DR. TEA LUND LAURSEN (Orcid ID : 0000-0003-2494-0526)

Article type : Special Article

The Prevalence of Wilson disease. An Update.

Thomas Damgaard Sandahl® (tds@clin.au.dk), Tea Lund Laursen® (tealaurs@rm.dk), Ditte
Emilie Munk® (ditmu@rm.dk), Hendrik Vilstrup® (vilstrup@clin.au.dk), Karl Heinz Weiss?

(karlheinz.weiss@med.uni-heidelberg.de) & Peter Ott* (peterott@rm.dk).

From:
! Department of Hepatology and Gastroenterology, Aarhus University Hospital, Denmark.

2 Department of Internal Medicine 1V, University Hospital Heidelberg, Heidelberg, Germany.

Keywords: Hepatolenticular Degeneration; epidemiology; incidence; allele frequency;

penetrance.

Contact information

Corresponding author:

Peter Ott

Department of Hepatology and Gastroenterology
Aarhus University Hospital

99 Palle Juul-Jensens Boulevard

8200 Aarhus N, Denmark

This article has been accepted for publication and undergone full peer review but has not
been through the copyediting, typesetting, pagination and proofreading process, which may
lead to differences between this version and the Version of Record. Please cite this article as
doi: 10.1002/hep.30911

This article is protected by copyright. All rights reserved.



Phone: +45 40 19 38 26
FAX: +45 78 46 28 60

E-mail: peterott@rm.dk

List of Abbreviations

q : Wilson disease mutation allele frequency.

Conflict of interest
All authors declare no potential conflicts of interests (financial, professional, or personal) that

are relevant to the manuscript.

Financial Support
The work was supported by a grant from The Memorial Foundation of Manufacturer Vilhelm
Pedersen & wife. The foundation played no role in the planning or any other phase of the

study.

Abstract

Background and Aims: In 1984, Scheinberg and Sternlieb estimated the prevalence of Wilson
disease to be 1:30,000 based on the limited available data. This suggested a large number of
overlooked cases with potentially fatal consequences. The “Scheinberg-Sternlieb Estimate” is
still widely used although more recent clinical and genetic studies of higher quality are now
available. In the present study, we included these data to update the prevalence estimate.
Methods: A MEDLINE Ovid, Science Citation Index Expanded, and PubMed systematic
search for all relevant studies on Wilson disease prevalence was conducted.

Results: In total, 59 studies (50 clinical and 9 population-based genetic) were included in the

final analysis. We identified four recent clinical studies based on nationwide databases of
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high quality, providing prevalence estimates from 1:29,000 to 1:40,000. Higher frequency
populations do exist due to frequent first cousin marriages and/or a higher mutation
frequency. When calculating prevalence from the incidence related to number of births,
estimates were 1:40,000-1:50,000. Clinical screening studies including examination for
Kayser-Fleisher Rings or ceruloplasmin did not improve these estimates due to insufficient
sample size or selection biases. Population-based genetic studies in US and UK populations
were not in disagreement with the clinically-based estimates. At the same time studies from
France and Sardinia suggested that the genetic prevalence may be 3-4 times higher than the
clinical disease prevalence. This raises the question whether the penetrance is indeed 100% as
generally assumed.

Conclusion: The original prevalence estimate from 1984 of 1:30,000-1:50,000 still appears
valid at least for USA, Europe and Asia. In some population-based studies, the genetic
prevalence was 3-4 times higher than clinically based estimates. The question of penetrance

needs further evaluation.

Wilson disease is an autosomal recessively inherited disease caused by mutations in the
ATP7B gene. The resulting dysfunction of the ATP7B protein leads to impaired copper
excretion into the bile and causes a combination of hepatic, neurologic, and psychiatric
symptoms. While effective treatments are available the disease will take a disabling and fatal

course if the diagnosis overlooked and treatment not initiated.

Although known to be rare, the prevalence of the disease is a longstanding matter of interest
in order to avoid overlooked cases. In 1968, Scheinberg and Sternlieb estimated the
worldwide prevalence to be 1:200,000 based on the fragmented data available at the time (1).

In 1984, they updated their estimate to 1:30,000 (30/million) based on 3 datasets: 1) The vital
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statistics report from the US 1968-1978 (Wilson related cases 13.21/1,000,000), where they
assumed that only half of the true Wilson cases were detected, 2) an East-German clinical
population-based report on the prevalence (29/1,000,000), and 3) an advanced
epidemiological analysis based on the frequency of first cousin parenthoods among 289
Japanese families with at least one family member with Wilson disease (33/1,000,000)(2).
Scheinberg and Sternlieb regarded this estimate to be universal, except for small isolated
populations with higher frequencies. At Hardy Weinberg equilibrium and 100% penetrance,
this would correspond to a frequency of disease-causing mutated alleles of approximately
1:180 — 1:300 and a carrier frequency of 1:90 — 1:150. Even though the 1984 paper was based
on limited and highly selected data, the resulting estimate of 1:30,000 is still widely used and
regarded valid across ethnic differences and geographic zones. The 1984 paper suggested that
a large number of patients were undiagnosed at that time with potentially fatal consequences.
Even though the diagnostic awareness has increased and more cases are diagnosed today, it is

uncertain to which extend Wilson patients are still overlooked.

During the last decades, a number of clinical epidemiological papers have been published on
the prevalence of Wilson disease in different populations. As the public health statistics
improves, estimates can now be based on still larger unselected populations from health care
systems with increasing awareness for this diagnosis. This has improved data quality. In
addition, current biotechnology allows for genetic screening for Wilson disease causing

mutations in large populations, and such studies are emerging.

In the present paper, we reevaluate the current worldwide prevalence estimate of Wilson

disease based on the currently available literature. We critically discuss how different

methodologies may bias the estimates. We also examine what can be learned from the genetic
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studies and how they will affect our understanding of the clinical epidemiology and the

natural history of Wilson disease.

Methods

Literature search:

We searched MEDLINE Ovid (1946 to May 2018), Science Citation Index Expanded (Web
of Science; 1900 to May 2018), and PubMed (Bethesda (MD): National Library of Medicine
(US) 1966 to May 2018) using the search terms: Wilson’s disease (all fields), Wilson disease
(all fields), Wilson (in title) or Hepatolenticular Degeneration (all fields) or with subheading
epidemiology (MeSH term) and Epidemiology (All fields or MeSH) or prevalence (All fields
or MeSH) or incidence (all fields or MeSH). Additional studies were identified by a hand
search of references of original articles or review articles and by personal communication
with relevant investigators. Case reports were excluded except for countries where only case

reports were available.

Methodological considerations

The paper is based on the following definitions and methodological considerations:

Number of persons with Wilson disease

Disease prevalence =
p Number of individuals in the population

The disease prevalence is affected by the number of patients who develop symptoms, the age

at which it happens and the average life length of Wilson patients.

Number of diagnosed cases

Crude prevalence =
p Number of individuals in the population
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The crude prevalence (or clinical prevalence) depends on the disease prevalence but is also
affected by the number of overlooked cases (i.e. diagnostic awareness) and the diagnostic
delay. Diagnostic delay of up to several years is still a considerable challenge (3-6). In this
text, the term ‘crude prevalence’ is used pragmatically as the number of reported cases, so it

will be affected also by diagnosed but unreported cases.

Wilson disease mutation allele frequency (q)

__ Number of alleles with ATP7B mutations that are known to cause Wilson disease

Number of ATP7B alleles in the population

At Hardy-Weinberg equilibrium, the risk that a person is homozygous or compound
heterozygous for Wilson disease causing mutations in ATP7B is g that of being a carrier is
2q(1-q) and that of having two wildtype alleles is (1-g). The underlying assumptions: Infinite
population size, random breeding, and absence of selection and genetic drift are often
challenged. Worldwide, consanguinity, such as first cousin marriages, is an important

deviation from these assumptions.

Genetic prevalence

_ Number of persons who are homozygous or compound heterozygous for known disease — causing mutations in the ATP7B gene

Number of individuals in the population

The term “genetic prevalence” will be used because it is shorter than the more correct
“prevalence of homozygocity or compound heterozygocity for known disease causing alleles
in the ATB7B gene”. At Hardy-Weinberg equilibrium, the genetic prevalence will equal o.

Consanguinity will increase the genetic prevalence above g°.
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The disease prevalence will always be lower than the genetic prevalence because of factors
such as age at presentation above zero, reduced life expectancy, delayed diagnosis, and
overlooked cases. Because the average age of presentation is around 25 years, disease
prevalence will maximal be ~0,7 times the genetic prevalence. This difference will increase if
the penetrance is lower than 100%.

The use of the genetic prevalence to estimate the disease prevalence requires knowledge
whether specific combinations of genetic variants cause Wilson disease. Since only a few
mutations are characterized in detail e.g. H1069Q, R778L, and —441/-427del (7-11) , it is not

always known if a genetic variant is disease-causing.

Penetrance
Penetrance is defined as the risk that a person who is homozygous or compound heterozygous
for known disease-causing mutations in the ATP7B gene will develop Wilson disease at some

point during life. For Wilson disease it is generally assumed to be 100%.

Statistics
Most of the reports on incidence or prevalence of Wilson disease do not include confidence
limits. If not reported, they were calculated according the method described by Robert

Newcombe, derived from the so called Wilson procedure (12).
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Results

In total, 642 studies of Wilson disease were identified. We excluded in vitro studies, animal
studies and studies with no apparent information about the prevalence of Wilson disease. We
finally identified a total of 59 pertinent articles. Studies were categorized according to the

applied methods. Fifty were categorized as clinical and 9 as population-based genetic studies.

Clinical studies

Isolated populations with high crude prevalence

Reports on isolated populations with very high risk of Wilson disease include a village in
Crete, Greece (1:15 births) (13), Kalymnos, Greece (1:740) (14), and isolated mountain areas
in Romania (1:1,130) (15), even though low sample size induce some uncertainty about the
exact prevalence estimates. As expected, specific mutations dominate these populations (16-

18) and high frequencies of these mutations and consanguinity both contribute.

Larger populations

A number of studies providing data for estimation of crude prevalence in individual countries
were identified by the literature search (Supplementary table 1). The quality of these studies
varies substantially likely due to overlooked and unreported cases. Many studies are from
tertiary centers and may not include all the patients in the country. Most studies do not
describe the origin of their patients, i.e. natives or immigrants. The description of the
Austrian cohort (19) which has been maintained for a long time may be one the most
complete with a crude prevalence of 1:39,800. However, even that study was not carried out
with the intention to produce a prevalence estimate. Altogether, the results and quality of
these studies vary too much to provide a valid estimate of the clinical prevalence.

Three recent large, nationwide, high quality populations studies bases on electronic records
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are now available from France (20), Taiwan (21) and Hong-Kong (22). The crude prevalence
estimates were 1:63,000, 1:55,000 and 1:40,000 respectively. However, the data clearly
suggested overlooked cases. Thus, in the French study, the prevalence was higher in younger
age groups and near larger cities and highest in the 20-29-year age group (1:37,000). In the
Taiwan study, the crude prevalence increased from 1:90,000 in 2001 to 1:35,000 in 2011. The
male/female ratio was 1.75/1 suggesting a number of undiagnosed cases among females,
because the male/female ratio is 1(23). Since most Taiwan patients were diagnosed in
neurological departments (21), hepatologic cases in which females predominate could have
been overlooked. Thus, the best estimate for Taiwan is 1:29,100 as reported for males in
2011. In Hong-Kong, the prevalence increased from year 2000 and became stable after 2011
without sex differences and suggesting a crude prevalence of 1:40,000 to be realistic also in
the future. Thus, the four best clinical studies provided estimates of the disease prevalence of
1:39,800 (19), 1:37,000(20), 1:29,000 (21), and 1:40,000 (22), respectively.

Some countries, like Israel, Croatia, Costa Rica and the Italian island Sardinia may have
higher prevalence of Wilson disease, either related to consanguinity or higher mutation
frequencies. There is no clear geographically east/west or north/south gradient
(supplementary table 1).

Data from the Middle East, India, Pakistan, Africa and South America are so limited that

prevalence estimates are not possible for these parts of the world (24, 25).

Prevalence related to number of births

Studies of the crude prevalence may severely underestimate the disease prevalence because
of overlooked cases in the past. To overcome this bias, investigators have related the number
of diagnosed cases to the number of births in a given period. Reports from such studies are

available only from Europe and listed in Table 1. Estimates center around 1:40,000-1:50,000
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except for a higher prevalence in Sardinia of 1:16,700. These numbers are not different from
1:29,000 — 1:40,000 derived from the three large high-quality studies on crude prevalence
mentioned above (20-22). The Eurowilson collaboration reported incidence data from Croatia
(2.44 WD/mio/3 years) and Austria (2.2 WD/mio/3 years) which may suggest somewhat

higher prevalence, but these data were only published as an abstract (26).

Screening studies

Clinical or biochemical screening

To overcome the problem of overlooked cases, and the other methodological issues
mentioned above, attempts have been made to screen for Wilson disease by biochemical or
clinical methods, as listed in Table 2. These studies employed screening of larger populations
for Kayser-Fleischer (KF)-rings (27), or ceruloplasmin in either whole dried blood (28-31) or
urine (32, 33). All these studies were too small to provide useful estimates of the prevalence
of Wilson disease and most of them are prone to selection biases that would tend to
overestimate the disease prevalence. Thus, the Chinese study (27) involved screening of
153,370 inhabitants in the Hashan County and it is unclear how many declined the invitation.
Several of the studies (28-31) included patients at pediatric departments where Wilson
disease most likely is more frequent than in the background population. In one study, the
selection method was not described (33). In the two studies from Japan (31, 32) including
well defined unselected populations of children, the prevalence estimates were either
0:126,810 (31) or 1:11,362 (32), which is hard to conclude from because of large confidence

intervals. In summary, these studies do not provide evidence to qualify our discussion.
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Population-based genetic studies

We identified 9 studies, where population-based genetic methods were applied to estimate the
frequency of Wilson disease-causing alleles. In some studies, the authors only looked for the
most frequent known disease-causing mutations and scaled up the estimate to compensate.
Other studies looked for all possibly disease-causing mutations.

A Swedish study looked for the H1069Q and T977M mutations that constituted 44% of
disease-causing alleles in 24 unrelated Swedish Wilson patients (34). In 2460 blood donors,
these alleles together constituted 0.175% (95% CI 0.09% — 0.36%) of ATP7B alleles (35).
From that a frequency of disease-causing alleles of 0.175%/0.44= 0.39% and a corresponding
genetic prevalence of 1:63,175 (CI 1:14,938 — 1:239,012) can be calculated. Only nine
mutated alleles were detected in the donor pool and that explains the wide confidence
interval.

In a study from the US (36), 2.601 Caucasian newborns were examined for the H1069Q
mutation which constitutes 38-45% of Wilson disease-causing mutations in that ethnic group.
Seven carriers were found providing a prevalence estimate of 1:50,000 (95% CI 1:18,000-
1:700,000). The broad confidence interval shows that even this sample size was too small for
firm conclusions.

A study from the UK (37) sequenced the ATP7B gene in blood sampled from 1000 newborns
(1K sample). They identified 24 alleles with single nucleotide variants predicted by a
computer program (GAP4, Staden Sequence Analysis Package) to cause dysfunction of
ATP7B. From that observation, they calculated a genetic prevalence of 1:7,026. (95% ClI
1:1,800- 1:15,000, our calculation). However, only 12 of the identified mutations were
actually known to cause Wilson disease. Recalculating using only known disease causing
mutations, the genetic prevalence estimate was 1:28,000 (95% CI: 1:9,100 — 1:104,000, our

calculation). It is thus uncertain whether the UK estimate is different from the US estimate of
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1:50,000 (36). The UK-paper also included a limited analysis of a larger number of 5,376
samples from newborn individuals (the 5K sample), where they sequenced exons 8, 14, and
18, that cover 51% of all known Wilson causing mutations in the UK. Twenty-three alleles
with possible disease-causing mutations were identified, from which we calculated the
frequency of disease-causing alleles in that sample to be (23/0.51)/(2*5376)= 0.0042
corresponding to a prevalence of 1:57,000 (CI 1: 35,000 — 1:132,000). This result was again
compatible with the US study.

Four studies from South Korea (38-41) analyzed the frequency of the 3, 4, 6, or 7 most
common mutations in South Korea in samples from 500(40), 476(39), 14,835(38), and 3,057
individuals(41), respectively. The corresponding genetic prevalence estimates were 1:3,000,
1:30,800, 1:7,500 and 1:27,000 (38-41). These results have been taken to suggest a higher
prevalence in South Korea than in the rest of the world, but selection biases may have
hampered this conclusion. Thus, in the larger study (38) newborns were recruited only if their
parents wanted the test and payed for it, and in two other studies (40, 41), samples were taken
from individuals in health promotion centers, where patients tend to accumulate.
Unfortunately, there are no clinical data from South Korea to compare with.

In a recent French study (42), ATP7B DNA was sequenced in 697 patients with other
diseases than hepatic and neurologic and without a family history of Wilsons disease. Among
the 1394 alleles examined, they identified 15 alleles that have classified as pathogenic, 7
“likely pathogenic” alleles and 15 alleles with “variants of uncertain significance”. The
“likely pathogenic” variants had never been identified in Wilson patients but computer
analysis predicted them to be deleterious for protein function. “Variants of uncertain
significance” were used when these computer programs produced conflicting predictions in
alleles that have never been identified as causing Wilson disease. Combining “pathogenic”

and “likely pathogenic”, they concluded that 22/1394 (q=0.016, prevalence 1:4014). If only
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the 15 “pathogenic” alleles were included, we calculate g=0.011 (0.007-0.018) and
prevalence 1:8636 (1:3086-1:20,408) which is still much higher than 1:37,000 we extracted
from their clinical study (see above) (20).

As explained above, the genetic prevalence will always be higher than the disease prevalence
because of the age at presentation. In the US and British studies, the data on clinical and
genetic prevalence did not clearly differ. This was in contrast to the French study, where
there seemed to be a significant difference between clinical and genetic prevalence. The same
is true for the best studied region, Sardinia to be described below.

A very recent report (43) searched the gnomeAD database of 64,600 non-Finnish European
genomes for “pathogenic” and “likely pathogenic” variants in ATP7B, mostly based on
computer predictions. Many of the “likely pathogenic” variants had not been observed in WD
patients. Gao et al. concluded a prevalence of 1:7,200, close to the French estimate.

However, when the most common “pathogenic” or “likely pathogenic” variants from the
gnomAD database are compared to the recently published actual distribution of disease
causing mutations in 1346 WD patients (44), it is likely that at least a number of these

variants are of low penetrance or without relevance for WD at all (Figure 1).

The Sardinian case
The Italian island, Sardinia, is the best studied area employing both clinical and genetic

methodologies.

Clinical studies. The first epidemiological study included all identified patients between 1902
and 1983 (45). From the patients alive on certain dates in 1951, 1961, 1971 and 1981, the
crude prevalence estimates were 1:58,000, 1:44,000, 1:44,000, and 1:34,000, respectively. In

accordance, the number of diagnoses per decade was steadily increasing (45). The prevalence
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relative to births was estimated to be 16/ 266,944 = 1:16,684, suggesting that a large number
of patients were repeatedly overlooked. In a later study from 2013 (46), 192 patients were
included, which corresponds to a prevalence of 1:8,700. The increase of the crude prevalence
from 1:58,000 in 1951 to 1:8,700 in 2013 is likely the combined effects of increased

diagnostic awareness and improved survival after introduction of penicillamine (45).

Genetic studies. Two population based genetic studies have been performed in Sardinia. In
one, 5290 newborns were screened for the typical Sardinian mutation in ATP7B (-441/-447
del), and the allele frequency for all Wilson disease-causing mutations in ATP7B was
calculated to be 1.92 %. Assuming Hardy Weinberg equilibrium, the incidence of Wilson
disease should be 0.0192% = 1:2,707 of births (14) and even higher in the likely case of Hardy
Weinberg violations. A later study using another genetically-based method reached almost

the same result (46).

Thus, in Sardinia, like in the French and the gnomAD based studies, there is a clear contrast
between the high prevalence predicted in the genetic studies (1:2,700) (14, 43, 46) and the
estimates based on clinical diagnoses (1:16,000 and 1:8,700) (45, 46).

One explanation could be that 50-75% of all Wilson patients in Sardinia remained
undiagnosed after 30 years of increasing diagnostic awareness, which is hard to believe.
Alternatively, the penetrance of Wilson disease-causing mutations in this population is less

than 100%.

This article is protected by copyright. All rights reserved.



Discussion

The estimated global prevalence of Wilson disease has not been systematically assessed since
1984 where Scheinberg and Sternlieb suggested 1:30,000 based on the available but limited
data at that time. In the present study we reevaluated this estimate including more resent
literature and results based on new methodologies.

Since the aim of this study was to estimate the disease prevalence as defined, the clinical
epidemiological studies are of key importance. A general tendency in the clinical studies is
that the crude prevalence increased with time. Since the diagnostic criteria for Wilson disease
have been stable over a long period of time (47, 48), this must be due to factors such as
increased diagnostic awareness, earlier diagnosis, shorter diagnostic delay, and the fact that
many of the cases overlooked in the past died within a few years of the missed diagnosis and
thus exited the calculation.

The larger studies clearly suggest that there are still a number of undiagnosed cases. This is
supported by prevalence differences among geographical areas and age groups in the French
study (42), the gender differences in the Taiwan study (21), and the increase of prevalence
estimates with time in the Hong Kong Study (22). Another factor affecting clinical
prevalence is potential masking as other diseases, e.g. as non-alcoholic steatohepatitis or
dementia.

When the increasing crude prevalence is considered, interpretation of the four high-quality
nationwide studies from Austria, France, Taiwan, and Hong Kong resulted in estimates of the
crude disease prevalence ranging from 1:29,000 to 1:40,000 (19-22). Estimates based on the
number of diagnosed cases per year relative to the number of births likewise tried to
overcome the bias from undiagnosed cases in the past and returned estimates in the same

range (Table 1). This is surprisingly close to the original suggestion from 1984.

This article is protected by copyright. All rights reserved.



At the same time some regions may have higher prevalence estimates, such as reported from
Croatia (1:28,000), Sardinia (1:16,700-1:34,000), Israel (1:16,000) and Costa Rica
(1:19,000). The reason for these differences may be higher frequencies of the disease-
causing mutations and/or more first cousin parenthoods. The latter can be quantitatively
important; for example, with a carrier frequency of 1:100 an increase of first cousin
parenthood frequency from 0 to 5% and 10% will increase the prevalence from 1:40,000 to
1:25,500 and 1:18,700 (Table 3). In a number of Middle East and oriental countries, 25-50 %
of all marriages are first cousin relations, and parents of Wilson disease patients are first

cousins in up to 54% of cases (49).

Thus, the preliminary conclusion is that in countries with few first cousin marriages, the
expected disease prevalence is 1:29,000 -1:40,000, while in the Middle East, Pakistan, India,
and other countries where first cousin marriages are common, the disease prevalence will be
correspondingly higher (Table 3). Even this conservative estimate suggests a large number of
undiagnosed cases worldwide.

Recent technological developments have enabled genetic screening of specific populations,
aiming for revised healthcare strategies, based on more precise estimates of the number of
undiagnosed Wilson cases. However, in these studies the picture is less clear. While the
Swedish and the US studies suggested a genetic prevalence of 1:63,000 to 1:50,000, and the
5K sample of the UK study 1:57,000, the rest of the UK study was somewhat conflicting. In
the UK study’s 1K sample, detection of known disease-causing mutations suggested a genetic
prevalence of 1:28,000 which may not be statistically different from the Swedish and US
studies. Both the French and the UK study found very high allele frequencies when they also
included computer-predicted pathogenic mutations in their analysis.

In our judgement, to the extent that computer-predicted mutations have not been observed in
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Wilson patients, it would be more reasonable to assume that they do not cause Wilson
disease. Likewise, the algorithms used for these computer predictions have limitations as the
different programs yield conflicting results. Known examples are the common disease-
causing Spanish mutation, M645R, predicted to be benign by SIFT, Polyphen, CADD,
REVEL MetalR, and Mutation Assessor and the clinically benign mutation, A1140V,
predicted by Mutation Taster to be disease-causing with high probability. As genetic
prevalence will always be higher than clinical disease prevalence, this consideration further
narrows the gap between genetic and high-quality clinical methodologies.

The genetic studies from South Korea could suggest a somewhat higher genetic prevalence in
South Korea, but as there are no clinical epidemiological data from that country and since the
studies were underpowered or subject to selection biases, no firm conclusions can be made.
The French and Sardinian studies provide challenging data. In both cases, genetic prevalence
was approximately 4 times the maximally observed crude prevalence. A recent study (43) of
64,600 genomes from non-Finnish Europeans populations suggested a genetic WD
prevalence of 1:7,200 close to the French and British genetic estimates. However, when the
frequency of the assumed disease-causing variants in that study was compared to the
frequency of disease-causing variants in a large WD population (44) the comparison (Figure
1) strongly suggested that at least some mutations have a low penetrance. Taken together
these studies suggest that the penetrance of Wilson disease may actually be lower than 100 %

as generally assumed.

The underlying assumptions for the use of genetic prevalence need to be closer examined.
One is that any combination of two “disease causing mutations” will lead to Wilson disease.
This may not always be the case. It may be that only some but not all combinations lead to

Wilson disease. In such case, the genetic prevalence method will overestimate the disease
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prevalence. Another possibility is that a combination of mutations that leads to disease in one
patient does not have the same effect in another, i.e. the penetrance is not 100%. Since it is
common practice to treat asymptomatic siblings identified by genetic screening, it is difficult
to judge how often non-penetrance occurs. Case reports describe individuals with two
“disease-causing mutations”, who never developed symptomatic disease (50, 51), but it is
unclear how often that happens. Epigenetic factors have also been shown to modulate the
course of Wilson disease and could result in mild or no disease (52). If the penetrance is in
fact below 100%, the diagnostic criteria needs revision (47) as will the handling of
asymptomatic siblings. From the data presented so far, it is clear that large, population-based
clinical studies of high quality and much larger genetic studies are needed to reach sound
conclusions on the disease prevalence and genetic penetrance of Wilson disease. As long as
the penetrance question is open, population screening of newborns by genetic or biochemical
methods should not be encouraged, because it is unclear whether they will develop disease at

all.

In conclusion, from the reviewed data, an estimate of disease prevalence of 1:30,000-
1:50,000 appears valid for USA, Europe, and Asia and surprisingly close to the 1984
proposals of Scheinberg and Sternlieb (2). There are definitely populations with higher
prevalence. One factor is consanguinity that may increase the clinical prevalence
considerably and possibly explain a higher disease prevalence in Middle Eastern countries,
Pakistan, and India. In others areas, such as Croatia and Sardinia, a higher frequency of
disease-causing mutations also contributes. Data suggesting higher genetic prevalence in
South Korea are inconclusive and need comparison to clinical presentation. Practically
nothing is known about prevalence of Wilson disease in Africa and South America. Available

population-based genetic studies in Caucasian populations in some cases show higher
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prevalence than clinically based estimates, raising the question whether the penetrance is

actually 100% as generally assumed.
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Figure legend

Figure 1. Comparison of predicted and observed disease-causing variants of ATP7B.

The X-axis displays the frequency of the most common predicted “pathogenic” or “likely
pathogenic” variants of ATP7B in the gnomAD database (https://gnomad.broadinstitute.org/)
according to Gao et al. (43). The Y-axis displays the frequency of disease-causing mutations
in 1346 European Wilson patients (44). On the assumptions that (A) the non-Finnish samples
in the gnomAD database is a relevant background population for patient database, (B) Hardy
Weinberg and (C) 100% penetrance, all data points should be on a straight line. If one

assumes that the penetrance of the R969Q variant is 100% data should be on the line depicted
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on the graph. A number of mutations are actually close to that line and could represent
mutations with (close to) 100% penetrance. Other data points are on the graph but clearly
below that line. They could represent mutations with lower than 100% penetrance. Still a
number of variants - those placed at the X-axis - were not present in the patient database at

all. They may not cause Wilson disease.

Table 1

Prevalence estimates based on the number of presenting cases relative to number of births.

Country and period Cases No. of births Prevalence Ref
diagnosed estimate
Switzerland 1946-55 19 1:44,800 (53)
Eastern Germany 1949-1977 123 4.2 mio/28 years | 1:34,400 (54)
Western Germany 1962 1:86,000 (55)
Sardinia 1971-1981 16 266,944 1:16,700 (45)
Ireland 1980-1989 12 637 1:53,000 (56)
Denmark 1981-1985 4 55,000/year 1:68,750 (57)
Denmark 1990-2009 28 70,000/year 1:49,500 (58)
Czech Republic 1995-2008 76 95,000/year 1:16,500 (59)
Poland 1996-2016 156 385,000/year 1:49,000 (60)
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Table 2

Screening for Wilson Disease by measurement of ceruloplasmin in blood or urine or
detection of the Kayser-Fleisher (KF)-ring.

Method/year

Blood Ceruloplasmin

1999
1999
1999
2002
2006

U-Holo-
Ceruloplasmin

2002
U-Ceruloplasmin
2008

KF-Rings

2014
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Country

Japan
Japan
Japan
South Korea

USA

Japan

Japan

China

No

126,810
24,165
2,789
3,667
1,398

48,819

11,362

153,370

WD | Prevalence

o B, N W O

1:8,084
1:1,400
1:3,667

1:24,400

1:11,362

1:17.000

Ref

(31)
(31)
(30)
(28)
(29)

(33)

(32)

(27)



Table 3

Predicted prevalence of Wilson disease as a function of the frequency of disease-causing
alleles, g, and percentage of first cousin marriages in a theoretical population. Full penetrance
and normal life expectancy are assumed and other sources of consanguinity are neglected.

q Carrier Percentage of first cousin marriages
frequency
0.05 0.1 0.25 0.5
1:300 1:151 1:90,000 1:47,761 1:32,506 1:16,599 1:9,143
1:200 1:101 1:40,000 1:25,447 1:18,659 1:10,364 1:5,953
1:100 1:51 1:10,000 | 1:7,940 1:6,584 1:4,354 1:2,783
1:50 1:26 1:2,500 1:2,266  1:2,073  1:1,649  1:1,231
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