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ABSTRACT. Objectives. The aim of the present study was to examine whether a normal 

neuropsychological performance and well-being would be preserved in young adults with 

phenylketonuria (PKU) in whom a strict dietary treatment was replaced by a protein-restricted free 

diet supplemented with tablets containing the essential amino acids, in particular tyrosine and 

tryptophan, but not phenylalanine. 

Methodology, design, and patients. Fifty-three adolescent PKU patients who had been on a strict 

diet from birth were repeatedly assessed with a battery of 12 novel neuropsychological tests 

developed and designed to measure changes in cognitive function long before changes might be 

revealed by a dec1ining IQ. All patients were tested at 15 years and 15~ years of age. Then, 23 

patients changed to the tablet diet while 30 patients continued the usual strict diet. The two groups 

were tested at 16, 17, and 18 years of age. The test battery was evaluated with a normal control 

group of 36 young adults. Test scores were standardized and converted to T -scores with the control 

group as reference. Mean differences in T -scores between successive measurements of the PKU 

groups were subjected to unvaried and multivariate analysis of variance. 

Results. Cognitive performance in 23 young PKU adolescents on alternative treatment with amino 

acid tablets and a more liberalized diet was not significantly different from the performance of 30 

PKU adolescents on conventional treatment with strict diet. The two groups were followed from 

15~ to 18 years of age. During this course neuropsychological functions improved in both groups. 

Mean plasma phenylalanine level s increased by 30% in the group on amino acid tablets. A group 

of 18 patients on amino acid tablets have been followed for another 2 years or more and no decline 

in test performances has been observed. At 19 years of age the percentage going on to college or 

university was the same in the two groups and also similar to that found in the Danish population. 

Conclusion. The less restricted diet supplemented with the amino acid tablets used in the present 

study can be regarded as a safe and effective alternative to conventional treatment in adolescents 

with PKU where the compliance on the strict diet is poor. 
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INTRODUCTION 
 

Institution of a phenylalanine-restricted diet within the first two weeks of life is effective in the 

prevention of mental and neurological deficits in patients with phenylketonuria PKU (1). The aim is 

usually to achieve plasma phenylalanine levels below 300 µmol/l during early childhood. 

Thereafter a gradual relaxation of the diet is accepted. Studies from our institution and other centres 

have demonstrated that cessation of treatment in adolescents is followed by a decreased 

performance on tests of vigilance, such as continuous recording of reaction times (R T) (2). 

Simultaneously the patients show an impaired CNS synthesis of dopamine and serotonin as judged 

by concentrations of homovanillic acid (HV A) and 5-hydroxyindoleacetic acid (5-HIAA) in CSF 

(2) and the deficient neurotransmitter synthesis is regarded as important for the development of 

mental symptoms (3,4). 

 

We have previously shown that dietary supplementation with tyrosine and tryptophan enhances 

CNS synthesis of dopamine and serotonin (5, 6) and improves performance (5) in PKU adolescents 

who have discontinued dietary therapy. Based on these observations we introduced a new 

therapeutic alternative with a much more acceptable moderate protein restricted diet combined with 

supplementation of the essential amino acids, except phenylalanine. We observed that the amino 

acid tablet diet at this age when the brain is supposed to be fully developed was well tolerated and 

that the general well being of the patients was improved due to disappearance of the symptoms 

normally accompanying diet discontinuation. Here we report the results obtained in a controlled 

neuropsychological follow-up study of 53 patients followed from age 15 to 18 years either on the 

less restricted diet supplemented with amino acid tablets or on the usual phenylalanine restricted 

diet with formula. 



MATERIAL AND METHODS 

Formal IQ tests were not suitable for the present study, as certain mental functions (the ability to 

concentrate and to learn and retain new material) may decline long before changes are revealed by 

a falling IQ. To meet this challenge a battery of neuropsychological tests was developed that is 

more sensitive to possible dysfunctions and thus offers the opportunity of preventing a possible 

irreversible brain damage by reinstituting the low-phenylalanine diet in time. 

 

 

Description of the test batter y 

Table 1 shows the major cognitive functions measured with the test battery. 

 

 

Verbal learning and memory 

Paired Associative Learning (visual) with retention. The test material consists of 15 cards with a 

nonsense syllable on the front and a single consonant on the back. Front and back of the cards are 

shown to the subject at a rate of 5 seconds per card. After shuffling of the pack the fronts are 

shown again and the subject is required to name the associated consonants. The test is repeated 

after one hour. Free recall: The test material comprises six cards each with a list of 21 one-syllable 

nouns. The lists are read aloud at the rate of one word per second, and after each reading the 

subject repeats the words he recalls. Digit span, forward and backward: The subject is required to 

repeat three-to-nine-digit numbers in forward and reversed order. The test is discontinued when the 

subject fails on two numbers of equal length. 

 

Visual perception and short term memory 

Square pattern: The test comprises 20 patterns. Each pattern is shown for two seconds, and the 

subject is required to identify the pattern among four possibilities. The test measures the ability to 

perceive a visual pattern at a glance and recognize it immediately afterwards. Square pattern, 

rotated: The test material is identical to the above, but the subject is allowed to scan the stimulus 

picture for 10 seconds, before the response picture is presented upside down. The test measures the 

ability to manipulate a visual pattern in memory, and owing to the longer stimulus period it is less 

sensitive to short lapses of attention. 

 

Visuo-motor functions 

The following three tests measure the rate of complex psychomotoric functioning. They have all 

been shown to be sensitive to initial symptoms of dementia in adults. Trail A: This is a so-called 



tracking test. The subject is required, under time pressure, to connect the numbers 1 to 25 placed in 

random order on a piece of paper. Trail B: The requirements are essentially similar to those of 

Trail A, except that the subject must alternate between numeric and alphabetic series. The score in 

trail tests is the number of seconds required to finish the task. SDMT (Symbol Digit Modalities 

Test): The subject is required to code symbols according to a digit key. The score is the total of 

correct coding within a time limit of 90 seconds. Simple visuo-motoric functioning is measured by 

the Continuous visual reaction time: The subject is seated in front of a computer. At random 

intervals a white square is shown on the screen, and the subject is required to make the square 

disappear as fast as possible by pressing the space bar. Total reaction time is recorded in centi-

seconds and the scores for the 50 percentile, the difference between percentiles 90 and 10, and total 

reaction time is computed. The test measures hand-eye co ordination and the ability to sustain 

focused attention. It takes about 90 minutes to administer the test battery in its entirety. Eight 

parallel versions of the battery were developed to minimize retest effects. 

 

Since 1969 differential diagnosis and treatment of Hyperphenylalaninemia in Denmark has been 

centralized to the John F. Kennedy Institute. Screening is performed at day 5-7 of life and neonates 

with Hyperphenylalaninemia, their parents and siblings are referred to the John F. Kennedy 

Institute. Differential diagnosis is carried out by means of mutation analyses (7) and a 

phenylalanine restricted diet is introduced to keep blood phenylalanine level s below 300 µmol/l. 

The family stays at the institute for 2-3 weeks. The phenylalanine restricted dietary treatment is 

monitored by weekly determinations of blood phenylalanine during the first two years of life. This 

interval is gradually increased up to a month. PKU patients (joined by their parents) are called in 

for a medical check-up and dietary counselling every third month in the first 2 years of life, then 

twice a year and after 8 years of age, once a year. 

At 15½ years of age the PKU patients are proposed two alternatives: They may continue the low-

phenylalanine diet or they may adopt a less restricted diet (no dairy products) that is supplemented 

with amino acid tablets (PreKUnil, PreKUlab A/S). The third possibility, no treatment at all, is not 

suggested. Usually, the choice of diet is left to the patient, but in cases where compliance with a 

strict diet has been particularly poor' .relaxed we adverse the young adult to choose the tablet diet, 

rather than continuing a strict diet that is ignored most of the time. 

 

Experimental design. 

At 15 years of age all patients were tested with one of the parallel sets in the test battery in order to 

familiarize them with a new type of test. Six months later all patients were tested again with 

another of the parallel sets and this test result was regarded as the base reference for the following 



tests. Then 23 patients were allocated to the less restricted diet plus amino acid tablets (group 2) 

and compared to 30 patients who continued the usual phenylalanine restricted diet supplemented 

with a formula (group l). Regardless of treatment all patients were tested with one of the parallel 

sets of neuropsychological tests 6 months later (16 years of age) and then once a year for another 

two years. An overview of the experimental design together with background information for the 

groups is given in Table 2. A control group of 36 normal pupils at the same age as the PKU group 

were tested twice with an interval of 6 months. 

 

Data analyses. Each test was standardized with the control group as reference group and all test 

scores were transformed to T -scores with a mean of 50 % and a SD of 10. All results are presented 

as T -scores. A parallel version of the battery was used at each trial. The statistical differences in T 

-scores between the base reference results (second trial) and the results of the third, fourth, and 

fifth trial, were evaluated by t-tests. Furthermore, a composite score for each trial consisting of the 

mean T-score for all test results was ca1culated. The composite scores for the five trials were 

subjected to repeated measurements MANOV A. Retest effects and group differences in changes 

were analyzed by unvaried and multivariate analysis of variants. 



RESULTS 

Table 3 lists mean IQ (WISC) values for the PKU patients at age 6, 10, and 14 years. The PKU 

group apparently scores a little above 100. However, the test was standardized in Denmark in the 

1960ties with a mean of 100 and later studies have shown that the mean has increased. It is 

noteworthy that 41 % of the 10 year old PKU patients score in the upper end of the IQ scale (Table 

4). The PKU patients scored below the normal control group on almost every test in the new 

neuropsychological test battery and the total PKU group was inferior "to the controls on 6 of 13 

tests. This finding indicates that the test battery is more sensitive to deficits in cognitive functions 

than an IQ test. Both the PKU group and the normal control group did better on most tests at the 

second testing (Table 2) and no significant group differences were found (data not shown). 

 

The means in T -scores for the testing when both groups were still on conventional phenylalanine-

restricted diet at 15~ years of age (2. testing, the reference test) are presented to the left in Table 5. 

Just after the 2. testing 23 young adults changed to a relaxed diet supplemented with 

phenylalanine-free amino acid tablets (group 2) and 30 PKU adolescents continued the 

conventional strict dietary treatment with phenylalanine-free formula (group 1). The mean 

differences in T -scores between a 3., 4., and 5. testing (at age 16, 17, and 18 years) and the 2. 

testing is shown to the right in Table 5. Neither the unvaried nor the multivariate analysis of 

variance showed any significant differences between the groups. Neuropsychological functions 

improved to the same extend in both groups. The performance was slightly higher in most 

functions in group 1 as compared to group 2, but these differences were demonstrated already at 

the 1st and 2nd test, where all patients were still on the traditional phenylalanine-restricted diet. 

These differences were maintained through time and are not statistically significant. The group on 

amino acid tablets comprised a number of individuals for whom compliance to the strict diet had 

been particularly poor. At age 14 years the mean IQ (WISC-R) was 104 (later group 1) and 102 

(later group 2). Mean plasma phenylalanine levels increased by approximately 30% in group 2. 

 

Finally, a note should be made on 18 patients who have been on the relaxed diet supplemented 

with amino acid tablets for another two years or more and who were not included in the statistical 

analysis because they started on this treatment before the final test battery was selected. This 

smaller group of patients has also been followed closely with the neuropsychological testing and so 

far we have seen no signs of decline in test performances. Furthermore, the percentage of this 

group of patients going on to college or university was comparable with that found in the Danish 

population. 



DISCUSSION 

Thirty-five years of experience with early (<3 weeks postnatally) well controlled dietary treatment 

(blood phenylalanine levels 2-5 times normal) maintained for the first 15 years of life have 

revealed normal cognitive development, normal neuropsychological test performances and usually 

a normal psychiatric status and social adjustment in subjects with PKU (8,9,10). Studies on early 

treated subjects with good dietary control in childhood suggest that the risk of intellectual 

deterioration declines after the first decade, the inference being that from 10 years of age onwards 

the nervous system may be sufficiently mature to withstand the neurotoxic influence of persistent 

Hyperphenylalaninemia (mild PKU) on IQ (8,11,12,13). 

 

A review of 21 published articles on neuropsychological performance of adolescents and young 

adults with classic PKU off diet who were treated early and fairly strictly revealed deficits in 

abstract reason, both in conceptual and Visuo-spatial areas. Some PKU individuals displayed 

deficits when required to integrate information (14). Studies of young adults off diet (15, 16) 

suggest that higher level problem solving, Le. "executive functions", was most noticeably affected. 

Individuals with PKU were not significantly different from controls on simple reaction time tests 

(tests of visual motor speed), but they tended to make more errors and to slow down to a greater 

extent as the complexity of the task increased (for review see 14). In addition, they showed a 

greater variation in their response times, indicating a deficit in sustained attention (17, 18, 19). Soft 

neurological signs (tremor, unusual brisk tendon reflexes) have been observed in more than 30% of 

early treated, well controlled young adults who have been off diet for some years (20, 21, 22, 23). 

In addition to the neuropsychological effects, it has been demonstrated that as phenylalanine 

concentrations increase, the water content of white matter increases, an effect which begins to 

become visible on magnetic resonance imaging (MRI) when concentrations increase above 600 

µmol/l (24, 25,26). 

 

A quite recent follow-up study on patients who were treated 20-35 years ago have revealed that the 

subjects who maintained a phenylalanine-restricted diet reported fewer problems than the diet 

discontinuers, who had an increased rate of eczema, asthma, mental disorders, headache, 

hyperactivity, and hypo activity. Psyeho10gieal data showed that lower intellectual and 

achievement test scores were associated with dietary discontinuation and with higher childhood and 

adult blood phenylalanine levels. Abnormal MRI's were associated with higher brain phenylalanine 

levels (4). 

 

Concentrations in the cerebrospinal fluid of the neurotransmitters, dopamine and serotonin are 



reduced in untreated Hyperphenylalaninemia (2, 27, 28, 29). Possible mechanisms for the impaired 

neurotransmitter synthesis include decreased transport of precursor amino acids across the blood-

brain barrier into the neuronal cell and inhibition of tyrosine and tryptophan hydroxylases (3). 

Deficiencies in these neurotransmitters seem to play a role in behavioural disturbances associated 

with discontinuation of dietary therapy in PKU (30, 31, 32, 33, 34). We found that dietary 

supplementation with tyrosine and tryptophan in PKU patients who had terminated the diet 

increased dopamine and serotonin synthesis (5, 6) and improved performance on behavioural tests 

(5, 25, 35). 

 

The neutral amino acids may be transported across the blood-brain barrier by a common carrier 

(36). The branched chain amino acids (leucine, isoleucine, and valine) have in fact been reported to 

reduce phenylalanine concentrations in the cerebrospinal fluid in PKU patients (37, 38, 39). 

Dietary supplementation with branched chain and other neutral amino acids produced improvement 

in neurologic, cognitive and behavioural measures (40, 41). It is noteworthy that normal brain 

phenylalanine levels were found in adult untreated PKU patients with normal IQ in spite of high 

blood phenylalanine levels (42, 43). When blood levels of the amino acids that compete with 

phenylalanine for transport across the blood-brain barrier were increased by extensive oral 

administration to PKU patients, it was possible to lower brain phenylalanine and to prevent 

neurotoxic effects (disturbed EEG) caused by an oral phenylalanine challenge (44). 

 

The disadvantage of treating adults with PKU is the difficult regimen that needs constant 

monitoring and support. The advantages of continuing treatment are that the treatment reduces key 

biochemical abnormalities, reduces the risk of impaired dopamine and serotonin synthesis, reduces 

the risk of a probable impaired myelin turnover, improves neuropsychological performance, and 

may improve MRI changes (8). Confronted with these advantages and disadvantages in continuing 

treatment probably throughout life it is understandable that young people with PKU are faced with 

a very difficult decision whether to continue or to discontinue treatment. Many PKU centre s are of 

the opinion that current knowledge makes it difficult to justify a policy of deliberately terminating 

treatment. Exceptions inc1ude subjects with mild PKU whose blood phenylalanine concentrations 

remain below 900 ~mol/l on a normal diet. Exceptions also inc1ude the group of subjects whose 

nutritional or emotional well-being is c1early being damaged as a result of attempting treatment, 

and those who wish to stop treatment despite having appraised the information now available. 

Indeed, whatever final conc1usion emerges on the risks (or otherwise) of stopping diet, the 

individual patients view is likely to have an important place in forming an opinion in each instance 

(8). Records on adolescents with PKU who have decided to stop a low phenylalanine diet often 



reveal that they often have brought themselves on a very protein restricted diet, i.e. 0.5 g/kg/body 

weight in order to avoid headache and hangover-like symptoms. Such a very protein restricted diet 

is dangerous. 

 

For these young adults with PKU an alternative treatment would be highly appreciated. The amino 

acid tablets used in the present study are developed on systematically scientific studies (44) and 

based on experimental results indicating that they may neutralize the negative effect of stopping a 

low-phenylalanine diet (5,34,35,45). Thus, a free diet, low in protein and supplemented with the 

present amino acid tablets, and with vitamins, minerals, and trace elements should be safe, as the 

tablets contain the essential amino acids, which may be ingested in too low amounts on a low 

protein diet, and high amounts of tyrosine and tryptophan which may counteract the impaired 

synthesis of neurotransmitters. In addition, the tablets contain branched chain amino acids which 

reduce phenylalanine transport into brain tissue in patients with PKU. 

 

In conc1usion, the present study provides evidence that the biochemical and behavioural effects 

following diet discontinuation in c1assical PKU are prevented when a protein restricted free diet is 

supplemented with the present phenylalanine-free amino acid tablets, and with vitamins, minerals, 

and trace elements (cf.32). 



References 

 

1. Güttler F. Hyperphenylalaninemia. Classification of the various types of phenylalanine 

hydroxylase deficiency in childhood. Acta Paediatr Scand 1980; Suppl 280: 1-80. 

2. Lou HC, Güttler F, Lykkelund C, Bruhn P, Niederwieser A. Decreased vigilance and 

neurotransmitter synthesis after discontinuation of dietary treatment for phenylketonuria (PKU) 

in adolescents. Eur Paediatr 1985; 144: 17-20. 

3. Güttler F. & Lou HC. Dietary problems of phenylketonuria: effect on CNS transmitters and 

their possible role in behaviour and neuropsychological function. J lnher Metab Dis 9 

(supplement 2): 169-177. 

4. Koch R, Moseley K, Ning J, Romstad A, Guldberg P, and Güttler F. Long-term beneficial 

effects of the phenylalanine-restricted diet in late-diagnosed individuals with phenylketonuria. 

Mol. Genet. Metab. 67 (148-155) 1999. 

5. Lou HC, Lykkelund C, Gerdes A-M, Udesen H, Bruhn P. Increased vigilance and dopamine 

synthesis by large doses of tyrosine or phenylalanine restriction in phenylketonuria. Acta 

Paediatr Scand 1987, 76: 560-565. 

6. Nielsen JB, Lou HC, Güttler F. Effect of diet discontinuation and dietary tryptophan 

supplementation on neurotransmitter metabolism in phenylketonuria. Brain Dysfunction 1988; 

l: 51-56. 

7. Guldberg P, Rey F, Zschocke J, Romano V, Francois B, Michiels L, Ullrich K, Hoffmann GF, 

Burgard P, Schmidt H, Meli C, Riva E, Dianzani I, Ponzone A, Rey J, and Güttler F. A 

European multicenter study of phenylalanine hydroxylase deficiency: Classification of 105 

mutations and a general system for genotype-based prediction of metabolic phenotype. Am. 1. 

Hum. Genet. 63 (71-79) 1998. 

8. Smith I (1994) Treatment of phenylalanine hydroxylase deficiency. Acta Pædiatr Suppl 

407:60-65. 

9. Weglage J, Funders B, Ullrich K, Rupp A, Schmidt E (1996a) Psychosocial aspects in 

phenylketonuria. Eur J Paediatr 155(supplement 1): S 1 01-S 1 04. 

10. Griffiths P, Ward N, Harvie A, Cockburn F (1998) Neuropsychological outcome of 

experimental manipulation of phenylalanine intake in treated phenylketonuria. J lnher Metab 

Dis 21:29-38. 

11. Smith I, Beasley MG, Ades AE (1990) Effect on intelligence of relaxing the low phenylalanine 

diet in phenylketonuria. Arch Dis Child 65:311-316. 

12. Beasley MG, Costello PM, Smith I (1994) Outcome of treatment in young adults with 

phenylketonuria detected by routine neonatal screening between 1964 and 1971. Q J Med 

87:155-160. 

13. Schmidt H, Burgard P, Pietz J, Rupp A (1996) Intelligence and professional career in young 

adults treated early for phenylketonuria. Eur J Paediatr 155(supplement 1):S97S100. 

14. Waisbren SE, Brown MJ, Sonneville LMJ de, Levy HL (1994) Review of neuropsychological 

functioning in treated phenylketonuria: an information processing approach. Acta Pædiatr 

(supplement 407):98-103. 

15. Pennington BF, van Doorninck WJ, McCabe L, McCabe ERB (1985) Neuropsychological 

deficits in early treated phenylketonuric children. Am J Ment Defic 89:467-474. 

16. Welsh MC, Pennington BF, Ozonoff S, Rouse B, McCabe ERB (1990) Neuropsychology of 

early-treated phenylketonuria: Specific executive function deficits. Child Dev 61: 16971713. 

17. Sonneville LMJ de, Schmidt E, Michel U, Batzler U (1990) Preliminary neuropsychological 

test results of the German phenylketonuria collaborative study. Eur J Paediatr 149(supplement 

1):S39-44. 

18. Schmidt E, Rupp A, Burgard, Pietz J (1992) Information processing in early treated 

phenylketonuria. J Clin Exp Neuropsychol 14:388. 



19. Weglage J, Pietsch M, Funders B, Koch HG, Ullrich K (1996b) Deficits in selective and 

sustained attention processes in early-treated children with phenylketonuria - result of impaired 

frontal lobe functions? Eur J Paediatr 155(supplement 1):200-204. 

20. Krause W, Halminski M, McDonald L, et al. (1985) Biochemical and neuropsychological 

effects of elevated plasma phenylalanine in patients with treated phenylketonuria. J Clin lnvest 

75:40-48. 

21. Clarke JTR, Gates RD, Hogan SE, Barrett M, MacDonald GW (1987) Neuropsychological 

studies on adolescents with phenylketonuria returned to phenylalanine-restricted diets. Am J 

Ment Retard 92:255-262. 

22. Endres W (1998) Diet in Phenylketonuria: How Long? Ann Nutr Metab 42:63-67. 

23. Cerone, R, Schiaffino MC, Di Stefano S, Veneselli E (1998) Phenylketonuria: diet for life or 

not? Acta Paediatr (in press). 

24. Bick V, Fahredorf G, Ludolph AC, Vassallo P, Weglage J, Ullrich R (1991) Disturbed 

myelination in patients with treated Hyperphenylalaninemia: evaluation with magnetic 

resonance imaging. Eur J Paediatr 150:185-189. 

25. Lou HC, Toft PB, Andresen J, Mikkelsen I, Olsen B, Güttler F et al. (1992) An 

occipitotemporal syndrome in adolescents with optimally controlled Hyperphenylalaninemia.  J 

lnherited Metab Dis 15:687-695. 

26. Thompson AJ, Til1otson S, Smith I, Kendall B, Moore SG, Brenton DP (1993) Brain MRI 

changes in phenylketonuria. Brain 116:811-812. 

27. Butler IJ, O'Flynn ME, Seifert WE, Howell RR (1981) Neurotransmitter defects and treatment 

of disorders of Hyperphenylalaninemia. J Paediatr 98:729-733. 

28. Villasane D, Butler 11, Willimas JC, Roongta SM (1989) Neurological deterioration in adult 

phenylketonuria. J lnherit Metab Dis 12:451-457. 

29. Thompson AJ, Smith I, Brenton DP, Youl BD, Rylance G, Davidson DC et al. (1990) 

Neurological deterioration in young adults with phenylketonuria. Lancet 336:602-605. 

30. Baumeister AA, Frye G, Schroeder SR (1983) Neurochemical correlates of self-injurious 

behaviour. In: Mulick JA, Mallory BL. eds. Transmissions of mental retardation: advocacy, 

technology and science. Washington, DC: American Association on Mental Retardation, pp. 

207-228. 

31. Lewis MH, Baumeister AA (1982) Stereotyped mannerisms in retarded persons: animal models 

and theoretical analyses. In: Ellis NR. Ed. International review of research in mental 

retardation. voll1. New York: Academic Press, pp. 124-161. 

32. Baumeister AA, Baumeister AA (1998) Dietary Treatment of Destructive Behaviour 

Associated with Hyperphenylalaninemia Clinical Neuropharmacology 21(1):18-27. 

33. Ernst M, Zametkin AJ, Matochik JA et al. (1996) Presynaptic dopaminergic deficits in Lesch-

Nyhan disease. N Engl J Med 334:1568-1572. 

34. Schroeder SR, Tessel RE, Loupe PS, Todgell CJ (1997) Severe behaviour problems among 

people with developmental disabilities. In: MacLean WE, ed. Ellis's handbook of mental 

deficiency, psychological theory and research, ed 3. Nahwah, NJ: Lawrence Erlbaum 

Associates,439-64. 

35. Lykkelund C, Nielsen JB, Lou HC et al. (1988) Increased neurotransmitter biosynthesis in 

phenylketonuria induced by phenylalanine restriction or by supplementation of unrestricted diet 

with large amounts of tyrosine. Eur J Paediatr 148:238-245. 

36. Pardridge WM (1983) Brain metabolism: a perspective from the blood-brain barrier. Physiol 

Rev 63:1481-1535. 

37. Anderson AE, Avins L (1976) Lowering brain pheny1alanine level s by giving other large 

neutral amino acids. Arch Neurol 33:684-686. 

38. Berry HK, Butcher RE, Brunner RL, Bray NW, Hunt MM, Wharton CH (1977) New 

approaches to treatment of phenylketonuria. In: Mittler P, ed. Research to practice in mental 

retardation: biochemical aspects. vol 3. Baltimore: University Park Press, pp. 229-239. 



39. Berry HK, Bofinger MK, Hunt MM, Phillips PP, Guilfoile MB (1982) Reduction of 

cerebrospinal fluid phenylalanine after oral administration of valine, isoleucine and leucine. 

Paediatr Res 16:751-755. 

40. Jordan MK, Brunner RL, Hunt MM, Berry HK (1985) Preliminary support for the oral 

administration of valine, iso1eucine and leucine for pheny1ketonuria: Dev Med Child 

NeuroI27:33-39. 

41. Berry HK, Brunner RL, Hunt MM, White PP (1990) Valine, isoleucine, and leucine: a new 

treatment for phenylketonuria. Am J Dis Child 144:539-543. 

42. Koch R, Moats RA, Güttler F, Guldberg P, Nelson M (2000) Blood-brain phenylalanine 

relationships in persons with phenylketonuria. Paediatrics 106 (1093-1096). 

43. Koch R, Güttler F (2000) Benefits of mutation analysis and examination of brain phenylalanine 

levels in the management of phenylketonuria. Paediatrics 106 (1136-1137). 

44. Pietz J, Kreis R, Rupp A, Mayatepek E, Rating D, Boesch C, Bremer HJ (1999) Large neutral 

amino acids block phenylalanine transport into brain tissue in patients with phenylketonuria. 

The Journal of Clinical Investigation 103 (1169-???) 

45. Lou H (1985) Large doses of tryptophan and tyrosine as potential therapeutic alternative to 

dietary phenylalanine restriction in phenylketonuria. Lancet II: 150-151 
 
 
 
 
 
 
 
MARKETING BY 
 
 

 
 
Prekulab Ltd. · Rewej 41 · DK-4220 Korsør · DENMARK 

Tel. (+45) 58 37 31 00 · Fax (+45) 58 37 31 01 
beh@prekulab.com. www.prekulab.com 


