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Abstract
A total of 599 children with phenyketonuria,
who had been treated early, were followed up
prospectively in order to examine the association between intellectual progress from 4 to 14
years of age and control of phenylalanine concentrations. The phenylalanine rose from
around 400 imol/l during the first four years
to above 900 ,mol/l by 12 years. The children
were divided into two cohorts: cohort I
comprised 224 children born in the United
Kingdom between 1964 and 1971 and cohort
H 375 children born between 1972 and 1978.
In a previous study it was shown that by 4
years of age these children already had a mean
intelligence quotient (IQ) over half a standard
deviation below general population norms,
and that IQ fell linearly as average phenylalanine concentrations rose. Multiple regression
was used to estimate the size of the associations between IQ at later ages and average
phenylalanine concentrations in the periods
between assessments, after controlling for
previous IQ and phenylalanine control, social
class, type of phenylketonuria, and factors
relating to diagnosis and early management.
For each 300 tmol/l rise in average phenylalanine concentrations for those aged 5 to 8 years
IQ at 8 years fell by 4-6 points. This compared with a 7-10 point fall in IQ at 4 years for
a similar rise in phenylalanine. After 8 years of
age the association between IQ and phenylalanine control disappeared in cohort I but persisted in cohort II and was significant up to 10
years of age, although the association was
smaller than at 8 years.
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A previous study using the records of the
Phenylketonuria Register showed that, despite
early treatment, children with phenylketonuria
who were detected by routine neonatal screening between 1964 and 1980 had a mean intelligence quotient (IQ) at 4 years of age at least half
a standard deviation below that expected in the
general population. Intelligence was closely
associated with the quality of dietary treatment
during the first four years of life. Children who
were treated early also showed an increased
tendency to behaviour problems at school and
these were more common in children with
higher phenylalanine concentrations.2 The data
suggest that a significant proportion of early treated children continue to suffer some degree of
neurological impairment due to the persisting
hyperphenylalaninaemia.
Other reports have suggested that withdrawal
of treatment after 4 years of age may be associ-

ated with a further decline in intelligence or in
school progress.36 Nevertheless many older
children and adolescents choose to stop treatment because the diet requires severe restrictions on natural foods and replacement of these
foods with unpalatable substitutes. The present
study examines the association between intellectual progress from 4 to 14 years of age and control of blood phenylalanine concentrations over
the same period, taking account of events up to
4 years. The aim was to quantitate the possible
risks to intellectual ability of relaxing or stopping treatment at different ages so that better
advice can be given to affected subjects.

Subjects and methods
SUBJECTS

The subjects in the study were followed up
prospectively by the staff of the Phenylketonuria Register using the protocol described
previously.' 2 7 8 This included serial blood
phenylalanine concentrations, a record of the
dietary intake of phenylalanine and phenylalanine-low protein substitute at each birthday,
and standardised psychological assessments at
4, 8, 10, 12, and 14 years. Subjects were
selected for the present study if they had been
treated before 4 months of age, were over 10
years of age (born 1964 to 1978), and had completed the follow up protocol to 8 years of age.
At the time of the study data for those aged 9
years and over was still being collected in cohort
II. Children treated for less than 1 year because
they proved to have mild phenylketonuria were
excluded, as were those with tetrahydrobiopterin deficiency or whose mothers had phenylketonuria.
Altogether 599 subjects fulfilled the study criteria and were divided into two cohorts: those
born 1964-71 (cohort I, 224 subjects) before
reorganisation of the national screening
programme,' and those born 1972-78 (cohort
II, 375 patients). Eighty nine children previously studied at 4 years2 were excluded from
the present study because they had no valid IQ
at 8 years (39 in cohort I, 50 in cohort II),
usually because testing was incomplete, outside
the age limits, or the test used was other than
that specified. Subjects included in the study
represent 53% (cohort I) and 80% (cohort II) of
all known early treated subjects in the United
Kingdom compared with 63% and 89% studied
at 4 years. The loss of subjects between 4 and 8
years may have exerted a slight upward bias in
overall IQ as children assessed at 4 but not at 8
had a lower mean IQ than those assessed on
both occasions. However, the size of the bias
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PSYCHOLOGICAL ASSESSMENTS

IQs were measured at the age of 4 years using
the Stanford-Binet (short form L-M, 1960 revision) and at 8 years using the full forms of either
the Wechsler intelligence scale for children
(WISC) (cohort I), or revised WISC (WISC-R)
(cohort II). IQs were remeasured at 10, 12, and
14 years of age using the same procedures as at 8
years.
As discussed previously,' in the United States
and Europe, including the United Kingdom, a
steady rise in population IQ scores (of approximately 0 3 points per year from the time of standardisation onwards) has been occurring for all
commonly used test procedures. A method of
converting IQs to standard deviation scores (IQSDS), which allows for the influence of population trends and the differences between tests,
has been described and is used again here.' As
the present study was concerned with longitudinal IQ trends in the same children (rather than
in succeeding generations of children) population norms have been based on the year of the
first assessment at 4 years of age-that is:
revised Stanford-Binet norms=98+0-3 (birth
year+4-1932); revised WISC norms= 100+0-3
(birth year+4-1947-5); and revised WISC-R
norms=102-6+0 3 (birth year+4-1972). IQSDS was then calculated by subtracting the estimates of the population IQ norms from the
actual IQs, and dividing by the standard deviation for the test procedure concerned (StanfordBinet 16, WISC 15, WISC-R 14).
TYPE OF PHENYLKETONURIA

The register classifies subjects as 'atypical',
'possibly atypical', or 'classical' according to
peak phenylalanine concentrations during a
period of relaxation in the dietary restrictions
after the first birthday (<900 ,umol/l, 900-1200
timol/l, and >1200 ,umol/l respectively). As so
few treated subjects fell into the 'atypical' category (seven in cohort I, 20 in cohort II) for the
purposes of the present study they were merged
with the 'possibly atypical' group to form a
single, 'non-classical' group (25 (11%) in cohort
I, 87 (23%) in cohort II).
DIETARY CONTROL OF PHENYLALANINE
CONCENTRATIONS

Dietary treatment was classified at each birthday according to the total recorded phenylalanine intake (strict=<500 mg/day or less,
relaxed=500 -1000 mg/day), free=>1000 mg/
day). Stopping treatment was defined separately as the age at which the regular intake of a
phenylalanine-low protein substitute ceased.
Phenylalanine concentrations were categorised
and plotted against time in order to estimate
area under the curve, as described previously.' 2 Because phenylalanine values were
usually measured using semiquantitative

methods (which become progressively less accurate as phenylalanine concentrations rise above
1200 [tmol/l) all values > 1200 ,umol/l were
coded into a single category. Relatively few
quantitative results recorded up to 14 years
were above 1500 imol/l and phenylalanine
values in the top category were set at 1350 iimol/
I (the mid-point between 1200 and 1500 iimol/l)
for the purposes of calculating average phenylalanine values. Means were calculated for each
year of life and for eight composite follow up
periods: birth -4, 5-8, 9-10, 9-12, 11-12,
11-14, 13-14 years.
STATISTICAL METHODS

Trends in phenylalanine control, dietary intake,
and IQ-SDS were examined in relation to age.
The associations between IQ-SDS and dietary
control at different ages were examined in a
series of tables. Multiple regression was used to
determine whether IQ at different ages was
related to blood phenylalanine concentrations
during the periods between assessments, controlling both for IQ at the beginning of the
periods and the history of phenylalanine control. Also included in the regressions were social
class and type of phenylketonuria (as class variables) and four factors (as continuous variables)
relating to diagnosis and early management that
had previously been shown to relate to IQ-SDS
at 4 years (diagnostic phenylalanine concentrations, age at start of treatment, duration of
phenylalanine concentrations below 120 ,umol/l
in first two years and birth year).

Results
TRENDS IN DIETARY CONTROL AND IQ-SDS WITH
AGE

Figure 1 summarises overall dietary trends from
the start of treatment to the 14th birthday in
cohorts I and II respectively. The figures show
the annual percentages of children receiving a
strict, relaxed, or free diet at each birthday and
median blood phenylalanine concentrations
(with 10th and 90th centiles) in classical and
non-classical subjects separately. In cohort I
dietary follow up was complete but in cohort II
the trends are based on declining numbers (375
up to 8 years to 130 at 12 years) because only a
minority of subjects had reached their 14th
birthday. After 12 years there were too few subjects for analysis.
The proportion of subjects receiving a strict
diet fell with increasing age. The fall was
steeper in cohort I in which less than 50% of
subjects were receiving a strict diet at the age of
8 years and only 11% at 12 years. In cohort II
80% were still receiving a strict diet at 8 years
and 40% at 12 years. Up to 4 years of age the
median phenylalanine values were relatively
stable at around 400-450 [imol/I although in
cohort II, even before 4 years, median values
tended to be higher in classical compared with
non-classical subjects. After 4 years classical
subjects in both cohorts showed a steady rise in
median phenylalanine values in parallel with the
relaxation of the diet; the rise was steeper in
cohort I than cohort II. Non-classical subjects
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Figure 1 Trends in dietary treatment with age: upper graph, cohort I; lower graph,
cohort II. Percentages ofsubjects receiving strict (<500 mg phenylalaninelday), relaxed
(500-1000 mg phenylalaninelday), orfree (>1000 mg phenylalaninelday) diets. Median
phenylalanine concentrations (with 90th and 10th centiles) at each year of age in classical and
non-classical subjects.
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Figure 2 Trends in IQ-SDS in classical and non-classical subjectsfrom 4 to 14years of age;
means (SD) in cohorts I and II separately.

showed only a modest rise in phenylalanine concentrations with increasing age.
Between 4 and 14 years of age mean IQ-SDSs
were generally very stable (fig 2). All means
were negative, indicating that mean IQs were

ASSOCIATION BETWEEN IQ-SDS AND
PHENYLALANINE CONTROL

In both cohorts and at all ages, mean IQ-SDS
fell as average phenylalanine concentrations in
the period preceding assessment rose. As nonclassical subjects tended to have higher mean
IQ-SDSs and also had better phenylalanine control than subjects with the classical disorder, the
association between IQ-SDS and phenylalanine
control was re-examined in classical subjects
alone; the data for 8 years of age is shown in
table 1. An inverse trend between IQ-SDS and
average phenylalanine concentrations between 5
and 8 years persisted. IQ-SDS was also
inversely related to earlier age at which the
annual phenylalanine average concentration
reached 900 ,umol/I and children who stopped
their protein substitute before 8 years did worse
than the others. There were too few nonclassical subjects to permit meaningful tabulation in the same way.
As mean phenylalanine concentrations after
4 years were closely correlated with phenylalanine concentrations during the first 4 years the
associations between IQ-SDS and measures of
dietary control after 4 years could have arisen
indirectly due to the previously demonstrated
association between intellectual progress at 4
years and phenylalanine control during the first
4 years.' In order to see whether there was any
independent association between IQ-SDS at 8
years and phenylalanine control between 5 and
8 years subjects were divided into four groups
according to phenylalanine control between
birth and 4 years and between 5 and 8 years
(-600 pmol/l=good control, >600 [tmol/l=
poor control) (table 2).
In both cohorts those with good control
throughout the first 8 years had the least negative IQ-SDS at 8 years, those with good control
in the first 4 years but poor control between 4
and 8 did less well, and those with poor control
throughout the first 8 years did worst; very few
subjects had poor control in the first 4 years and
good control later. Examining the differences
between IQ-SDS at 4 and at 8 years (table 3), in
those with poor control after 4 years (whether
control up to 4 years was good or poor) IQ-SDS
fell between 4 and 8 years, whereas in those
with good control throughout the 8 years IQSDS stayed the same or showed a rise. In both
cohorts, when the changes in the poorly controlled groups were compared with the changes in
the well controlled, the poorly controlled did
worse by approximately -0-3 SDS (5 IQ
points).
REGRESSION ANALYSES

The above results suggested that IQ-SDS at 8
years was independently associated with phenylalanine control between 5 and 8 years. Multiple
regression analysis was used to define this asso-
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Smith, Beasfry, Ades

314

Table I Association between IQ-SDS at 8 years of age and dietary control (classical subjects only)

Mean phenylalanine from 5-8 years (ILmol/1)
<400
401-500
501-600
601-700
701-900
>900
Age annual phenylalanine became >900 pmol/l (years)
>8
7-8
5-6
3-4
1-2
Age diet stopped*
>8 years
1-8
All subjects

Cohort II
No (%)

Mean IQ-SDS

(15)
(23)
(18)
(16)
(17)
(11)

-0-14
-0-38
-047
-0 95
-1-14
-1-48

-0 47
-1-16
-1-62
-1-81
-1-47

204 (70)
35 (12)
19 (7)
19 (7)
11(4)

-0 45
-0-83
-1-39
-1-73
-2-03

-0 70
-1-45
-0-86

272 (94)
16 (6)
288 (100)

-0-64
-1-76
-0-71

27
41
34
29
28
39

(14)
(21)
(17)
(15)
(14)
(19)

-0 54
-0-24
-0-61
-0-61
-1 10
-196

124
26
16
23
10

(62)
(13)
(8)
(12)
(5)

157 (79)
42 (21)
199 (100)

Mean IQ-SDS

42
65
52
45
50
33

*Age at which administration of phenylalanine-low protein substitute ceased. The number of subjects who stopped before the 8th year
was too small to allow for meaningful subdivision.

Table 2 Association of IQ-SDS at 8 years of age and change in IQ-SDS between 4 and 8 years to mean phenylalanine

concentratwon in wnolll from birth to 4 years and 5 to 8 years
Phenylalanine
Cohort I

Phenylalanine
0-4 years

<600

IQ-SDS at 8 years
Change in IQ-SDS 4-8 years

<600
>600
<600
>600

Cohort II

>600

No

IQ-SDS No

120
3
120
3

58
42
58
42

-0-38
-0 01
+0-23
+004

IQ-SDS No

£600)

>600
IQ-SDS No

-1-12
-1 49
-0-06
-0 13

227
10
227
10

-0-24
-1 04
+0-02
-0-28

88
48
88
48

IQ-SDS
-099

-1[37

-0 30
-0-23

Table 3 Summary of regression analyses. IQ-SDS as dependent variables with estimates (SE) of slopes of regression lines
relating IQ-SDS to a 1000 pmolll change in mean phenylalanine concentrations in period immediately before assessment
Outcome
variable
IQ-SDS
(years)
4
8
10
12
14

Regressor

Cohort

Cohort I

variable
phenylalanine

No

Estimates (SE)*

p Value

No

Estimates (SE)*

p Value

0-4
5-8
9-10
9-12t
11-14t

191
191
168
167
159

-1-72
-1-42
+0-15
+0-28

(043)
(0 32)
(0 22)
(0 25)
+0 01 (0 27)

<00001
<00001
NS
NS
NS

316
316
186
86

-2-10 (0-41)
-0-88 (029)
-0 52 (020)
-0 58 (0 38)
Not done

<00001
0001
0-02
NS

(years)

*Estimates adjusted for social class, type of phenylketonuria, IQ-SDS at previous follow up (except at 4 years), phenylalanine
concentrations before 4 years, and four variables relating to diagnosis and early management (see methods).
tSimilar results were obtained for periods 11-12 and 13-14 years.
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ciation more fully. Social class, type of phenylketonuria, and the four factors relating to
diagnosis and early management (see methods)
were included in the regression equations, along
with IQ-SDS at 4 years, average phenylalanine
concentrations in the period 0-4 years as a continuous variable, and average phenylalanine
concentrations 5-8 years as a class variable.
In both cohorts IQ-SDS at 8 years was highly
and directly correlated with IQ-SDS at 4 years
(cohort I F1,175=96 9, p>O0OOOl, cohort II
F1,301=140-0, p<O0OOOl). However, even after
allowing for IQ-SDS at 4 years and all other factors, IQ-SDS at 8 years was independendy and
inversely associated with average phenylalanine
control between 5 and 8 years (cohort I F5,175=
4-5, p<00007, cohort II F5,301=2-8, p<O016).
The

means

for IQ-SDS

at

8, adjusted for the

effects of the other covariates by regression, are
plotted against mean phenylalanine in fig 3.
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lower than expected in the general population, probably due to some degree of neurological impairment occurring despite dietary treatment, and that intelligence was inversely and
linearly associated with average phenylalanine
control from birth to 4 years.' * The present
study shows that, even after taking events up to
4 years into account, intelligence at 8 years was
still inversely associated with phenylalanine
control between 5 and 8 years. A tendency for
IQ to rise between 4 and 8 years in subjects with
good control and to fall in those with poor control accounted for the lack of change in the
mean IQ between the two ages.
After 8 years, despite a steep rise in blood
phenylalanine concentrations, the association
between intelligence and phenylalanine control
was no longer evident in children born earlier.
However, in those born later an inverse association between intelligence and phenylalanine
control persisted to at least 10 years, although
the association was less noticeable than at earlier
ages. Later born subjects also differed from the
earlier born in having higher IQs at all ages
although, as discussed previously,' our analysis
does not fully explain this difference.
An explanation for the association we have
documented between intelligence and phenylalanine control up to 8-10 years is that raised
brain phenylalanine concentrations, via closely
related biochemical events such as deficiency of
neuronal amino acids9 and increased myelin
turnover,'0 exert an adverse, dose related effect
on brain growth and development, greatest during early childhood and declining gradually
thereafter. This interpretation is consistent with
what is known about the natural history of the
untreated condition7 and with previous reports
that children deliberately placed on a normal
diet at or before 8 years showed falls in IQ3 4 or
in educational progress' after the change in
treatment. Our findings are also in agreement
with those of the American Collaborative Study,
which showed that lower IQ was associated with
earlier age (up to 8 years) at which average
phenylalanine concentrations reached 900

was

PmoJl/.6

Nevertheless, an indirect contribution to the
association between intelligence and hyperphenylalaninaemia cannot be ruled out. In our
study the minority of subjects with non-classical
phenylketonuria (defined as failure of blood
phenylalanine concentrations to rise above 1200
iimol/l during a period of dietary relaxation) did
consistendy better than those with the classical
disorder with respect to both intelligence and
phenylalanine control. This intellectual advantage in non-classical subjects could be fully
accounted for by their better phenylalanine control. As a child grows older and dietary treatment is less strictly maintained, however, there
is wider variation between patients in phenylalanine concentrations. It is possible that this
increased variation provides an additional and
more sensitive index of 'severity' than the other

Discussion
We have reported previously that intelligence at
4 years of age in children with phenylketonuria
in the United Kingdom who were treated early

*In our previous paper a lower figure was given of 'approximately
4 points for each 300 jtmol/l rise in mean phenylalanine
concentrations'; this was an error and should have read 'approximately 8 points for each 300 Zumol/l rise in mean phenylalanine

concentrations'.
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The trends were similar in both cohorts and
linear. With the exceptions of a positive association with birth year in cohort I (F1,175=5-9, p=
0-016) and a negative association with phenylalanine control 0-4 years in cohort II (F1,301=
6-0, p=0-015) there were no further independent associations between IQ-SDS at 8 years
and any other variables. Type of phenylketonuria had no independent influence on IQ-SDS
once allowance was made for phenylalanine control.
Similar regression analyses were carried out
to examine the association of IQ-SDS at ages
8, 10, 12, and 14 years to mean phenylalanine
concentrations in the period between assessments, now treated as a continuous linear variable, while controlling for the other factors.
Thus at age 10 years IQ-SDS was regressed
against average phenylalanine concentrations
between ages 9-10, while controlling for:
IQ-SDS at 8, phenylalanine concentrations
between birth and 4 years and between 5 and 8
years, social class, type of phenylketonuria, and
the four factors relating to diagnosis and
early management. At 12 years phenylalanine
control between 11 and 12 years was added to
the equation and at 14 years IQ-SDS at 8 years
was replaced by IQ-SDS at 10 years and phenylalanine control 13-14 years was added. An
analysis of IQ-SDS at 4 years in the children
also tested at 8 years was included for comparison, although no preceding IQ-SDS was available for inclusion in the analysis.
Estimates of the slopes of the regression lines
at different ages are set out in table 3; these represent the effect on IQ-SDS of an 1000 iimol/l
rise in phenylalanine. The results at 4 years
were similar in both cohorts. At 8 years the slopes of the regression lines were somewhat less
than at 4 years, particularly in cohort II, but
were still significant. In cohort I after 8 years of
age the association between IQ-SDS and mean
phenylalanine control was no longer evident,
though, in cohort II, a significant negative association between IQ-SDS and phenylalanine control persisted (though with a lower slope) and
was still significant at 10 years.
From the slopes shown in table 3 it is predicted that for each 300 [tmol/l rise in mean
phenylalanine concentrations in the first 4 years
of life, IQ at 4 years fell by 7 points in cohort I
and 10 points in cohort II. After allowing for
events up to 4 years, a rise of 300 iimol/l in
mean phenylalanine concentrations between 5
and 8 years was associated with a fall in IQ at 8
years of 6 points in cohort I and 4 points in
cohort II. At 10 years IQ in cohort II fell 2
points for the same rise in phenylalanine. Similar results were obtained in regression models
which examined each two year interval after 10
years, and also models which did not include
adjustments for the variables related to events
up to four years and phenylalanine concentrations before the preceding IQ.
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trations appear to diminish as the child grows
older, in some individuals at least, phenylketonuria poses a lifelong hazard to the integrity of
the nervous system. Patients with phenylketonuria will, therefore, have to be advised to continue a low phenylalanine diet indefinitely,
despite the uncertainties and real practical difficulties involved. As subjects pass through adolescence and early adult life it will be important
to continue monitoring progress so that more
information can be obtained concerning the size
of risk to the nervous system and the factors
related to neurological deterioration.
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variables we have used and might, therefore, be
an additional determinant of the adverse effects
of phenylketonuria on the nervous system, associted with but not wholly dependent on phenylalanine control. Nevertheless, that the associations between intelligence and phenylalanine
control after 4 years persisted after controlling
for IQ at 4 years and the history of phenylalanine control, provides strong support for the
view that phenylalanine excess exerts a direct
and dose dependent effect on intellectual progress.
Whatever the correct explanation for associations between intelligence and dietary control at
different ages, the results suggest a decline in
the size of the association as children become
older and particularly after 8 years, despite their
much higher phenylalanine concentrations.
This probably indicates that, by mid-childhood,
maturation of the nervous system has advanced
to a stage where the parameters of 'intelligence'
have stabilised and are therefore less vulnerable
to the biochemical effects of phenylketonuria.
The relatively stable intellectual state in older
children does not preclude the development of
other manifestations of neurological impairment. Four early treated subjects (0-4% of register subjects aged over 12 years) are known to
have developed new and major neurological
problems (paraplegia and epilepsy) in adolescence or early adult life and lesions in the subcortical white matter were found on magnetic resonance imaging. " The literature contains several
other case reports of new neurological abnormalities developing in both late and early treated
adolescents and young adults with phenylketonuria.7 1213 In addition postmortem studies have documented signs of active
demyelination12 14 as well as hypomyelination
and reduced brain size. White matter changes
on magnetic resonance imaging have also been
reported in children without neurological
deterioration but with a history of poor phenylalanine control.'5
We conclude that optimal intelligence is
unlikely to be achieved in children with phenylketonuria unless phenylalanine concentrations
are mostly below 400 ,umol/l throughout the
first half of childhood. In children with severe
classical phenylketonuria it is difficult to maintain phenylalanine concentrations within a very
narrow range and such children are likely to be
at a particular risk of intellectual impairement.
Even though the changes of intellectual
deterioration due to high phenylalanine concen-

