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Germany, which is supported by the
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Abstract

Objective: Despite the need for diagnostics and research, data on fluid

biomarkers in hereditary spastic paraplegia (HSP) are scarce. We, therefore,

explore Neurofilament light chain (NfL) levels in cerebrospinal fluid (CSF) of

patients with hereditary spastic paraplegia and provide information on the

influence of demographic factors. Methods: The study recruited 59 HSP cases

(33 genetically confirmed) and 59 controls matched in age and sex. Neurofila-

ment light chain levels were assessed by enzyme-linked immunosorbent assay.

The statistical analysis included the effects of age, sex, and genetic status (con-

firmed vs. not confirmed). Results: Levels of CSF NfL were significantly

increased in patients with hereditary spastic paraplegia compared to controls

(median 741 pg/mL vs. 387 pg/mL, p < 0.001). Age (1.4% annual increase) and

male sex (81% increase) impacted CSF NfL levels in patients. The age-depen-

dent increase of CSF NfL levels was steeper in controls (2.6% annual increase).

Thus, the CSF NfL ratio of patients and matched controls—expressing patients’

fold increases in CSF NfL—declined considerably with age. Interpretation: CSF

NfL is a reliable cross-sectional biomarker in hereditary spastic paraplegia. Sex

is a relevant factor to consider, as male patients have remarkably higher CSF

NfL levels. While levels also increase with age, the gap between patients and

controls is narrowing in older subjects. This indicates distinct temporal dynam-

ics of CSF NfL in patients with hereditary spastic paraplegia, with a rise around

phenotypic conversion and comparatively static levels afterward.
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Introduction

Hereditary spastic paraplegia (HSP) comprises a group of

inherited disorders sharing the clinical hallmark of pro-

gressive spastic paraparesis. The underlying cause of spas-

tic paraparesis and pathological core feature of HSP is a

length-dependent axonal degeneration of upper motor

neurons. In complicated forms of HSP, signs and symp-

toms indicating affection of additional neurological sys-

tems can be present and may include cognitive

impairment, cerebellar ataxia, and peripheral neuropathy

among many others. Thorough neurological examination,

exclusion of secondary causes and genetic testing are the

most important diagnostic tools in HSP. In addition,

fluid biomarkers are warranted to support the differentia-

tion of HSP from disease mimics and provide outcome

measures for upcoming clinical trials. Since Neurofila-

ment light chain (NfL) has been shown to be elevated in

cerebrospinal fluid (CSF) and—more recently—blood

across various neurological diseases1,2 and to reflect the

degeneration of upper motor neurons,3 it might also be

promising as a biomarker in HSP. The NfL protein is part

of the neuronal cytoskeleton and is expected to be

released upon neuro-axonal damage.4 NfL levels physio-

logically increase with age and are influenced by sex; these

parameters, therefore, need to be monitored when assess-

ing NfL in patients and controls.5–7 In amyotrophic lat-

eral sclerosis (ALS), the most common motor neuron

disease, CSF and blood NfL levels are proven diagnostic

and prognostic biomarkers.8,9 In contrast, data on NfL in

HSP are scarce, with previous studies either comprising

very small samples without comparison to controls10,11 or

addressing serum NfL (sNfL).12 The latter study reported

significantly elevated sNfL levels, but details on the possi-

ble influence of age and sex on NfL levels are missing.12

Moreover, as the properties of NfL clearance from CSF to

the periphery are incompletely understood, information

on CSF NfL (cNfL) is still required. In this study, we,

therefore, aim to provide insight into cNfL levels in HSP

and examine the influence of age and sex as well as the

diagnostic performance of cNfL levels.

Subjects and Methods

Subjects

We recruited a total of 118 participants from the Depart-

ment of Neurology, Hertie Institute for Clinical Brain

Research, University Hospital Tübingen. The patient

cohort consisted of 59 individuals with HSP as diagnosed

according to established criteria.13 In 33 patients (56%),

the diagnosis of HSP was genetically confirmed. HSP type

SPG5 was most common in this subgroup (n = 17), fol-

lowed by SPG4 (n = 10), SPG3, SPG6, SPG11, SPG30,

SPG35 and SPG46 (each n = 1). CSF samples of 14

patients with HSP type SPG5 were obtained at the base-

line visit of the STOP SPG5 trial,14 while other HSP CSF

samples were acquired as part of the diagnostic workup.

A cohort of 59 controls was selected to match patients in

age and sex (pair matching). The control cohort com-

prised 23 healthy individuals that donated CSF for

research purposes and 36 individuals who underwent

lumbar puncture for diagnostic purposes, yet did not

have any neurological deficits. Diagnoses in the latter

group included primary headache disorders (n = 13),

depression (n = 9), functional disorders (n = 8), restless
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legs syndrome (n = 3), anxiety disorder (n = 1), benign

fasciculation syndrome (n = 1) and trigeminal autonomic

cephalgia (n = 1). None of the mentioned conditions is

known to alter cNfL levels. Controls were matched to

yield an equal age distribution across patients and con-

trols (median age in patients 45.7 years, mean 43.8, range

15.9–76.2; median age in controls 48.0, mean 46.1, range

18.2–76.3; two-sided Mann–Whitney test, p = 0.27). The

same was true for sex (male/female ratio = 1.11 in

patients; male/female ratio = 1.04 in controls; two-sided

Chi-square test, p = 0.85).

Written informed consent was obtained from partici-

pants or their legal representatives. The local ethics com-

mittee approved of the study (172/2018BO2, 199/

2011BO1).

Biomaterial

CSF samples were centrifuged (10 min at room tempera-

ture and 2000g) and the supernatant was frozen at −80°C
within 60 min after collection, stored in the local Biobank

of the Hertie Institute for Clinical Brain Research and

analyzed without previous thaw-freeze cycles.

NfL measurements

cNfL was analyzed by conventional ELISA (UmanDiag-

nostics AB, Umeå, Sweden). The inter-assay CV was

below 15% for all sample concentrations. The concentra-

tions of all samples were within the measurable range of

100–10000 pg/mL except for three samples (one patient,

two controls) which fell below 100 pg/mL. These values

were set to 100 pg/mL for statistical analysis and figures.

Statistical analysis

Categorical variables are described as absolute and relative

frequencies; continuous variables were reported as either

means (�standard deviation) or medians and interquar-

tile range, depending on the distribution of the data. Nor-

mal distribution was evaluated by graphical methods. We

used propensity score matching to build a cohort of con-

trols matching patients in age and sex (in the mode “op-

timal matching,” according to Thoemmes (2012).

Propensity score matching in SPSS. arXiv:1201.6385).

Propensity scores were calculated from a logistic regres-

sion model using a caliper of 0.2. Non-parametric meth-

ods were employed to analyze group effects; the two-way

Wilcoxon test was used to analyze the group effects of

matched pairs, and the Mann–Whitney test to analyze

subgroups (independent samples). Effect size for both

tests was calculated as r¼ Zp
n

�
�
�

�
�
�. As cNfL is known to

increase with age in controls and many neurological dis-

orders,1 we sought to control for age in comparisons

involving differently aged groups. We thus calculated each

patient’s individual cNfL increase as the difference of

cNfL concentrations in each patient and its matched con-

trol. We used this measure to compare cNfL levels

between genetically confirmed and non-confirmed

patients, since their age differed significantly. Other non-

parametric comparisons between independent samples

were based on original cNfL concentrations, as there were

no significant differences in age between the respective

groups.

To assess the influence of multiple factors on cNfL

levels in patients and controls, we employed a generalized

estimating equations (GEEs) model with log-transformed

cNfL concentrations to meet the assumption of normality.

The GEEs model used had a gamma distribution and

identity link, the independent variables in the model

included sex and age. The impact of sex was analyzed by

ANCOVA in the subgroups of all HSP patients and con-

trols. We used non-parametric procedures in the sub-

groups of genetically confirmed and non-confirmed

patients, as the assumptions of ANCOVA were not met

in these subgroups due to smaller sample sizes. In an

unplanned exploratory analysis, we compared the log dif-

ferences between patients and controls (i.e., the log quo-

tients of cNfL) in males and females. ROC analysis was

used to test the performance of cNfL in differentiating

patients from controls. All procedures were carried out

using IBM SPSS statistics software version 25.

Results

CSF NfL levels are elevated in hereditary
spastic paraplegia

Patients were found to have significantly higher cNfL

concentrations with a median of 741 pg/mL (mean 919,

range 100–3715) than controls with a median of 387 pg/

mL (mean 397, range 100–772; two-sided Wilcoxon test,

p < 0.001, r = 0.51) (Fig. 1). This was confirmed by

GEEs analysis (p < 0.001, B = 0.213). Controlling for age

and sex, the GEEs model indicated cNfL levels in patients

were elevated by 63% compared to controls. Levels of

cNfL in controls were similar to previously published

controls of the same age, emphasizing that our controls

did not carry relevant neurological disorders.8,15,16

Our finding of significantly higher cNfL levels in HSP

was maintained when analyzing genetically confirmed and

non-confirmed cases separately. In 33 genetically con-

firmed cases, the median cNfL level was 765 pg/mL

(mean 858, range 137–2480) compared to a median of
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375 pg/mL (mean 384, range 100–772) in a priori

matched controls (two-sided Wilcoxon test, p < 0.001,

r = 0.54). The 26 patients diagnosed with HSP without

genetic confirmation had a median cNfL concentration of

612 pg/mL (mean 998, range 100–3715), while the med-

ian in a priori matched controls was 411 pg/mL (mean

414, range 100–701; two-sided Wilcoxon test, p = 0.004,

r = 0.40). cNfL levels, as measured by patients’ individual

NfL increases (see statistical analysis), did not differ sig-

nificantly between genetically confirmed and non-con-

firmed patients (two-sided Mann–Whitney test, p = 0.25,

r = 0.15). Taking into account median values and effect

sizes, our finding of elevated cNfL levels in HSP was,

therefore, not primarily driven by genetically unconfirmed

cases that might comprise HSP mimics.

Age and sex influence CSF NfL levels in
hereditary spastic paraplegia

To explore the association of different factors with cNfL

levels in HSP patients, we performed a two-way

ANCOVA with log-transformed cNfL levels, testing for

age, sex, genetic status (confirmed vs. not confirmed),

disease duration, disease severity, and their interactions.

We assessed disease severity by grouping patients accord-

ing to ambulation status, establishing three subgroups

(free ambulation/walking aid required/loss of ambula-

tion). Levels of cNfL by disease severity are shown in

Figure 2. Employing backward selection, age, and sex

were identified to be significant contributors in HSP

patients and entered into the final model. The effect of

age (p = 0.022, F (1, 56) = 5.579, B = 0.006, partial

η2 = 0.091) translated into an annual increase of 1.4% in

cNfL levels (Fig. 3). This increase was calculated by back-

transformation of the log-level coefficient B. In controls,

the annual age-related increase was 2.6% (two-way

ANCOVA, p < 0.001, F (1, 57) = 102.326, B = 0.011,

partial η2 = 0.642). As the rate of cNfL increase over time

was different between patients and controls, we calculated

the cNfL ratio of each matched pair (patient/control) to

cross-sectionally assess temporal dynamics. This ratio—
expressing HSP patients’ fold increases in cNfL—signifi-

cantly declined with age (Spearman’s ρ = −0.270,
p = 0.04) (Fig. 4).

Remarkably, sex had a greater impact than age in HSP

patients (p = 0.002, F (1, 56) = 11.13, B = 0.257, partial

η2 = 0.166); cNfL levels were elevated by 81% in males

compared to females. This coincided well with actual

cNfL levels in male (median 966 pg/mL, mean 1143) and

female patients (median 538 pg/mL, mean 673) (Table 1,

Fig. 5). This trend towards higher cNfL levels in males

was visible in both genetically confirmed and non-con-

firmed cases as well as in controls (Fig. 5). While reaching

significance in genetically non-confirmed patients (two-

sided Mann–Whitney Test, p = 0.024, r = 0.44), the dif-

ference, however, was not statistically significant in

Figure 1. Scatter and box plot of cNfL levels in HSP patients and controls. Horizontal lines represent medians, and boxes show interquartile

ranges. Note the logarithmic scale of the Y-axis.
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genetically confirmed patients (two-sided Mann–Whitney

test, p = 0.063, r = 0.32) and controls (two-way

ANCOVA, p = 0.19, F (1, 56) = 1.771, B = 0.046, partial

η2 = 0.031). Moreover, we compared the quotients of

patients versus controls (individual cNfL increase, see sta-

tistical analysis) between male and female subjects and

found significantly higher quotients for males as com-

pared to females (independent t test, log scale, t

(57) = 3.29, p = 0.002).

Value of CSF NfL in differentiating patients
from controls

Since cNfL was elevated in HSP patients, we went on to

assess its value as a diagnostic tool. ROC analysis resulted

in a good classification of patients and controls by cNfL

(AUC = 0.81, 95% CI: 0.73–0.89, p < 0.001) (Fig. 6).

Considering the different rates of age-related cNfL

increase in patients and controls, we divided the matched

pairs of our cohort by median split according to the

patient’s age. In the younger group (age ≤ 45.7 years,

range 15.9–45.7), cNfL performed similarly to the analysis

involving the whole cohort (AUC = 0.83, 95% CI:

0.71–0.95, p < 0.001). Its differentiating effect in older

subjects (age > 45.7 years, range 46.0–76.2) was only

slightly lower (AUC = 0.80, 95% CI: 0.69–0.92,
p < 0.001). Since sex was identified to influence cNfL

levels in patients and the cNfL quotient between patients

and matched controls, we further conducted separate

ROC analyses for males and females. This resulted in an

improved diagnostic performance of cNfL in males

(AUC = 0.87, 95% CI: 0.78–0.97, p < 0.001), while its

precision in females was moderately good (AUC = 0.75,

95% CI: 0.62–0.88, p = 0.001).

DISCUSSION

With this study, we present the first comprehensive analy-

sis of cNfL levels in HSP. Our findings show that cNfL

concentrations are markedly elevated in HSP patients

compared to age- and sex-matched controls, establishing

cNfL as a diagnostic biomarker in HSP. Importantly, the

extent of cNfL increase was comparable in genetically

confirmed HSP cases as well as in cases without confir-

mation (Table 1). This finding is clinically highly relevant,

as the clinical differentiation between HSP and other

Figure 2. Scatter and box plot of cNfL levels by disease severity in HSP patients. Disease severity was not found to have a significant influence on

cNfL levels. Horizontal lines represent medians, and boxes show interquartile ranges.
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Figure 3. Scatter plot of cNfL levels by age in HSP patients (black dots) and controls (grey dots) with LOESS fits. Note the logarithmic scale of the

Y-axis.

Figure 4. HSP patients’ individual cNfL ratios, calculated by dividing the cNfL level of each patient by the cNfL level of its matched control, with

LOESS fit. Note the logarithmic scale of the Y-axis. The maximum value (cNfL ratio = 24.8) is due to the matching of a patient with a high cNfL

level to a control with the lowest cNfL level.
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motoneuron diseases can be challenging in some cases in

the absence of a genetic diagnosis. The equal distribution

of cNfL across genetically confirmed and non-confirmed

cases thus demonstrates that (i) our group of clinically

diagnosed, genetically non-confirmed HSP cases is unli-

kely to comprise other motor neuron disease mimics and

(ii) emphasizes the diagnostic value of cNfL in HSP

patients for which no genetic diagnosis can be obtained.

Despite the good classificatory performance of cNfL in

discriminating HSP patients from controls demonstrated

by the ROC analysis, the interpretation of cNfL on an

individual level remains challenging. While the majority

Table 1. Median CSF NfL levels in HSP patients and controls.

CSF NfL All HSP patients HSP genetically confirmed HSP genetically not confirmed Controls

Total median (p25–75) 741 pg/mL (455–1038) 765 pg/mL (606–984) 612 pg/mL (366–1412) 387 pg/mL (264–508)
Male median (p25–75) 966 pg/mL (663–1373) 828 pg/mL (663–1016) 1283 pg/mL (596–2185) 427 pg/mL (313–588)
Female median (p25–75) 538 pg/mL (367–799) 638 pg/mL (534–840) 422 pg/mL (360–728) 375 pg/mL (187–458)

Figure 5. Scatter plots of cNfL levels by sex in (A) all HSP patients, (B) controls, (C) genetically confirmed HSP patients, and (D) HSP patients

without genetic diagnosis. Horizontal lines represent medians, and boxes show interquartile ranges. Note the logarithmic scale of the Y-axis.
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of cNfL values are well separated between HSP cases and

controls—as can be seen by the only minimal overlap of

the interquartile ranges of cNfL levels (Table 1, Fig. 1)—
there is nonetheless some overlap in the value range for

some individuals. Moreover, the diagnostic performance

of cNfL in discriminating HSP from “HSP mimics” like

other motoneuron diseases or primary progressive multi-

ple sclerosis remains to be demonstrated.

cNfL levels were markedly lower in HSP than in previ-

ously published studies on ALS,1,10,15,17 likely reflecting

the usually milder course and confinement of degenera-

tion to upper motor neurons in HSP. Therefore, the pre-

viously established differentiation of HSP and ALS by

sNfL12 is likely to be accomplished by cNfL as well. While

serum samples are easier to obtain than CSF, the analysis

of sNfL is currently only available at specialized health

care centers and mostly restricted to research purposes.

As cNfL measurements are broadly available and well

established, they remain highly relevant in clinical prac-

tice. Data on NfL in primary lateral sclerosis (PLS), a dis-

order also restricted to upper motor neurons with

considerable clinical overlap to HSP, but a more rapid

progression, are scarce. On the basis of two studies

reporting cNfL levels in PLS to be considerably elevated

and close to those in ALS,10,17 cNfL could support the

differentiation of HSP from PLS. Thus, studies directly

contrasting cNfL in HSP, PLS, and other clinical differen-

tial diagnoses and controlling for age and sex are war-

ranted to study its diagnostic performance in these

phenotypically related disorders.

Remarkably, sex had a substantial effect on cNfL levels

in HSP patients, with men’s levels being increased by

81%. Sex-related differences in cNfL levels have been

repeatedly reported before in neurological disorders and

controls, commonly resulting in higher cNfL levels in

men.1,6,7,18,19 The magnitude of the effect we found in

HSP is greater than in other neurological disorders and

controls in meta-analyzed studies, with increases in males

usually ranging roughly from 10% to 40%.1 In our study,

the effect of sex seems to be partially driven by genetically

non-confirmed cases. Despite not reaching statistical sig-

nificance, the tendency to higher cNfL levels in males

could also be observed in genetically confirmed cases

(Table 1, Fig. 5). Therefore, sex should be taken into con-

sideration when interpreting cNfL levels in HSP, as our

ROC analyses in patients versus controls suggest a better

Figure 6. Performance of cNfL in separating HSP patients from controls (ROC analysis, AUC = 0.81, 95% CI: 0.73–0.89, p < 0.001).
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diagnostic performance in men and quotients between

pairs of patients and controls were significantly larger in

males as compared to females. A potential limitation of

our study in general and investigations of subgroups, in

particular, is the limited sample size. If possible, we,

therefore, sought to evaluate our findings by additional

statistical tests. In the case of sex-related differences, both

the ROC analyses and the quotients between pairs of

patients and controls favor a better diagnostic perfor-

mance of cNfL in men.

When analyzing the influence of age, cNfL levels in

HSP patients increased by 1.4% annually. This rate is

below reported values in other slowly progressive neu-

rodegenerative diseases such as Parkinson’s disease and

Alzheimer’s disease,1 possibly reflecting the typically even

slower disease course of HSP. In spite of an annual

increase of 2.6% in controls and a subsequently narrow-

ing cNfL gap between patients and controls (Fig. 3), the

diagnostic performance of cNfL was preserved in older

subjects. Considering higher cNfL levels at young ages

and slower age-related increase over time in HSP

patients relative to controls, this course suggests a more

marked increase around phenotypic conversion and

comparatively static cNfL levels afterward. The relative

stability of this biomarker in HSP is also emphasized by

our finding that disease duration and severity do not

significantly influence cNfL levels. Likely the stable cNfL

levels reflect a steady state between cNfL liberation from

degenerating axons on the one hand and cNfL clearance

on the other hand. The higher rate of age-related annual

cNfL increase in controls compared to HSP patients

may further indicate a declining number of upper motor

neuron axons in HSP cases as the source of cNfL as the

disease progresses. Similar temporal dynamics of sNfL

have recently been described in Spinocerebellar ataxia

type 3 (SCA3)20 and Friedreich’s ataxia,21 representing

two other slowly progressive neurodegenerative disorders.

The temporal dynamics of NfL over the disease course,

here deduced from cohort-based analyses, will have to

be confirmed in serial measurements of NfL in HSP

patients. These analyses will also clarify whether the rela-

tively static levels of NfL after phenotypic conversion

impede the use of NfL as a progression biomarker at

later disease stages.

We here provide the first comprehensive analysis of

cNfL levels in HSP, including a detailed analysis of factors

influencing cNfL levels and an exploration of the tempo-

ral dynamics and diagnostic performance of cNfL in dis-

criminating HSP cases from controls. This work,

therefore, lays the foundation for future analysis of cNfL

in other contexts of use, for example, potential applica-

tion as prognostic, monitoring or therapy response bio-

marker.

Acknowledgment

Biosamples were obtained from the Neuro-Biobank of the
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