with time between scans in order to
model the associations with atrophy rate. The model included
baseline neurofilaments and change in neurofilaments, as well
as the following baseline variables: age, sex, MRI site, SPMS
duration, relapse in the previous 24 months, previous use of
interferon, and baseline treatments for fatigue, depression,
neuropathic pain, spasticity, and bladder urgency.

The model for T2LV was a linear mixed model with T2LV at
each MRI visit (baseline, 12 months, and 25 months) as the
outcome. Analysis of 25FW and 9HPT used a linear mixed
model with speed at each visit (baseline, 12 months, and 24
months) as the outcome. These models included participant
level random slopes for change over time and random inter-
cepts, allowing for correlation between these random effects.
In each model, baseline log neurofilament was included as a
predictor, along with its interaction with time since baseline.
Analysis of T2LV additionally included change in log neuro-
filament and its interaction with time. The models for T2LV
included the same variables that were adjusted for in the
whole brain atrophy model on their own as well as an in-
teraction with time. The models for clinical variables included
these same adjustments, with the exception of MRI site. As
T2LV and clinical variables violated normality assumptions,
inference from these models is based on nonparametric bias-
corrected and accelerated 95% and 99% CIs calculated from
10,000 bootstrap replications clustered on participant. p

Table 2 Effect of High-Dose Simvastatin on Serum NfL
and Serum NfH

Difference in
geometric mean (%)a 95% CI p Value

Serum NfL (pg/mL)

Month 6 −3.29 −16.2 to 11.6 0.646

Month 12 5.35 −7.4 to 19.9 0.429

Month 24 −5.21 −17.4 to 8.8 0.448

Mean treatment
effect

−1.16 −10.6 to 9.2 0.820

Serum NfH (pg/mL)

Month 6 −7.22 −27.9 to 19.4 0.560

Month 12 4.74 −15.1 to 29.3 0.666

Month 24 1.69 −18.4 to 26.7 0.881

Mean treatment
effect

−0.39 −18.4 to 21.6 0.969

Abbreviations: EDSS = Expanded Disability Status Scale; IQR = interquartile
range; NfH = neurofilament heavy; NfL = neurofilament light.
a Percentage difference in geometric mean serum neurofilaments, simvas-
tatin vs placebo, adjusted for age, sex, dichotomized EDSS scores (4.0–5.5,
6.0–6.5) and study site. Differences are shown for each follow-up visit and
also the average treatment effect across all follow-up visits.
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values are therefore not calculated for these models, but the
ranges in which they lie can be inferred from the CIs.

For the EDSS score, the linear mixed model did not converge.
Instead, a linear regression model for score at each visit
(baseline, 12 months, and 24 months) was used. To allow for
the nonindependence of measures from the same participant,
nonparametric bias-corrected and accelerated CIs clustered
on participant were used as described above. The models for
the EDSS score included the same adjustment variables as for
the other clinical outcomes.

Although T2LV may reflect overall disease burden, the identifi-
cation of active lesions (either gadolinium-enhancing lesions on a
single scan or new/enlarging T2 lesions when comparing 2 time
points) is the keyMRImeasure of ongoing neuroinflammation.20

The MS-STAT cohort did not include gadolinium-enhanced
imaging, and new/enlarging T2 lesions cannot be determined at
baseline. To further explore the known relationship between
serum NfL and neuroinflammation in this SPMS cohort, we
therefore performed additional exploratory linear regression
modeling usingmonth 24 logNfL as the dependent variable. This
allowed inclusion of recent active lesions (new/enlarging T2 le-
sions during month 0 to month 12 and month 12 to month 25)
and concurrent T2LV (month 25) as predictors. Models were
fitted including each of the MRI variables on their own and then
together in a mutually adjusted multivariable model. These
models included the same covariates as the T2LV models.

Standard Protocol Approvals, Registrations,
and Patient Consents
The study was conducted in accordance with Good Clinical
Practice and the Declaration of Helsinki.21 The MS-STAT
protocol was approved by each study site’s institutional review
board and a national ethics committee; all patients gave
written informed consent before entering the study; and
ethical approval for the retrospective analysis of serum

samples was received. The MS-STAT clinical trial identifica-
tion number is NCT00647348.

Data Availability
Anonymized NfL and NfH data are provided as a supple-
mentary data file (links.lww.com/NXI/A679).

Results
NfL and NfH Data
Data on NfL were available from at least 1 visit for 138 pa-
tients (69 in each treatment group), with 128 patients having
NfL data from at least 1 follow-up visit (61 placebo; 67 sim-
vastatin). For NfH, data were available from 137 patients (69
placebo; 68 simvastatin), with 127 patients having NfH data
from at least 1 follow-up visit (60 placebo; 67 simvastatin). No
NfL measures were below the LLoQ, and all sample replicates
had a CoV <20%. For NfH, 8 samples (1.8%) were below the
LLoQ, and 39 samples (8.6%) had a CoV >20%. At baseline,
median NfL was 14.6 pg/mL (interquartile range [IQR]
10.8–20.2 pg/mL), and median NfH was 65.5 pg/mL (IQR
24.0–118.5 pg/mL) (Table 1). Characteristics of the per-
protocol dataset are included in eTable 1 (links.lww.com/
NXI/A679).

Analysis of Simvastatin Treatment Effect on
NfL and NfH
There was no evidence of a simvastatin treatment effect on
either NfL or NfH at any time point (Table 2), with adjusted
marginal mean NfL and NfH levels being similar in the 2
treatment groups at each follow-up visit (Figure 1). Taking
the mean of the treatment effects across all follow-up time
points, the geometric mean NfL was 1.2% lower in the sim-
vastatin group than in the placebo group (95% CI 10.6%
lower to 9.2% higher; p = 0.820), whereas the geometric mean
NfH was 0.4% lower in the simvastatin group than on placebo

Figure 1 Estimated Mean Serum NfL (A) and Serum NfH (B) in Simvastatin and Placebo Treatment Groups

Values are marginal adjusted geometric means from linear mixed models with treatment effect at baseline constrained to 0. There was no evidence for a
treatment effect on either NfL or NfH. NfH = neurofilament heavy; NfL = neurofilament light.
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(95% CI 18.4% lower to 21.6% higher; p = 0.969). The results
from the exploratory per-protocol analysis were similar to
those found for the intention-to-treat analysis, with no evi-
dence of a simvastatin treatment effect on either NfL or NfH
at any time point (eTable 2, links.lww.com/NXI/A679).

Sensitivity analyses found that the results were not materially
altered following the exclusion of 2 individuals with outlying
neurofilament values. In addition, an exploratory analysis
found that results were essentially unchanged with adjustment
for baseline lesion volume and relapses within the last 24
months (eTable 3, links.lww.com/NXI/A679).

Association of NfL and NfH With MRI Variables
The relationships between both NfL and NfH and each of
whole brain atrophy and T2LV are shown in Table 3 and
Figure 2. There was evidence for an association between
higher baseline NfL and faster whole brain atrophy rate and

between higher baseline NfL and greater T2LV: a twofold
increase in baseline NfL was associated with a 0.21%/year
increase in brain atrophy and with a 7.7 mL higher baseline
T2LV. The rate of change in NfL was not associated with the
rate of change in T2LV or the rate of brain atrophy. Patients
with a greater increase in NfL from baseline to month 24,
however, tended to have a higher T2LV at baseline and
follow-up time points. As there was little effect of change in
NfL on T2LV, the effect was similar across all visits: an in-
crease of 1 extra doubling per year in NfL was associated with
a 15.1 mL higher baseline T2LV and 15.9 mL higher month
25 T2LV. There was no evidence for an association between
NfH and any MRI variables (Table 3; Figure 2).

NfL at month 24 was associated with concurrent T2LV and
new/enlarging T2 lesions between baseline and month 12
and between months 12 and 25 when examined in separate
models (Table 4). When these were combined together as

Table 3 Relationship Between Serum NfL, NfH, and Imaging Variables

Parameter estimate 95% CI p Value

Whole brain atrophy

Relationship with rate of whole brain atrophy (% per year)

Predictor variable

Baseline NfL (per doubling) 0.207 0.072 to 0.341 0.003

Rate of change in NfL (doublings per yeara) 0.093 −0.201 to 0.387 0.535

Baseline NfH (per doubling) 0.048 −0.005 to 0.102 0.078

Rate of change in NfH (doublings per yeara) 0.016 −0.105 to 0.136 0.795

T2 lesion volume

Relationship with baseline T2 lesion volume (mL)

Predictor variable

Baseline NfL (per doubling) 7.68 3.66 to 12.48 <0.01

Rate of change in NfL (doublings per yeara) 15.08 6.67 to 26.40 <0.01

Baseline NfH (per doubling) 0.736 −0.921 to 2.631 >0.05

Rate of change in NfH (doublings per yeara) 0.413 −6.696 to 8.001 >0.05

Relationship with change in T2 lesion volume (mL/y)

Predictor variable

Baseline NfL (per doubling) 0.29 −0.14 to 0.63 >0.05

Rate of change in NfL (doublings per yeara) 0.39 −0.60 to 1.02 >0.05

Baseline NfH (per doubling) −0.070 −0.218 to 0.051 >0.05

Rate of change in NfH (doublings per yeara) −0.032 −0.535 to 0.541 >0.05

Abbreviations: NfH = neurofilament heavy; NfL = neurofilament light.
The results of 4 separatemodels are presented, withwhole brain atrophy or T2 lesion volume as the dependent variables andNfL orNfHdata as the predictor
variables. In all analyses, neurofilament data were log2 transformed. Results are from covariate adjusted models as indicated in the Methods section. For T2
lesion volume, the p value bounds (</>0.05 and </>0.01) can only be inferred from the 95% and 99% bias-corrected and accelerated cluster bootstrap (10,000
replications) CIs.
a A 1-unit increase in the number of doublings per year corresponds to a change from stable levels to a doubling per year or from doubling once every year to
doubling every 6 months (2 doublings per year).
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predictors in the same mutually adjusted model, both con-
current T2LV and month 12–25 new/enlarging T2 lesions
remained independently associated with month 24 NfL,
whereas the association with new and enlarging lesions be-
tween baseline and month 12 was lost. In the final model,
month 24 NfL was increased by 5.7% for each new/enlarging
T2 lesion between months 12 and 25 and by 0.89% for each
milliliter increase in month 25 T2LV.

Association of NfL and NfH With
Clinical Variables
Higher baseline NfL was significantly associated with
higher baseline EDSS score, but not with the rate of change
in the EDSS score from baseline to 2 years (Table 5).
Higher baseline NfL was also associated with worse base-
line 9HPT performance and with a greater rate of wors-
ening in the 25FW speed from baseline to 2 years. Baseline
NfH was not materially associated with any clinical vari-
ables. Sensitivity analyses demonstrated that the results
were not materially changed following the exclusion of 2
neurofilament outliers.

Classification of Evidence
This study assessed the ability of serum NfL and NfH to act as
biomarkers of a neuroprotective treatment response with high-
dose simvastatin, compared with placebo, in patients with
SPMS. It provides Class I evidence that these biomarkers, as
quantified in this study, do not act as biomarkers of neuro-
protection with simvastatin.

Discussion
Our results demonstrate that despite simvastatin reducing the
annualizedwhole brain atrophy rate by 43%per year, compared
with placebo, we did not find evidence to support a simvastatin
treatment effect on serum NfL or NfH. We also replicate
previously observed findings, demonstrating that higher NfL is
associated with a greater subsequent rate of whole brain atro-
phy and that recent inflammatory activity (new/enlarging T2
lesions), as well as T2LV, is associated with higher NfL.

The existing literature suggests that in MS, the degree of
neuroaxonal injury reflected by serum NfL is predominantly

Figure 2 Relationship Between Each of Baseline SerumNfL andNfH and Each ofWhole Brain Atrophy Rate and Baseline T2
Lesion Volume

Points represent individual patient data. Whole brain atrophy rate is reported as yearly % change frombaseline tomonth 25 and baseline T2 lesion volume in
milliliters. (A) Baseline NfL and baseline to month 25 whole brain atrophy rate. (B) Baseline NfH and baseline to month 25 whole brain atrophy rate. (C)
Baseline NfL and baseline T2 lesion volume. (D) Baseline NfH and baseline T2 lesion volume. NfH = neurofilament heavy; NfL = neurofilament light.
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related to ongoing neuroinflammation. Such neuroinflammation
may be detected by conventional MRI measures, such as recent
T1 gadolinium-enhancing lesions or new T2 lesions, or by ad-
vancedMRImeasures of chronic neuroinflammation, such as the
identification of chronic active lesions via their paramagnetic
rims.5,22 Our previous findings suggested that simvastatin treat-
ment was not systemically immunomodulating in this cohort,
hence providing 1 possible rational for the absence of a treatment
effect on NfL.2

Many of the pathophysiologic mechanisms contributing to pro-
gressive MS ultimately converge on neuroaxonal damage, which
may be reflected by increased NfL.23 The dissociation between
the previously observed benefits of simvastatin (on whole brain
atrophy and disability measures) and the absence of a treatment
effect on NfL, however, does also highlight the potential im-
portance of additional processes, independent of neuroaxonal
injury, in the pathophysiology of SPMS. Comorbidities, particu-
larly cardiovascular, are prevalent within the MS population and
are known to have an impact on future disability and brain
atrophy.24-26 MRI measures of brain atrophy have been validated
against clinical treatment effects, long-term disability outcomes,
and measures of neuroaxonal loss.27-30 Brain atrophy is, however,
not specific to neuroaxonal injury and may be influenced by
volume changes in other CNS tissue compartments. The
mechanism of action of simvastatin in progressive MS is the
subject of an ongoing mechanistic vascular perfusion study
(OPT-MS, NCT03896217), and the ultimate confirmation of
the efficacy of simvastatin in SPMS awaits the results of the
ongoing phase 3 MS-STAT2 trial (NCT03387670). Our data
therefore suggest that caution is required when considering NfL
as an outcome measure for treatments in progressive MS if the
mechanism of action is not known to directly affect neuroaxonal
injury, such as with simvastatin.

Although our results are not necessarily generalizable to other
neuroprotective treatments in PMS, they are supported by
data from ibudilast. The SPRINT-MS study demonstrated a
significant 48% reduction in the rate of brain atrophy in PMS

with ibudilast compared with placebo.31 There was, however,
no significant difference between the treatment groups in either
serum or CSF NfL.9 Although ibudilast is likely to have pleo-
tropic effects (such as modulation of CNS innate immunity
through inhibition of phosphodiesterases, macrophage migra-
tion inhibitory factor, and Toll-like receptor 4), like simvastatin,
it is not thought to be systemically immunomodulatory.32

NfL has shown utility as a biomarker of treatment with fin-
golimod, siponimod, natalizumab, and ocrelizumab in PMS
cohorts.6-8 These treatments all share a predominantly im-
munomodulatory mechanism of action, and their ability to
reduce NfL is therefore entirely in keeping with the known
association between NfL, neuroaxonal injury, and markers of
inflammatory activity in PMS.5 Supporting this, subgroup
analyses suggest that there may be a greater treatment effect of
natalizumab, siponimod, and ocrelizumab on NfL in patients
with recent inflammatory activity.6-8

The estimated treatment effects of simvastatin onNfL andNfH
were small and not statistically significant, with the 95% CI
sufficiently narrow to exclude an important treatment effect in
either direction. Exploratory analyses did find that the month
24 serum NfL level increased by 6% (95% CI 2% to 9%) for
each new/enlarging T2 lesion in the preceding year and by
0.9% (95% CI 0.3% to 1.5%) for each milliliter increase in
concurrent T2LV, further supporting the known relationship
between NfL and neuroinflammation. The key question of this
study, however, was to determine the extent to which serum
neurofilaments may act as biomarkers of a neuroprotective
treatment that does not appear to have direct effects on neu-
roinflammation, using simvastatin as our example. Indeed, NfL
has shown utility as a biomarker of noninflammatory neuro-
degeneration and neuroprotection in other neurologic
conditions.33,34 Our results, however, together with those from
SPRINT-MS, suggest that either these treatments produce
benefits on the rate of whole brain atrophy by mechanisms
independent of neuroaxonal injury or that the degree of
neuroprotection induced is insufficient to produce material

Table 4 MRI Predictors of Month 24 Serum NfL

Predictor variable

Separate model for each T2 lesion variable Combined, mutually adjusted, model

% Increase in 24 mo NfL per
unit increase in predictor 95% CI p Value

% increase in 24 mo NfL per
unit increase in predictor 95% CI p Value

Month 0–12 T2 new/
enlarging lesions (count)

3.23 0.29 to 6.26 0.031 −0.15 −3.08 to 2.86 0.919

Month 12–25 T2 new/
enlarging lesions (count)

6.76 3.45 to 10.18 <0.001 5.73 2.40 to 9.17 0.001

Month 25 T2 lesion
volume (mL)

1.10 0.51 to 1.67 <0.001 0.89 0.29 to 1.49 0.004

Abbreviation: NfL = neurofilament light.
Results are presented from the 3 separate models, and then from the combined linear regression model, with month 24 NfL out the outcome and T2 lesion
variables as predictors. Results are from covariate adjusted models as indicated in the Methods section. As previously, NfL was log2 transformed. T2 new/
enlarging lesions are reported as a count and T2 lesion volume in milliliters. Coefficients are expressed as % increase in 24month NfL per unit increase in T2
lesion variables.
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changes in serum NfL. We speculate that the latter may be
due to the association between neuroinflammation and NfL
persisting independent of such neuroprotective treatment.
Future work should focus on replicating this NfL analysis in
samples from the ongoing phase 3 MS-STAT2 clinical trial,
once the effects of simvastatin on clinical disability pro-
gression are confirmed, and also on developing novel CNS
biomarkers capable of capturing neuroprotective treatment
effects independent of neuroinflammation.

In 2 studies assessing the neuroprotective potential of sodium
channel blockade (with phenytoin in acute optic neuritis and
lamotrigine in SPMS), NfH has shown promise as a bio-
marker of neuroprotective treatment.11,12 Our data, however,
found no evidence of a simvastatin treatment effect on NfH or
any associations of NfH with MRI or clinical measures of
disease severity. Although previous studies have shown strong
and consistent correlations between serum and CSF NfL,35

inconsistent results have been found for correlation between

Table 5 Relationship Between Baseline Serum NfL and Serum NfH and Clinical Variables

Parameter estimate 95% CI p Value

EDSS score

Relationship with baseline EDSS score

Predictor variable

Baseline NfL (per doubling) 0.284 0.096 to 0.500 <0.01

Baseline NfH (per doubling) −0.030 −0.109 to 0.058 >0.05

Relationship with change in the EDSS score (units per year)

Predictor variable

Baseline NfL (per doubling) 0.026 −0.052 to 0.112 >0.05

Baseline NfH (per doubling) 0.002 −0.030 to 0.036 >0.05

25FW

Relationship with baseline 25FW (1/s)

Predictor variable

Baseline NfL (per doubling) −0.159 −0.390 to 0.056 >0.05

Baseline NfH (per doubling) 0.055 −0.044 to 0.147 >0.05

Relationship with change in 25FW (1/s per year)

Predictor variable

Baseline NfL (per doubling) −0.183 −0.312 to −0.055 <0.01

Baseline NfH (per doubling) 0.028 −0.041 to 0.081 >0.05

9HPT

Relationship with baseline 9HPT (1,000/s)

Predictor variable

Baseline NfL (per doubling) −3.600 −5.488 to −1.629 <0.01

Baseline NfH (per doubling) −0.113 −1.267 to 1.011 >0.05

Relationship with change in 9HPT (1,000/s per year)

Predictor variable

Baseline NfL (per doubling) −0.046 −0.904 to 0.858 >0.05

Baseline NfH (per doubling) −0.168 −0.524 to 0.162 >0.05

Abbreviations: 9HPT = 9-hole peg test; 25FW = timed 25-foot walk; EDSS = Expanded Disability Status Scale; NfH = neurofilament heavy; NfL = neurofilament
light.
The results of 6 separate models are presented, with EDSS, 25FW, or 9HPT as the dependent variables and NfL or NfH data as the predictor variables. EDSS
score is reported as the score; both 9HPT and25FWare reported as a speed (9HPT as 1,000 × s−1 and 25FWas s−1). In all analyses, neurofilament datawere log2
transformed. Results are from covariate-adjustedmodels as indicated in theMethods section. pValue bounds (</>0.05 and </>0.01) can only be inferred from
the 95% and 99% bias-corrected and accelerated cluster bootstrap (10,000 replications) CIs.
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serum and CSF NfH.36-38 This suggests that NfH instability
between CSF and serum compartments may have limited its
potential as a biomarker in our cohort. The Quanterix Simoa
NF-Light Advantage assay has been widely used and validated
against clinical and MRI outcomes. The Simoa pNF-heavy
Discovery assay, however, has been less widely used. One
study has used this assay to demonstrate modest associations
between serum NfH and T2LV in a mixed MS cohort.38

Although Simoa digital ELISA platforms tend to improve
sensitivity and accuracy over traditional ELISA techniques,
the limited data from this NfH assay therefore suggest that the
NfH data should be interpreted with caution.

In conclusion, our results show that despite simvastatin treatment
being associated with a significant reduction in whole brain at-
rophy and benefits in secondary outcomes, our results are most
compatible with no important effect on serum NfL or NfH in
SPMS. Although higher NfL is associated with greater disease
severity and faster progression, our results, together with those
from ibudilast, suggest that candidate nonimmunomodulatory
neuroprotective treatments in PMS may act via mechanisms in-
dependent of the main determinants of serum neurofilament
concentrations. While confirmation of the neuroprotective effi-
cacy of simvastatin in SPMS is awaited from the ongoing phase 3
study, our results, together with those of others, suggest that the
utility of serum neurofilaments as biomarkers of treatment re-
sponse in progressiveMSmay be limited to interventions that are
either known to suppress acute or chronic neuroinflammatory
activity or to otherwise directly affect neuroaxonal injury.
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