Metabolic Liver Disease: Part 2

Michael R. Narkewicz and Christine Waasdorp

Hurtado

Alpha-One Antitrypsin Deficiency
Background

Alpha-1 antitrypsin deficiency (A1-ATD) is the
most common genetic cause of liver disease in
children, with a prevalence of 1:1,600-1:2,000
per live birth [1-3]. One in 5,000 North Americans
has severe A1-ATD [4]. It is an autosomal codom-
inant condition resulting in an 85-90 % reduction
in serum alpha-1 antitrypsin (A1-AT). A1-AT is a
member of the serine protease inhibitor (serpin)
family that inhibits destructive neutrophil prote-
ases, elastase, cathepsin G, and proteinases. The
protein is produced in the liver and increases in
response to injury and inflammation [5-7].
Deficiency of the A1-AT protein results in both
liver and lung injury. Adults develop chronic lung
disease felt to be due to unregulated elastolytic
attack of the connective tissue due to decreased
circulating levels of A1-AT [2]. Lung injury is
accelerated by smoke and pollution exposure
[8-10]. In adults the disease is also associated
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with a variety of liver disorders, including chronic
hepatitis, cirrhosis, and hepatocellular carcinoma.
Children also demonstrate a broad spectrum of
liver involvement. A1-AT deficiency is the most
common metabolic disease causing neonatal hep-
atitis syndrome. The presentation is easily con-
fused with biliary atresia and cystic fibrosis;
however, the pathology can differ. The pathophys-
iology of liver disease is not clearly understood.
The current belief is that liver injury results from
retention of misfolded A1-AT molecules in the
endoplasmic reticulum (ER) of hepatocytes [11].

Structure of Alpha-1 Antitrypsin

The normal A1-AT molecule is designated by its
electrophoretic migration pattern as M (middle).
The various structural variants of Al-AT are
identified by agarose electrophoresis or isoelec-
tric focusing of plasma in polyacrylamide gel at
acid pH [12]. Letters are assigned to variants
based on distance of migration using alphabetical
assignments from low to high isoelectric points
[12]. The most common severe deficiency, PiZZ,
has a A1-AT variant that moves the slowest [2].
PiZZ is responsible for 95 % of cases of severe
Al1-ATD [13].

Function of Alpha-1 Antitrypsin

The major physiologic function of A1-AT is inhi-
bition of the serine proteases, released by activated
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Table 9.1 Clinical and laboratory findings in alpha-1 antitrypsin deficiency by age

Age Newborn Infant and child Adult

Laboratory Cholestasis Elevated transaminases Elevated transaminases

findings Elevated transaminases Liver synthesis dysfunction Liver synthesis dysfunction
Liver synthesis dysfunction

Clinical findings  Jaundice Jaundice Hepatomegaly
Hepatomegaly Hepatomegaly Hepatosplenomegaly
Hepatosplenomegaly Hepatosplenomegaly Portal hypertension
Ascites Portal hypertension Cirrhosis

Cirrhosis Tumor

neutrophils, to include elastase, cathepsin G, and
proteinase 3 [14].

Biosynthesis and Regulation

The primary site of A1-AT production is the liver.
This is demonstrated by synthesis of the donor
A1-AT phenotype in patients following an ortho-
topic liver transplant and the basis for correction
with liver transplantation [2]. A1-AT is synthe-
sized and secreted to a lesser degree from human
blood monocytes and bronchoalveolar and breast
milk macrophages [2].

Plasma concentration of AI1-AT increases
three- to fivefold in response to inflammation
and/or tissue injury mediated by IL 6 and lipo-
polysaccharide (LPS) stimulation [2, 3, 15].
Levels of A1-AT also rise during pregnancy and
with oral contraceptive therapy [2].

Variants

There are more than 120 identified allelic vari-
ants. The majority of variants are associated with
areduction in serum A1-AT protein levels. There
is a null variant, with no measurable A1-AT in
the serum, associated with emphysema, but not
liver disease [16]. PIMM (protease inhibitor), the
normal variant, is the phenotype in 95 % of the
population and is associated with normal serum
levels of A1-AT. The S and Z variants are the
most common. Some of the variants, such as S,
are not associated with disease in homozygous
state. Other familial variants result in a defi-
ciency of serum A1-AT and demonstrate variable

presentations, including emphysema and liver
disease.

PiZZ has less elastase inhibition capability and
is cleared sooner due to its instability [17]. The
mutation is due to a single AA nucleotide change
(lysine for glutamic acid) resulting in decreased
secretion and accumulation of the mutated form
in the endoplasmic reticulum (ER). The protein
becomes trapped due to increased folding and
decreased stability [18]. PiSS has no decrease in
function or duration of function [19, 20].

Liver Disease

Liver involvement and disease, first reported in
1968 by Freir et al. and in 1969 by Sharp, is quite
variable in affected individuals [21]. Data and
animal models are most consistent with accumu-
lation of abnormal A1-AT in ER resulting in
hepatocyte damage. Interestingly not all patients
with ER accumulation of the mutant protein
develop injury. This suggests a role for inherited
traits and environmental factors [2, 3].

Liver disease develops in PiZZ and PiSZ vari-
ants and very rarely in PIMZ. Liver disease does
not occur with the other variants (e.g., PiSS). The
PiMZ state, which has a 50 % reduction in serum
A1-AT, may predispose to more severe liver dis-
ease in other hepatic disorders such as hepatitis B
and C, alcoholic liver disease, cystic fibrosis-
associated liver disease, and NAFLD [22, 23].
The clinical spectrum of liver disorders is shown
in Table 9.1.

The natural history of liver disease has been
described in a longitudinal follow-up study from
Sweden [6, 7, 24]. Of the 176 with A1-ATD after
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screening of 200,000 infants in 1972-1974, 125
were PiZZ, 48 PiSZ, 2 PiZnull, and 1 PiSnull.
Forty-five percent of the PiZZ infants were small
for gestational age. Only 11 % of the affected
infants had obstructive jaundice in infancy. Of
the 14 PiZZ infants with cholestasis, 9 demon-
strated severe clinical and laboratory evidences
and 5 had only laboratory evidence of liver dis-
ease. Four of these infants went on to develop cir-
rhosis by 2 years of age. Eighty-three percent
demonstrated no clinical signs of liver disease,
but 50 % still had abnormal LFTs at 6 months of
age. Two thirds of those with hepatic anomalies
were male. Only 25 % of the PISZ infants had
abnormal LFTs. By 18 years of age, 85 % had
normal aminotransferases and no signs of liver
disease [6]. Three children died before age eight
of liver disease. Further follow-up of the same
population identified that only 5-10 % of all
PiZZ children develop significant liver disease
[6, 24].

Other studies have screened all infants with
liver disease for A1-ATD [25, 26]. In 43 infants
with A1-ATD identified over 10 years, 24 were
PiZZ [25]. Liver pathology was available on 14
of the PiZZ infants in whom 57 % had periodic
acid-Schiff (PAS) inclusion bodies at less than 3
months of age. Of the PiZZ infants, 10 % were
born premature, 37 % were SGA, and 31 % had
failure to thrive with 83 % identified and diag-
nosed by 3 months of age. Laboratory studies
showed elevated transaminases in 59 and 91 %
were cholestatic. Physical findings demon-
strated hepatomegaly in 87 % and splenomegaly
in 43 % with only 5 % having a normal physical
exam. Heterozygotes were more likely to have
normal laboratory values, with only 23 % hav-
ing elevated transaminases and 39 % with cho-
lestasis. Hepatomegaly was present in only 43 %
and splenomegaly in 7 % of heterozygotes. In a
large pediatric liver practice, 36 children with
A1-ATD were identified from 424 with liver dis-
ease [26]. Nineteen were PiZZ, all of whom had
prolonged cholestasis. All demonstrated PAS
inclusions on liver biopsy. All demonstrated
hepatomegaly and elevated LFTs, and all but
one had resolution of cholestasis by 7 months of
age. Three developed cirrhosis by 3 years of age.
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Cirrhosis and portal hypertension may have
been present in 5 others with hepatosplenomeg-
aly and fibrosis. The 16 affected with heterozy-
gous disease (MS, MZ, SZ) demonstrated less
severe liver involvement with cholestasis in 5.
Interestingly, many were found to have other
liver disease including biliary atresia. One sib-
ling was identified as PiZZ with no evidence of
liver disease, again showing the variability in
disease course.

Lung Disease

Lung injury in A1-ATD is due to multiple fac-
tors. Due to low levels of A1-AT in the lungs,
the elastase created by neutrophils is not neutral-
ized, and proteolytic activity goes unchecked.
Cigarette smoke and pollution exposure along
with pulmonary infections significantly affect the
elastase levels and therefore the severity of lung
damage [27].

Lung disease is commonly associated with
A1-AT deficiency with 60-70 % of PiZZ subjects
developing lung injury as adults. The typical pre-
sentation is insidious development of dyspnea in
the 30—40s. Lung disease peaks in the fourth and
fifth decades [22, 28]. One half will have a cough
and history of recurrent infections with progres-
sion to decreasing FEV (forced expiratory vol-
ume) and increasing total lung capacity [8]. Chest
X-ray demonstrates hyperinflation with base atel-
ectasis [29]. The correlation between cigarette
smoking and decreasing survival is clear [13].
The National Heart Lung and Blood Institute
reports a mortality of 3 % per year in A1-ATD
with 72 % dying from lung disease and only
10 % from liver disease [13].

Diagnosis

A1-ATD is diagnosed by both serology and his-
tology. Screening with serum levels is accept-
able, but levels can be elevated in acute infection.
PiZZ phenotypes rarely have serum levels over
50-60 mg/dL [30]. Serum AI1-AT phenotyping
(Pi phenotyping) should be performed in children
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Fig.9.1 PAS-positive
diastase-resistant eosino-
philic globules (black arrow)
in a liver biopsy from a child
with A1-ATD (40x)

Table 9.2 Diagnosis of alpha-1 antitrypsin

Who to screen  Liver disease of unknown etiology
Family member with A1-ATD (PiZZ)
Early onset emphysema

Irreversible airflow obstruction

Necrotizing panniculitis of unknown
etiology

Serum A1-AT level (serum level
<1.1 g/L). Consider simultaneous
CRP to rule out inflammation
A1-AT phenotype

A1-AT genotype — rarely needed

How to screen

with low levels (<1.1 g/L) or those with a high sus-
picion despite low normal levels [30]. Genotyping
is available, but rarely needed. Histology can be
useful for diagnosis, but is not necessary. PAS-
positive diastase-resistant eosinophilic globules
can be visualized in the endoplasmic reticulum in
the periportal hepatocytes (Fig. 9.1) [31, 32].

Similar findings are seen in other liver dis-
eases and therefore are not diagnostic [32]. In
addition, the histology may demonstrate necro-
sis, inflammation, fibrosis, cirrhosis, bile duct
proliferation, bile duct destruction, and possible
bile duct paucity [32]. Individuals where screen-
ing for A1-ATD is appropriate are shown in
Table 9.2.

Treatment

Treatment of patients with A1-ATD is primar-
ily supportive care and aggressive preven-
tion and treatment of lung disease. At this time
there are no specific therapies for A1-ATD
liver disease. Infants with cholestasis may ben-
efit from fat-soluble vitamin supplementation.
Ursodeoxycholic acid is often used to improve
bile flow, but no study has shown benefit. There
has been a suggestion that breastfeeding provides
some protection. It has been postulated that breast
milk contains active A1-AT [33]. However, no dif-
ference was found between breast- and formula-
fed babies in another report [34]. Avoidance of
cigarette smoke (primary and secondary) and
environmental pollution is vital as this acceler-
ates lung disease and has a clear association with
shortened life.

Liver transplantation is appropriate for indi-
viduals with end-stage liver disease. The recipi-
ent assumes the donor’s Pi phenotype. A1-ATD
accounts for 3.5 % of all pediatric and 1.1 %
adult liver transplants [35]. More males were
transplanted than females. One-year survival in
children and adults was 89 and 92 % and 5-year
survival 83 and 90 %. In addition to improve-
ment in liver disease, there is a decrease in the
risk of lung disease.
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Gene therapy has also been evaluated and may
hold hope for lung disease [36]. Pluripotent stem
cell therapy is also currently being evaluated with
promising early results [37].

Recombinant A1-AT administered by inhala-
tion or infusion is used in Al-ATD-associated
lung disease but not the liver disease. Many other
drugs and therapies are currently being evalu-
ated. Of these, carbamazepine is in clinical safety
and efficacy trials [38].

A1-AT and Other Organs

There have been some reports and small studies
that have suggested a role of A1-AT deficiency in
the development of other disease to include
inflammatory bowel disease, glomerulonephritis,
and pancreatitis, but no definitive study has been
completed. Further study is needed to confirm
associations and understand mechanisms.

A1-AT Summary

A1-ATD should be considered in all adults and
children with liver disease of unclear etiology.
Most affected individuals develop liver disease.
A1-AT deficiency is associated with both liver
and lung injury and possible other organ involve-
ment. Liver damage is due to retained A1-AT in
the endoplasmic reticulum. There is currently no
accepted medical therapy for liver disease, but
gene and stem cell therapy continue to be investi-
gated. Liver transplant does resolve the liver dis-
ease and improve lung function.

Wilson Disease
Background

Wilson disease (WD) is a rare autosomal reces-
sive disorder of copper metabolism. Mutations of
the copper-transporting P-type ATPase, ATP7B,
impair the biliary excretion of copper and cellu-
lar utilization resulting in copper overload and
copper accumulation in tissue. First described in
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1912 as a central nervous system disease (CNS)
with asymptomatic liver involvement [39], it is
now understood that WD affects many organ sys-
tems with CNS and liver being the most signifi-
cant. The prevalence is estimated at 1 in 30,000
persons worldwide with a carrier frequency of 1
in 90 [40, 41]. Symptoms often begin in child-
hood and adolescence. WD is universally fatal if
not treated.

Genetics

The gene for WD, located on chromosome 13,
encodes a transmembrane copper-transporting
P-type ATPase, ATP7B [42, 43]. There are more
than 500 identified polymorphisms in the ATP7B
gene, with more than 250 confirmed as disease-
causing mutations [44]. Newer studies show a
correlation between genotype and phenotype.
Patients with nonsense or frameshift mutations
have earlier and more severe disease [45]. A data-
base of the polymorphisms can be found at www.
wilsondisease.med.ualberta.ca/database.asp [46].
The variability in timing of onset and severity of
symptoms suggests involvement of modifier
genes and environmental factors. One example is
the MURRI gene, which has been associated
with earlier onset of disease [47].

Pathophysiology

Copper is an essential trace element functioning
as a coenzyme for many key enzymes [47].
Following ingestion, copper diffuses across the
intestinal mucosa and is carried across the entero-
cyte by the copper-transporting enzyme, ATP7A,
into the portal circulation where it binds to albu-
min allowing transport into the hepatocytes by
transporter HCTRI1. Inside the hepatocyte it is
chaperoned to the Golgi network where ATP7B,
an ATPase transporter, transports copper for
incorporation into ceruloplasmin. It is then
exported in the bile [47]. In WD, ceruloplasmin
secretion is decreased due to decreased copper
delivery, but apoceruloplasmin, which has a
shorter half-life, is normal.
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The resultant inadequate excretion in WD
results in excessive copper accumulation in the
brain, liver, kidney, and other organs [48]. The
exact mechanisms of copper toxicity are not fully
understood. It has been suggested that copper
accumulation induces cellular damage via oxida-
tive stress, increased apoptosis, or mitochondrial
damage [44, 47].

Clinical Manifestations

The initial presentation can occur between 5 and
35 years of age (See Table 9.3). The youngest
reported new diagnosis was at 3 years and the
oldest in their 80s [47]. Typically, manifestations
are related to liver and CNS copper deposition.
The frequency of the primary presentations were
hepatic in 42 %, CNS in 44 % (neurologic 34 %
and psychiatric 10 %), and hematologic and
endocrine in 12 % [48-50]. One fourth of patients
have multiorgan involvement [48]. In children it
is common for hepatic involvement to precede
neurologic manifestations. After the age of 20
years, the neurologic (75 %) presentation is more
common than hepatic (25 %) [51]. In children
evaluation is often triggered by elevated trans-
aminases, hepatomegaly, or family history of
WD [51]. Syriopoulou’s study of 57 pediatric
patients showed 1/3 to have hepatic symptoms
triggering evaluation [51].

Hepatic Manifestations

Liver involvement can vary from a self-limited
acute hepatitis through a chronic hepatitis to acute
liver failure. Younger children may present with
acute liver failure with jaundice, coagulopathy,
ascites, and hepatic encephalopathy commonly
with massive hemolysis. Acute liver failure due
to WD accounts for approximately 4 % of all
acute liver failure in children over 3 years of age
[52] and occurs in up to 12 % of all cases [47].
Children with liver failure demonstrate a female
predominance, likely related to hormonal influ-
ences [41]. Children and adolescents may also
present with evidence of chronic liver disease
with cirrhosis, portal hypertension, and ascites.
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Table 9.3 Manifestations of Wilson disease

Organ system Presentation

Hepatic Mild hepatitis, chronic hepatitis,
acute liver failure, chronic liver
disease with cirrhosis and portal
hypertension, cholelithiasis
Neurologic/
psychiatric

Tremor, dystonia, gait disturbances
— ataxia

Parkinsonian-like syndrome —
rigidity, hypokinesia, tremor

Open jaw with drooling, dysarthria
Emotional lability

Cognitive decline (school
performance), writing difficulties,
dysarthria, clumsiness, migraines,
insomnia, choreiform movements,
dystonia, depression, psychoses
Renal

Cardiac

Nephrolithiasis, aminoaciduria
Left ventricle hypertrophy, ST
depression, arrhythmia sudden
cardiac death

Ophthalmologic
Skeletal
Endocrine

KF rings, sunflower cataracts
Osteopenia, arthritis
Hypoparathyroid

Reproductive Infertility, increased frequency of

miscarriage

Others Hemolysis, pancreatitis

Hepatomegaly is found in many children with
WD with one study identifying hepatomegaly
in 77 % of WD children [51]. Cholelithiasis is
another complication of WD and warrants a WD
evaluation in the undiagnosed. The stones are
mixed pigment and cholesterol [48].

Central Nervous System
Manifestations

Central nervous system (CNS) involvement
results in a spectrum of neurologic sequelae.
Typically neurologic issues present in the second
and third decade but have presented as early as
6 years of age [40]. Kaiser Fleischer rings are
typically found in patients with CNS symptoms,
but not always. Onset of symptoms is gradual
and progressive. Typical presentation includes
tremors and difficulty with fine motor tasks. As
the disease progresses, patients may develop
masklike facies, rigidity, and gait disturbances.
Cognitive decline is also documented. Psychiatric
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Fig. 9.2 Kayser-Fleischer ring indicated by the solid
black arrow

disturbances occur in up to 25 % of patients.
Many patients are given a psychiatric diagnosis
prior to identification of WD. Manifestations can
include anxiety, affective disorders, depression,
compulsive behaviors, phobias, aggression, poor
school performance, and even psychosis [47, 48].

Ophthalmologic Manifestations

Kayser-Fleischer (KF) rings are associated with
WD, but are not limited to WD. KF rings are
described as golden brown, brownish green,
bronze, tannish green, and greenish yellow in the
zone of Descemet’s membrane in the limbic region
of the cornea (Fig. 9.2). KF rings can be appreci-
ated on gross exam, but slit-lamp examination is
required for confirmation. The rings represent
deposited copper granules throughout the layers of
the cornea. They may be found in asymptomatic
patients [48] and fade with treatment. Sunflower
cataracts can be seen in WD [53]. These are a
greenish gray or golden disk in the anterior cap-
sule of the lens with spokes radiating to the lens
periphery and resolve with therapy [48].

Renal Manifestations

Renal involvement is characterized by proxi-
mal tubular dysfunction and is common in WD.
This results in aminoaciduria, glycosuria, and
increased excretion of uric acid (with resultant

low serum uric acid levels) and calcium, as well
as a decrease in filtration rate. Many WD patients
are unable to acidify their urine resulting in
potassium loses and hypokalemia [54]. The com-
bination of inadequate acidification and hyper-
calciuria results in the common occurrence of
renal stones [48]. Renal function improves with
therapy [48].

Cardiac Manifestations

In a study of 53 WD patients [55], 34 % percent
demonstrated electrocardiographic (ECG) abnor-
malities to include left ventricle hypertrophy, ST
depression, premature ventricular contractions,
sink atrial block, T-wave inversion, and atrial
fibrillation. Compared to a control population,
there was an increased rate of arrhythmia, which
may be associated with sudden death [50, 55].

Other Manifestations

Bone, hemolytic, endocrine, reproductive, and
biliary abnormalities are also found. The skeletal
changes include osteoporosis, rickets, osteomala-
cia, spontaneous fractures, and osteoarthritis [48].
Demineralization is the most common abnormal-
ity resulting from hypocalcemia and hyperphos-
phatemia [48]. Hemolysis is another common
issue which can be transient or progress to chronic
anemia [48]. Endocrine dysfunction presents as
hypothyroidism and hypoparathyroidism [47].
Reproductive issues include infertility and
increased frequency of miscarriage [47].

Diagnosis

The diagnosis can be made in the face of the
classic triad of hepatic disease, neurologic
symptoms, and KF rings (see Table 9.4). If this
triad does not exist, there is no single test that is
100 % sensitive and specific, especially in chil-
dren. A high index of suspicion, combined with
a complete history and physical exam, as well as
laboratory and genetics studies is used in diag-
nosis. Physical exam may demonstrate findings
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Table 9.4 Scoring system Typical clinical symptoms Other tests

to estab!ish diagno:s is (8th KF rings Liver copper content

International Meeting on

Wilson Disease, Leipzig, Present 2 Normal (<0.8 pmol/g) -1

2001) [56] Absent 0 0.8—4 pmol/g 1
Neurologic symptoms >5x ULN (>4 pmol/g) 2
Severe 2 Rhodanine-positive granules 1
Mild 1 Urinary copper
Absent 0 Normal 0
Serum ceruloplasmin 1-2x ULN 1
Normal (>0.2 g/L) 0 >2x ULN 2
0.1-0.2 g/lL 1 Normal, but >5x ULN s/p 2

D-penicillamine

<0.1 g/L 2 Mutation analysis
Coombs-negative hemolytic anemia On both chromosomes 4
Present 1 One (1) chromosome 1
Absent 0 None 0
Score
4 or more =diagnosis established
3 =diagnosis possible. More tests
2 or less=diagnosis very unlikely

of chronic liver disease including fluid retention, Laboratory Testing

ascites, jaundice, hepatic encephalopathy, and
hepatosplenomegaly.

Ferenci incorporated comments on the Leipzig
score to create a scoring system for diagnosis that
includes clinical symptoms, laboratory findings,
and mutational analysis [46, 57]. Points are
assigned for presence of KF rings, neurologic
symptoms, low serum ceruloplasmin levels, ane-
mia, liver copper, urine copper, and presence of
mutations. A score of greater than 4 establishes
diagnosis and greater than 3 requires mutation
analysis for confirmation (Table 9.4) [46]. Two
recent studies in pediatric patients retrospectively
identified 53/54 and 55/57 WD patients with this
tool [51, 58]. Another retrospective study identi-
fied 28/30 asymptomatic WD patients [59].

The score is not needed in straightforward
cases. This would include a patient with extra-
pyramidal symptoms, KF rings, and typical labs
(low ceruloplasmin, high urine copper excretion)
and, similarly, a patient with evidence of hepatic
disease with KF rings and typical labs (low
ceruloplasmin, high urine copper excretion).
However, clinical symptoms and KF rings are
not always present. It is in these cases the scor-
ing system assists with diagnosis.

Serum ceruloplasmin is decreased (<20 mg/dL)
in 95 % of patients presenting with WD [47].
Decreased levels are not specific for WD and
may represent other conditions associated with
decreased hepatic synthetic function, protein
loss, and hereditary hypoceruloplasmin [48].
Ceruloplasmin is an acute phase reactant and
may be normal in patients with WD at times of
hepatic inflammation [47].

Evaluation of urinary copper excretion, which
is normally less than 100 pg/24 h, is also used in
diagnosis. In WD urine copper excretion is typi-
cally greater than 100 pg/24 h and can increase
into the thousands but may be normal in asymp-
tomatic patients. Using a level of 40 pg/24 h
increases the sensitivity in children [47].
Elevation of urinary copper excretion may also
be found in other causes of cholestasis [49].
Urinary copper excretion is also used to docu-
ment effectiveness of chelation treatment, with
increasing levels identifying successful therapy.
One retrospective study found that a ceruloplas-
min less than 20 mg/dL and urinary copper
greater than 40 pg/24 h in an asymptomatic child
diagnosed WD with a sensitivity of 95 % and a
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Fig. 9.3 (a) Periportal glycogenated nuclei (solid black arrows) in a liver biopsy from a patient with Wilson disease.
(b) Rhodanine stain of a liver biopsy from a patient with Wilson disease demonstrating positive staining (black arrows)

specificity of 84.5 %. The positive predictive
value was 93 % and the negative predictive value
was 91.6 % [59]. Children with normal urinary
copper excretion in whom there is still suspicion
of WD may require a D-penicillamine challenge.

Serum copper concentrations are useful in the
diagnosis. Serum copper levels can be used to
follow therapy with a goal level of 5-15 pg/dL
during chelation.

Liver functions are also helpful in identifying
patients with possible hepatic WD, but are gener-
ally not specific enough for diagnosis. Typically
serum transaminases remain elevated and the
alkaline phosphatase is low, and some authors
have suggested a high specificity for WD with an
elevated AST:ALT ratio and alkaline phospha-
tase elevation to total bilirubin ratio in acute liver
failure [47, 60].

Genetic testing can be very useful in the con-
firmation of diagnosis. Molecular genetic testing
is utilized in asymptomatic siblings where the
mutation(s) in the affected sibling is known.
Testing for common mutations is recommended
in cases of nonfamilial WD, as direct sequencing
is costly and time consuming.

Liver Pathology
Liver biopsy for quantification of hepatic cop-

per is included in the scoring system. Hepatic
copper measurement of >250 pg/g dry weight

is consistent with WD, while <50 pg/g dry
weight excludes WD [48]. Some experts recom-
mend using levels of greater than 75 pg/g of dry
liver tissue for diagnosis to increase sensitivity.
Elevated hepatic copper may be seen in normal
healthy infants less than 6 months of age, cho-
lestasis, cirrhosis, and cholangitis [48].

Liver histology is also helpful in diagnosis
with changes seen even in the very young.
Cirrhosis has been identified as early as 5 years
of age [61]. Fat deposition is seen early in the
disease with progression to steatosis. Evidence of
chronic active hepatitis is seen with fibrosis lead-
ing to cirrhosis. Periportal glycogenated nuclei
are found in liver biopsies in WD (Fig. 9.3a).
Copper stores are seen in less than 10 % of
patients, despite special stains (rhodanine,
Fig. 9.3b) [44]. Positive staining is a factor in the
scoring system.

Ophthalmologic Evaluation

Slit-lamp examination for KF rings is supportive
of a diagnosis, but not pathognomonic. KF rings
are seen in approximately 50 % of patients with
hepatic involvement and 95 % of those with neu-
rologic and psychiatric presentations. KF may
also be seen in chronic hepatitis, primary biliary
cirrhosis, and intrahepatic cholestasis [53, 56].
KF rings are rarely seen in children younger than
7 years [51].
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Table 9.5 Medical treatment of Wilson disease

Treatment dose for
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Medication symptomatic patients Maintenance dose ~ Monitoring Side effects
Penicillamine Adults: Adults and children: Free Cu 5-15 pg/dL  Fever, rash
750-1,500 mg divided 15 mg/kg/day Urine Cu Pancytopenia
BID-QID 250-500 pg/24 h
20 mg/kg/day to max of Bone marrow
2 g/day toxicity
Children: 20 mg/kg/day Elastosis cutis
divided BID-QID Nephrotoxicity,
Goodpasture
syndrome
Lupus-like syndrome
Optic neuritis
Colitis (rare)
Trientine Adults: 750-1,500 mg Adults and children: Free Cu 5-15 pg/dL  Sideroblastic anemia
divided BID-QID 15 mg/kg/day
Children: 20 mg/kg/day Urine Cu Colitis (rare)
divided BID-QID 100-500 pg/24 h
Zinc Salts Adults: 150 mg divided Adults: 75-150 mg  Free Cu 5-15 pg/dL. Gl intolerance
TID divided TID
Children (<50 kg): 75 mg/ Children: 50-75 mg Urine Cu Elevation of amylase
day divided TID divided TID 100-500 pg/24 h and lipase
Dose in mg of elemental Urine zinc (non-pancreatic)

zinc

Modified from Rosencrantz and Schilsky [47]

Neurologic Examination

A thorough neurologic exam and imaging of
the brain (CT or MRI) should be considered in
all patients with suspected or confirmed WD.
A baseline neurologic assessment is helpful
while following response to therapy. MRI and CT
may identify changes in the basal ganglia, pons,
or thalamus suggesting the diagnosis [47].

Screening of Asymptomatic Relatives

Siblings have a 1 in 4 chance and children of a
WD parent have a 1 in 180 chance of inheriting
the disease [47]. It is recommended that asymp-
tomatic relatives have a thorough screening at 3
years of age [52]. This includes a complete his-
tory and physical exam and ophthalmologic slit-
lamp exam along with measurement of serum
ceruloplasmin, serum copper, and 24-h urinary
copper excretion and evaluation of transami-
nases. The likelihood of diagnosis with all the

>1,000 pg/24 h

testing returning normal is exceedingly small. If
any of the testing returns abnormal, further test-
ing with a liver biopsy for quantification of cop-
per and histology is prudent. Genetic testing is
recommended to confirm diagnosis.

Treatment

Therapy for WD is lifelong (See Table 9.5).
Treatment may vary between initial therapy
and maintenance therapy following successful
de-coppering. Foods high in copper (shellfish,
grains, nuts, mushrooms, legumes, chocolate,
and organ meats) should be avoided. The three
therapies are D-penicillamine, trientine, and zinc
salts [47, 48]. D-penicillamine and trientine che-
late copper allowing urinary excretion. Dosage is
slowly increased to maximize chelation and then
reduced to a maintenance therapy. Significant
improvement is seen within weeks of starting
therapy. Neurologic symptoms may initially
worsen with treatment of D-penicillamine, due to
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mobilization of large amounts of copper and sub-
sequent deposition in the brain. D-penicillamine
has more side effects that lead to therapy changes
(Table 9.5). Trientine is typically better tolerated
and may have a lower risk of neurologic worsen-
ing. Zinc functions as an antagonist to intestinal
copper absorption [48]. Zinc increases intestinal
metallothionein, leading to copper binding and
retention in the intestinal cell which is sloughed
with the stool. It takes 2 weeks to increase intes-
tinal metallothionein levels, and thus zinc is not
a good option in symptomatic patients. To be
most effective, zinc should be taken at least 1 h
away from meals at least three times a day. The
newest experimental therapy is ammonium tetra-
thiomolybdate with two anti-copper mechanisms,
reduced absorption and decreasing availabil-
ity due to binding. The complications and side
effects are significantly less than D-penicillamine.

Long-term and comparative studies of the
various available therapies are lacking, making
the selection of therapy challenging despite the
safety profiles. Weiss did directly compare zinc to
chelators in patients with neurologic disease and
found zinc to have a higher rate of worsening liver
function tests and decreased urinary copper excre-
tion [44]. Future prospective trials are needed
to determine the best therapies for patients with
neurologic and hepatic predominant disease.

Urine copper levels can be used to monitor
success in all three therapies. With chelation ther-
apy, urinary copper excretion should rise.
Tapering the dose of the chelator to maintenance
levels or converting to zinc should only be con-
sidered when the urinary copper excretion subse-
quently declines. With zinc therapy, copper
removal is slower and will not rise but should
eventually decline. Spot urine zinc can be used to
assess compliance. A small study of 16 children
with WD who received trientine found that 10/16
had improvement in LFTs. Thirteen of 16 contin-
ued on trientine with 1 stopping for allergic reac-
tion, 1 with low copper excretion, and 1 going to
transplant [62].

Liver transplantation is indicated in WD
patients who have (1) acute liver failure and (2)
severe hepatic decompensation not responding to
therapy and (3) responded to D-penicillamine but
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have developed severe progressive hepatic insuf-
ficiency with therapy discontinuation [35, 58, 63].
Transplantation changes the hepatic genotype
and improves copper excretion. The role of trans-
plant in severe neurologic disease is unclear.
Survival following transplant is good. Patients
will experience normalization in serum copper
and ceruloplasmin as well as 24-h urinary copper
excretion 1-2 months following transplant [48].

Natural History and Clinical Outcome

The prognosis is excellent for patients with
early diagnosis who are compliant with therapy.
Similarly, patients with mild symptoms will likely
experience improvement with therapy. Patients
with neurologic symptoms may have initial wors-
ening in the first 4 weeks of therapy due to initial
increases in serum copper levels. In patients with
significant neurologic and psychiatric manifes-
tation, studies show a slow progressive benefit
over 3 years or longer. Two recent studies with
long follow-up found that on therapy, 61-76 %
of subjects remained clinically stable and 2—-18 %
progressed, with few deaths associated with WD
[43, 44, 64]. Patients are more likely to have pro-
gression associated with neuropsychiatric involve-
ment than liver involvement [43, 44, 64]. King’s
College studied 74 children with WD including 57
with liver disease and 17 asymptomatic siblings.
Of this group 32 remained on long-term chelation,
10 had liver transplants, and 15 died from acute
liver failure (10 days or less from symptoms to
death) [58]. There is a revised prognostic index
score that is used to predict response to treat-
ment. The score is based on serum bilirubin, INR,
AST, white blood cell count, and albumin (scores
0-20). A pediatric evaluation predicted favorable
response to chelation in children with a score of
less than 11. Those with scores of greater than 11
died without transplant [58].

Summary

Wilson disease is an autosomal recessive disease
of copper metabolism with dysfunction of the
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P-type ATPase, ATP7B, copper transporter. This
results in copper overload and injury to multiple
organ system but most notable the CNS and liver.
Presentation varies significantly in both time
course and severity. Diagnosis is complex and
based on several laboratory studies. Liver biopsy
adds both copper content and histology to assist
with the diagnosis. There is a scoring system that
is showing increasing promise for the diagnosis of
WD. There are currently three main medical thera-
pies with few large studies or comparative studies
to direct therapy selection. A revised scoring sys-
tem can assist with selection of medical therapy
versus transplantation and has been shown to be
predictive in children. Liver transplant is curative.

Cystic Fibrosis Liver Disease

Cystic fibrosis (CF) is a common lethal genetic
disease in the North American population, affect-
ing 1:2,500 births. There are about 30,000 indi-
viduals in the USA with CF and approximately
1,000 new cases annually. Although pulmonary-
related factors are the most common cause of
death in CF [65-67], liver disease is the third
leading cause of death, accounting for 2.5 % of
overall mortality [68, 69].

The liver is likely involved to some degree in
all individuals with CF; however, clinically sig-
nificant liver disease (multilobular cirrhosis with
or without portal hypertension) only occurs in
5-10 % of individuals.

The term cystic fibrosis liver disease has been
commonly used. However, there have been vari-
able definitions of this entity, and this has led to
confusion about the natural history, clinical
impact, and outcome of liver disease in CF. We
prefer to use the following classification of liver
involvement in CF put forth at a CF Foundation
Williamsburg conference. In this scheme,
advanced liver disease is reserved for CF-related
liver disease with cirrhosis with or without portal
hypertension, based on clinical examination,
imaging, or histology. Other liver disease is classi-
fied as liver involvement without cirrhosis/portal
hypertension. The various indications of this could
include one or any combination of persistent or
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intermittent AST, ALT, or GGT >2 times upper
limit of normal; hepatic steatosis as determined by
liver biopsy or imaging; hepatic fibrosis as deter-
mined by liver biopsy; cholangiopathy demon-
strated by MRCP or ERCP; and other ultrasound
abnormalities not consistent with cirrhosis.

The definitions, clinical presentations, and
prevalence data for each of the categories are
described below.

Cystic Fibrosis-Related Cirrhosis
with and Without Portal
Hypertension

Multilobular Cirrhosis

Multilobular cirrhosis is indicated by the pres-
ence of multiple regenerative nodules and diffuse
involvement of the liver. On physical exam a
hard nodular liver that may or may not be
enlarged detects multilobular cirrhosis. On imag-
ing, there is an irregular nodular liver edge and
coarse heterogeneous parenchyma. Prior to the
development of portal hypertension, there are
often no other clinical features. Once portal
hypertension is present, splenomegaly, esopha-
geal or gastric varices, or ascites may be the first
suggestion of previously unsuspected cirrhosis.
Liver biopsy can show features consistent with
cirrhosis but may not be sensitive due to the
patchy nature of the nodular involvement and the
large regenerative nodules that can be mistaken
for normal hepatic parenchyma. Multilobular
cirrhosis in CF is a pediatric disorder. The median
age of discovery is 10 years with very few new
cases identified after 20 years of age, and no
increased prevalence with increased life span.
The prevalence of cirrhosis and its complications
have been reported in multiple studies that
include 4,446 subjects from Europe, Canada,
Australia, and Israel in the last 20 years. In total,
there was an average prevalence of multilobular
cirrhosis of 5.6 % portal hypertension 4.2 % and
varices 2.4 % [68, 70-80].

Portal Hypertension Without Cirrhosis
Non-cirrhotic portal hypertension has been
reported in CF [78, 81, 82].
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Complications of Cirrhosis

with Portal Hypertension

The primary complications of CFLD are
restricted to individuals with multilobular cirrho-
sis with portal hypertension and include the com-
plications expected in portal hypertension with
hypersplenism and esophageal or gastric variceal
hemorrhage the predominant issues. Variceal
hemorrhage occurs in 40-50 % of patients and
may occur even more frequently as survival with
CF continues to improve. Hepatic decompensa-
tion is rare and appears much more slowly than
in primarily hepatocellular diseases. Ascites is
a late and ominous complication, and synthetic
liver failure with coagulopathy is very rare. While
liver disease is listed as the third leading cause of
death among CF patients, some studies report no
increase in mortality among patients with multi-
lobular cirrhosis [70, 76, 77]. Two recent studies
report a trend towards younger age of death in
those with cirrhosis [80, 83]. In a large 18-year
retrospective review of 1,108 patients with CF, 53
developed cirrhosis, 23 with portal hypertension,
14 with varices, 8 with coagulopathy, and 6 with
overt liver failure resulting in 3 liver transplants,
but only one reported liver-related death [73]. The
incidence rate of major complications of cirrho-
sis (bleeding, ascites, encephalopathy) among a
cohort of 177 CF patients (17 who developed cir-
rhosis) followed longitudinally was 0.4 %, with
an all-cause mortality rate of 1.6 % among cir-
rhotic patients [70]. This is in contrast to older
reports that showed 11-19 % mortality from vari-
ceal bleeding or liver failure in CF cirrhosis [84].
Once portal hypertension develops in CFLD, some
studies report an increased risk of malnutrition,
osteoporosis/hepatic osteodystrophy, and decline
in lung function. However, a recent retrospective
study of 59 CF patients with cirrhosis and portal
hypertension found no decline in lung function
associated with portal hypertension as compared
to age- and gender-matched CF-specific refer-
ence values for lung function [85]. Malnutrition
associated with portal hypertension is likely mul-
tifactorial with decreased nutrient absorption,
increased resting energy expenditure, anorexia,
and decreased caloric intake. There may be a link
between CFLD and increased insulin resistance
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leading to a higher incidence of CF-related dia-
betes [86]. A single-center retrospective case-
control study showed an odds ratio of 4.8 (95 %
CI 2.49, 9.17) for CF-related diabetes in those
with cirrhosis and portal hypertension, using a
surrogate marker (thrombocytopenia) for cirrho-
sis with portal hypertension [87]. A case-control
study of CF patients with and without CFLD
found lower weight, height, and mid-upper arm
circumference and lower FEV1 scores in CFLD
patients [88].

Liver Involvement Without Cirrhosis
or Portal Hypertension

There are a variety of other forms of liver involve-
ment in CF. Some of these may occur together in
individual patients.

Focal Biliary Cirrhosis

FBC is primarily a histologic diagnosis. Autopsy
data has demonstrated liver involvement in
25-72 % of adults with CF, with the majority
showing focal biliary cirrhosis [89, 90]. FBC has
been found on postmortem exam in 11 % of
infants, 27 % at 1 year, and 25-70 % of adults
[89, 90]. It is the pathognomonic histopathologic
liver lesion in CF and is often clinically silent
without abnormalities in AST, ALT, or GGT. On
ultrasound, there are thickened (>2 mm),
hyperechoic periportal tissues. On MRI, there is
high-intensity signal in the periportal area on
T1-weighted imaging [91]. On liver biopsy, FBC
is characterized by focal portal fibrosis and
inflammation, cholestasis, and bile duct prolifer-
ation. It has been suggested that FBC is part of
the progression to multilobular cirrhosis, but
given the much lower frequency of multilobular
cirrhosis compared to FBC, the progression is
very rare [68, 70-72, 74-79].

Elevations in AST, ALT, and/or GGT

Forty to 50 % of CF patients have intermittent
elevations in AST, ALT, or GGT that are not
predictive of the development or presence of sig-
nificant fibrosis. In a longitudinal study of over
250 children identified by newborn screen in
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Colorado, followed for up to 20 years, 90 % had
at least one abnormal ALT and 30 % had persis-
tently (>6 months) elevated ALT. Persistent ele-
vations of AST, ALT, or GGT more than 3 times
the upper limit of normal were very rare [92]. In a
study of 376 children in 3 clinical trials with fre-
quent determination of biochemistries, 25 % had
emergence of at least one abnormal AST, ALT,
or GGT over an average of 8§ months of follow-
up [93]. Persistently elevated ALT or GGT (for
more than 6 months) are common and warrant
further investigation but are not diagnostic of any
particular disorder [94].

Hepatic Steatosis

Steatosis is likely the most common hepatic find-
ing in CF with a prevalence of 23-75 % of CF
patients in all age categories [95]. Steatosis was
present in 70 % of children undergoing liver
biopsy for suspected liver disease [76, 81]. Hepatic
steatosis has been associated with malnutrition
and deficiencies of essential fatty acid, carnitine,
and choline. However, steatosis is also found in
CF patients with adequate nutritional status [69].
It presents as smooth mild hepatomegaly without
signs of portal hypertension. The appearance on
ultrasound is typically uniform hyperechogenicity,
but it may also have a heterogeneous appearance
on ultrasound or as one or several “pseudomasses,”
which are lobulated fatty structures 1-2 cm in size
[96, 97]. In one study, 57 % of cases of steatosis
detected on ultrasound were associated with ele-
vation in aminotransferases [98].

Biliary Tract Disease

Cholangiopathy

Magnetic resonance cholangiography (MRC)
demonstrates abnormalities in the intrahepatic
bile ducts in a significant number of CF patients,
with stricturing, beading, and areas of narrowing
and dilatation similar to primary sclerosing chol-
angitis [96]. MRC-detected intrahepatic biliary
anomalies were reported in 69 % of CF patients
regardless of laboratory or clinical evidence of
liver disease, with isolated or multiple dilations
in the biliary tree noted [99].
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Cholestasis

This is the earliest manifestation of liver involve-
ment in CF and may mimic biliary atresia. Less
than 2 % of infants with CF present with neonatal
cholestasis. In a large study of infants with cho-
lestasis, only 9 of 1,474 (0.6 %) had CF as their
etiology, so it is an uncommon cause of neonatal
cholestasis [100]. Liver biopsy can mimic findings
seen in biliary obstruction and can be confused
with biliary atresia. Meconium ileus is a known
risk factor for the development of cholestasis [69,
95, 97]. While cholestasis generally resolves
within 3 months with no sequelae, some studies
have suggested an increased risk for cirrhosis in
children with meconium ileus [68, 70, 71].

Gallbladder Involvement

Gallbladder abnormalities are found in 24-50 %
of CF patients by US, MRI, or MRC.
Microgallbladder is reported in 545 % of CF
patients and 3-20 % have gallbladder distention
and evidence of gallbladder dysfunction. Older
studies reported that gallstones develop in
3-25 % of pediatric CF patients [95, 96, 101].
These stones are more commonly calcium biliru-
binate stones [102]. Coinheritance of the Gilbert
syndrome-associated UGT1A1 mutation appears
to increase the risk for gallstones in CF [103].
Cholecystectomy 1is indicated for the manage-
ment of symptomatic cholelithiasis. Calcium bil-
irubinate stones do notrespond to ursodeoxycholic
acid treatment. No treatment is required for
microgallbladder.

Pathogenesis

The pathogenesis of CF liver disease is largely
unknown. In the liver, CFTR is localized to the
apical surface of bile duct epithelium and is not
found in hepatocytes [104]. CFTR in biliary epi-
thelium increases apical biliary chloride secre-
tion primarily increasing bile acid-independent
bile flow. In the pancreas and lung, CFTR is
similarly located in the apical epithelium. These
organ systems are affected to varying degrees by
a dysfunctional or absent chloride channel lead-
ing to thickened mucus secretions and plugging.
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A similar pathologic mechanism has been sug-
gested in the liver, with inspissated bile leading to
obstruction of small intrahepatic bile ducts, sub-
sequent inflammation, and progression to fibrosis.

Screening for Liver Disease

The goals of screening for liver disease in CF are
twofold. The first would be to identify individu-
als at risk for cirrhosis prior to its development in
order to institute therapy to prevent or reduce
progression to cirrhosis. The second would be to
detect patients who have developed clinically
silent cirrhosis to allow monitoring and interven-
tions to reduce or mitigate complications.

No tests reliably identify individuals with CF
who are at high risk for the development of cir-
rhosis. In contrast, several methods have shown
promise for the detection of clinically silent cir-
rhosis. A combination of physical examination
for hepatomegaly, annual testing of AST/ALT
and GGT, and abdominal imaging (ultrasound,
CT, or MRI/MRC) has been thought to hold the
best promise for detecting clinically relevant
liver disease in CF (cirrhosis with or without por-
tal hypertension or advanced hepatic fibrosis).
However, these tests are not sensitive for early
stages of hepatic fibrosis or the identification of
individuals who are at high risk for cirrhosis. In a
prospective cohort study of CF patients with sus-
pected CFLD, dual-pass core-needle liver biopsy
increased the sensitivity of the detection of
hepatic fibrosis by 22 % compared to a single-
pass liver biopsy. In that study, the finding of
more advanced hepatic fibrosis was the only fac-
tor independently associated with the future
development of portal hypertension. Clinical
exam, ultrasound, and ALT were not predictive
of development of portal hypertension. Clinical
hepatomegaly and ultrasound abnormalities were
found to be sensitive, but not specific, and ALT
elevation specific but not sensitive for the detec-
tion of advanced fibrosis on biopsy [81].

The CF guidelines from 1999 recommend an
annual physical exam for liver span and texture,
spleen size, and annual AST, ALT, and GGT
determination but contained no definitive recom-
mendations on screening imaging or liver biopsy.
A recent best practice guideline paper from the

199

European Cystic Fibrosis Society recommends
hepatic ultrasound for patients with persistent
elevation of AST, ALT, or GGT on three consecu-
tive occasions over 12 months and/or clinical
hepatomegaly or splenomegaly. They proposed
that abnormalities in ultrasound could be fol-
lowed by liver biopsy [94].

Liver biopsy remains the “gold standard” for
the detection and staging of hepatic fibrosis and
the diagnosis of cirrhosis. The risks, cost, and
lack of ability to perform serial measurements
with liver biopsy in large part explain the empha-
sis on developing reliable and validated noninva-
sive tests for liver disease in CF.

Routine liver biochemistries are unreliable as
indicators of cirrhosis or the risk of development
of cirrhosis. Several studies have suggested the
use of serum markers of hepatic fibrogenesis for
early detection of CF liver disease, such as TIMP-
1, collagen type IV, prolyl hydroxylase, and glu-
tathione s-transferase [105-108].

Radiologic Imaging

The three main imaging modalities: ultrasound,
CT, and MRI can detect cirrhosis with or without
findings of portal hypertension [109]. Ultrasound
can demonstrate  multilobular  nodularity
indicative of cirrhosis but is unreliable at detect-
ing earlier stages of hepatic fibrosis. Steatosis
and hepatic fibrosis may be indistinguishable.
Children with normal hepatic ultrasounds can
have advanced fibrosis [76]. In a single-center
study, the ultrasound finding of hyperecho-
genicity was associated with an increased risk
for the development of multilobular cirrhosis
[75]. However, ultrasound heterogenicity can be
intermittent [75], and consistency in interpreta-
tion of echogenicity and homogeneity may be
center dependent leading to increased interob-
server variability [75, 98, 110]. However some
centers perform serial routine abdominal ultra-
sound to detect early imaging abnormalities such
as parenchymal heterogeneity that may indicate
an increased risk for progression to cirrhosis [75].

Acoustic Transient Elastography
Acoustic transient elastography uses a low-
frequency acoustic wave transmitted through the
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liver via a probe placed on the skin over the liver.
The velocity of the wave propagation is directly
proportional to the stiffness of the liver due to its
collagen fiber content. There are limited studies
of elastography in CF. Two studies of children
and adults with CF found increased liver stiffness
in clinical and biochemical CFLD and elastogra-
phy compared favorably to ultrasound for the
detection of advanced fibrosis [108, 111]. Two
studies in CF found a good correlation between
transient elastography values and the presence of
esophageal varices [108, 112].

Acoustic Radiation Forced

Impulse Imaging

Acoustic radiation forced impulse imaging
(ARFI) uses ultrasound to measure liver stiffness
and shear wave velocities. A potential advantage
is that ARFI may not be influenced by hepatic ste-
atosis [113, 114]. Initial studies show a good cor-
relation with transient elastography. One report in
a small cohort of CF subjects suggests that ARFI
is similar to transient elastography [115].

Treatment and Outcome

To date, there is no effective therapy in CF to pre-
vent or treat fibrosis. Thus, most efforts are
directed at supportive care and management of
complications.

Infants

Infants with cholestasis and prolonged jaundice
are at risk for malnutrition, fat-soluble vitamin
deficiency, and growth failure. This risk is higher
in those infants who have undergone bowel resec-
tion. Close monitoring of growth and fat-soluble
vitamin status with institution of higher-calorie
feedings and fat-soluble vitamin supplementa-
tion is often required. Ursodeoxycholic acid
(UCDA) increases bile flow and has been used in
this setting despite the lack of published evidence
in this age group.

Children and Adults
In older children and adults with CF and cirrho-
sis, the main issues in care are screening for and
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management of complications of portal hyperten-
sion (splenomegaly, ascites, varices) and optimi-
zation of their nutritional status and lung
function.

Ursodeoxycholic Acid

UDCA at present is the only therapy available
that may possibly prevent or delay progression of
CFLD. It increases bile flow, may replace poten-
tially toxic bile acids, acts as a cytoprotective
agent, and possibly stimulates bicarbonate secre-
tion in the biliary tract [116-118]. UDCA at
15-20 mg/kg/day has been shown to improve
AST and ALT, bile drainage, liver histology, and
nutritional and essential fatty acid status in CF
liver disease. However, a 2000 Cochrane review
on the use of UCDA in CF found few suitable
randomized trials assessing UDCA efficacy, and
there have not been any randomized studies con-
ducted since that review [119]. They concluded
data are insufficient to justify routine use in CF,
and no data on impact of UCDA on death or liver
transplant are available. In summary, there is sig-
nificant disagreement about the use of UDCA in
CF [94, 118, 120]. There is no well-controlled
randomized study of UDCA in CF and no strong
evidence for benefit or harm in CF. Further study
is needed to clarify the potential role of UDCA in
CFE. Other potential therapies such as essential
fatty acid supplementation and antioxidants have
not been sufficiently investigated to provide any
recommendations.

Management of CF Cirrhosis
with Portal Hypertension

Screening

Standard follow-up for sequelae of cirrhosis is
appropriate in CF. There is some evidence for an
increased risk of GI cancers in CF [121], but not
hepatocellular carcinoma (HCC), although there
are isolated case reports of HCC [122].

Esophageal and Gastric Varices

In CF patients with cirrhosis, varices have been
reported to be present in anywhere from 30 to
100 % [68, 70-73, 77]. In total these studies
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reported on 3,057 patients with CF with 111
patients (3.6 %) with cirrhosis identified of whom
54 (48 %) had varices. The risk of variceal bleed-
ing in CF cirrhosis has not been well studied. In
two studies of a total of 67 patients with CF and
cirrhosis, 28 (42 %) developed variceal hemor-
rhage [80, 84]. There have not been any studies
of primary or secondary variceal prophylaxis in
CF. Transjugular intrahepatic portosystemic
shunt (TIPS) has been used in CF and reported in
case reports and one small case series [123].
TIPS is effective in management of variceal
bleeding in CF and can stabilize patients for over
5 years. Some authors have used partial splenic
embolization or partial or total splenectomy in an
attempt to reduce portal venous flow and improve
thrombocytopenia [124, 125]. Indeed, partial
splenectomy with splenorenal shunt had favor-
able outcome in 15 of 19 CF patients with portal
hypertension, with improvement in liver function
and portal hypertensive symptoms, significantly
delaying or obviating the need for liver trans-
plantation [124].

Ascites

The development of ascites represents a poor
prognostic sign and is indicative of relative
hepatic decompensation and the need for evalua-
tion for possible liver transplant. Diuretics such
as furosemide or spironolactone may be utilized
as first-line therapy in concert with a salt- and
fluid-restricted diet in attempts to decrease the
ascitic fluid load. However, care must be taken to
not overly restrict salt in CF, as hypochloridia
may result especially in the summer months.

Liver Transplantation

Liver Transplantation Which patients with CF
and cirrhosis require liver transplant and optimal
timing of transplantation remains a controversial
subject. Reserving liver transplant only for those
with liver synthetic failure (a relatively rare late
event in CF cirrhosis) versus early transplantation
following the development of portal hypertensive
complications varies by center. The established
indications for liver transplant in CF include cir-
rhosis with evidence for hepatic decompensa-
tion or uncontrollable variceal bleeding. Some
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authors feel that evaluation and transplantation
should occur earlier in the disease course, before
lung function is severely compromised when
outcomes are likely to be better [126, 127]. The
relatively preserved hepatic synthetic function
in the CF cirrhosis population affects prioritiza-
tion for liver transplant, and clear guidelines on
selection of CF patients for liver transplantation
are lacking, although a scoring system has been
proposed [128].

Of 203 liver transplants in CF patients per-
formed in the USA from 1987 to 2008, 148 were
performed in children. There was a significant sur-
vival advantage in both adults and children with
CF cirrhosis receiving liver transplant compared
to those with cirrhosis who did not receive a trans-
plant, with further survival advantage in children
compared to adults [129, 130]. Outcomes of liver
transplant in CF have generally been favorable
with 1-year patient and graft survival (89 %/83 %,
respectively), and 5-year patient survival rates
(85.8 %) are not significantly different than non-
CF liver transplant patients [130, 131]. However,
for CF patients without liver synthetic failure or
intractable GI bleeding, their 1-year survival with-
out transplant would likely be higher. In Europe,
the median age of CF liver transplant recipients
was 12 years and the 3-year survival was approxi-
mately 80 % [132]. Thus pediatric CF patients in
the USA and Europe who undergo liver transplant
experience survival rates similar to the 5-year
unadjusted survival rates of 86 % in US non-CF
pediatric liver transplant recipients [130].

Relative contraindications to an isolated
liver transplant in CF include infection with
multidrug-resistant organisms (Pseudomonas,
Burkholderia), poor pre-transplant pulmonary
function (FEV1 <50 % predicted) and/or elevated
resting arterial pCO2, extensive pulmonary fibro-
sis on imaging, and severe pulmonary hyperten-
sion [132, 133]. Short-term improvements in lung
function are reported in pediatric patients follow-
ing liver transplant, and poorer lung function
prior to surgery is associated with mortality risk
[133]. Small single-center series have reported
both favorable [127] and unfavorable pulmonary
function outcomes following liver transplantation
[134]. A recent analysis of the CF registry found
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no difference in the rate of decline in FEV1 in the
3 years following liver transplant in the CF sub-
jects who underwent liver transplant compared to
CF controls without liver disease [135]. This sug-
gests that liver transplantation does not lead to a
significant long-term change in pulmonary out-
come. The effect of liver transplant on the nutri-
tional status of CF patients is also uncertain, with
reports of improvements [136, 137] and reports
of no improvement [135].

Combined lung and liver transplant may be
considered in patients with cirrhosis and portal
hypertension and extensive pulmonary fibrosis,
lower FEV 1, and resting hypercapnia. Eleven CF
patients underwent combined liver-lung trans-
plantation between 1987 and 2004 in the USA.
The median age was 15 years, and 1-, 3-, and
5-year patient survival rates were 79, 63, and
63 %, respectively [138]. Eleven combined liver-
pancreas transplants in CF patients with cirrhosis
and CFRD were performed between 1987 and
2010, with 100 % 5-year survival reported in
follow-up of 7 patients, with no further require-
ment for exogenous insulin or pancreatic enzyme
replacement therapy [131].

Hemochromatosis
and Hemosiderosis

Iron overload states can be classified as primary
or secondary. There are many disorders that can
lead to iron overload (Table 9.6). This discussion
will focus on hereditary hemochromatosis
(HHC), juvenile hemochromatosis (JHC), and
secondary iron overload (primarily transfusion
associated) in the pediatric patient. For a discus-
sion of the rarer entities, the reader is referred to
a recent review [140].

Physiology and Pathophysiology
of Iron Overload

Iron is one of the more tightly regulated nutrients
in the body. Humans have no significant excre-
tory pathway for iron. Iron stores are normally
controlled at the level of absorption, matching
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Table 9.6 Classification of iron overload states

Primary forms of iron overload

Hereditary hemochromatosis, HFE associated
C282Y homozygotes
C282Y/H63D compound heterozygotes

Hereditary hemochromatosis, non-HFE associated
Hereditary hemochromatosis, TFR2 associated

Juvenile hemochromatosis (hemojuvelin associated
(HJV), hepcidin associated (HAMP))

Ferroportin-associated hemochromatosis (FPN
autosomal dominant)

Heavy-chain ferritin disease
Neonatal hemochromatosis

Autosomal dominant hemochromatosis (Solomon
Islands)

Aceruloplasminemia

Atransferrinemia

Friedreich ataxia

DMT-1 deficiency

Secondary iron overload

Iatrogenic (transfusional iron overload)

Anemias (sideroblastic anemia, hereditary
spherocytosis, f-thalassemia)

Dietary or medicinal iron overload
Long-term hemodialysis

Chronic liver disease (hepatitis B and C, alcoholic liver
disease, NASH, post portocaval shunt)

Porphyria cutanea tarda
Cystic fibrosis
Tyrosinemia

Zellweger syndrome

Adapted from Pietrangelo [144]

absorption to physiologic requirements. Under
normal circumstances, only about 1 mg of ele-
mental iron is absorbed per day, in balance with
gastrointestinal losses. Intestinal iron absorption
is increased by low body iron stores (storage reg-
ulation), increased erythropoiesis (erythropoietic
regulation), anemias associated with ineffective
erythropoiesis (thalassemias, congenital dys-
erythropoietic anemias, and sideroblastic ane-
mia), and acute hypoxia. Both dietary iron intake
(dietary regulation) and systemic inflammation
can temporarily decrease iron absorption and
availability, even in the presence of iron defi-
ciency [141].

Iron is absorbed in the duodenal and proximal
jejunal enterocytes via divalent metal transporter
1 (DMT-1), where it is either stored as ferritin or
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moved across the basolateral membrane to reach
the plasma, where it is bound to transferrin. The
regulation of iron status hinges on hepcidin and
ferroportin. Hepcidin is produced in the liver and
is elevated in iron-sufficient states. High levels
of hepcidin decrease intestinal iron absorption
[142, 143]. When hepcidin is low, iron absorp-
tion is increased. Mutations in both the hepci-
din (juvenile hemochromatosis) and ferroportin
(autosomal dominant hemochromatosis) genes
have been described [144]. Hepcidin expression
is regulated by the HFE protein (mutated in HHC
type 1), transferrin receptor 2 (TfR2 mutated in
some forms of iron overload), and hemojuvelin
(mutated in juvenile hemochromatosis). In ani-
mal models and in humans with hemochromato-
sis, the normal increase in hepcidin expression
with iron loading is lost, leading to lower hep-
cidin levels and continued iron absorption in the
face of iron overload [139].

In humans, iron in the circulation is tightly
bound to transferrin. Diferric transferrin binds
to the transferrin receptor on the cellular plasma
membrane. This complex is then endocytosed
into the cell, where iron is released by the acid
environment of the endocytic vesicle. The iron
is then transported across the endosomal mem-
brane to the cytoplasm. In iron overload states,
more of transferrin is in the diferric state, or the
more readily absorbable state. The uptake of iron
is primarily regulated by the expression of the
transferrin receptor on the cell surface. In iron
deficiency, iron regulatory proteins are increased
and upregulate expression of transferrin receptor
1 increasing iron uptake and decrease the synthe-
sis of ferritin. In states of iron repletion or excess,
there is a reduced level of iron-binding proteins,
leading to less transferrin receptor production
and an increase in ferritin and hepcidin synthesis.

A second transferrin receptor (TfR2) binds
holotransferrin/diferric transferrin and mediates
the uptake of transferrin-bound iron. TfR2 is pre-
dominately expressed in the liver, where, in con-
trast to TfR1, it is not downregulated by dietary
iron overload. Hepatic TfR2 provides an expla-
nation for the continued hepatic iron uptake in
HHC despite the downregulation of TfR1. TfR2
also regulates hepcidin synthesis in the liver.
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In HHC and JHC, net iron absorption is
increased above endogenous losses. In addition,
in both disorders, there is loss of the normal
downregulation of iron absorption as iron accu-
mulates in the body. This is directly related to
inhibition hepatic hepcidin expression by the
mutations in the hepcidin regulatory proteins
responsible for HHC and JHC [139, 144]. The
result is a gradual increase in total body iron. In
HHC, the net increase in total body iron has been
estimated at 4-7 mg/day. The increased iron
absorption in HHC is the result of inappropriate
transfer of iron in the intestine due to suppression
of hepatic hepcidin secretion [144]. In JHC, iron
accumulates more rapidly than in HHC, due in
part to the more significant role of hemojuvelin in
the regulation of hepcidin [145]. Excessive iron
intake in the diet can accelerate the accumulation
of iron in both HHC and JHC. In a similar man-
ner, increased iron losses (most commonly in
menstruating females) can slow the accumulation
of iron. In secondary iron overload due to hemo-
globinopathies, iron overload is related to both
the anemia and increased iron absorption and
excess iron provided by transfusions. In contrast,
in aplastic anemias, iron overload is primarily
related to transfusion.

Genetics of Hereditary
Hemochromatosis

Hereditary hemochromatosis is an autosomal
recessive disorder due to a mutation in HFE
[146]. The HFE gene encodes a novel major his-
tocompatibility (MHC) class 1-like molecule.
Two principal missense mutations of HFE have
been identified (C282Y and H63D). Upward of
85-90 % of patients with classic HHC are homo-
zygous for C282Y, and another 5 % are com-
pound heterozygotes (C282Y/H63D). The
H63D mutation is quite common (15-20 % het-
erozygote state in the general population), but
H63D homozygotes generally do not have iron
loading. Ten to 15 % of patients with a clinical
syndrome of typical HHC do not have either the
C282Y or H63D mutation. However, 55 % of
patients initially felt to have HHC who carried
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neither mutation were found to have previously
unrecognized causes for secondary iron over-
load. There remains a small subgroup of HFE
mutation-negative iron-overloaded patients with
typical HHC. Some of these patients have muta-
tions in other hepcidin regulatory proteins.
Several new mutations in HFE have been
described in patients with iron overload, sug-
gesting that other HFE mutations may be found
in “wild-type” HHC.

HFFE is widely expressed throughout the body;
the highest levels are found in the liver and small
intestine. HFE is involved in an as yet unknown
complex regulation of hepcidin secretion, with
subsequent lack of hepcidin mRNA expression
and secretion in the face of excessive total body
iron stores [147].

Epidemiology

Hereditary hemochromatosis is one of the most
common genetic diseases in the white popula-
tion, with a prevalence of the C282Y homozy-
gous state of 1 in 200 to 1 in 400 [148]. The
disease is most common in individuals of north-
ern European descent. The frequency of the
C282Y mutation is highest in subjects from
northwest Europe (10-20 %), less frequent in
southern and eastern European populations
(2-4 %), and rare in natives of Africa, Central or
South America, Eastern Asia, and the Pacific
Islands [149]. The H63D mutation has a distribu-
tion similar to that of C282Y, but it is more com-
mon in European groups (1540 %). In a large
population-based study of 3,011 unrelated white
adults in Busselton, Australia, 14.1 % were het-
erozygous for the C282Y mutation and 0.5 %
were homozygous [149].

About 6.8 % of the US white population is
heterozygous for the C282Y mutation and 0.5 %
is homozygous. This is fairly similar to the esti-
mates of 1 in 200 incidence of iron overload in
the worldwide white population [150]. HHC and
the C282Y mutation are uncommon in African
Americans or Asian Americans [149], the preva-
lence of clinically diagnosed HHC in African
Americans being about 1 in 1,000 [148].
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Thus, HHC remains predominately a disease
of individuals of northern European descent.
Although mutation analysis has assisted in defin-
ing the prevalence of the disease in this popula-
tion, it has not proved useful in other selected
populations. Nevertheless, HHC remains one of
the more common, if not the most common,
inherited disorder in humans.

Clinical Features

In adults, HHC may present with the clinical syn-
drome of diabetes, cirrhosis, and increased skin
pigmentation as initially described in 1865.
Although the genetic defect is present at birth,
years of increased iron absorption and tissue
accumulation (usually >5 g of excess total body
iron) are required for the development of clinical
symptoms. Clinical symptoms are rare before
adulthood. Before the discovery of the gene for
HHC, most adults were diagnosed with clinical
symptoms that included liver disease (fibrosis or
cirrhosis), diabetes, skin pigmentation, heart
failure, arthritis, and endocrinologic distur-
bances. Since the discovery of the HFE gene, it is
recognized that many adults who are homozy-
gous for the C282Y mutation are asymptomatic
[149]. HHC can be classified into four stages: (1)
a genetic predisposition with no abnormality
other than possibly an elevated serum transferrin
saturation, (2) iron overload (2-5 g) without
symptoms, (3) iron overload with early symp-
toms (lethargy, arthralgia), and (4) iron overload
with organ damage. Almost all children with
HHC are in the first stage and may rarely be in
the second stage. For further data on the clinical
manifestations in adults, the reader is referred to
arecent review [151]. As iron accumulates in the
tissues, there is progressive fibrosis and injury.
As organ failure results, the classic clinical con-
sequences of hemochromatosis are recognized.
The organs involved and pathologic findings are
listed in Table 9.7.

Disease expression is dependent not only on
the mutation but on other genetic and environ-
mental factors, such as sex, age, dietary iron,
and other factors affecting iron balance. Males
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Table 9.7 Organ involvement in hereditary hemochro-
matosis

Organ Histology

Liver Periportal iron deposition, fibrosis,
cirrhosis

Pancreas Fibrosis with normal exocrine and f-cell
function Abnormal f-cell function

Skin Bronzing secondary to increased melanin

Heart Dilated and restrictive cardiomyopathy

Joints Hip, shoulder, knee, metacarpophalangeal
joint involvement, and chondrocalcinosis

Pituitary Fibrosis leading to hypogonadotropic

hypogonadism

with HHC typically present earlier than females,
presumably because of the ongoing iron losses
in menstruating females. In addition, the asso-
ciation of symptoms with the mutations is quite
variable and less common than previously
thought.

Most children and adolescents with HHC are
asymptomatic. Although most have abnormal
transferrin saturation, a normal ferritin is the rule.
Reports of elevated ferritin and death from con-
gestive heart failure in pediatric patients have not
been confirmed by genotype analysis and may
represent JHC, a truly distinct disorder [152]. A
study screening the children of 179 homozygotes
found that even at a mean age of 37 years, most
affected children of parents with HHC were
asymptomatic [153].

Unless another illness is present, heterozy-
gotes do not have clinically important iron over-
load. Heterozygotes do have slightly higher
transferrin saturations than those in normal indi-
viduals (men 38 % vs. 30 %; women 32 % vs.
29 %). This suggests that the heterozygote state
may be protective for iron deficiency in women.

Diagnosis and Screening

Prior to the discovery of HFE, the diagnosis of
HHC required the documentation of iron over-
load or HLA linkage to an affected individual.
Criteria for iron overload consistent with HHC
include (a) grade 3 or 4 stainable iron on liver
biopsy, (b) hepatic iron concentration greater

205

than 4,500 pg (80 pmol)/g dry weight, (c) a
hepatic iron index (iron concentration in micro-
moles per gram of dry weight divided by age
in years) of more than 1.9, and (d) evidence of
iron overload of more than 5 g. These criteria
are rarely encountered in children because in
the absence of confounding factors (high dietary
intake, hepatitis C viral infection, etc.), children
typically have not developed this degree of iron
overload. These criteria are probably not accept-
able for individuals identified by family screen-
ing, who may be early in the course of iron
overload. Some investigators have suggested
that any individual with an abnormal hepatic
iron concentration (>30 pmol/g or 1,500 pg/g
dry weight) who has no other reason for iron
overload should be suspected of having HHC.
A variety of disorders can lead to hepatic iron
overload, including chronic liver diseases such
as alcoholic liver disease, nonalcoholic steato-
hepatitis (NASH), chronic viral hepatitis, cystic
fibrosis, and porphyria cutanea tarda. There is no
association with an increased prevalence of the
HFE mutations in either alcoholic liver disease
or viral hepatitis [154]. However, in both NASH
and porphyria cutanea tarda, a higher frequency
of the C282Y mutation has been observed [155].

In adults, transferrin saturation is used to
screen individuals, with the threshold for further
investigation of 45 % in men and 42 % in pre-
menopausal women. Abnormal transferrin satu-
ration has been reported in children as young as 2
years. However, fasting transferrin saturation and
ferritin level in affected children can be normal,
even in known homozygous subjects [156]. Up to
30 % of women with HHC who are under 30
years of age have normal transferrin saturation
[156]. Thus, transferrin saturation is helpful in
phenotypic screening in children when it is
abnormal but does not exclude HHC when nor-
mal. In contrast, ferritin may be elevated in many
inflammatory liver diseases such as chronic viral
hepatitis and NASH in the absence of HHC and
is less helpful in phenotypic screening for HHC
in children and adults.

Liver biopsy has been primarily studied in
adults and should not be used for the diagnosis of
HHC in children. Increased hepatic iron can be
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demonstrated by Prussian blue staining. Hepatic
iron quantitation with the determination of the
hepatic iron index (micromoles of iron per gram
of dry weight divided by age in years) has been
considered one of the more sensitive and specific
tests for HHC. A hepatic iron index of greater
than 1.9 in the absence of secondary iron over-
load is indicative of HHC with iron overload.
However, 10—15 % of HHC patients identified by
genetic testing will have a hepatic iron index of
less than 1.9, calling into question the use of this
test for diagnosis in children [156]. In children
with HHC, an abnormal hepatic iron index has
been reported in those as young as 7 years. Liver
biopsy has given way to magnetic resonance
imaging (MRI) quantitation of hepatic iron con-
tent. Liver biopsy should reserved for assessment
of hepatic fibrosis in HHC and ruling out other
causes of liver disease [157].

Genetic testing is available on a commercial
basis. In 150 family members of 61 white
American probands, 34 family members had an
HHC phenotype. Among the family members,
92 % of the C282Y homozygotes and 34 % of the
C282Y/H63D compound heterozygotes had the
HHC phenotype. None of the H63D homozy-
gotes had an HHC phenotype. A few individuals
were heterozygous for one mutation and had iron
overload. Thus, testing for HFE mutations should
include both the C282Y and the H63D muta-
tions. Heterozygosity may contribute to iron
overload with an associated condition, but it
should not be considered the sole cause of iron
overload. Only C282Y/C282Y and compound
heterozygosity (C282Y/H63D) should be con-
sidered indicative of HHC. However, not all
compound heterozygotes will develop HHC. In
most cases, these individuals will not require
liver biopsy for confirmation of the diagnosis.
However, C282Y homozygotes with evidence of
liver disease (elevated aminotransferases or hep-
atomegaly) or with serum ferritin levels greater
than 1,000 pg/L should undergo a liver biopsy to
assess the degree of liver injury and the possible
contribution of other liver disorders to the clini-
cal picture. Liver biopsy is also recommended in
suspected iron overload in non-C282Y homozy-
gotes (C282Y heterozygotes, C282Y/H63D, or
no mutations).
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Approach to the Child
with a Parent with HHC

The preferred clinical assessment of a child
whose parent has HHC is open to debate. Because
symptomatic end-stage organ disease from HHC
is easily preventable with early therapy, screen-
ing of potentially affected children has been
advocated. However, the majority of patients
present with clinical disease after the age of 20
years. Biochemical screening requires repeated
determination of transferrin saturation and ferri-
tin. With the advent of genetic mutation testing,
Adams et al. [153] have shown that it is cost-
effective to screen the unaffected parent with
mutation analysis. A suggested strategy is shown
in Fig. 9.4. If the unaffected parent is either het-
erozygous or homozygous for C282Y, the poten-
tially affected children are then screened with
mutation analysis following appropriate counsel-
ing and consent [153]. Subsequently, at-risk chil-
dren are followed with fasting transferrin
saturation, ferritin, and liver blood tests. This
strategy was found to be more cost-effective
when compared with the phenotypic strategy
[158]. When the ferritin is greater than 200 pg/L
or aminotransferases increase, phlebotomy ther-
apy is then initiated.

Iron Overload in Children
with Liver Dysfunction

In pediatric patients, iron overload should be con-
sidered in the differential diagnosis of liver dis-
ease. Testing for transferrin saturation and ferritin
should be considered in the evaluation of hepatic
dysfunction in children (Fig. 9.5). If liver biopsy
is performed as part of the evaluation, staining for
iron should be done and quantitative hepatic iron
determination should be considered. There are
older reports of children presenting as young as 5
years with iron overload and presumed HHC that
may have been JHC, as these reports predate HFE
testing. White children with evidence of iron
overload (elevated transferrin saturation of
>45 %, elevated ferritin, increased stainable iron
or hepatic iron concentration) would be candi-
dates for possible HFE mutation analysis. The
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. C282Y/C282Y or H63D/C282Y ;
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Y

Genotype child and siblings

!
<G> <

C282Y/H63D

Y

C282Y/C282Y or

Yearly fasting transferrin saturation/ferritin
Institute phlebotomy treatment when abnormal

Fig. 9.4 Strategy for screening for hereditary hemochromatosis in a child with a parent with hemochromatosis

yield of HFE analysis in African American and
Asian American children should be quite low.
HFE mutation analysis may be helpful in patients
with other diseases that can lead to iron overload
(NASH, porphyria cutanea tarda).

The role of liver biopsy has not been studied
in children. Data from one large adult study has
shown that 50 % of HHC patients with a ferritin
level greater than 1,000 pg/L, abnormal aspartate
aminotransferase (AST), or hepatomegaly had
significant fibrosis on liver biopsy [159]. In con-
trast, none of the HHC patients without those fac-
tors had significant fibrosis [159]. Even before
genotyping was available, it was shown that
patients diagnosed in the precirrhotic stage who
were treated with venisection had a normal life
expectancy. Thus, in patients homozygous for the
C282Y mutation, these noninvasive measures
may be used to avoid liver biopsy.

Because HHC is a common genetic disorder
whose effects can be prevented by presymp-
tomatic intervention, screening of the general

population has been considered. Until the cost
of the testing is reduced and the implications for
insurability and management are clarified, new-
born testing has not been recommended [160]. In
adults, screening strategies have been suggested
using a combination of transferrin saturation and
confirmation with HFE testing.

Treatment

The goals of treatment are to reduce total body
iron overload and prevent reaccumulation of
iron. When instituted before end-organ injury,
successful treatment would ideally prevent the
development of cirrhosis and other end-organ
disease and reduce the incidence of hepatocellu-
lar carcinoma. Current recommendations are that
venisection is indicated if serum ferritin is greater
than 300 pg/L in males or 200 pg/L in females
[161]. The goal of therapy is to maintain a ferritin
level less than 50 pg/L. There are little published
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Fig.9.5 Strategy for screening and diagnosis of iron overload in a child with liver disease and suspected iron overload

data on phlebotomy therapy in children as chil-
dren with HHC rarely meet the preceding criteria.
Initial therapy in symptomatic children should
include weekly or every-other-week phlebotomy
of 5-8 mL/kg until the ferritin has decreased to
<300 pg/L. Thereafter, two to four sessions per
year will probably be required. In our experience,
therapeutic phlebotomy may need to be less fre-
quent in children with HHC who have asymp-
tomatic iron overload, probably because of their
lower total body iron load. Careful attention to the
development of iron deficiency is required when
treating children. Once identified, children with
HHC should be counseled to maintain a low-iron
diet and avoid ascorbic acid and vitamin supple-
ments containing iron.

Juvenile Hemochromatosis
(OMIM 602390)

Juvenile hemochromatosis, or hemochromatosis
type 2, is a rare iron-loading disorder that leads
to severe iron loading and organ failure, typically

before 30 years of age [152]. Even though this is
rarer than HHC, JHC may be a more common
cause of symptomatic iron overload in children.
JHC is characterized by autosomal recessive inher-
itance and a pattern of iron distribution and tissue
injury similar to that of HHC. However, JHC is not
associated with mutations in HFE. In contrast to
HHC, males and females are equally affected, and
hypogonadism and cardiac dysfunction are the
most common symptoms at presentation. The dis-
order has been reported in several ethnic groups.
Most patients present in the second and third
decades of life, likely the result of a higher rate of
iron accumulation in JHC as compared with HHC.
As such, the phlebotomy requirements to main-
tain normal iron balance are significantly higher
in JHC as compared with HHC. Most cases of
JHC are due to mutations in the gene HJV which
encodes hemojuvelin, a key regulatory protein for
hepcidin, and accounts for about 90 % of the cases
reported to date [152]. The most frequent mutation
is G320V, which was reported to account for 60 %
of the mutations in the original description and all
individuals identified in a French Canadian study.
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However, many mutations have now been reported
(reviewed in [152]). HAMP, which encodes hepci-
din, accounts for 10 % of the reported cases [162].
Combined mutations in HFE and TFR2 may also
present with a phenotype of JHC without muta-
tions in either HJV or HAMP [140, 152].

As a consequence, this disorder should be
considered when children and adolescents pres-
ent with clinically significant liver disease and
iron overload. A family history of iron overload
and hypogonadism in the absence of HFE muta-
tions should raise the clinical suspicion for JHC.
It is likely that some of the earlier reports of chil-
dren with clinically apparent liver disease and
iron overload had JHC and not HHC. With the
identification of candidate genes involved in
JHC, genetic diagnosis is available for HJV,
HAMP, and the HFE/TFR2 combination. These
offer the opportunity for presymptomatic diagno-
sis in children from affected families. However,
the overall incidence of this disorder must be
small in comparison with classic HHC, as in the
Australian population study, only 0.5 % of the
adults with the wild-type/wild-type hemochro-
matosis genotype had an elevated (>45 %) fast-
ing transferrin saturation.

A recommended approach to children with
suspected iron overload and no family history of
HHC is shown in Fig. 9.5.

Secondary Iron Overload

Secondary iron overload is a common problem
for children with transfusion-dependent diseases
such as the thalassemias, sickle cell disease, and
aplastic anemias. This disorder has been referred
to as hemosiderosis, primarily because the accu-
mulation of iron begins in the reticuloendothelial
cells in the liver. The pathophysiology of second-
ary iron overload is related to the provision of
parenteral iron that bypasses the normal intestinal
regulation of iron absorption. In addition, the ane-
mias of ineffective erythropoiesis (thalassemias,
congenital dyserythropoietic anemias, and sid-
eroblastic anemias) stimulate iron absorption,
resulting in an additional 2-5 g of iron absorbed
from the diet per year. Tissue iron overloading of
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parenchymal cells is apparent after only 1 year
of transfusion therapy. In patients who are receiv-
ing transfusions without chelation therapy, symp-
tomatic heart disease has been reported within 10
years [163]. Iron-induced liver disease is a com-
mon cause of death in older patients, often aggra-
vated by hepatitis C infection. Hepatic fibrosis is
present as early as 2 years after starting transfu-
sions, with cirrhosis reported in the first decade
of life. With improved survival with iron chela-
tion, iron loading of the anterior pituitary and
associated disturbed sexual maturation are quite
common.

Although the amount of excess iron that has
been provided in the form of transfused iron can
be calculated from the volume of red blood cells
administered, the biochemical markers of iron
overload may be unreliable. Some researchers
advocate following ferritin levels for signs of
iron overload. Under normal conditions, 1 pg/L
of ferritin is equivalent to 8—10 mg of storage
iron. Thus, a ferritin of 1,000 pg/L is equal to
about 10,000 mg of storage iron. When ferritin
is >4,000 pg/L, there is no longer a correlation
between ferritin and iron stores. In addition,
ferritin may be increased with hepatic inflam-
mation that may be related to other factors,
such as hepatitis C infection. This has led oth-
ers to suggest that ferritin concentrations are
not an accurate reflection of tissue iron accu-
mulation [164]. More accurate estimations of
tissue iron burden are obtained by liver or car-
diac biopsy and iron quantitation by MRI [165]
or by investigative SQUID (superconducting
quantum interference device) biomagnetom-
etry, which may be better at assessing high tis-
sue iron concentrations.

Treatment

Treatment of transfusional iron overload cen-
ters on chelation therapy or, when possible,
exchange transfusion. Deferoxamine is gener-
ally given by continuous subcutaneous admin-
istration and is capable of inducing negative
iron balance. In general, ferritin should begin to
decrease by the end of 1 year of treatment. The
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goal is to maintain a ferritin level of less than
1,000 pg/L on treatment. Deferoxamine prevents
early cardiac death, arrests the progression to
cirrhosis, and stabilizes or reduces total body
iron load [166]. The major risks of deferoxamine
are growth failure, hearing impairment, and
bone abnormalities. These are more common in
patients with low iron loads. Direct dose-related
toxicities involve the kidneys, lungs, and visual
loss. The early use of deferoxamine in an amount
proportional to the transfusional iron overload
reduces iron burden and the risk of the develop-
ment of diabetes mellitus, cardiac disease, and
early death in patients with thalassemia major
[166]. When possible, such as in some cases
of sickle cell disease, exchange transfusion can
reduce the iron burden from transfusions [167].
Other strategies include intravenous deferox-
amine, which can rapidly reduce tissue iron bur-
den in situations of severe iron overload. Newer
oral chelation agents are available. Deferiprone,
used for years in Europe and now approved in
the USA, seems to be more effective at removal
of cardiac iron load than deferoxamine with
similar or slightly less efficacy for hepatic iron
reduction. The major side effects of deferiprone
are bone marrow suppression, arthropathy, gas-
trointestinal symptoms, and zinc deficiency.
Deferasirox, another oral chelation therapy
approved for use in the USA and several other
countries, appears to be very efficient in liver
and cardiac iron removal in adults and children.
Side effect includes gastrointestinal disease.
Recent reports suggest a small but increased risk
of renal or hepatic failure and gastrointestinal
hemorrhage. Combination treatment with defer-
oxamine and deferiprone or other oral chelators,
such as deferasirox, suggests an additive effect
in the presence of adequate renal function [168].

In the past, researchers have recommended
serial liver biopsy to follow iron overload in
transfusion-dependent patients. MRI is the test of
choice to quantitate hepatic iron overload and
longitudinal determinations [165]. Liver biopsy
should be reserved for assessment of hepatic
injury and fibrosis and for the assessment of the
relative contribution of non-iron-related disor-
ders to the process.
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