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Abstract

Background and Aims: Wilson’s disease (WD) is a genetic disease with
systemic accumulation of copper that leads to symptoms from the liver and
brain. However, the underlying defects in copper transport kinetics are only
partly understood. We sought to quantify hepatic copper turnover in patients
with WD compared with heterozygote and control subjects using PET with
copper-64 (®*Cu) as a tracer. Furthermore, we assessed the diagnostic po-
tential of the method.

Approach and Results: Nine patients with WD, 5 healthy heterozygote
subjects, and 8 healthy controls were injected with an i.v. bolus of ®Cu fol-
lowed by a 90-min dynamic PET scan of the liver and static whole-body PET/
CT scans after 1.5, 6, and 20 h. Blood ®*Cu concentrations were measured
in parallel. Hepatic copper retention and redistribution were evaluated by
standardized uptake values (SUVs). At 90 min, hepatic SUVs were similar in
the three groups. In contrast, at 20 h postinjection, the SUV in WD patients
(mean = SEM, 31 * 4) was higher than in heterozygotes (24 + 3) and con-
trols (21 + 4; p < 0.001). An SUV-ratio of hepatic ®**Cu concentration at 20
and 1.5 h completely discriminated between WD patients and control groups
(p < 0.0001; ANOVA). By Patlak analysis of the initial 90 min of the PET scan,
the steady-state hepatic clearance of ®*Cu was estimated to be slightly lower
in patients with WD than in controls (p = 0.04).

Conclusions: ®*Cu PET imaging enables visualization and quantification of
the hepatic copper retention characteristic for WD patients. This method rep-
resents a valuable tool for future studies of WD pathophysiology, and may
assist the development of therapies, and accurate diagnosis.

Abbreviations: ATP7B, ATPase copper-transporting beta; SUV, standard uptake value; VOI, volume of interest; WD, Wilson’s disease.
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INTRODUCTION

Wilson’s disease (WD) is a rare autosomal recessive
disease caused by mutations in the ATPase copper-
transporting beta (ATP7B) gene leading to impaired
function of the copper-transporting protein, ATP7B.
Upon uptake of dietary copper in the liver, the ATP7B
protein mediates hepatic clearance by excreting copper
into the bile or incorporating copper into the ferroxidase,
ceruloplasmin, which is released back into the systemic
circulation.l'! Hepatobiliary excretion constitutes the
most important route for removal of excess copper
from the body whereas urinary excretion is negligible in
healthy persons. In WD, dysfunction of the ATP7B pro-
tein leads to systemic copper accumulation in multiple
organs, most notably in the liver and brain, resulting in
hepatic, neurological, and psychiatric symptoms.[z"“e]
Early diagnosis of WD is crucial, given that timely tar-
geted treatment can prevent or reverse clinical progres-
sion of the disease, which is lethal when untreated.**!
However, diagnosing WD can be challenging given that
no clinical symptoms or laboratory tests (including ge-
netic testing) can be used to exclude or diagnose WD
with sufficient accuracy.[7‘1o] Accordingly, noninvasive
methods to study the hepatic handling of copper are
warranted to improve our understanding of the patho-
physiology behind WD and assist the development of
drugs and diagnostic tools.

Radioactive copper isotopes have been used in the
past to study whole-body copper balance, and blood-
radioactivity—based methods have been evaluated as
diagnostic tools in wD."-181 For diagnosis, the tech-
nique exploits the dysfunctional incorporation of ®*Cu
into ceruloplasmin characteristic to WD, resulting in a
distinct blood radioactivity profile.[12*15] However, this
method does not evaluate the fundamental disease-
causing disturbance in WD, namely the inadequate
hepatic excretion of excess copper into the bile with
consequential retention of copper in the liver.

PET is a promising tool for in vivo assessment of
hepatic copper handling, using 64Cu as a tracer. %4Cu
PET is characterized by excellent spatial and temporal
resolution with a radioactive half-life of 12.7 h, making
it suitable to trace copper transfer between blood, liver,
bile, and other compartments with slow turnover.['®]

Previous human %*Cu PET studies have focused on
cancer detection, with only a few preclinical studies fo-
cusing on hepatic copper turnover.""-22 One %4Cu PET
study in ATP7B knockout mice showed markedly reduced
clearance of ®*Cu from the liver.?>?* As a preamble to
clinical studies, we recently published a PET/CT study
of ®*Cu biodistribution and dosimetry in healthy sub-
jects, demonstrating that *“Cu PET is a suitable and safe
method for the assessment of hepatic copper handling.[m]

The aim of the present study was to examine the
ability of ®*Cu PET to quantify the hepatic copper han-
dling characteristic for WD and examine the potential of

this method as a diagnostic tool in WD. Thus, we com-
pared the PET-determined hepatic copper kinetics in
patients with WD with that of heterozygotes and healthy
subjects.

MATERIALS AND METHODS
Study design

The study included three groups of participants: pa-
tients with WD; healthy heterozygote parents or siblings
to known WD cases; and healthy subjects. The three
groups underwent identical study and scan procedures
(Figure 1). Participants fasted overnight for at least
8 h before the first scan, but were allowed to drink tap
water. A dynamic PET scan (continuous time-activity
data acquisition, liver only) of 1.5 h was performed im-
mediately after i.v. administration of %*Cu followed by
three consecutive static PET (one time point, whole
body) scans at 1.5, 6, and 20 h. Patients with WD dis-
continued zinc or chelator treatment 3 days before
the scans and resumed treatment after the final scan.
Baseline blood biochemistry was analyzed the day be-
fore the first PET/CT scan in all participants (Table 1).

Participants

We recruited WD patients and heterozygote partici-
pants from the outpatient clinic at the Department of
Hepatology, Aarhus University Hospital. Healthy per-
sons were included after responding to an advertise-
ment in a local newspaper.

The diagnosis of WD was made according to the
American Association for the Study of Liver Diseases
and European Association for the Study of the Liver
guidelines, where a Leipzig score of 24 is considered
diagnostic.[4'5'25] Eligible participants were 218 years. A
negative pregnancy test and use of safe contraception
(for females) were required. We excluded WD patients
with decompensated cirrhosis, a Model for End-Stage
Liver Disease score >11, or a modified Nazer score (re-
vised King's score) >6.126] Heterozygotes and healthy
controls had no history of liver disease. Overall exclusion
criteria were known hypersensitivity to 64Cu or other in-
gredients in the formula, malignancy, breastfeeding, or
desire to become pregnant before the end of the study.

Catheterizations

Before the %*Cu PET scann, a catheter (Venflon;
Becton Dickinson, Franklin Lakes, NJ) was placed in
a cubital vein for the administration of ®*Cu tracer. A
catheter (Artflon; Beckton Dickinson) was placed in a
radial artery for blood sampling.
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Participants were studied after an overnight fast. The 84Cu tracer was injected intravenously at t = 0 min followed by a 90-

min dynamic PET scan of the liver with arterial blood sampling to determine blood-to-liver clearance. The dynamic PET scan was followed
by three static PET scans performed 1.5, 6, and 20 h after administration of tracer to determine the hepatic excretion and retention of 4Cu.
Participants were allowed to eat and drink freely between the 1.5- and 6-h scan, but fasted again before the 20-h scan

TABLE 1 Median (IQR)

Healthy WD

Controls Heterozygotes Patients
Sex: FIM 5/3 2/3 2/7
Age (years) 25 (29) 34 (19) 36 (34)
Weight (kg) 84 (23) 74 (9) 76 (13)
Height (cm) 173 (17) 180 (13) 183 (18)
BMI 27 (6) 23 (1) 23 (3)
ALT (U/L) 25 (14) 18 (12) 56 (44)*
Sodium (mmol/L) 141 (2) 141 (2) 141 (2)
Bilirubin (pmol/L) 7.5 (5) 8 (5) 10 (11)
ALP (U/L) 70 (26) 56 (14) 81 (18)
Hemoglobin 8.5(1) 8.4 (1) 9(1)

(mmol/L)
Urea (mmol/L) 4.4 (2) 3.75 (1) 5.3 (3)
INR 1.0 (0.1) 1.0 (0.0) 1.2 (0.1)*
Albumin (g/L) 38 (6) 40 (3) 38 (4)
C-reactive protein 0.9 (4) 1(2) 0.65 (1)
(mg/L)

Creatinin (umol/L)  69.5 (27) 67 (17) 69 (21)
APTT (seconds) 24.5 (1) 25 (1) 28 (10)*
Platelets (x10%/L) 268.5 (54) 287 (32) 193 (53)
P-Copper (umol/L)  13.8 (14) 14 (4) 7 (18)
CuEXC (pmol/L) 0.9 (0.3) 0.9 (0.1) 1.3(0.5)
Ferroxidase (g/L) 0.29 (0.1) 0.26 (0.1) 0.09 (0.1)*

Abbreviations: APTT, activated partial thromboplastin time; BMI, body mass
index; CUEXC, exchangeable copper; INR, international normalized ratio;
IQR, interquartile range.

*p < 0.05 versus healthy.

Radiochemistry

The 54Cu radioisotope was obtained from a commer-
cial source (Hevesy Laboratory, DTU Nutech, Risg,
Roskilde, Denmark), and the ®*Cu tracer solution (a
sterile acetate-buffered solution of ®*CuCl,) was subse-
quently prepared and quality controlled at our center, as
earlier described.['®! Dosimetry data are provided in the
Supplementary Methods of the Supporting Information.

%4Cu PET imaging

Participants were placed in a supine position in a Siemens
Biograph 64 TruePoint PET/CT camera with the liver
within the 21.6-cm axial field of view. A low-dose CT scan
(50 effective mAs with CARE Dose4D, 120 kV, pitch of
0.8 mm, and slice thickness 5.0 mm) was performed be-
fore each PET scan for definition of anatomical structures
and attenuation correction of PET recordings. The 4cu
solution was administered as an i.v. bolus injection over
the course of 10 s (median dose, 72.9 MBq; range, 53—
77), followed by a 90-min dynamic PET scan of the liver,
recorded in list mode; time-frame structure was 12 x 5,
8 x 15,7 x 60, and 16 x 300 s. Then, three consecutive
whole-body PET/CT scans (top of skull to mid-thigh; six
bed positions) were performed at 1.5, 6, and 20 h after
tracer administration (duration, 6, 6, and 10 min per bed
position). PET images were reconstructed using three-
dimensional ordered-subset expectation maximization
with four iterations and 21 subsets, a 4-mm Gauss filter,
and 168 x 168 matrix with voxel size 4 x 4 x 5 mm®.
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Blood radioactivity concentration

Arterial blood samples were drawn during the 90-min
dynamic PET scan at time points corresponding with
the PET frame structure at 12 x 5, 8 x 15, 7 x 60, and
16 x 300 s. In addition, blood samples were collected
from a peripheral vein during the initial dynamic PET
scan and before each of the subsequent static scans
(1.5, 6, and 20 h). All concentration measurements
were cross-calibrated with the PET camera and cor-
rected for radioactive decay.

Image analysis

Fused PET/CT images were analyzed using the PMOD
software (version 3.7; PMOD Technologies Ltd., Zirich,
Switzerland). Radioactivity concentration in the liver
was measured in a 4-ml spherical volume of interest
(VOI) placed in the right liver lobe. VOIs were drawn
to include a representative volume of liver tissue while
avoiding large intrahepatic blood vessels and bile ducts.

To ensure reproducibility, four different VOIs were
drawn and averaged for each scan sampling ~3% of the
total liver volume (Figure 2). This approach was chosen
instead of measuring mean radioactivity concentration in
the entire organ, given that diaphragmatic movements
during the scan (breathing) result in noise and large scan-
to-scan variation. Copper was evenly distributed in the
liver, and in accordance the variation coefficient among
the four to five VOIs was <5%. For kinetic analysis, the
time course of the radioactivity concentration of *Cu in

the liver was generated for the 90-min dynamic PET
scan. The Gjedde-Patlak linearization was used to calcu-
late the clearance of %*Cu from blood into liver tissue
(K; ml blood/min/ml liver tissue) with or without the inclu-
sion of a potential reversible loss-rate constant (ki
min~"), representing the loss of tracer from the hepato-
cytes into bile or blood.?”! The kinetic model was applied
to data 30—90 min after tracer administration to ensure
quasi-steady-state using arterial plasma radioactivity
concentration as the input function. Kinetic model param-
eters were estimated using software developed in-house
(iFit, v. 0.82; www.liver.dk/ifit.html). For correction of in-
jected dose and body weight between participants, radio-
activity concentrations in liver tissue are given as standard

uptake value (SUV , — radioactivity conc. (kBq) .
P ( ) Suv injected dose (kBq)/body weight (kg)

To adjust for variation in hepatic uptake during the
initial 90 min and assess solely the hepatobiliary excre-
tion of copper, we calculated the ratio between hepatic
64Cu concentration at 90 min and 20 h postinjection as a
measure of hepatic copper retention, SUV-R = SUV(20
h)/SUV(90 min).

Statistical analysis

Normality was assessed using QQ-plots. For normally
distributed data, we used the ANOVA test followed by the
Student t test to examine differences between groups.
For non-normal distributed data, we used the Kruskal-
Wallis test followed by the Mann-Whitney U test. The
time courses of radioactivity concentrations in liver tissue

FIGURE 2 Four VOIs were drawn and averaged for each scan sampling ~3% of total liver volume. Sphere volume is 4 ml for each VOI,
but the circles appear unequal in size because of different two-dimensional slicing
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were analyzed by a mixed-model repeated-measures
ANOVA. All data are expressed as mean (SD), unless
otherwise specified. A p value < 0.05 was considered to
indicate statistical significance. Statistical analyses were
performed using STATA software (version 16; StataCorp
LP, College Station, TX) or GraphPad Prism software
(version 8; GraphPad Software Inc., La Jolla, CA).

RESULTS
Participant characteristics

Baseline characteristics of the participants are shown
in Table 1. In total, 9 WD patients, 5 heterozygotes,
and 8 controls were studied. All patients with WD were
clinically stable, with no change in treatment for at least
1 year up until the studies; 6 patients were treated
with d-penicillamine, 1 with trientine, and 2 with zinc.
Patients had been diagnosed with WD for a median of
18 years (range, 1-49) at time of study entry. All pa-
tients primarily had the hepatological phenotype of
WD, and at study entry, 2 patients had cirrhosis with
portal hypertension, based on liver histology assessed
<1 year before study entry and clinical examination.
Overall, heterozygotes and control participants did not
differ in biochemistry, whereas WD patients had slightly
elevated mean alanine aminotransferase (ALT), alka-
line phosphatase (ALP), a lower platelet count, and a
higher INR, reflecting their hepatic phenotype. Genetic
information is provided in Table 2.

Blood ®*Cu concentration and
hepatic uptake

After iv. administration of 54Cu, arterial blood radio-
activity concentration increased rapidly in all three
groups, peaking after ~30 s (Figure 3). After an initial
decline attributable to immediate biodistribution of **Cu
into the tissue, radioactivity concentration in the blood
slowly declined until 90 min, where the lowest concen-
tration was reached. From 90 min to end of study at
1200 min (20 h), a steady increase in blood radioactiv-
ity concentration was observed. Time courses of blood
radioactivity were not statistically significantly different
among the three groups of participants (Figure 3).

PET images displayed a rapid and substantial up-
take of 84Cu in the liver immediately after administra-
tion of the radiotracer in all subjects (Figure 4A). Over
the initial 90-min dynamic scan period, the time course
of hepatic radioactivity was similar in the three groups;
however, a trend of reduced hepatic uptake in WD pa-
tients was observed (Figure 4B). Hepatic steady-state
clearance of ®*Cu from blood into liver tissue (K; mL
blood/min/ml liver tissue) is a measure of the efficacy
of the hepatic removal of *Cu from the blood and was

estimated by kinetic analysis of the 90-min dynamic
PET scans using the Patlak linearization. The Patlak
analysis was performed both with and without the inclu-
sion of a rate constant, k. (min™"), that describes the
loss of ®4Cu from the liver (Figure S1; Table S1). When
ki,ss Was included in the model to account for incorpo-
ration in ceruloplasmin and biliary excretion of 64Cu, K
(mean + SD) was 0.064 + 0.010 ml of blood/min/ml liver
tissue in WD patients, which was significantly lower
than in both heterozygotes (0.091 £ 0.015 ml of blood/
min/ml liver tissue) and controls (0.081 + 0.018 ml of
blood/min/ml liver tissue; p = 0.04), although there was
considerable overlap between the groups (Figure S1).
The k., parameter, based on the initial 90 min after
administration of ®*Cu, was not significantly different
between the groups (Table S1). Interestingy, K did not
correlate with hepatic copper retention as measured by
SUV at 90 min. Because of the complex study setup,
complete data sets for analysis of hepatic removal ki-
netics (i.e., dynamic PET scan and arterial blood sam-
ples) were only available for 6 of 9 patients with WD, 3
of 5 heterozygotes, and for all 8 controls.

Hepatic excretion and retention of %*Cu

By visual examination of PET images, notable amounts
of ®*Cu were observed in gallbladder contents after
1.5 h in 6 of the 8 healthy participants, whereas none
was visible in patients with WD or heterozygous partici-
pants (Figure 5A). Diffuse ®*Cu uptake in the intestinal
wall was observed in all participants, but tracer was
present in the colonic lumen only in healthy participants
(Figure 5A). Robust kinetic analysis for quantification
of the hepatobiliary excretion of **Cu was not possible.

In heterozygote and control participants, the mean
hepatic concentration of ®*Cu (SUV) peaked at 6 h
and then slowly decreased, whereas in patients with
WD, %*Cu in the liver more than doubled from 6 to 20 h
(Figure 5B; p < 0.001; repeated-measures ANOVA
group x time interaction). Thus, the mean SUV at 20 h
was significantly higher (p < 0.0001, f test) in WD pa-
tients (31 + 4) than in both the heterozygote participants
(24 + 3) and healthy controls (21 + 4). The mean SUV
was nearly 15% higher in heterozygotes than in control
participants, but this difference was not statistically sig-
nificant. Hepatic retention of ®*Cu after 20 h was pro-
nounced in patients with WD, and moderate retention
was observed in heterozygotes when compared with
controls (Figure 5B).

Evaluation of hepatic ®*Cu SUV ratios for
identification of WD

In order to improve the discrimination between
groups, we calculated SUV-R as the ratio between
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TABLE 2 Genetics

WD Mutation 1 Mutation 2
1 c.2828G>A c.2828G>A Homozygote
2 c.3818C>T €.2304insC Compound heterozygote
3 c.3207C>A c.3207C>A Homozygote
4 c.3207C>A c.3473G>T Compound heterozygote
5 c.51+4A>T ¢.3350_3353delAGCG Compound heterozygote
6 c.3062T>A c.3659C>T Compound heterozygote
7 c.3818C>T c.4126-2AG Compound heterozygote
8 c.51+1G>A €.2009_2015delATATGCT Compound heterozygote
9 c1772G>A c.1847G>A Compound heterozygote
Heterozygotes Mutation 1
1 c.3207C>A Heterozygote
2 c.3062T>A or ¢.3659C>T* Heterozygote
3 c.3818C>T Heterozygote
4 c.3207C>A or ¢.4088C>T* Heterozygote
5 c.2305A>G Heterozygote
2Genetic analysis only available from related WD patients (parents) and thus the two possible mutations presented.
64Cy blood concentration after IV administration
40—
80 - Wilson
304 7 Heterozygotes

_EI " — Healthy

T 20—

2 oL —

0 5

1
1200

Minutes

FIGURE 3 Time course of **Cu concentration in blood. Following administration of 4Cu, average whole-blood radioactivity peaked
within 30 s, followed by an initial steep decline and a secondary slower decrease. Blood radioactivity reached a nadir at ~90 min, followed
by a gradual and significant (ANOVA for repeated-measurements time, p < 0.001) increase over the subsequent 18 h, most pronounced in
healthy subjects, although this was not statistically significant (ANOVA for repeated-measurements time x group interaction, p =0.99). n=7
WD; 4 heterozygotes; 8 healthy subjects. Curves are median for all subjects; error bars (IQR) only for WD patients (min 0—5) otherwise

omitted to facilitate reading. Abbreviation: IQR, interquartile range

hepatic radioactivity concentrations at 20 and 1.5 h.
Using the SUV-R, %*Cu PET accurately identified pa-
tients with WD, given that there was no overlap be-
tween individual values from the WD group and the
heterozygote and control groups when applying a
separating threshold of SUV-R = 1.3 (Figure 6C). The
SUV-R could not be used to discriminate between
the heterozygote controls and healthy controls, given
that there was considerable overlap between the two
groups (Figure 6C).

DISCUSSION

The main finding of this human %*Cu PET study of pa-
tients with WD, heterozygotes, and controls was that
the method was able to visualize and quantify the
pathophysiological hepatic copper retention character-
istic of WD. Second, we found that a simple ratio of
retained hepatic 64Cuat20and 1.5 h postinjection was
able to clearly discriminate between patients with WD,
heterozygotes, and healthy controls, thus reflecting the
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FIGURE 6 An SUV ratio of hepatic 4Cu accurately identifies patients with WD. (A,B) Individual values of hepatic concentration of

84Cu (SUV) at 1.5 and 20 h postinjection (p.i.) in patients with WD, heterozygotes, and healthy controls. Groups were similar 90 min p.i., but
differed significantly after 20 h. (C) When a ratio of 20-h/1.5-h hepatic SUV values (SUV-R) was used, WD patients had significantly higher
levels than those of healthy and heterozygote subjects, and there was no overlap between patients with WD and heterozygotes. Horizontal

lines represent group means

severely impaired hepatobiliary excretion of copper in
WD, but also demonstrating a moderate impairment in
heterozygous persons.

In line with our a priori expectations and as inferred
from previous genetic, histological, and %4Cu blood radio-
activity studies, we observed a marked hepatic retention
of copper in patients with WD, as compared with healthy
controls.??4 The high hepatic 64Cu concentrations 20 h
after administration in WD patients when compared with
heterozygotes and healthy participants were caused by
a lack of hepatobiliary excretion, as supported by the ab-
sence of ®*Cu in the gallbladder and colon of patients.
According to the Patlak analysis, steady-state clearance
of copper from blood to liver tissue was slightly lower in
patients with WD than in the two other groups. This dif-
ference could not be observed when looking only at the
90-min hepatic 4cu activity, demonstrating that a lon-
ger observation period is necessary for discrimination
of the groups. One possibility is that a backflux of non-
ceruloplasmin-bound Cu from liver to plasma was higher
in WD patients, and, in fact, the k-loss rate constant was
higher in WD patients (Table S1), although this did not
reach statistical significance. Another possibility is that
the increased hepatic Cu load somehow inhibited hepatic
uptake of Cu from the blood. Given that ATP7B is not ex-
pressed at the sinusoidal membrane of the hepatocyte
and therefore not involved in the hepatocellular uptake of
copper, the dysfunction of ATP7B in WD cannot explain
this finding. Instead, the decreased hepatic uptake could
reflect a homeostatic defense mechanism, counteracting
the pathologically increased hepatic copper contentin WD
patients; a similar mechanism has been hypothesized in
cholestatic liver diseases, such as primary biliary cholan-
gitis, where hepatic transporters responsible for uptake of
bile acids are down-regulated in liver tissue.[282°]

Interestingly, also the asymptomatic heterozygotes
displayed some degree of hepatic retention of 54Cu
compared with healthy controls, most pronounced at
6 h postinjection. At 20 h, the course of the hepatic 5Cu
concentration in heterozygotes stagnated as opposed
to the WD group, but was still higher than control values.
This observation demonstrates that one normal ATP7B
gene is enough to maintain a near-normal copper ho-
meostasis in accordance with the observation that het-
erozygotes remain asymptomatic.[ﬁ'w Concurrently, it
illustrates that heterozygotes do not have normal cop-
per metabolism, which raises the question of whether
heterozygotes may be prone to symptomatic copper ac-
cumulation if exposed to high copper loads. This finding
also has implications for future developments of gene
therapy in WD and suggests that total normalization of
the hepatic handling of copper may not be necessary
to obtain clinically sufficient results. The data allow for
a preliminary understanding of the whole-body copper
kinetics. In all groups, the initial dose of 64Cu was taken
up rapidly (10—15 min) from the blood and presumably
distributed into a number of tissues, including the liver
(Figure 3)."® In all groups, the liver then continued to
accumulate 54Cu, even though the blood concentration
was near constant (Figure 4B). This indicated redistri-
bution from other tissues to the liver through the blood-
stream. In healthy controls, hepatic 64Cu accumulation
became steady after 90 min, reflecting equilibrium be-
tween hepatic uptake and biliary excretion (Figure 5B).
In WD patients, the accumulation of ®*Cu continued
until 24 h postdose, reflecting continued redistribution
of ®*Cu from other tissues to the liver with no biliary ex-
cretion (Figure 5B). WD patients never reached steady
state. Heterozygotes reached a steady state at 6 h, but
were otherwise similar to healthy controls.
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We considered a number of possible biases. Uneven
sex distribution among groups was a theoretical bias
because women more often develop acute hepatic fail-
ure, and estrogen is known to affect biliary excretion
of other substances.!"™ The sample was too small to
exclude an effect of sex, but in the data (Table S2),
there was no obvious trend in that direction. The same
was true when women on estrogen replacement were
compared to those without (Table S2). Two of the WD
patients had cirrhosis of the liver, and portosystemic
shunting may affect hepatic removal kinetics. However,
with K values below 10% of the hepatic blood flow, por-
tosystemic shunting will have only minor effects. Again,
the sample size is too small for statistical evaluation,
but the findings in patients with cirrhosis were quite
similar to those without (Table S2). In a similar way, cur-
rent treatment did not clearly affect the findings. Also,
our study was not powered to explore the relation be-
tween individual disease-causing mutations (Table 2)
and parameters of copper kinetics. The method rather
quantifies the fundamental pathophysiology in WD: the
inability to excrete excess copper to the bile.

The mostimportant limitation of the present study was
that patients were not treatment naive, which excluded
the possibility for meaningful comparison with other
routine diagnostic tests for copper metabolism (serum
ceruloplasmin, total serum copper concentration, 24-h
urinary copper excretion, and exchangeable copper).
The rate of incorporation of 8Cu into ceruloplasmin
would be of interest, but was not measured by the 4Cu
PET method. P-ceruloplasmin concentrations and SUV
at 20 h correlated when analyzed in all groups com-
bined, but not within the individual group (Figure S2).

Radiocopper was used earlier in WD research and
clinical workup.[13‘15*3°] As such, Czlonkowska et al.
have used iv. ®*Cu and blood radioactivity curves as
an adjunct diagnostic tool for WD since the 1970s. Their
experience with 71 patients, homozygote for WD muta-
tions, and 21 heterozygote siblings was recently pub-
lished.l"®! Here, the 48-h/1.5-h blood radioactivity ratio
yielded almost perfect diagnostic accuracy (98.6% sen-
sitivity, 100% specificity) to discriminate between WD
and heterozygote siblings. Whereas this method primar-
ily assesses the ability of the liver to incorporate cop-
per into ceruloplasmin, 64Cu PET adds a dimension to
radiocopper studies by providing whole-body functional
imaging with detailed and dynamic information about
the hepatic uptake and retention of copper over time.

64Cu PET imaging using the SUV ratio showed good
discrimination of patients with WD toward heterozygotes
and healthy controls, but could not discriminate between
heterozygote controls and healthy controls. Larger stud-
ies including more patients of all WD phenotypes will be
necessary to evaluate the use of 64Cu PET as a diag-
nostic tool. Because the retention of ®*Cu in the liver is a
pathophysiological hallmark in WD, the method has the
potential to perform as a diagnostic gold standard, being

useful in both presymptomatic and symptomatic cases.
The prospect that a single investigation could diagnose
or exclude WD is attracting. At the same time, the com-
plex methodology and need to perform two consecu-
tive PET scans on separate days are obvious practical
drawbacks, which limit use to selected cases, where the
diagnosis is uncertain. The present data do, however,
suggest that longer follow-up using, for instance, a single
PET scan 48 h after tracer administration, would allow
for complete separation between WD cases and hetero-
zygotes, and this should be evaluated in future studies.

The %*Cu PET method may prove useful to evaluate
the effect of both established and promising disease-
modifying interventions in patients with WD. For exam-
ple, ®*Cu PET could serve to evaluate the effect of zinc
therapy on intestinal and hepatic copper absorption as
shown in our previous PET study with oral administration
of 84Cu in healthy subjects.'® Moreover, *Cu PET can
be used to evaluate the direct effects of drugs and gene
therapy on hepatic copper handling. This may be particu-
larly important because WD is a rare disease, and there-
fore choosing the right drugs for large trials is paramount.
In addition, preclinical 84Cu PET studies in animal mod-
els of WD can be used in early drug development, fol-
lowed by human PET studies to help qualify drugs before
initiating randomized clinical trials with clinical outcomes.

In conclusion, this human ®*Cu PET/CT study of WD
showed that patients with WD exhibit marked reten-
tion of copper in the liver as shown by in vivo imaging,
which clearly discriminates WD patients from heterozy-
gote and healthy subjects. This is in accordance with
the known pathophysiology of the disease. The %4Cu
PET method holds potential for detailed mechanistic
studies of WD as well as clinical studies of drug effi-
cacy and diagnosis.
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