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Graphical abstract

( 76 individuals with clinically stable Wilson disease on D-Penicillamin ]

Guidelines recommend:
* 24 h urinary Cu excretion: 200-500 pg.
* Non-ceruloplasmin Cu (NCC) 50-150 pg/L

( NCC measured by two novel methods: NCC-Sp and NCC-Ex j
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Non-ceruloplasmin Cu by protein speciation (NCC-Sp)

Highlights:

NCC assessed by two novel methods (NCC-Sp and NCC-
Ex) and UCE were examined in 76 patients with stable WD
on D-PEN.

In WD, NCC-Sp using protein speciation and ICP-MS or
NCC-Ex (exchangeable Cu) correlated but with system-
atic deviation.

Normal ranges for NCC-Sp (46-213 pg/L) and NCC-Ex (41-
71 pg/L) differed from older methods (50-150 pg/L).

In WD, NCC-Sp or NCC-Ex were often below and UCE often
outside the target ranges recommended in guidelines.

NCC-Sp or NCC-Ex below 50 pg/L was associated with
tighter control of liver biochemistry but not cop-
per deficiency.
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Exchangeable Cu (NCC-Ex)

Impact and implications:

Chelator treatment of patients with Wilson disease (WD) is
currently guided by measurements of non-ceruloplasmin-
bound copper (NCC) and 24 h urinary copper excretion (UCE)
but validation is limited. In 76 adults with =21 years history of
treated WD and clinically stable disease on D-penicillamine
therapy, NCC was commonly found to be below normal values
and recommended target ranges whether measured by protein
speciation (NCC-Sp) or as exchangeable copper (NCC-Ex),
while UCE values were above the recommended target range in
49%. Common wisdom would suggest overtreatment in these
cases, but no clinical or biochemical signs of copper deficiency
were observed. Exploratory analysis of liver enzymes sug-
gested that NCC below levels seen in controls may be bene-
ficial, while the relation to UCE was less clear. The data calls for
critical re-evaluation of target ranges for treatment of WD,
specific for drug and laboratory methodology.
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Background & Aims: Wilson disease (WD) is caused by accumulation of copper primarily in the liver and brain. During main-
tenance therapy of WD with D-penicillamine, current guidelines recommend on-treatment ranges of urinary copper excretion
(UCE) of 200-500 ig/24 h and serum non-ceruloplasmin-bound copper (NCC) of 50-150 pg/L. We compared NCC (measured by
two novel assays) and UCE from patients with clinically stable WD on D-penicillamine therapy with these recommendations.

Methods: This is a secondary analysis of data from the Chelate trial (NCT03539952) that enrolled physician-selected patients with
clinically stable WD on D-penicillamine maintenance therapy (at an unaltered dose for at least 4 months). We analyzed laboratory
samples from the first screening visit, prior to interventions. NCC was measured by either protein speciation (NCC-Sp) using anion
exchange high-performance liquid chromatography protein speciation followed by copper determination with inductively coupled
plasma mass spectroscopy or as exchangeable copper (NCC-Ex). NCC-Sp was also analyzed in healthy controls (n = 75).

Results: In 76 patients with WD with 21.3+14.3 average treatment-years, NCC-Sp (mean+SD: 56.6+26.2 ug/L) and NCC-Ex
(mean+SD: 57.9+24.7 pg/L) were within the 50-150 pg/L target in 61% and 54% of patients, respectively. In addition, 36%
and 31%, respectively, were even below the normal ranges (NCC-Sp: 46-213 ug/L, NCC-Ex: 41-71 pg/L). NCC-Ex positively
correlated with NCC-Sp (** = 0.66, p <0.001) but with systematic deviation. UCE was outside the 200-500 jg/24 h target range in
58%. Only 14/69 (20%) fulfilled both the NCC-Sp and UCE targets. Clinical or biochemical signs of copper deficiency were
not detected.

Conclusion: Clinically stable patients with WD on maintenance D-penicillamine therapy frequently have lower NCC-Sp or higher
UCE than current recommendations without signs of overtreatment. Further studies are warranted to identify appropriate target
ranges of NCC-Sp, NCC-Ex and UCE in treated WD.

Clinical trial number: (NCT03539952)

© 2024 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-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introductions copper. The treatment effect was evaluated by clinical
assessment and monitoring of the 24-hour urinary excretion of
copper (UCE). After the very high values of UCE typically
observed during the initial (de-coppering) phase of treatment, a
target UCE of 200-500 pg/24 h was expected in the mainte-
nance phase of chelation therapy®*® and continues to be rec-
ommended by consensus expert opinion.*°

Under physiologic conditions, most of the circulating copper
is irreversibly bound to Cp. A minor fraction of plasma copper
loosely bound to albumin, amino acids, and peptides6 is
bioavailable for use in physiological processes. This bioavail-
able fraction was named the non-ceruloplasmin-bound copper
(NCC), and the elevated levels found in untreated or ineffec-
tively treated patients is assumed to be responsible for path-
ologic organ copper loading. Thus, “normalization” of NCC was
proposed as an additional aim of treatment.®

Wilson disease (WD) is a rare autosomal recessively inherited
disease affecting copper metabolism. Mutations in the ATB7B
gene lead to dysfunction of the ATP7B protein (OMIM: 606882;
Cu (2+)-transporting, beta polypeptide) that regulates the ho-
meostasis of copper via hepatic excretion of excess copper
into bile, and is responsible for the biosynthetic incorporation of
copper into ceruloplasmin (Cp). Accumulated copper causes
organ damage primarily in the liver and brain.

WD is fatal if left untreated. Globally, the most commonly
used drug is D-penicillamine (PEN) that was introduced in the
1960s." At that time the focus of medical treatment was on
whole body copper balance.? The initial treatment goal was to
create a negative copper balance, and the goal of long-term
maintenance therapy to secure a level of excretion that
balanced with dietary intake, preventing further accumulation of
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At that time, NCC was assessed by measurement of serum
copper and Cp. Based on the assumption of 6 copper atoms
per Cp molecule, NCC-Cal (ug/L) was assumed to equal total
serum copper (ug/L) minus 3.14 times Cp (mg/L).” The normal
range in healthy persons of 50-150 pg/L (0.8-2.4 umol/L)
became the treatment target in WD?® and is still used in
guidelines.*>%° As expected, NCC-Cal was reported to be
high at the time of diagnosis and decline with treatment.'® The
NCC-Cal methodology has since been questioned for several
reasons. (A) Even though NCC-Cal was probably more accu-
rate when Cp was measured by an enzymatic assay (as Cp
dependents on copper for its oxidase activity) than the more
commonly utilized immunological method (the latter cannot
discriminate copper-containing holoceruloplasmin from its
copper-free precursor peptide, apoceruloplasmin’), most cen-
ters found the enzymatic method too demanding to be feasible
for routine use. A high inter-laboratory variance and up to 20%
biologically impossible zero or negative NCC-Cal values were
reported.”'""'? (B) The assumption of 6 copper atoms per
molecule of Cp may be wrong."*'® (C) NCC-Cal was unrelated
to adherence to treatment.'® For these reasons, recent guide-
lines advise against the use of NCC-Cal.®

To overcome these challenges, El Balkhi et al'’ developed
the exchangeable copper assay, NCC-Ex, which does not
require measurement of Cp. The chelating agent EDTA is used
to chelate copper from the NCC pool and after separation from
Cp by ultrafiltration, NCC-Ex is assessed by measurement of
copper in the filtrate. The published normal range of NCC-Ex is
41-71 ug/L (0.64-1.12 umol/L) in healthy adults'’ and slightly
lower in children.'® There are some data to support the use of
NCC-Ex as a biomarker to monitor treatment in WD: NCC-Ex is
elevated at time of diagnosis of WD,"® more so in those with
extrahepatic disease,”® and decreases during treatment.'®?!
Maintenance of a lower NCC-Ex is associated with treatment
adherence.'®?? Preliminary data suggest higher NCC-Ex in WD
presenting with acute liver failure.?® Accordingly, in untreated
LEC rats, a WD model, NCC-Ex increased in parallel with dis-
ease progression.”* However, recent reports suggest that
NCC-Ex may be subject to both under- and overestimation of
NCC by either formation of a high molecular EDTA-copper-
protein complex that is trapped in the filter>® or removal of
some Cp-bound copper by EDTA.?®

When the recent Chelate trial’” planned to use NCC as a
primary endpoint, regulatory authorities did not accept NCC-
Cal or NCC-Ex for the reasons mentioned above. Conse-
quently, a new method was developed and implemented.*>2°
With this method, serum proteins are separated by anion ex-
change high-performance liquid chromatography (protein
speciation) and the copper content in each peak is measured
by inductively coupled plasma mass spectrometry (ICP-MS).
“NCC by protein speciation”, NCC-Sp, is then calculated as
total Serum-Cu x (1 — Cp Cu fraction).?®

In the present study, we wanted to examine the distribution
of NCC values measured by modern techniques and UCE in the
“real world” clinical situation, where experienced clinicians
judged the maintenance treatment dose of PEN optimal without
the need for adjustments. With this goal in mind, we performed
a secondary analysis of data from the Chelate trial®’ to examine
levels of NCC and UCE in patients with WD selected by
experienced clinicians as clinically stable in their maintenance
phase of therapy. On the first visit, while patients were still on
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their pre-study PEN medication, NCC-Sp, NCC-Ex, and UCE
were assessed. These data provided an opportunity to examine
levels of NCC-Sp, NCC-Ex, and UCE present in clinically
determined stable patients receiving maintenance therapy with
PEN and to assess how newer methodologies for NCC mea-
surement may impact recommended therapeutic targets.

Patients and methods

Patients

This report is a secondary analysis of data from the Chelate
trial®” (NCT03539952), a randomized, open-label, phase Il
multi-center trial to determine whether trientine tetrahydro-
chloride was non-inferior to PEN for maintenance treatment of
patients with stable WD on PEN. To be included in the study,
patients were (A) aged 18-75 years, (B) had a diagnostic Leipzig
score >4, (C) on treatment with PEN for at least 1 year, (D) with
unchanged dose for at least 4 months, and (E) the treating
physician judged the patient clinically stable with no foresee-
able need to change dose or additional therapy (inclusion
criteria 5-7).27 In addition, exclusion criteria ensured that the
potential participant was not in the “de-coppering” phase, and
did not have unstable liver or neurological disease, severe
anemia, or renal impairment. It should be noted that specific
values of NCC or UCE were not required to enter the study
at Visit 1.

After baseline evaluation, patients entered a 12-week run-in
period to further ensure they met all inclusion criteria prior to
entering the randomized treatment phase (weeks 12-48)." In
the present study we report only data from Day 1, the first visit
in the screening period when patients were still on their pre-
study dose of PEN. Of 77 patients selected for the trial by
site investigators, one withdrew consent before blood sampling
and we thus report data on 76 who had blood samples taken on
Day 1. NCC-Ex was analyzed during the study, while NCC-Sp
was batch analyzed in most cases after study completion.

Healthy volunteers

To establish normal ranges for the NCC-Sp assay, samples
from 75 adult healthy volunteers were provided by a commer-
cial biobank BiolVT, (Burgess Hill, United Kingdom). Samples
were analyzed in two batches. To ensure ethnic diversity, Batch
1 included 18 Black, one Caucasian, and 31 Hispanic patients,
and Batch 2 included one Black, 22 Caucasian, one Mixed, and
one Asian/British patient(s). Demographic data are provided
in Table 1.

Laboratory analyses

Handling of samples: Detailed instructions for the collection,
processing, storage and shipment of blood and urine samples
were provided in a specific Laboratory Manual. Blood samples
were collected in trace element-free tubes, and immediately
centrifuged at 3,000 rpm for 10 min. Serum was separated and
frozen at —80 °C for storage and transport. 24-hour urine was
collected in copper-free containers. After measurement of urine
volume, samples of urine were transferred into trace element-
free tubes and frozen for storage and subsequent shipment.

Total serum copper was measured by ICP-MS after micro-
wave digestion by Quotient (Alnwick, Northumberland,
United Kingdom).
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Table 1. Demographic data and parameters of copper metabolism.

Healthy volunteers Patients with WD
N 75 76

Sex ratio, male/female 38/37 39/37
Age (mean+SD) 38.9+12.4 42.9+14.6
Height (mean+SD) 169.7+9.6 174.0+9.9
Weight (mean=SD) 80.0+18.1 74.716.3
Race, Caucasian/Asian/Black/ 23/1/19/31/1/0 58/3/0/0/4/11
Hispanic/other/unknown
Presentation
Hepatic 18
Neurologic 39
Psychiatric 5
Asymptomatic 12
Unknown 2
Time since diagnosis (years) 21.3+x14.3
Copper metabolism
Ceruloplasmin (mg/L)* Normal range: 150- 83.2+49.7
350 mg/L
Urinary copper excretion Normal range: 15-60 586+384
(ng/24h)
Total S-copper (ug/L)
Mean+SD 1,092+264 2981255
Median; range 1,030; 665-1,960 206; 20-913
Ceruloplasmin bound copper 976+290 2444251
(no/L)™
NCC-Sp (ug/L)
Mean+SD 116+62 56.6+26.2
Median; range 86; 40-310 57; 17-149
Normal range 46-213
NCC-Ex pg/L See note™*
Mean 57.2 57.9+24.7
Median; range 57.8; 36-71 54.5; 13.1-124
Normal range 41-71 pg/L

NCC, non-ceruloplasmin-bound copper; NCC-Ex, exchangeable copper; NCC-Sp,
NCC determined from total copper protein speciation assay; WD, Wilson disease.
*Ceruloplasmin was below the detection limit of the assay (52 mg/L) in 43 out of 76
patients. In these 43 patients, 52 mg/L was used to for calculation of mean+SD.
*Provided by the NCC-Sp assay.”®

**From ref 17 including 44 healthy persons (29 females, 15 males) with mean age
41.6 years.

Ceruloplasmin was measured by QPS, (Groningen, The
Netherlands) by the enzymatic methodology. A ceruloplasmin
oxidase activity of 1 mU/ml corresponded to 3.03 mg/L ceru-
loplasmin. The assay range is 101-303 mg/L and the lower limit
of quantification (LLOQ) 52 mg/L. QPS does not provide a
reference interval and we used 150-350 mg/L adapted from.>®

NCC-Ex was assessed according to the original report.’”+2°
Samples were analyzed centrally at QPS (Groningen, The
Netherlands). In brief, after thawing, serum was diluted 1:1 with
EDTA 3 g/L and incubated precisely 1 h before ultrafiltration
using a Amicon® Ultra4® centrifugal filter device with a 30-kD
cut-off Ultracel® regenerated cellulose membrane. Copper
concentration in the ultra-filtrate (NCC-Ex) was measured by
Inductively Coupled Plasma Optical Emission Spectrometry.’’
In 5 of 76 patients, NCC-Ex analysis at Visit 1 failed for
different reasons. These analyses were not repeated, so values
were available from 71.

NCC-Sp was assessed by Quotient (Alnwick, Northumber-
land, United Kingdom), NE66 2DH) as described previously.?®
Speciation of serum proteins was achieved by high-
performance liquid chromatography separation using a strong
anion-exchange fast protein liquid chromatography MonoQ™
column. The copper concentration in each peak was assessed
by ICP-MS, including the void, the albumin and the Cp peaks.

Research article

The copper signal in the Cp peak area relative to the sum in all
peaks was assumed to be the Cp-bound fraction of total serum
copper. NCC-Sp was calculated as total Cu*(1-fraction of Cp-
bound copper). The decision to replace NCC-Ex with NCC-
Sp as a primary endpoint for the Chelate study was made
during the study and most were batch analyzed post-study.
Values of NCC-Sp at Visit 1 were available from 69 out of 76
patients; 65 had paired samples of both NCC-Ex and NCC-Sp.

NCC-Cal was not part of the Chelate trial protocol but could
be calculated from total serum copper and ceruloplasmin
where available. When ceruloplasmin was above the LLOQ,
NCC-Cal was calculated as total Cu (ug/L) - 3.14*Cerulo-
plasmin (mg/L).%°

UCE: 24-hour urine was collected on current treatment.
Urine copper concentration was analyzed by mass spectrom-
etry at QPS (Groningen, The Netherlands). Copper-free
containers and test tubes were used.

Statistical analysis

Values are reported as mean+1 SD unless otherwise stated.
Associations were analyzed by linear regression. Group com-
parisons were analyzed by unpaired Student’s t test
when normally distributed and by the Mann-Whitney U test
(two group comparison) or Kruskal-Wallis test (three group
comparison) when not. p <0.05 was considered statisti-
cally significant.

Results

In 75 self-reported healthy persons, the median total
plasma copper was 1,030 pg/L (IQR 911-1,210 pg/L and 2.5%-
97.5% range of 717-1,731 ng/L) (Table 1). There was no effect
of gender (p = 0.55 by Mann-Whitney U test) but slightly lower
values in Caucasian patients (p = 0.002 by Kruskal-Wallis test)
(Table S1). NCC-Sp range was 40-310 pg/L with a median of
86 pug/L (IQR 63-171 pg/L) (Table 1). The distribution of NCC-Sp
in these healthy persons was bimodal (Fig. S1). NCC-Sp was
higher in males than females and higher in Caucasian patients
than Black and Hispanic patients (Table S1). The normal range
of NCC-Sp (46-213 g/L) was taken as the range from the 2.5%
to 97.5% percentiles. NCC-Ex was not measured in this pop-
ulation, since a normal range of 41-71 pg/L (5%-95% percen-
tiles) in adults was previously published.'” For comparison
5-95% percentiles for NCC-Sp were 50-209 pg/L.

The patients with WD had on average been treated for =21
years before entering the study and the majority presented with
neurologic disease. Baseline characteristics are provided
in Table 1.

NCC-Sp (mean+SD: 56.6+26.2 nug/L) was available in 69 out
of 76 patients and was within the generally recommended
target range of 50-150 pg/L in 42 (61%) patients, while 27
(39%) were below, with 19 (28%) even below 40 pg/L, the
lowest value measured in healthy controls (Fig. 1). None were
above 150 pg/L. NCC-Sp was below the normal range of 46-
213 pg/L in 25 (36%) and within in the remaining 44 (64%).

NCC-Ex (mean+SD: 57.9+24.7 pg/L) was available in 71
patients and was within the 50-150 pg/L range in 38 (54%) and
below in 33 (46%). Compared to the normal range for NCC-Ex
of 41-71 pg/L, 29 (41%) were within that range, while 22 (31%)
were below and 20 (28%) above (Fig. 1). Thus, with both
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methodologies, a substantial fraction of patients had values
below the current target ranges.

NCC-Sp and NCC-Ex correlated positively (r*=0.66;
p =0.001) in 65 out of 76 patients where both were measured
(Fig. 1A). The mean difference between the assays (0.49 pg/L)
was close to zero but with a considerable scatter as seen in
the Bland-Altman plot (Fig. 1B). The Bland-Altman regression
line with a negative slope illustrated a systematic deviation
with the tendency that NCC-Ex was higher than NCC-Sp
when values were below 60 pg/L, and lower above this
cut-off.

NCC-Cal was not part of the study protocol but could be
calculated from total serum copper and ceruloplasmin in 33
patients with measurable ceruloplasmin (above the LLOQ of
52 mg/L). NCC-Cal was (mean+SD) 156+72 mg/L. Values were
generally =2 times higher than NCC-Sp or NCC-Ex (Fig. S3).
NCC-Cal was within the 50-150 pg/L target in 14 (42.5%),
below in 3 (9%) and above in 16 (48.5%) (Fig. S3). NCC-Cal did
not correlate with UCE (Fig. S3).

UCE was available in 76 patients. Current guidelines
recommend a target range of 200-500 pg/24 h during mainte-
nance treatment with PEN.**%° UCE was within that range in
32 (42%), above in 37 (49%), and below in 7 (9%) (Fig. 2).

UCE weakly but statistically significantly correlated to NCC-
Sp (P=0.07, p = 0.02) and tended towards the same with NCC-
Ex (= 0.053, p = 0.054) (Fig. 2). The distribution of UCE vs.
NCC-Sp or NCC-Ex according to guideline recommendations
are provided in Table 2. Among 69 patients where both NCC-
Sp and UCE were available, only 14 (20%) were within rec-
ommended ranges for both NCC-Sp and UCE (Fig. 2A). The

Non-ceruloplasmin and urinary copper in WD

same percent were found within the recommended ranges for
NCC-Ex and UCE, 14/71 (19%) (Table 2).

We also examined the relationship of the dose of PEN in
mg/kg to NCC-Sp, NCC-Ex and UCE, respectively (Fig. 3). In
these clinically stable patients with an average of =21 years
of treatment, the doses in mg/kg varied considerably from the
recommended 10-15 mg/kg (Table 3). Higher doses were
associated with lower NCC-Sp (? = 0.052, p = 0.053), and
lower NCC-Ex (r*=0.114, p = 0.004), while no association was
seen with UCE (r* = 0.01, p = 0.34) (Fig. 3).

To test the hypotheses that NCC-Sp, NCC-Ex and UCE
were related to the clinical course of disease, we examined
their relation to liver biochemistry (Table 4). With both NCC-
Sp and NCC-Ex, patients with values below the 50-150 g
target range had significantly lower aspartate aminotrans-
ferase (AST), alanine aminotransferase (ALT) and gamma-
glutamyltransferase levels and higher albumin levels than
patients with values within the target range. Thus, either
NCC-Sp or NCC-Ex below the recommended target range
was associated with better control of liver biochemistry. A
similar relationship was not observed with UCE (Table 4).

A value of NCC <50 pg/L and UCE >500 ng/24 h has been
taken to indicate possible overtreatment®® but no patient in this
cohort complained of symptoms of copper deficiency, such as
progressive gait instability, muscle weakness, or ascending
paresthesia, which are neurological symptoms related to spinal
cord demyelination (i.e. progressive posterior cord syndrome)
or fatigue.>'"** In addition, there were no hematological dis-
turbances (low white blood cell count, sideroblastic anemia or
progressing thrombocytopenia) in patients with NCC-Sp or
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Fig. 1. NCC-Sp vs. NCC-Ex in 69 patients with clinically stable WD on PEN. (A) The regression line is dotted and the line of identity solid. On both axes the
normal ranges are depicted and the recommended target range during maintenance treatment with PEN (50-150 pg/L) marked in shaded green. NCC-Sp was below
the target range in 39% and below the lowest value in healthy volunteers (40 pg/L) in 28%. NCC-Sp and NCC-Ex correlated positively (> = 0.66, p <0.001). (B) Bland-
Altman plot. The regression line is black dotted. The mean difference (NCC-Ex minus NCC-Sp) was 0.49 pmol/L (red broken line) and close to zero. The confidence
limits (-30.5 pg/L; +31.5 pg/L) are depicted in red dotted lines. The slope of the line of regression (-0.13) differed from zero (p = 0.015), indicating a systematic deviation.
NCC, non-ceruloplasmin-bound copper; NCC-Ex, exchangeable copper; NCC-Sp, NCC determined from total copper protein speciation assay; PEN, D-penicillamine;

WD, Wilson disease.
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NCC-Ex below 50 pg/L as would be expected with copper
deficiency (Table 4).

Discussion

In this study, we examined for the first time how novel assays
for measuring non-ceruloplasmin bound copper (NCC-Sp and
NCC-Ex) and UCE corresponded to recommendations from
current international guidelines in patients with WD who were in
the maintenance phase of PEN treatment. To do so, we con-
ducted a secondary analysis of data from the Chelate trial.?’
The patients were judged clinically stable by their treating
physician without a foreseeable need for dose change. We
used data collected at the first visit when all the patients were
still on their maintenance dose of PEN before the experimental
treatment. Their average length of treatment was 21 years.
NCC-Sp and NCC-Ex and UCE were evaluated with respect to
the target ranges recommended in current guidelines, originally
proposed in the 1980s.° The range of 50-150 pg/L for NCC was
chosen because that was the range of NCC-Cal in normal in-
dividuals. The clinical validation is sparse.®**” NCC-Cal is now
being abandoned as explained in the introduction but the target
range of 50-150 pg/L — based on this method - is still used
owing to the absence of additional data.>®? NCC-Ex avoided
some of the pitfalls of the NCC-Cal method and there is some
degree of clinical validation to support its use.'®2*°® However,
detection of possible bias in NCC-Ex led to the development of
NCC-Sp.?>2% The primary observation in our analysis was that
even in our highly selected group of patients, a large fraction
were below the 50-150 pg/L range: 39% for NCC-Sp and 46%
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Table 2. Relation between UCE and NCC-SP or NCC-Ex in 76 patients with
stable WD.

NCC-Ex (pg/L) NCC-Sp (pg/L)

<50 250 n.a. <50 250 n.a.
N 33 38 5 27 42 7
UCE (ng/24h)
<200 3 3 1 2 4 1
200-500 17 14 1 14 14 4
>500 13 21 3 11 24 2

NCC, non-ceruloplasmin-bound copper; NCC-Ex, exchangeable copper; NCC-Sp,
NCC determined from total copper protein speciation assay; UCE, 24-hour urinary
copper excretion; WD, Wilson disease.

for NCC-Ex values, respectively. These “real world” data sug-
gest a recalibration of the range for NCC using novel technol-
ogies for treated patients with WD is necessary.

NCC-Ex and NCC-Sp varied around the line of identity with
considerable scatter and a trend of overestimation by NCC-Ex
in the lower range and underestimation by NCC-Ex in the
middle range (Fig. 1). This suggests a systematic difference
between these two assays. The published normal range of
NCC-Ex is 41-71 pg/L (0.64-1.12 pmol/L) in adults’” and
slightly lower in children,'® which are notably lower than with
NCC-Sp (46-213 pg/L) and NCC-Cal (50-150 pg/L). To under-
stand these differences better, it would have been useful to
compare NCC-Sp and NCC-Ex in the same cohort of healthy
controls, but that was beyond our capacity. The reported ef-
fects of age and sex on NCC-Ex are minimal'” and will likely not
explain discrepancies between normal ranges for NCC-Sp and

B Normal range  Target range
46-213 pg/L 50-150 pg/L
A A
2,500 7 i
y =3.3x + 395
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® p=0.054
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Fig. 2. NCC-Sp and NCC-Ex vs. UCE in patients with stable WD on PEN. (A) NCC-Sp and vs. UCE (n = 69) and (B) NCC-Ex vs. UCE (n = 71). All patients were
clinically stable on maintenance dose of PEN. The generally recommended target ranges during maintenance treatment for UCE (200-500 pg/24 h) and NCC (50-
150 ng/L) are marked as green shaded areas and normal ranges for the assays on top of the graphs. With NCC-Sp and UCE only 14/69 patients (20%) were within both
ranges. The same was true for 14/71 (19%) with NCC-Ex and UCE. NCC-Sp positively correlated with UCE (p = 0.02) while NCC-Ex tended to do so (p = 0.054). NCC,
non-ceruloplasmin-bound copper; NCC-Ex, exchangeable copper; NCC-Sp, NCC determined from total copper protein speciation assay; PEN, D-penicillamine; UCE,

24-hour urinary copper excretion; WD, Wilson disease.
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Fig. 3. Relation between daily dose of PEN in mg/kg BW and measures of copper metabolism in patients with WD who were stable on PEN. (A) Dose and
NCC-SP (n = 69). (B) Dose and NCC-Ex (n = 71). (C) Dose and UCE (n = 76). PEN dose in mg/kg tended to be negatively correlated with NCC-SP (p = 0.053) and NCC-
Ex (o = 0.004). PEN dose did not correlate with UCE. BW, body weight; NCC, non-ceruloplasmin-bound copper; NCC-Ex, exchangeable copper; NCC-Sp, NCC

determined from total copper protein speciation assay; PEN, D-penicillamine; UCE,

NCC-Ex. As further discussed below, the healthy cohort in the
our study displayed an ethnic diversity that was not reported in
the NCC-Ex healthy cohort."”

The NCC-Sp method was developed and validated ac-
cording to current standards.?® In our control population of 75
healthy persons, NCC-Sp had a bimodal distribution (Fig. S1)
with a 2.5-97.5 percentile range of 46-213 pug/L, taken as the
normal range for the present study. A bimodal distribution was
not reported for NCC-Ex'” but may have been overlooked with
only 44 participants. This should be further explored because
both NCC-Sp and NCC-Ex presented with skewed but mono-
modal distributions in the WD patient population (Fig. S2). In a
recent re-examination of a large dataset, total serum copper
was higher in females than males, and lower in Caucasian and
Hispanic patients than in Black patients.® In our much smaller
sample, a gender difference was not detected but a similar
effect of ethnicity was observed for total Cu (Table S1). A
similar evaluation of any measure of NCC does not exist. In the
initial evaluation of NCC-Ex,"” with 29 females and 15 males,
no gender difference was detected and ethnicity was not re-
ported. In our sample, NCC-Sp was higher in males than fe-
males and we observed a possible effect of ethnicity on NCC-
Sp, as values were higher in Caucasian patients than in Black
and Hispanic patients (Table S1). However, our sample size is

Table 3. Doses of PEN in mg/kg/day in 76 patients with WD.

Dose (mg/kg) n (N = 76)
4-75 6
7.5-10 8
10-12.5 21
12.5-15 13
15-17.5 14
17.5-20 7
20-22.5 3
22.5-25 3
25-30 1

The mean+SD dose was 983+292 mg/day.
PEN, D-penicillamine; WD, Wilson disease.
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24-hour urinary copper excretion; WD, Wilson disease.

too small to draw firm conclusions, and further studies
are warranted.

NCC-Sp was lower (56.61+26.2 1g/L) in patients with WD on
maintenance treatment with PEN than in healthy persons
(116+62 pg/L; p <0.001 by unpaired t-test). Indeed, 28% of
patients were even below 40 ng/L, the lowest value in healthy
volunteers, interestingly without evidence for copper deficiency
in these study patients. A similar situation was observed with
NCC-Ex (Fig. 1). Validated target ranges adapted to the phase
of the disease for NCC-Ex have not yet been published, but
lower than normal values are often seen during maintenance
therapy, without established signs of copper deficiency (Aurelia
Poujois, Personal communication). Accordingly, in a study of
36 children with WD treated for a median of 6 years with either
PEN (83%) or trientine (17%),%' the median (IQR) of NCC-Ex
was 24 (14-40) pg/L, which is low relative to the normal range
for NCC-Ex but was not associated with signs of cop-
per deficiency.

Calculation of NCC-Cal was only possible in 33 patients with
Cp above LLOAQ. In these patients, NCC-Cal was considerably
higher than with newer methods (Fig. S3). Thus, the NCC-Cal/
NCC-Sp ratio was 2.9+1.2 and NCC-Cal/NCC-Ex 2.5+0.9. Our
findings are in line with a report of NCC-Cal/NCC-Ex ratios of
2.8 in patients with hepatic and 3.4 in those with neurologic
WD.“° We are not able to explain this discrepancy but note that
the calculation depends heavily on the Cp concentration, mo-
lecular weight and Cu/Cp ratio, where small systematic errors
will lead to larger relative errors in the NCC-Cal estimate. NCC-
Cal did not correlate to 24 h UCE. These observations add to
the concerns about using this methodology.

Our data enabled comparison of UCE results to NCC-Sp
and NCC-Ex (Fig. 2). UCE was outside the 200-500 pg/24 h
range in 58%. Indeed, only 20% fulfilled both criteria of the
NCC and UCE target ranges (Table 2). In the absence of
chelator treatment, UCE has been regarded to reflect NCC in
the bloodstream®*® and thus the amount of excess copper in
the body.*® During treatment with PEN, the interpretation of
UCE is further complicated by the cupriuretic effect of the drug,



Table 4. Hepatic and hematological values related to NCC-Sp, NCC-Ex and UCE within or outside recommended ranges.

UCE (pg/24h)

NCC-Ex (ng/L)

NCC-Sp (ng/L)

200-500 >500

<200

250

<50

250

<50

p value Meanz=SD Meanz=SD p value Meanz=SD MeanzSD MeanzSD p value

Mean=SD

MeanzSD

Discrimination value

37
43.0+3.7
26.1+11.6
34.9+22.8
54.8+87.8

32
44.1+3.0
26.0+8.9

33.3+22.8
31.9+22.9
15.8+10.4
174.4+33.9

32

42.6+3.5
28.8+11.4

33

44.5+3.0

39
43.1+3.5
30.0+10.9
41.0+22.5
54.5+87.9

25

44.8+2.7

n.s.
n.s.

44.3+2.3

0.014

0.028
0.0003

Albumin (g/L)

AST (U/L)
ALT (U/L)

24.6+7.0
32.1+18.5
37.2+38.1

0.003
0.004
0.013

22.0+6.9
25.3+15.2
25.2+12.2

21.3+6.7
26.0+16.3
26.3+13.2

n.s.

39.3+23.8
63.1+88.9

0.006
0.037
0.031

n.s.

GGT (UL)

n.s.

16.2+7.8
164.0+28.1

13.4+6.6
159.6+29.8

n.s.

15.6+7.9
168.3+35.0

16.6+10.2
164.6+30.1

17.1+8.1
172.2+35.4

13.3+5.6
159.4+26.6

Bilirubin (umol/L)

LDH (U/L)

n.s.

n.s.
n.s.
n.s.
n.s.

n.s.
n.s.

72.2+5.5 70.6+4.5

72.5+4.1

70.8+5.4

n.s. 72.0+4.2

n.s.

71.5+£5.0
14.3+2.2

14.09+1.35

72.2+4.1

Protein (g/L)
PT (sec)

14.1+0.8
14.12+1.31

14.1+£2.3
14.29+1.12

14.2+2.6
14.32+1.13

14.3+2.1
14.23+1.23

13.8+0.7
14.33+1.13

13.7+0.6
14.39+1.07

n.s.

n.s.
n.s.

Hb (g/dl)

n.s.

1.39+0.53
5.41+1.89

1.37+0.51

5.21+1.40

n.s. 1.48+0.41

1.42+0.53
5.31+1.72

1.39+0.51
5.45+1.63

1.44+0.52
5.27+1.78

1.38+0.47
5.60+1.65

Reticulocytes (%)
Leukocytes (10%/L)

n.s.

5.49+1.38

n.s.

n.s.

n.s.
n.s.

1.56+0.57
0.35+0.17
3.34+1.48
0.04+0.03

1.60+0.45
0.30+0.09
3.11+1.03
0.05+0.02

1.68+0.46
0.30+0.10
3.33+1.02

n.s.
n.s.

1.61+0.57
0.34+0.16
3.18+1.31
0.041+0.022

1.59+0.50
0.31+0.10
3.36+1.27
0.048+0.029

n.s.
n.s.

1.57+0.54
0.32+0.16
3.20+1.35
0.045+0.021

1.75+0.55
0.30+0.11

Lymphocytes (10%/L)
Monocytes (10%/L)

n.s.

n.s.
n.s.

n.s.

3.37+1.32
0.047+0.032

Neutrophils (10%/L)
Basophils (10%/L)

Platelets (10%/L)
ALT, alanine aminotransferase; AST, aspartate aminotransferase; GGT, gamma-glutamyltransferase; Hb, hemoglobin; LDH, lactate dehydrogenase; NCC, non-ceruloplasmin-bound copper; NCC-Ex, exchangeable copper; NCC-Sp,

NCC determined from total copper protein speciation assay; PT, prothrombin time; UCE, 24-hour urinary copper excretion. p-values were calculated by unpaired t-test.

n.s.

0.05+0.02

n.s.

n.s.

202+58 18373

223+58

n.s.

196+66 192169

n.s.

187+68

214465
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and that is pragmatically considered in the recommendation of
a target range of 200-500 pg/24 h. If patients had been over-
treated for extended periods, UCE would be expected to
decline over time and reach low values; however, shorter pe-
riods of overtreatment may increase UCE above target ranges.
Elevated UCE may also be seen when non-adherent patients
remember to take their medication during UCE collection. In
accordance, the visit-to-visit variability of UCE is known to be
very large and single values are not easy to use for clin-
ical decisions.*’

Our findings reflected this complexity. UCE only weakly
correlated with NCC-Sp (Fig. 2) and not to PEN dose in mg/kg
(Fig. 3). A large fraction of patients (49%) had UCE above the
200-500 pg/24 h target range. Similar findings were reported in
79 patients with WD on PEN for more than 60 months, where
50% had UCE above 600 pg/24 h,*' and in 22 compliant pa-
tients treated with PEN for a mean of 12 years and UCE
(mean+SD) of 653.95+354.19 pg/24 h.'® In the latter study,
UCE did not differ between adherent and non-adherent pa-
tients. The origin of the 200-500 1g/24 h target range has been
difficult to track. It is assumed to neutralize the pathological
copper balance in patients with WD, and that may not always
be correct if patients do not follow a low copper diet. In our
cross-sectional study we only note that there was no correla-
tion between UCE and dose of penicillamine, ALT, or AST
(Fig. 3 and Table 4). Given these difficulties with interpretation
of UCE, our data illustrates why experienced clinicians may not
mechanically use these measures to drive dosage decisions in
patients with WD, but rather choose to prioritize clinical
symptoms over laboratory values. To overcome uncertainty
with the use of UCE and simplify interpretation, some centers
use assessment of UCE after 48 h off PEN therapy,'®*" how-
ever our data do not allow for evaluation of this alternative.

Our dataset reflects standard daily (real world) practice,
raising a question of why the observed NCC-Sp and NCC-Ex
in patients with stable WD on PEN were lower than recom-
mended in guidelines and values observed in healthy con-
trols? We suggest two possible hypotheses; first, the
treatment was actually optimal, and treatment target ranges
for NCC-Sp and NCC-Ex may in fact be lower than the normal
ranges for healthy individuals. Secondly, a large proportion of
patients with WD below-target NCC-Sp values might be
overtreated, and their dosage of PEN could have been
reduced without losing clinical efficacy. In the present cross-
sectional study, we can only note that biochemical or clin-
ical signs of overtreatment were not detected. Given the as-
sociations of lower NCC-Sp and NCC-Ex with lower values of
ALT and AST and higher albumin there may be a protective
value of keeping NCC low. The level of NCC-Sp below which
there is a risk of copper deficiency is still unknown. Further
clinical validation in longitudinal studies should aim at deter-
mining optimal target ranges for NCC in patients with WD in
different phases of specific treatments and taking different
methodologies into account.

In conclusion, we examined 76 patients with WD who were
judged by expert clinicians to be clinically stable on a given
dose of PEN after years of treatment. Nevertheless, only 20%
had both NCC-Sp and UCE within currently recommended
target ranges. The tendency was that UCE was above and
NCC-Sp below current recommendations, as would be ex-
pected with overtreatment, but no signs of copper deficiency
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were detected in these patients. Our data raise the question of
whether the therapeutic target ranges for NCC-Sp and NCC-Ex
should be lower than the normal range in healthy persons in
order to provide maximal organ protection in treated patients.
In addition, as normal ranges differ by assay, the targeted
ranges should be assay specific as well as treatment specific.

Non-ceruloplasmin and urinary copper in WD

interpretation of values during treatment and the potential
benefit of assessment off therapy. Thus, our study provides the
first data on the ranges of NCC-Sp for healthy individuals and
PEN-treated patients with WD and highlights the need for
longitudinal studies to develop and validate methodologic-
specific targets for NCC in different phases of treatment of

The observed range of UCE values raise questions about the disorder.
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