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Graphical abstract

Wilson disease (WD): Genetic disorder of copper overload, primarily affecting

the liver and brain.

Conventional markers often lack sensitivity and specificity.

The Relative Exchangeable Copper (REC) ratio-CuEXC/total copper-emerged

as a promising biomarker.
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Highlights:

e REC is a robust biomarker for Wilson disease with high
diagnostic accuracy.

e A 14% REC cut-off yields 95.6% sensitivity and 99.8%
specificity across ages.

e REC helps avoid invasive liver biopsy in patients with un-
clear copper status.

e REC enables earlier diagnosis and treatment, improving
patient outcomes.

https://doi.org/10.1016/j.jhepr.2025.101537

treatment initiation

Impact and implications:

The study established relative exchangeable copper (REC) as a
robust diagnostic biomarker for Wilson disease (WD),
demonstrating high sensitivity and specificity across age
groups in a large cohort including 204 patients with WD. By
refining the optimal REC cut-off, this research provides crucial
insights for improving WD diagnostic accuracy and patient
outcomes. These findings confirm the need to incorporate REC
into routine clinical practice and WD management guidelines,
potentially reducing the reliance on invasive liver biopsies to
assess hepatic copper levels. Consequently, this advancement
in diagnostic methodology could facilitate earlier detection and
treatment, thereby preventing irreversible tissue damage and
enhancing the quality of life for patients with WD.
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Background & Aims: Wilson disease (WD) is an autosomal recessive disorder characterized by copper accumulation in various
organs, primarily the liver and brain. Standard assessment of copper metabolism includes total serum copper, serum cerulo-
plasmin, and urinary copper excretion. Quantitative measurement of non-ceruloplasmin-bound copper, known as exchangeable
copper (CUEXC), was developed in 2009. Subsequently in 2011, relative exchangeable copper (REC), defined as the ratio of
CuEXC to total serum copper, was proposed as a diagnostic biomarker. This study aimed to validate the REC cut-off for the
diagnosis of WD in a large cohort and to refine the reference ranges for CUEXC.

Methods: Data were collected from 778 individuals at the French National Reference Centre for WD from January 2009 to 2025.
The cohort included 204 patients with WD, 359 healthy heterozygous carriers, and 215 controls. All participants underwent
clinical evaluation, assessment of copper metabolism, including CUEXC and REC, and genetic testing for ATP7B. Receiver
operating characteristic curve analysis was used to assess the diagnostic performance of REC and to determine the optimal cut-
off for diagnosing WD.

Results: Patients with WD had significantly higher CUEXC and REC values compared with heterozygous carriers and controls.
The optimal REC cut-off for diagnosing WD was identified as 14% with 95.6% sensitivity and 99.8% specificity. This cut-off was
validated in both pediatric and adult subgroups with similar sensitivity and specificity. Reference ranges for CuEXC
(0.50-1.38 umol/L) and for REC (2.6-9.5%) were refined using control group data. Age-specific ranges were also determined.

Conclusion: This study supports the use of REC in clinical practice and confirms its central role in the diagnostic algorithm for
WD, as recognized in the recently published EASL 2025 guidelines.

© 2025 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction serum Cu concentrations, the precision of which directly af-
fects the calculated NCC.

A method for directly measuring NCC, without relying on Cp
measurements, was developed and has been routinely used in
France since 2011.7%"® More recently, this approach has been
implemented in other countries, including Spain.'* This
biomarker, known as ‘exchangeable copper’ (CUEXC) repre-
sents the labile fraction of Cu complexed with albumin and
other peptides, which readily exchanges in the presence of
high-affinity Cu-chelating agents."® Initial studies based on
small cohorts showed that the ratio of CUEXC to total serum
Cu, referred to as relative exchangeable copper (REC), is a
valuable parameter in the diagnosis of WD. Hence, REC has
been introduced as a specific diagnostic biomarker for
WD'® 141817 gand is now incorporated into the diagnostic al-
gorithm recommended by the 2025 EASL-ERN Clinical Prac-
tice Guidelines on Wilson’s disease.'®

Normal ranges of CUEXC in healthy individuals have previ-
ously been established as 0.62-1.15 umol/L (3.94-7.31 ng/
dl)."® A REC value >18.5% was previously reported to provide

Wilson disease (WD) is an autosomal recessive disorder of
copper (Cu) metabolism leading to Cu accumulation in various
organs, primarily the liver and brain.'™ Failure to diagnose WD
can result in lost opportunities for initiating treatment, poten-
tially leading to irreversible tissue damage and even death.>® A
Leipzig score 24 supports the diagnosis of WD and is based on
a combination of clinical findings, including: neurological
symptoms and/or presence of Kayser—Fleischer rings (KFRY);
abnormal brain magnetic resonance imaging (MRI); elevated
hepatic Cu content; laboratory abnormalities, such as hemo-
lytic anemia, low serum ceruloplasmin (Cp), increased urinary
Cu excretion (UCE), and the identification of two biallelic
pathogenic ATP7B variants.”® Calculated serum non-Cp-
bound copper (NCC), an estimate of the toxic unbound Cu
fraction, has traditionally been used as a diagnostic
marker.> "> However, calculation of NCC is often unreliable,
with up to 20% of results yielding negative values.®'? This
inaccuracy stems from its dependence on both Cp and total
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100% sensitivity (Se) and specificity (Sp) for the diagnosis of
WD in a cohort of 16 patients with WD."® In addition, REC was
shown to effectively distinguish WD-related liver involvement
from other liver disorders in both pediatric and adult pop-
ulations.® In the context of family screening, a lower REC cut-
off of 15% was proposed based on a small cohort of five pa-
tients with WD."” The primary limitation of these studies was
their small sample sizes.

In this study, we aimed to validate the REC cut-off for the
diagnosis of WD in a large cohort of 204 patients with WD
compared with healthy heterozygous (HTZ) carriers and con-
trol individuals, and to refine the normal reference ranges
for CUEXC.

Materials and methods

Study population

Data were collected from the French National Reference
Centre for Wilson Disease at Lariboisiére Hospital and Roths-
child Foundation Hospital, Paris. Between January 2009 and
January 2025, a total of 778 individuals, including patients with
suspected WD, and first- or second-degree relatives of index
cases (siblings, parents, children, uncles or aunts, and
cousins), underwent Cu metabolism assessment. All in-
dividuals had neurological and hepatic examinations, as well
as biological investigations, including measurements of
aminotransferase levels, prothrombin time, complete blood
count, total serum Cu (total Cu) and CuEXC. Cp levels and 24-
h UCE were also recorded when available. All data were
collected at the time of diagnosis or initial screening before the
initiation of any treatment. Genetic analyses were performed
by bi-directional sequencing of the 21 exons and intron-exon
boundary regions of ATP7B gene. For patients with WD with
only one ATP7B variant or without variant detected by
sequencing, a multiplex ligation-dependent probe amplifica-
tion (MLPA) assay was performed using the SALSA MLPA
P098 for Wilson Disease kit (MRC-Holland, Amsterdam, The
Netherlands) to detect large deletions. Next-generation
sequencing has been used since 2017 to detect ATP7B vari-
ants.'® Most of the variants identified are known to be disease-
causing mutations, as reported in either the WilsonGen data-
base®® or Human Gene Mutation Database (www.hgmd.cf.ac.
uk). All variants were classified as pathogenic or likely patho-
genic according to the American College of Medical Genetics
and Genomics guidelines.”’ A diagnosis of WD was estab-
lished with a Leipzig score 24 and was confirmed by experts
from the French National Reference Centre for Wilson Disease.
Based on molecular analysis, biological and clinical data,
participants were categorized into three groups: (1) controls
(no ATP7B variants); (2) healthy HTZ carriers; and (3) patients
with WD.

All participants were fully informed and provided written
consent for genetic testing. The study was approved by the
Rothschild Foundation Hospital review board (IRB00012801;
study no. CE_20240723_8_APS).

Determination of biological parameters

The method used for determining CUEXC was as previously
described."® The ultrafiltration step, used to isolate the NCC
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fraction, was rigorously standardized. Serum samples were
diluted 1:1 with EDTA (3 g/L) and incubated for exactly 1 h at
room temperature before ultrafiltration using Amicon Ultra-4
units (Millipore, Molsheim, France). This protocol minimizes
variability and has been validated through interlabor-
atory comparisons.

Cu quantification for both CUEXC and total Cu evolved over
the course of the study in accordance with laboratory ad-
vances. Initially, electrothermal atomic absorption spectrom-
etry was used; later, analyses were conducted using
inductively coupled plasma-mass spectrometry (ICP-MS) with
the Elan DRCe®, NexION 2000® and Nexion 5000® spec-
trometers (Perkin EImer, Les Ulis, France). This methodological
transition was accompanied by a rigorous validation process,
including comparative analysis to ensure consistency in results
and reference values. The REC was calculated as the ratio of
CuEXC to total serum Cu levels. Urinary Cu concentrations
were measured using ICP-optical emission spectrometry with
the iCAP 6300DV spectrometer (ThermoFisher Scientific, Les
Ulis, France). Serum Cp levels were determined with the
immunonephelometric method (C4000 and Alinity Abbott,
Rungis, France). NCC was calculated using Equation 122

NCC (umol / L) =total Cu (umol / L)-0.049xCp (mg /L) (1)

Statistical analyses

Statistical analyses were performed using R version 4.4.0 and
GraphPad Prism version 9.2.0. Continuous variables (CUEXC,
total Cu, UCE, and Cp levels) were summarized by the number
of patients, mean, median, maximum, minimum, and percen-
tile. Because of the non-normal distribution of variables,
intergroup comparisons were conducted using the Kruskal-
Wallis ANOVA (Mann-Whitney U test).

Median Cu values in the control group were reported, along
with the calculated reference interval (2.5-97.5 percentiles)
stratified by sex, age group, and genetic status. Receiver
operating characteristic (ROC) curve analysis was performed
on the entire study population to determine the Se, Sp, and
predictive values of the REC. The area under the ROC curve
was calculated, and the optimal cut-off value for the diagnosis
of WD was determined by maximizing the Youden index. Cls
were fixed at 95%. The optimal cut-off was subsequently
validated in two independent groups, pediatric (<16 years old)
and adult (216 years old), to ensure the generalizability of the
findings across age groups. All p values were based on two-
tailed tests, and results with p <0.05 were considered statis-
tically significant.

Results

Baseline population characteristics

In total, 778 individuals were included in the study, of whom
204 (26%) met the diagnostic criteria for WD as defined by a
Leipzig score 24 (mean age 28 years, 105 women), including
91 children <16 years old (mean age 10 years) and 113 adults
>16 years old (mean age 31 years). Of the total cohort (778),
359 individuals (46%) were healthy HTZ carriers (mean age 27
years, 182 women, 161 children) and 215 (28%) were controls
who did not carry any ATP7B variant (mean age 26 years, 126
women, 72 children) (Table 1).
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Table 1. Baseline characteristics of the three study groups.
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Characteristic Controls (n = 215) HTZ carriers (n = 359) WD (n = 204)
Sex, n (%)
Female 126 (58) 183 (51) 104 (51)
Male 89 (42) 176 (49) 100 (49)
Age at diagnosis or assessment (years) 26.3 (10.5-39) 26.6 (6-45) 21 (12-28.3)
Mutations, n (%)
0 215 (100) 0 (0) 1(0.5)
1 0 (0) 350 (97) 8 (4)
2 0 (0) 9* (3) 186 (91)
3or4 0 (0) 0(0) 9* (4.5)
KFR - — 72 (35)
NA — — 8
Phenotype
Asymptomatic - — 31 (15)
Hepatic - — 105 (51)
with KFR — - 21 (20)
without KFR — - 84 (80)
Hepatoneuropsychiatric - — 64 (31)
with KFR — — 54 (81)
without KFR - - 13 (19)
NA — - 4 (2)
Leipzig score, n (%)
0 206 (95.8) 0 (0) 0 (0)
1 6 (2.8) 314 (87.5) 0 (0)
2 37 (1.4) 43 (11.9) 0 (0)
3 0 (0) 2 (0.6) 0 (0)
24 0(0) 0 (0) 204 (100)
Biological liver data, mean [IQR]
AST (IU/L) 28.4 [20-32] 30.5 [24-35] 83.8 [32.7-121.5]
ALT (IU/L) 23.6 [23-15] 24.0 [15.8-26.3] 114.5 [31-144.5]
Prothrombin rate (%) 93.7 [89-100] 96.3 [90-100] 72.2 [57-91]

Platelet count (G/L) 280.3 [234-323.5]

294.1 [234.5-336] 198.8 [119-261]

Values are numbers (%) or mean (IQRs).

ALT, alanine aminotransferase; AST, aspartate aminotransferase; KFR, Kayser-Fleischer ring; NA, not available; WD, Wilson disease.
*Four had slightly decreased ceruloplasmin levels <0.2 g/L, and two others increased 24-h urinary copper excretion one to two times the upper limit of normal.
TOne had decreased ceruloplasmin level <0.1 g/L and was found to have a congenital disorder of glycosylation; two others had 24-h urinary copper excretion more than twice the

upper limit of normal.
*Two variants on the same allele.

Among the 204 patients with WD, 15% (n = 31) were
asymptomatic with normal transaminase levels. Hepatic
involvement (i.e. hepatic form) was observed in 51% (n = 105),
including 21 (20%) with KFR, and liver and brain involvement (.
e. hepatoneuropsychiatric form) was present in 31% (n = 64),
of whom 13 (20%) had no KFR. Phenotypic characterization
was unavailable for four patients (2%).

Results of Cu metabolism assessment (including total Cu,
Cp, CUEXC, 24-h UCE and REC values) are presented in Fig. 1
and Table 2. Genetic data from patients with WD and HTZ
carriers are shown in Table S1.

Copper metabolism assessment in the control group

The median total Cu level was 16.0 pmol/L (101.7 pg/dl), with a
calculated reference interval (2.5-97.5th percentiles) ranging
from 8.5 to 28.2 umol/L (24-179.2 ng/dl). The median total Cu
level was significantly higher in women compared with men
(16.6 vs. 14.9 umol/L, p <0.01). There was no significant dif-
ference in Cu levels between children (<16 years) and adults
(216 years) (see also Table 2; Tables S2 and S3).

The median Cp level was 0.26 g/L, with a calculated refer-
ence interval of 0.17-0.4 g/L. The median Cp level was
significantly higher in women compared with men (0.28 vs.
0.25 g/L; p <0.01) and in children compared with adults (0.28
vs. 0.26 g/L; p <0.05).

The median 24-h UCE was 0.17 pmol/24 h, with a calcu-
lated reference interval of 0.03-1.68 umol/24 h. The median
24-h UCE was higher in men compared with women (0.19 vs.
0.15 pmol/24 h; p <0.05).

The median CuEXC level was 0.84 pmol/L (5.3 pg/dl), with a
calculated reference interval of 0.50-1.38 umol/L (3.2-8.8 png/
dl). The median CUEXC level was significantly higher in adults
(0.88 pmol/L, n = 143) compared with children (0.77 pmol/L,
n = 72; p <0.001). No significant sex-based difference
was observed.

The median REC value was 5.1% with a calculated refer-
ence interval of 2.6-9.5%. The median REC value was higher in
adults compared with children (5.4% vs. 4.7%; p <0.05). No
significant sex-based difference was observed.

To address potential procedural variability, we analyzed
CuEXC values across two time periods and observed a slight
decrease in control group values after 2015 compared with the
period before 2015 (Table S5). REC values remained stable
over time.

Copper metabolism assessment according to
genetic status
ATP7B mutation status significantly influenced all Cu meta-

bolism parameters (Table 2). Compared with healthy HTZ car-
riers and controls, patients with WD had significantly lower
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Fig. 1. Diagnostic tests for controls (green, n = 215), healthy HTZ carriers (orange, n = 359) and patients with WD (purple, n = 204)" (A) Total serum Cu, (B)
REC, (C) CuEXC, (D) immunological Cp, (E) 24-h urinary Cu excretion, and (F) REC across WD phenotypes (asymptomatic, hepatic, and hepatoneuropsychiatric).
Broken lines represent the cut-off obtained from receiver operating characteristic analysis for REC and reference ranges obtained for other parameters. Given the
non-normal distribution of variables, intergroup comparisons were conducted using the Kruskal-Wallis ANOVA (Mann-Whitney U test); *p <0.05; **p <0.001; ***p
<0.0001; ns: not significant. Cp, ceruloplasmin; Cu, copper; CUEXC, exchangeable copper levels; HTZ carriers, heterozygous carriers; REC, relative exchangeable
copper; WD, Wilson disease.
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Table 2. Results of Cu assessment in controls, healthy HTZ carriers, and patients with WD.

Group No. Mean Median Minimum Maximum 2.5% percentile 97.5% p value
percentile (vs. controls)
Total serum Cu (umol/L)
Controls 215 16.8 16.0 2.9 35.4 8.5 28.2 -
HTZ carriers 359 15.4 14.9 71 35.0 8.7 24.5 0.0001
Patients with WD 204 71 53 0.6 42.2 1.1 30.6 <0.0001
Total serum Cu (ng/dl)
Controls 215 106.8 101.7 18.4 224.9 54.0 179.2 -
HTZ carriers 359 97.9 94.7 45.2 222.4 55.3 155.7 0.0001
Patients with WD 204 45.2 33.7 3.8 268.2 7.0 194.5 <0.0001
CuEXC (umol/L)
Controls 215 0.86 0.84 0.45 1.90 0.50 1.38 -
HTZ carriers 359 0.91 0.87 0.16 4.37 0.56 1.47 0.0327
Patients with WD 204 2.49 1.80 0.18 23.49 0.34 14.28 <0.0001
CUuEXC (ng/dl)
Controls 215 5.5 5.3 2.9 121 3.2 8.8 -
HTZ carriers 359 5.8 5.8 1.0 27.8 3.6 9.3 0.0327
Patients with WD 204 15.8 11.4 1.1 149.3 2.2 90.7 <0.0001
Relative exchangeable
copper (%)
Controls 215 5.47 5.10 2.20 19.10 2.60 9.48 -
HTZ carriers 359 6.20 5.90 1.60 13.80 3.10 11.30 <0.0001
Patients with WD 204 36.15 35.25 3.65 87.27 9.73 69.53 <0.0001
Ceruloplasmin (g/L)
Controls 197 0.266 0.260 0.090 0.479 0.169 0.400 -
HTZ carriers 329 0.258 0.250 0.134 0.670 0.160 0.435 0.0256
Patients with WD 185 0.081 0.060 0.010 0.470 0.017 0.244 <0.0001
24-h urinary Cu
(umol/24 h)
Controls 92 0.25 0.17 0.02 2.07 0.03 1.68 -
HTZ carriers 153 0.32 0.21 0.03 4.64 0.05 1.66 0.0226
Patients with WD 47 2.62 1.78 0.23 11.40 0.25 10.81 <0.0001

Given the non-normal distribution of variables, intergroup comparisons were conducted using the Kruskal-Wallis ANOVA (Mann-Whitney U test). Serum Cu and CuEXC con-

version: imol/Lx6.3546 = pg/dl.
Cu, copper; CUEXC, exchangeable copper; HTZ, heterozygous; WD, Wilson disease.

median total Cu levels (5.3 vs. 14.9 umol/L and 16 pmol/L; p
<0.0001) and median Cp levels (0.06 g/L vs. 0.25and 0.26 g/L; p
<0.0001). Conversely, compared with healthy HTZ carriers and
controls, patients with WD had significantly higher median
CuEXC levels (1.8 pumol/L vs. 0.87 pmol/L; p <0.05, and
0.84 pmol/L; p <0.001) and median REC values (35.25% vs.
5.9% and 5.1%; p <0.0001, respectively). Among patients with
WD, 4.9% (n = 10/204) had normal total Cu levels, 1.6% (n = 3/
185) had elevated Cp levels, 3.8% (n = 7/185) had normal Cp
levels, and 44.7% (n = 21/47) had normal 24-h UCE (<0.6
pumol/24 h).

Compared with controls, HTZ carriers had a lower median
total Cu (14.9 pmol/L vs. 16.0 umol/L; p <0.0001), higher me-
dian CuEXC level (0.87 pmol/L vs. 0.84 umol/L; p <0.05), higher
REC value (5.9% vs. 5.1%; p <0.05), and higher 24-h UCE
(0.21 pmol/24 h vs. 0.17 pmol/24 h; p <0.05). CUEXC values
were not significantly different after 2015 compared with the
period before 2015 (Table S5).

Some HTZ carriers and controls exhibited abnormal total
Cu and Cp levels. Among HTZ carriers, 20% (n = 71/359) had
low total Cu (<12 umol/L), whereas 5.6% (n = 20/359) had
elevated total Cu (>22 pmol/L), 17.9% (n = 59/329) had low Cp
levels (<0.20 g/L) and 50% (n = 77/153) had increased 24-h
UCE (>0.6 pmol/24 h). Among controls, 8.8 % (n = 19/215)
had low total Cu, whereas 11.6% (n = 25/215) had elevated
total Cu, 6% (n = 12/197) had low Cp levels, and 33.7% (n =
31/92) had increased 24-h UCE.

A Cp cut-off <0.2 g/L for WD diagnosis yielded a Se of
95.2% (91.8-98.7%), Sp of 81.9% (78-85.8%), positive pre-
dictive value (PPV) of 67.6% (61.2-74%) and negative pre-
dictive value (NPV) of 82% (78-86.2%).

A 24-h UCE Cu cut-off >0.6 pmol/24 h yielded a Se of 88%
(84-93%), Sp of 95% (92-98%), PPV of 83% (71-93%), and
NPV of 96% (94-99%).

A CuEXC cut-off >1.15 pmol/L (7.3 pg/dl) yielded a Se of
74% (67.6-79.6%), Sp of 90.8% (88.1-92.9%), PPV of 74%
(67.6-79.6%), and NPV of 90.8% (88.1-92.9%).

NCC calculation was uninterpretable, yielding negative re-
sults in 8% of controls (n = 16/197), 8% of HTZ carriers (n = 26/
329) and 27% of patients with WD (n=50/185). The median
NCC (when positive) was 3.97, 3.25, and 3.07 in controls, HTZ
carriers, and patients with WD, respectively, and, therefore,
similar across the three subgroups.

REC cut-off for the diagnosis of WD

REC values were analyzed across the entire study population
(Fig.1). ROC curve analysis comparing patients with WD, HTZ
carriers, and controls identified 13.93% as the optimal cut-off
value for REC. At this threshold, the test demonstrated a Se of
95.6% (91.8-97%) and Sp of 99.8% (99.8-100%) (Fig. 2). The
PPV was 99.1% (98.9-100%) and the NPV was 98.6%
(97.6-99.5%).

REC values were also analyzed independently in pediatric
and adult subgroups, and the results closely mirrored those
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Fig. 2. ROC curve analysis of the total study population (n = 778) to assess
diagnostic performance of REC for WD. ROC curve analysis was performed on
the total study population to determine the Se, Sp, and predictive values of the
REC. The area under the ROC curve was calculated, and the optimal cut-off
value for the diagnosis of WD was determined by maximizing the Youden in-
dex. REC, relative exchangeable copper; ROC, receiver operating characteristic;
Se, sensitivity; Sp, specificity; WD, Wilson disease.

observed in the overall study population (Table 3). In children
<16-years old, the optimal REC threshold for diagnosing WD,
as determined by the Youden index, was 14.03% with a Se of
95.8% (90.4-100%) and a Sp of 99.3% (97-100%) (Fig. 3). This
threshold yielded a PPV of 99.1% (97.1-100%) and a NPV of
100%. In adults >16-years old, the optimal REC cut-off value
was 14.1% with a Se of 96.8% (93.6-99.8%) and a Sp of
99.6% (96.7-100%) (Fig. 3B). The corresponding PPV was
94.4% (87.5-97.6%) and NPV was 99.7% (98.4-99.9%). In
both age subgroups, previously published REC cut-offs of
15%'” and 18.5% '° also performed well for the diagnosis of
WD (Table 3). Although both prior cut-offs achieved similarly
high Sp (100%), Se was lower at 93.6% (89.3-96%) for the
15% cut-off and 87.7% (82.4-91%) for the 18.5% cut-off.

Finally, REC values were analyzed separately in the
asymptomatic, hepatic, and hepatoneuropsychiatric forms of
WD. The asymptomatic and hepatic forms showed signifi-
cantly lower median REC values (26.6% and 31.3%, respec-
tively) compared with the hepatoneuropsychiatric form (41%;
p <0.0001).

Table 3. Evaluation of REC cut-off for the diagnosis of WD according to age.

REC: A specific biomarker for Wilson disease

The ability of REC to distinguish patients with symptomatic
WD from those with asymptomatic WD was also evaluated. In
this subanalysis, a REC threshold of 23.6% demonstrated the
best diagnostic performance, yielding a Se of 79.7% but a low
Sp of 48.4%. Notably, applying the 14% cut-off in this context
resulted in a higher Se of 97.1%, but a markedly reduced Sp
of 12.9%.

Overall, a REC cut-off of 14% demonstrated the best
diagnostic performance across all age groups. Using this
threshold, nine false negatives were identified, all of whom
carried two pathogenic ATP7B variants (Table S4). These
included five children (mean age 8 years), one of whom was
asymptomatic and four had only mildly elevated transaminase
levels. In addition, four adults (mean age 35 years) were mis-
classified, including three asymptomatic patients and one with
hepatic involvement. All asymptomatic patients had no signs
of liver involvement (i.e. normal liver tests, liver ultrasonogra-
phy, and liver stiffness measurements) as well as no evidence
of extrahepatic manifestations. All had total Cu, Cp, and
CuEXC in the new ranges determined across all control sam-
ples. Only one false positive case was observed: a 21-year-old
control individual who was later found to have a congenital
disorder of glycosylation (Table S4). This patient presented
with elevated transaminase levels. Total Cu and Cp levels were
also markedly reduced, whereas 24-h UCE remained
low (Table S4).

Discussion

Based on a large cohort of patients with WD, HTZ carriers, and
controls, we confirmed that REC is a key biomarker for the
diagnosis of WD and should be included in routine clinical
practice as recommended by the new 2025 EASL-ERN Clinical
Practice Guidelines on WD.'® Measurement of CUEXC involves
a straightforward ultrafiliration step followed by direct Cu
quantification, yielding results as promptly as other Cu pa-
rameters. Importantly, CUEXC determination provides a rapid
and reliable estimate of NCC, avoiding the issue of uninter-
pretable negative values often encountered with traditional
NCC calculations. It also circumvents the use of more complex
and time-consuming techniques, such as Cu speciation,?>°
which are not easily adaptable to routine practice. In this large
study involving 778 individuals, a REC threshold of 14%
offered the optimal balance of Se and Sp for the diagnosis of
WD across both pediatric and adult populations.

Compared with standard Cu markers, such as Cp and UCE,
our findings confirm the superior diagnostic utility of REC in
distinguishing healthy individuals from HTZ carriers and pa-
tients with WD, as previously reported.’” In addition, REC
outperformed CUEXC alone, which showed a lower Se (74.0%)

REC 14% REC 15% REC 18.5%

Characteristic <16 years old* 216 years old’ <16 years old* 216 years old’ <16 years old* 216 years old’
Sensitivity (%) 95.8 96.8 92.1 94.8 88.2 89.7
Specificity (%) 99.3 99.6 100 100 100 100
PPV (%) 99.1 94.4 100 100 100 100
NPV (%) 100 99.7 96.2 97.9 94.4 95.8

NPV, negative predictive value; PPV, positive predictive value; REC, relative exchangeable copper.

*n =91,

Tn =113,
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Fig. 3. ROC curves according to age. (A) Children <16-years old (n = 324); (B) adults 216-years old (n = 454). ROC curve analysis was performed on the total study
population to determine the Se, Sp, and predictive values of the REC. The area under the ROC curve was calculated, and the optimal cut-off value for the diagnosis of
WD was determined by maximizing the Youden index. REC, relative exchangeable copper; ROC, receiver operating characteristic; Se, sensitivity; Sp, specificity; WD,

Wilson disease.

and Sp (90.8%) at the previously set cut-off of 1.15 umol/L,
corresponding to the upper limit of the reference range. In our
study population, a Cp cut-off of <0.2 g/L, the threshold used
in the Leipzig scoring system, demonstrated substantially
lower Sp (81.9%) and PPV (67.6%) compared with REC, which
achieved a Sp of 99.8% and a PPV of 99.1%. Cp levels can be
normal or even elevated in patients with WD with significant
liver inflammation and, conversely, can be decreased in pa-
tients with congenital disorders of glycosylation.?® Similarly,
the 24-h UCE cut-off of >0.6 umol/24 h (above the upper
normal value) showed limited Sp and Se. However, interpre-
tation of these findings was hampered by substantial missing
data, and the possibility that urine collection might not have
been consistently performed correctly. Overall, these routine
tests are major sources of false negative and false positive
results.® Thus, the use of REC could help mitigate these limi-
tations and improve diagnostic accuracy.

In our experience, assessing REC most often precluded the
need for a liver biopsy to evaluate hepatic Cu levels in patients
presenting with mild Cu abnormalities or carrying only one
ATP7B variant. One notable case was an individual classified
as a control, who presented with low total Cu and Cp levels but
normal 24-h UCE, and a REC of 19.1%, who was later found to
have a congenital disorder of glycosylation. By contrast, we
identified a small subset of genetically confirmed WD cases
with normal Cu metabolism markers and REC values below the
14% threshold. Specifically, five of 91 children (5.4%) and four
of 113 adults (3.5%) with biallelic pathogenic ATPB7 variants
had a REC <14%. Among them, one child and three adults
were asymptomatic with normal serum aminotransferase
levels. These cases were identified through family screening of
first-degree relatives with WD and underwent comprehensive

evaluations that excluded both liver or neuropsychiatric
involvement. This observation supports the concept of genetic
WD, in which individuals carry a pathogenic genotype without
manifestation of clinical symptoms, organ damage, or abnor-
malities in Cu metabolism.

These observations raise important considerations
regarding the potential need for phenotype-adjusted REC
thresholds. Although our data support the use of a universal
14% cut-off, which offers strong Se and Sp, a lower REC
threshold might enhance diagnostic accuracy in asymptom-
atic individuals, particularly in the context of family screening.
Although our current dataset lacks the statistical power to
formally test this hypothesis, it warrants further investigation
in longitudinal cohorts. Such studies could assess whether
REC values rise over time in presymptomatic ATP7B variants
carriers, potentially reflecting early or subclinical Cu accu-
mulation. This dynamic perspective would shift the role of
REC from a static diagnostic biomarker to a biological proxy
for Cu toxicity and disease progression. If validated, REC
could be instrumental in optimizing the timing of therapeutic
interventions, especially for asymptomatic individuals with
biallelic ATP7B variants. Finally, beyond its diagnostic value,
REC could serve as a cost-effective triage tool within step-
wise diagnostic algorithms, particularly in settings with
limited access to molecular testing or liver biopsy. In such
contexts, a normal REC could support a strategy of watchful
waiting when no clinical signs or biochemical abnormalities
are present. Conversely, an elevated REC should prompt
expedited genetic confirmation and consideration of treat-
ment initiation.

The inclusion of a large control group in this study enabled
the establishment of reference ranges for both CUEXC and
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REC. The recalculated reference range for CuEXC was
0.50-1.38 pumol/L (median 0.84 pmol/L; 5.3 ug/dl) and was
slightly lower in children (median 0.77 pmol/L; 4.9 ng/dl)
compared with adults. CuUEXC levels were not influenced by
sex. Although both studies used ICP-MS for copper mea-
surement, Marifio et al. reported a narrower reference range
(8.9-7.3 pg/dl) and lower median value (4.1 ng/dl) compared
with those established in the present study.'* This discrepancy
is likely attributable to differences in study populations. In the
study by Marifio et al.,'* the control group included a high
proportion of young individuals (53.6% of the 56 participants
were children) as well as patients with minor gastrointestinal
conditions or undergoing minor surgical interventions and
voluntary adult participants without clinical or laboratory evi-
dence of liver disease. To promote standardization in the
literature, we recommend the use of the acronym CuEXC for
exchangeable copper, as originally introduced by EI Balkhi
et al.,'° rather than CuEXx, as used by Marifio et al.'*

Regarding REC values, children with lower CUEXC levels
compared with adults and women and with higher total Cu
levels than men had lower REC values compared with their
respective counterparts. The observed sex-related differences
in total Cu levels could be attributed to physiological hormonal
factors, such as estrogen and progesterone secretion, as well
as the use of contraceptives by women, as previously re-
ported.'® These findings suggest that both sex (with respect to
total Cu) and age (with respect to CuEXC) should be consid-
ered in borderline diagnostic situations.

One of the main limitations of our study was its monocentric
design, because all Cu balance assessments were conducted
in a single laboratory in France affiliated with the reference
center for WD until 2017. However, since then, the reference
center in Lyon (France) has investigated the performance of
REC in cases of acute liver failure and reported a diagnostic
cut-off of 13.8% (Se 100% and Sp 99.6%) for distinguishing
patients with newly diagnosed WD vs. those with non-
Wilsonian hepatic diseases.?” Subsequently, the methodol-
ogy for CUEXC was developed in 10 other centers from French
university hospitals and the accuracy and consistency of the
measurements, including CUEXC, Cp, total Cu, and UCE, were
ensured through participation in external quality assessment
exercises. The reliability of the ultrafiltration method used to
isolate CUEXC has been debated, notably by Solovyev et al.®
and Del Castillo Busto et al.,”® who raised concerns about
variability stemming from differences in sample preparation
and handling. To address these concerns, we followed a
rigorously standardized protocol, including a precisely timed

REC: A specific biomarker for Wilson disease

incubation step and validated equipment to minimize proce-
dural variability. In addition, analysis of CUEXC values across
two time periods revealed only a slight decrease in control
group values after 2015, likely a result of the increased sample
size. Importantly, REC values remained stable over time,
supporting the robustness of the assay. Furthermore, inter-
laboratory quality control exercises conducted in collabora-
tion with international centers (Spain, Canada, and Denmark)
confirmed the reproducibility of CUEXC measurements, which
is essential for the accurate calculation of REC."**° Notably,
an optimal REC cut-off value of 13.8% (Se 100% and Sp
99.6%),similar to the one identified in our study, was recently
reported for the diagnosis of WD in pooled cohorts from
Denmark and Spain.®°

Accurate NCC (ANCC) assessment using Cu speciation and
the relative ANCC (defined as the percentage of total Cu pre-
sent as ANCC) have been reported as promising diagnostic
and monitoring biomarkers for WD.?> Ott et al.?* compared
different NCC measurement methodologies using either pro-
tein speciation (NCC-speciation) or exchangeable copper
(NCC-Ex). Although the analysis was conducted in patients
with clinically stable treated WD, NCC-Ex demonstrated a
significant positive correlation with NCC-speciation (r? = 0.66,
p <0.001).

In addition, a dual filtration-based method for determining
serum labile bound copper (LBC) and the LBC fraction (LBC/
total Cu) was recently introduced; however, this approach re-
quires further validation before it can be established as a reli-
able diagnostic tool.*"

In conclusion, this large cohort study demonstrates that
REC is a highly sensitive and specific biomarker for the diag-
nosis of WD. REC assessment provides a rapid and accurate
diagnostic performance, particularly in individuals presenting
with mild abnormalities in Cu metabolism. Our findings validate
the integration of REC into clinical practice and reinforce its
inclusion as a key biomarker in the diagnostic algorithm for
WD, as proposed by the new EASL-ERN Clinical practice WD
guidelines.” Incorporating REC into routine evaluation could
facilitate earlier diagnosis and timely initiation of treatment,
thereby helping to prevent irreversible tissue damage and
improve quality of life for patients with WD. Ongoing longitu-
dinal studies will further investigate the dynamics of REC and
CuEXC during treatment and assess their correlation with
conventional serum and urinary Cu biomarkers. These studies
are expected to provide valuable insights into the prognostic
value and therapeutic monitoring potential of both REC
and CuEXC.
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