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Abstract

Background and purpose: Although functional recovery is most pronounced in the first
6 months after stroke, improvement is possible also in the late phase. The value of plasma
neurofilament light chain (NfL), a biomarker of axonal injury and secondary neurodegen-
eration, was explored for the prediction of functional improvement in the late phase after
stroke.

Methods: Baseline plasma NfL levels were measured in 115 participants of a trial on the
efficacy of multimodal rehabilitation in the late phase after stroke. The association be-
tween NfL levels, impairment in balance, gait and cognitive domains, and improvement 3
and 9 months later was determined.

Results: Plasma NfL levels were associated with the degree of impairment in all three do-
mains. Individuals with meaningful improvement in balance and gait capacity had higher
plasma NfL levels compared with non-improvers (p = 0.001 and p = 0.018, respectively).
Higher NfL levels were associated with improvement in balance (odds ratio [OR] 2.34,
95% confidence interval [CI] 1.35-4.27, p = 0.004) and gait (OR 2.27, 95% CI 1.25-4.32,
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p =0.018).
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INTRODUCTION

Stroke survivors often suffer from long-term and often permanent
impairment involving different aspects of cognition, motor function
and balance. Whilst functional recovery is most pronounced in the
first 6 months after the stroke event [1,2], additional improvement
is possible also in the late phase and can be enhanced through tar-
geted rehabilitation programmes [1,3,4]. Stroke-induced secondary
neurodegeneration in remote cortical and subcortical regions devel-
ops over the course of months and years, contributes to cognitive
decline and can impede long-term functional recovery [5-8].

Circulating neurofilament light chain (NfL), a neuron-specific
intermediate filament protein, is a blood and cerebrospinal fluid
biomarker of axonal damage in multiple sclerosis [9,10] and neuro-
degenerative disorders such as Alzheimer's disease, frontotemporal
dementia, Parkinson's disease, Huntington's disease and amyo-
trophic lateral sclerosis [11]. Serum NfL levels positively correlate
with infarct volume [12,13] and neurological impairment [13,14] in
the acute phase after ischaemic stroke. High serum NfL levels in the
first 3 months after ischaemic stroke show a strong association with
poor short-term and long-term clinical outcome [12,14,15], and at
3-5 months after stroke serum NfL levels are negatively correlated
with performance in activities of daily living [13]. Six months after
stroke, serum NfL levels positively correlate with secondary neuro-
degeneration determined by diffusion tensor magnetic resonance
imaging (MRI) [12].

In a three-armed randomized trial, it was previously found that
multimodal interventions can lead to improvement in balance,

motor function, cognition and long-term perception of recovery in

the late phase after stroke.

p = 0.009). Elevated plasma NfL levels showed a positive predictive value for cognitive
improvement, and this effect was specific for the intervention targeting the cognitive
domain. The association of NfL levels with cognitive improvement withstood correction
for baseline impairment, age and total years of schooling (OR 7.54, 95% Cl 1.52-45.66,

Conclusions: In addition to its established role as a biomarker in the acute phase, elevated
circulating NfL levels may predict functional improvement in the late phase after stroke.

Our results should prompt further studies into the use of plasma NfL as a biomarker in

biomarkers, cerebrovascular disease, intermediate filaments, late phase after stroke,
nanofilaments, neurofilament light chain, stroke recovery

individuals in late phase (210 months and <5 years) after stroke [4,16].
Here the potential association between circulating levels of NfL and
the degree of impairment in balance, gait and cognition in the late
phase after stroke was addressed. Moreover, the value of circulating
NfL as a predictor of functional improvement was explored.

MATERIALS AND METHODS
Study population and study design

Data and plasma samples from a prospective single-blinded three-
armed randomized trial on the efficacy of rehabilitation by rhythm
and music-based therapy and horse-riding therapy in late phase
recovery after stroke were used, trial registration ClinicalTrials.gov
NCT01372059 [17]. Briefly, 123 participants who suffered from
stroke 10 months to 5 years prior to inclusion were randomly allo-
cated to one of three parallel intervention groups: rhythm and music-
based therapy, horse-riding therapy or delayed intervention group.
Participants in the delayed intervention group received the rhythm
and music-based therapy a year later. Randomization included strati-

fication according to sex and hemispheric location of the stroke [4].
Standard protocol approvals, registrations and
patient consents

The study was conducted according to the CONSORT guidelines
and approved by the Regional Ethical Review Board in Gothenburg
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(reference number 698-09). Written informed consent was received

from participants prior to inclusion in the study.

Outcome assessment

Observer-assessed outcome measures were evaluated at baseline (trial
entry), as well as 3 and 9 months later, that is, directly after complet-
ing the 12-week long intervention and at 6-months follow-up, respec-
tively, using validated tests within the gait, balance, hand function
and cognitive domains. The focus was on objective outcome param-
eters that were previously shown to improve in response to rhythm
and music-based therapy or horse-riding therapy interventions in
this study population [4,16]. Gait capacity was assessed by the 10-m
walk test in which participants were asked to walk at a self-selected
speed and then as fast as they could. Balance was assessed with the
Berg Balance Scale. Cognitive function (working memory) was evalu-
ated with the Letter Number Sequence test. Nominal change in each
outcome measure was converted into a binary improvement score,
that is, a score of 1 was given for 210% improvement, considered as
a clinically meaningful change [4], whereas a score of O was given for
<10% improvement, no change or worsening. Due to very low baseline
impairment in balance, a cutoff of 21 point improvement was used for
the Berg Balance Scale. Alternatively, changes in outcome parameters
were converted to a binary worsening score, that is, a score of 1 was
given for 210% or 21 point deterioration, respectively, and O for <10%

or <1 point deterioration, respectively, no change or improvement.

Blood sampling and NfL measurement

Blood samples collected at study inclusion (baseline) were available
for 115 of the 123 study participants. Blood was drawn between
8:00 and 10:00 AM after an overnight fasting and EDTA plasma was
prepared and stored in aliquots at =70°C until the analysis. NfL con-
centration was measured using the commercially available NF-Light
kit on the single-molecule array (Simoa) HD-1 Analyzer as described
by the manufacturer (Quanterix, Billerica, MA, USA). The analysis
was performed by board-certified laboratory technicians blind to
the clinical information; all samples were analysed on the same oc-
casion with the same batch of reagents. The lower limit of detection
was 0.17 pg/ml. The intra-assay coefficient of variation was 1.9%
and 13.4% for quality control samples with concentrations of 7.2 pg/

ml and 139.5 pg/ml, respectively.

Statistics

The sample size required to satisfy power criteria of 80% with an
alpha level of 0.05 (i.e., 40 participants per intervention group) was
determined with regard to the trial primary outcome measure (Stroke
Impact Scale) as described previously [17]. A post hoc power analysis
in the present study revealed that, when aiming for 80% power at

the alpha level of 0.05, the minimum absolute detectable difference
in plasma NfL levels between improvers and non-improvers was
25% and 36% for the pooled and individual intervention groups, re-
spectively. Data distribution was assessed by the Shapiro-Wilk test.
As the data were not normally distributed, non-parametric tests
were used. The Mann-Whitney U and Kruskal-Wallis tests were
used for comparison between two and three groups, respectively.
Bonferroni's correction for multiple testing was applied as indicated.
Associations between continuous variables were examined using
Pearson's and Spearman's correlation. Associations between plasma
NfL levels and baseline impairment were analysed with univariate
and multivariable linear regression. To evaluate the associations with
clinically meaningful improvement or worsening in given functional
parameters, participants were dichotomized into improvers (21 point
improvement for the Berg Balance Scale, 210% improvement for the
10-m walk test and Letter Number Sequence score compared to
baseline) and non-improvers, and univariate or multivariable binary
logistic regression was used. Unless stated otherwise, log, trans-
formed values of NfL plasma concentration were used for the linear
and logistic regression analyses to improve compliance with linear-
ity, normality and the homoscedasticity assumption, as assessed by
inspection of residual plots. The significance of the effect size of a
predictor in a given model was assessed by the Wald test. Model
improvement, that is, the added value of the inclusion of NfL con-
centration (or baseline impairment) in the predictive models, was
compared by McFadden's pseudo R? [18] for the model with or with-
out the predictor in question and the significance of the difference
was assessed by the likelihood-ratio test. The relative importance
of each predictor in determining improvement in outcome was es-
timated by comparing the standardized coefficient () in the fully
adjusted regression models, that is, using z-scores for each predic-
tor instead of the original values. Missing data for outcome at 3 or
9 months were replaced using the last observation carried forward
(Berg Balance Scale score, rhythm and music-based therapy, n = 1;
10-m fast walking speed, rhythm and music-based therapy, n = 2;
horse-riding therapy, n = 2; Letter Number Sequence score, delayed
intervention, n = 1; rhythm and music-based therapy, n = 2; horse-
riding therapy, n = 6). Participants with missing relevant baseline
values for outcome measures were excluded from the respective
analysis (one participant from each intervention group, different for
different domains). The National Institutes of Health Stroke Scale
(NIHSS) score was missing for two participants in the rhythm and
music-based therapy group. Statistical analyses were performed in
the R package (ver. 3.3.2) [19]. Power calculation was performed in
G*Power software [20] using the test for means with asymptotic
relative efficiency correction. All tests were two-sided and a p value
<0.05 was considered significant.

RESULTS

The baseline characteristics of the study population are presented in
Table 1. There were no differences between the intervention groups
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in plasma NfL levels (;(Z(H) = 0.535, p = 0.766, df = 2) or any other
parameter (data not shown).

When data for all three groups were pooled, plasma NfL levels
were positively correlated with age (r = 0.4089, p < 0.001). There
was no association between plasma NfL levels and NIHSS score
(r = -0.087, p = 0.349), time since the stroke event (r = -0.11,
p = 0.216) or any other baseline characteristic of the study popula-

tion (data not shown).

In late phase after stroke, stroke severity,

age and baseline degree of impairment in

balance and cognition are associated with longitudinal
improvement

Based on the change between baseline and the follow-up 3 and
9 months later, respectively, the participants were dichotomized
into improvers (21 point improvement for the Berg Balance Scale,
>10% improvement for the 10-m walk test and Letter Number
Sequence score compared to baseline) and non-improvers (<1 point
or <10% improvement, respectively, no change or worsening) within
each outcome measure (Table 2). In the univariate analysis of data
from all participants, that is, regardless of the intervention group,
stroke severity (baseline NIHSS score) was positively associated with

improvement in the Berg Balance Scale at both 3 and 9 months (odds
ratio [OR] 1.20, 95% confidence interval [CI] 1.04-1.43, p = 0.018,
and OR 1.19, 95% Cl 1.03-1.41, p = 0.027, respectively). Higher
baseline Berg Balance Scale score (indicating better balance and
coordination) was negatively associated with improvement at both
3 and 9 months (OR 0.89, 95% Cl 0.82-0.95, p = 0.002, and OR
0.90, 95% Cl 0.82-0.96, p = 0.003, respectively). Higher baseline
speed in the 10-m walk test was negatively associated with improve-
ment at 9 months but not at 3 months (OR 0.43, 95% CI 0.19-0.91,
p = 0.034, and OR 1.29, 95% CI 0.64-2.70, p = 0.483, respectively).
Higher age, but not total years of schooling, showed an association
with lower odds of improvement in the Letter Number Sequence
score at 3 months but not at 9 months (OR 0.92, 95% Cl 0.87-0.97,
p = 0.005, and OR 1.02, 95% Cl 0.96-1.07, p = 0.533, respectively;
and data not shown). However, a higher Letter Number Sequence
score (indicating better working memory) at baseline was associated
with lower odds of improvement at 3 and 9 months (OR 0.82, 95%
Cl10.70-0.96, p = 0.016, and OR 0.66, 95% Cl 0.53-1.79, p < 0.001,
respectively). No associations between baseline characteristics and
worsening in any of the outcome measures were found. Time since
the stroke event, stroke type and sex did not show significant asso-
ciation with improvement in any of the univariate analyses (data not
shown) and were therefore not included as covariates in multivari-
able analyses.

TABLE 1 Baseline characteristics of the
study population

Delayed intervention R-MT H-RT
(n=36) (n=39) (n =40)

Sex: men, n (%) 19 (50.0) 22 (52.4) 23(57.5)

Age, years, median (IQR) 66 (61-70) 64 (59-68) 63 (59-67)

Total years of schooling, 14 (4) 14 (4) 13(4)
median (IQR)

Time since stroke onset, 1082 (796-1444) 854 (686-1363) 1074
days, median (IQR) (669-1371)

Stroke type: haemorrhage, 12 (31.6) 11 (26.2) 14 (35.0)

n (%)

Modified Rankin Scale 25(66)/13 (34) 23(55)/19 (45) 23(57.5)/17
score grade 2/grade (42.5)

3,n (%)

NIHSS score, median 2.0(1.0-3.0) 2.5(1.0-4.0) 2.0 (0-4.0)
(IQR)

Berg Balance Scale score, 55 (49-56) 52 (50-55) 52 (47-54)
median (IQR)

10-m fast walk test, 1.59 (0.96-1.78) 1.55(1.29-1.79) 1.32
speed, m/s, median (0.90-1.62)
(IQR)

Letter Number Sequence 6 (4-7) 6 (4-8) 6 (4-7)
score, median (IQR)

NfL, pg/ml, median (IQR) 15.7 (12.9-24.3) 20.0 (12.0-25.0) 18.9

(12.8-26.2)

Note: Data are shown as median and interquartile range (IQR, Q,-Q;) or number and percentages
(%) for each intervention group. No differences between groups were found for any variable by
Kruskal-Wallis test for continuous variables and ;{2 for proportions.

Abbreviations: H-RT, horse-riding therapy; NfL, neurofilament light chain; NIHSS, National
Institutes of Health Stroke Scale; R-MT, rhythm and music-based therapy.



STOKOWSKA ET AL.

2222 |

‘ulw v ‘Adesayy paseq-disnw pue WylAyd ‘| IN-Y(ED 98ueyd uelpsw (YO|) vV uelpaw 28ueyd Jo a3ued ‘xew D) s8ued a|134enbusiul ‘YO | ‘Adesayy Suipli-asioy ‘] ¥-H :SuoljeIAnaIqqy

'sdnoJg uoljuaAlalul 934y} Y3 Ul pue sjuedidijied Apnis ayj [[e Ul ‘sidAoidwi-uou Jo (3102s 9duanbag JaquinN
193397 pue paads Supjjem 3sey W-QT dY3 Ul %0T< 40 9]edS duejeg S1ag ayj ul julod <) siaroidwi se payisse|d sjuedidiried 1oj sa|geLieA SWodIN0 dY} Ul SSUBYD [BUIWOU JO JUSIXS 3Y3} pue uolnguysiq 930N

0¥~ 8T 0:L- or 1 18- 81 18- 0T T Xew uiw'y
(T-T¢) e (r1)sT (T-2) 1~ (roe (0's-)¢- (7:1)e (S£0-'0€-)0T- (7 1) e (401) v uelps\
[44 1 [44 8T 61 61 €9 15 u syjuow 9
0°€- 97 0:G- 97 0:9- 97 09~ 97 Xew ulw'y (s3utod)
(0°1-) 1~ (ree (0°1-) 1~ (SvT)Ioe (0°1-)0 (€T (0°1-) 1~ r1e (401) v uelpan 21095 35Uanbag
9¢ 6 T4 ST LT 174 89 S¥ u Syjuow g 3quinN 191337
110:CT'T- €°0:80°0 £L1°0°28°0- €£0:500 L1'0:0C'T- 0t'0°£0°0 L1'0:0C'T- €£0:900 Xew ‘ulw y
(¥0'0 (ceo (¥00 (¥zo (o0 (€T0 (¥00 ((zAld]
‘92°0-) ¥0°0- ‘0C°0) ¥Z'0 L1°0-) ¥0'0- ‘ST°0)TC°0 ‘1€°0-) ¥1°0- :02°0)2C0 ‘€C°0-) 60°0- ‘81°0) 220 (40I) v uelpay
LT 6 LT ¢l 8¢ 12 8 [43 u syjuow 9
81°0:€C0- T70:L1°0 010 ‘¥C 0~ £5°0:50°0 LTOETT- 19°0°61°0 LTOETT- 19°0°50°0 Xew uiw 'y
(620 (o0 (og0 (Too (cvo (Too- (Tr'o
(S0°0:£00-)0 ‘81°0) ¥Z'0 ‘01°0-) 100~ ‘5T°0) 120 ‘€1°0-) GO0~ ‘G2°0)8€0 ‘80°0-) GO0~ ‘81°0)SC°0 (¥01) v uelpsn (s/w) paads
6¢C L [44 LT LT [4) 8L 9¢€ u syjuow g ‘1593 )j|em 3sej w-QOT
09~ 8T 0:GT- LT 0°L1- €17 0:L1- €T Xew uiw y
(0°1-)0 T (0°1-)0 vz (0°1-)0 (sze e (0°1-)0 (2394 (401) v ueipsy
€C €T (014 (014 91 €¢ 65 9G u syjuow 9
0L~ 91 0:8- LT 0:0T- 61 0:0T- 61 Xew uiw 'y
(0°1-)0 (€11 (0°1-)0 (roe (0°1-)0 (€ 1)¢ (0°1-)0 (sze e (¥0I) v uelps\ (sjutod) 24095
14 11 LT €C 91 €¢ 89 LS u Syjuow g 9|eds aouejeg Siog
s1aAn0adwi-uoN s1anoadw| siaA0adwi-uoN sianoadw| sian0adwi-uoN sianoadwy sianosdwii-uoN siano0adw J19)owesed julod sawi] 1s9]
uonuaAIul pakejag 14-H 1N-d v

sJaA01dWi-UoU pue siaA0IdW] USIMID] S|gelIBA SWO0DIN0 Y3 Ul d3Ueyd JO JuaIXa ay3 pue sjuedidiped Apnys ay3 jo uonnquisiq g 3149V.L



NFL AND LATE PHASE STROKE RECOVERY

2223

—
Q
-
D
o

(

Baseline 10 m fast walking speed [m/s] &

()
~

Baseline Letter Number Sequence score

Baseline Berg Balance Scale score

)]
o

N
o

w
o

N
o

—_
o

=i
o

o

20

& C r=-0.28*
rho =-0.33***
20 40 60
NfL [pg/ml]
:m-g o\-. ° °

e o0 0 o r=-0.17*
o’e rho =-0.21*
20 40 60
NfL [pg/ml]

. r=-0.19*
rho = -0.28**
40 60
NfL [pg/ml]

~
~ <
®e o o —

FIGURE 1 Plasma NfL levels show association with the degree
of impairment in balance, gait and cognitive domains in the late
phase after stroke. (a) Associations of plasma NfL levels with
baseline Berg Balance Scale score, (b) 10-m fast walking speed

and (c) Letter Number Sequence score. Solid line represents model
with a significant linear association, dashed line indicates lack of
significant linear association. Blue-shaded zone indicates 95%
confidence interval for the estimated regression line. r, Pearson's
correlation coefficient; rho, Spearman's correlation coefficient;

*p < 0.05, **p < 0.01, ***p < 0.001 for the respective correlation;
values in bold indicate significant correlations [Colour figure can be
viewed at wileyonlinelibrary.com]

In late phase stroke survivors, plasma NfL levels are
associated with more pronounced physical and
cognitive impairment

Plasma NfL levels correlated positively with the baseline degree of
impairment in balance, gait and cognitive domains (Figure 1).

In the linear regression analysis, the association of higher plasma
NfL levels (on a log, scale) with lower baseline Berg Balance Scale
score (B = -2.3, 95% ClI -3.95 to -0.40, p = 0.017) withstood ad-
justment for age (B = -2.59, 95% Cl -4.65 to -0.54, p = 0.014) or
baseline NHISS score (B = -1.73, 95% Cl -3.32 to -0.10, p = 0.037).
High plasma NfL levels were associated with lower baseline speed in
the 10-m fast walk test (B = -0.24, 95% Cl -0.37 to -0.10, p = 0.009)
and withstood adjustment for age (B = -0.21, 95% Cl -0.34 to -0.08,
p < 0.001) or baseline NIHSS score (B = -0.30, 95% Cl -0.46 to
-0.14, p = 0.001). Similarly, high plasma NfL levels were associated
with lower baseline Letter Number Sequence score (B = -0.72, 95%
Cl -1.37 to -0.082, p = 0.028). These associations remained signif-
icant after adjustment for age (B = -0.75, 95% Cl -1.50 to -0.01,
p = 0.048) or baseline NIHSS score (B = -0.68, 95% Cl -1.29 to
-0.06, p = 0.036).

Even late phase stroke survivors with high plasma NfL
levels can improve both physically and cognitively

High plasma levels of NfL were positively associated with improve-
ment in the Berg Balance Scale at 3 months (U = 1196, p = 0.001) and
improvement in the 10-m fast walking speed at 9 months (U = 1020,
p = 0.018; Figure 2a,b; Table 3). These associations were independ-
ent of age, baseline NIHSS score and baseline degree of impairment
within the respective domain, and the predictive value of the model
improved when plasma NfL levels were added to these variables
(Table 3).

When assessing the efficacy of the specific interventions, it was
found that both rhythm and music-based therapy and horse-riding
therapy were associated with improvement in the Berg Balance
Scale at 3 months (OR 3.99, 95% Cl 1.59-10.51, p = 0.004; OR 3.32,
95% Cl 1.32-8.75, p = 0.012, respectively); in the horse-riding ther-
apy group, median NfL levels were higher amongst participants who
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FIGURE 2 Even late phase stroke
survivors with high plasma NfL levels
can improve both physically and
cognitively. (a) Baseline plasma NfL

°
P=0.023
1

° levels in participants who achieved
° >1 point improvement in balance, (b)
210% improvement in gait and (c) 210%
improvement in cognition at follow-up
° O compared to those who did not improve.
b (d)-(f) Plasma NfL levels in participants
grouped based on intervention type.
s Box plots: midline represents median;
6 notches denote 95% confidence interval
for the median; upper and lower edges
of the boxes define interquartile range,
H-RT IQR; whisker ends define the inner fences
(i.e., minimum/maximum or distance of
1.5 * IQR, whichever is smaller); individual
points beyond whiskers show outliers.
p values refer to the Mann-Whitney U
test, adjusted for multiple comparisons
in (d) and (f). R-MT, rhythm and music-
C based therapy; H-RT, horse-riding
therapy [Colour figure can be viewed at
wileyonlinelibrary.com]
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improved in the Berg Balance Scale compared to those who did not
(U = 99, multiplicity adjusted p = 0.023; Figure 2a). In the rhythm
and music-based therapy group but not the other groups, NfL levels
were positively associated with improvement in the Letter Number
Sequence score at 9 months (median U = 106, multiplicity adjusted
p = 0.021; Figure 2c and Table 3). Rhythm and music-based therapy
was the only intervention that was associated with improvement in

P=0.021

%?

the Letter Number Sequence at 3 months (OR 3.24, 95% Cl 1.28-
8.64, p = 0.015). The association of NfL levels with long-term im-
provement in this test withstood correction for baseline Letter
Number Sequence score, age (Table 3) and total years of schooling
(OR 7.54,95% Cl 1.52-45.66, p = 0.018).

There was no association between plasma NfL levels and wors-
ening in any of the domains (OR 0.59, 95% CI 0.32-1.05, p = 0.080
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TABLE 3 Association between baseline plasma NfL levels, or baseline level of impairment, and the improvement in balance, gait and

cognition
Model
Odds ratio (95% Effect of the Model improvement, A improvement, p
Predictor confidence interval) predictor, p value pseudo R? value
Berg Balance Scale score—improvement at 3 months
log, NfL 2.34(1.35-4.27) 0.004 0.06vs.0 0.002
Adjusted for age and NIHSS score 2.13(1.11-4.33) 0.028 0.09 vs. 0.06 0.023
Adjusted for age, NIHSS score and 1.92 (1.05-3.94) 0.030 0.12vs. 0.10 0.018
baseline score
Baseline score 0.89 (0.82-0.95) 0.002 0.08vs.0 <0.001
Adjusted for age and NIHSS score 0.91 (0.85-0.98) 0.025 0.10 vs. 0.06 0.012
Adjusted for age, NIHSS score and 0.92 (0.84-1.00) 0.056 0.12 vs. 0.09 0.012
log, NfL
10-m fast walking speed—improvement at 9 months
log, NfL 2.27 (1.25-4.32) 0.009 0.05vs.0 0.007
Adjusted for age and NIHSS score 2.66(1.32-5.73) 0.009 0.07 vs. 0.01 0.006
Adjusted for age, NIHSS score and 2.37 (1.14-5.22) 0.025 0.08 vs. 0.04 0.003
baseline speed
Baseline speed 0.42 (0.18-0.91) 0.038 0.03vs.0 0.028
Adjusted for age and NIHSS score 0.35(0.13-0.84) 0.061 0.04 vs.0.01 0.054
Adjusted for age, NIHSS score and 0.58 (0.23-1.40) 0.238 0.08 vs. 0.04 0.054
log, NfL
Letter Number Sequence score—improvement at 9 months
log, NfL 1.47 (0.88-2.53) 0.148 0.01vs.0 0.143
log, NfL x intervention (R-MT) 7.54 (1.74-39.43) 0.010 0.06 vs. 0 0.023
Adjusted for age 7.54 (1.74-39.61) 0.011 0.06 vs. <0.01 0.023
Adjusted for age and baseline 7.92(1.59-48.58) 0.016 0.20vs.0.15 0.039
score
Baseline score 0.66(0.53-0.79) <0.001 0.15vs.0 <0.001
Adjusted for age 0.65(0.53-0.79) <0.001 0.15vs. <0.01 <0.001
Adjusted for age and 0.65 (0.52-0.79) <0.001 0.20vs.0.15 <0.001

log, NfL x intervention

Note: Results of multivariable logistic regression analysis between baseline plasma NfL levels or baseline level of impairment and binary improvement
variable (21 point in Berg Balance Scale at 3 months and 210% in 10-m fast walking speed at 9 months), irrespective of intervention type; and Letter
Number Sequence score at 9 months, including interaction with intervention type.

Effect of the predictor, p value in Wald test for B coefficient; Model improvement, the change (A) in McFadden's pseudo R? for model including
versus model excluding the primary predictor and the corresponding p value in the likelihood-ratio test.

Abbreviations: NfL, neurofilament light chain; NIHSS, National Institutes of Health Stroke Scale; R-MT, rhythm and music-based therapy.

for 10-m fast walking speed at 9 months; OR 0.68, 95% Cl 0.15-
2.82,p = 0.604 for Berg Balance Scale at 3 months; OR 0.65, 95% Cl
0.37-1.10, p = 0.110 for Letter Number Sequence score at 9 months).

Plasma NfL is a robust predictor of functional
improvement in the late phase after stroke

To compare the relative importance of plasma NfL with other rel-
evant cofactors for the prediction of improvement, analysis was
performed using the standardized variables. In the relevant fully ad-
justed regression models (as defined in Table 3), change in plasma
NfL levels (on a linear scale) by one standard deviation showed the

largest effect on the probability of functional improvement in bal-
ance and gait (Figure 3a,b). In the cognitive domain, plasma NfL lev-
els in combination with the rhythm and music-based intervention
showed the second largest effect, after the baseline Letter Number
Sequence score, on the probability of functional improvement of all

the covariates tested (Figure 3c).

DISCUSSION

Using plasma samples and data from a three-armed randomized trial
on the efficacy of multimodal rehabilitation, it is shown that in the
late phase after stroke plasma levels of NfL, a neuronal intermediate
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FIGURE 3 Plasma NfL levels predict functional improvement
in the late phase after stroke. Forest plots showing estimated
standardized g coefficients and their 95% confidence interval
for the predictors in fully adjusted logistic regression analysis,
modelling functional improvement in (a) balance, (b) gait and (c)
cognition as a measure of relative variable importance. R-MT,
rhythm and music-based therapy; H-RT, horse-riding therapy
[Colour figure can be viewed at wileyonlinelibrary.com]

filament (nanofilament) protein and a biomarker of both stroke-
induced primary axonal injury and secondary neurodegeneration
[12], are associated with the degree of functional impairment in the
balance, gait and cognitive domains. Previously, serum NfL levels
were shown to negatively correlate with performance in activities
of daily living at 3-5 months after stroke [13]. Ours is the first study
that demonstrates a positive correlation between circulating NfL
levels and functional impairment in late phase stroke survivors. It
was also found that higher plasma NfL levels were associated with
improvement in balance, gait and cognition, and the type of inter-
vention was an important factor in determining the specific outcome
domain in which the improvement was achieved. Notably, there was
no association between plasma NfL levels and worsening in any
of the domains. These results indicate that, in the late phase after
stroke, elevated plasma NfL levels may serve as a positive predictor
of further functional recovery and improvement.

Neurofilament light chain levels in the blood of healthy individ-
uals increase with age [9]. In line with this finding and reports on
the correlation between serum NfL levels in the acute phase after
ischaemic stroke and age [12], or age-related white matter changes
[14], it was found that plasma NfL levels in late stroke survivors were
positively correlated with age. However, whereas age on its own was
a negative predictor of improvement in the Letter Number Sequence
score, it was not associated with improvement in the other domains.

Stroke leads to neurodegeneration in remote cortical and sub-
cortical regions; the extent of secondary neurodegeneration in the
thalamus positively correlates with infarct volume and can impede
the long-term outcome [7]. Elevated serum NfL levels at 6 months
after stroke positively correlate with an MRI-based quantitative
measure of secondary neurodegeneration [12]. As an association be-
tween plasma NfL levels and time since stroke was not found, the el-
evated plasma NfL levels in our study population conceivably reflect
stroke-induced secondary neurodegeneration, as well as age-related
changes in the white matter and other ongoing neurodegenerative
processes such as those leading to Alzheimer's disease [21], or small
vessel disease [22,23].

In the acute phase, serum NfL levels positively correlate with in-
farct volume [12,24], as well as unfavourable clinical outcome [12,15].
In sharp contrast, our results show that, in the late phase after stroke,
individuals with higher plasma NfL levels were more likely to achieve
functional improvement. The observed negative associations between
baseline performance and improvement indicate that level of impair-
ment was also an improvement predictor, arguably due to the ceiling
effect. Given the observed correlation between circulating NfL levels
and functional impairment in late phase stroke survivors, it is important
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to note that all associations between plasma NfL levels and improve-
ment withstood the correction for the baseline level of impairment.
Thus, the associations between plasma NfL levels and improvement
were not driven solely by the effect of baseline level of impairment.
The contention that plasma NfL levels are a robust predictor of im-
provement in the late phase after stroke is further supported by our
finding that, in the predictive models of improvement in gait and bal-
ance, the effect of baseline performance was lost when plasma NfL
levels were included.

The NIHSS score at admission is a good predictor of clinical out-
come at 3 months after ischaemic stroke [25]. In our study, baseline
NIHSS score was positively associated with improvement in balance
score in the univariate analysis, but importantly, no correlation between
plasma NfL levels and NIHSS score in the late phase after stroke or be-
tween improvement and time since stroke was found. Baseline plasma
NfL levels in the late phase were a more important predictor of improve-
ment in balance and gait than baseline NIHSS score. Thus, the predic-
tive value of NIHSS with respect to secondary neurodegeneration and
late phase improvement is limited; in contrast, plasma NfL levels may be
a more robust predictor of improvement at this stage.

Using the dichotomization approach, it was shown that the
rhythm and music-based therapy was associated with improvement
in Letter Number Sequence at 3 months. These findings are in line
with our previous report based on the analysis of nominal change in
outcome [4] and point to the highly specific effects of this interven-
tion in the cognitive domain. Plasma NfL levels showed a positive
predictive value for cognitive improvement, and this effect was spe-
cific for the cognitive-domain targeting intervention. An explanation
for this highly unexpected finding could be that the circulating NfL
levels reflect both the ongoing neuropathology, that is, neurode-
generative processes, and the neurodegeneration-induced adaptive
neural plasticity. Such plasticity is known to share many character-
istics of structural and functional changes associated with normal
learning and constitutes the basis for functional improvement [26].
NfL plays a role in the regulation of synaptic function, and its close
association with synapses raises the possibility that synaptic turn-
over can be a major contributor to NfL release [27]. The negative
correlation between baseline NfL levels and cognitive performance,
together with our finding that cognitive performance was a negative
predictor of improvement, indicate that late stroke survivors with
more pronounced cognitive impairment and higher plasma NfL lev-
els are those that would most likely benefit from this type of reha-
bilitative intervention.

The strength of this study lies in the fact that it was conducted in
a rather heterogeneous population of late phase stroke survivors with
a range of dysfunctions in both cognitive and physical domains. An ad-
ditional strength is the randomization into three groups with different
interventions including a delayed intervention group. However, the rel-
atively low number of participants and the strict eligibility criteria of the
trial (modified Rankin Scale score 2-3) limit the generalizability of our
findings to individuals with minor (modified Rankin Scale score 0-1) or
more severe (modified Rankin Scale score 4-5) chronic stroke-related
disability. Whilst larger studies with a wider range of impairment are

needed to address these weaknesses, plasma biomarkers indicative of
the improvement potential would aid in designing individually tailored
and cost effective rehabilitation plans for stroke survivors.

In summary, in late phase stroke survivors, elevated plasma levels of
NfL are associated with a more pronounced impairment of physical and
cognitive performance. Intriguingly, late phase stroke survivors with
high plasma NfL levels and moderate levels of disability can improve
both physically and cognitively, and, in sharp contrast to the acute
phase, elevated circulating NfL levels may serve as a positive predictor
of functional improvement and the effectiveness of neurorehabilitative
interventions in the late phase after stroke. Larger longitudinal studies
assessing the value of plasma NfL as a biomarker of improvement of

late phase stroke survivors are required.
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