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Abstract

Background/Objectives: Early diagnosis and a low-Phe diet significantly 
improved prognosis of PKU patients whose management is now-a-day mostly 
focused on preventing nutritional imbalances and resulting comorbidities. 
Puberty is a turning point for the risk to develop overweight and bone quality 
impairment. The present study aims to evaluate body composition and bone 
quality in prepubertal and pubertal PKU patients.

Subjects/Methods: This is an observational, prospective study on an 
historical cohort of patients with PKU aged between 4.1 and 18 years, with early 
diagnosis and continuous protein-restrictive diet treatment. Bioimpedance, 
weight measurements, height, body mass index calculation, and quantitative 
ultrasound were collected. Sexual maturity was evaluated by using the Tanner 
staging.

Results: Thirty PKU patients (14 prepubertal, 16 pubertal) were included in 
the study. Mean BMI was within the normal range in both groups, although fat 
content was higher in prepubertal, whereas lean mass was higher in the pubertal 
group who had also a higher total protein content. Among QUS parameters, 
bone quality index and broadband ultrasound were lower in prepubertal children 
than in adolescents, with a Z-score BQI within the osteopenia range in both of 
them.

Conclusions: Pubertal patients with PKU develop a higher lean mass 
and protein content. If on one hand the high non-Phe protein intake in the 
pubertal period may promote increase in bone mineral quality, on the other 
hand the higher protein retention, typical of this period, may increase the 
risk for hyperinsulinism and glucose intolerance in later life. Adjusting dietary 
management by modulating total protein intake in the peripubertal period could 
result in better management of PKU patients.
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Introduction
Phenylketonuria (PKU) (OMIM: 261600) is an inborn error 

of metabolism caused by a deficient activity of Phenylalanine 
Hydroxylase (PAH), needed to convert Phenylalanine (Phe) into 
tyrosine [1]. Early diagnosis through neonatal screening and a 
low-Phe diet significantly improve prognosis, resulting in patients 
reaching adulthood with normal mental development and a better 
quality of life [2-4]. Over the years, the main target of PKU patient 
management progressively shifted from preventing early death and 
irreversible intellectual disability to preventing nutritional imbalances 
and resulting comorbidities [5].

Overweight and obesity in children with PKU result from 
unbalanced diet, low calcium intake and a sedentary life [6,7]. Relevant 
dietary factors include the quality and quantity of tolerated protein, 
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and frequent excess of non-protein caloric intake [8,9]. In turn, such 
protein-restricted regimens may result into short and long-term 
nutritional risks [10]. Based on that, monitoring the patient trend in 
nutritional status by a more comprehensive and systemic nutritional 
assessment is warranted [11]. Assessing Body Composition (BC) is 
mandatory to increase accuracy of the nutritional status evaluation 
[12]. In addition to the Body Mass Index (BMI), Bioelectric Impedance 
(BIA) is another useful tool to assess the real tissue mass [12,13]. In 
particular, BIA is a 2-compartment method for body composition 
assessment, based on impedance measurements of biological tissues. 
The measured impedance is proportional to the Total Volume of 
Body Water (TBW). In the presence of a constant TBW to lean mass 
(FFM) ratio, the impedance can be converted to FFM. Fat Mass (FM) 
can be determined by calculating the difference between total body 
weight and FFM [14].

During adolescence, hormonal fluctuations cause a gender-
specific increase in lean mass, fat mass and bone mass, making 
adolescents prone to develop insulin resistance, which in turn appears 
to play a reciprocal role in the changes observed in body composition 
[15].
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A high-protein diet may lead to a further lean body mass gain, 
[16]; therefore, due to the high, Phefree, protein intake, PKU patients, 
especially in adolescence, may be more exposed to alterations in body 
composition [10].

An additional concern is related to bone health, which is impaired 
in PKU subjects, leading to stunted growth and risk of fractures [17-
19]. Thus, Bone Mineral Density (BMD) assessment is also part of 
the routine follow-up assessment of PKU patients [20,21]. Dual 
Energy X-Ray Absorptiometry (DXA) of the lumbar spine and hip is 
usually preferred for evaluating BMD, as it provides the most reliable 
measurement for predicting fracture risk and monitoring treatment. 
However, studies conducted so far using DXA to assess BMD have 
produced conflicting data in PKU subjects, and the data refer mainly 
to adults [22,23]. DXA provides two-dimensional (areal) values 
for BMD, does not distinguish cortical from trabecular bone and 
should be adjusted for height and weight when used in children and 
adolescents. Quantitative Ultrasound (QUS) is an easy, inexpensive 
and radiation-free alternative diagnostic tool to assess bone quality 
and fracture rate the in children and adolescents with bone and 
mineral disorders [24-27].

QUS, measuring the attenuation and velocity of ultrasound 
waves passing through the calcaneus bone, is now part of bone health 
assessment [28]. It has been reported that Broadband Ultrasound 
Attenuation (BUA) and Speed of Sound (SOS) exhibit distinct 
structural properties of bone, with BUA more related to structural 
parameters such as connectivity and porosity of the skeleton, and 
SOS more influenced by bone mineral mass and elasticity [29].

Given the lack of literature data on nutritional status and bone 
health in the peripubertal period, the present study aims to investigate 
the changes of body composition and bone quality in prepubertal and 
pubertal PKU patients, also exploring some predisposing factors to 
later life comorbidities.

Materials and Methods
Subjects

We performed an observational, prospective study on an 
historical cohort of patients with PKU (13 males and 17 females, 
median age 10.8 years (range 4.1-18) diagnosed by neonatal 
screening and confirmed by molecular analysis. Patients with PKU-
independent, concomitant conditions affecting bone mineralization 
and/or nutritional status and/or pubertal spurt timing (precocious or 
delayed puberty) were excluded. Type of PKU was assigned on the 
basis of neonatal pre-diet Phe levels, according to the PKU European 
Guidelines [11]. Written informed consent was obtained from the 
parents. This study was approved by local IRB. All the procedures 
used were in accordance with the guidelines of the Declaration of 
Helsinki on Human Experimentation.

Anthropometry
Patients were weighed and measured in minimal clothing, by the 

same balance and altimeter. Body mass index (BMI) was calculated 
as the weight/height2 ratio. Normal values of BMI Z-score ranged 
between +1.0 and -1.0, using the World Health Organization (WHO) 
charts [30]. Tanner stage (prepubertal, Tanner 1; pubertal, Tanner 2 
to 5), was determined by physical examination [31].

Dietary intake and biochemical measurements
All patients were treated with a protein-restrictive diet 

supplemented with amino acid mixtures. The same metabolic 
dietitian, using the Winfood Pro software (version 3.0.0, 2011, 
Medimatica Srl, Teramo, Italy) analyzed dietary data from each 
patient. Dietary protein intake, expressed in grams per kilograms per 
day, was compared with FAO/WHO/UNU recommended safe levels 
[32]. Energy intake was expressed as kcal/day and compared with 
FAO/WHO/UNU 1985 requirements. All patients were monitored 
weekly by Phe dosage on blood spot, and dietary compliance was 
defined as poor if mean DBS Phe level was higher than the target 
level, or good if mean dried blood spot Phe level was within the 
target Phe level, according with PKU European Guidelines [11]. 
Serum samples were assayed for vitamin D status (total 25(OH)D 
concentration), lipid panel (Total Cholesterol (TC), Triglycerides 
(TG), High-Density Lipoprotein Cholesterol (HDL-C), Low-Density 
Lipoprotein Cholesterol (LDL-C), and glucose status (fasting glucose 
concentration) for all participants. Risk of dyslipidemia was assessed 
according to reference cut-off values for fasting lipids in children 
[33]. Vitamin D status was also evaluated according to the current 
standard for Italian target population [34,35].

Body composition
A trained study assistant performed all BIA measurements. A 

multi-frequency (20 kHz and 100 kHz) BIA device using eight-point 
tactile electrode system (Inbody 230, Biospace Corp., Seoul, Korea), 
referred to as BIA8MF [36] was used. After the sex, age and height 
information introduction into the BIA8MF, subjects were asked to 
stand in a stable position with bare feet. Their toes and heels had 
to be placed in contact with the anterior and posterior electrodes 
of the weighting platform, respectively. The BIA8MF produces 10 
impedance values to measure five segments of the body: right leg, left 
leg, right arm, left arm and the trunk. The measurements began when 
both hands grasped the grips, and feet were in the right position. 
Body composition parameters, calculated by manufacturer software 
(Lookin’Body 120, Biospace Corp., Seoul, Korea) were: Fat Mass 
(FM) (Kg), Percentage of Body Fat (PBF), Total Body Water (TBW) 
(Kg), Waist-Hip Ratio (WHR) and Lean Body Mass (LBM) (Kg).

Quantitative Ultrasound Scan (QUS)
The QUS (SONOST 3000) measurement score of the calcaneus 

region was used to calculate the bone mineral density (BMD) 
status according to the WHO criteria (normal, osteopenia and 
osteoporosis) [37]. The machine was calibrated daily according to the 
manufacturer’s instructions.

The outputs included the Bone Quality Index (BQI), the 
Broadband Ultrasound Attenuation (BUA, measured in dB/MHz), 
the speed of sound (SOS, measured in m/s). BUA reflects bone 
density and structure by reduction analysis of ultrasound pulse 
intensity through the bone; SOS expresses speed of ultrasound wave 
through the bone and reflects bone mineral density. SOS is related 
to temperature, while BUA is inversely related to temperature. These 
correlation coefficients (α,β) are combined with BUA and SOS to 
obtain the BQI (BQI = α x SOS + β x BUA) [36].

Statistical analysis
Results were expressed as mean and Standard Deviation (SD) 
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or median and Interquartile (IQ) range, according to variable 
distribution. Qualitative variables were expressed as proportions or 
percentages. We analyzed variable distribution with Shapiro-Wilk test 
and compared results using the t-test, Mann Whitney, or correlation 
test. Associations between qualitative variables were calculated 
by Fisher’s exact test and p<0.05 was considered as statistically 
significant. Univariate linear regression was used to evaluate the 
relationship between each individual outcome, and the correlation 
coefficients were calculated, with the indication of the range at 95% 
confidence interval (95% CI).

Results
Demographic and anthropometric findings

Thirty PKU patients were included in the study. Their 
demographic and anthropometric characteristics are summarized 
in Table 1. Nineteen out of 30 (63%) had a classic form of PKU 
(PKU guidelines), while the remaining had mild / moderate PKU. 
All patients were on a low-Phe diet. In three mild/moderate PKU 
cases, Sapropterine therapy at a dose of 10 mg/kg/day was associated. 
Fourteen patients (6 females) were prepubertal (Tanner stage I), 
while the remaining 16 (8 females) were in Tanner stage 2-5 (Table 1).

Table 2 summarizes the anthropometric, nutritional and 
biochemical profile of the two groups. Compliance with the diet was 
good in 72% of cases [10/14] in the prepubertal group and in 62.5% 

(10/16] in the pubertal group (p-value: 0.57). The caloric intake/kg 
was higher in the group of prepubertal children then adolescents 
(p-value: 0.0004) according to FAO/WHO/UNU 1985 requirements. 
The total protein intake was also significantly higher in the group of 
prepubertal children than in adolescents (p-value: 0.005), due to the 
intake of synthetic proteins (PKU guidelines). The levels of natural 
proteins and Phe intake in the two groups of patients were comparable 
(Table 2). No statistically significant differences were found in the 
z-scores of weight, height and BMI, with a non-significant trend to 
higher values weight z-score in prepubertal than pubertal subjects, 
and height z-score in pubertal group then prepubertal subjects. 
The BMI z-score for both groups was within the normal range. The 
three patients who received Sapropterine treatment (1 child and 3 
adolescents) had a natural protein intake of 0.21, 0.40 and 0.70 g/kg. 
All of them had a BMI in the range of overweight (BMI z-score > + 
1.0 SDS).

Parameters of glucose and lipid metabolism were normal in all 
cases (Table 2). Although no significant difference was found, a trend 
toward higher values of the lipid profile parameters was observed in 
the prepubertal group. The mean values of OH-25 vitamin D were at 
the lower limit of normal range in both groups.

BIA parameters
FM and PBF values were higher in the prepubertal group than 

in the pubertal one, reaching statistical significance for PBF (Figure 
1), whereas TBW and LBM values were significantly higher in the 
pubertal group. According to sex, TBW values were significantly 
higher in prepubertal males than in females (p-value: 0.0005) (Table 
3). After beginning of sexual development, higher levels of FM and 
PBF were found in females, in association with higher WHR.

QUS parameters
The QUS values showed an average z-score BQI in the range of 

osteopenia in the study population (-1.4). Mean BQI in prepubertal 
children was lower than in adolescents, reaching statistical 
significance (p-value: 0.008), as well as BUA (p-value: 0.004) (Figure 

Number of patients 30

Gender (M/F) 13/17

Ethnicity 30/30 Caucasian, (1 Albanian, 1 Greek)

Age (median, range in years) 10.8 (4.1-18)

Type of PKU
Classic 19/30 (63%)

Mild/moderate 11/30 (37%)

Tanner stage (I, II, III, IV, V) 14, 4, 5, 5, 3

Sapropterin therapy 3/30 (10%)

Table 1: Characteristics of the study population.

Prepubertal (n= 14 subjects) Pubertal (n= 16 subjects) p-value 

Age, median (IQR) 9 (4.45) 15.2 (4.6) ----------- 

Type of PKU 8 classical 6 mild/moderate 11 classical 5 mild/moderate NS 

Weight Z-score (mean±SD) 0.50±1.24 0.24±1.05 NS 

Height Z-score (mean±±SD) -0.11±1.06 -0.525±1.35 NS 

BMI Z-score (mean±SD) 0.65±1.06 0.60±0.87 NS 

Calories (kcal/kg) median (IQR) 55.78 (21.36) 31.5 (14) 0.0004

Total protein intake (g/kg) median (IQR) 1.45 (0.30) 1.13 (0,24) 0.005

Natural protein intake (g/kg) median (IQR) 0.54 (0.27) 0.30 (0.38) NS 

Phe intake (mg/day) median (IQR) 15.6 (9.14) 9.33 (10.46) NS 

Total cholesterol (mg/dL) (mean±SD) 159.91±15.39 143.47±37.37 0.09

HDL cholesterol (mg/dL) (mean±SD) 52.09±10.35 49.60±15.43 0.32

LDL cholesterol (mg/dL) (mean±SD) 90.55±13.74 77.40±28.03 0.08

Triglycerides (mg/dL) (mean±SD) 86.45±44.80 84.29±52.57 0.46

Fasting glucose (mg/dL) (mean±SD) 82.36±5.90 84.47±5.89 0.19

25 (OH)-Vitamin D (ng/ml) (mean±SD) 32.58±11.22 31.32±13.12 0.41

Table 2: Anthropometrics, nutritional and laboratory parameters of PKU prepubertal and pubertal patients.



J Endocr Disord 7(1): id1045 (2021)  - Page - 04

Tummolo A Austin Publishing Group

Submit your Manuscript | www.austinpublishinggroup.com

1). A similar distribution between the two groups was observed for 
SOS and Z-score values.

Correlations
The BIA and QUS parameters were correlated with age, caloric 

intake/kg, protein intake/kg and natural protein intake/kg. There 
was a positive correlation between age and TBW and LBM (r2 0.78; r2 
0.51) (Figure 2). A significant correlation was also observed between 
caloric intake/kg and TBW (r 0.71, r2 0.49, p-value 0.0001) and caloric 

intake/kg and LBM (r 0.72, r2 0.51, p-value: 0.0001). No correlation 
between the other parameters was detected. 

Discussion
Many studies have reported on changes in BC in subjects with 

PKU, children and adults, and focused on the impact of gender, type 
of PKU, age at diagnosis and diet adherence [10,38-40]. Yet, little is 
known about the influence of pubertal development on their BC and 
bone quality. Although a role of hormonal changes linked to pubertal 
development on the BC and bone quality in subjects with PKU may 
be expected, it has not been specifically investigated.

In this cohort study, we compared BC and bone quality 
parameters between prepubertal children and adolescents with PKU. 
Results showed that, despite similar BMI levels, prepubertal children 
have a higher amount of FM than adolescent subjects, in whom 
the LBM is significantly higher and increases with age and caloric 
intake. In addition, gender matters, since FM and WHR are higher 
in adolescent females compared to males. Overall, bone quality was 
found to be sub-optimal in children and adolescents with PKU, but 
with a trend toward improvement with increasing age.

Our patients, either prepubertal or adolescents, have a mean 
Z-score BMI in the range of normal weight. Patients on Sapropterine 
had a slightly higher Z-score BMI (in the range of overweight), 
although the number of these patients is so low (3/30) that a subgroup 
classification is not justifiable. There was indeed a confirmed trend to 

Variable Prepubertal males Prepubertal females p-value Pubertal males Pubertal females p-value 

BIA 

FM 12.63 9.53 NS 5.21 17.02 0.005

BF% 30.7 29.83 NS 10.9 23 0.06

TBW 17.57 15.98 0.0005 35.3 38.3 NS 

WHR 0.8 0.72 NS 0.8 0.97 0.02

LBM 12.23 10.88 NS 28.48 29.34 NS 

QUS

BUA 63.2 60.66 NS 79.5 76.04 NS 

SOS 1501.75 1499.71 NS 1512.78 1503.16 NS 

BQI 57.88 56.28 NS 77.11 68.23 NS 

Z-score -1.7 -1.3 NS -1.6 -1.18 NS 

Table 3: Comparisons of BIA and QUS parameters according to gender.

FM: Fat Mass; PBF: Percentage Of Body Fat; TBW: Total Body Water; WHR: Waist-Hip Ratio; LBM: Lean Body Mass; BUA: Broadband Ultrasound Attenuation; SOS: 
Speed Of Sound; BQI: Bone Quality Index

Figure 1: BIA and QUS parameters of prepubertal and pubertal PKU patients.
Legend: *p≤0.05, **p≤0.01, ***p≤0.001 
FM: Fat Mass; PBF: Percentage Of Body Fat; TBW: Total Body Water; 
WHR: Waist-Hip Ratio; LBM: Lean Body Mass; BUA: Broadband Ultrasound 
Attenuation; SOS: Speed of Sound; BQI: Bone Quality Index

Figure 2: Positive correlation between age/LBM and age/TBW.
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higher fat content in pubertal females; this finding is in keeping with 
data from previous studies, which highlighted that female gender was 
associated with increased fat percentage in adolescents with PKU 
[10,38-41]. Two possible explanations for this finding have been 
reported to be biological aspects, such as the female reproductive 
function and higher estrogen levels [41].

Many studies have reported strict relationship between 
protein intake and LBM in pubertal period [42,43]. After puberty, 
selective stimulation of whole-body protein synthesis by GH, IGF-
1 and androgenic hormones--all increasing in puberty-may explain 
increased protein gain [44]. The higher protein retention is reflected 
by a decreased rate of leucine oxidation in the fed state, and increased 
net leucine retention in pubertal than in prepubertal subjects. Leucine 
is a well-known stimulator of insulin secretion from pancreatic β cells; 
this may result from its action as metabolic fuel and also as allosteric 
activator of Glutamate Dehydrogenase (GDH) [45].

Calcium absorption and retention are also positively affected 
by endocrine factors, particularly by gonadal steroids, GH and 
IGF-1 [46]. Previous studies reported an increased bone density 
in adolescent period, with both genders reaching peak bone 
acquisition, after puberty [47]. The higher protein retention linked 
to higher muscle mass can also partly explain the increasing bone 
quality observed in adolescents, as it has been demonstrated under 
conditions of adequate calcium intake [48]. Some studies have shown 
that adequate intake of calcium, phosphorus, and vitamin D is not 
sufficient for normal bone development in subjects with a reduced 
intake of natural protein which plays a more important role in BMD 
development in PKU patients [49]. In our study population, we found 
25-OH vitamin D at the lower limit of normal range in both groups, 
also other bone health markers were found within the normal range, 
although they could not be performed in all the patients and were 
not included in the study (data not shown). The absence of bone 
markers impairment is consistent with the finding that the altered 
BQI, particularly in prepubertal patients, was secondary to lower 
BUA levels, and not to SOS levels, which were comparable in the two 
groups. It has been reported that BUA is more related to structural 
parameters such as connectivity and porosity of the skeleton while 
SOS is more associated to bone mineral mass [29].

PKU diet is often characterized by a high amount of non-Phe 
proteins in form of Phe-free aminoacids mixtures [11]. In most 
patients, the free L-amino acids supply 52 to 80% of the total protein 
intake, as a number of observational studies have demonstrated that 
growth in PKU is adequate if the total protein intake meets or is above 
the general population recommendations [50-52].

Previous studies have emphasized the higher risk of insulin 
resistance and overweight in adult PKU patients, mostly linked 
to higher carbohydrate intake [53], although the higher protein 
retention, typical of this period can even further expose patients to 
the risk of metabolic syndrome.

Should the protein intake of these patients in the peripubertal 
period take the increased utilization of dietary proteins into account? 
Studies on body composition during puberty in general population 
show that all the main components of body composition increase 
[54], with males gaining greater amounts of fat free mass than 

females, who acquire significantly more fat mass after pubertal spurt 
[55] . In our PKU cohort, fat free body mass doubled up in males 
and exceeded the gain of fat mass in females, emphasizing a higher 
protein retention than the age-matched population.

Certainly, performing BIA in this period can represent a first 
approach to define patients at higher risk of protein retention. In 
addition, the evaluation of insulin levels with possible glucose load 
curve would allow a more complete metabolic assessment and a more 
precise definition of the risk.

In this study, we describe the results of the measurements of BMI, 
BIA, and QUS parameters as obtained from our population at follow-
up observations. We did not perform prospective, individual serial 
measurements, which also could have been further informative, nor 
direct comparison with healthy controls. The present study could 
have benefit from information on levels of branched chain amino 
acid and markers of glucose homeostasis, which were not available 
to us in this first phase, but could have provided further evidences for 
the risk of metabolic syndrome. 

A further limitation to the study could derive from the fact that 
physical activity was not described and included in the study. Due to 
the difficulty to obtain a realistic measurement of domestic physical 
activity, in the absence of extreme agonistic physical training and 
total inactivity among patients, it can be considered homogeneously 
mild-moderate in this group of patients.

In conclusion, pubertal development involves the chemical 
maturation of body tissues, regulating the amount and distribution 
of adipose tissue, and changes in bone mass and fat-free lean tissue 
mass. The optimal amount of Phe-free amino acids is undetermined 
and particularly when growth rate decreases, there is insufficient data 
to reach clear conclusions on the optimal amount in the treatment of 
PKU. If on one hand the high non-Phe protein intake may promote 
increase in bone mineral quality in adolescents, on the other hand 
the derived higher LBM may increase the risk for hyperinsulinism 
and glucose intolerance in later life. Adjusting dietary management 
by modulating total protein intake in the peripubertal period could 
result in better management of PKU patients. 
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