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Genotype-structure—phenotype
correlations define divergent natural history
In early-onset spastic paraplegia type 4
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Abstract

Hereditary spastic paraplegia type 4 (SPG4), caused by variants in SPAST, is the most
common form of HSP and exhibits a remarkable phenotypic heterogeneity ranging from
late-onset pure presentations to severe, early-onset complex disease. Robust genotype-
phenotype correlations and detailed natural history data are lacking, limiting clinical trial
readiness.

We analyzed 206 patients with genetically confirmed SPG4 enrolled across seven
international centers, complemented by high-quality literature-derived cases. Deep
phenotyping included standardized motor scales, spasticity ratings, developmental
milestones, and patient-reported outcomes. We developed an extended essentiality-
mapping frameworkto classify SPAST missense variants by integrating in silico
pathogenicity predictions, evolutionary constraint, physicochemical residue connectivity,
and variant enrichment within the human spastin hexamer structure. Plasma
neurofilament light chain (pNfL) using was quantified using Simoa in 26 patients and 101
controls.

We identified 136 distinct SPAST variants, including 10 novel variants. Variant class
segregated strongly by inheritance, with de novo cases enriched for missense variants and
inherited cases showing a variety of variantclasses with enrichment for truncating variants.
Longitudinal analysis revealed two latent trajectories: a rapidly progressive severe
subgroup enriched for de novo missense variants, and a biphasic moderate subgroup
enriched forinherited truncating variants. Patient stratification integrating spastin
essentiality mapping (missense variants affecting essential, neutral, or context-dependent
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residues) with established genetic modifiers (biallelic pathogenic variants or modifier
variants in trans) classified patients into predicted severe and moderate subgroups with
divergent age at onset and clinical disease progression. The severe subgroup showed early
developmental delays, rapid loss of ambulation, and declining quality of life, while the
moderate subgroup displayed delayed but accelerating disease progression. pNfL levels
were elevated in both subgroups, most pronounced in severe early disease.

This study provides the most detailed natural history of SPG4 to date and introduces a
biologically informed stratification framework that links variant class and'location to
divergent clinical trajectories. These data establish clinically meaningful benechmarks and
offer a genotype-based framework to improve anticipatory care and optimize trial design
for SPGA4.
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Introduction

The hereditary spastic paraplegias (HSP) are an evolving group of over 90‘monogenic
disorders that primarily affect corticospinal motor neurons'? and collectively-represent the
most common cause of inherited spasticity and associated disability worldwide**®.

Spastic paraplegia type 4 (SPG4, HSP-SPAST, OMIM #182601) is the most prevalent HSP
subtype across diverse populations, accounting for 22% to 41% of HSP cases’"3.
Heterozygous variants in SPAST cause SPG4, although a small number of patients with
biallelic variants have also been reported. Both autosomaldominantinheritance and de
novo occurrence are observed, with SPAST variantsiaccounting for the majority of
autosomaldominant’-'#'¢ and approximately one=fifth of all de novo HSP cases'”:'8.

SPAST encodes the AAA (ATPases Associated with diverse cellular Activities) ATPase
spastin. Alternative translation initiation generates two majorisoforms with distinct
functions™. M87-spastin, translated fromthe second start codon and lacking the N-
terminal hydrophobic domain?:2', forms homohexameric complexes that act as
microtubule (MT) severing enzymes?>?7, governing the balance of MT depolymerization and
regrowth?829 essentialfor numerous cellular processes. Both the MT-binding and AAA
ATPase domain areindispensable for severing: spastin engages the polyglutamylated C-
terminus of B-tubulin®® within the hexamer’s pore formed by the AAA ATPase domains, and
ATP hydrolysis drives MT lattice disruption?*2¢:27, Depending on cellular context, severing
can lead to'microtubule depolymerization or microtubule amplification by generating new
seeds for microtubule polymerization and promoting lattice repair?-2°. This is essential for
cortical neuron development and survival, where intact MT dynamics are prerequisite for
the morphogenesis and maintenance of long projecting axons®'-3¢, By contrast, M1-spastin
has broader context-dependent roles, including regulation of endoplasmic reticulum (ER)
morphology, ER-organelle contact sites, Ca®* signaling, endosomal trafficking, and lipid-
droplet biology®**'. Both isoforms are expressed in brain and spinal cord?®, but M1 levels
are tightly regulated through restricted translation initiation'2° and targeted degradation**
44 resulting in low abundance in the brain?®.

Clinically, SPG4 presents with remarkable heterogeneity despite classically being
considered a rather pure form of HSP*5. Phenotypes range from a complex infantile-onset
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neurological syndrome with global developmental delay, seizures, and early spastic
tetraparesis, to early-onset lower limb spastic paraparesis with mild or absent
developmental impairments, to late-onset pure HSP, all following distinct patterns of
disease progression*®, Despite multiple efforts, robust genotype-phenotype correlations
have not been established?*¢435', A notable exception is the severe early-onset phenotype
associated with biallelic SPAST variants, either a pathogenic allele in trans with a-non-
pathogenic intragenic modifier such as p.(Ser44Leu), or two pathogenic variants46:48.50.52.53,

To date, no detailed natural history characterization of SPG4 incorporating'both clinician-
and patient-reported outcome measures - critical forinterventional trials <has'been
available. This gap poses a major barrier as emerging therapeutic strategies advance
toward clinical testing*+%4%%_ Given the small cohorts typical of rare disease trials,
biologically informed patient stratification and precise delineation of natural disease
progression are essential to maximize statistical power.and detect treatment effects within
limited observational periods®’.

Here, we investigate genotype—phenotype correlations and the natural history of SPG4,
with a focus on divergent clinical trajectories. To maximize sensitivity for detecting
meaningful associations, we concentrated on the disease phase characterized by the
greatest phenotypic variability. Prior studies have demonstrated substantial heterogeneity
in age at onset and clinical presentation during childhood, adolescence, and early
adulthood, including a bimodal distribution of onset with peaks in childhood and the third
to fourth decade of life, evidence of prodromal and often subclinical pathological changes
in SPAST variant carriers.preceding clinical self-recognition, and reports of early-onset,
severe phenotypes associated'with specific variant classes. Accordingly, we enrolled
individuals younger than 40 years of age with genetically confirmed SPG4 from seven
academic centers across four continents, assembling a cohort of 206 patients with deep
clinical phenotyping.and outcome measures prioritized for natural history studies and
future clinical trial design.

Materials and methods

Study design, cohort and clinical characterization

Patients were enrolled through the Registry and Natural History Study for Early-Onset
Hereditary Spastic Paraplegia (NCT04712812; Boston Children's Hospital IRB: PO0033016)
with data contributed by seven collaborating centers across North America, South
America, Europe, and Asia. The study was conducted in accordance with the Declaration
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of Helsinki and received ethical approval at all participating sites. Inclusion criteria were: (i)
a confirmed pathogenic or likely pathogenic SPAST variant, (ii) clinical signs of disease on
neurological examination, and (iii) age <40 years. All participants were evaluated by board -
certified neurologists with expertise in HSP using standardized examination protocols.
Variant pathogenicity was determined according to ACMG criteria.

Clinical assessments included the Spastic Paraplegia Rating Scale (SPRS) %8, SPATAX-
EUROSPA disability stage (SPATAX), Gross Motor Function Classification System (GMFCS),
and the modified Ashworth Scale to evaluate tone in upper limbs (elbow;'wrist, thumb,
fingers) and lower limbs (quadriceps, hamstrings, gastrocnemius, soleus). The SPRS
spasticity subscore was derived from items 7-10. Developmental quotients.and motor
milestone data were systematically collected. Patient-reported outcomes included the
Caregiver Priorities and Child Health Index of Life with Disabilities (CPCHILD), a validated
measure of health-related quality of life in children with.neurodevelopmental disabilities.
No post hoc score calibration across centers was performed.

In addition, a systematic literature review (Table S1)identified 146 previously described
patients meeting the same inclusion criteria with high-quality patient-level data. These
cases were included exclusively in analyses of genetic spectrum and disease progression
using SPRS, SPATAX, and GMFCS. Literature-derived cases were included only if patient-
level clinical scores or clearly defined motor milestones were explicitly reported and could
be directly mapped to these instruments. Cases with ambiguous, aggregated, or non-
comparable data were excluded. Missing data were handled in an analysis-specific
manner, with patients contributing only to analyses for which the relevant variables were
available. No imputation of missing data was performed.

The dataset included 21 individuals carrying biallelic SPAST configurations (five from the
multicenter cohort and sixteen literature-derived cases), including patients with two
pathogenicvariants as well as individuals carrying a pathogenic variant in trans with the
established modifier variants p.(Serd44Leu) or p.(Pro45Gln). These cases were retained in
the analyses given the well-established association of such configurations with severe
SPG4 phenotypes?8:50:52.53.59,

Essentiality mapping of spastin residues

To stratify SPAST missense variants by functional relevance, we adapted the Essential3D
framework by Igbal and Briinger et al. 68" which integrates evolutionary conservation,
missense constraint, and pathogenic variant enrichmentin spatial context to identify
functionally essential protein regions.
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We introduced three extensions: (i) composite pathogenicity scoring by integrating
predictions from 14 in silico tools for all possible amino acid substitutions per residue, with
the standard deviation across substitutions retained as a measure of context dependence;
(ii) unified evolutionary conservation scoring from nine conservation metrics across
multiple phylogenetic clades; and (iii) residue connectivity analysis using evolutionary
coupling and physicochemicalinteraction networks to validate functional
interdependence assumptions and reduce false positives in essential site identification.
Three-dimensional burden analysis compared pathogenic variants (ClinVar, HGMD) versus
population variants (gnomAD). Analyses were performed using the human wild-type
spastin hexamer structure (PDB: 6PEN)?2. A detailed description of spastin essentiality
mapping is provided in the Supplementary material, Methods.

Neurofilament light Single-Molecule Array Measurements

Plasma neurofilament light (pNfL) levels were measured as previously described®2. Briefly,
plasma samples were obtained by standard venipuncture, and NfL measurements in
duplicates using the Simoa HD-X Analyzer platform with the Simoa NF-light V2 Advantage
Kit (Quanterix, Cat#104073). Further details are provided in the Supplementary material,
Methods.

Statistical analysis

A full description of all statistical analyses is provided in the Supplementary material,
Methods.

Results

Demographic.Characteristics of the prospective cohort

A total of 206 patients with SPG4 were enrolled from seven centers across the USA,
Germany, Brazil, and South Korea. The cohortincluded 126 males (61.2%) and 80 females
(38.8%). Median age atenrollmentwas 11.2 years (IQR 19.3), and median age at last
follow-up was 12.9 years (IQR 20.6). Longitudinal data were available for 102 patients; 43
had =3 visits and 17 had =24 visits over a median interval of 15.6 months (IQR 14.4).
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Molecular spectrum of early-onset SPG4

Across 206 patients, 136 distinct SPAST variants were identified, including ten not
previously reported (Table S2). Missense variants predominated (45.3%), followed by
deletions (16.1%), nonsense(13.1%), and splicingvariants (13.1%) (Figure 1A). One patient
carried a pathogenic exon gain variant encompassing duplicated exons 5-16.

Inheritance was determined in 183 patients (88.8%): 90 had de novo variants(43.9%)
confirmed by trio testing, and 93 had inherited variants (44.9%). Parental samples were
unavailable for 23 patients, precluding definitive determination of inheritance. Variant
distributions differed by inheritance. Inherited cases showed the expected distribution of
coding impacts with truncating variants most frequent (nonsense 23.6%, deletions 22.5%,
frameshift 13.5%), followed by splicing (20.2%) and missense variants (19.1%). By
contrast, de novo cases were strongly enriched for missensevariants (95.3%), consistent
with literature data (93.1% of reported cases, Figure S1).

Recurrent missense variants included p.(Arg499His)in42 patients, p.(Met390Val) in 6
patients, p.(Arg499Cys) in 4 patients, and p.(Leu195Val) in 3 patients. Most missense
variants (90.2%) localized to the AAA ATPase domain, whereas truncating variants were
more evenly distributed (Figure 1B).

Five patients carried biallelic SPAST variants: Two with intragenic modifier variant
p.(Serd4lLeu) in trans with splicing variants, one patient with the same modifier variant in
trans with a frameshift variant, one with biallelic pathogenic missense variants, and one
with frameshift and splicing variants in trans.

Exploring genotype-phenotype associations

SPG4 demonstrates substantial phenotypic pleiotropy, posing challenges for trial design
and interpretation. Establishing generalizable genotype—-phenotype associations is
therefore critical for effective patient stratification. Three observations motivated our
exploration: 1) de novo variants are associated with severe, early-onset, and complex
phenotypes*’:4°, 2) de novo cases are strongly enriched for missense variants (confirmed
here)*®, and 3) although missense variants are linked to earlier onset and complex features,
prior studies have not consistently associated them with worse motor function“.

Exploratory longitudinal analysis of the SPRS revealed two distinct longitudinal patterns
(Figure 1C). Arapidly progressive subgroup reached SPRS scores exceeding 20 points
before age 10 and approached the upper range of observed scores by the second to third
decade. A second apparent subgroup showed slower early progression with SPRS scores
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remaining below 15 before age 10 and typically reaching values of 10-20 by the fourth
decade. The rapidly progressing subgroup was enriched for missense variants mostly
occurring de novo, the more slowly progressing subgroup was enriched for inherited
truncating variants, although relevant overlap existed across categories.

Among 95 distinct missense variants in the combined prospective and literature-derived
dataset, only three were shared between de novo and inherited cases, indicating near-
complete inheritance-based segregation (Figure 1D). This genetic divide supported the
hypothesis that different variants — particularly different missense variants - exert distinct
molecular effects on spastin function, potentially driving distinct clinical trajectories.

Classifications based solely on variant type orinheritance did not'adequately predict
severity in this or prior studies?'#¢:485 (Figure 1C), prompting development of a biologically
informed stratification approach.

Spastin essentiality mapping

To classify SPAST missense variants by functional relevance, we adapted the Essential3D
framework®8', which integrates missense constraint, evolutionary conservation, and
pathogenic variant enrichment in protein structural context to identify functionally
essential residues. We introduced-three extensions: First, we replaced single-metric
missense tolerance with compaosite scores from 14 in silico pathogenicity prediction tools,
generating average pathogenicity scores for all possible substitutions per residue while
retaining variability as.a contextdependence measure. Second, we integrated nine
conservation metrics.across phylogenetic depths into unified evolutionary constraint
scores. Third, we incorporated residue connectivity analyses using evolutionary coupling
and physicochemicalinteraction networks to validate functional interdependence
assumptions of three-dimensional residue neighborhoods. This framework was chosen
over other variant classification approaches because itintegrates relevant complementary
data in the specific three-dimensional context of the protein of interest, making it
particularly well-suited for the interrogation of potential genotype-phenotype correlations.

Analyses used the human wild-type spastin hexamer structure (PDB: 6 PEN)?? spanning
parts of the MT-binding and the fullAAA domain (residues 318-610) where most missense
variants localize. Consensus classification proceeded hierarchically (Figure 1E): Residues
with minimal connectivity (Z< -2) were excluded from 3D analysis; remaining residues
were evaluated for pathogenic variant enrichment, then conservation and missense
constraint. Residues enriched for pathogenic variants (OR > 1, paq. < 0.05) with increased
conservation and missense constraint (Z> 0) were classified as Essential3D sites.
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Residues not enriched (paq. = 0.05) ordepleted (OR < 1, paq. < 0.05) of pathogenic variants
were classified as neutral sites. Residues enriched for pathogenic variants but not meeting
the conservation or missense constraint criteria were further evaluated forincreased
variability in pathogenicity predictions (Z> 0), with high-variability residues classified as
context-dependent sites.

Of 292 residues, 2.4% were unsuitable due to minimal connectivity (mostly loop residues
at hexamer edges). The remainder were classified as neutral (42.3%), Essential3D (29.4%)),
or context-dependent (25.9%). For the latter, all possible missense variants were classified
as either severe (Z> 0) or moderate (Z< 0) based on variant-specific pathogenicity
predictions.

Essential3D sites are enriched for functionally relevant structural
features

Essential3D residues were significantly enriched for functionally critical structural features
(Figure 2A). Using manual annotations from D. melanogaster homologue studies?*% and
automated annotations derived from residue.interaction networks (RIN), Essential3D sites
were significantly enriched for pore loop1.(OR= Inf [95%-CI 4.4-Inf], paq. = 1.0e-3) and pore
loop 2 (OR=18.1[95%-Cl 2.3-822.9], padi>= 0.011) residues, mostly corresponding to
microtubule-interacting sites (OR = Inf [95%-CI 2.3-Inf], paq. = 0.019). Nucleotide/ligand
binding residues were overrepresented (RIN-based: OR=7.0[95%-Cl12.5-23.0], paq. = 5.3e-
4), as were residues of the Walker B motif crucial for ATP hydrolysis 2364 (OR = Inf [95%-ClI
3.0-Inf], paqi. = 9.0e-3). Manually annotated nucleotide binding sites (paq. = 0.056) and
Walker A motif residues (pag. = 0.060) showed nominal but not FDR-corrected significance.
Residues at protomer interfaces, presumed to mediate hexamerization, were not enriched
among essential sites.

Recurrent variants at Argd99 exemplify context-dependent essentiality

Essentiality mapping revealed that residue 499, the arginine finger crucial for ATP
hydrolysis?® and most commonly affected in our cohort, was classified as context-
dependent, while other residues crucial for ATP hydrolysis Lys388 and Glu442 (part of the
Walker A and B motifs) were Essential3D sites (Figure 2B). Given substantial clinical
heterogeneity reported for Arg499 variants®®87-7' we systematically explored severity
subclassifications for all potential substitutions.

10
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Variants p.(Arg499Pro), p.(Arg499Leu), and p.(Arg499His) were predicted context-
dependent severe, while p.(Arg499Gly), p.(Argd99Cys), and p.(Arg499Ser) were moderate
(Figure 2C). Proline substitutions were absentin our cohort and the literature; histidine,
leucine, and cysteine substitutions occurred in our cohort, and glycine in prior reports.

Longitudinal SPRS analysis revealed complete separation between severity subgroups
(Figure 2D). Patients with p.(Arg499Cys) had consistently lower scores, whereas
p.(Arg499His) and p.(Arg499Leu) showed higher scores and rapid progression.

Given the paucity of individual SPRS or comparable clinical scores in published reports, we
analyzed age at symptom onset as an orthogonal and consistently documented variable to
confirm these trends. Combined data of 95 patients with Arg499 variants derived from the
literature and our cohort revealed significant onset differences across'substitutions (p =
2.6e-10). Moderate variants p.(Arg499Gly) (median = 22 yeats, pag.=0.01) and
p.(Arg499Cys) (median = 13.5 years, paq. = 2.9€-10) showed later onset than p.(Arg499His)
(median=11.5months) (Figure 2E), with larger onset variability for p.(Arg499Cys) (IQR 28.5
years) versus p.(Arg499His) (IQR 9.0 months).

Across all missense variants, Essential3D.and context-dependent sites were associated
with earlier onset than neutral sites, and context-dependent moderate variants with later
onsetthan severe variants (p < 1e-16) (Figure 2A).

Patient stratification integrates essentiality mapping with established
genotype-phenotype correlations

Next, we stratified the entire combined cohort (n =352: 206 study patients, 146 literature
patients) by integrating the novel essentiality classification of missense variants with
established genetic'factors known to influence SPG4 severity: biallelic pathogenic SPAST
variants and intragenic modifier variants in trans#8.50:53:59.72,

Two predicted phenotypic subgroups emerged (Figure 2B). The predicted severe subgroup
(n =134, 38.1%) included missense variants affecting Essential3D residues, context-
dependent severe variants, and biallelic SPAST variants including modifiers p.(Serd4Leu)
and p.(Pro45Gln). Consistent with established genotype—phenotype correlations in SPG4,
individuals carrying biallelic SPAST variants were classified within the predicted severe
subgroup based on their known association with severe clinical presentations, which in the
present cohort closely paralleled the trajectories observed in patients with predicted
severe monoallelic missense variants. The predicted moderate subgroup (n =218, 61.9%)

11
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comprised missense variants at neutralresidues, context-dependent moderate variants,
monoallelic truncating/splice variants, and variants with uncertain classification.

Quality of life is predicted by essentiality-based stratification

To test whether this stratification captured patient-relevant differences, we analyzed
CPCHILD scores (128 observations) from 73 patients. The CPCHILD quantifies disease
impact on health-related quality of life as perceived by affected families?s.

Linear mixed-effects modeling with age-by-subgroup interaction, adjusted for inheritance
and sex, revealed significant trajectory differences between subgroups (agexsubgroup
interaction p = 0.025) (Figure 2C). Estimated marginal trend (EMT)contrast analysis
revealed significantly different slopes between the two subgroups (p = 0.026). To interpret
age effects given the significantinteraction, separate models were fitted for each
subgroup, yielding an annual decline of -0.77 points (p =.0.027, Rn>=0.1 5) inthe severe
subgroup, while the moderate subgroup showed no'significant change overtime (p =0.16)
(Figure 2D).

Cross-sectional analysis using estimated marginal means (EMM) demonstrated significant
differences at multiple timepoints (Figure 2C). While no difference was evident atage 3
years, the severe subgroup scored-an estimated 12.7 points lower at age 5 years (p =
0.023), with differences persisting at ages 10 years (18.3 points, p=4.1e-4) and 20 years
(29.3 points, p = 7.0e-5). Estimates’beyond age 20 should be interpreted cautiously due to
sparse data.

Clinical phenotypes diverge between subgroups

Firth's penalized logistic regression adjusted forinheritance, sex, and age revealed the
severe subgroup had significantly increased odds for complex features extending well
beyond “pure” HSP (Figure 2E).

Motor dysfunction was more pronounced, with increased odds forwalking aid (OR=19.4
[95%-CI17.7-48.9], paq. = 2.0e-8) and wheelchair dependence (OR=27.1[95%-CI19.9-74.5],
Pagi. = 1.8e-8). Upper limb involvement included spasticity (OR =611.5[95%-CIl 6.0-Inf], pad
=0.046) and weakness (OR=27.1[95%-CIl 3.2-229.6], paqi. = 0.024). Secondary
musculoskeletal manifestations including contractures of the lower limbs (OR=6.7 [95%-
Cl 2.2-20.0], pag. =0.011), as well as muscle wasting (OR=6.8 [95%-Cl 2.2-21.1], paq;. =
0.011) were also more frequent. Neonatal/infantile hypotonia (OR =8.2[95%-Cl 2.4-28.6],
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Paqi. = 0.011) typically progressed to hypertonia (OR = 9.5 [95%-Cl 2.6-34.4], paq. = 0.011).
Neurodevelopmental abnormalities included speech delay (OR=5.2[95%-Cl 1.7-16.2],
Paqi. = 0.037) and developmental regression (OR =20.5[95%-C14.5-92.3], paq. = 2.7€-3).
Additional manifestations encompassed urinary incontinence (OR =4.5[95%-CI 1.5-13.2],
Pagi. = 0.047), dysarthria (OR =33.0[95%-Cl 3.0-364.3], paq. = 0.037), history of aspiration
(OR =1Inf[95%-CIl 157.5-Inf], paq. = 0.041), and drooling (OR = 8.9 [95%-CI 1.9-43.3], Padj. =
0.046). Additional nominally significant associations not surviving FDR correctionincluded
intellectual disability (OR=6.2, p=0.028), developmentaldelay (OR=7.9, p=9.6e-3),
dysphagia (OR=14.7, p=0.028), and non-verbal status (OR=14.3, p=0.018).

The moderate subgroup was more likely to achieve motor milestones, with:higher odds for
unsupported standing (OR =14.3[95%-CI 2.7-100.0], paq. = 0:016).andwalking (OR =20.0
[95%-CI15.9-100.0], paq;. = 4.6€-5).

Despite the conservative statistical approach that penalizes quasi-complete or complete
separation yielding non-significant results for these findings, extrapyramidal movement
disorders showed a clear pattern of subgroup specificity (Figure 2F). Both dystonia (19.3%)
and parkinsonism (hypokinesia: 4.8%, rigidity: 3.6%) were exclusively observed in the
severe subgroup.

Divergent motor functional progression

We evaluated the progression.of functional motorimpairment using SPATAX (451
observations, 251 patients) and'GMFCS (273 observations, 132 patients) with survival and
proportional-hazards analyses (Figure 3 & Supplementary Fig. S4).

Kaplan-Meier analysis revealed distinct progression patterns. The moderate subgroup
declined gradually, losing running (SPATAX 23) at median 34.7 years and requiring walking
aids (SPATAX =4)at 40 years; the severe subgroup reached these stages at4 and 5 years,
respectively (Figures 4a-b). Wheelchair dependence (SPATAX =6) occurred in 12.2% of
maoderate patients during observation versus 97.5% of severe patients at median 7.4 years.
GMFCSresults were concordant: Assistive mobility devices (=Ill) were required at median
8.2 years in the severe subgroup versus 36.8 years in the moderate subgroup (Figure 4D
andE).

Cox proportional hazards models adjusted for sex and inheritance confirmed relevant
subgroup effects (Figure 4G-I). For SPATAX progression to walking aid (=4) and wheelchair
dependence (26), the severe subgroup showed 20.9-fold (HR =20.89[95%-CI110.12-43.12],
p=2.1e-16) and 43.5-fold (HR =43.46 [95%-CI1 15.85-119.17], p = 2.3e-13) increased
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hazards. For GMFCS progression to requiring an assistive mobility device (2lll) and severe
mobility limitation (=1V), hazard ratios were 17.8-fold (HR=17.77 [95%-C14.85-65.13], p =
1.4e-5) and 27.1-fold (HR =27.08 [95%-C15.39-136.03], p = 6.2e-5).

Both scales inversely correlated with quality of life: each one-pointincrease in SPATAX and
GMFCS corresponded to 5.9- (p = 2.7e-4) and 6.5-point (p = 1.4e-6) decreases in CPCHILD
(Figure4C and F).

Progression of spasticity differs by subgroup

To characterize spasticity progression, we analyzed SPRS total scores and spasticity
subscores usinglongitudinal mixed-effects modeling (Figure 5). Generalized additive mixed
models revealed distinct age-score relationships between subgroups for both SPRS total
and spasticity subscores. The moderate subgroup exhibited non-linearity (EDF = 2.54) for
total scores, while the severe subgroup showed linear relationships. Automated breakpoint
detection identified an inflection pointat 13.7 years (95%-Cl 8.9-18.5) for the moderate
subgroup, which was incorporated into all subsequent analyses.

Linear mixed-effects models with age-by-subgroup interactions revealed significant
trajectory differences. For SPRS total scores (444 observations, 271 patients), the
interaction was significant (p = 5:1e-3) with different pre-breakpoint slopes (p = 2.5e-3) but
convergent post-breakpoint progression (p = 0.26). Subgroup-specific modeling showed
the severe subgroup had a'consistent annual progression of +0.43 points (p = 4.7e-5, R,> =
0.1), while the moderate subgroup exhibited biphasic progression: minimal pre-breakpoint
2

change (p = 0.18) followed by acceleration after13.7 years (+0.4 points/year,p=6.7¢e-3, Rn,
=0.14).

Cross-sectional differences were substantial, with the severe subgroup scoring an
estimated 19.4 points higheratage 3 (p =5.9e-13), 23.1 points atage 7 (p = 1.3e-26), and
stabilizing around 28.1 points atage 20 (p = 1.1e-34).

SPRS spasticity subscore analysis (338 observations, 177 patients) confirmed these
patterns with significantinteraction (p = 2.8e-8) and slope differences (p = 1.6e-8). Annual
progression rates were +0.27 (p=1.2e-11, R> = 0.34) and +0.04 points (p = 7.8e-3, R.> =
0.1) in severe and moderate subgroups, respectively. Although non-linearity testing did not
support delayed acceleration for the moderate subgroup’s spasticity subscore, limited
data may account for this and the overall small slope; applying the 13.7-year breakpoint
did not improve fit.
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Importantly, both measures correlated with declining quality-of-life, with each one-point
increase decreasing CPCHILD scores by 0.94 (p =4.7e-9) and 2.66 points (p = 2.2e-6) for
total and spasticity subscores (Figure 5C and F).

Given prominent upper limb involvement in the severe subgroup (Figure 3E), we further
examined spasticity in this subgroup using the modified Ashworth Scale (Figure 5G-H).
Ordinal, non-linear mixed-effects modeling revealed a temporal gradient in thelower
limbs: distal muscles showed higher initial grades (2) than proximal muscles (1/+1), with
both reaching grade 3 by age 20 and grade 4 by age 30. Upper-limb spasticity emerged later
(grade 1/1+ inthe second decade) and accelerated in the third decade, typically reaching
grades 2 and 3 at~25 and ~30 years, respectively.

Anchor-based estimation of clinically important SPRS change

To define clinically meaningful SPRS change thresholds forinterventional trials, we
estimated minimal clinically important differences (MCID) anchored to the Clinical Global
Impression-Improvement (CGI-C) scale using longitudinal data from 81 patients (Figure 5I).
We evaluated six anchor categories reflecting varying levels of clinician-reported global
change. For clinical improvement, any perceived improvement (CGI-C < 3) corresponded to
an estimated SPRS change of -4.51 points (95%-Cl-6.67—2.34; p=1.2e-4; mean change =
-2.1), while minimalimprovement (CGI-C = 3) required -3.94 points (95%-CI-6.35—-1.53; p
= 2.0e-3; mean change = -1:8). For clinical worsening, any perceived deterioration (CGI-C =
5) corresponded to +2.45 points (95%-C10.76-4.14; p=6.0e-3; mean change = +2.3), while
minimal worsening (CGI-C = 5) yielded +1.56 points but did notreach significance (95%-CI
-0.23-3.35; p=0.09; meanchange = +2.0).

Severe subgroup presents with global developmental difficulties

Building on cross-sectional findings (Figure 3E), we analyzed motor milestone attainment
and developmental quotients longitudinally. Kaplan-Meier analysis of gross motor
milestones revealed substantial developmental delays in the severe subgroup (Figure 6A),
with crawling achieved by 71.3% at median 14 months and walking with assistance by
77.4% at median 24 months. Subgroup comparisons showed significant differences for
unsupported sitting (moderate: 100% at median 8 months vs. severe: 87.7% at median 9
months, p=0.031, Figure S5), and more pronounced divergence for unsupported standing
(moderate: 93.3% at median 14 months vs. severe: 40.1%, p = 3.2e-8, Figure 6B) and
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walking (moderate: 91.3% at median 18 months vs. severe: 33.4%, p=1.8e-12, Figure 6C).
The moderate subgroup generally achieved milestones, albeit with modest delays.

Generalized additive mixed models for developmental quotients (DQ) suggested deviation
from normaltrajectories across domains (Figure 6D). Gross motor DQ started low and
declined linearly; fine motor, expressive language, and social domains diverged during
infancy/early childhood, deviated rapidly until ~8-10 years, then declined more slowly.
Interpretation is, however, limited by small sample size.

Plasma neurofilament light is differentially elevated between subgroups

Blood NfL levels are moderately elevated in SPG4 with substantialvariability’*’¢and limited
data foryounger patients. We measured plasma NfL (pNfL) using SiMoA in 26 SPG4
patients (median age: 10.4 years, IQR: 2.6-21.1; 46.7% female) and 101 age-matched
controls (median age: 5.7 years, IQR: 0.6-24.8; 45.6% female), with longitudinal data
available for four patients.

Generalized additive mixed modeling revealed distinct age-related trajectories (Figure 6E).
The severe subgroup showed significant non-linear decrease overtime (EDF=1.89,p<1e-
16), the moderate subgroup linear progression (EDF=1.00, p=0.006), while controls
showed minimal variation (EDF =1:62, p =0.18).

Cross-sectional differences‘'were. most pronounced at younger ages. At age 3, the severe
subgroup had elevated estimated:pNfL levels (59.8 pg/mL, 95%-C153.7-65.9) compared to
the moderate subgroup(22.0'pg/mL, 95%-Cl116.7-27.4, p=4.1e-15) and controls (5.8
pg/mL, 95%-Cl 4.4-7.3, p = 9.3e-33). Differences remained significant through age 10
(severe: 28.7 pg/mL[95%-Cl25.1-32.4] vs. moderate: 15.7 pg/mL[95%-Cl 12.3-19.1],p =
1.0e-6) but converged by age 15 (p = 0.15). Both subgroups (severe: 15.5 pg/mL[95%-CI
12.2-18.9] p=2.5€e-8, moderate: 11.1 pg/mL[95%-C16.2-16.1], p = 6.4e-3) remained
elevated compared to controls (3.3 pg/mL[95%-CI 1.3-5.3]) untilage 15.

Comparison with large, age-matched reference cohorts confirmed the relevance of these
elevations””78, Only 1 of 19 samples (5.3%) in the severe subgroup fell within the 99th
percentile of age-matched reference values, compared to 2 of 11 samples (18.2%) in the
moderate subgroup.

Furthermore, we tested for the association between pNfL levels and SPRS total scores
using a linear mixed effects model adjusted for subgroup, age and sex (Figure 6F). While
the overall variance in SPRS scores explained by pNfL levels was modest (R»?=0.12), pNfL
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was significantly associated with SPRS (p = 0.013), with each 4.76 pg/mL pNfL increase
corresponding to a one-point SPRS increase.

These findings indicate a moderate but consistent, subgroup-dependent elevation of pNfL
in early disease stages, particularly pronounced in severe disease trajectories, and
detectable in the moderate subgroup before overt acceleration of clinical progression.
Given the limited sample size and longitudinal coverage, these observations should be
interpreted as exploratory.

Discussion

SPG4 is the most common form of HSP and exhibits marked phenotypic pleiotropy.
Although historically framed as a late-onset “pure” HSP, accumulating evidence
documents severe early-onset presentations with profoundneurodevelopmental
impairment and multisystem involvement*”-*°. Priorwork has implicated inheritance
pattern, genetic anticipation, variant class, and sex.as contributors to variability4’-S;
however, as our exploratory analyses confirm, these factors explain only part of the clinical
heterogeneity. Advances in understanding spastin biology, particularly its microtubule-
severing function?*% and the distinct roles of the M1 and M87 isoforms'®, have informed
emerging therapeutic strategies**54%.7°, Yet a central challenge remains: as preclinical
candidates advance to trials, biologically grounded patient stratification will be essential to
detect treatment effects.in.smallcohorts over short follow-up periods typical of trials for
rare diseases®’.

We investigated genotype—-phenotype correlations in a well-characterized cohort of 206
patients with'pathogenic SPAST variants, complemented by high-quality literature-derived
cases, focusing oniindividuals under 40 years to capture the window of greatest phenotypic
variability andito maximize sensitivity for detecting divergent disease trajectories prior to
late-stage convergence.

Longitudinal analyses revealed two distinct clinical trajectories: a subgroup with rapid early
progression enriched for missense and de novo variants, and a second subgroup with
biphasic progression enriched forinherited and truncating variants. However, considerable
overlap between clinical and genetic categories indicates that neither inheritance nor
variant class alone fully accounts for disease severity. Notably, missense variants showed
near-complete segregation by inheritance, consistent with the hypothesis that de novo and
inherited variants often confer distinct molecular effects on spastin function -an
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observation paralleling other neurogenetic disorders in which de novo variants are linked to
extreme phenotypes and reduced transmission?#0-83,

Biologically informed stratification framework

To classify missense variants, we adapted the Essential3D framework developed by lqgbal,
Briinger, and colleagues®®¢'. Structural mapping revealed that predicted essentialresidues
were enriched at functionally critical sites, including those involved in ATP hydrolysis and
microtubule binding, whereas residues at protomer interfaces - expected to impair
hexamerization if altered - were not enriched. Extending on the originalframework, we
introduced a “context-dependent” category for residues with high substitution-specific
variability in predicted pathogenicity. This category is exemplified by recurrent variants at
Argd99: predicted severe substitutions (p.Argd99His, p.Argd99Leu) associated with earlier
onset and rapid progression, whereas predicted moderate substitutions showed later
onset; longitudinal data for p.Arg499Cys supported a.milder, more slowly progressive
course. Based on these findings, we propose a biologically informed patient stratification
that integrates essentiality-based missense variant ¢classification with established
genotype-phenotype rules to delineate predicted moderate and severe subgroups. We
provide comprehensive essentiality predictions for all possible missense variants within
residues 318-610 (Table S3), formingthe basis for subsequent trajectory analyses and
offering practical applicability to clinical stratification.

Divergent disease trajectories

The two identified subgroups exhibited different patterns of disease progression across
multiple domains. The severe subgroup exhibited early, severe motor dysfunction with
extensive neurodevelopmental impairments including delayed or absent attainment of
motor milestones, speech delay, and intellectual disability. Only about a third of patients
learned to walk'independently, with development stagnating followed by developmental
regression. Patients progressed rapidly to wheelchair dependence (median 7.4 years) and
near-maximum disability by the second to third decade, with spasticity affecting both lower
and upper limbs. This severe presentation was associated with consistently lower and
deteriorating health-related quality of life as reported by caregivers.

The moderate subgroup followed a distinctive biphasic course with inflection during the
second to third decade. Initially, patients achieved milestones with only modest delays,
and maintained motor function (SPRS < 10), and stable quality of life. However, clinical
acceleration during adolescence led to progressive functional decline, with patients
typically losing the ability to run in the fourth decade andrequiring walking aids at a median
age of 40 years.
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The wide phenotypic spectrum in this subgroup during the initial phase, including
subclinical presentations during childhood, likely contributes to under-recognition,
delayed diagnosis and bias in retrospectively reported age at onset. Modest but consistent
pNfL elevation and slightly delayed milestones in childhood suggest that subclinical
disease precedes overt motorimpairment by years, consistent with findings from the
recent preSPG4 study’®. Importantly, pNfL is interpreted here as a marker of ongoing axonal
injury reflecting disease burden rather than as a validated prognostic or stratification
biomarker, given the limited sample size and longitudinal coverage. At the level of
directionality, pNfL elevations were concordant with the essentiality-based stratification
framework, in that the subgroup predicted to have higher disease burden also exhibited
higher pNfL levels in early disease stages. Interpretation of these observations, however,
requires consideration of physiological pNfL dynamics during early neurodevelopment.
Circulating NfL concentrations are relatively elevated duringinfancy and early childhood
and gradually decline as neurodevelopmental processes stabilize””-#485, Against this
background, the elevated pNfL levels observed in the severe subgroup during early disease
stages may reflect disease-related axonal injury superimposed on this developmental
baseline. Importantly, the reference trajectories shown in Figure 5E correspond to age-
dependent physiological pNfL ranges derived from a large previously published pediatric
cohort’”:848 allowing subgroup trajectories to be interpreted relative to established
developmental reference values. Within this context, the observed subgroup differences in
early disease stages are consistent with increased axonal injury in the severe trajectory
while remaining exploratorygiventhelimited sample size.

For comparisons between subgroups several of the reported effect size estimates were
large and accompanied by wide or unbounded confidence intervals. This reflects strong
subgroup separation; with some features occurring almost exclusively in one subgroup, as
well as low event.counts for certain outcomes. Under these conditions, inflated effect sizes
and wideconfidence intervals are expected despite appropriate penalized or adjusted
modeling. Accordingly, these estimates should be interpreted as indicators of substantial
relative differences between subgroups rather than precise quantitative risk measures.

Pathomechanistic considerations

Our clinically defined subgroups are broadly consistent with recent experimental results
using human neural organoids®. In this model, which captures selected aspects of human
cortical neuron biology but does not fully recapitulate corticospinal motor neuron identity
or circuit-level vulnerability, truncating SPAST variants were associated with delayed
neurodegeneration compared with a pathogenic missense variant affecting an Essential3D
residue. This was accompanied by dysregulation of spastin isoform balance and
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subsequent excessive activation of histone deacetylase 6 (HDAC6) mediated via the M1
isoform. While our clinical data do not allow mechanistic inference, these findings are
generally compatible with the hypothesis that certain missense variants may precipitate
earlier dysregulation of spastin isoform balance, whereas truncating variants may initially
permit partial compensation under haploinsufficient conditions.

Limitations

This study has several limitations that merit consideration. First, despite being among the
largest systematically characterized SPG4 cohorts, the disorder’s rarity and marked
phenotypic pleiotropy limited statistical power for some subgroup analyses. Future studies
incorporating outcome measures that more specifically quantify.developmental, bulbar,
upper limb, and autonomic involvement —underappreciated features of severe SPG4 —will
enable more robust modeling of additional clinically relevantdomains.

A second limitation relates to the multicenter design of the study, which encompassed
seven academic centers across four continents and enabled recruitment of a large, deeply
phenotyped cohort. However, despite the useof standardized clinical scales and expert
assessment, some inter-site variability in the weighting and interpretation of symptoms
and clinical scores cannot be fully excluded in the absence of a harmonized prospective
assessment protocol or formalinter-site calibration.

Third, the Essential3D framework has several general and gene-specific limitations in the
context of SPGA. Itrelies partly on inssilico predictions and is constrained by the availability
of high-quality structural data, which for spastin currently cover only residues 318-610,
precluding assessmentof N-terminalvariants potentially affecting isoform-specific
functions of M1-spastin. Inladdition, the framework is based on static structural
representations and therefore does not capture conformational dynamics. Finally, reliance
on variant and population databases introduces potential vulnerability to incompleteness
and inaccuracies'within these resources.

Finally, while exploration of plasma neurofilament light as a biomarker yielded relevant
data extending previous findings’47¢ to the pediatric population, the small sample size,
particularly for longitudinal data, does not allow for any definitive conclusions. The present
data are insufficient to establish pNfL as a prognostic or stratification biomarker at the
individual patient level, and subgroup-dependent differences should be interpreted
cautiously. Validation in larger longitudinal cohorts, ideally incorporating additional
biomarkers specifically assessing SPAST-associated dysregulation®:®’, will be essential.

Given the reverse translational approach that underlies the present study, the proposed
stratification framework should be viewed as iterative and subject to refinement. As
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additional genotype—-phenotype correlations or modifier loci are identified, future iterations
may incorporate genetic configurations beyond biallelic SPAST variants and missense
variants affecting functionally essential residues.

Clinical implications

Despite these limitations, our study provides importantinsights. First, it offers a
biologically grounded stratification framework, informed by protein structure and variant-
specific context, that can be applied prospectively once a pathogenic SPASTvariantis
identified. Importantly, this framework is notintended as a deterministic classification
system, but rather as a probabilistic tool that integrates variant class, inheritance pattern,
and for missense variants Essential3D-based classification —ideally interpreted in the
context of genetic precedence —to support early risk stratification without requiring
longitudinal clinical data. From a clinical care perspective, early trajectory prediction may
support anticipatory guidance. Patients predicted to follow an early severe trajectory may
benefit from closer developmental surveillance;.earlier multidisciplinary involvement, and
proactive assessment of domains that are frequently under-recognized in SPG4, including
upper limb, bulbar, and autonomic involvement. Conversely, patients predicted to follow
the moderate biphasic trajectory may initially present with subtle or subclinical features;
awareness of a later accelerationmay reduce diagnostic delay and inform longitudinal
monitoring strategies and timely.initiation of supportive interventions, including early
physiotherapy, which has‘demonstrated benefitin HSP2. From a clinical trial perspective,
the framework provides a biologically grounded approach to cohort enrichment and
stratified randomization. Grouping patients according to predicted disease trajectory rather
than age orvariant class alone may reduce phenotypic heterogeneity, improve statistical
power to detect treatment effects over shorter follow-up intervals, and inform the selection
of therapeutic windows and outcome measures appropriate to subgroup and disease
stage.

Moreover, the study delivers the most detailed natural history characterization of SPG4 to
date, providing clinically meaningful progression rates, age thresholds across multiple
functionaldomains, and CGI-C-anchored MCID estimates for the SPRS.

Together, these data can support genotype-aware clinical care and facilitate future
research efforts through enhanced clinical trial design, stratification, and variant
interpretation.
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Anonymized data and the code supporting the findings of this study are available from the
corresponding author upon reasonable request.
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Figure legends

Figure 1 Genetic spectrum and essentiality mapping of spastin residues. (A) Genetic
spectrum ofthe’'cohort with inner track representing proportions of inheritance patterns
and outer track representing coding impacts, with proportions nested within the respective
modeofinheritance. (B) Pathogenic variants identified in the cohort, annotated along the
M1-spastin primary structure. Protein-truncating variants are depicted toward the top and
nontruncating variants downward. (C) SPRS scores in the combined literature- and study-
derived dataset. Longitudinal observations from the same patient are connected by lines.
(D) Venn diagram depicting overlaps of distinct missense variants according to inheritance
pattern in the combined dataset. (E) Schematic of the modified Essential3D classification
approach. (F) Top: Heatmap depicting variables used for essentiality mapping, including
distribution of essentiality categories. Bottom: human wildtype spastin hexamer structure
(PDB: 6PEN) with residues colored by essentiality verdict.
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Figure 2 Argd99 exemplifies context-dependent essentiality. (A) Enrichment analysis of
structuraland functional features across essentiality verdicts. Black circles surrounding
dots indicate paq. < 0.05. (B) Zoom-in view on the Arg499 residue neighborhood with
residues colored according to essentiality verdict. Ligands (ATP, BeF, and Mg#*) shown in
purple. (C) Pathogenicity predictions for Arg499 amino acid substitutions. For
subclassification into moderate and severe variants, pathogenicity scores were Z-
transformed for each residue separately. (D) SPRS scores in patients with Arg499 variants
in the combined dataset. Longitudinal observations from the same patient are connected
by lines. (E) Age at onset comparison between Arg499 missense variants. Kruskal-Wallis, p
= 2.6e-10; p values of pairwise comparisons shown, using Dunn’s post-hoc test; d
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Figure 3 Stratification framework, quality of life and phenotypic spectra. (A)
Comparison of reported ages at onset in the combined dataset stratified by essentiality
verdict, excluding uncertain classifications. Main plot: Kruskal-Wallis, p< 1e-16, p values of
pairwise comparisons shown, using Dunn’s post-hoctest; subplot: Mann-Whitney U test;
d represents Cohen’s d. Half violin and boxplots show the distribution of the data as a
kernel density estimate on the left and.a box-and-whisker summary on theright, indicating
the median (center line), interquartile range (box), and minimum and maximum values
(whiskers). (B) Schematic of the proposed stratification framework. (C) Interaction plot,
with dots representing estimated marginal means (EMM) at selected timepoints (3, 5, 10,
13.7, 20, 25, 30 years). Vertical ribbons indicating EMM 95%-Cls. Top row p values for
cross-sectional EMM.contrasts at selected timepoints. (D) Separate subgroup models with
kernel density estimates. Longitudinal observations from the same patient are connected
by lines. (E) Resultsfrom phenotypic enrichment analysis using Firth’s logistic regression.
Labelled dots represent clinical findings that were nominally enriched, and black circles
surrounding dotsindicate g < 0.05. (F) Frequency of extrapyramidal movement disorders
stratified by subgroup.
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Figure 4 Divergent functional motor impairments between subgroups. Kaplan-Meier
estimators for SPATAX disability stages in the moderate (A) and severe (B) subgroup. 95%-
Cls are shown as shaded ribbons. (C) Association between SPATAX and CPCHILD. Linear-
mixed effects model adjusted for subgroup, age, and sex. Longitudinal observations from
the same patient are connected by lines. (D & E) Kaplan-Meier estimators for GMFCS
scores in the moderate (D) and severe (E) subgroup. 95%-Cls are shown as shaded
ribbons. (F) Association between GMFCS and CPCHILD. Linear-mixed effectsmodel
adjusted for subgroup, age, and sex. Longitudinal observations from the same patient are
connected by lines. (G, H &) Covariate-adjusted survival curves derived from Cox
proportional hazards models for SPATAX threshold severe gait impairment, requiring
unilateral support (24) (G) and wheelchair dependence (26) (H) and GMFCS threshold =lll
(requiring assistive mobility device) (). Covariates included subgroup, sex, and inheritance
pattern.
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Figure 5 Differential progression of spasticity between subgroups. (A) Interaction plot
forsegmented linear mixed-effects regression of the SPRS total score, with dots
representing EMM at selected timepoints (3, 5, 10, 13.7, 20, 25, 30 years). Verticalribbons
indicating EMM 95%-Cls. Top row p values for cross-sectional EMM contrasts at selected
timepoints. Gray vertical ribbon indicates estimated breakpoint for the moderate subgroup.
(B) Separate subgroup models for SPRS total scores with kernel density estimates. (C)
Association between SPRS total score and CPCHILD. Linear-mixed effects model adjusted
forsubgroup, age, and sex. (D) Interaction plot for linear mixed-effects regression of the
SPRS spasticity subscore (SPRS items 7-10), with dots representing EMM at selected
timepoints (3, 5, 10, 13.7, 20, 25, 30 years). Vertical ribbons indicating EMM 95%-Cls. Top
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row p values for cross-sectional EMM contrasts at selected timepoints. (E) Separate
subgroup models for SPRS spasticity subscores with kernel density estimates. (F)
Association between SPRS spasticity subscore and CPCHILD. Linear-mixed effects model
adjusted for subgroup, age, and sex. (G & H) Ordinal generalized additive mixed-effects
models for modified Ashworth scale values stratified by lower (G) and upper (H) limb
muscle groups in the severe subgroup. Shaded ribbons indicate 95% Cls. (1) MCID
estimations estimates for SPRS total scores stratified by CGI-C anchor definition. Bars
representing SPRS change EMM derived from a linear-mixed-effects model adjusting for
baseline SPRS, age atanchor assessment, interval between visits, subgroup and sex as
covariates. Vertical lines indicate EMM 95% Cls. (B, C, E & F) Longitudinal observations
from the same patient are connected by lines.
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Figure 6 Developmental trajectories and plasma NfL. (A) Kaplan-Meier estimators for
time-to-milestone attainmentin the severe subgroup. Shaded ribbons indicate 95% Cls. (B
& C) Kaplan-Meier estimators for time-to-unsupported standing (B) and time-to-
unsupported walking (C) stratified by subgroup. Curves were compared using log-rank test.
(D) Generalized additive mixed-effects modeling of developmental quotients stratified by
domain in the severe subgroup. Shaded ribbons indicate 95% Cls. (E) Plasma NfL over time
stratified by subgroup with kernel density estimates. Dotted lines indicate 1stand 99
percentile of pNfL reference models in healthy individuals derived from previously
published studies. (F) Association between pNfL and SPRS total scores. Linear-mixed
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effects model adjusted for subgroup, age, and sex. (E & F) Longitudinal observations from

the same patient are connected by lines.
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