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Background & Aims: An elevated transferrin saturation
is the earliest phenotypic abnormality in hereditary
hemochromatosis. Determination of transferrin satura-
tion remains the most useful noninvasive screening
test for affected individuals, but there is debate as to
the appropriate screening level. The aims of this study
were to estimate the mean transferrin saturation in
hemochromatosis heterozygotes and normal individu-
als and to evaluate potential transferrin saturation
screening levels. Methods: Statistical mixture model-
ing was applied to data from a survey of asymptomatic
Australians to estimate the mean transferrin saturation
in hemochromatosis heterozygotes and normal individu-
als. To evaluate potential transferrin saturation screen-
ing levels, modeling results were compared with data
from identified hemochromatosis heterozygotes and
homozygotes. Results: After removal of hemochroma-
tosis homozygotes, two populations of transferrin satu-
ration were identified in asymptomatic Australians
(P < 0.01). In men, 88.2% of the truncated sample
had a lower mean transferrin saturation of 24.1%,
whereas 11.8% had an increased mean transferrin
saturation of 37.3%. Similar results were found in
women. A transferrin saturation threshold of 45%
identified 98% of homozygotes without misidentifying
any normal individuals. Conclusions: The results con-
firm that hemochromatosis heterozygotes form a dis-
tinct transferrin saturation subpopulation and support
the use of transferrin saturation as an inexpensive
screening test for hemochromatosis. In practice, a
fasting transferrin saturation of =45% identifies virtu-
ally all affected homozygous subjects without necessi-
tating further investigation of unaffected normal indi-
viduals.

ereditary hemochromatosis (HC) is the most com-
mon autosomal recessively inherited disorder in
white populations.l=® Past surveys have estimated the

gene frequency of HC by identifying homozygotes in the
population.*619 Using this approach, Leggett et al.’”
surveyed a non-blood donor, predominantly white (of
European descent) Australian population and estimated
the prevalence of iron overload attributable to HC to be
0.36%, with a corresponding gene frequency of 0.0592.
An alternative approach to estimate the gene frequency,
based on statistical mixture modeling of transferrin
saturation, was recently described by McLaren et al.® This
technique can be used to separate an observed distribu-
tion into the component subpopulations. Application of
mixture modeling to transferrin saturation distributions
in the second National Health and Nutrition Examina-
tion Survey yielded an estimated hemochromatosis gene
frequency of 0.070-0.081 in the U.S. population.

Studies of family members have suggested that mean
transferrin saturation values for heterozygotes are higher
than among unaffected subjects but lower than among
homozygotes,*-381112 although a recent study asserted
that mean transferrin saturation values are the same for
unaffected individuals and heterozygotes.'® In the present
investigation, we applied statistical mixture modeling to
the data from the Australian study to examine the
distribution of transferrin saturation in this population
and to estimate the mean transferrin saturation in
heterozygotes for HC. These findings were then com-
pared with the mean transferrin saturation in HC
heterozygotes identified from pedigree analysis including
HLA studies.®

A sustained transferrin saturation level of >62% has
been proposed to screen for homozygotes.!41> We used
statistical mixture modeling to identify the most appro-
priate level of transferrin saturation to maximize identifi-
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cation of HC homozygotes while minimizing misidentifi-
cation of HC heterozygotes and unaffected normal
individuals.

Materials and Methods

Data From a Population of
Asymptomatic Individuals

Subjects were asymptomatic Australians previously
studied to determine the prevalence of homozygous HC. The
population was composed of employees of two large Australian
companies, a banking corporation and an insurance corpora-
tion; 96.7% were white and the remainder were Australian
Aboriginal or Asian. Venous blood was obtained by venipunc-
ture from nonfasting volunteers between 9 and 11 Awm, and
serum was stored at —20°C until analysis. Additional demo-
graphic details and the methods used for measurements of
serum biochemical tests of iron status have been described
previously.” Subjects were screened initially by determination
of serum iron concentration and total iron binding capacity,
from which transferrin saturation was calculated, and serum
ferritin concentration. Subjects who had an initial transferrin
saturation of >45% were recalled. Transferrin saturation and
serum ferritin concentration measurements were repeated, and,
if transferrin saturation had decreased below 45%, no further
follow-up was undertaken. If it remained above 45%, subjects
were interviewed and examined. Those with a consistently
elevated serum ferritin concentration (men >200 mg/L; women
>150 mg/L) underwent percutaneous needle biopsy of the liver
and assessment of hepatic iron concentration.® In subjects with
elevated transferrin saturation but normal serum ferritin
concentration, the transferrin saturation test was repeated in
the fasting state; if the results were still abnormal, the tests
were repeated every 6 months and liver biopsy was performed if
serum ferritin concentration showed a progressive increase.
Subjects with elevated serum ferritin concentration but transfer-
rin saturation of <45% were not recalled because it was not
considered ethical to perform liver biopsy on asymptomatic
individuals with no family history of HC unless the diagnosis
was strongly suggested by elevation of both measurements.
Seven subjects were identified as having HC.”

Selection Criteria for Data From a
Population of Asymptomatic Individuals

In the current study, we examined data from subjects in
an asymptomatic Australian population who were at least 20
years of age. This subsample consisted of 891 white men and
761 women, aged 20-73 years. We selected transferrin satura-
tions computed from blood samples in which the mean red
blood cell volume was between 80 and 100 fL and serum
ferritin level was >10 pg/L. Additional selection criteria
included transferrin saturation values from men with a hemo-
globin level of =14 g/dL and hematocrit level of =42% and
from women with a hemoglobin level of =12 g/dL and
hematocrit level of =36%. We then excluded subjects having
persistently high transferrin saturation values who also drank
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80-100 g of alcohol per day because elevated transferrin
saturation may be associated with hepatocellular damage
caused by alcohol.r” We excluded subjects with abnormally low
hemoglobin, hematocrit, ferritin, or mean corpuscular volume
values because anemias of various causes may be associated with
abnormally high transferrin saturations'®-20 or low transferrin
saturations.?-23 Because abnormally high mean corpuscular
volume can be associated with megaloblastic conditions and
drug effects,2#2> all of which can lead to altered transferrin
saturations,?124-26 sych subjects were also excluded.

Because an objective of our study was to determine if the
distribution of transferrin saturation values from asymptomatic
individuals contained a subpopulation of values consistent with
that of HC heterozygotes, we excluded the 4 men and 3 women
with proven HC to ensure that the final data set of 796 men
and 669 women (Table 1) would include homozygous normal
and heterozygous subjects.

Estimation of Prevalence of
Hemochromatosis Heterozygotes

We used the Hardy—\Weinberg equilibrium equation,
p% + 2pg + g2 = 1, to calculate the prevalence of heterozygotes
in the population of asymptomatic individuals based on a gene
frequency of g = 0.0592.7 Given thatp = 1 — q = 0.9408, the
proportion of heterozygotes in the total population is then
calculated as 2pq = 0.11.%” The scaled proportion of heterozy-
gotes in the population of asymptomatic individuals, excluding
HC homozygotes, would be 11.8%.

Distribution of Transferrin Saturation
Values From Asymptomatic Australians

We examined separately the distributions of transferrin
saturation values among the remaining 796 white men and 669
women from the sample data using techniques developed for
analysis of mixtures of distributions.22 Because transferrin
saturation is normally distributed in normal subjects,® the
physiological models used were a single normal distribution
and a mixture of two normal distributions. Given that the
scaled prevalence of heterozygotes in asymptomatic Australians
was 11.8%, mixing proportions for the mixture model were
specified for homozygous normal and heterozygous subjects to
be 0.882 and 0.118, respectively. The expectation-maximiza-

Table 1. Exclusions From a Sample of Banking and Insurance
Corporation Employees 20 Years of Age or Older

Men Women
Total sample 891 761
Excluded for
Proven hemochromatosis 4 3
Low ferritin 7 40
Low hemoglobin 67 36
Low hematocrit 6 8
Abnormal MCV 8 5
Persistently elevated transferrin saturation
and moderately heavy alcohol intake 3
Final analytic sample 796 669

MCV, mean corpuscular volume.
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tion algorithm, an iterative technique, was applied to the
distributions of transferrin saturation values to estimate the
model parameters (means and standard deviations).28-30

The statistical test used to determine the best fitting model
was based on the likelihood ratio statistic. For each observed
distribution, the maximized log-likelihood function for a
mixture of normal distributions was evaluated (log L;) and
compared with the maximized log-likelihood function for a
single normal distribution (log Lo). Significance of the likeli-
hood ratio statistic, —2log(Lo/L,), was assessed using a resam-
pling technique.31-32 Resampling is a method that can be used
to compute P values based on the observed data instead of
referring to theoretical probabilities. A P value of <0.05
indicated a better fit to a mixture of two normal distributions
than to a single normal distribution. The x? statistic was then
used to test goodness of fit of each observed distribution to the
best fitting model.

Data From Hemochromatosis
Homozygotes and Heterozygotes and
Evaluation of Potential Transferrin
Saturation Screening Values

For comparison with data from the population of
asymptomatic Australians, we also examined the variability in
transferrin saturation values from an additional population of
485 subjects known to be homozygous or heterozygous for
HC.8163334 \We examined successive transferrin saturation
thresholds. We calculated the proportion of homozygotes above
a given threshold and the corresponding proportion of hetero-
zygotes below that threshold. These results were compared
with the population mixture modeling of data from the
asymptomatic individuals to evaluate potential transferrin
saturation screening levels. For a given threshold, we calculated
the predicted proportion of unaffected individuals below the
threshold and the predicted proportion of heterozygotes above
the threshold.

Results

Distribution of Transferrin Saturation
Values in a Population of
Asymptomatic Individuals

After removal of values from identified HC homo-
zygotes, and assuming a scaled heterozygote proportion
of 11.8%, two distinct transferrin saturation populations
could be identified in data from 796 men (likelihood
ratio statistic, 53.81; P < 0.01; goodness-of-fit x> = 14.5,
df = 16, P = 0.56) and 669 women (likelihood ratio
statistic, 89.3; P < 0.01; goodness-of-fit x? = 21.7,
df = 20, P = 0.36), as shown in Figure 1 and Table 2.
For men, a major subpopulation corresponding to 88.2%
of the truncated sample had a mean transferrin saturation
(=1 SD) of 24.1% =+ 6.0% and may predominantly
include normal subjects. A second subpopulation compris-
ing 11.8% of the truncated sample had an increased mean
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Figure 1. Distribution of transferrin saturation values among asymp-
tomatic Australians: (A) 796 men and (B) 669 women. The dashed
lines represent the fitted curves for individual subpopulations. The
overall fitted mixture distribution is shown with a solid line.

transferrin saturation of 37.3% = 7.7% and may repre-
sent predominantly individuals who are heterozygous for
the HC gene. Similarly, analysis of data from women
showed respective subpopulations of the truncated sam-
ple with mean transferrin saturations (=1 SD) of 22.5% =+
6.4% and 37.6% = 10.4%.

Table 2. Transferrin Saturation

Asymptomatic Individuals identified
individuals by pedigree analysis
Postulated Postulated Known Known

Sex unaffected

Male 24.1 £ 6.0
Female 22.5*6.4

heterozygotes heterozygotes homozygotes

37.3x£7.7 37.1£17.0 82.7*14.4
37.6 £10.4 325*x15.3 753*193

NOTE. Results are expressed as mean * SD percentage.
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Variability of Transferrin Saturation Values
in a Population of Hemochromatosis
Homozygotes and Heterozygotes

The transferrin saturation distributions of 142
homozygous HC probands and 343 heterozygotes were
examined. In homozygous probands, the minimum and
maximum transferrin saturation values for 107 men were
48% and 100% with a mean (*1 SD) of 82.7% * 14.4%
and a median of 85%. For 35 women, the minimum and
maximum transferrin saturation values were 39% and
100%, with a mean of 75.3% = 19.3% and a median of
80%. In HC homozygotes, the variability in transferrin
saturation values could not be explained by differences in
age or any other characteristic. There was no significant
correlation between age and transferrin saturation for
men (Pearson’s r = 0.075, P = 0.45) or women (Pear-
son’s r = —0.253, P = 0.14). Results for heterozygotes
showed that, for 157 men, the mean transferrin saturation
value was 37.1% =+ 17.0% with a minimum of 13%, a
maximum of 95%, and a median of 35%. For 186
women, the mean transferrin saturation value was
32.5% = 15.3% with a minimum of 7%, a maximum of
95%, and a median of 30%.

Evaluation of Potential Transferrin
Saturation Screening Values

Separate analyses of data from the population of
HC homozygote probands and heterozygotes were per-
formed for men and women. A screening level of 45%
classified 100% of male homozygotes correctly; 45 of 157
heterozygotes (28.7%) also had a transferrin saturation
above 45%. In contrast, a screening level of 60%
correctly classified 96 of 107 (89.7%) of homozygotes,
but 11 of 157 heterozygotes (7%) also had a transferrin
saturation above 60%.

For women, a screening level of 45% classified 31 of 35
female homozygotes (91.4%) correctly, whereas 31 of 186
heterozygotes (16.7%) also had transferrin saturations
above 45%. A screening level of 60% correctly classified
only 26 of 35 homozygotes (74.3%), whereas 14 of 186
heterozygotes (7.5%) also had transferrin saturations
above 60%.

These results were compared with population mixture
modeling of data from the asymptomatic individuals to
find transferrin saturation levels that would maximize
identification of HC homozygotes while minimizing
misidentification of heterozygotes and unaffected indi-
viduals. The scaled proportions in two subpopulations
suggested that the distribution of 1465 asymptomatic
individuals was composed of 1292 postulated unaffected
individuals and 173 postulated heterozygotes for HC
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(Figure 1). The area under each fitted curve, above and
below selected transferrin saturation levels, was com-
puted for each subpopulation. The results in Table 3 show
that if a screening value of 40% were to be used, a
predicted 5 of 1292 of the postulated unaffected individu-
als (0.4%) would undergo further testing unnecessarily.
By using a transferrin saturation of 45%, none of
postulated unaffected individuals would undergo further
testing unnecessarily and 33 of 173 of the heterozygote
(19.1%) would be identified. These predictions can be
compared with the observed sensitivity, 98% for identifi-
cation of true homozygote probands, and 76 of 343
(22.2%), for identification of true heterozygotes. As the
screening value is raised, the positive predictive accuracy
increases, but the sensitivity of the test for identification
of homozygotes decreases. Using the known HC heterozy-
gotes and homozygotes, a screening value of 45% gave a
positive predictive accuracy for homozygote detection of
65% (139 of 215), whereas use of the screening value of
60% gave a positive predictive value of 122 of 147 (83%)
but a decreased sensitivity of 122 of 142 (85.9%).

Discussion

There is now incontrovertible evidence that early
diagnosis and therapy of HC prevents virtually all
manifestations of the disease and results in normal life
expectancy.3>26 In contrast, unrecognized and untreated
disease leads to cirrhosis, hepatocellular carcinoma, and
other lethal complications. Heterozygotes for HC with
coexisting hematologic disorders such as idiopathic refrac-
tory sideroblastic anemia, hereditary spherocytosis, pyru-
vate kinase deficiency,®”~*0 or sporadic porphyria cutanea
tarda** may develop iron overload sufficient to cause
overt organ damage.3>3642 |n addition, when a putative
heterozygote is identified, this provides the opportunity
to conduct studies of family members to identify individu-

Table 3. Transferrin Saturation Levels in Postulated
Unaffected and Heterozygous Subjects
Compared With Known Heterozygous and
Homozygous Individuals

Postulated Postulated Known Known
unaffected? heterozygotes? heterozygotes? homozygotes

Transferrin
saturation

(%  n(%ofl1292) n(%of173) n(%of343) n(%of142)
=40 5(0.4) 59 (34.1) 102(29.7)  141(99.3)
=45 0(0.0) 33(19.1) 76(22.2)  139(97.9)
=50 0(0.0) 13(7.5) 53(15.5)  135(95.1)
=55 0(0.0) 5(2.9) 34(9.9) 131 (92.3)
=60 0(0.0) 1(0.6) 25(7.3) 122 (85.9)
=62 0(0.0) 1(0.6) 20 (5.8) 120 (84.5)

aDerived from the statistical modeling of transferrin saturation data
from asymptomatic Australians.

bThese individuals were identified by pedigree studies and HLA typing
of known probands with hemochromatosis.
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als who are homozygous for the disease. Thus, early
identification of heterozygotes and homozygotes for
hemochromatosis is an important clinical challenge.

Evaluation of family members has suggested that the
mean transferrin saturation in heterozygotes is higher
than among unaffected subjects but lower than in
homozygotes.1=311 This result has been questioned.!3 In
this study, we applied statistical mixture modeling to
population data and compared mean transferrin satura-
tion values in subpopulations with those from identified
HC heterozygotes and homozygotes from pedigree stud-
ies. Modeling results support the conclusion that the
means for transferrin saturations in male and female
heterozygotes differ from those in unaffected subjects
(Figure 1). In analysis of data from male subjects, two
populations could be detected; one, comprising 88.2%
with a mean = SD transferrin saturation of 24.1% =+
6.0%, may predominantly include individuals who are
unaffected, and the second subpopulation with 11.8% of
the values and an increased mean transferrin saturation of
37.3% = 7.7% may be composed predominantly of
individuals who are heterozygous for the HC gene.
Similar results were found in women; 88.2% of the values
had a mean of 22.5% = 6.4% and may include
individuals who are unaffected by the gene for HC,
whereas the second subpopulation with 11.8% of the
values had an increased mean transferrin saturation of
37.6% = 10.4% and may represent predominantly
individuals who are heterozygous for the HC gene. For
comparison, in the Australian population of 343 known
heterozygotes, the mean transferrin saturation was
37.1% = 17.0% for males and 32.5% =+ 15.3% for
females (Table 2). For men and women, the estimated
variance of transferrin saturation values was smaller
among postulated heterozygotes than among known
heterozygotes. A likely explanation of this is that the
heterozygotes in the pedigree analysis had a high fre-
quency of the ancestral haplotype,'? which is known to be
associated with more severe clinical expression.

During the study of asymptomatic individuals with
transferrin saturation initially above 45% but with
subsequent values below 45%, no further follow-up was
undertaken. Thus, some HC homozygotes could have
been missed and the prevalence of homozygotes underes-
timated. Before data analysis, we excluded subjects with
persistently high transferrin saturation values who also
drank 80-100 g of alcohol per day. Some of these
exclusions may have included HC heterozygotes or
homozygotes.

Determination of transferrin saturation is the most
useful method of screening for affected homozygous
individuals,##2 but there is considerable debate as to the
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screening values that should be used. In our study, the
computed mean values for known heterozygotes and
homozygotes were within published limits: 37.1% for
male and 32.5% for female HC heterozygotes and 82.7%
for male and 75.3% for female homozygous probands.
Examination of mean values does not reveal the extent of
variability of values for transferrin saturation. For ex-
ample, among homozygous male probands, 12 of 107 of
the transferrin saturation values (11.2%) were below
62%, including values from 48% to 61%. Among
homozygous female probands, 10 of 35 of the values
(29%) were below 62%, ranging from 39% to 61%.
Heterogeneity of disease expression in HC has been
described** due in part to the inheritance of an ancestral
haplotype,'? dietary intake,*® and other unknown fac-
tors. 4

The upper limit of normal for transferrin saturation
frequently quoted is 50%,%6 with a level of >62%
strongly suggestive of the homozygous state.'*> Our
data suggest that an upper limit of 45% is the lowest
screening value that could be used for identifying
individuals at risk for HC without unnecessary testing of
unaffected normal individuals. Based on mixture model-
ing analysis, we found that if a transferrin saturation of
459% were used for screening, none of the postulated
unaffected individuals would undergo further testing
unnecessarily and approximately 19% of the postulated
heterozygotes would be identified. For comparison, using
this transferrin saturation screening level, 98% of true
HC homozygotes with expression of the disease and 22%
of true HC heterozygotes were identified. Our analyses
confirm that, as the screening value is raised, the
sensitivity of the test for identification of homozygotes
decreases. For example, a threshold of 60% would
identify only 86% of the known homozygotes (Table 3).

In our study, for 76 identified heterozygotes with a
transferrin saturation of >45%, 14 of 45 men (31.1%)
and 26 of 31 women (83.9%) had serum ferritin levels
within the normal range (men <200, women <<150
pg/L). Thus, we found that heterozygotes can have
increased transferrin saturation but normal ferritin levels.
It should be noted that asymptomatic individuals in this
study with a transferrin saturation >45% but a normal
serum ferritin level did not undergo liver biopsy at the
time of initial screening. This is consistent with a
previous study showing that most individuals with
elevated transferrin saturation but normal serum ferritin
level would not undergo such further evaluation, because
serum ferritin levels usually were not elevated in hetero-
zygotes.*” For practical purposes, it is important to detect
those heterozygotes with increased iron stores who would
then be evaluated further. Therefore, cost-effectiveness
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would be increased by the addition of serum ferritin
evaluation, and this could be done conveniently at the
time of a second, confirmatory transferrin saturation
determination.

Analysis of transferrin saturation data from asymptom-
atic Australian individuals, truncated to remove values
from identified HC homozygotes, shows that two sub-
populations of individuals could be detected, consistent
with one subpopulation of predominately unaffected
individuals and one of HC heterozygotes. These data also
support the use of transferrin saturation as a screening
test for HC to identify possible affected individuals for
further testing. The results indicate that the statistical
methods employed in this study can be used to predict
the outcome of using particular transferrin saturation
thresholds for screening in different populations and to
determine appropriate reference values. In practice, a
fasting transferrin saturation of =45% identifies 98% of
affected homozygous subjects with the disease.

A recent publication by Feder et al.*® on a strong
candidate gene for HC highlights the need for a simple,
inexpensive screening test for phenotypic expression of
the disease. The mutant gene has been identified in most
patients with hemochromatosis.*®->! A DNA-based diag-
nostic test that might arise from identification of the HC
gene is likely to be expensive, especially if the technique
involves use of the polymerase chain reaction. Thus, a test
for the candidate gene would need to be applied selec-
tively to putatively affected individuals identified by a
simple reliable test of disease expression. Transferrin
saturation fills that role.
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