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Abstract  

Objective: Determine whether body composition as it relates to dietary protein in patients with 

phenylalanine hydroxylase (PAH) deficiency is associated with genotype, dietary factors, and 

lifestyle choices. 

Methods: We examined associations between protein intake (intact and medical foods: MF) 

and body composition in PAH-deficient patients along with, physical activity, and genotype. 

Protein intakes (total, intact, and MF) were analysed from three-day food records with Nutrition 

Data System for Research (NDSR) in 59 children and 27 adults (N = 86, median age = 16.0 

years). The severity of PAH deficiency was classified using the genotype assigned value 

method (AV sum). Physical activity was assessed using a study-developed question (light vs. 

intense activity). Body composition was measured by DXA, including android:gynoid ratio 

(A:G), fat-free mass index (FFMI), fat mass index (FMI), and FMI:FFMI ratio.  

Results: High intact protein intake was associated with high FFMI (rs = 0.75, p = 0.008) and 

low FMI:FFMI (rs = -0.59, p = 0.04) in adults. Only in children, MF protein (rs = 0.38, p = 0.04) 

was directly proportional to FFMI. Median intact protein intakes of adults (25.1 vs. 9.9 g/d, p 

< 0.001) and children (11 vs. 6 g/d, p < 0.001) were higher than prescribed. Only in adults, the 

actual median MF protein intake was lower than prescribed (53 vs. 60 g/d, p = 0.03). In adults 

and children, light activity was associated with higher fat mass indices compared to intense 

activity (adults: FMI:FFMI: β = 1.1, p = 0.001, children: FMI:FFMI: β = 1.1, p = 0.007; FMI β 

= 2.1, p = 0.01; A:G β = 1.1, p = 0.04). All associations remained significant after covariate 

adjustment. Genotype was not associated with body composition.  

Conclusions: Although fat-free mass in adults was positively associated with intact protein 

intake, it should be consumed as prescribed per individual tolerance to maintain plasma Phe 

concentrations within treatment range. In children, total protein maximized with MF should be 



encouraged to promote lean mass. Nutrition counselling could be complemented with physical 

activity recommendations for optimal clinical outcomes. 

 

Key words: Phenylalanine hydroxylase deficiency, body composition, intact protein, medical 

foods, physical activity, genotype      

 

  



1. Introduction  

Phenylalanine hydroxylase (PAH) deficiency, an autosomal recessive inborn error of 

metabolism, occurs in 1:10,000 live births [1]. Mandatory newborn screening for PAH allows 

early, asymptomatic detection and early treatment intervention [2]. However, 

overweight/obesity has been reported in adults and children with PAH deficiency, with 

prevalence estimates ranging from 10%-55% among various international studies [2-7]. The 

study of body composition changes in health and disease have led to a greater understanding 

of growth, aging, malnutrition, and obesity as well as the impact of medical interventions and 

assessment methods in human body composition [8]. This is especially pertinent to patients 

with PAH deficiency given this patient population is reliant on synthetic amino acid formula 

for most of their protein requirements and many nutrients, which may have an impact on lean 

body mass compared to a regular diet containing intact protein. 

 

With respect to diet, medical nutrition therapy is the cornerstone for managing PAH deficiency. 

Goals are to maintain serum phenylalanine (Phe) concentrations between 2-6 mg% (120-360 

umol/L) by limiting intact or dietary protein intake, and to incorporate the intake of synthetic 

amino acid mixtures devoid of phenylalanine or medical food (MF). Based on PAH severity, 

clinicians recommend a ratio of intact protein:MF ranging from 20:80 to 10:90 [9]. The latest 

phenylketonuria (PKU) guidelines recommend individuals consume 120-140% more total 

protein than the recommended protein intake for the general population, largely met through 

MF [9, 10]. A synthetic amino acid mixture (e.g., MF devoid of phenylalanine) is absorbed 

more rapidly and used less efficiently than intact protein [11, 12], triggering more rapid ghrelin-

induced appetite stimulation [13]. Restriction of dietary phenylalanine often results in meeting 

energy requirements through energy-dense, nutrient-poor “Phe-free foods,” high in fat and 

simple sugars [14]. As a result, the rapid absorption of synthetic amino acid mixtures, and 



secondary appetite stimulation coupled with energy-dense, nutrient-poor diet, could promote 

unfavourable body composition, particularly low lean mass and high fat mass. To study the 

effect of protein consumption on body composition, energy intake should be controlled. At 

present, only an Austrian study in PAH-deficient subjects 2-15 years of age (N= 22) showed a 

direct association between intact protein and FFM [15], although no association was reported 

with MF protein. 

 

Among several methods for studying in vivo human body composition, dual-energy X-ray 

absorptiometry (DXA) has emerged as one of the most commonly used clinical standards [16, 

17]. To our knowledge, only one published study has utilized DXA to measure body 

composition. This study reported that pediatric PAH deficient patients in Greece had similar 

lean mass and fat mass compared to healthy controls, however within the patient group a direct 

association was found between plasma Phe control and fat mass, becoming more apparent 

during puberty [18]. All other studies have utilized indirect methods such as bioelectrical 

impedance, skin fold measurements, and Bod Pod (or air displacement plethysmography). In 

addition, no other studies have investigated the potential role of physical activity and PAH 

genotype in body composition outcomes.  

 

Thus, the purpose of this study  was to identify the relationship between dietary protein (as 

measured accurately with 3-day diet record), physical activity, and PAH genotype on lean mass 

and other body composition parameters in a large subject sample with PAH deficiency by using 

the DXA gold standard method. 

 

 

 



2. Methods  

Data from 2 investigator-initiated studies were included: the Kuvan study (N= 58) and the 

Camp study (N= 28). Participants were males and females diagnosed with PAH deficiency, 4-

50 years of age. The Kuvan study was a one-year longitudinal study conducted at Emory 

University examining the impact of BH4, i.e., sapropterin dihydrochloride (Kuvan®, BioMarin 

Pharmaceutical Inc., Novato, CA, USA), on health outcomes in BH4-responsive individuals. 

Camp is a 1-week education and research-based event hosted annually at Emory University 

since 1994. The camp provides socialization and lifestyle coaching to adolescent and adult 

females with PAH deficiency and other amino acid disorders. Baseline data (year 2008) only 

from Kuvan and Camp (years: 2013-2015) were included in this cross-sectional analysis. 

 

All participants provided written informed consent (≥18 years) or verbal assent with the legal 

guardian’s written informed consent (<18 years). Both study protocols and informed 

consent/assent procedures were approved by the Emory University Institutional Review Board 

(Kuvan: IRB00007828; Camp: IRB00002447). Details of the Kuvan study are published 

elsewhere [19, 20].  

  

2.1 Inclusion/exclusion criteria  

Inclusion criteria for the Kuvan study were: a medical diagnosis of PAH deficiency, minimum 

age of 4 years, not consuming sapropterin within 8 weeks prior to study involvement, and not 

having self-reported co-morbidities (e.g., diabetes, hypertension). Camp inclusion criteria were 

similar, except generally healthy females with PAH deficiency age 11 and older were eligible. 

Exclusion criteria included any patient who participated in both studies, pregnant, and 

literacy/comprehension difficulties limiting ability to provide informed consent/assent. 

 



2.2 Body composition and anthropometric measurements 

A whole-body DXA scan was performed at Emory University Hospital on a Lunar Prodigy 

system (GE Healthcare, Madison, WI, USA) by trained hospital technicians. Apart from body 

composition parameters, namely fat mass and lean mass (kg and percent) obtained through the 

DXA readings, comprehensive indices were calculated: android:gynoid fat mass ratio (A:G), 

fat-free mass index (FFMI), fat mass index (FMI), and FMI:FFMI ratio. A:G ratio was 

calculated using the ratio of percent fat mass in the android region to percent fat mass in the 

gynoid region. A:G ratio > 1.0 in men and > 0.8 in women indicates abdominal obesity [21]. 

FFMI was calculated as lean mass(kg)+bone mineral content(kg)/length(m)2 [21]. FMI, an 

indicator of body fat mass, was calculated as fat mass(kg)/length(m)2 [21]. FMI:FFMI ratio 

was calculated using the ratio of FMI to FFMI [21]. A higher FMI:FFMI ratio indicates less 

favourable body composition with higher fat mass compared to fat-free mass [21]. These 

indices (FFMI, FMI and FMI:FFMI) are useful in examining body composition parameters by 

excluding differences associated with height. Height-independent body composition indices 

can then offer interpretation of nutritional status, comparison of results between studies, and 

the development of body composition percentile tables [22]. 

 

Two trained research nurses were responsible for anthropometric measurements for both 

studies. Weight was measured to the nearest 0.1 kg in light clothing without shoes. Standing 

height was measured to the nearest cm with no hair accessories or shoes. Body mass index 

[BMI: weight(kg)/height(meter2)] was calculated for adults (>19.0 years) [23], and BMI z-

scores were calculated for children (4.0-19.0 years) [24]. BMI (kg/m2) was categorized 

according to WHO criteria: underweight (≤18.5), healthy weight (18.5-24.9), overweight (25-

29.9), and obese (≥30.0 kg/m2) [23]. In children and adolescents, BMI z-scores were classified 

as wasted (<-2.0), healthy weight (≥-2.0 to <1.0), possible risk of overweight/overweight (>1.0 



to ≤3.0) and obese (>3.00) [22]. In children and adolescents, globally accepted BMI z-scores 

suggested by the World Health Organization [24] were used rather than BMI percentiles 

provided by the CDC for Americans only [25] to facilitate international comparison between 

studies.  

 

2.3 Plasma amino acid analysis  

In the Kuvan and the Camp studies, blood was collected by a phlebotomist to evaluate plasma 

amino acids, which were analysed by the Emory Genetics Laboratory using the Beckman 6300 

Amino Acid Analyser [26]. Plasma Phe concentrations were reported in mg% and µmol/L.  

 

2.4 Genotype 

PAH genotypes were sourced from participants’ medical records. If unavailable, peripheral 

blood was collected from finger sticks, spotted on filter papers, and analysed using high-

resolution melt profiling [27]. Mutations were classified by location (i.e., exon, intron, 

untranslated region) and by type (missense, mRNA processing, nonsense, or deletion). The 

phenotype classification of classical, moderate, mild, mild hyperphenylalaninemia, and 

unclassified PAH deficiency was determined for each participant using the AV sum system 

[28], which was adapted from the genotype classification system by Guldberg et al [29]; 

example cases provided in Table 1.  

 

2.5 Dietary assessment 

Two registered dietitians were responsible for collecting and analysing dietary data for the 

Kuvan and Camp studies. All participants were provided uniform 3-day diet records and 

educated on completing records before study visits. Participants brought completed records to 

study visits and dietitians reviewed food records with participants or participant’s legal 



guardian. Food records were analysed to calculate average intake of energy (kcals/day), Phe 

(mg/day), and intact and MF protein (g/day and g/kg/day) using Nutrition Data System for 

Research (NDSR, version 2011, University of Minnesota, Minneapolis, MN, USA). MF 

prescription (g/day) and dietary Phe tolerance (mg/day) were also recorded, as reported by 

participants.  

 

2.6 Physical activity  

Physical activity data in both data sets (Kuvan and Camp) were collected from the participants 

or their legal guardians by 2 trained registered certified dietitians. The Kuvan study used a 

single, study-developed question as a “proxy indicator of physical activity”: “How would you 

describe your level of physical activity?” For analysis, the 5-point Likert scale was categorized 

as: (1) Almost no physical activity, (2) Mild/Light activity, (3) Moderate activity, (4) Very 

active, and (5) Extremely active.  

 

The Camp study assessed physical activity using the short version (9 items) of the self-reported 

International Physical Activity Questionnaire (IPAQ) generally used for individuals 15-69 

years of age [30]. Metabolic equivalents or METs scores (minutes/week) were derived for each 

activity type by the duration (in minutes per week)*frequency (days per week)*MET-intensity 

for each activity type (walking = 3.3 METs, moderate activity = 4.0 METs, vigorous activity 

= 8.0 METs). Total PA score was calculated as total MET (minutes/week) score= sum of 

Walking + Moderate + Vigorous MET scores [30].  

 

2.7 Data analysis  

Four body composition parameters (A:G, FMI, FFMI, FMI:FFMI) were studied as the 

dependent variables. Dietary protein intake (MF and intact protein, g/d), genotype (classical 



vs. moderate/mild MHP vs. unclassified PAH deficiency), and physical activity (Kuvan: 

physically active vs. mildly-moderately active vs. very-extremely active; Camp data: Total 

physical activity METs scores) were treated as independent variables. There was no difference 

in participant body composition parameters between the Kuvan and Camp studies (p > 0.05). 

Thus, for analytical purposes, data from the Kuvan (N= 58) and Camp (N= 28) studies were 

combined and treated as one sample, which increased total sample size (N= 86) and statistical 

power. However, since physical activity data were measured differently in both studies, the 

data were analysed as separate data sets. Analyses were also performed on adults (N= 27, >19.0 

years) and children (N= 59, 4-19.0 years) separately.  

 

Normality of the data was assessed using Shapiro-Wilk and Kolmogorov-Smirnov tests. Three 

(FMI, FFMI, FMI:FFMI) of the 4 dependent variables were non-parametric. The sample size 

for sub-group analysis (Adults N= 27, Children N= 59) was considerably small. Therefore, 

non-parametric tests were conducted. Descriptive data reported medians and range, and 

frequency and proportions for continuous and categorical variables, as appropriate. All 

analyses were conducted with and without inclusion of outliers; the findings remained constant, 

thus outcomes for all cases are reported (N= 86).  

 

Bivariate analyses (data not shown) were conducted using Spearman’s correlation and the 

Kruskal Wallis Test/Mann-Whitney U-test, as appropriate for continuous and categorical 

variables. Covariates significant (p ≤ 0.1) at the bivariate level were adjusted for the 

multivariable analyses (age: years), gender (male vs. female), child’s principal caregiver 

(parent(s) vs. others: grandparents/extended relatives), and child’s mother’s and father’s ages). 

The multivariable analyses were conducted using Spearman’s partial correlations and a 

generalized linear model for continuous and categorical variables as appropriate. Percent 



change was calculated by comparing participants’ age- and gender-specific total protein intake 

(actual intake of MF and intact protein, g/d) with the PKU specific total protein 

recommendations, i.e., 120-140% more total protein than the RDA for the general population 

[9,10]. Mann-Whitney U-tests were used to compare participants’ actual protein intake (MF 

and intact protein, g/d) to their prescribed protein recommendations (MF and intact protein, 

g/d) to quantify dietary compliance.  

 

To assess potential retention bias, comparisons were made between participants with 

incomplete vs. complete data for the full sample (complete vs. incomplete: N= 60 vs. 26), adults 

only (N= 17 vs. 10) and children only (N= 37 vs. 22). Specifically, differences were observed 

for plasma Phe concentrations. Participants with incomplete data had higher Phe concentrations 

(p= 0.02) and were younger (p= 0.03) compared with their counterparts. Furthermore, Little’s 

MCAR test indicated that data were not missing completely at random for the full sample 

(χ2(23)= 52.9, p < 0.001), adults only (χ2(21)= 33.7, p= 0.04), and children only (χ2(59)= 86.9, 

p= 0.01). Therefore, rather than assigning missing values, a more conservative approach of list 

wise deletion was taken, which resulted in reduced final sample sizes for the multivariable 

analysis. Significance was set at p <0.05, and analyses were conducted using SPSS version 22 

(SPSS Inc., Chicago, USA).  

 

3. Results 

Table 2 includes descriptive characteristics of the sample: more than two thirds of the 

participants were children (<18 years); more than half were female. The median A:G ratio for 

both adult males (1.3, min: 1.1, max: 1.4) and females (0.9, min: 0.5, max: 1.1) was above the 

recommended cut-offs, >1.0 in men and > 0.8 in women[21]. Approximately an equal 



proportion of the sampled population were classified as having classic (42.9%) and moderate-

mild-MHP (41.4%) PAH genotype.   

 

Lean mass and fat mass results are provided in Table 3. In adult males and females, median 

lean mass (kg) was 52.2 (45.5, 61.8) and 38.9 (30.8, 64.3) of total body weight. In boys and girls, 

the median lean mass (kg) was 25.7 (13.3, 64.4) and 32.7 (15.5, 50.7) of total body weight.  

 

Table 4 shows median total protein intake (g/d) was highest among males (57.5, range: 46.8, 

76.2) compared to the age- and gender-specific total protein intake for PKU patients, 120-140% 

more total protein than the RDA [8] (RDA: median range: 40.8-47.6 g/d). Almost all 

participants consumed higher intact proteins (n=76, 92.7% vs n=6, 7.3%) than as prescribed. 

A similar proportion of participants consumed medical food protein as per prescription (n=35, 

51.5%) or lower than as prescribed (n= 33, 48.5%). Table 5 shows adults were consuming 

lower actual median intakes of MF (53.8 vs. 60.0 g/d, U =133.5, p= 0.03) and higher median 

intakes of intact protein (25.1 vs. 9.9 g/d, U= 73.5, p < 0.001) compared to prescribed intakes. 

In children, only their actual median intact protein intake was higher than prescribed (6.0 vs. 

11.3 g/d, U= 2549.5, p < 0.001). Almost all participants consuming higher than prescribed 

amounts of intact protein had plasma Phe levels above the recommended range (2.00-6.00 

mg%) in comparison to participants consuming the prescribed amounts of intact protein and 

yet having plasma Phe levels above the recommended range (n= 62, 94.0% vs n=4, 6.0%). 

Interestingly, there were only two participants with Phe in target range and who were 

consuming their prescribed protein (intact protein and medical food protein) vs those with Phe 

in target range, consuming their prescribed medical food protein, but having higher than the 

prescribed intake for intact protein (n=2, 25% vs n=6, 75%).       

 



At the bivariate level, physical activity measured in the Camp study (METs scores, 

minutes/week) and genotype-phenotype classifications were not associated with body 

composition, and therefore not considered for further multivariate analyses (data not shown). 

Table 6 shows multivariate analyses between independent variables and body composition 

indices. In adults (N = 17), high intact protein intake was associated with high FFMI (rs= 0.75, 

p= 0.008) and low FMI:FFMI (rs= -0.59, p= 0.04). In children, MF protein intake (rs= 0.38, p= 

0.04) and total protein intake (rs= 0.39, p= 0.04) were directly associated with FFMI. In regard 

to proxy indicators of PA, in adults, lighter in comparison to intense PA was associated with 

1.1 times (95% CI: 1.1, 1.2, p= 0.001) greater likelihood of higher FMI. In children, lighter PA 

was associated with 1.1 times (95% CI: 1.0, 1.2, p= 0.04), 2.0 times (95% CI: 0.8, 5.4, p= 0.01), 

and 1.1 times (95% CI: 1.0, 1.1, p= 0.007) greater likelihood of higher A:G ratio, FMI, and 

FMI:FFMI, respectively.  

  

4. Discussion  

This study aimed to examine the association of protein intake (total, intact, and MF), proxy 

indicators of physical activity, and genotype-phenotype classifications with body composition 

indices in patients with PAH deficiency. A key finding was that greater intact protein intake 

was associated with higher FFMI and lower fat mass (FMI:FFMI) in adults whereas  MF 

protein and  total protein was associated with higher FFMI in children. Also, in adults and 

children, light compared to intense physical activity was associated with higher fat mass indices 

(A:G ratio, FMI, and FMI:FFMI). These findings were independent of specific socio-

demographic and anthropometric covariates. We found no association between genotype-

phenotype and body composition.  

 

Body composition in PAH deficient subjects compared to background populations 



The median BMI for adult males (28.5 vs 27.7 kg/m2) and adult females (30.5 vs 27.7 kg/m2) 

in our sample was slightly higher than the general US population [31]. For children, we have 

computed WHO median BMI z scores [24] hence our data was not compared with the general 

US population represented using BMI percentiles provided by the CDC [25]. A population-

based study of Swiss adult males and females (N= 1487, 18-39 years) calculated body 

composition indices (FFMI), although using bioelectrical impedance [22]. The cross sectional 

study reported the mean FFMI in Swiss adult males (19.0 kg/m2) and females (15.6 kg/m2) 

[22], with results comparable to our own study sample (males: 18.2 kg/m2, females: 16.9 

kg/m2). Although our results were comparable for female adults and children compared to the 

U.S. population, [32] our PAH-deficient male children had lower median lean body mass (25.7 

vs 40.7 kg) and fat mass (5.3 vs 12.3 kg) as measured using DXA (Table 3).  

 

Body composition measured by studies with controls 

True comparison between studies is difficult because methods used to assess body composition 

differ, ranging from bioelectric impedance [15, 33] to Bod-Pod [34] to skinfold thickness [35]. 

Only one study cross-sectional in nature (N=48, mean age: 10±3.4 years) used DXA to measure 

body composition, but did not report descriptive results (fat or lean mass in kg or percent) to 

allow for comparison with the current study [18]. Even so, among independent studies that 

utilized other methods, findings are mixed. Using Bod Pod analysis [34] and skinfold callipers 

[35] with PAH-deficient children 4-17 years of age, the mean body fat percent reported in 

cross-sectional studies from the Netherlands (25.2%, N= 20) [34] and Australia (19.6%, N= 

30) [35] were lower in comparison to the present study (27.0%, N= 59, ≤ 19 years). In contrast, 

the mean lean mass percent observed in the present study (71.8%) was lower compared to the 

84.6% reported in a one-year longitudinal study of 34 PAH-deficient Austrian children 2-15 

years of age [15]. In the present study sample (N= 86, 4-50 years) compared to a cross-sectional 



study of Portuguese PAH-deficient participants (N= 89, <10 and >16 years), similar 

observations for higher mean fat mass percent (30.6% vs. 22.0%) and lower lean mass percent 

(68.7% vs. 78.0%) were noted [6].  

 

Actual protein intakes were significantly associated with body composition parameters. Higher 

intact protein intake was associated with higher FFMI and lower fat mass (FMI:FFMI) in 

adults, similar to findings reported by Huemer et al., who observed intact proteins to be directly 

associated with percent FFM [15]. The authors also reported that mean total protein intake was 

124% of the Recommended Dietary Allowance for Austrians [36], within Acosta’s 

recommended range for PAH patients in the US (113-129% of the RDA for the general 

population) [37]. Therefore, the authors support dietary protein intake as per individual Phe 

tolerance to promote and maintain FFM.  

 

Results of the present study, however, showed that adult participants’ median intact protein 

intake was three times more than their prescribed protein intake (25.1 vs. 9.9 g/d). Furthermore, 

the mean plasma Phe concentrations of adults was 14.5 mg% (870 umol/L), 2.4 times the upper 

limit of the treatment range of 2-6 mg% (120-360 umol/L) [9]. Conclusions offered by previous 

research [15] to encourage consumption of intact protein to promote a healthier body 

composition profile is only applicable if kept within the limit of dietary Phe tolerance, as the 

resulting higher Phe concentrations can lead to adverse cognitive and neurological outcomes 

[1]. We suggest that adult patients’ MF intake should be closely examined. Although results 

showed no association between actual MF protein intake of adults and body composition 

parameters, it should be noted that the adult participants’ actual median MF protein intake was 

1.1 times lower than their prescribed intake (53 vs. 60 g/d), thus non-compliance with 

prescribed MF may have led to null findings. Use of stringent methods of assessing medical 



food compliance (over one year’s number of metabolic clinic visits: ≥ 50% of the visits have 

plasma tyrosine concentrations ≥ 44 μmol/L) as noted in the literature [2] compared to the 

method used in the present study (actual median protein intake/prescribed median protein 

intake*100)) could have further strengthened our argument, but was not feasible due to limited 

resources.  

 

In children, actual intake of MF protein was directly proportional to FFMI. There was no 

statistically significant difference between prescribed vs. actual median MF protein intake (44 

vs. 43 g/d) for children, indicating most consumed MF as prescribed. Compliance with MF 

may have stimulated optimal outcomes (high FFMI). Adequate compliance could be associated 

with favourable body composition outcomes (high FFMI). Results may also be specific to our 

sample, whose median age (13.4 years) indicates an anabolic state fostering optimal utilization 

of available nutrients to promote growth and development [15].  

 

Median intake of intact protein in children was nearly two times more than prescribed (11 vs. 

6 g/d). This is concerning because of its direct implication on plasma Phe concentrations. 

Median levels were 10 mg% (613 umol/L), 1.7 times more than the recommended upper limit, 

2-6 mg% (120-360 umol/L) [9], which could have detrimental cognitive effects, neurological 

consequences, and growth impairment [1]. In children and in the total sample, total protein 

intake (intact and MF) was directly associated with FFMI. This may reflect the importance of 

balancing the intake of intact protein to MF protein. Intact protein should be consumed per 

individual tolerance, but not exceed recommendations. Concurrently, MF protein should be 

consumed as prescribed to promote optimal body composition.  

 



Both adults (429.4 min/week) and children (1305.0 min/week, i.e., ≈3 hours/day) in the Camp 

study met the CDC’s physical activity guidelines (150 min/week for adults; 60 min/day for 

children) [38]. In the Kuvan study, adults and children reporting light physical activity were 

more likely to have higher fat mass indices (A:G, FMI, and FMI:FFMI) than those reporting 

intense physical activity. Although the Kuvan study used a proxy indicator to capture physical 

activity, findings are encouraging to promote the CDC’s physical activity recommendations in 

individuals with PAH deficiency.  

  

This study has limitations that should be acknowledged. The cross-sectional nature of the study 

only highlights associations and cannot confirm causal relationships. Self-reported bias cannot 

be ruled out because the socio-demographic, diet, diet compliance, and physical activity data 

were self-reported, introducing possible bias. Due to the unavailability of data, metabolic 

control was defined as a single baseline plasma Phe concentration, whereas in the literature, it 

has been measured as Phe concentrations in the last year prior to study baseline [2, 17, 39]. 

Pubertal status of participants was also not recorded, which could potentially influence body 

composition [17].  

 

Keeping in mind the rarity of this disorder, the present study derives conclusions from a 

considerable sample size (N= 86). This study is one of the first to systematically examine 

associations between independent and dependent variables using multivariate analysis and 

reporting moderate effect sizes (r= 0.3-0.8)  relevant to DXA measured lean mass in patients 

with PAH deficiency. In addition, the study evaluated the potential influence of physical 

activity and PAH genotype/phenotype on lean mass outcomes, and more specifically evaluated 

the effects of both prescribed and actual protein intake.  

 



A key point is that although our results indicate high intact protein intake is associated with 

high FFMI and low fat mass indices in adults, simply advocating consumption of intact protein 

would prove adverse since participants were consuming intact protein well beyond prescribed 

intakes.  

 

5. Conclusions  

In conclusion, this study highlights that high intact protein associates with high FFMI and low 

fat mass (FMI:FFMI) in adults; however, because study participants exceeded prescribed intact 

protein intake, greater consumption is contraindicated. In children, high MF protein and high 

total protein associated with high FFMI. Thus, both children and adults should be encouraged 

to comply with the amount of MF and intact protein as per prescribed individual tolerance. 

Future research is needed to investigate new treatment options, such as glycomacropeptide, 

pegylated ammonia lyase (PEG-PAL), Kuvan (sapropterin dihydrochloride) and their impact 

on body composition measures, along with the role of physical activity in a larger population 

of PAH-deficient individuals. Nutrition counselling could then be complemented with physical 

activity recommendations for optimal clinical outcomes. 

 

In essence, our study emphasized the importance of maximizing total protein and medical food 

protein intake within the parameters of blood Phe control in order to optimize lean body mass 

in individuals with PAH deficiency, along with increased physical activity.  Our sample size 

and the use of accurate 3-day diet records to evaluate protein intake strengthens the reliability 

of our results, as does the use of gold standard DXA direct measurement of body composition.  

These factors and others should be considered in future studies as advancements in dietary and 

other forms of treatment develop.   Additionally, future research could assess body composition 



outcomes in patients with other inborn errors of metabolism (e.g., tyrosinemia, urea cycle 

disorders).  
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Table 1: Example cases for genotype-phenotype classification per the AV sum system [28]  

Mutation 1 Mutation 2 AV1 AV2 AV sum AV categories 
c.1315 + 1G > A c.1315 + 1G > A 1 1 2 1 

p.L48S p.I65T 4 2 6 2 
c.1315 + 1G > A – 1 –   < 2 3 

AV categories [28]: 1 = Classic PAH deficiency, 2 = Mild PAH deficiency, 3 = Unclassified PAH 
deficiency  

  



Table 2: Descriptive characteristics (Kuvan: N = 86) 
 Total sample (N = 86) Adults (N = 27) Children (N = 59) 
 N Median or % N Median or % N Median or % 
Age (years) 86 16.0 (4.0, 54.6) 27 28.8 (19.5, 54.6) 59 13.4 (4.0, 18.9) 
Plasma Phe 
(umol/L) 

86 716.0 (86.0, 1687.0)  876.0 (86.0, 
1687.0) 

 619.0 (125.0, 
1600.0) 

High plasma Phe: ≥ 
6.01 mg %  
(in-range: 2.00-
6.00 mg %)  

68 80.0% 24 88.9 44 74.6% 

Females  52 60.5% 18 66.7% 34 57.6% 
Single child 
(Siblings) 

23 31.5% 12 52.2% 11 22.0% 

BMI (kg/m2) 1 - - 27 27.1 (19.1, 57.2) - - 
Child’s BMI z-
score2 

- - - - 59 0.4 (-1.8, 5.0) 

Child’s mother’s 
age 

- - - - 46 38.0 (23.0, 64.0) 

Child’s father’s age  - - - - 44 39.5 (27.0, 59.0) 
Child’s caregiver:  
parents (Others)3 

- - - - 47 94.0% 

Body composition indices 
A:G 83 0.9 (0.2, 1.6) 26 1.1 (0.5, 1.4) 57 0.8 (0.2, 1.6) 
FMI 83 6.5 (6.4, 29.5) 26 9.1 (5.3, 29.5) 57 5.0 (0.8, 20.6) 
FFMI 83 14.8 (11.3, 24.2) 26 17.4 (13.4, 24.2) 57 14.2 (11.3, 23.7) 
FMI:FFMI 83 0.4 (0.1, 1.3) 26 0.5 (0.4, 1.3) 57 0.3 (0.1, 1.1) 
Independent variables 
MF protein (g/d); 
g/kg/day 

73 45.0 (5.0, 90.0); 
0.83 (0.31, 0.57) 

19 53.8 (25.0, 90.0); 
0.71(0.51, 0.57) 

54 43.2 (5.0, 79.6);  
0.91(0.31, 0.65) 

Intact protein (g/d); 
g/kg/day 

83 13.4 (3.6, 79.4); 
0.25 (0.07, 1.46) 

25 25.1 (8.2, 79.4); 
0.33 (0.17, 0.50) 

58 11.3 (3.6, 74.7);  
0.24 (0.23, 0.61) 

Total protein (g/d); 
g/kg/day 

83 59.3 (10.1, 119.7); 
1.09 (0.19, 2.20) 

25 69.9 (42.1, 119.6); 
0.92 (0.86, 0.76) 

58 53.1 (10.1, 119.7); 
1.12 (0.63, 0.97) 

PA: METs score4 
 (minutes/week) 

27 1165.0 (0.0, 3798.0) 6 429.3 (0.0, 1677.0) 21 1305.0 (0.0, 3798.0) 

Physical activity5,6  
• No activity 
• Light activity  
• Intense activity 

 
0 
37 
20 

 
0% 
64.9% 
23.3% 

 
0 
17 
3 

 
0% 
85.0% 
15.0% 

 
0 
20 
17 

 
0% 
54.1% 
45.9% 

Genotype7 
• Classic  
• Moderate-mild-

MHP8 
• Unclassified9 

 
30 
29 
 
11 

 
42.9% 
41.4% 
 
15 7% 

 
11 
10 
 
4 

 
44.0% 
40.0% 
 
16.0% 

 
19 
19 
 
7 

 
42.2% 
42.2% 
 
15.6% 

Median (range: minimum, maximum), reference groups in brackets  
1[23]; 2 [24]; 3Parent(s) vs. others: grandparents/extended relative; 4CAMP study (N = 28); 5KUVAN 
study (N = 58); 6Category labels: No physical activity (Almost no physical activity); Light activity 



(Mild/Light activity-Moderate activity); Intense activity (Very active-Extremely active); 7[28] 
8Grouped together due to limited sample size; 9One or more gene mutation(s) is not identified 
Abbreviations: METs: Metabolic equivalent of task; MHP: Mild hyperphenylalaninemia, A:G: 
android:gynoid ratio, FMI: Fat mass index, FFMI: Fat-free mass index  
 

Table 3: Comparison of body composition parameters with the National US data [32]   

1US population [32]: Males/Females: age ≥ 20 years, Boys/Girls: age 8-19 years.   
2Study sample: Males/Females: age ≥ 18 years, Boys/Girls: age <18 years.  
Body composition parameters in the US National data and the study sample measured using DXA.  
 
 
 
Table 4: Total median protein intake of participants compared to age- and gender-specific total 
protein intake for PKU patients (N = 86) 
Study sample  N Median 

age, 
years 

Median total 
protein intake, 

study sample (g/d) 1 

Total protein 
120-140% of 
RDA (g/d)2 

Percent 
change (%) 

Total 
protein 

RDA (g/d)3 
Total Males  33 12.2 57.5 (46.8, 76.2) 40.8-47.6 140.9-120.7 34 
Total Females  50 16.8 59.7 (49.9, 69.8) 55.2-64.4 108.2-92.8 46 
Adult Males  9 31.2 79.4 (66.3, 94.4) 67.2-78.4 118.1-101.2 56 
Adult Females  16 26.0 69.2 (66.4, 74.4) 55.2-64.4 125.3-107.4 46 
Children Males 24 9.6 50.6 (41.2, 62.8) 40.8-47.6 124.1-106.4 34 
Children Females  34 15.0 54.1 (44.8, 65.2) 55.2-64.4 98.1-84.1 46 

1Includes actual intakes from intact protein and MF proteins, median (ranges: minimum, maximum)  
2Age- and gender-specific total protein intake for PKU patients, 120-140% more total protein than the 
RDA [9] 
3Age- and gender-specific total protein intake for the general population per the RDA [10] 
Percent change: Median total protein intake, study sample (g/d) 1/Total protein 120-140% of RDA 
(g/d) 3*100; values above 100 denote percent increase. 
Note: Median age: “total males” and “children males” are younger than “total females” and “children 
females”; hence, their age- and gender-specific protein recommendations are lower.  
 
 
Table 5: Comparison between prescribed and actual protein intakes from intake and medical 
foods (N = 86) 

 Median MF protein    Median intact protein    
Study 
sample 

Prescribed  
(g/d)  

 

Actual 
(g/d) 

 

p 
value 

Comp
-liance 

%  

Prescribed 
(g/d) 

 

Actual 
(g/d) 

p 
value 

Comp-
liance 

% 

Total 
sample1 

48.0  
(10.0, 90.0)  

45.0  
(5.0, 90.0) 

0.11 99.9 7.2  
(3.0, 34.0) 

13.4  
(3.6, 79.4) 

<0.001 164.8 

 N Median lean mass (kg) Median Fat mass (kg) 

 US1 Sample2 US1 Sample2 

(min, max) 
US1 Sample2 

(min, max) 
Males  6559 9 58.6 52.2 (45.5, 61.8) 23.7 30.9 (17.1, 51.4) 
Females 6532 17 40.7 38.9 (30.8, 64.3) 28.7 23.4 (13.8, 81.4) 
Boys 4544 25 40.7 25.7 (13.3, 64.4) 12.3 5.4 (1.3, 58.1) 
Girls 4375 32 33.1 32.7 (15.5, 50.7) 16.4 14.6 (2.0, 43.3) 



Adults1  60.0  
(36.0, 90.0) 

53.8  
(25.0, 90.0) 

0.03 99.9 9.9  
(3.0, 16.8) 

25.1  
(8.2, 79.4) 

<0.001 246.6 

Children1 44.0  
(10.0, 82.5) 

43.2  
(5.0, 79.6) 

0.48 99.9 6.0  
(3.0, 34.0) 

11.3  
(3.6, 74.7) 

<0.001 141.2 

Median (ranges: minimum, maximum) 
Percent compliance: Actual median protein intake/prescribed median protein intake*100 

1Mann-Whitney U-test  
 
 
Table 6: Multivariate associations between specific determinants (protein intake, proxy 
indicator of physical activity) and body composition parameters  

IV/DV A:G FMI FFMI FMI:FFMI 
Full sample  
MF protein (g/d) 1 

(N = 60) 
rs = 0.06,  
p = 0.64 

rs = 0.05,  
p = 0.75 

rs = 0.24,  
p = 0.08 

rs = 0.04,  
p = 0.78 

Intact protein (g/d) 1 

(N = 60) 
rs = 0.03,  
p = 0.82 

rs = 0.15,  
p = 0.29 

rs = 0.07 
p = 0.59 

rs = 0.16 
p = 0.24  

Total protein (g/d) 1 

(N = 60) 
rs = 0.08,  
p = 0.59 

rs = 0.03,  
p = 0.81  

rs = 0.32,  
p = 0.01  

rs = 0.02,  
p = 0.90 

Light activity (intense 
activity)2,3 (N = 54) 

1.08 (0.91, 1.27), 
p = 0.38  

17.59 (2.09, 147.62), 
p = 0.001 

1.64 (0.51, 5.30), 
p = 0.41  

1.19 (1.07, 1.33), 
p = 0.008  

Adults only  
MF protein (g/d) 1 

(N = 17) 
rs = 0.07,  
p = 0.84 

rs = -0.06,  
p = 0.86 

rs = 0.02,  
p = 0.96 

rs = 0.11,  
p = 0.74 

Intact protein (g/d) 1 

(N = 17) 
rs = -0.29,  
p = 0.39 

rs = -0.26,  
p = 0.44 

rs = 0.75 
p = 0.008 

rs = -0.59 
p = 0.04  

Total protein (g/d) 1 

(N = 17) 
rs = -0.06,  
p = 0.87 

rs = -0.30,  
p = 0.37  

rs = 0.52,  
p = 0.10  

rs = -0.26,  
p = 0.44  

Light activity (intense 
activity)2,3 (N = 19) 

0.98 (0.85, 1.14), 
p = 0.86 

2.51 (0.91, 6.93), p 
= 0.08  

0.54 (0.23, 1.28), 
p = 0.16 

1.11 (1.05, 1.18), 
p = 0.001  

Children only  
MF protein (g/d) 1 

(N = 37) 
rs = 0.04,  
p = 0.84 

rs = -0.28,  
p = 0.15 

rs = 0.38,  
p = 0.04 

rs = -0.24,  
p = 0.21 

Intact protein (g/d) 1 

(N = 37) 
rs = 0.11,  
p = 0.58 

rs = 0.12,  
p = 0.56 

rs = -0.25 
p = 0.19 

rs = 0.21 
p = 0.28  

Total protein (g/d) 1 

(N = 37) 
rs = 0.11,  
p = 0.56 

rs = -0.26,  
p = 0.19  

rs = 0.39,  
p = 0.04  

rs = -0.21,  
p = 0.29  

Light activity (intense 
activity)2,3 (N = 32) 

1.12 (1.01, 1.23), 
p = 0.04  

2.09 (0.81, 5.43), p 
= 0.01  

0.35 (0.15, 0.82), 
p = 0.08  

1.10 (1.03, 1.18), 
p = 0.007  

1Spearman’s partial correlation: rs, positive rs: direct association, negative rs: inverse association  
2Generalized linear model: Exponential β (95% confidence intervals)  
3KUVAN data 
Reference groups in brackets  
Abbreviations: IV: independent variables, DV: dependent variables, A:G: android:gynoid ratio, FMI: 
fat mass index, FFMI: fat-free mass index  
Covariates adjusted:  
Full sample: Age (years), gender, single child (siblings), total energy (Kcal/d), plasma Phe (mg%) 



Adults only: Age (years), gender, single child (siblings), total energy (Kcal/d), plasma Phe (mg%), 
BMI (kg/m2) 
Children only: Age (years), gender, single child (siblings), total energy (Kcal/d), plasma Phe (mg%), 
BMI z-scores, child’s mother’s age, child’s father’s age, caregiver: parents (others)  
 


