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BSTRACT

 

Background

 

Mental retardation and other medi-
cal problems (including ectopia lentis, osteoporosis,
and thromboembolism) in patients who have homo-
cystinuria as a result of a deficiency of cystathionine

 

b

 

-synthase can be prevented by the screening of new-
borns with measurement of blood methionine, fol-
lowed by the early treatment of affected infants. Many
infants with this disorder, however, are not identified
by screening and have irreversible brain damage.

 

Methods 

 

We reviewed the results of neonatal
screening for homocystinuria over a period of 32
years in New England. Additional specimens were re-
quested for repeated analysis when blood methionine
measurements were at or above the established cutoff
level. Homocystinuria due to cystathionine 

 

b

 

-synthase
deficiency was confirmed by quantitative amino acid
analyses.

 

Results

 

For the first 23.5 years of the review peri-
od, the blood methionine cutoff value was 2 mg per
deciliter (134 µmol per liter). Among the 2.2 million
infants screened during that period, 8 with homocys-
tinuria were identified (1:275,000). In 1990, the cutoff
value was reduced to 1 mg per deciliter (67 µmol per
liter). Among the 1.1 million infants screened in the
subsequent 8.5 years, 7 with the disorder were iden-
tified (1:157,000). During the latter period, the speci-
mens were collected from six of the seven infants
when they were two days of age or less; five of the six
had blood methionine concentrations below 2 mg per
deciliter. Use of the reduced cutoff level increased the
false positive rate from 0.006 percent to 0.03 percent.

 

Conclusions

 

A cutoff level for blood methionine
of 1 mg per deciliter in neonatal screening tests for
homocystinuria should identify affected infants who
have only slightly elevated concentrations of methi-
onine and reduce the frequency of false negative re-
sults. (N Engl J Med 1999;341:1572-6.)
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OMOCYSTINURIA due to a deficiency
of cystathionine 

 

b

 

-synthase, hereafter re-
ferred to simply as homocystinuria, is an
inborn error of the metabolism of sulfur-

containing amino acids that results in ectopia lentis,
mental retardation, osteoporosis with bone deform-
ities, thromboembolism, and psychiatric disturbanc-
es.

 

1

 

 The major biochemical findings include high
plasma homocyst(e)ine and methionine concentra-
tions and low plasma cyst(e)ine concentrations. The
gene for cystathionine 

 

b

 

-synthase has been cloned
and mapped to chromosome 21q22.3. Over 60 mu-

H

 

tations associated with homocystinuria have been
found.

 

2

 

Cystathionine 

 

b

 

-synthase is pyridoxal phosphate
(vitamin B

 

6

 

)–dependent (Fig. 1). There are two forms
of homocystinuria, which are differentiated on the
basis of the biochemical response to treatment with
vitamin B

 

6

 

. Infants with vitamin B

 

6

 

–responsive ho-
mocystinuria tend to be less severely affected and
can be treated with high doses of vitamin B

 

6

 

. Infants
with vitamin B

 

6

 

–nonresponsive homocystinuria are
treated with a methionine-restricted diet supplement-
ed with cystine. Infants given a diagnosis after the first
few years of life or who are not fed according to the
recommended diet are treated with betaine, a methyl
donor that reduces plasma homocysteine concentra-
tions by stimulating the methylation of homocys-
teine to methionine (Fig. 1). Infants in whom vitamin
B

 

6

 

 provides less than optimal control are also treated
with betaine.

 

3

 

The identification and prompt treatment of homo-
cystinuria during the neonatal period can prevent or
greatly reduce the severity of the clinical consequenc-
es. In Ireland, 18 of 21 persons between the ages of
2 and 23 years who had vitamin B

 

6

 

–nonresponsive
homocystinuria identified by neonatal screening and
who were compliant with treatment had no compli-
cations. The remaining three patients were noncom-
pliant with treatment, and ectopia lentis and osteo-
porosis developed. These patients also had low IQ
scores.

 

4

 

 The experience in Manchester, England, was
similar; 12 persons with vitamin B

 

6

 

–nonresponsive
homocystinuria identified by neonatal screening and
treated continuously had a median IQ of 100, as com-
pared with a median IQ of 58 for those with vitamin
B

 

6

 

–nonresponsive homocystinuria that was diagnosed
after infancy.

 

5

 

 Consequently, the screening of new-
borns for this disorder is very beneficial.

Persons with homocystinuria, however, are often
not identified during the neonatal period. The omis-
sion of screening for homocystinuria in most neonatal
screening programs in which blood samples obtained
by heel stick are used is a major reason for the lack of
identification of affected infants,

 

6

 

 but the rate of false
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negative results is an important contributor. Notable
among those with false negative results are infants with
vitamin B

 

6

 

–responsive homocystinuria, who may ac-
count for 50 percent of affected infants

 

1

 

 but who ap-
parently do not have hypermethioninemia when the
specimen is collected during neonatal screening.

 

7

 

Another potential reason for false negative results
in newborns undergoing screening for homocystin-
uria is that the blood methionine cutoff value is high-
er than the degree of hypermethioninemia in some
affected infants. Neonates with homocystinuria may
have blood methionine concentrations on screening
that are lower than the cutoff value of 2 mg per dec-
iliter (134 µmol per liter) that is usually used to make
a presumptive diagnosis of homocystinuria. We re-
viewed the experience with neonatal screening for ho-
mocystinuria in New England, during a period when
first 2 mg per deciliter and then 1 mg per deciliter
(67 

 

m

 

mol per liter) was used as the cutoff value.

 

METHODS

 

Capillary-blood specimens obtained by heel stick from neo-
nates born in hospitals in New England (excluding those in Con-
necticut) at or just before the time of discharge were blotted on

filter paper (Schleicher and Schuell, Keene, N.H.), air-dried, and
mailed or delivered to the New England Newborn Screening Pro-
gram. From 1966 until 1968, the specimens were tested by paper
chromatography, according to the method of Efron et al.,

 

8

 

 as well
as for phenylalanine and leucine by bacterial inhibition assays de-
veloped by Guthrie

 

9

 

; from 1968 through 1998 the Guthrie assay
for methionine

 

9

 

 was used. The blood methionine concentration
was estimated by comparing the diameters of the bacterial growth
around specimen disks with the diameters around reference disks
containing methionine concentrations of 1, 2, 4, and 12 mg per
deciliter (67, 134, 268, and 805 µmol per liter). 

Until May 1990, the blood methionine cutoff level for request-
ing an additional specimen for repeated analysis was 2 mg per
deciliter. Thereafter, the cutoff value was 1 mg per deciliter. Ad-
ditional testing was requested for infants with values at or above
the cutoff value. If the methionine concentration in the repeated
analysis was 2 mg per deciliter or higher, the infant was referred
to a pediatric metabolic center. If the methionine concentration
in the repeated analysis was below 2 mg per deciliter, the initial re-
sult was considered to have been falsely positive. Confirmatory test-
ing included quantitative plasma and urinary amino acid analyses
with an amino acid analyzer (Beckman Instruments, Palo Alto,
Calif.) and measurements of plasma total homocysteine.

 

10

 

Informed consent and approval by an institutional review com-
mittee are not required by the New England Newborn Screening
Program in the case of disorders (such as homocystinuria) for
which screening is either specifically mandated by law or regula-
tion or for which there is an implication in the law or regulation
that such screening is required. In each state, a newborn-screen-

 

Figure 1.

 

 Metabolism of Methionine.
Cystathionine 

 

b

 

-synthase and 

 

g

 

-cystathionase are vitamin B

 

6

 

–dependent. Homocystinuria due to a deficiency of cystathionine 

 

b

 

-syn-
thase results in an accumulation of homocysteine, which is methylated to methionine by 5-methyltetrahydrofolate–homocysteine

 

S

 

-methyltransferase. Therapy with betaine results in further methylation of homocysteine by betaine–homocysteine 

 

S

 

-methyltrans-
ferase. Vitamins required for enzyme activity are shown in parentheses.
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ing advisory committee serves to advise and make recommenda-
tions about neonatal screening to the department of public health.

 

RESULTS

 

From October 1966 through December 1998, the
32-year period of this study, approximately 3.3 mil-
lion infants were screened for hypermethioninemia.
Of these, 16 (1:206,000) were known to have ho-
mocystinuria. Fifteen of them were identified by neo-
natal screening. The infant not identified by neona-
tal screening had a normal methionine concentration
(<1 mg per deciliter) at the age of four days, when
the blood specimen was collected. He was given the
diagnosis at the age of four months when he was
found to have macrocytic anemia and pancytopenia
due to a dietary folate deficiency.

 

11

 

During the first period of the study, October 1966
through May 1990, the cutoff blood methionine val-
ue for a presumptive diagnosis of hypermethionine-
mia was 2 mg per deciliter. The 8 infants with homo-
cystinuria identified among the 2.2 million screened
during this 23.5-year period (Table 1) represent a fre-
quency of 1:275,000. In June 1990, an additional
specimen was requested from an infant whose blood
methionine concentration in the specimen collect-
ed at two days of age was estimated to be only 1 mg
per deciliter. Repeated testing was undertaken, how-
ever, because the original specimen was recognized
to be an “early specimen” and was the only one on
the bacterial-assay plate with a methionine concen-
tration as high as 1 mg per deciliter. The methionine
concentration in the second specimen from this in-
fant was greater than 12 mg per deciliter, and the di-
agnosis of homocystinuria was subsequently con-
firmed.

On the basis of this experience, the cutoff value
for a presumptive diagnosis of hypermethioninemia
was lowered to 1 mg per deciliter in June 1990. There-
after, 7 infants with homocystinuria were identified
among 1.1 million tested, a frequency of 1:157,000.
This was 1.8 times the frequency at the cutoff value
of 2 mg per deciliter.

Table 1 shows the data on the 15 infants with ho-
mocystinuria identified by neonatal screening over
the 32-year period. For the infants identified before
June 1990, the blood specimen used for the screen-
ing test was collected at the age of three days or more,
whereas for all the infants except one identified in
June 1990 or later the specimen was collected at the
age of two days or less. The earlier collection of spec-
imens beginning in June 1990 is consistent with the
trend toward earlier hospital discharge in the United
States that began in the 1980s.

 

12

 

 It is evident that the
degree of hypermethioninemia is a reflection of the
time of collection of specimens. The blood methionine
concentration was 3 mg per deciliter (201 µmol per
liter) or higher in all but one infant tested from 1966
through May 1990 but was less than 2 mg per decili-

ter in five of the six infants tested in June 1990 and
thereafter from whom specimens were collected no
more than two days after birth. These five infants
would not have been identified at the previous me-
thionine cutoff level of 2 mg per deciliter.

The infant who had a blood methionine concen-
tration of less than 2 mg per deciliter despite the fact
that the blood specimen was collected at the age of
five days was the only infant with vitamin B

 

6

 

–respon-
sive homocystinuria among those identified by the
screening test. This infant was born during the pe-
riod when there was routine follow-up screening prac-
ticed in Massachusetts.

 

13 

 

The initial neonatal screen-
ing result for this infant was considered normal, but
by the age of five weeks, when the routine second
specimen was collected, the infant had marked hy-
permethioninemia.

 

7

 

Lowering the cutoff value for methionine from
2 mg per deciliter to 1 mg per deciliter increased the
false positive rate from 0.006 percent to an average
of 0.03 percent during the eight years in which the

 

*To convert the values for methionine to micromoles per
liter, divide by 0.0149.

†This result was obtained by paper chromatography.

‡Homocystinuria was detected on routine follow-up screen-
ing; this infant was the only one identified who had vitamin
B

 

6

 

–responsive homocystinuria.

§Beginning in June 1990, repeated testing of infants with
initial methionine concentrations of 1 mg per deciliter (67
µmol per liter) was implemented.
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October 1966–
May 1990

1 1967 5

 

1

 

⁄
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10†
2‡ 1968 5 35 <2 >12
3 1971 3 10
4 1976 3 7
5 1977 3 12
6 1980 3 3
7 1981 8 >20
8 1982 3 8

June 1990–
December 
1998§

9 1990 2 19 1 >12
10 1991 2 16 1 8
11 1991 2 22 1 >12
12 1991 3 4
13 1995 2 3
14 1997 1

 

1

 

⁄
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14 1 12
15 1998 2 15 1.5 8
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lower cutoff value was used (annual range, 0.01 to
0.07 percent). For every 10,000 infants screened, a
repeated analysis was requested for 3 who did not have
hypermethioninemia, representing a false positive rate
of 0.03 percent. Thus, approximately 40 such analy-
ses would be requested among the 135,000 infants
screened annually in the New England Newborn
Screening Program.

 

DISCUSSION

 

These results over 32 years of neonatal screening
for homocystinuria, with elevated levels of methio-
nine as the identifier, indicate that the cutoff value
for methionine needs to be at least as low as 1 mg per
deciliter in order for the number of false negative re-
sults to be reduced. Lowering the cutoff value from
2 mg per deciliter to 1 mg per deciliter increased the
frequency of infants correctly identified as having ho-
mocystinuria from 1:275,000 to 1:157,000. At the
original cutoff value of 2 mg per deciliter, five of the
seven infants identified in June 1990 and thereafter
would have been missed.

Early collection of the specimen used for neonatal
screening increases the importance of a lower cutoff
blood methionine value. In the five infants who would
have been missed at the higher cutoff value, the spec-
imen was collected at two days of age or earlier. Blood
methionine concentrations seem to rise slowly in in-
fants with homocystinuria, perhaps because hyper-
methioninemia is a secondary feature of the disorder.
Specifically, although the sequence of metabolic events
that causes hypermethioninemia in persons with ho-
mocystinuria begins with blocking of the conversion
of homocysteine to cystathionine, hypermethionine-
mia is directly dependent on the subsequent methyl-
ation of homocysteine to methionine (Fig. 1). This
is unlike the sequence that occurs with phenylketo-
nuria, in which hyperphenylalaninemia is the primary
consequence of the enzyme defect and develops
rapidly.

 

14

 

Even with the lower cutoff value, it is not possible
to identify all neonates with homocystinuria on the
basis of screening for hypermethioninemia. Naugh-
ten et al.

 

15

 

 have estimated that at least one in every
five affected infants is missed. The actual false nega-
tive rate is probably even higher. For instance, it is like-
ly that infants with the vitamin B

 

6

 

–responsive form of
homocystinuria are missed, since almost no such in-
fants are identified by neonatal screening, although
about 50 percent of those with homocystinuria whose
condition is identified on the basis of clinical com-
plications have the vitamin B

 

6

 

–responsive form.

 

1

 

 The
only infant with vitamin B

 

6

 

–responsive homocystin-
uria whom we identified by neonatal screening had
a blood methionine concentration of less than 2 mg
per deciliter on the initial screening test at five days of
age and was identified only by routine second screen-
ing at the age of five weeks.

 

7

 

 In the study by Naugh-

ten et al., the only infant with vitamin B

 

6

 

–responsive
homocystinuria among 25 affected infants from Ire-
land was missed by neonatal screening, whereas 21 of
the remaining 24 infants had vitamin B

 

6

 

–nonrespon-
sive homocystinuria and were identified by screen-
ing.

 

15

 

 Thus, it is likely that few infants with vitamin
B

 

6

 

–responsive homocystinuria have hypermethioni-
nemia at the time of neonatal screening.

 

7,16

 

False negative results are not limited to affected in-
fants who have vitamin B

 

6

 

–responsive homocystin-
uria. Watanabe et al.

 

17

 

 reported a normal screening
result at the age of five days for an infant with the
vitamin B

 

6

 

–nonresponsive form of homocystinuria.
The only infant we know to have been missed in
New England also had vitamin B

 

6

 

–nonresponsive
homocystinuria.

 

11

 

 On the basis of the prevalence of
a mutation in the gene for cystathionine 

 

b

 

-synthase
among newborn infants, Gaustadnes et al.

 

18

 

 estimat-
ed the incidence of homocystinuria in Denmark to
be 1:20,500. This is several times higher than any fre-
quency reported on the basis of neonatal screening.

 

1

 

Increasing the sensitivity of screening results in de-
creased specificity, and thus more false positive re-
sults, because it enlarges the area of overlap between
true positive results (those that indicate actual dis-
ease) and false positive ones.

 

19

 

 When we lowered the
cutoff value for methionine from 2 mg per deciliter
to 1 mg per deciliter, the false positive rate increased
from 0.006 percent to an annual average of 0.03 per-
cent. However, the latter rate results in only about
40 unnecessary requests for repeated analysis per year
in New England. In other neonatal-screening pro-
grams for homocystinuria, the false positive rates have
also been low, ranging from 0.001 percent among
86,000 neonates screened in Indiana to 0.04 percent
among 112,000 neonates screened in Georgia and
0.06 percent among 271,000 neonates screened in
New York State.

 

20

 

 As in New England, a lower cut-
off value for methionine in these programs tended to
be associated with a higher false positive rate. The
cutoff value was 2 mg per deciliter in Indiana and
Georgia and 1.5 mg per deciliter (100 µmol per liter)
in New York. Nevertheless, all these rates are con-
siderably lower than the false positive rates associated
with neonatal screening for other disorders — 0.2 to
0.5 percent for congenital adrenal hyperplasia,

 

21

 

 0.5
to 0.6 percent for congenital hypothyroidism,

 

22

 

 and
0.1 percent for phenylketonuria.

 

20
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