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SCREENING FOR INBORN ERRORS
OF METABOLISM

Report of 2 WHO Scientific Group

The WHO Scientific Group on Screening for Inborn Errors of Meta-
bolism met in Geneva from 20 to 25 November 1967. The meeting was
opened by Dr A. M.-M. Payne, Assistant Director-General, who welcomed
the participants on behalf of the Director-General. Dr A. G. Bearn was
elected Chairman and Dr J. P. Frézal Vice-Chairman. Dr I. H. Scheinberg
and Dr C. R. Scriver served as Rapporteurs.

1. INTRODUCTION

The WHO Scientific Group on Screening for Inborn Errors of Meta-
bolism was convened to consider whether and how screening programmes
for such disorders could improve the health of mankind. Five WHO reports
(World Health Organization, 1964; 1966; 1967; 1968; Wilson & Jungner, 1968)
bear on various aspects of this problem. Four of these relate specifically
to genetic questions, whereas the fifth (Wilson & Jungner, 1968) is concerned
with scréening in general and is a valuable companion volume to this report.
Since these reports cover screening for abnormal haemoglobins, thalas-
saemia, and glucose-6-phosphate dehydrogenase as well as for serological
and other biochemical genetic markers in population surveys, these topics
are only incidentally referred to in this report.

The conditions or traits chosen by the Group to exemplify the scientific
and preventive medicine aspects of screening for inborn errors of meta-
bolism fall into three general categories :

(@) Conditions for which there is a well-defined screening test and a
fairly uniform policy of management once the disease has been identified.
Phenylketonuria, galactosaemia, and Wilson’s disease fall into this category.

(b) Conditions in which the abnormal gene can regularly be identified
but in which the condition only becomes symptomatic in a specific environ-
ment. The two selected are of particular interest in a pharmacogenetic
context : the porphyrias and pseudocholinesterase.

(¢) A miscellaneous category which includes conditions for which more
information is needed before they will fit easily into a routine screening
programme,

-5 _



6 INBORN ERRORS OF METABOLISM

A short section deals also with carrier detection. The blood-clotting
disorders and diabetes were not discussed. Also excluded from considera-
tion were the disorders resulting from variation in the number or structure
of chromosomes, since the problems associated with such conditions are
different from those associated with inborn. errors of metabolism.

2. GENERAL CONSIDERATIONS

A. GENETIC ASPECTS

One may regard genetically oriented screening programmes from two
points of view which, although distinct, are nevertheless fundamentally
related to the improvement of health. They may be regarded primarily as
an activity in preventive medicine (Wilson & Jungner, 1968) aimed at
detecting individuals in whom it is likely that a specific hereditary disease
will develop for which preventive or therapeutic measures are available.
From the other point of view, however, such programmes, and particularly
those which include detection of heterozygous carriers, may be regarded
as contributing to the collection of scientific genetic information on a
population as well as to immediate public health practice. An attempt
has been made in this report to present and illustrate both of these ap-
proaches.

The aim of screening, in the present context, is to detect individuals
with one or a pair of mutant genes. When a gene produces its effect
no matter whether it is present in single or in double dose, the trait is
called dominant. If the gene produces an effect only when present in
double dose, the trait is called recessive. Most inborn errors of meta-
bolism are recessive characters, so that heterozygotes are usually pheno-
typically normal. However, a specific environmental stress or an appro-
priate loading test may result in the appearance of a measurable
abnormality in a heterozygote ; this generally happens, for instance, when
excessive amounts of phenylalanine are administered to heterozygotes for
phenylketonuria.

Some inborn errors of metabolism result from the action of a gene on
an X-chromosome. In such cases, if the trait is recessive, usually only
males are affected, as in classical haemophilia.

A hereditary disorder may become clinically manifest only under
certain environmental conditions. In glycogen storage disease influence
of the environment is minimal, whereas in glucose-6-phosphate dehydro-
genase (G6PD) deficiency illness usually occurs only in response to a
chemical insult from the environment.
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B. EPIDEMIOLOGICAL ASPECTS

The structure and operation of a programme designed to detect those
individuals with a clinically important hereditary disorder will largely be
determined by :

(1) the availability of facilities for the validation of the presumptive
diagnosis afforded by the screening test ;

(2) the amenability of the disorder to treatment ; and

(3) the economic and social effects of diagnosing such disorders, both
on the family and on the community.

It may be useful to consider these points in some detail.

(1) As will be apparent when the specific methods of screening for
hereditary disease are discussed, a positive test result may be due to environ-
mental as well as to genetic causes. Even if the positive result stems from
a hereditary cause, it may reflect one of several mutant genes. This is true,
for example, of a commonly used method of screening for galactosaemia.
Further, in a number of disorders inherited in an autosomal recessive
fashion, such as Wilson’s disease, a positive result may be found in a
proportion of heterozygotes, and methods of reliably distinguishing such
individuals from the homozygotes with the disease must be available.
Finally, the test must have a degree of technical validity which results in
an acceptably low number of false positive and false negative results
(Wilson & Jungner, 1968).

(2) Treatment must be available for the disorder in a screening pro-
gramme with a preventive goal. The long-term consequences of increasing
the frequency of the gene in the population by effective treatment of the
inherited disease must be evaluated, as well as the short-term effects of the
treatment of the patient. Of the latter, the toxicity and acceptability of
the regimen must be weighed against the benefits of preventing or ame-
liorating the disease. In addition, the medical and economic hazards of
treating heterozygous carriers misdiagnosed as abnormal homozygotes
must be examined. '

(3) The costs involved in screening and in treatment—which will often
be lifelong—may be borne by the family or the community. In either case
they must be weighed against the costs of leaving the patient undiagnosed
and untreated, in the perspective of the other economic demands on the
family or community and its resources (Wilson & Jungner, 1968). If
abnormal homozygotes are effectively treated, some who would otherwise
die in childhood will survive long enough and in good enough health to
have children, and the effect of these additions of abnormal genes to the
gene pool require evaluation. It may be noted, however, that the charac-
terization of a gene as normal or deleterious may change with time if the
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environment changes. New stresses may result in the harmfulness of a
previously “ normal ” gene ; new forms of treatment may render a mutant
gene innocuous (Scriver, 1967).

The detection of the heterozygote in a screening programme raises
several other considerations.

(1) Carrier detection can facilitate genetic counselling. It will also
permit specific screening tests to be carried out on the high-risk populations
of relatives of carriers. B

(2) The determination of carriers, and thereby of the gene frequency,
for one or more mutant genes in given populations may provide a base-
line for future studies. In theory, at least, many such comparisons may
make possible an estimate of the mutational effects on the human gene
pool of such physical and chemical agents as ionizing radiation, drugs,
food additives, food contaminants, and pollutants of water and air. Despite
the difficulty of obtaining the relevant data now, every attempt should be
made to obtain this knowledge as rapidly as possible. Some of this informa-
tion may also be extracted from the screening programmes referred to
earlier in this section that are directed toward more immediate health
benefits.

(3) The data gathered in carrier detection, and to some degree in the
detection of mutant homozygotes, may require electronic data processing.

(4) The possibilities and methods of storing samples obtained in such
surveys for future study as and when new hereditary clinical disorders and
their biochemical abnormalities are identified should be considered.

Screening for inborn errors of metabolism can also be considered in
terms of the phenotypic levels at which the consequence of genetic muta-
tion can be identified :

1. Level of the protein (gene product)

It is generally agreed that mutation can alter either the structure or
the amount of the gene product; either result may be accompanied by
an alteration in the activity of the protein. Screening methods can be
designed to detect ecither the.qualitative change in the structure of the
protein (e.g., electrophoretic methods) or its altered activity (e.g., enzyme
assay). ‘ ‘

Although these studies are usually carried out in blood elements,
skin and saliva may sometimes be used.

Screening at this first level has been employed extensively for the inves-
tigation of the haemoglobinopathies and of the pseudocholinesterase and
G6PD variants. Measurements of the quantitative deficiency of plasma
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proteins (e.g., gamma globulins and C,” esterase inhibitor) are further
examples of this form of screening. ’

2. Level of metabolic intermediates and interrelations

Cell metabolism will be altered and the normal biochemical equili-
brium disturbed if the altered gene product is a regulator of metabolic
interrelations (i.e., an enzyme). It may therefore be possible to detect an
accumulation of the substrate for the reaction (which is normally catalysed
by the enzyme) or it may be possible to measure a deficiency of the product
of this reaction. Alternatively there may be derivatives of the substrate
that are produced in greater amounts and may also be detectable. Such
measurements of metabolites in physiological fluids form the basis of many
screening methods. Examples are the measurement of galactose in blood
for galactosaemia and of phenylalanine in blood for phenylketonuria.

In some metabolic sequences, a complex polymeric molecule or poly-
peptide is the substrate for the reaction. The addition or removal of
prosthetic groups such as carbohydrates, glucose subunits and sulfate are
examples of this type of reaction.

3. Level of the clinical disease

Genetic variation may also be detected at the level of the clinical
manifestation of the disease. Since the principal objective of mass screening
is to prevent disease, the observation of clinical signs and symptoms is
usually not the most desirable level at which to practise screening. For
example, in Huntington’s chorea the appearance of clinical signs is the
only criterion available for diagnosis of the condition. On the other
hand, the early recognition of clinical signs can occasionally: constitute
an important screening technique. Thus, recognition of genital abnor-
malities in females at birth is an aid to the detection of the adrenogenital
syndrome (see p. 39). Clinical signs in the proband may also aid in the
detection of disease in other family members. '
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3. DETECTION OF HETEROZYGOTES

Most of the classical inborn errors of metabolism are inherited in a
recessive fashion ; that is, a pair of mutant alleles at a single locus are
required for the expression of the trait in a clinically recognizable form.
In the absence of recent mutation, it can generally be assumed that both
of the biological parents of an individual will carry the mutant gene in a
heterozygous state and, on the average, 50% of their offspring will be
carriers. Although the terms dominance and recessivity are for convenience
retained in this report, it should be emphas1zed that they have a limited
usefulness.

It is apparent that the ablhty to detect the effect of a mutant gene will
increase if it is possible to examine the primary gene product. In many
instances it is possible, and the expression of the normal and the mutant
gene can be detected in an individual. For example, the two co-dominant
alleles are expressed equally in bisalbuminaemia ; on the other hand, the
abnormal allele is less well expressed in an individual with the sickle-cell
trait, the proportion of haemoglobin S being not higher than 40%.

When the abnormal gene can only be detected by its effect on a normal
metabolic reaction, the simple view that the heterozygote will yield values
approximately midway between the affected and the normal will not neces-
sarily be correct. Overlap between normal individuals and heterozygous
carriers is likely to occur. Although it is not possible to discuss in detail
the precautions that must be taken to avoid misclassification of a hetero-
zygote, age, sex, physiological status, diet, and drugs are factors to be
considered in interpreting the results.

DETECTION OF CARRIERS IN GENERAL POPULATIONS

Autosomal traits

Although a disease inherited in an autosomal recessive fashion may be
very rare, the frequency of the variant gene in the population will be more
common. Two numerical examples may clarify this statement. If a disease
occurs in a populatidn with a frequency (q?) of 1/10 000, then the frequency
of the gene (q) is 1/100 and the frequency of heterozygotes (carriers of the
abnormal gene) is close to 1/50. :
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Even a disease with a frequency of 1 in a million has a heterozygous
carrier frequency of 1/500. Thus the importance of carrier detection in a
general population is self-evident. In addition to providing much needed
data on the frequency of the mutant gene in different populations, carrier
detection programmes may yield information relevant to selective pressures.

X-linked traits

The variability of expression of a heterozygous X-linked trait may be
expected to be greater than in an autosomal trait because of the possibility
of mosaicism.! This is well exemplified by G6PD, where the activity of
G6PD in heterozygous female carriers is extremely variable.

Detection of mutant genes in high-risk populations

In certain populations, screening should be undertaken for genes that
under certain environmental conditions can be extremely deleterious. That
individuals of a particular genotype, even heterozygous females, may have
unusual drug reactions is becoming increasingly well known ; examples are
porphyria or drug-induced haemolysis in individuals with G6PD deficiency.

Detection of mutant genes in families in which an inherited trait has already
been recognized

The incentive to identify carriers of clearly deleterious genes is greatly
increased when the a priori probability of any individual family member
being a carrjer is known to be high. The use of a routine screening test
suitable for population surveys will generally be inadequate in family
studies. Additional tests of increased sophistication e.g., loading tests,
should be applied to identify the normal carriers.

4. SCREENING FOR CERTAIN SELECTED CONDITIONS

Several diseases and traits were selected by the Group for specific
discussion. They were chosen because they seemed best to exemplify the
present situation regarding the scientific and preventive aspects of screening
for inborn errors of metabolism. They fall into three categories.

© An attempt has been made to review, for each condition, what is known
about its frequency, genetics, natural history and pathogenesis, treatment
and detection. Details of screening methods appear in the Annex.

1 This is on the assumption that all somatic cells of females contain one active and
one inactive X-chromosome. It follows that females heterozygous for an X-linked gene
will show a variable phenotype, depending on the relative proportions of the two cell
populations.



12 INBORN ERRORS OF METABOLISM

Grotr A
1. Phenylketonuria (PKU) and other forms of hyperphenylalaninaemia

Frequency

Hyperphenylalaninaemia occurs with a frequency of the order of 1 in

10 000 live births in Caucasians. At least two-thirds of these will have

*“ classical ” phenylketonuria. The prevalence of the classical PKU homo-

“zygote is very low in certain groups (e.g., Ashkenazic Jews and American
Negroes).

Genetic heterogeneity

Classical phenylketonuria is an autosomal recessive trait, of well-
defined phenotypic expression. As a result of improvements in methods
of screening for disorders of phenylalanine metabolism, other forms of
hyperphenylalaninaemia have also been discovered that do not conform
to the classical phenotype.. In this sense hyperphenylalaninaemia is a
heterogeneous phenotype which can be tentatively classified into :

(1) classical ;

(2) classical with high dietary tolerance for phenylalanine (i.e., 2-3 times
greater than the classical tolerance) ;

(3) transient hyperphenylalaninaemia with or without phenylpyruvic-
aciduria and with or without mental retardation ; and

(4) persistent hyperphenylalaninaemia without phenylpyruvicaciduria
or mental retardation.

Natural history and pathogenesis of phenylketonuria

1. The classical type of PKU (Knox, 1966) is characterized biochemi-
cally by a deficiency of phenylalanine hydroxylase activity and is associated
with an increase in the concentration of phenylalanine in physiological
fluids, the excretion of phenylpyruvic acid in the urine, and secondary
disturbances in the metabolism of other amino acids. The clinical symptoms
include mental retardation in the great majority of patients, convulsions,
dilution of melanin pigmentation, and dermatitis.

The presence of severe hyperphenylalaninaemia is apparently related in
some way to impaired development of the brain, and the many other
clinical effects of the PKU trait may also be the direct or indirect result
of the accumulation of phenylalanine and its derivatives. These substances
can act as competitive or allosteric inhibitors of enzymes serving the meta-
bolism of tyrosine (e.g., p-hydroxyphenylpyruvic acid oxidase, DOPA-
decarboxylase, and tyrosinase), tryptophan (e.g., tryptophan pyrrolase and
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5-hydroxytryptophan decarboxylase), and glutamic acid (glutamic acid
decarboxylase) (Neifakh & Saposnikov, 1965). Synthesis of metabolites in
these secondary pathways may then be impaired, thus affecting cerebral
development, pigment formation, and cellular function in various tissues.

2. A rare atypical form of PKU has been encountered, in which there
is high dietary tolerance of phenylalanine (e.g., 750-1000 mg daily). A
strong sib-sib correlation exists for this variant phenotype, the cause of
which is still unknown.

3. Delayed synthesis of phenylalanine hydroxylase occasionally occurs
in the newborn and is associated with mild transient hyperphenylalaninae-
mia (La Du et al., 1963). On rare occasions, transient hyperphenylalani-
naemia may be more severe both in duration and in degree of hyperphenyl-
alaninaemia. In some of these cases phenylpyruvicaciduria and retardation
of development can occur (Stephenson & McBean, 1967 ; O’Flynn et al.,
1967).

4. The benign form of hyperphenylalaninaemia is not accompanied by
phenylpyruvicaciduria because the accumulation of phenylalanine is insuf-
ficient to allow transamination to occur. No abnormal clinical findings
have been recognized in the patients with this condition, which is apparently
not uncommon and has been identified in many geographical regions.

Treatment

Treatment is recommended for all patients with severely elevated concen-
trations of phenylalanine in the blood. Careful restriction of the amount of
phenylalanine in the diet (to approx. 250-500 mg/day) is required to prevent
hyperphenylalaninaemia. Since most animal and plant proteins contain
5-7% phenylalanine, the simple restriction of protein intake cannot achieve
this objective and still sustain protein synthesis. Therefore, treated protein
hydrolysates from which phenylalanine has been selectively removed must
be used as the nutrient. Carbohydrates, lipids, vitamins, minerals, and
appropriate amino acids are usually added to the protein hydrolysate to
provide a suitable diet for infant nutrition (Moncrieff et al., 1963 ; Hsia,
1967 ; Lowe et al., 1967 ; O’Flynn et al., 1967).

Mental retardation can usually be avoided if appropriate treatment is
begun within the first six weeks of life. Improper treatment may lose this
advantage. Loss of weight, alimentary disorders, anaemia, and even a
fatal outcome may result from overtreatment; undertreatment will not
effectively control the abnormal phenotype. For this reason it is recom-
mended that treatment should be carried out only in conjunction with
regular analysis of the concentration of phenylalanine in the blood and
observation of the patient.

How long dietary treatment should be continued after birth is still
unknown, but it is desirable that it should be for at least the first five years
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of life. Whether treatment should be prescribed for pregnant homozygotes
in order to prevent damage to the foetus from maternal phenylketonuria
(Mabry et al., 1963, 1966) has yet to be decided. The cost of dietary treat-
ment in most North American communities is about $250-500 in the first
year of life, exclusive of the cost of laboratory tests.

Diagnosis

The development of severe hyperphenylalaninaemia during the first
week or two of life, the excretion of phenylpyruvic acid and hydroxy-
phenylacetic acid in the urine (provided the relevant enzymes for synthesis
of the compounds are sufficiently active), and the restoration of a nor-
‘mal biochemical phenotype following restriction of phenylalanine intake to
250-500 mg/day constitute the usual criteria for the diagnosis of phenyl-
ketonuria. Additional testing, if indicated, and close observation should
be considered as part of the diagnosis and subsequent management. Both
biological parents of the patient should exhibit the phenotypic abnormalities
characteristic of the heterozygote ; there is, however, the possibility that
heterozygosity may not be made evident with the tests employed.

Technical aspects of screening

Phenylketonuria can be identified in several ways, usually within the
first week of life (see Annex), although false positive and false negative
test results are a distinct hazard. Certain considerations affect the choice
of test :

(@) many of the derivatives of phenylalanine are detected preferentially
in urine, since the renal clearance of organic acids is normally high ;

(b) the accumulation of phenylalanine is observed best in the blood,
since its renal clearance is normally low ; and ‘

(c) assay of enzyme activity is feasible only in liver biopsy specimens,
mass screening therefore not being possible.

Numerous screening tests are available. .

1. Those in which urine metabolites are examined have two initial
disadvantages : (@) the difficulty of collecting urine from newborn infants
(which can be partially offset by techniques employing filter paper to handle
urine in a dry phase) ; and (b) the absence of metabolites because of the
chemical instability of many of these compounds or because of deficiency
(particularly in the newborn) of the enzymatic systems responsible for
conversion of phenylalanine to these compounds. For these reasons the
screening of urine with, for example, the ferric chloride and the 2,4-dinit-
rophenylhydrazine reactions must be supplemented by other methods.
Urine tests are now used primarily in a confirmatory context.
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2. Numerous tests for the detection of hyperphenylalaninaemia are in
use. It is important that the discovery of hyperphenylalaninaemia should
not be confused with the diagnosis of phenylketonuria ; appropriate inves-
tigation of the hyperphenylalaninaemic subject must be performed sub-
sequently, to define the trait precisely.
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2. Tyrosinaemia

Frequency and genetics

The frequency of tyrosinaemia varies according to its type.

(@) Transient neonatal tyrosinaemia (Levine, 1947 ; Avery et al., 1967)
occurs predominantly in the second week of life in about 3% of full-term
infants and in up to 30% of premature infants. It is a benign condition
which results from variation in the perinatal development of a hepatic
enzyme.

(b) Hereditary tyrosinaemia (Gjessing, 1966 ; Partington et al., 1967)
is an autosomal recessive condition. It is probably present at undetermined
frequencies throughout the world, and is found about once in 2000 live
births in a geographically isolated population of about 250 000 French
Canadian subjects in Quebec province. It is a potentially lethal condition,
the clinical phenotype of which is heterogeneous but which is apparently
determined by a pair of mutant alleles at a single locus.

(c) The single case of fyrosinosis reported by Medes (La Du, 1966)
may represent a third very rare form of tyrosinaemia.

Natural history and pathogenesis

Transient neonatal tyrosinaenia : Tyrosine is transaminated to p-hydroxy-
phenylpyruvic acid (pHPPA) and the latter compound is then oxidized by



