Supplementary Material
Multimodal evoked potentials and full-field electroretinography in neurological Wilson disease
The primary analysis reported in the main text compared patients with neurological Wilson disease (WD) with unrelated healthy controls. This file contains three additional sets of material: the assessments of the 10 clinically asymptomatic at-risk siblings recruited alongside those two groups (Tables S1–S4); the regional distribution of magnetic resonance imaging (MRI) abnormalities in patients (Table S5); and, for the patient group, the full correlation matrix and the standardised patient–control effect sizes (Tables S6 and S7). ATP7B sequencing was unavailable for the siblings, so we could not classify any sibling as carrying biallelic variants, as a heterozygous carrier, or as neither. Their data are descriptive and exploratory and cannot be interpreted as evidence of presymptomatic WD or as support for electrophysiological screening of relatives.
Supplementary Methods
Siblings of index patients were eligible if they had no clinical abnormality, with or without biochemical or radiological abnormality. Recruitment, clinical assessment, copper studies, slit-lamp examination, evoked potential (EP) and electroretinographic (ERG) recording and neuroimaging followed the protocol described in the main text, in the same laboratories, by the same investigators and against the same reference limits; right-sided recordings were analysed. Given the small sample, unknown genotype, age differences from the adult controls, and the clustering of 10 siblings within 5 families, we did not perform inferential testing in this group, and values are presented descriptively against laboratory reference ranges. We obtained written informed consent from each sibling, or from a legally authorised representative when the participant was a minor.
Supplementary Results
The 10 siblings came from 5 families. Their mean age was 16.6 ± 4.4 years (median 16, range 11–24), and 6 were male. Neurological and slit-lamp examinations and copper studies were normal in all cases, and the Global Assessment Scale score was 0 in every case (Table S1). Tables S2–S4 summarise EP and ERG values. Brain MRI was obtained in 3 siblings and was abnormal in 1, a clinically asymptomatic participant with normal copper studies whose only electrophysiological abnormalities were a reduced photopic b-wave and a prolonged N20 latency.


Table S1. Characteristics of at-risk siblings, with patient and control groups for reference
	Characteristic
	Siblings (n=10)
	Patients (n=40)
	Controls (n=20)

	Age, years
	16.6 ± 4.4
	19.8 ± 5.4
	36.5 ± 10.6

	Male sex, n (%)
	6 (60.0)
	26 (65.0)
	10 (50.0)

	Families, n
	5
	40
	—

	Abnormal neurological exam, n (%)
	0
	40 (100)
	0

	Kayser–Fleischer ring, n (%)
	0
	32 (80.0)
	0

	Positive family history, n (%)
	10 (100)
	4 (10.0)
	0

	GAS score
	0
	17.5 ± 9.8
	—

	Ceruloplasmin, mg/dL
	40.22 ± 7.46
	9.54 ± 4.76
	—

	Serum copper, µg/dL
	94.83 ± 15.47
	42.87 ± 27.21
	—

	Brain MRI obtained, n
	3
	24
	19


Values are mean ± SD unless stated. Copper studies not performed in controls. Sibling values descriptive only; no formal statistical testing performed for this group. GAS, Global Assessment Scale; MRI, magnetic resonance imaging.

Table S2. Visual and brainstem auditory evoked potentials 
	Measure
	Patients (n=40)
	Siblings (n=10)
	Controls (n=20)

	VEP N75 latency, ms
	90.17 ± 14.09
	80.80 ± 8.69
	66.15 ± 6.98

	VEP P100 latency, ms
	135.56 ± 25.97
	105.10 ± 3.87
	98.40 ± 6.79

	VEP N145 latency, ms
	168.88 ± 28.54
	134.00 ± 13.05
	135.60 ± 4.51

	VEP P100 amplitude, µV
	7.65 ± 2.18
	8.61 ± 1.23
	7.88 ± 1.00

	BAEP wave I latency, ms
	1.60 ± 0.25
	1.77 ± 0.23
	1.44 ± 0.20

	BAEP wave III latency, ms
	4.07 ± 0.53
	3.45 ± 0.19
	3.53 ± 0.20

	BAEP wave V latency, ms
	6.09 ± 0.69
	5.45 ± 0.40
	5.36 ± 0.19


Right-sided recordings, mean ± SD. Patient-vs-control statistical comparisons appear in main Table 2. Sibling values descriptive only; no formal testing performed. BAEP, brainstem auditory evoked potential; VEP, visual evoked potential.

Table S3. Somatosensory and motor evoked potentials 
	Measure
	Patients (n=40)
	Siblings (n=10)
	Controls (n=20)

	SSEP N9 latency, ms
	8.75 ± 1.56
	8.09 ± 1.21
	6.84 ± 1.36

	SSEP N13 latency, ms
	13.13 ± 1.84
	12.47 ± 1.13
	12.26 ± 0.64

	SSEP N20 latency, ms
	18.46 ± 3.37
	22.59 ± 2.96
	17.92 ± 0.98

	SSEP P25 latency, ms
	25.94 ± 3.46
	24.38 ± 2.06
	25.31 ± 1.69

	SSEP N30 latency, ms
	36.02 ± 5.08
	28.52 ± 1.20
	27.69 ± 1.40

	Resting motor threshold, % MSO
	47.00 ± 6.58
	44.60 ± 5.21
	43.15 ± 10.98

	Motor response amplitude, µV
	487.11 ± 128.99
	467.64 ± 71.66
	527.89 ± 77.33


Mean ± SD. Sibling values descriptive only; no formal testing performed. MSO, maximum stimulator output; SSEP, somatosensory evoked potential.

Table S4. Full-field electroretinographic b-wave amplitudes 
	Measure
	Patients (n=40)
	Siblings (n=10)
	Controls (n=20)
	Lower ref. limit

	Scotopic b-wave, µV
	4.33 ± 1.75
	2.57 ± 0.23
	13.61 ± 2.28
	8

	Photopic b-wave, µV
	5.52 ± 1.44
	4.04 ± 0.66
	39.68 ± 7.15
	24


Mean ± SD, right-eye recordings. Sibling values descriptive only; no formal testing performed. 

Interpretation of the sibling findings
These sibling observations are hypothesis-generating. They do not establish presymptomatic WD, define an electrophysiological phenotype of at-risk relatives, or support screening with EP or ERG. WD is autosomal recessive, so among the siblings of an affected proband roughly one quarter would be expected to carry biallelic pathogenic variants, one half to be heterozygous carriers and one quarter neither. In a group of 10, only two or three would therefore be expected to be genetically affected, yet the reduction in b-wave amplitude was uniform across the group rather than confined to a minority. The pattern was also not consistently intermediate between controls and patients, as a genuine early disease signal should be: somatosensory N20 latency in the siblings exceeded even the patient value, although N20 was normal in established neurological disease, and several measures that were abnormal in patients were normal in siblings.
Several explanations are more plausible than occult disease, and this design cannot separate them: the age difference from the adult controls, compounded by reference limits derived from adults; an effect in heterozygous carriers, which the study does not exclude; family-level or shared-environmental effects, given clustering within only 5 families; recording-session or technical factors common to relatives tested together; and chance variation in a small exploratory sample. We therefore propose no screening, diagnostic or prognostic role for EP or ERG in at-risk relatives. Establishing one would require genotyped relatives, age-matched reference data, more families and prospective follow-up. Relatives should continue to be screened according to existing clinical guidelines3,4.

Table S5. Regional distribution of magnetic resonance imaging abnormality in patients (n = 24)
	Region
	n (%)

	Putamen
	9 (37.5)

	Midbrain
	9 (37.5)

	Globus pallidus
	8 (33.3)

	Pons
	7 (29.2)

	Caudate nucleus
	6 (25.0)

	Thalamus
	6 (25.0)

	Cerebral white matter
	5 (20.8)

	Cerebellar peduncles
	5 (20.8)

	Cerebral atrophy
	5 (20.8)

	Internal capsule
	2 (8.3)

	Caudate atrophy
	1 (4.2)

	Midbrain atrophy
	1 (4.2)

	Cerebellar atrophy
	1 (4.2)


Values are the number (%) of the 24 patients imaged. Findings were recorded as present or absent by region on 1.5 T imaging, reported independently by two radiologists, and were not statistically compared with the electrophysiological measures. All 19 controls imaged had normal studies.

Correlation analyses in patients
Within the patient group, no EP or ERG measure correlated with the baseline Global Assessment Scale score (Pearson r −0.30 to 0.26, all p ≥ 0.061). Three of the 48 coefficients involving the copper indices reached nominal significance: serum ceruloplasmin with VEP P100 amplitude and with SSEP N20 latency, and serum copper with SSEP N9 latency, but none survived correction for the 64 comparisons performed (Bonferroni threshold p < 0.00078; smallest false discovery rate q value 0.11), and both ceruloplasmin associations ran opposite to the direction expected of a copper-mediated effect (Table S6). 
Table S6. Correlation of electrophysiological measures with disease severity and copper indices in patients (n = 40)
	Measure
	GAS score
	Serum ceruloplasmin
	Serum copper
	24-h urinary copper

	VEP N75 latency
	−0.26 (0.108)
	0.07 (0.670)
	−0.10 (0.523)
	−0.07 (0.655)

	VEP P100 latency
	−0.09 (0.587)
	0.03 (0.833)
	−0.03 (0.856)
	0.01 (0.951)

	VEP N145 latency
	−0.18 (0.272)
	0.17 (0.286)
	−0.12 (0.449)
	0.26 (0.099)

	VEP P100 amplitude
	−0.11 (0.518)
	−0.46 (0.003)
	−0.02 (0.882)
	−0.05 (0.781)

	BAEP wave I latency
	0.01 (0.928)
	0.22 (0.182)
	−0.07 (0.647)
	0.11 (0.512)

	BAEP wave III latency
	0.12 (0.466)
	−0.08 (0.606)
	0.14 (0.388)
	0.10 (0.560)

	BAEP wave V latency
	0.26 (0.103)
	0.00 (0.999)
	−0.07 (0.682)
	−0.12 (0.451)

	SSEP N9 latency
	0.05 (0.747)
	0.23 (0.146)
	0.48 (0.002)
	0.12 (0.459)

	SSEP N13 latency*
	0.07 (0.661)
	0.07 (0.660)
	0.23 (0.153)
	−0.07 (0.676)

	SSEP N20 latency
	−0.25 (0.119)
	0.48 (0.002)
	−0.10 (0.557)
	0.15 (0.354)

	SSEP P25 latency
	−0.30 (0.061)
	0.25 (0.122)
	−0.05 (0.780)
	0.04 (0.789)

	SSEP N30 latency
	−0.06 (0.700)
	0.03 (0.871)
	−0.03 (0.838)
	−0.02 (0.886)

	Resting motor threshold
	−0.03 (0.840)
	−0.24 (0.143)
	0.01 (0.967)
	−0.19 (0.248)

	MEP amplitude
	0.14 (0.404)
	0.00 (0.977)
	0.04 (0.830)
	0.03 (0.863)

	ERG scotopic b-wave amplitude
	0.24 (0.140)
	−0.23 (0.155)
	0.21 (0.193)
	−0.19 (0.241)

	ERG photopic b-wave amplitude
	−0.04 (0.814)
	0.01 (0.955)
	−0.17 (0.294)
	0.13 (0.420)


Values are Pearson correlation coefficients (p values) for right-sided baseline recordings in the patient group. *n = 39; all other cells n = 40. Coefficients are uncorrected for multiplicity; with 64 comparisons, the Bonferroni threshold is p < 0.00078 and no coefficient reached it. Copper studies were not performed in controls. BAEP, brainstem auditory evoked potential; ERG, electroretinography; GAS, Global Assessment Scale; MEP, motor evoked potential; SSEP, somatosensory evoked potential; VEP, visual evoked potential.

Standardised effect sizes and the patient–control age difference
Patients were on average 16.7 years younger than controls (19.8 ± 5.4 versus 36.5 ± 10.6 years, p < 0.001), and the two age distributions overlapped between 21 and 37 years. An age-adjusted analysis was not part of the analysis plan, so we instead expressed the magnitude of each patient–control difference as a standardised effect size (Cohen d) (Table S7). Every measure that differed between the groups had a large effect size (d 1.30 to 6.62), whereas every measure on which the groups did not differ had an effect size below 0.75. Published normative slopes indicate that a 16.7-year age difference corresponds to a VEP P100 latency approximately 1 ms longer and a full-field b-wave amplitude approximately 9% lower in the older group1,2, which is one to two orders of magnitude smaller than the differences recorded here and, being a property of the older control group, acts against rather than in favour of the observed effects. Age therefore cannot account for the positive findings, while the null findings remain constrained by the imbalance.

Table S7. Standardised patient–control effect sizes for each electrophysiological measure
	Measure
	Cohen d
	Groups differed

	ERG photopic b-wave amplitude
	6.62
	Yes

	ERG scotopic b-wave amplitude
	4.57
	Yes

	SSEP N30 latency
	2.24
	Yes

	VEP N75 latency
	2.16
	Yes

	VEP P100 latency
	1.96
	Yes

	VEP N145 latency
	1.63
	Yes

	BAEP wave V latency
	1.43
	Yes

	BAEP wave III latency
	1.35
	Yes

	SSEP N9 latency
	1.30
	Yes

	BAEP wave I latency
	0.71
	Marginal

	SSEP N13 latency
	0.63
	No

	Resting motor threshold
	0.43
	No

	MEP amplitude
	0.38
	No

	SSEP P25 latency
	0.23
	No

	SSEP N20 latency
	0.22
	No


 The final column indicates whether the groups differed on the Bonferroni-adjusted pairwise comparison reported in the main text (“marginal” denotes p = 0.043 for BAEP wave I latency). BAEP, brainstem auditory evoked potential; ERG, electroretinography; GAS, Global Assessment Scale; MEP, motor evoked potential; SSEP, somatosensory evoked potential; VEP, visual evoked potential.
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