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Phenylalanine hydroxylase (PAH) deficiency leads to phenylalanine accumulation and results in
phenylketonuria (PKU). Phenylketonuria can contribute to severe inability such as mental impairment.
Early diagnosis and dietary intervention can have beneficial effects on maintaining normal neural
and cognitive function in patients with PKU. However, a long-term low phenylalanine diet may put
children at risk of malnutrition. A food supplement was therefore used for children with PKU under
dietician supervision according to dietary reference intakes (DRIs). In this cross-sectional study, we
enrolled patients with PKU and age-matched controls to compare their anthropometry data [weight,
height, body mass index (BMI), and body composition using bioelectrical impedance analysis (BIA)],
and correlated it with their dietary intake based on 24-h dietary recall. For continuous parameters,
the data were expressed as median + standard deviation (SD), and the Mann-Whitney U test was
used to test the difference among the groups. Correlation by natural proteins, body fat, and fat-free
mass were evaluated using the Pearson correlation coefficient. Twenty-two participants diagnosed
with PKU (ages 8-27 years; mean 15.23 +5.23) and a control group of 22 non-PKU participants (ages
8-39 years; mean 19.73 +10.6) were recruited for this study. Between the two groups of participants,
no significant difference was found in height, weight, BMI, muscle mass, or fat mass. The percentage
of natural protein has no effect on body composition. We found a significant positive correlation
between the total protein intake percentage of DRIs and muscle mass (r=0.491, p=0.020) and a
significant negative correlation in the total protein intake percentage of DRIs and fat mass (r=-0.475,
p=0.025) in participants with PKU. There were no significant differences in body composition and
nutrition intake between patients with PKU (under metabolic control) and healthy subjects. Thus,
giving proper nutrition treatment may have beneficial effects on body growth and nutrition status in
patients with PKU in Taiwan.
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Phenylketonuria (PKU) refers to an error in phenylalanine (Phe) metabolism. The classical form is characterized
by a deficiency in phenylalanine hydroxylase (PAH), a hepatic enzyme responsible for hydroxylation from Phe
to tyrosine (Tyr). As a result, excessive Phe accumulates, causing permanent damage to the brain and central
nervous system if left untreated?. Early diagnosis and lifelong nutritional intervention will not only prevent
the manifestation of these detrimental effects but also ensure normal cognitive development>*. PKU incidence
among Taiwanese population is 1 per 34,000 live births to 1 per 40,000 live births. Since 1986, newborn screening
including PKU became mandatory according to the national public health policy. Most of the PKU incidence
has since then been diagnosed at the earliest stage after the implementation of newborn screening test®. This
significantly reduces financial and family burdens national wide as early intervention is done to prevent further
complications caused by PKU®’. In Taiwan, patients with PAH deficiency tend to have milder phenotype and
therefore high Phe tolerance®.

Nutritional therapy for PKU includes a diet containing a Phe-free formula (that includes all other amino
acids), nutritional supplement (micronutrients), and low protein-starch foods. This therapy ensures adequate
intake of protein, energy, vitamins and mineral among PKU patients”'. As a consequence, growth retardation is
prevented when profound intervention is achieved. In many cases, suboptimal PKU dietary management causes
many concerns among this specific population. Affected individuals with poor diet management may result in a
high Phe plasma level, which interferes with the production of hormone and cytokines such as catecholamines
and adiponectin. Contrarily, individuals with extremely strict Phe diets are often found not to have sufficient
intake in essential amino acids and other micronutrients. A strict Phe diet is not the problem, but not taking an
amino acid mixture is the main problem. Net protein utilization is compromised as the result of L-amino acids
and mixture protein deficiency>!%-12,

In Taiwan, prescribed nutritional supplements for PKU , such as a Phe-free formula and r-amino acid, are
fully supported by the government. Not only that, low-protein medical foods such as low-protein rice and low-
protein noodles are partially supported as well. Low protein medical foods are essential starch substitutes in
patients” daily meals particularly for children with high demand in energy and nutrient intake. Additionally,
many common Taiwanese low protein-starch foods such as vermicelli, sago, grass jelly etc. are often incorporated
in low Phe diet to fulfill satiety as well as energy intake.

Some of the previous researches stated that affected individual undertaking low-phenylalanine diet showed
growth retardation'*>!*. Other literature showed a correlation between low Phe diet adherence with overweight'>’
or obesity. Recent studies even pointed out that there was no significant difference in growth and body composi-
tion between affected and normal individual'®>-'8. These contradicted findings pointed out that in fact, low Phe
diet is not the only factor determining child growth. Many perspectives of intervention also contribute to child
growth for example, overall nutritional intake, disease management and physical activity level*!*-2!,

As patients get older, it is harder to adhere to a strict low Phe diet—one of the reasons being wider avail-
ability of food choice'”*®. Therefore, adherence to lifelong low Phe diet is very challenging for the affected
individuals and also the whole medical team as well. In Taiwan, such a sound medical support environment,
it is worthwhile to explore the health outcome and nutritional status of PKU patients. Bioelectrical impedance
assessment (BIA) is an efficient method to provide accurate measurement of body composition such as fat mass
and muscle mass'”'8. This method is applicable for people age from 6 years old onwards?*~?*. Although many
types of research have been done to examine the nutritional status of children with PKU in many countries, there
is a lack of study conducted among Taiwanese group in specific. Significant dietary and cultural differences are
taken into consideration in this study to provide a valuable reference for clinical dietary therapy and national
public health organizations in Taiwan.

Method
This cross-sectional study was approved by the Institutional Review Board of National Taiwan University Hospi-
tal. A total of forty-four participants were enrolled through National Taiwan University Children’s Hospital. All
were identified through newborn screening. Twenty-two participants were diagnosed with PKU (ages 8-27 years;
10 males, 12 females; mean 15.23 +5.23, Table 1), in which 13 of these diagnosed patients (55%) received a Phe-
free formula supplement. The other 22 participants with same age group and gender proportion were enrolled
as a control group (8-39 years old; 10 males, 12 females; mean 19.73 +10.6). All dietary rercommandations were
base on Dietary Reference Intakes (DRIs), set of reference values used to plan and assess nutrient intakes of
healthy people and in designing and evaluating research studies and results®®. All research procedures followed
the directives of the Declaration of Helsinki.

Height, weight, BMI and BIA measurements were collected from all of the participants by dieticians. In addi-
tion, 24-h food recall was conducted for food analysis.

Statistical analysis. Statistical analyses were performed with SAS Version 9.4 (SAS) and Prism Version
8.3.1(322) (GraphPad). All data collected were presented as mean with standard deviation. For continuous vari-
ables, Mann-Whitney U test was used for analyzing differences between independent groups. Fisher’s exact test
or Chi-square test was used to find the differences in the distribution of each group. The associations between
natural proteins, body fat and fat-free mass were evaluated with Pearson correlation coefficient. Moreover, the
level of significance was set at p <0.05.

Ethics approval and consent to participate. The study was approved by NTUH’s institutional ethical
committee (NTUH IRB-201408018RINA) and informed consent was acquired from all participants.

Consent for publication. All authors consent to the publication of this final version of the manuscript.
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Item PKU patients (N=22) | Healthy controls (N=22) | p-value
Age years+SD 15.23+£5.23 19.73+10.6 0.3392
Sex

Male 10 (45%) 10 (45%) 1.00
Female 12 (55%) 12 (55%)

Growth

Height z-scores —0.045+0.096 —0.041+0.08 0.9719
Weight z-scores -0.611+1.381 -0.871+1.279 0.4047
BMI z-scores -0.639+1.297 -0.639+1.19 0.4248
Body composition

Muscle mass, % 73.391+8.789 75.512+£7.421 0.4455
Fat mass, % 20.741+8.900 18.673+7.529 0.4635
Dietary inake

Natural protein, g/kg/day 0.874+0.602

Total protein, g/kg/day 1.265+0.592

Energy intake, kcal/kg/day | 41.909+15.075

Protein intake of DRIs% 105.448 £33.41

Energy intake of DRIs% 103.514 +22.087

Table 1. Subject characteristics, growth, and body composition. *p-values were calculated using the Mann-
Whitney U test, Fisher’s exact test or Chi-square test. °Z-scores = (raw score-the mean of the controls)/the
standard deviation of the controls. *p value < 0.05.

PKU patients
Subject characteristics Phe-free formula (N=12) | Non-Phe-free formula (N=10) | p-value
Age years +SD 15.75+5.92 14.60+4.48 0.69
Growth
Height z score® —0.839+2.201 -0.694+1.755 0.7713
Weight z score® —-0.623+£1.403 -0.597+1.426 0.9474
BMI z score® -0.318+1.511 -0.43+1.062 0.4097
Body composition
Muscle mass (%) 73.15+8.5 73.68+9.5579 0.9474
Fat mass (%) 20.975+8.603 20.46+9.705 0.9229
Dietary intake
Natural protein, g/kg/day 0.574+0.316 1.234+0.679 0.004
Total protein, g/kg/day 1.292+0.54 1.233+0.678 0.7223
Energy intake, g/kg/day 42.279+16.159 41.466+14.518 0.9742
Protein intake of DRIs (%) 109.672 +28.606 100.379 +39.395 0.5824
Energy intake of DRIs (%) 106.142+21.289 100.361+23.75 0.5387

Table 2. The comparisons between dietary intake and growth and body composition in PKU patients.
ap-values were calculated using Mann-Whitney U test. ®Z-scores = (raw score-the mean of the controls)/the
standard deviation of the controls.

Results
Energy and protein intakes. PKU patients have similar growth development compared to healthy indi-
viduals during follow-up. Table 1 shows that all of the PKU patients had total protein of 105.4+33.5% of dietary
reference intake (DRIs) and total energy of 103.5+22.1% of DRI. These values are above DRIs and at the same
time higher than the recommended safe intake according to many health organizations (Food and Agriculture
Organization of the United Nations, World Health Organization, United Nations University). Additionally, 71%
(70.90 £ 31.24) of protein consumed by PKU patients was from medical food and 29% from natural food.

Table 2 showed a comparison of protein intakes between patients consuming a Phe-free formula and patients
who did not consume a Phe-free formula. As predicted, patients consuming a Phe-free formula had a higher
total protein intake (1.29+0.54 vs. 1.23 £0.68) and lower natural protein intake (0.57 +0.32 vs. 1.23£0.68).

Anthropometry and body composition analysis. Table 1 shows no significant differences in age
and gender between PKU patients and the control group. It also showed no significant differences in height (z
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Figure 1. The correlation between protein intake and body composition in PKU patients. DRIs dietary
reference intakes.

score, —0.10+1.14 vs. 0.00+0.10, p=0.92), weight (z score, 0.11 +0.94 vs. 0.00 = 1.00, p=0.5), and BMI (z score,
0.30+£1.07 vs. 0.00£1.00, p=0.29). In body composition data, no significant difference was found in muscle
mass (73.39+8.79 vs. 75.51 +7.42, p=0.37) and fat mass (20.74+8.90 vs. 18.67 £7.53, p=0.45).

Association between dietary intake, anthropometry data and body composition. Even though
a significant difference was found in natural protein intake between the two groups (Phe-free formula and non-
Phe-free formula) as shown in Table 1, both anthropometry data (weight, height, and BMI) and body composi-
tion (muscle mass and fat mass) showed no significant difference between these groups.

Furthermore, positive correlation was found between total protein intake percentage of DRIs and muscle
mass (r=0.491, p=0.020, Fig. 1a) and significant negative correlation in total protein intake percentage of DRIs
and fat mass (r=-0.475, p=0.025%, Fig. 1b). Besides, total protein intake percentage of DRIs was correlated
positively with energy intake of DRIs (r=0.453 p =0.034%, Fig. 1c). Natural protein percentage has no correrla-
tion to muscle mass (r=—0.007, p=0.974) and fat mass (r=0.009, p=0.969). Total protein intake percentage of
DRIs is most important factor of PKU diet for body composition.

Our results showed that PKU patients in Taiwan had reached to protein and energy DRIs while consuming
Phe restricted diets as mentioned above. Overall anthropometry data and body composition data were no dif-
ferent compared to the control group thus malnutrition did not exist in patients diagnosed with PKU.

Discussion

Many studies conducted in the years between 1980 and1990 had a common finding of linear developmental
impairment among PKU patients. The contrary finding was shown in a study done in 2010 as the growth
development was found to be no difference between low Phe diet group and healthy individuals'>!®?”%, This is
reflective to our finding as the height z-score was not statistically different between PKU patients and the control
group regardless of height z score being —0.10 £ 1.14 in PKU patients. Furthermore, when using the overweight
scale from the US Centers for Disease Control and Prevention (CDC)* as a benchmark, no sign of obesity was
observed in the PKU group. To extend our research, comprehensive body composition data were obtained via
BIA. In the PKU group, the fat mass percentage was higher than in the control group without significant dif-
ference. Additional evidence supports our finding that PKU does not interfere with growth development nor
contribute to obesity**-**. In Taiwan, patients with PKU are advised to have plasma Phe levels less than 360 uM
before age 3 years, with slight increases up to 600 uM if it is not feasible to keep below 360 uM. All patients
maintained good blood levels initially, but the levels increase with age®. Instead of the average Phe level, we
collected only the current Phe level in this study as a reference.

A study done by Huemer et al. has found a positive correlation between muscle mass and natural protein
intake among PKU patients'. It stated that total protein intake greater than 1.5-2.6 g/kg is beneficial for body
development. However, when total protein intake is greater than 2.6-3.5 g/kg, no benefit is shown. This is
similar to our finding as the results above have shown a positive correlation between natural protein intake and
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muscle mass while negative correlation is shown between natural protein intake and fat mass. The main sources
of protein in PKU nutritional therapy in Taiwan include natural food sources and Phe-free formula. Previous
research stated concern of possible developmental retardation among patients consuming a Phe-free formula as
the formula is less absorptive to the digestive system. Evans et al. suggested that PKU patients should maximize
natural protein intake to achieve health body composition®**”. One of the mechanisms behind this theory is
that the satiety will be increased with maximized natural protein intake hence reduced chance of consuming
excessive energy intake. Secondly, increased dietary protein-induced thermogenesis helps with Resting Energy
Expenditure. The other mechanism for maximal natural protein intake is the increased production of growth
hormone and IGF 1 which lead to increased muscle mass growth. Lastly, maximal intake will stimulate muscle
protein synthesis to maintain lean muscle mass®**’.

Controversial findings still exist regarding the correlations between PKU nutritional therapy, growth retar-
dation, and body composition. Despite these controversies, it is recommended by the experts that total protein
intake and energy intake should be higher than the recommended dietary allowance in pediatric low Phe dietary
therapy®®. On average, the enrolled PKU group consumed 1.3 g/kg/day of total protein (110% of DRIs) which
meets the recommendation by experts. Given that no signs of malnutrition and growth retardation were found
in the existing PKU patients, we are confident that the PKU patients will adhere to the current diet plan and be
advised to meet dietary reference intake of protein.

Conclusion

There were no significant differences in body composition and nutrition intake between patients with PKU
(under metabolic control) and healthy subjects. Thus, giving proper nutrition treatment may have beneficial
effects on body growth and nutrition status in patients with PKU in Taiwan.

Limitation. This is a retrospective cohort study to review the quality of care among patients with PKU at a
teaching hospital in Taiwan. The sample size is relatively small. A larger sample size and collabration with more
hospitals would enable a more thorough examination of the dietary needs of PKU patients.

Data availability

Original data is available upon request.

Received: 19 March 2020; Accepted: 10 August 2020
Published online: 03 September 2020

References
1. Enns, G. M. et al. Suboptimal outcomes in patients with PKU treated early with diet alone: revisiting the evidence. Mol. Genet.
Metab. 101(2-3), 99-109 (2010).
2. Blau, N,, van Spronsen, E. J. & Levy, H. L. Phenylketonuria. Lancet 376(9750), 1417-1427 (2010).
3. MacDonald, A. et al. Nutrition in phenylketonuria. Mol. Genet. Metab. 104(Suppl), S10-S18 (2011).
4. Singh, R. H. et al. Recommendations for the nutrition management of phenylalanine hydroxylase deficiency. Genet. Med. 16(2),
121-131 (2014).
5. Rocha, J. C,, Vilarinho, L. & Cabral, A. Consensus for the nutritional treatment of phenylketonuria. Acta Pediatr. Port. 38, 44-54
(2007).
6. Trefz, F et al. Adult phenylketonuria outcome and management. Mol. Genet. Metab. 104(Suppl), S26-S30 (2011).
7. Couce, M. L. et al. New insights in growth of phenylketonuric patients. Eur. J. Pediatr. 174(5), 651-659 (2015).
8. Chien, Y. H. et al. Mutation spectrum in Taiwanese patients with phenylalanine hydroxylase deficiency and a founder effect for
the R241C mutation. Hum. Mutat. 23(2), 206 (2004).
9. van Spronsen, E. J. et al. Key European guidelines for the diagnosis and management of patients with phenylketonuria. Lancet
Diabetes Endocrinol. 5(9), 743-756 (2017).
10. Singh, R. H. et al. Updated, web-based nutrition management guideline for PKU: an evidence and consensus based approach. Mol.
Genet. Metab. 118(2), 72-83 (2016).
11. MacDonald, A. et al. Protein substitute dosage in PKU: how much do young patients need?. Arch. Dis. Child 91(7), 588-593 (2006).
12. Robertson, L. V. et al. Body mass index in adult patients with diet-treated phenylketonuria. J. Hum. Nutr. Diet. 26(Suppl 1), 1-6
(2013).
13. van Spronsen, E J. et al. Does impaired growth of PKU patients correlate with the strictness of dietary treatment? National Dutch
PKU Steering Committee. Acta Paediatr. 86(8), 816-818 (1997).
14. Burrows, T. L., Martin, R. J. & Collins, C. E. A systematic review of the validity of dietary assessment methods in children when
compared with the method of doubly labeled water. J. Am. Diet. Assoc. 110(10), 1501-1510 (2010).
15. Huemer, M. et al. Growth and body composition in children with classical phenylketonuria: results in 34 patients and review of
the literature. J. Inherit. Metab. Dis. 30, 694-699 (2007).
16. Rocha, J. C. et al. Early dietary treated patients with phenylketonuria can achieve normal growth and body composition. Mol.
Genet. Metab. 110(Suppl), S40-S43 (2013).
17. Kyle, U. G. et al. Bioelectrical impedance analysis-part II: utilization in clinical practice. Clin. Nutr. 23(6), 1430-1453 (2004).
18. Wells, J. C. K. & Fewtrell, M. S. Is body composition important for paediatriccians?. Arch. Dis. Child. 93(2), 168-172 (2008).
19. Dobbelaere, D. et al. Evaluation of nutritional status and pathophysiology of growth retardation in patients with phenylketonuria.
J. Inherit. Metab. Dis. 26(1), 1-11 (2003).
20. Hook, D. et al. Protein and calorie intakes in adult and pediatric subjects with urea cycle disorders participating in clinical trials
of glycerol phenylbutyrate. Mol. Genet. Metab. Rep. 6, 34-40 (2016).
21. Monch, E. et al. Utilisation of amino acid mixtures in adolescents with phenylketonuria. Eur. J. Pediatr. 155(1), S115-S120 (1996).
22. Barbosa-Silva, M. C. & Barros, A. J. Bioelectrical impedance analysis in clinical practice: a new perspective on its use beyond body
composition equations. Curr. Opin. Clin. Nutr. Metab. Care 8(3), 311-317 (2005).
23. Scaglioni, S. et al. Body mass index rebound and overweight at 8 years of age in hyperphenylalaninaemic children. Acta Pediatr.
93(12), 1596-1600 (2004).
24. Dhondst, J. L. et al. Physical growth in patients with phenylketonuria. J. Inherit. Metab. Dis. 18(2), 135-137 (1995).
25. Przyrembel, H. et al. Nutrition, physical growth, and bone density in treated phenylketonuria. Eur. J. Pediatr. 159, s129-s135 (2000).

SCIENTIFIC REPORTS |

(2020) 10:14537 | https://doi.org/10.1038/s41598-020-71361-8



www.nature.com/scientificreports/

26. McGuire, S. U.S. Department of Agriculture and U.S. Department of Health and Human Services, Dietary Guidelines for Ameri-
cans, 2010. 7th Edition, Washington, DC: U.S. Government Printing Office, January 2011. Adv. Nutr. 2(3), 293-294 (2011).

27. Doulgeraki, A. et al. Body composition profile of young patients with phenylketonuria and mild hyperphenylalaninemia. Int. J.
Endocrinol. Metab. 12(3), 16061 (2014).

28. Rocha, J. C. et al. Dietary treatment in phenylketonuria does not lead to increased risk of obesity or metabolic syndrome. Mol.
Genet. Metab. 107(4), 659-663 (2012).

29. Kuczmarski, R. J. et al. CDC growth charts: United States. Adv. Data 314, 1-27 (2000).

30. Mazzola, P. N. et al. Analysis of body composition and nutritional status in Brazilian phenylketonuria patients. Mol. Genet. Metab.
Rep. 6, 16-20 (2016).

31. Rocha,]. C. et al. Weight management in phenylketonuria: what should be monitored. Ann. Nutr. Metab. 68(1), 60-65 (2016).

32. van Vught, A. J. et al. Association between dietary protein and change in body composition among children (EYHS). Clin. Nutr.
28(6), 684-688 (2009).

33. Houtkooper, L. B. et al. Bioelectrical impedance estimation of fat-free body mass in children and youth: a cross-validation study.
J. Appl. Physiol. 72(1), 366-373 (1992).

34. Allen, J. R. et al. Body protein in prepubertal children with phenylketonuria. Eur. J. Clin. Nutr. 50(3), 178-186 (1996).

35. Chien, Y.-H. et al. Phenylalanine hydroxylase deficiency: intelligence of patients after early dietary treatment. Acta Paediatr. Taiwan.
45(6), 320-323 (2004).

36. Evans, M., Truby, H. & Boneh, A. The relationship between dietary intake, growth and body composition in phenylketonuria. Mol.
Genet. Metab. 122(1-2), 36-42 (2017).

37. Evans, M., Truby, H. & Boneh, A. The relationship between dietary intake, growth, and body composition in inborn errors of
intermediary protein metabolism. J. Pediatr. 188, 163-172 (2017).

38. Acosta, P. B. et al. Nutrient intakes and physical growth of children with phenylketonuria undergoing nutrition therapy. J. Am.
Diet. Assoc. 103(9), 1167-1173 (2003).

Author contributions

H.L.W. and Y.H.C conceived the study. All authors contributed to the analysis. H.L.W. and EJ.Y. wrote the first
draft, and all authors contributed to the writing of the final report. ; E].Y. performed statistical analyses; EJ.Y. and
Y.H.C.revised the manuscript; W.L.H. and N.C.L. provided expert opinions for study design, execution and edited
the manuscript; all authors participated in the discussion, interpretation and final preparation of the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to E-].Y. or Y.-H.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS |

(2020) 10:14537 | https://doi.org/10.1038/s41598-020-71361-8


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Dietary intake and nutritional status of patients with phenylketonuria in Taiwan
	Anchor 2
	Anchor 3
	Method
	Statistical analysis. 
	Ethics approval and consent to participate. 
	Consent for publication. 

	Results
	Energy and protein intakes. 
	Anthropometry and body composition analysis. 
	Association between dietary intake, anthropometry data and body composition. 

	Discussion
	Conclusion
	Limitation. 

	References


