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ABSTRACT

Neuropsychologic studies have shown that even phenylketo-
nuric patients treated early suffer from phenylalanine-related
deficits in all age periods, from childhood to adulthood. This
study was performed to determine whether phenylketonuric chil-
dren show specific frontal lobe—dependent deficits when com-
pared with diabetic patients. The comparative study included 42
phenylketonuric patients, 10 to 18 y of age [mean 14.7 (years,
months), SD 2.9], and 42 diabetic patients matched for sex, age,
and socioeconomic status. Patients were assessed for intelligence
quotient (Culture Fair Intelligence Test), information processing
(Wisconsin Card Sorting Test, Trail-Making Test), and selective
(Stroop task) as well as sustained attention (Test d-2). Phenylk-
etonuric patients had significantly poorer results than the diabetic
patients. Within all tests, however, this was due to reduced
performance speed, not to deficits in specific functions. Patients
did not show deficits in insight and learning. The selection
abilities and the sustained attention of the phenylketonuric pa-

When patients with PKU are restricted to a diet low in PHE
soon after birth, their neurologic and intellectual development
is close to normal (1). Duration and strictness of the diet are
still under discussion (2). Until recently, the policy was to relax
the diet after 10 y of age, however, current recommendations
suggest maintaining this strict diet for as long as possible (2, 3).

PKU resulting from PHE hydroxylase deficiency [McKusick
26160 (4)] is the most frequent inborn error of amino acid
metabolism (5). Longitudinal studies have shown that the brain
is most vulnerable to elevated PHE levels during the first years
of life. After the age of 8 to 10 y, no independent influence of
blood PHE levels on measures of general ability (intelligence)
could be demonstrated (1, 6—8). Nevertheless, in all age
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tients were not impaired. Performance speed and blood phenyl-
alanine levels were negatively correlated. Elevated phenylalanine
levels may cause an imbalance in neurotransmitter metabolism.
However, this seems to refer to a global neurotoxic effect rather
than to specific effects on the dopaminergic system, which would
affect specifically the activation of the frontal lobes. (Pediatr Res
51: 761-765, 2002)

Abbreviations:
CFT 20, Culture Fair Intelligence Test-Scale 2
CWIT, Color-Word-Interference-Task
HBAI1, glycohemoglobin A,
PHE, phenylalanine
PKU, phenylketonuria
WCST, Wisconsin Card Sorting Test
ZVT, German Number Combination Test
(Zahlen-Verbindungs-Test)

periods (childhood to adulthood), neuropsychological deficits
were reported for PKU patients (9—15). A review of 21 pub-
lished studies reported simple motor speed, speech, language,
memory, and basic logic to be generally unaffected (16).
Deficits were primarily found in abstract reasoning, executive
functioning, and the attention area of information processing
(16).

Elevated PHE levels can interfere with the development and
function of the CNS by different mechanisms, such as dysmy-
elination (17) and decrease of neurotransmitter receptor density
(18). Besides these morphologic changes, elevated PHE levels
may cause an imbalance in neurotransmitter metabolism (19—
22). PHE inhibits the uptake of the precursor amino acids
tyrosine and tryptophan into the brain as well as the synthesis
of the neurotransmitters dopamine and serotonin and possibly
their neuronal release (19-22). In contrast to the serotonin
projections, the dopaminergic system in the neocortex is highly
topographically organized (23). The mesolimbic and mesocor-
tical systems project from the ventral tegmentum to limbic and
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cortical areas, especially to the anterior cingulate and the
frontal lobes (21, 24). Weglage et al. (25) found deficits in
selective and sustained attention processes in early-treated
children with PKU compared with healthy controls. These
deficits may reflect specific impairments of frontal lobe func-
tions in patients with PKU, reported by Welsh ef al. (26).
Authors postulated specific neuropsychologic deficits of frontal
lobe functions resulting from PHE-related central dopamine
deficiency (27).

However, it is still unknown whether the reported deficits in
selective and sustained attention processes are specific to PKU
if compared with another chronic illness rather than to healthy
controls. We therefore investigated whether information pro-
cessing as well as selective and sustained attention processes in
children with PKU treated early show a specific profile if
compared with patients with diabetes mellitus type 1. Diabetic
patients as controls were chosen for several reasons. Diabetics
and PKU patients suffer from chronic metabolic illnesses that
are comparably burdensome (27). At the same time, both
groups of patients do not differ significantly either in the degree
or in the pattern of their psychosocial profile measured using
the Child Behavior Checklist (27). Psychosocial maladjust-
ment that may affect cognitive functioning is controlled better
this way than using healthy controls. Finally, no illness-related
impairment of frontal lobe functioning may be expected in
adolescent diabetic patients if hypoglycemia is excluded. The
study was approved by the applicable institutional review
board and informed consent was obtained from all patients.

PATIENTS AND METHODS

We examined 42 early-treated patients (start of diet before
wk 7 of life; mean 18 d, SD 9 d) with classical PKU (19
females, 23 males), 10 to 18 y of age (mean 14.7 y, SD 2.9 y)
and 42 patients with diabetes mellitus type I (manifestation of
diabetes 2—14 y earlier, mean 7.4 y, SD 4.2 y) matched for age
(10-18 y, mean 14.8 y, SD 2.7 y), sex (19 females, 23 males),
and socioeconomic status. Based on the father’s educational
background and occupation, the families were classified ac-
cording to the following five categories of socioeconomic
status: upper (PKU 1/diabetics 1), upper-middle (PKU 3/dia-
betics 3), middle (PKU 23/diabetics 24), lower-middle (PKU
10/diabetics 9), and lower (PKU 5/diabetics 5). The school
achievement was evaluated from parents’ ratings with respect
to the following variables:

1. Age at start of schooling

2. Number of patients who had to repeat at least one class

3. Types of schools attended

Blood levels of PHE and HBA1 were determined by HPLC
methods following standard procedures. Lifelong metabolic
control was estimated by calculating the mean of all yearly
medians of PHE and HBA1 levels since start of treatment. In
addition, the concurrent PHE and HBA1 levels at the time of
investigation were determined.

Patients were assessed for intelligence quotient (IQ) (CFT
20), information processing (WCST, Trail-Making Test), and
selective (Stroop task) and sustained attention (Test d-2). The
test battery administered in addition to the intelligence test was

FELDMANN ET AL.

limited to challenging instruments that have previously dem-
onstrated their appropriateness in detecting deficits in frontal
lobe function.

Intelligence was measured by the CFT 20. The test was
developed and standardized by Weiss (28) in 1987. It is a
“culture-fair” 1Q test, which does not depend on language
skills. Internal consistency of the test ranged from » = 0.90 to
0.95, and test-retest correlations ranged between » = 0.90 and
0.97 (reported from the CFT 20 manual).

Information processing was measured by the WCST, a
neuropsychological task that requires subjects to categorize
geometric forms by their color, number, or shape. To be
successful on the WCST, subjects need to attain and then
maintain that concept, but switch it when the rules for sorting
change. This task is difficult for patients with frontal lesions
(29, 30). Studies showed that better performance in the WCST
correlated with greater metabolic activation in the dorsolateral
prefrontal region (31). WCST scores are calculated from the
number of wrong matches, the number of categories com-
pleted, and the trials needed to complete the first category.
Additional assessments consider the failure to maintain sets of
correct matching and the learning abilities of subjects. Here,
scores are calculated by counting incomplete categories and
computing mean number of trials to complete categories,
respectively.

Trail-making tests are used widely in the screening of
psychomotor function. They require visual-motor tracking and
basic sequencing skills. Trail changes require that the subjects
shift between rehearsed sequences, thus providing a measure of
sequencing skills. The ZVT was standardized by Oswald and
Roth (32) in 1987. The ZVT consists of four subtests in which
different trails are to be made. The mean time needed to make
the trails is calculated as a score of information processing
speed.

The CWIT according to Stroop consists of three parts:
reading of color words, color naming, and the interference task.
Subjects note the strong interference of word reading with
color naming, called the Stroop interference effect (e.g. the
word “red” printed in green requires the verbal response
“green”). Additionally, a nomination score is quantitated in
terms of the difference in reaction times of reading of color
words and color naming. The tendency to interference (selec-
tion) is quantitated in terms of the difference in reaction times
of color naming and the interference task. The German adap-
tation of the Stroop task was standardized by Baumler (33) in
1984. Evaluation of results was done on the basis of raw data
(in seconds) because the small normative sample of the test
was not representative for sex, age, and education. The German
adaptation of the Stroop task is comparable to the test versions
used in positron emission tomography studies by Pardo et al.
(34) and Bench et al. (35), who demonstrated an activation of
the frontal lobes during the Stroop test in healthy subjects.
Using a similar version of the Stroop task, Perret (36) reported
selective deficits of frontal damaged patients on this test.

Sustained attention was assessed by the Test d-2, a paper and
pencil test that measures speed and accuracy in differentiating
similar visual stimuli. The test was revised in 1994 (37).
Internal consistency of the test ranged from » = 0.84 to 0.98,



NEUROPSYCHOLOGICAL DEFICITS IN PHENYLKETONURIA

Table 1. Serum PHE concentrations: two indices of dietary control
(pmol/L)

Mean = SD (Range)

893 = 412 (72-1746)
526 = 155 (267-869)

Serum PHE level at the time of testing (n = 40)
Mean of yearly medians of serum PHE levels
throughout life (n = 35)

test-retest correlations ranged from » = 0.88 to 0.92 (reported
from the test manual). Results are expressed in the following
scores: N (number of items completed) and M (mistakes, i.e.
missed target items plus commissions). N is described as a
“measure of basic cognitive working speed,” and M is de-
scribed as an index of “selection abilities” (37).

Within the results, the mean test scores reached by the
phenylketonuric and diabetic patients are reported with refer-
ence to the mean scores reached by the standardization popu-
lations of the tests used. These scores can be seen as normal
scores of healthy subjects.

Data analysis was based on ¢ tests for independent samples
and on Pearson correlations. The significance tests were of an
explorative nature; the level of significance was set at p < 0.01.
Statistical analyses were carried out using SPSS 9.0 (SPSS
Inc., Chicago, IL, U.S.A.).

RESULTS

In general, patients followed a diet recommended by the
German Pediatric Society [240 wmol/L up to the age of 10 vy,
900 wmol/L up to the age of 15 y (38)] (Table 1).

The 42 patients with PKU reached an 1Q of 99.58 (SD 13.68,
range 76—127), which is not significantly different from the
mean IQ of the normal population (100, SD 15). This is true for
the IQ of the diabetic patients (104.38, SD 12.16, range
79—132). There were no statistically significant IQ differences
between groups of patients.

Information processing measured by the WCST did not
show significant differences between groups. Patients with
PKU needed more trials to complete the first category. Having
attained a concept, however, they performed as well as the
diabetic patients. Patients with PKU showed moderately better
learning abilities and completed as many categories as the
diabetic patients. In general, both groups met the scores of the
normative, healthy sample (Table 2).

Information processing measured by the ZVT showed sig-
nificant differences between groups. The mean scores reached
by the diabetic patients met the mean scores of the ZVT
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standardization population, whereas patients with PKU needed
considerably more time to make the trails (Table 3).

Using the Test d-2, the PKU patients reached a performance
level significantly below that of the diabetic patients (Table 4).
However, their low performance results from a reduced num-
ber of items completed, not an increased number of mistakes.
The scores of the diabetics were similar to the mean scores of
the Test d-2 standardization population.

In most of the CWIT subtests, the PKU patients had signif-
icantly poorer results than the diabetic patients (Table 5). They
showed reduced speed in reading and naming as well as in the
interference task. Here, expected nomination speed is reduced
but selection is not.

Negative Pearson correlations of blood PHE levels with test
scores were significant for processing speed measured by the
ZVT only. A significant positive correlation was found be-
tween serum PHE levels of the patients with PKU and the
number of mistakes made in the Test d-2 (Table 6).

DISCUSSION

Neuropsychologic studies of PKU revealed deficits primar-
ily found in abstract reasoning, executive functioning, and the
attention area of information processing. Children of all ages
were equally likely to show problem-solving deficits and
slower reaction times, and performances were more closely
related to the concurrent PHE level than to long-term dietary
status (10, 11, 13, 16, 25, 26). Recently, Welsh et al. (26) and
Diamond (11) postulated specific neuropsychologic deficits of
frontal lobe functions due to PHE-related central dopamine
deficiency. This seemed to be plausible because the dopami-
nergic system of the brain is highly topographically organized,
including projections to the frontal lobes (23). In addition,
reduced central concentrations of dopamine and metabolites of
dopamine in cases of elevated PHE levels were demonstrated
(21). Waisbren et al. (16), in their review of 21 neuropsycho-
logic studies in PKU, concluded that “samples available for
study were generally small and heterogeneous with regards to
age, treatment history, current dietary status and intellectual
capabilities.” Until now, the question of whether PKU patients
suffer from specific deficits of frontal lobe functions remained
to be answered.

In our study, patients with PKU showed significantly poorer
performance in information-processing speed. They needed
considerably more time to complete trails of the ZVT and
needed more trials to complete the first category of the WCST.

Table 2. Results of the WCST in children with PKU and diabetes

PKU Patients

Diabetic Patients

Mean * SD (Range) (n = 42) (n = 42) p Value
Total number of errors 21 =13 (0-51) 18 =9 (6-44) NS
Number of categories completed 3.3 +22(0-13) 3.1 = 1.3(0-5) NS
Trials to complete first category 15 =11 (3-64) 12 =3 (0-23) <0.01
Failure to maintain set 0.3 £0.5(0-2) 0.4 £0.5(0-2) NS
Learning to learn —8 = 28 (—77-55) —11 £20(—52-46) NS

According to the WCST manual, mean numbers of the normal population are as follows: errors, 17; categories completed, 3—6; trials to complete first category,

10-13; failure to maintain set, 0—2; learning to learn, = —6.99.
A p value >0.01 is NS.
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Table 3. Results of the Trail-Making test in children with PKU and
diabetes

Diabetic Patients
(n =42) (n = 42) p Value

T value 41 =10 (20-64) 50 = 12 (28-75) <0.001
Time to complete trail(s) 105 = 31 (64-204) 82 = 25 (44-154) <0.001

PKU Patients
Mean * SD (Range)

Mean T value (time) of the normal population: 50 s, SD = 10 s.

Table 4. Results of the Test d-2 in children with PKU and diabetes
PKU Patients

Diabetic Patients

Mean * SD (Range) (n = 42) (n = 42) p Value
N (percentile) 31 £ 28(0-99) 45 +32(1-99) <0.01
M (percentage) 10 £ 17 (1-77) 6 += 7(0-30) NS

N, number of items completed; M, number of mistakes. Mean percentile of
the normal population = 50.
A p value >0.01 is NS.

Table 5. Results of the CWIT in children with PKU and diabetes

Mean = SD PKU Patients Diabetic Patients

(Range) (n = 42) (n = 42) p Value
CWR 42 + 19 (24-129) 34 = 7(22-61) <0.01
CN 70 = 17 (44-112) 56 = 13 (37-85) <0.001
INT 116 = 36 (41-185) 89 + 28 (38-150) <0.001
NOM 42 + 8 (26-62) 48 = 11 (29-71) <0.01
SEL 56 = 10 (30-74) 58 = 11 (36-80) NS

CWR, color word reading; CN, color naming; INT, interference task; NOM,
expected nomination speed; SEL, selection; all scores in seconds.
A p value >0.01 is NS.

However, PKU patients managed to obtain a number of com-
pleted categories that did not differ from the performance of
diabetic patients or healthy controls. According to the WCST
learning-to-learn score, the learning abilities of patients with
PKU are not impaired. PKU patients showed poorer perfor-
mance in reaction speed but not in selective attention. Patients
with PKU did complete significantly less items of the Test d-2,
which is indicative of a low cognitive working speed. How-
ever, they did not show impaired selection abilities, as far as
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mistakes made in the Test d-2 are concerned. Patients with
PKU showed an increased reaction time in reading of color
words and color naming as well as in the interference task.
Here, expected nomination speed was reduced, but selection
(the difference in reaction times of color naming and the
interference task) was not.

The pattern of differences between PKU and diabetic pa-
tients matched for age, sex, and socioeconomic status demon-
strated PHE-related reduced performance speed but no specific
deficits in frontal lobe functions such as selection abilities,
insight, or learning. In general, our results again have demon-
strated the influence of concurrent PHE levels on neuropsy-
chologic test results. Even in adolescence and early adulthood,
elevated PHE levels are associated with cognitive impairment
primarily in terms of prolonged reaction times. This is in
accordance with recent studies of Burgard er al. (10) and
Griffiths et al. (13).

As far as adolescents and young adults are concerned, our
results do not support the hypothesis of Welsh et al. (26) and
Diamond (11) postulating a specific frontal lobe deficiency in
PKU due to a PHE-related central dopamine deficiency. Re-
cently, Ullrich ef al. (39), who treated adult PKU patients with
L-dopa, was not able to demonstrate any significant effect of
drug therapy on neuropsychological test results depending on
frontal lobe functions. They concluded that there may be no
functionally relevant dopamine deficiency in PKU patients.

Our results are also in accordance with findings of Pietz et
al. (40). Using magnetic resonance spectroscopy for quantita-
tive measurement of PHE levels in brain of PKU patients, they
found no specific or localized pathology in the EEG, but a
general slowing of background activity caused by elevated
brain PHE levels after an oral PHE load. After blocking PHE
uptake into the brain by supplementing high doses of other
large neutral amino acids, there was no slowing of EEG
activity (40).

Table 6. Pearson correlations of serum PHE levels with test scores

Mean of Yearly Medians of

Serum PHE Level at

Serum PHE Levels the Time of Testing

throughout Life (n = 35) (n = 40)
1Q (CFT 20) —.108 —.182
Total number of errors (WCST) —.256 —.144
Number of categories completed (WCST) —.198 —.155
Trials to complete first category (WCST) .007 —.257
Failure to maintain set (WCST) —.146 —.232
Learning to learn (WCST) .033 —.146
T value (ZVT) .040 246
Sec (ZVT) —.430%* —.520%
N (d-2) 329 126
M (d-2) 356%* 208
N — M (d-2) .068 —.023
CWR (CWIT) 282 —.111
CN (CWIT) 229 .033
INT (CWIT) 185 .028
NOM (CWIT) —.295 .003
SEL (CWIT) 129 .055

Sec, time needed to complete trail; N, number of items completed; M, mistakes; N — M, number of items completed minus mistakes; CWR, color word
reading; CN, color naming; INT, interference task; NOM, expected nomination speed; SEL, selection.

*p < 0.01; p < 0.001.
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In summary, it seems to be more appropriate to characterize

patients with early-treated PKU as performing qualitatively
normally on a reduced speed level than to perform qualitatively
differently from diabetic patients and healthy controls. Further
studies will have to clarify the specific pathophysiological
mechanisms of this general cognitive slowing as a consequence
of elevated PHE levels in PKU. In addition, there remains the
determination of the practical relevance of neuropsychologic
effects resulting from elevated PHE levels.
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