
Whitehall et al. 
Orphanet Journal of Rare Diseases          (2024) 19:293  
https://doi.org/10.1186/s13023-024-03203-z

REVIEW

Systematic literature review of the somatic 
comorbidities experienced by adults 
with phenylketonuria
Kaleigh B. Whitehall1*   , Sarah Rose1, Gillian E. Clague1, Kirsten K. Ahring2, Deborah A. Bilder3, Cary O. Harding4, 
Álvaro Hermida5, Anita Inwood6, Nicola Longo7, François Maillot8, Ania C. Muntau9, André L. S. Pessoa10,11, 
Júlio C. Rocha12,13,14, Fran Rohr15, Serap Sivri16, Jack Said17, Sheun Oshinbolu18 and Gillian C. Sibbring17 

Abstract 

Background  Phenylketonuria (PKU) is an inborn error of phenylalanine (Phe) metabolism that, if untreated, causes 
Phe accumulation in the brain leading to neurophysiologic alterations and poor outcomes. Lifelong management 
centers on dietary Phe restriction, yet long-term complete metabolic control is unachievable for many adults. High 
blood Phe levels or chronic Phe and intact protein restriction in the diet may lead to somatic comorbidities. A system-
atic literature review was conducted to evaluate somatic comorbidities experienced by adults with PKU.

Methods  Clinical and observational studies reporting somatic comorbidities experienced by individuals with PKU 
aged ≥ 16 years (or classified as adults) evaluating a Phe-restricted diet with or without pharmacologic therapy 
versus no therapeutic intervention (including healthy controls), or pharmacologic therapy versus a Phe-restricted 
diet alone, were identified. PubMed® was searched (February 1, 2022 and updated November 1, 2023), using a pre-
defined search strategy, followed by two-stage screening and data extraction. Included studies were grouped by PKU 
population comparison.

Results  1185 records were screened; 51 studies across 12,602 individuals were extracted. Bone-related abnormali-
ties were the most reported outcome (n = 21); several outcome measures were used. Original study groupings 
included: Phe-restricted diet versus healthy controls or reference values (n = 40); treatment-adherent versus those 
non-adherent (n = 12). Additional groups added as part of a protocol amendment included: different Phe-restricted 
diets (n = 4); severe versus less severe disease (n = 5). Vote counting indicated a higher burden of ≥ 1 comorbidity (or 
outcome measure) for the Phe-restricted diet group by 37 of 38 studies included in the analysis of Phe-restricted 
diet versus healthy controls; higher burden in healthy controls was reported in 12 studies. Vote counting was similar 
between those treatment adherent (n = 7) versus non-adherent (n = 10).

Conclusions  Adults with PKU have a higher comorbidity burden than a non-PKU population. More robust studies 
are needed to better understand the relationship between effective metabolic control and comorbidity burden, using 
consistent outcome measures.

This SLR was supported by BioMarin Pharmaceutical Inc., Novato, CA, and is registered with the Research Registry 
(reviewregistry1476).
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Background
Phenylketonuria (PKU), as a colloquial term for pheny-
lalanine hydroxylase (PAH) deficiency (OMIM# 261600), 
is an autosomal recessive inborn error of amino acid 
metabolism. PKU is caused by pathogenic variants in 
the gene encoding PAH, impairing enzyme function 
such that PAH cannot metabolize phenylalanine (Phe) to 
tyrosine normally. Phe accumulates in the blood, crossing 
the blood–brain barrier at high concentrations with toxic 
effects. Phe also competes with other large neutral amino 
acids for transport across the blood–brain barrier by the 
L-type amino acid transporter 1 (LAT1); high concen-
trations of Phe may block transport of other LAT1 sub-
strates into the brain, including tyrosine and tryptophan, 
important for neurotransmission [1]. If left untreated, 
PKU is associated with poor neurologic, neurocognitive, 
and neuropsychiatric outcomes [1, 2].

Recognized as exhibiting a spectrum of severity, the 
most severe form of PKU is often referred to as classical 
PKU (cPKU) and is defined as little or no PAH activity 
and untreated blood Phe levels typically > 1200  µmol/L 
at the time of diagnosis (normal blood Phe level is 
50–110  µmol/L). An individual’s specific genetic varia-
tion determines the degree of PAH activity; variants only 
partially inhibiting PAH activity result in a milder form of 
PKU or mild hyperphenylalaninemia (HPA) [2].

The goal of treating PKU is to achieve and main-
tain appropriate blood Phe levels recommended by the 
United States and European guidelines [3, 4]. To control 
blood Phe levels, individuals with PKU are placed on a 
lifelong prescribed medical intervention termed medi-
cal nutrition therapy (MNT) [4], which involves severely 
restricting the natural intake of protein and replacing 
it with a Phe-free, amino acid-based medical food to 
supplement the reduced protein intake, and provide a 
source of energy and other nutrients. Supplements might 
include modified low-protein foods and Phe-free medi-
cal food beverages, Phe-free amino acid mixture, medical 
foods derived from glycomacropeptide, and protein sub-
stitutes [4].

Importantly, studies have shown that not all patients, 
including adolescents and adults, are able to achieve 
blood Phe levels within guideline-recommended target 
ranges [5, 6]. Even with active management, blood Phe 
levels may remain uncontrolled, especially as patients 
age. An online survey conducted in the United States 
estimated that 67% of adults with PKU had blood Phe 
levels in excess of the upper limit of the American 

College of Medical Genetics target levels [7]. Patients 
with cPKU have the most difficulty controlling blood 
Phe levels with MNT, and control is considered subop-
timal when compared with patients with mild PKU [6].

Pharmaceutical intervention with sapropterin dihy-
drochloride (KUVAN®; BioMarin Pharmaceutical Inc., 
Novato, CA, USA), a derivative of the PAH cofactor, 
tetrahydrobiopterin (BH4), may be used in conjunc-
tion with a Phe-restricted diet, for individuals who are 
deemed responsive. For adults (or patients ≥ 16  years 
old outside of the United States) with uncontrolled 
blood Phe levels despite existing management, peg-
valiase (PALYNZIQ®; BioMarin Pharmaceutical Inc., 
Novato, CA, USA), a PAH substitute [8, 9], may be an 
option to achieve appropriate blood Phe levels, with-
out requiring patients to maintain a Phe-restricted diet 
[10].

Lifelong treatment of PKU is recommended by guide-
lines [3, 4]. Early intervention prevents the severe and 
irreversible intellectual impairment caused by elevated 
blood Phe levels in childhood and adolescence [11], but 
adherence to dietary restrictions is challenging, and the 
number of patients achieving target blood Phe levels 
tends to diminish with age [2, 7]. Uncontrolled Phe lev-
els are also associated with adverse neurocognitive and 
neuropsychiatric outcomes in adults [12–14]. Meta-
analysis of cognitive function in adults with PKU has 
shown impairment in reasoning, visuo-spatial attention 
speed, sustained attention, and visuo-motor control, 
despite early initiation of treatment [14], and meta-
analysis of neuropsychiatric symptoms in adults with 
PKU has shown that inattention, hyperactivity, depres-
sion, and anxiety exceed general population estimates 
[13]. Neurocognitive and neuropsychiatric symptoms 
associated with Phe accumulation may make it more 
difficult for patients to adhere to dietary restriction, 
which in turn can lead to poor blood Phe control and 
worsening of symptoms [4].

An emerging body of literature suggests that the 
impact of PKU on an individual’s health may extend 
beyond symptoms of a neurocognitive and neuropsy-
chiatric nature. Comorbidities across various organ 
systems have been reported in adults with PKU, with 
health insurance claims-based studies suggesting a 
higher prevalence of somatic comorbidities compared 
with a general population [15, 16].

High blood Phe levels may impact biologic mecha-
nisms that are related to increased risk of comorbid 

Keywords  Phenylketonuria, Phenylalanine hydroxylase, Phenylalanine, Comorbidity, Diet, Disease burden, Systematic 
review, Adherence, Nutritional status



Page 3 of 51Whitehall et al. Orphanet Journal of Rare Diseases          (2024) 19:293 	

conditions such as obesity, renal disease, metabolic 
dysfunction, and cardiovascular complications [16]. 
Due to the impact on different organ systems, the eti-
ology is complex and multifactorial [17]. Retrospective 
analysis of insurance claims data has enabled research-
ers to generate hypotheses for development of certain 
comorbidities based on their knowledge of PKU and 
the associated dietary management [15, 16]. Better 
understanding of the etiology of somatic comorbidities 
associated with PKU and identification of factors other 
than high blood Phe that may be preventable or ame-
nable to treatment, together with effective metabolic 
control, could aid in reducing the burden of illness and 
healthcare costs. However, the first step is to investi-
gate differences in somatic comorbidity burden, not 
only between adults with PKU and the general popula-
tion but also among adults with PKU receiving different 
therapeutic interventions, those adherent to treatment 
or not, and with different disease severity.

A systematic literature review (SLR) has been con-
ducted to evaluate the published evidence on the somatic 
comorbidities experienced by adults with PKU. The SLR 
aims to further characterize the physical health burden 
of PKU and provide insight into the impact of differences 
in therapeutic interventions, adherence to treatment, and 
differences in disease severity on the somatic comorbid-
ity burden.

Materials and methods
The SLR is registered with the Research Registry with 
the unique identifying number review registry 1476 and 
is reported in accordance with the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses 
(PRISMA) and Synthesis Without Meta-analysis (SWiM) 
guidelines [18, 19].

Eligibility criteria
Eligibility criteria for the inclusion of studies to address 
the research question were established using the Popula-
tion, Intervention, Comparator, Outcome, Study design 
(PICOS) framework (Table 1).

Peer-reviewed observational studies (cohort, case–
control, cross-sectional, surveys) and clinical trials in 
individuals ≥ 16 years of age (or defined as adults by the 
study) either confirmed or described as having PKU 
were included. The cut-off for adult age was chosen to 
be ≥ 16  years because adolescent age differs globally. 
Eligible studies were those evaluating a Phe-restricted 
diet with or without pharmacologic therapy (saprop-
terin dihydrochloride or pegvaliase) versus no form of 
therapeutic intervention (including healthy controls 
or reference values); or pharmacologic therapy versus a 
Phe-restricted diet alone. Studies comparing different 

Phe-restricted diets (e.g., different modified low-protein 
foods and Phe-free medical food beverages, Phe-free 
amino acid mixture, medical foods derived from gly-
comacropeptide) and those comparing populations of 
individuals with more severe disease and those with less 
severe disease, were also considered eligible in a proto-
col amendment that was made during the full-text review 
stage. Outcomes of interest were defined in the study 
protocol as the prevalence and/or severity of somatic 
comorbidities in individuals with PKU, but in practice, 
any measure of somatic comorbidity experienced by indi-
viduals with PKU in eligible studies was considered for 
inclusion.

Studies carried out exclusively in a population of 
individuals identified as children or adolescents were 
excluded; however, otherwise eligible studies with mixed-
age populations were included whether or not results 
were presented separately for adults. Non-human stud-
ies and in vitro studies, single-cohort studies in individu-
als with PKU who were untreated or in individuals with 
PKU on Phe-restricted diet that were not compared with 
a healthy control population or reference values, or in 
individuals with PKU treated with pharmacologic ther-
apy who were not compared with those on Phe-restricted 
diet alone, were excluded. Secondary literature sources, 
including narrative review articles, letters, editorials, and 
commentaries were also excluded, as were therapy rec-
ommendations, clinical guidelines, congress abstracts, 
and non-peer-reviewed literature.

Information sources and search strategy
Literature was retrieved via the PubMed® interface. No 
date restrictions were applied to the search, thus publi-
cations in English from MEDLINE earliest coverage to 
November 1, 2023 were included (search conducted on 
February 1, 2022 and updated on November 1, 2023) 
[20]. A pre-defined systematic search strategy (Additional 
file 1: Table S1) was designed to identify relevant records; 
the search string included a combination of free text and 
Medical Subject Headings (MeSH) search terms based 
on the inclusion and exclusion criteria documented in 
Table 1. To maximize the identification of relevant arti-
cles, the search string included general terms for comor-
bidity and burden, as well as specific somatic comorbidity 
types guided by the results of a previous (unpublished) 
literature review that was available to authors designing 
the study.

Backwards citation searching was employed to iden-
tify additional papers of interest in the reference lists of 
relevant systematic reviews and meta-analyses that were 
retrieved as part of the systematic literature search and 
search update. Duplicate records were removed during 
screening.
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Table 1  Inclusion criteria established using the PICOS framework

Abbreviations: MNT medical nutrition therapy, Phe phenylalanine, PICOS Population, Intervention, Comparator, Outcome, Study type, PKU phenylketonuria
a Studies reporting on an exclusive population of children < 16 years, were excluded, but studies reporting a mixed-age population were included
b Studies comparing different Phe-restricted diets and those comparing populations of individuals with more severe disease and those with less severe disease were 
also considered eligible in a protocol amendment that was made during the full-text review stage
c Systematic reviews and meta-analyses were used for backwards citation searching but were not incorporated in the data synthesis

Inclusion criteria Exclusion criteria

Population Adults (aged ≥ 16 years, or as defined by the study) with confirmed PKU or described as having 
PKU

Children aged < 16 yearsa

Intervention • Phe-restricted diet/MNT:
  ◦ Protein substitutes, including:
    ▪ infant protein substitutes (powder)
    ▪ infant protein substitutes (liquid)
    ▪ powdered weaning protein substitutes
    ▪ semi-solid weaning protein substitutes
    ▪ powdered protein substitutes
    ▪ liquid protein substitutes
    ▪ protein substitute tablets
    ▪ protein substitute bars
  ◦ Low-protein foods, including:
    ▪ fruits and vegetables
    ▪ fats
    ▪ starches
    ▪ vegan cheese
    ▪ vegetarian jelly/agar (gelatin free)
    ▪ low-protein special foods: low-protein breads, flour mixes, pizza bases, pasta, biscuits, 

and egg replacers containing < 25 mg Phe/100 g
    ▪ herbs/spices
    ▪ drinks
    ▪ low-protein/low-Phe special milk
    ▪ plant milk
• Sapropterin dihydrochloride or pegvaliase

Comparator • Phe-restricted diet/MNT (with or without pharmacologic therapy) comparator:
  ◦ No therapeutic intervention (not receiving Phe-restricted diet/MNT) including healthy 

controls or a reference population
• Sapropterin dihydrochloride or pegvaliase comparator:
  ◦ Protein substitutes and/or low-protein foods

Outcomesb • The prevalence of different somatic comorbidities in patients with PKU receiving Phe-restricted 
diet/MNT, and/or sapropterin dihydrochloride or pegvaliase compared with:
  ◦ Healthy controls
  ◦ The general population (including standard reference values)
  ◦ Patients with PKU not receiving any form of therapeutic intervention
  ◦ Patients with PKU who did not adhere to treatment
  ◦ Patients with PKU who interrupted/ discontinued treatment
• The severity of different somatic comorbidities in patients with PKU receiving Phe-restricted 
diet/MNT, and/or sapropterin dihydrochloride or pegvaliase compared with all groups listed 
above
• The prevalence of different somatic comorbidities in patients across the PKU disease spectrum 
receiving Phe-restricted diet/MNT, and/or sapropterin dihydrochloride or pegvaliase
• The severity of different somatic comorbidities in patients across the PKU disease spectrum 
receiving Phe-restricted diet/MNT, and/or sapropterin dihydrochloride or pegvaliase

Study design/ publication type • Randomized controlled trials
• Single-arm clinical trials
• Cohort studies (prospective and retrospective)
• Cross-sectional studies and surveys

• Systematic reviews 
and meta-analysesc

• Narrative (non-system-
atic) review articles
• Animal studies
• In vitro studies
• Letters, editorials, 
and commentaries
• Guidelines and best 
practice
• Congress abstracts
• Non-peer-reviewed 
articles

Language of publication English

Date of publication Up to November 1, 2023

Countries All -
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Selection process
Study screening was carried out by a small team of 
reviewers to identify records eligible for data extraction 
according to the PICOS framework. A small number of 
records (n = 10) were screened independently by the 
reviewing team in a pilot phase, and results compared 
and discussed to assess concordance of eligibility deci-
sions and ensure relevance and utility of the inclusion 
and exclusion criteria used to screen records.

A two-stage screening process was then applied to 
identify records eligible for data extraction according 
to the inclusion and exclusion criteria. Records were 
screened once by title and abstract and selected for full-
text review if they met all inclusion criteria or if it was 
unclear whether all inclusion criteria were met; records 
were only rejected if it was clear that at least one of the 
inclusion criteria was not met (termed positive exclu-
sion methodology). Records considered potentially eligi-
ble were screened once by full text to confirm eligibility 
for data extraction. Concordance of eligibility decisions 
was assessed at both screening stages, whereby 10% of 
records underwent a second independent screen and any 
discrepancies in first and second reviewer opinion were 
discussed with a third reviewer to achieve a consensus 
decision.

Screening was carried out within the DistillerSR Inc. 
(Ottawa, ON, Canada) workflow management software 
and used to view records for review, indicate conflicts 
between and record reviewers’ decisions, including rea-
sons for exclusion. The continuous artificial intelligence 
reprioritization feature was utilized to continuously re-
order the screening of records based on previous screen-
ing decisions.

Data collection and data outcomes
Data extraction from eligible studies was conducted by 
one reviewer into a pre-designed data extraction spread-
sheet (Microsoft Excel®; Microsoft Corporation, Red-
mond, WA, USA). All data that related to outcomes of 
interest, including any measure or description of any 
somatic comorbidities experienced by individuals with 
PKU, were extracted, as well as other data items includ-
ing study design, geographic coverage, year of publica-
tion, main study conclusions and limitations. Statistical 
comparisons between groups were also recorded, when 
available. Studies reporting insufficient data to satisfy 
inclusion criteria (e.g., data were not reported separately 
for group of interest) were rejected. Extracted data were 
checked for accuracy by an independent reviewer.

Grouping studies for synthesis
Studies were grouped by PKU population to allow syn-
thesis of data according to the populations identified in 

the research question (i.e., those on a Phe-restricted diet 
with or without pharmacologic therapy [sapropterin 
dihydrochloride or pegvaliase] versus healthy controls or 
reference values; those on a Phe-restricted diet who were 
adherent versus non-adherent; those on different Phe-
restricted diets; those on a Phe-restricted diet with more 
severe PKU versus those with HPA or less severe PKU).

Studies were then grouped according to comorbidity 
type (abdominal or pelvic pain, bone-related abnormali-
ties, cancer, cardiovascular outcomes, chronic obstruc-
tive pulmonary disease [COPD]/asthma, dermatologic 
disorders, diabetes, gastrointestinal disorders, hyper-
tension, migraine/headache, musculoskeletal outcomes, 
nutritional outcomes, overweight/obesity, or other) to 
allow synthesis of data by specific comorbidity type.

Data synthesis
The breadth of measures and numbers of studies in each 
population grouping that reported outcome measures 
for the same comorbidity type were analyzed to identify 
appropriate methods for data synthesis (e.g., meta-anal-
ysis or synthesis without meta-analysis) to determine 
intervention effects.

Bone mineral density (BMD) Z-scores, where a low 
BMD Z-score is considered an indicator of bone-related 
abnormality, was the only outcome measure considered 
appropriate for meta-analysis of effect estimates due to 
sufficiency and homogeneity in clinical outcomes, meth-
odological approach, and statistics reported, and this 
analysis is reported separately. Meta-analysis of effect 
estimates was not considered appropriate for the other 
somatic, comorbidity types due to extensive heterogene-
ity in clinical outcomes used, the definitions of clinical 
outcomes used, how the clinical outcome was measured, 
and study design including interventions and compara-
tors. Vote counting was considered an acceptable alter-
native method given it allows the direction of effect to 
be determined using all available evidence, for example, 
even when there is no consistent effect measure or data 
reported across studies.

Vote counting was conducted according to the meth-
ods described in the Cochrane handbook and reported 
according to the SWiM guidelines [19, 21]. A stand-
ardized binary metric was created by allocating votes 
to individual studies according to the direction of a 
higher comorbidity burden (i.e., either a higher bur-
den in the direction of the ‘intervention’ [for example, 
individuals with PKU on a Phe-restricted diet with or 
without pharmacologic therapy] or a higher burden in 
the direction of the ‘comparator’ [for example, healthy 
controls or reference values]), regardless of the sta-
tistical significance clinical relevance of differences 
between the groups. The number of votes allocated to 
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the intervention population was then compared with 
the number allocated to the comparator population, 
to determine the direction of effect, and was visual-
ized using an effect direction plot, in line with guid-
ance from the Cochrane handbook [21]. Studies were 
prioritized for data synthesis based on directness in 
relation to the research question and availability of 
data. No assessment of certainty of the evidence was 
undertaken given it is difficult to assess consistency of 
effects when vote counting is undertaken.

Results
Study selection and characteristics
The PRISMA flow diagram (Fig.  1) shows the results of 
the study selection process. The PubMed® search iden-
tified 1185 unique records. Subsequently, 473 records 
were considered potentially eligible for inclusion and 
53 studies were confirmed as eligible for inclusion. Five 
included studies from the PubMed® search were SLRs 
and used for backwards citation searching only, reveal-
ing five additional papers of interest, of which two were 
confirmed as eligible for inclusion. One of these studies 
was an SLR and backwards citation-searching revealed 

two publications of interest, of which only one met inclu-
sion criteria. Overall, a total of 57 studies met the PICOS 
criteria. Data were extracted from 51 studies spanning 
12,602 individuals (excluding the six SLRs) and included 
in the synthesis. Reasons for exclusion of studies at each 
stage of the selection process are listed in Fig. 1.

Of the 51 studies included in the synthesis, most were 
of observational design, including cross-sectional stud-
ies (n = 31, 61%), retrospective cohort studies (n = 9, 18%) 
and case-controlled studies (n = 5, 10%) (Additional file 2: 
Figure S1). Most studies were conducted in European 
countries (n = 40) and/or in North America (n = 6) (Addi-
tional file 3: Figure S2).

More than 13 different comorbidity types were 
reported across the 51 studies; bone-related abnormali-
ties were the most reported (n = 23), followed by over-
weight/obesity (n = 18), nutritional outcomes (n = 16), 
and cardiovascular outcomes (n = 9) (Fig.  2). Migraine/
headache and cancer were reported in a consistent man-
ner across the studies, whereas outcome measures for 
bone-related abnormalities, cardiovascular outcomes, 
and dermatologic disorders were reported with a high 
degree of inconsistency resulting in heterogeneity. One 

Fig. 1  PRISMA diagram showing article selection process. Articles were excluded on a hierarchical basis, in the order that questions were asked 
(i.e., if the answer to the first question was no, this was given as the main reason for exclusion, but articles may have met or not met other 
criteria). Abbreviation: SLR, systematic literature review. aFive systematic reviews were identified via the database search and used for backwards 
citation-searching only plus one additional systematic review identified via backwards citation-searching that was then used for further backwards 
citation-searching; bIncludes studies that did not present outcomes in a meaningful way which answered one or more of the pre-specified research 
questions; cOther studies include open interventional trials, pooled analyses, and cost analyses
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study used the Charlson Comorbidity Index (CCI) to 
report multiple comorbidities [22].

Data synthesis
Vote counting was used to determine the direction of 
comorbidity burden in two PKU population compari-
sons: those on a Phe-restricted diet with or without 
pharmacologic therapy versus healthy controls or refer-
ence values, and those on a Phe-restricted diet who were 
treatment-adherent versus a non-adherent population. 
For all other PKU population comparisons, data synthe-
sis by vote counting was not feasible due to a low number 
of studies.

Individuals with PKU on a Phe‑restricted diet with or without 
pharmacologic therapy versus healthy controls or reference 
values
Of the 40 studies comparing individuals with PKU on a 
Phe-restricted diet, with or without pharmacologic ther-
apy, with healthy controls or reference values (Table  2), 
two studies were excluded from the vote counting 
because it was not possible to confirm treatment with a 
Phe-restricted diet in the full study population [16, 23].

A higher burden of ≥ 1 comorbidity (or outcome meas-
ure) in individuals with PKU on a Phe-restricted diet with 
or without pharmacologic therapy was indicated by 37 of 
38 studies included in the vote-counting analysis, versus 
a higher burden of ≥ 1 comorbidity (or outcome meas-
ure) in healthy controls or reference values in 12 studies 
(Fig.  3). The most commonly reported somatic comor-
bidities with a higher burden in those on a Phe-restricted 
diet with or without pharmacologic therapy were bone-
related abnormalities (n = 21), nutritional outcomes 

(n = 9), overweight/obesity (n = 8), and cardiovascular 
outcomes (n = 5). The most commonly reported somatic 
comorbidities with a higher burden in healthy controls or 
reference values were overweight/obesity (n = 7), bone-
related abnormalities (n = 3), and nutritional outcomes 
(n = 3).

Bone-related abnormalities encompass a range of fea-
tures; abnormalities reported in individuals with PKU 
included reduced BMD, measured by Z-scores [24–32] 
or g/cm2 [33]; presence of osteopenia/osteoporosis [16, 
22, 27, 29, 30]; lower distal radius [24]; reduced corti-
cal thickness and strength-strain index [24]; greater risk 
of fracture [26, 34, 35]; reduced levels of bone forma-
tion markers and/or increased levels of bone resorption 
markers [30, 36–38]; higher prevalence of osteoarthritis 
of the knee [15]; higher prevalence of spondylosis [15]; 
and increased presence of osteoclastogenesis [39, 40]. 
Bone-related abnormalities reported in healthy controls 
included reduced BMD [24, 26]; reduced cortical den-
sity [24]; and high levels of bone formation markers [37]. 
The most reported outcome measures for bone-related 
abnormalities (reported in ≥ 4 studies) were Z-scores 
(n = 10), markers for bone resorption and bone formation 
(n = 4), and prevalence of osteopenia/osteoporosis (n = 6) 
(Fig.  4). There was no numerical difference between 
groups in femoral BMD in one study [33]; therefore, this 
was not captured in the vote counting. Statistical sig-
nificance of the difference in bone-related abnormalities 
between those on a Phe-restricted diet with or without 
pharmacologic therapy versus healthy controls or ref-
erence values was assessed in 17 [15, 16, 22, 24, 27–30, 
33–37, 39–42] of the 22 studies (including one study [16] 
not included in the vote counting), of which the majority 

Fig. 2  Distribution of studies by comorbidity type. Abbreviations: COPD, chronic obstructive pulmonary disease. aOther comorbidities include: 
acute upper respiratory infections of multiple and unspecified sites; allergic and chronic rhinitis; anemia; adverse events, not elsewhere classified; 
calculus of kidneys; Charlson Comorbidity Index score; chronic kidney disease; congenital deformities of feet; dizziness and giddiness; dorsalgia; 
esophageal disorders; gallbladder disease; grip force; gynecological symptoms; hypothyroidism; menopausal and other perimenopausal disorders; 
metabolic syndrome; ophthalmological symptoms; other disorders of the urinary system; other hypothyroidism; other non-inflammatory disorders 
of the vagina; other non-toxic goiter; other and unspecified dorsopathies; other and unspecified soft tissue disorders; otolaryngological symptoms; 
refraction and accommodation disorders; renal insufficiency with hypertension; renal insufficiency without hypertension; thyroid function; upper 
respiratory traction infection; varicose veins of lower extremities; vasomotor and allergic rhinitis
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Fig. 3  Burden of somatic comorbidities in individuals with PKU on a Phe-restricted diet versus healthy controls or reference values as assessed 
by vote counting. Abbreviations: COPD, chronic obstructive pulmonary disease; Phe, phenylalanine; PKU, phenylketonuria. Note: Total number 
of studies = 38. aStudies with a higher burden of ≥ 1 comorbidity or outcome measure, for a given comorbidity category, in individuals with PKU 
who adhered to a Phe-restricted diet. b Studies with a higher burden of ≥ 1 comorbidity or outcome measure, for a given comorbidity category, 
in healthy control individuals or a normal reference population. Some studies reported more than one comorbidity or outcome measure 
per category. Studies reporting a differing direction of effect between comorbidities or outcome measures within a category, are indicated below. 
Details of studies with consistent direction of effect are not listed below (but are included in Table 2). Vote counting was conducted on the basis 
of numerical differences in the direction of effect, regardless of statistical significance or clinical relevance. Abdominal and pelvic pain: Higher 
burden in PKU (n = 2) [15, 22]. Bone-related abnormalities: Higher burden in PKU (n = 21) [15, 22, 24–42]; negative BMD for distal radius, total body, 
and trabecular bone; proximal radius, total body, and worse measures of bone geometry and strength in PKU group [24], lumbar and femoral BMD 
Z-score < –2 in 5.0% and 7.0% of all patients, negative median BMD in adults for hip bone, higher percentage of all patients with fracture history 
in PKU group [26], lower vitamin D status, higher concentrations of all bone resorption markers, lower concentrations of all bone formation markers 
except alkaline phosphatase, and higher calcium and phosphorus excretion in PKU group [37]; higher burden in controls (n = 3) [24, 26, 37], positive 
BMD for proximal radius cortical bone in PKU group [24], positive median BMD in adults for femur in PKU group [26], higher concentration 
of alkaline phosphatase in PKU group [24, 37]. Cardiovascular outcomes: Higher burden in PKU (n = 5) [15, 22, 43, 46, 47], higher arterial stiffness 
in PKU group [47]; higher burden in controls (n = 1), higher intima media thickness in control group [47]. COPD/asthma: Higher burden in PKU 
(n = 2) [15, 22]. Dermatologic disorders: Higher burden in PKU (n = 1) [15]. Diabetes: Higher burden in PKU (n = 3) [15, 22, 44]. Gastrointestinal 
disorders: Higher burden in PKU (n = 2) [15, 22], numerically higher frequency of diverticular disease of intestine in individuals with PKU 
versus non-PKU control [22]; higher burden in controls (n = 1) [22], numerically higher frequency of gastritis and duodenitis in non-PKU controls 
versus individuals with PKU and numerically higher frequency of constipation in non-PKU controls compared with the early-diagnosed PKU 
subgroup only (null effect on constipation between the overall PKU group and non-PKU controls) [22]. Hypertension: Higher burden in PKU (n = 2) 
[15, 22]. Musculoskeletal outcomes: Higher burden in PKU (n = 3) [22, 24, 33], muscle size and performance were preserved in individuals with PKU 
and regression lines were comparable to the reference population (null effect, excluded from vote counting [24]). Nutritional outcomes: Higher 
burden in PKU (n = 9) [22, 26, 45, 48, 49, 54, 56, 58, 59], decreased concentration of vitamin B12 in relaxed diet and unrestricted diet groups 
versus control [54], concentration of vitamin D, selenium and zinc below reference range [26], individuals with PKU were less likely to achieve 
adequate choline intake compared with controls [56]; higher burden in controls (n = 3) [26, 33, 54], increased concentration of vitamin B12 in strict 
diet group and increased concentration of folate in all diet groups versus control (within or above normal range) [54], concentration of magnesium, 
folate, vitamin B12 and B6 above reference range [26, 54], analysis only considered the PKU population who consumed adequate protein substitute 
without Phe and maintained strict metabolic follow-up [33]; one study investigating mean probability of adequacy for vitamin B6, B12, and folate 
reported a null effect for individuals with PKU on Phe-restricted diet with medical food and dietary supplements versus healthy controls (excluded 
from vote counting) [56]. Overweight/obesity: Higher burden in PKU (n = 8) [15, 22, 43, 44, 50–53], percentage of females with BMI > 30 kg/m2 
was higher than in all UK countries assessed, percentage of females with BMI > 25 kg/m2 was higher than in Northern Ireland only [53], percentages 
of individuals with PKU who were obese was higher than in the general population in 2/6 centers [52], fat-free mass (Kg) was numerically lower 
in individuals with PKU versus healthy control [51], no controls below normal range for BMI as opposed to PKU group; higher burden in controls 
(n = 7) [33, 50–53, 55, 56], adults > 16 years subgroup had higher prevalence of overweight/obesity in control versus PKU [55] but percentage body 
fat was equal (excluded from vote counting) [55], percentage of males with BMI > 25 and > 30 kg/m2 was higher than in all UK countries assessed, 
percentage of females with BMI > 30 kg/m2 was higher than in England and Scotland only [53], percentages of individuals with PKU who were 
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showed a higher burden of ≥ 1 outcome measure in the 
PKU group; results are reported in Fig. 4 and Table 2.

Of ten studies reporting nutritional outcomes included 
in the vote-counting analysis shown in Fig. 3, nine stud-
ies reported a higher burden of ≥ 1 outcome measure in 
those on a Phe-restricted diet compared with healthy 
controls or reference values [22, 26, 45, 48, 49, 54, 56, 
58, 59] whereas three studies reported a higher burden 
of ≥ 1 outcome measure in healthy controls or reference 
values [26, 33, 54]; results are reported in Table  2. This 
included significantly lower free carnitine concentra-
tions [59]; significantly higher percentages of individu-
als with vitamin D deficiency and iron deficiency anemia 
[22] abnormal concentrations of vitamin B12, methyl-
malonic acid, and homocysteine [58]; higher concentra-
tions of folate [33, 48, 54], cobalamin, and homocysteine 
[48]; concentrations of magnesium, folate, vitamin B12, 
and vitamin B6 above or within the reference range [26]; 
higher concentrations of vitamin B12 and vitamin D3 and 
lower concentrations of homocysteine that were within 
reference range (but the differences between groups were 
not statistically significant) [33]; lower concentrations of 
vitamin B12 [45, 49, 54], vitamin B6 [49], selenium, pre-
albumin, folate, vitamin D, ferritin and zinc (although the 
difference versus the normal reference was not statisti-
cally significant [45]); concentrations of vitamin D and 
selenium within or below the reference range [26]; and a 
lower likelihood of achieving adequate choline intake but 
a very low probability of achieving inadequate intake of 
vitamin B6, vitamin B12, folate, and methionine in both 
groups [56]. One study [45] observed significant cor-
relations between changes in nutritional outcomes and 
participant age (≤ 18  years versus > 18  years): total pro-
tein and pre-albumin levels increased with age (p = 0.002 
and p < 0.0001, respectively), whereas calcium and 

phosphorus decreased with age (p = 0.015 and p < 0.0001, 
respectively). In the same study, vitamin B12 levels were 
significantly lower in BH4-treated versus BH4-untreated 
participants [45].

Twelve studies reported outcome measures relating 
to overweight/obesity [15, 16, 22, 33, 43, 44, 50–53, 55]; 
results are reported in Table 2 and Fig. 3 (one study was 
excluded from the vote-counting analysis [16]). Four 
studies [15, 16, 22, 43] reported a significantly higher 
body mass index (BMI), prevalence ratio, or percent-
age of individuals who were overweight and/or obese 
in those with PKU versus healthy controls. The statis-
tical significance of the difference between groups was 
maintained for a subgroup of early diagnosed individu-
als in one of these studies [22]; one study [44] reported 
numerically higher proportions of overweight/obesity 
among the PKU population versus healthy controls 
(39% versus 25%) but the statistical significance of the 
difference was not reported; in one study [52] the rate 
of obesity in females with PKU was higher than in the 
respective general (non-PKU) population in four of 
six centers, but the overall rate of overweight partici-
pants was lower in five of six centers studied; and being 
overweight was more common and obesity was less 
common in individuals with PKU compared with the 
reference dataset in one study [56]. However, two stud-
ies [53, 55] reported no significant difference in the pro-
portions of the PKU population who were overweight/
obese compared with the control population and two 
studies reported no significant difference in body-
weight, BMI, total fat mass, total fat-free mass [33, 50], 
appendicular fat-free mass, appendicular fat-free mass 
index, and waist circumference (WC) [33] between 
the PKU population on a Phe-restricted diet and 
heathy controls. Three studies did not assess statistical 

overweight and obese were lower than those in the general population in 5/6 and 3/6 study centers, respectively (percentage of individuals 
with PKU who were obese was the same as that for the general population in 1/6 centers (excluded from vote counting) [52], bodyweight and BMI 
was numerically lower in individuals with PKU versus healthy control but both groups were only borderline overweight, percentage fat-free mass 
was numerically higher in individuals with PKU versus healthy control [51], bodyweight, percentage fat mass, and BMI were numerically 
less in individuals with PKU than healthy controls and BMI of more controls was above normal range, percentage fat-free mass was higher 
in individuals with PKU than in healthy controls [50]. Other: Higher burden in PKU (n = 3) [15, 22, 57]; higher burden in controls (n = 1) [55]. In 
the majority of studies, all individuals were on a Phe-restricted diet, with the following exceptions: one study (n = 83) of which 31 were 
on an unrestricted diet – no formal protein restriction and not taking amino acid supplements, 30 were on a relaxed diet – total protein intake 
of approximately 1 g/kg/d (50% from natural protein/ 50% from amino acid, vitamin and mineral supplements), and 22 were on a strict low-Phe 
diet, including amino acid, vitamin, and mineral supplements [54]; one study with a mixture of individuals on and not on a Phe-restricted diet [25]; 
one study in which some individuals were on sapropterin dihydrochloride or pegvaliase in addition to a Phe-restricted diet [25]; one study in which 
some individuals received sapropterin dihydrochloride, some were on a Phe-restricted diet, and, for some, it was not clear whether they were 
on a Phe-restricted diet or not [15]; one study in which some individuals were treated with sapropterin dihydrochloride in addition to dietary 
treatment [46]; one study (n = 164) in which the majority of individuals were on a Phe-restricted diet, up to 20 adults received additional BH4, 
and up to 11 adults received BH4 alone [52]; one study (n = 1911) in which 29% of individuals received amino acid supplementation and 5% 
received sapropterin dihydrochloride (unclear if remaining individuals were on Phe-restricted diet) [22]; one study in which 80% of individuals were 
on Phe-restricted diet and 20% were on sapropterin dihydrochloride with or without amino acid supplementation [32]; one study in which 
individuals on BH4 were excluded and it was unclear whether individuals were on a Phe-restricted diet or not [51]

Fig. 3  (continued)
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significance of the differences between populations: 
in the first study [52], the proportion of obese females 
with PKU was higher than in the respective general 
(non-PKU) population in four of six centers studied, 
but numerically lower proportions of obese individu-
als were reported overall in three of six centers, higher 
proportions were reported in two of six centers, and the 
same proportion was reported in one of six centers in 
the PKU group versus the control group, while a lower 
proportion of overweight/obese individuals in the PKU 
group versus the control group was observed in five of 
six centers; the second study [51] reported numerically 
lower WC and BMI and a numerically higher percent-
age of fat-free mass in individuals with PKU versus con-
trols, but numerically lower absolute fat-fee mass (kg) 

in those with PKU versus controls; and the third study 
[56] reported numerically higher percentages of over-
weight individuals and numerically lower percentages 
of obese individuals in the PKU group versus controls.

Five studies reported cardiovascular outcome meas-
ures [15, 22, 43, 46, 47], including an increase in arterial 
stiffness markers (n = 2) [46, 47], increased prevalence 
of ischemic heart disease (n = 2) [15, 22], higher heart 
rate and blood pressure (n = 1) [43], and increase in 
carotid intima media thickness (n = 1) [47]. Statistical 
significance of the difference in cardiovascular out-
comes between those on a Phe-restricted diet with or 
without pharmacologic therapy versus healthy controls 
or reference values was assessed in four [15, 22, 43, 
46] out of five [15, 22, 43, 46, 47] studies and included 

Fig. 4  Overview of measures used to report bone-related abnormalities in individuals with PKU on a Phe-restricted diet versus healthy controls 
or reference values. Abbreviations: BMD, bone mineral density; OC, osteoclastogenesis; Phe, phenylalanine; PKU, phenylketonuria; PR, prevalence 
ratio. Studies in bold font showed a statistically significant difference between groups. All 21 studies indicated a higher clinical burden of ≥ 1 
outcome measure in the PKU group (or a particular subgroup) compared with healthy controls; with 15 studies reporting a statistically significant 
difference [16, 22, 24, 27–30, 34–37, 39–42], two studies that did not find a statistically significant difference for any outcome measure [15, 33], 
and four studies that did not test for statistical significance between PKU group and controls [25, 26, 31, 32]; in seven studies the difference 
between groups was not statistically significant for all outcome measures [29], outcomes [24, 27, 28, 30, 37], or in the comparison of the overall PKU 
population [35]. aUnits: osteocalcin (μg/L), bone alkaline phosphatase (BAP; μg/L), deoxypyridinoline (μmol/mol creatine), calcium/creatine index 
(no units reported); b Units: osteocalcin (ng/mL), BAP (U/I), intact parathyroid hormone (pg/mL), 1,25 (OH)2 vitamin D (pg/mL), 25 (OH) vitamin D 
(ng/mL), urinary deoxypyridinoline (nmol/mmol creatinine), urinary N-telopeptides of type collagen (nmol/mmol creatinine), ICTP (pyridinoline 
cross-linked telopeptide domain of type I collagen; ng/mL), osteoprotegerin (pmol/L), urinary calcium/creatine index (mmol/mmol creatinine), 
urinary phosphorus/creatine index (mmol/mmol creatinine); c Units: osteocalcin (no reported units), BAP (μg/L); d Units: BAP (μg/L); e Lifetime 
fracture prevalence was measured as percentage of the population; f Risk of fracture was measured between 0 and 20 years of age using a Kaplan–
Meier graph (cumulative proportion with fracture vs age)
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significantly higher resting heart rate and systolic blood 
pressure [43], markers of arterial stiffness [46], and 
prevalence of chronic ischemic heart disease [15, 22] 
in individuals with PKU versus healthy controls; results 
are reported in Table 2 and Fig. 3.

Individuals with PKU on pharmacologic therapy 
with or without a Phe‑restricted diet versus those 
on Phe‑restricted diet alone
One study [56] investigated choline nutriture in adults 
and children with PKU receiving pegvaliase (n = 33 
adults), sapropterin dihydrochloride (n = 21 adults), or 
dietary therapy alone (n = 17 adults). This study found 
that adults receiving pegvaliase were most likely to 
exceed adequate intake of choline (14.82%, standard 
error [SE] 4.48), while adults on dietary therapy alone 
were least likely (5.59%, SE 2.95). In general, however, 
there was a very low probability of inadequate intake 
of nutrients affecting choline metabolism (vitamin B6, 
vitamin B12, folate, and methionine) among adults with 
PKU. In this study [56], the pegvaliase group had the 
highest percentage of overweight/obesity compared with 
those on dietary therapy alone and those on sapropterin 
dihydrochloride (81.8%, 64.7%, and 61.9%, respectively), 
driven by a higher rate of obesity than in individuals on 
either sapropterin dihydrochloride or dietary therapy 
alone (48.5%, 38.1%, and 23.5%, respectively); however, 
the percentage of individuals who were overweight was 
highest in the group on dietary therapy alone (41.2% ver-
sus 33.3% and 23.8% for those on pegvaliase and saprop-
terin dihydrochloride, respectively).

Individuals with PKU adherent to a Phe‑restricted diet 
versus a non‑adherent population
Twelve studies comparing individuals with PKU who 
adhered to a Phe-restricted diet with a non-adherent 
population were included in the SLR; however, one 
study [50] was excluded from the vote-counting analy-
sis because numerical data were not reported (Table 3). 
There were seven [29, 32, 33, 45, 60–62] studies that 
reported a higher burden of ≥ 1 comorbidity (or outcome 
measure) in those who adhered to a Phe-restricted diet 
compared with those non-adherent (Fig.  5). There were 
ten studies [5, 32, 33, 45, 47, 54, 60–63] that reported a 
higher burden of ≥ 1 comorbidity (or outcome measures) 
in those who did not adhere to a Phe-restricted diet com-
pared with those who adhered to diet.

Six studies investigating nutritional outcomes were 
included in the analysis of adherent versus non-adherent 
PKU populations [5, 32, 33, 45, 54, 62], with five stud-
ies reporting a higher burden of ≥ 1 outcome measure in 
those who were non-adherent [5, 33, 45, 54, 62] and three 
reporting a higher burden in those who were adherent 

[32, 45, 62]. In one study [45], the impact of dietary 
adherence differed with respect to the nutritional out-
come measured. Total protein and serum pre-albumin 
concentrations were significantly lower in those with 
high adherence to diet versus those with low adherence 
(p = 0.0072 and p = 0.00011, respectively), whereas con-
centrations of phosphorus and vitamin B12 were signifi-
cantly lower in those with low adherence versus those 
with high adherence (p < 0.0001 and p = 0.03, respec-
tively) [45]. A second study [62] reported lower intake of 
all vitamins and minerals measured (statistically signifi-
cant differences, except for potassium and phosphorus) 
in those not taking amino acid mixture (AAM) compared 
with those who adhered to AAM, except for intakes of 
vitamin B12 and niacin in males, which were higher in 
those not taking AAM, but the difference was only sta-
tistically significant for vitamin B12). Significantly lower 
intakes of many micronutrients were reported in non-
adherent compared with adherent groups in a third study 
[5]; however, intakes of manganese, potassium, vitamin 
B12, sodium, chloride, and folate were similar between 
groups. In a fourth study [33], significantly lower (below 
reference levels) serum vitamin D3 (p < 0.01) and vitamin 
B12 (p = 0.03) were reported in individuals who had dis-
continued the protein substitute at 18  years of age and 
stopped attending metabolic control appointments (non-
adherent group) compared with those who had contin-
ued adherence to a Phe-restricted diet with an adequate 
protein substitute (above reference levels). Levels of folic 
acid were lower and homocysteine levels were higher in 
the non-adherent group compared with the adherent 
group (but the difference between groups was not sta-
tistically significant and levels of both nutrients in both 
groups were within the reference range).

Although concentrations of vitamin B12 and folate 
measured in a fifth study [54] were lower in the unre-
stricted diet group than in the strict low-Phe diet group, 
statistical significance was only assessed versus the con-
trol population. In the sixth study [32], vitamin B12 levels 
were higher in the group of individuals with uncontrolled 
Phe levels (non-adherent) than in the group with con-
trolled Phe levels (adherent) and this group included a 
higher percentage of individuals with vitamin B12 defi-
ciency that was almost statistically significant (p = 0.053).

Four studies [33, 60, 61, 63] investigated several types 
of comorbidities in diet-adherent versus non-adher-
ent populations, including cardiovascular outcomes, 
migraine/headaches, cancer, COPD/asthma, and derma-
tologic outcomes [60, 61], overweight/obesity [33, 61, 63, 
64], musculoskeletal outcomes [33, 60, 63], bone-related 
abnormalities [33, 63], hypertension [61], gastrointesti-
nal outcomes, and other outcomes [60]. The direction of 
the higher burden for several comorbidity types differed 
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between studies or between different subgroups within 
the same study.

A higher burden of cardiovascular [60, 61], dermato-
logic [60, 61], migraine/headaches [60, 61] and other [57, 
60] outcomes was found in non-adherent compared with 
adherent populations, in two studies each, compared 
with a higher burden for these same comorbidity types 
in adherent compared with non-adherent populations, 
in one study of migraine/headaches [60] and other out-
comes [60], and no studies of cardiovascular or dermato-
logic outcomes. A higher burden of COPD/asthma was 
found in the non-adherent versus adherent population in 
two studies (see Fig. 5 footnotes [60, 61]), while a higher 
burden of COPD/asthma was found in an adherent ver-
sus non-adherent population in one of these studies (see 
Fig. 5 footnotes [60]).

A higher burden of hypertension [61] was found in 
those who adhered to a Phe-restricted diet compared 
with those who were non-adherent. No studies reported 
a higher burden of hypertension in those who did not 
adhere. Another study [32] reported the prevalence of 
hypertension among the overall population of individuals 
with PKU as 7.9%, but the prevalence in the subgroups 
with controlled and uncontrolled Phe levels was not 
reported.

There was one study [63] with a higher burden of bone-
related abnormalities in those with uncontrolled Phe 
levels (classified as non-adherent in the vote-counting 
analysis) compared with those with controlled Phe lev-
els (considered as adherent in the vote-counting analy-
sis) and two studies [29, 33] with a higher burden in 
those who were adherent compared with those who were 
non-adherent.

The direction of the higher burden for overweight/
obesity differed between studies. In one study [32], BMI 
was significantly higher in the total population and in 
women with uncontrolled Phe levels than in those with 
controlled Phe levels; median BMI for the total popula-
tion was 27.45  kg/m2 versus 24.36, p = 0.023; median 
BMI for the female population was 28.11 versus 22.58, 
p = 0.007, but the difference in median BMI between men 
with controlled Phe levels and those with uncontrolled 
Phe levels was not statistically significant (p = 0.923). It 
should be noted that 18/90 (20%) of included individu-
als in the study received BH4 rather than dietary therapy, 
and eight of these required Phe-free amino acid formula 
to achieve metabolic control [32]. Two studies [61, 63], 
reported a higher burden of overweight/obesity in indi-
viduals who were diet-adherent [61] or had controlled 
Phe levels [63] compared with the non-adherent [61] or 
uncontrolled Phe levels [63] group: 33.3% versus 16.4% 
with obesity [61] and higher bodyweight and BMI (abso-
lute and Z-scores) [63] but statistical significance of the 

difference between groups for individual comorbidi-
ties was not assessed. In a third study [33], there were 
numerical increases in bodyweight, WC, BMI, and total 
fat mass, and numerical increases in appendicular fat-
free mass in the diet-adherent group compared with the 
group who had discontinued the Phe-restricted diet at 
18 years of age (measures of total fat-free mass were simi-
lar) but differences between groups were not statistically 
significant. An additional study [50] found no effect of 
metabolic control on BMI classification and bioelectrical 
impedance parameters (indicators of overweight/obesity) 
but numerical data were not reported, hence this study 
could not be included in the vote-counting analysis.

The burden of gastrointestinal symptoms and cancer 
was higher in adherent compared with non-adherent 
populations in one study [52], but also higher in non-
adherent compared with adherent populations for these 
same comorbidities. This study [52] compared groups 
with varying levels of adherence: the highest incidence 
of gastrointestinal symptoms was in those who had never 
been treated with a Phe-restricted diet, was similar in 
those who had adhered to dietary treatment throughout 
life and in those who had discontinued dietary treat-
ment between the ages of 15 and 25 years [60]. None of 
the group who had discontinued and restarted a Phe-
restricted diet experienced gastrointestinal symptoms 
[60]. Conversely, the incidence of cancer was highest 
in those who had discontinued and restarted a Phe-
restricted diet, followed by those who had discontinued 
their diet between 15 and 25 years of age and then those 
who had adhered to a Phe-restricted diet throughout life. 
None of the group who had never been treated with die-
tary therapy had cancer [60].

Individuals with PKU on different Phe‑restricted diets
A comparison of somatic comorbidities in individuals 
with PKU on different Phe-restricted diets was reported 
in four studies (Table 4). These studies did not compare 
a PKU population on a Phe-restricted diet with either 
healthy controls or no intervention, and therefore did not 
meet the inclusion criteria of the SLR. The scenario of 
those on different diets being compared was not antici-
pated by the PICOS criteria but nevertheless these stud-
ies have been included because the comparison is of 
potential interest, from the perspective of the impact of 
dietary improvements on the clinical burden of somatic 
comorbidities.

Two studies [64, 65] compared L-amino acid (L-AA) 
supplements versus glycomacropeptide-based (GMP) 
protein substitute (GMP-AA) or modified casein GMP 
amino acid (CGMP-AA) supplements; one study [66] 
compared a pre-trial Phe-restricted diet (protein sub-
stitute that included significant quantities of added 
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Fig. 5  Burden of somatic comorbidities in individuals with PKU adherent to versus those not adherent to a Phe-restricted diet as assessed by vote 
counting. Abbreviations: COPD, chronic obstructive pulmonary disease; Phe, phenylalanine; PKU, phenylketonuria. Note: Total number 
of studies = 11. aStudies with a higher burden of ≥ 1 comorbidity or outcome measure, for a given comorbidity category, in individuals with PKU 
who adhered to a Phe-restricted diet. b Studies with a higher burden of ≥ 1 comorbidity or outcome measure, for a given comorbidity category, 
in individuals with PKU who did not adhere to a Phe-restricted diet. Studies reporting more than one comorbidity or outcome measure 
per category, or those with a differing direction of effect between comorbidities or outcome measures within a category, are indicated below. Vote 
counting was conducted on the basis of numerical differences in the direction of effect, regardless of statistical significance or clinical relevance. 
Bone-related abnormalities: higher burden in adherent (n = 2) [29, 33], lower lumbar, femoral neck, and total body BMD Z-scores [29], lower spine 
BMD and null effect for femoral BMD (excluded from vote counting) [33]; higher burden in non-adherent (n = 1) [63]. Cancer: higher burden 
in adherent (n = 1), higher incidence in discontinued and restarted (group 3) compared with never treated (group 4) and off-diet (group 2) [60]; 
higher burden in non-adherent (n = 1), higher incidence in off diet (group 2) compared with adherent since birth (group 1) [60]; no reports of cancer 
in either group (excluded from vote counting) [61]. Cardiovascular outcomes: higher burden in non-adherent (n = 2) [60, 61], heart disease 
in larger proportion of participants [61], higher incidence of cardiovascular symptoms in off-diet (group 2) compared with discontinued 
and restarted (group 3) and adhered since birth (group 1), and higher incidence in never treated (group 4) compared with all other groups [60]. 
COPD/asthma: higher burden in adherent (n = 1), higher incidence of asthma in discontinued and restarted (group 3) than in off-diet (group 2) 
and never treated (group 4) [60]; higher burden in non-adherent (n = 2) [60, 61], higher incidence of asthma in never treated (group 4) 
than in adhered since birth (group 1) [60], asthma reported in larger proportion of participants [61]. Dermatologic disorders: higher burden 
in adherent (n = 1), higher incidence of dermatologic symptoms in discontinued and restarted (group 3) than in off-diet (group 2) and never treated 
(group 4) [60]; higher burden in non-adherent (n = 2) [60, 61], eczema reported in larger proportion of participants [61], higher incidence 
of dermatologic disorders in off diet (group 2) compared with adherent since birth (group 1), higher incidence of dermatologic disorders in never 
treated (group 4) compared with adherent since birth (group 1) and off-diet (group 2) [60]. Gastrointestinal disorders: higher burden in adherent 
(n = 1), higher incidence in discontinued and restarted (group 3) compared with off diet (group 2) and never treated (group 4) [60]; higher burden 
in non-adherent (n = 1), higher incidence in discontinued and restarted (group 3) compared with adherent since birth (group 1) [60]. 
Hypertension: higher burden in adherent (n = 1), hypertension reported in larger proportion of participants [61]. Migraine/headache: higher 
burden in adherent (n = 1), higher incidence of headaches in adherent since birth (group 1) compared with off-diet (group 2) and higher incidence 
of headaches in discontinued and restarted (group 3) compared with off-diet (group 2) and never treated (group 4) [60]; higher burden 
in non-adherent (n = 2) [60, 61], higher incidence of headaches in discontinued and restarted (group 3) compared with adherent since birth (group 
1) [60], headaches reported in larger proportion of participants [61]. Musculoskeletal outcomes: higher burden in adherent (n = 1), decreased left 
and right hand-grip strength in adherent versus non-adherent [33]; higher burden in non-adherent (n = 2) [60, 63], higher incidence of arthritis/
musculoskeletal symptoms in discontinued and restarted (group 3) compared with adherent since birth (group 1) [60]. Nutritional outcomes: 
higher burden in adherent (n = 3) [32, 45, 62], decreased concentrations of total protein and pre-albumin [45], lower concentrations of vitamin B12 
and niacin in males [62], lower vitamin B12 in controlled versus uncontrolled population and almost significant increase in percentage of individuals 
with vitamin B12 deficiency [32]; higher burden in non-adherent (n = 5) [5, 33, 45, 54, 62], lower concentrations of phosphorus and vitamin B12 [45], 
lower concentrations of vitamin B12 and niacin in females as well as all other nutrients measured [62], lower intakes of iron, zinc, vitamin D3, 
magnesium, calcium, selenium, iodine, vitamin C, vitamin A, and copper, which were below UK Reference, and lower intakes of thiamin, riboflavin, 
niacin, vitamin B6, and phosphorus, which met UK Reference [5], lower concentrations of vitamin B12 and folate but levels were within or above 
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carbohydrate) with a new Phe-restricted diet (low-carbo-
hydrate Phe-free protein substitutes); another study [67] 
compared individuals not on a diet (normal food group) 
versus those on a vegan diet without AAM versus those 
on a vegan diet with AAM versus a protein reduced diet 
with AAM supplements.

One study [65] reported no changes in the prevalence 
of overweight/obesity (BMI p = 0.367); another study 
[64] reported a tendency for increased body weight 
(p = 0.064) and total body fat (p = 0.056) in individuals on 
CGMP-AA when compared with baseline on L-AA, but 
these changes were not statistically significant. Two stud-
ies [64, 65] reported on cardiovascular outcomes, and 
no differences in blood pressure between those on L-AA 
versus those on GMP-AA or CGMP-AA were found. 
One study [67] reported on nutritional outcomes and 
found no statistically significant difference was found in 
trace elements iron, zinc, or selenium between those not 
on a diet versus a vegan diet without AAM versus a vegan 

diet with AAM versus a protein reduced diet with AAM 
(no p value reported).

Individuals on a Phe‑restricted diet with more severe PKU 
versus those with HPA or less severe PKU
Five studies reported on somatic comorbidities expe-
rienced by individuals on a Phe-restricted diet with 
cPKU (more severe form of disease) versus individuals 
with HPA or less severe PKU (Table  5). One study [68] 
reported bone-related abnormalities in individuals with 
cPKU versus those with mild or moderate PKU; one study 
[55] reported anthropometric parameters and markers of 
metabolic syndrome/diabetes in individuals with cPKU, 
mild or moderate PKU, and mild HPA; one study [50] 
reported BMI classifications (relating to underweight, 
normal weight, overweight, and obese) and bioelectrical 
impedance parameters (relating to fat mass and fat-free 
mass) in individuals with cPKU and mild PKU; one study 
[69] reported nutritional outcomes in individuals with 
PKU versus those with HPA; and one study [45] reported 

normal range [5, 45, 54, 62], significantly lower serum vitamin D3 and vitamin B12, below reference range, versus above reference range in adherent, 
lower serum folic acid and higher serum homocysteine but both within reference range [33]. Overweight/obesity: higher burden in adherent 
(n = 2) [33, 62], obesity reported in larger proportion of participants [61], increased total fat free mass in non-adherent versus adherent [33]; higher 
burden in non-adherent (n = 3) [32, 33, 63], increased total fat mass, bodyweight, WC and BMI in non-adherent versus adherent (BMI within normal 
range for adherent), and decreased appendicular fat free mass in non-adherent versus adherent [33], significantly increased BMI in uncontrolled vs 
controlled (total population and women only), numerical increase in BMI of uncontrolled vs controlled men (controlled groups within normal 
range) [32]. Other: higher burden in adherent (n = 1) [60], higher incidence of otolaryngologic symptoms in adherent since birth (group 1) 
compared with off diet (group 2) and never treated (group 4), and gynecologic symptoms in adherent since birth (group 1) compared with never 
treated (group 4), higher incidence of arthritis/musculoskeletal symptoms in discontinued and restarted (group 3) compared with never treated 
(group 4) and off-diet (group 2), higher incidence of ophthalmologic and gynecologic symptoms in adherent since birth (group 1) compared 
with never treated (group 4) [60]; higher burden in non-adherent (n = 2) [57, 60], higher incidence of gynecologic and ophthalmologic symptoms 
in off diet (group 2) compared with adherent since birth (group 1), higher incidence of otolaryngologic symptoms in discontinued and restarted 
(group 3) compared with adherent since birth (group 1), higher incidence of ophthalmologic symptoms in off diet (group 2) compared 
with discontinued and restarted (group 3), higher incidence of gynecologic symptoms in discontinued and restarted (group 3) compared 
with never treated (group 4), and higher incidence of ophthalmologic symptoms in never treated (group 4) compared with adherent since birth 
(group 1) [60], poorer thyroid function as measured by serum TSH, UIC and UIC/Cr [57]. Definitions of adherence versus non-adherence: 
Adamczyk et al. 2011. [63], all individuals on Phe-restricted diet from within the first month of life, with blood Phe level assessment at least every 
second month: subgroup 2a (adherent) had recommended blood Phe levels for treated patients (2–10 mg/dL for children > 12 years), subgroup 2b 
(non-adherent) had blood Phe levels above the recommended level; Crujeiras et al. [45], those with high adherence to a natural protein restricted 
diet and supplementation with Phe-free amino acids mixture versus those with low adherence; Dios-Fuentes et al. [32], good metabolic control 
was defined as Phe levels < 600 µmol/L; Green et al. [5], minimum of 20 g protein equivalent from a low-Phe protein substitute per day 
for ≥ 1 month prior to inclusion with good adherence versus maximum of 20 g protein equivalent from a low-Phe protein substitute per day 
for ≥ 1 month prior to inclusion and blood Phe ≥ 600 µmol/L (of n = 14 in this group: n = 2 with 20 g of protein equivalent and no natural protein 
restriction; n = 1 with low protein diet but no low-Phe protein substitute; n = 11 with unrestricted diet and no low-Phe protein substitute); Guest 
et al. [60], remaining on Phe-restricted diet since < 1 year of age (group 1) versus discontinuation by 15–25 years of age (group 2) versus those 
off diet by 15–25 years of age but restarted diet at a mean of 30 years of age (group 3) versus those never treated (group 4); Koch et al. [61], 
Phe-restricted diet from infancy until ≥ 10 years of age and taking medical food as the primary protein source versus discontinuation of dietary 
restriction by age 10; Moden-Moses et al. [29], classified as diet-adherent or non-adherent based on self-report; Rojas-Agurto et al. [33], participants 
with a neonatal diagnosis of PKU, who continued with nutritional treatment, received an adequate supply of protein substitute without Phe, 
and kept strict follow-up were categorized as adherent, participants with a neonatal diagnosis of PKU, who discontinued the protein substitute 
and micronutrient supplementation (calcium, iron, and zinc) at 18 years of age and stopped attending metabolic control appointments; Robinson 
et al. [54], strict low-Phe diet with amino acid, mineral, and vitamin supplements versus no formal protein restriction and no amino acid vitamin 
and mineral supplementation (those on a total protein intake of approximately 1 g/kg/d with roughly 50% of this from natural protein and 50% 
from amino acid, mineral, and vitamin supplements were not included in the vote counting); Schulz et al. [62] taking amino acid mixture 
versus not taking amino acid mixture; Sumanszki et al. [57], mean blood Phe concentration for the 12-month period prior to the study < 600 μmol/L 
versus > 600 μmol/L

Fig. 5  (continued)
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nutritional outcomes in individuals with cPKU, mild or 
moderate PKU, and HPA (Table 5).

In the study comparing cPKU with mild or moderate 
PKU [68], the prevalence of osteopenia and osteoporosis 
was reported to be similar between those in either group 
on a Phe-restricted diet; statistical significance for the 
difference between groups was not reported.

One study [44] reported BMI and WC above the upper 
limit (indicating overweight/obesity) in a significantly 
higher proportion of individuals with PKU versus mild 
HPA (p = 0.0062 for overall population; p = 0.010 for BMI 
and p = 0.0011 for WC in adults) while another study 
[50] found that type of PKU (cPKU or mild PKU) did 
not affect BMI classifications or bioelectrical impedance 
parameters (numerical data were not reported). Fasting 
insulin levels above the upper limit were reported in a 
significantly higher proportion of those with PKU ver-
sus mild HPA (p = 0.035). Homeostatic Model Assess-
ment for Insulin Resistance (HOMA-IR) was significantly 
increased (p = 0.034) and Quick index score was signifi-
cantly decreased (p = 0.019) in those with PKU versus 
mild HPA, both indicating worse insulin resistance in 
those with more severe forms of the disease. Quick index 
score was significantly lower, and HOMA-IR was signifi-
cantly higher, in patients with cPKU than in those with 
mild or moderate PKU and those with mild HPA; there-
fore increasing severity was correlated with increasing 
BMI, WC, and age [44].

In one study [69], no statistically significant differences 
were found in the concentrations of serum pre-albumin, 
zinc, and iron between adults with PKU and those with 
HPA (p value not provided) [69]. However, there was a 
statistically significant lower concentration of selenium 
in adults with PKU compared with adults with HPA 
(p = 0.006). Another study [45] found that concentrations 
of selenium and phosphorous were significantly reduced 
in those with PKU (mild/moderate and cPKU grouped 
together) versus mild HPA (p = 0.0034 and p = 0.0056, 
respectively), although there were only five individuals 
with phosphorous levels lower than the normal limit. 
Conversely, serum pre-albumin, ferritin, and folic acid 
concentrations were significantly reduced in those with 
mild HPA versus those with mild, moderate, or cPKU 
(p = 0.024, p = 0.0084, and p = 0.0147, respectively) [45]. 
In the same study, vitamin B12 and zinc were signifi-
cantly reduced in those with mild HPA and mild or mod-
erate PKU compared with those with cPKU (p = 0.0046 
and p = 0.03, respectively) [45]. However, it should be 
noted that levels of total protein, calcium, phosphorous, 
vitamin B12, ferritin, and zinc were within the normal 
range in the majority of individuals with PKU, and none 
had a folic acid deficiency [45].

Discussion
Main findings
This review has highlighted the breadth of somatic 
comorbidities experienced by individuals with PKU, and 
the higher clinical burden versus a non-PKU population. 
The findings add to the published literature, confirming 
the comorbidity burden in individuals with PKU treated 
with a Phe-restricted diet [26, 70, 71]. The most com-
monly reported somatic comorbidities in studies of indi-
viduals with PKU on a Phe-restricted diet with or without 
pharmacologic therapy compared with healthy controls 
or reference values were bone-related abnormalities [15, 
16, 22, 24–42], followed by overweight/obesity [15, 16, 
22, 33, 43, 44, 49–54], nutritional outcomes [22, 26, 33, 
45, 48, 49, 54, 56, 58, 59], and cardiovascular outcomes 
[15, 22, 43, 46, 47]. It was not possible to draw defini-
tive conclusions from the other three population com-
parisons due to the limited number of studies included 
in each comparison and differences in the comorbidity 
types covered: adherent to a Phe-restricted diet versus 
non-adherent, twelve studies [5, 29, 32, 33, 45, 50, 54, 60–
63]; groups on different Phe-restricted diets, four studies 
[64–67]; and more severe PKU versus HPA or less severe 
PKU, five studies [44, 45, 50, 68, 69].

Relation of main findings to prior research
In a published SLR, Pessoa et al. reported a high preva-
lence of clinical complications (e.g., overweight/obesity 
and osteopenia), poor adherence to clinical recommen-
dations, negative socioeconomic impact, and negative 
impact on caregivers of Latin American patients with 
PKU of all ages (diagnosed with PKU within the first 
3 months of life) [70]. The study concluded that dietary 
management alone was not sufficient to prevent the 
burden of PKU, which concurs with the findings of our 
SLR, in which individuals with PKU were compared with 
healthy controls or a reference population in the vote 
counting analysis. It is important to acknowledge that 
our SLR did not investigate the negative socioeconomic 
impact, or the negative impact on caregivers.

Individuals with PKU on a Phe‑restricted diet with or without 
pharmacologic therapy versus healthy controls or reference 
values
Abnormal bone status has been a long-standing concern 
in individuals with PKU [3, 72]; therefore, it is not sur-
prising that the most reported somatic comorbidities in 
individuals with PKU on a Phe-restricted diet in our SLR 
were bone-related abnormalities. BMD Z-score was the 
most reported outcome measure, but a variety of other 
outcome measures was reported among the included 
studies and there was a higher burden of at least one 
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bone-related outcome in individuals with PKU compared 
with healthy (non-PKU) controls in many of these stud-
ies. Currently, it is unclear whether low BMD in indi-
viduals with PKU is a direct consequence of the disease, 
a complication of following a Phe-restricted diet or due 
to reliance on low-Phe amino acid supplementation 
(medical foods), which can increase urinary calcium and 
magnesium excretion [28, 38, 73]. Emerging evidence 
suggests that the PKU population may be at increased 
risk of metabolic acidosis, which has been linked to low 
bone mineralization [74]. This adds to the debate on 
whether the increased renal acid load from consump-
tion of low-Phe medical foods is related to low BMD 
and highlights the need to further explore the etiology 
and impact of bone-related abnormalities in individuals 
with PKU. A meta-analysis has been conducted to inves-
tigate BMD outcome measures in adults with PKU, and 
to explore the impact of the Phe-restricted diet (includ-
ing the impact of adherence to diet) on BMD. For further 
details on the BMD meta-analysis and its findings, refer 
to the separate meta-analysis publication.

Burton et  al. [16] reported that high blood Phe levels 
may impact biological mechanisms that are related to 
increased risk of comorbid conditions such as obesity, 
renal disease, metabolic dysfunction, and cardiovascular 
complications, which might explain why nutritional out-
comes, cardiovascular outcomes, and overweight/obesity 
were also commonly reported in the studies included in 
our SLR.

The Phe-restricted diet limits the intake of natural 
protein to vegetable sources, and despite the availability 
of low-Phe medical foods, a significant number of ado-
lescents and adults do not consume adequate amounts 
of protein substitutes [58]. As a result, individuals with 
PKU have been shown to be at risk of deficiencies in 
nutrients such as carnitine and vitamin B12, which are 
derived from animal protein sources [49, 54, 58, 59]. 
Clinical symptoms of carnitine deficiency include mus-
cle weakness or cardiomyopathy, which may be caused 
by low intake of dietary carnitine, deficient synthesis of 
carnitine, or acyl-carnitine production [59]. Vitamin B12 
deficiency may lead to anemia, gastrointestinal, and neu-
rological symptoms [58].

Folate is an essential vitamin that plays a crucial role in 
metabolism [75]. High levels of folate have been attrib-
uted to the high folic acid content in protein substitutes 
[76]; however, higher and lower concentrations of folate 
in individuals with PKU compared with controls (as well 
as levels above or within the normal range) have been 
reported [26, 33, 45, 48, 54, 76]. For both vitamin B12 
and folate, the risk of deficiency was higher in those who 
were not following a strict low-Phe diet with adequate 
amino acid and vitamin and mineral supplementation 

[45, 54]. Hochuli et  al. [77] also found that a relaxation 
of AAM intake resulted in insufficient nutrient supply 
despite a compensatory increase in consumption of nat-
ural protein. The evidence from these studies indicates 
the need for continual dietary guidance through adult-
hood, as inadequate intake of nutrients can lead to fur-
ther comorbidities. One study included in our SLR [46] 
reported an association between high Phe levels and 
arterial stiffness, which impacts the risk of cardiovascu-
lar disease [16]. However, another included study [47] did 
not identify any significant difference in arterial stiffness 
or carotid intima media thickness (a surrogate marker of 
atherosclerosis) compared with healthy controls. Similar 
to other comorbidities, there are limited data available to 
explain whether an increased cardiovascular risk in indi-
viduals with PKU is due to the disease itself or factors 
related to the Phe-restricted diet [32].

Given the potential for increased risk of obesity with 
high blood Phe levels noted by Burton et al. [16], we felt it 
was important to acknowledge the inconsistency among 
conclusions of the studies reporting this outcome that 
were included in our SLR and other previously published 
SLRs. Of the studies included in our SLR, four studies 
[33, 50, 53, 55] found no significant difference in the pro-
portions of individuals with PKU who were overweight 
or obese (as measured by prevalence, body weight, WC, 
BMI, body fat percentage, total or appendicular body 
fat mass, total or appendicular fat-free mass, or central 
obesity) compared with healthy controls; however, a sig-
nificantly higher BMI, prevalence ratio or percentage of 
individuals with overweight/obesity in individuals with 
PKU compared with matched controls was reported in 
four studies [15, 16, 22, 43]. Two studies provided sup-
porting evidence for an increased burden of overweight/
obesity in individuals with PKU: in one study [44], there 
was a higher proportion of overweight/obesity in those 
with PKU versus controls, but statistical significance 
of the difference between groups was not reported; and 
in another study [52] there was a higher rate of obesity 
among females with PKU in four of six centers, but the 
overall proportion of overweight individuals was lower 
in five of the six centers studied. The results of the tenth 
study [56] were conflicting, with higher percentages of 
overweight and lower percentages of obese individu-
als in the PKU group versus controls (statistical signifi-
cance was not reported). Two published SLRs identified 
in our review have also reported conflicting results on 
the prevalence or risk of overweight/obesity in individu-
als with PKU [78]: one SLR, published in 2021 [71], con-
cluded that individuals with PKU (including children, 
adolescents, and adults) had similar BMI to healthy con-
trols, although BMI was significantly higher than healthy 
controls in a subgroup of individuals with cPKU; another 
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SLR, published in 2023 [78], concluded that adults with 
PKU had a higher BMI and higher prevalence of obe-
sity compared with a matched control population but 
the proportions of the PKU population with obesity 
varied between studies from 4.5% to 72% and the find-
ings were inconsistent when compared with the general 
population. A previously reported SLR and meta-analysis 
investigating whether a Phe-restricted diet is a risk fac-
tor for overweight/obesity in individuals with PKU found 
that BMI was similar between individuals with PKU and 
healthy controls [71]. In the study reporting the fre-
quency of overweight/obesity in individuals with PKU 
receiving different treatments [56], the highest percent-
age of overweight individuals was in the dietary therapy 
group, followed by the pegvaliase group and sapropterin 
dihydrochloride group, but the highest percentage of 
obese individuals was in the pegvaliase group and the 
lowest was in the dietary therapy group; therefore, the 
pegvaliase group had the highest rate of overweight/obe-
sity overall and the sapropterin dihydrochloride group 
had the lowest.

Differences in population characteristics relevant to 
obesity may have contributed to the different outcomes 
observed between studies included in our SLR, e.g., PKU 
cohorts in studies with no significant difference from 
controls tended to include younger participants (mean 
age 14.4 [55], 23.5 [33], and 26.0 [53] years, mean age 
not reported [range 6–25  years] [50] versus mean age 
30.8 [43], 34.6 [16], 41.2 [22], and 50.9 [15] years) and 
in three studies [16, 22, 43], were all early-diagnosed/
treated, as opposed to Trefz et  al. [15], who included a 
higher number of late- versus early-diagnosed partici-
pants (n = 216 versus n = 161) [15, 53, 55]. A study com-
paring early- versus late-diagnosed individuals found that 
the proportion of those with a BMI above the upper limit 
was almost twice as high in late- versus early-diagnosed 
participants (p = 0.023) [44]. However, timing of diagno-
sis was not reported in two studies [16, 43] and the pro-
portion of late-diagnosed individuals was relatively low 
(29.7%) in another study [22]. Differences in male:female 
ratio may also play a role, as studies reporting a signifi-
cant difference in the prevalence or risk of overweight/
obesity tended to include a higher proportion of females 
with PKU than studies finding no significant difference 
between groups (46% [55], 48.1% [50], 50% [33], and 51% 
[53] female versus 56% [22], 58.1% [15], and 63.7% [16] 
female). These results are supported by a published SLR, 
which found that overweight/obesity was 2–3 times more 
frequent in females with PKU than males [78], and the 
results of Ozel et al. [52] included in our SLR. Azabdaf-
tari et  al. [43] was the exception, reporting significantly 
higher BMI in adults with PKU compared with healthy 
controls, of whom only 39% were female. Furthermore, 

Rocha et al. [55] found no effect of male:female ratio on 
prevalence of overweight/obesity. Overweight/obesity is 
a complex comorbidity that is likely to be impacted by the 
components of the Phe-restricted diet, adherence to diet, 
and other factors relating to individual patient behaviors. 
The inconsistency in findings indicates a need for further 
research.

Individuals with PKU adherent to a Phe‑restricted diet 
versus a non‑adherent population
Adherence to a Phe-restricted diet is often determined 
by using blood Phe levels as an indicator (where low 
blood Phe levels indicate a greater level of treatment 
adherence). However, it is important to note that blood 
Phe levels are also dependent on the extent of an indi-
vidual’s functional PAH, which in turn is determined by 
the mutations in the gene encoding PAH for that indi-
vidual [79, 80]. An individual’s genotype correlates with 
biochemical phenotype, including the degree of Phe tol-
erance linked to disease severity [80], and so elevated 
blood Phe levels in some treated individuals (e.g., those 
with mutations rendering PAH inactive), may be due to 
low Phe tolerance and severe disease rather than non-
adherence. A recent study, included in the SLR, compar-
ing maintenance and suspension of dietary treatment in 
adults with PKU noted that an elevated blood Phe level, 
as a result of abandoning a Phe-restricted diet, has the 
potential to affect muscle and bone health, but other fac-
tors such as reduced quality of protein intake, reduced 
intake of vitamins and minerals, and lower physical activ-
ity, could also play a part [33]. Further investigation on 
the impact of adherence to diet on the clinical burden of 
somatic comorbidities is needed due to the limited num-
ber of studies currently published.

Individuals with PKU on different Phe‑restricted diets
As part of MNT, individuals with PKU can be placed 
on different types of Phe-restricted diets and/or pro-
tein-based supplements. Elevated blood Phe levels can 
lead to serious nutritional deficiencies, and studies have 
reported that individuals who did not adhere to a Phe-
restricted diet had higher blood Phe levels in comparison 
with those following a Phe-restricted diet [67]. Despite 
this, the studies in our SLR reported that many adults 
do not adhere to dietary recommendations owing to the 
taste, smell, and texture of protein substitutes/supple-
ments and the inconvenience of these diets [66, 67].

It has also been suggested that the Phe-restricted diet 
may be linked to certain comorbidities. For example, 
a recent SLR [78] found that low-Phe food substitutes 
tend to be higher in carbohydrates, which is a known 
causative factor for overweight and obesity. However, a 
previous study found that BMI only increased in 55% of 
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individuals receiving lower versus higher carbohydrate 
Phe-free protein substitutes; was unchanged in 5%; and 
actually decreased in 40%; and, overall, the difference 
between groups was not statistically significant [66]. 
Additionally, studies that compared the prevalence of 
obesity between individuals receiving amino acids versus 
GMP substitute reported conflicting results [64, 65].

Individuals on a Phe‑restricted diet with more severe PKU 
versus those with HPA or less severe PKU
Poor metabolic control has previously been reported 
in individuals with cPKU receiving dietary treatment 
compared with individuals with mild PKU or HPA [6]. 
Despite the extensive amount of research into the impor-
tance of metabolic control, there is limited understanding 
of the impact of PKU severity on the clinical burden of 
somatic comorbidities.

In our SLR, a study that assessed individuals with 
mild, moderate, and cPKU found no relationship 
between PAH genotype and the development of mineral 
bone disease (MBD), no difference in the blood Phe lev-
els between individuals with PKU who developed MBD 
and those who did not, and no relationship between diet 
compliance and MBD [68]; however, individuals with 
osteopenia or osteoporosis in this study had signifi-
cantly lower natural protein intake compared with those 
without MBD, and the sapropterin dihydrochloride-
treated individuals who were able to relax restrictions 
to natural protein intake in this study did not develop 
MBD, suggesting that a decrease in natural protein 
intake has a role in the development of MBD [68].

Two studies identified in our SLR investigated the 
nutritional status of individuals with different PKU phe-
notypes [45, 69]. One study [69] reported significantly 
lower concentrations of selenium in those with PKU 
receiving AAM compared with those with HPA; the 
authors suggested that this result was affected by adults 
relaxing restrictions to a low-protein diet and, hence, 
overall intake of amino acids may be higher than the pre-
scribed AAM. Another study [45] also found significantly 
lower selenium and phosphorus concentrations in those 
with PKU versus those with HPA but concluded that this 
was related to increased dietary adherence and younger 
age (< 18 years). Conversely, serum pre-albumin, ferritin, 
and folic acid concentrations were significantly reduced 
in those with mild HPA versus those with PKU and vita-
min B12 and zinc were significantly reduced in those 
with mild HPA and mild or moderate PKU compared 
with those with cPKU [45]. The positive correlation of 
vitamin B12 and zinc concentrations with disease sever-
ity was surprising but the authors postulated that despite 
lower intake of these nutrients through natural protein 

sources in those with cPKU, the cobalamin content of 
Phe-free amino acid supplements is high and there is a 
more efficient absorption of zinc salts from supplements 
than from meals [45].

The relationship between PKU severity and the risk of 
overweight/obesity is unclear. Mazzola et  al. [50] found 
no effect of PKU phenotype on BMI classification or bio-
electrical impedance parameters, whereas Couce et  al. 
[44] reported overweight/obesity and worse insulin 
resistance (a marker of the metabolic syndrome) in a sig-
nificantly higher proportion of individuals with PKU ver-
sus mild HPA and healthy controls, particularly in those 
with a late diagnosis. Higher levels of insulin resistance 
were correlated with increasing BMI, WC, and age [44]; 
however, in a linear regression model, age had the most 
influence on BMI; therefore, the authors concluded that 
the cause of increased insulin resistance in PKU is likely 
to be multifactorial [44].

Due to the small number of studies included in this 
population comparison and the breadth of outcome 
measures reported, it is not feasible to draw definitive 
conclusions on the impact of disease severity on the clini-
cal burden of somatic comorbidities.

Clinical implications
The higher clinical burden of somatic comorbidities in 
individuals with PKU compared with a general (non-
PKU) population, as reported here and in other studies, 
contributes to the clinical and socioeconomic burden of 
PKU; higher rates of prescribed treatment use have been 
reported, and mean healthcare costs are significantly 
greater (p < 0.0001) than for the general population [15, 
16]. The findings from this review point to an unmet 
need for optimized approaches to Phe control, to main-
tain Phe levels within recommended ranges over the long 
term and potentially avoid somatic comorbidities and the 
associated clinical and socioeconomic implications.

Adherence to dietary restrictions can be challenging, 
especially as individuals with PKU progress to adult-
hood. Limited and unpleasant food choices, as well as 
the overall inconvenience and time-consuming nature 
of a restricted diet and effect on socializing, are cited as 
factors negatively impacting adherence in adults with 
PKU [81, 82]. Patients and their caregivers report a lack 
of disease awareness in hospitality settings, leading to 
concern around menu choices outside the home that 
are incompatible with dietary restrictions [83]. The chal-
lenge of dietary adherence may impact a patient’s quality 
of life (QoL). Studies using a PKU-specific questionnaire 
to evaluate the effect of PKU on QoL [84, 85], reported 
the emotional impact of PKU and the management of 
PKU (anxiety about blood Phe levels; guilt regarding 
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poor adherence to dietary restrictions) as high scoring 
questionnaire domains, indicating a negative impact on 
QoL. The unpleasant taste of food supplements was also 
considered a main issue [85]. Another study [86], using 
preference-based measures to estimate the effect of PKU 
on health-related QoL, reported dietary restrictions and 
symptoms of PKU as both having a significant negative 
impact on health-related QoL.

There is a need for careful monitoring of nutritional 
intake as a component of nutritional status assessment, 
independent of treatment modality. Closer medical 
surveillance may prevent losing individuals to follow-
up, particularly as they progress from adolescence to 
adulthood, and increased awareness of screening for 
comorbidities may identify individuals in most need 
of improved Phe control. It is important that individu-
als with PKU, who already have limited options in food 
choices owing to their Phe-restricted diet, receive ongo-
ing personalized nutritional counselling, with methodi-
cal nutritional status monitoring from a multidisciplinary 
team specialized in inherited metabolic disorders to pre-
vent overweight, obesity, and its related comorbidities.

Some treatment approaches may improve Phe and 
natural protein tolerance, reducing the reliance on strict 
Phe restriction for metabolic control, which may lead 
to improvements in QoL over time. Although a meta-
analysis of outcomes before and after relaxation of a Phe-
restricted diet with sapropterin dihydrochloride did not 
find an improvement in QoL following treatment, the 
authors of the study noted this finding does not reflect 
clinical practice [87]. One explanation offered for this 
anomaly was that the general QoL questionnaires used 
in the majority of studies included in the analysis may 
not be sensitive enough to capture the daily burden of 
a highly restricted diet [87]. Indeed, the only study uti-
lizing a PKU-specific QoL questionnaire to investigate 
the impact of treatment on QoL, reported significant 
improvements in self-reported impact and satisfaction 
sub-scores and total QoL score over time in adolescents 
and adults responding to sapropterin dihydrochloride, 
and QoL improvements were associated with increased 
Phe tolerance [88]. It is important to note that these 
improvements can only be achieved when an adequate 
and balanced diet is also maintained. Educating both cli-
nicians and individuals with PKU on the role of balanced 
nutrition to effectively manage and/or prevent chronic 
disease is required [89, 90], as well as adjusting nutrition 
according to pharmacologic intervention.

Strengths and limitations of the review methodology
This review involved sensitive searches of the peer-
reviewed literature only and was guided by the pre-
defined eligibility criteria established in the protocol. 

Comprehensive, relevant, and accurate data abstraction 
was ensured throughout the review process.

Strengths of this review include the consideration of 
any somatic comorbidity in assessing clinical burden, 
and the focus primarily on an adult population (stud-
ies conducted exclusively in children and adolescents 
were excluded). With the introduction of PKU testing 
into newborn screening programs more than half a cen-
tury ago, and the availability of treatment accordingly, 
the global PKU population is increasing in age. The neu-
ropsychologic burden of PKU is well documented, par-
ticularly in children, and this review provides new insight 
into the somatic comorbidity burden in adults.

Heterogeneity in the studies that were included in this 
review, in terms of the clinical outcomes used (and their 
definitions); how each outcome was measured; and study 
designs, including interventions and comparators, meant 
meta-analysis of effect estimates was not considered 
appropriate for the majority of outcomes. Vote counting 
is considered an acceptable alternative synthesis method 
when meta-analysis is not feasible [21], and an assess-
ment of the direction of effect of comorbidity burden was 
still able to be made, even when several studies did not 
report statistical significance of the difference between 
groups. Hence, the results of the vote-counting analysis 
provided an overview of the somatic comorbidity burden, 
in terms of both the range of comorbidities and the direc-
tion of effect, in individuals with PKU compared with a 
non-PKU population. However, vote counting does have 
limitations: the analysis does not account for differences 
in the relative sizes of the studies or methodological 
aspects and provides no information on the magnitude 
of effect; it is also difficult to interpret the results when 
studies report multiple outcomes and/or measures and 
the direction of effect differs between them. This is com-
pounded by inclusion of small numbers of studies, as was 
the case for the comparison between individuals with 
PKU with different levels of adherence to a Phe-restricted 
diet. Other alternative synthesis methods to meta-analy-
sis are more powerful than vote counting (e.g., combin-
ing p values), but were not appropriate for this review 
due to incomplete data. Meta-analysis was only feasible 
for BMD Z-scores from a sub-set of the studies report-
ing bone-related abnormalities included in the SLR (see 
Fig.  4). The objectives of the meta-analysis were more 
specific than those of the broader SLR and therefore are 
reported separately.

It is important to acknowledge that the grouping of 
individual somatic comorbidities into comorbidity types 
could have been done differently and may have resulted 
in different conclusions being drawn from the data. In 
this study, cardiovascular outcomes were among the 
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most reported somatic comorbidities with a higher bur-
den in individuals with PKU on a Phe-restricted diet with 
or without pharmacologic therapy (n = 5). The grouping 
of cardiovascular outcomes with other comorbidities 
that are considered risk factors for cardiovascular disease 
(e.g., diabetes, overweight/obesity, hypertension) was 
explored, but not undertaken due to variance in opinion 
on the most appropriate categorization given the com-
plexities of these individual comorbidities, and to main-
tain a level of granularity on the comorbidity burden in 
PKU. Consequently, the overall cardiovascular burden in 
individuals with PKU in the current treatment landscape 
may be underestimated in the vote-counting analysis.

This review considered studies published in English and 
retrievable via the PubMed® interface, and in-built filters 
for human studies and adult age-groups were employed, 
which rely on appropriate indexing within the MEDLINE 
database for retrieval. MEDLINE has relatively broad 
coverage of the medical literature and it is likely that 
the majority of relevant studies would have been identi-
fied, but it is important to acknowledge that any studies 
reported outside of MEDLINE and other sources acces-
sible via PubMed®, or outside the filters employed in the 
search, will have been missed.

Finally, it is important to note that a formal risk of bias 
assessment of the studies included in this review was 
not conducted, limiting the certainty of the findings. 
There was a high degree of heterogeneity across studies 
in terms of different study designs, outcomes and out-
come measures reported, patient characteristics, and 
components of MNT. As such, there is a clear high-risk 
of bias rendering a formal assessment as unnecessary. 
However, despite the potential for a loss of the ‘signal’ 
relating to a higher burden of somatic comorbidities in 
individuals with PKU compared with healthy controls, 
owing to the heterogeneity across studies, the results of 
the vote-counting analysis did show a consistent direc-
tion of effect. It is important to acknowledge that there 
is a potential for publication bias. A formal assessment 
of publication bias would be challenging for the spread 
of outcomes and measures reported in this SLR. How-
ever, it is possible that studies that did not report a higher 
burden of somatic comorbidities in individuals with 
PKU have not been published, which would mean that 
the higher burden in individuals with PKU may be over-
estimated. Despite this, the results of the vote-counting 
analysis were consistently in favor of a higher burden in 
individuals with PKU versus healthy controls. The poten-
tial for publication bias to overestimate the proportion 
of studies showing a higher burden in individuals with 
PKU versus healthy controls was minimized by exclud-
ing single-cohort studies in which there was no compari-
son between individuals with PKU and healthy controls 

or reference values. We believe that this supports our 
conclusions of a higher somatic comorbidity burden in 
individuals with PKU, with the caveat that vote-counting 
analysis is associated with limitations.

Strengths and limitations of the included evidence
Studies included in this review represented individu-
als with PKU across Asia, Europe, North America, and 
South America, although most studies were conducted 
in Europe or the United States, suggesting findings will 
be broadly generalizable to these region-specific PKU 
populations. There was a broad publication date range 
for the included studies, spanning from 1990 to 2023 as 
no date restrictions were applied to the search. How-
ever, improvements in the taste and palatability of pro-
tein substitutes and low protein foods that have occurred 
over time could have improved patient compliance, com-
plicating the interpretation of results across older and 
newer studies. Most studies identified for inclusion in the 
review were observational in design, supporting the need 
for systematic assessments of data such as this one.

Although one study [22] compared results for the over-
all population with PKU and results for a subgroup of 
individuals with early diagnosed PKU against results for 
the control population and another study [50] stated that 
time of diagnosis did not affect anthropometric or bio-
electrical impedance parameters (such that results from 
all individuals with PKU were analyzed as a single group), 
only two studies included in the review directly com-
pared the somatic comorbidity burden in early and late-
diagnosed adults with PKU [15, 44], making it difficult to 
further evaluate comorbidity burden by time of diagno-
sis or period of treatment. In the claims-based study that 
was identified and included [15], a range of comorbidity 
types was reported in early- and late-diagnosed adults 
with PKU and at a higher prevalence than a matched 
control population for many, including infectious gastro-
enteritis and colitis, overweight and obesity, hypotension, 
and disorders of lipid metabolism and other lipidemias. 
In a cross-sectional study conducted in a Spanish PKU 
population [44], there was a higher proportion of those 
with BMI above the upper limit in late-diagnosed com-
pared with early-diagnosed individuals but this was 
found to be largely driven by the effect of age.

Seven studies included in the comparison of comor-
bidity burden in a Phe-restricted diet population versus 
healthy controls or reference values were conducted in 
mixed treatment populations [15, 22, 24, 25, 32, 46, 52]. 
These studies included some individuals on pharma-
cologic therapy in addition to a Phe-restricted diet [15, 
22, 25, 32, 52, 57], and individuals on and not on a Phe-
restricted diet [24, 52]. These studies were all included 
but results were not stratified by treatment type. A large 
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proportion of studies included in the SLR did not stratify 
results by age-groups such that participants < 16 years of 
age could have been included; the relevance of this to the 
findings of the review is unknown. The scarcity of data 
from studies using similar study designs and patient 
populations, as well as consistency in outcomes used 
and the way they are measured for many comorbidities, 
restricts the synthesis methods that can be used to evalu-
ate the burden of somatic comorbidities in adults with 
PKU. Although vote counting is considered an acceptable 
alternative synthesis method when meta-analysis is not 
feasible [21], not all studies could be included in the vote-
counting analysis reported here due to lack of compara-
tive data. A lack of reporting of statistical significance of 
differences between PKU populations in individual stud-
ies also limited interpretation of the presence or absence 
of a difference in comorbidity burden.

Future studies
The variety of outcomes reported, and outcome measures 
used in studies included in this review, limited the synthe-
sis of data across many somatic comorbidity types and PKU 
populations and, accordingly, the conclusions that can be 
drawn. There is a need for studies assessing somatic comor-
bidities using more robust study designs and consistent 
outcome measures, and including specific PKU population 
comparisons (e.g., by disease severity, timing of diagno-
sis and treatment [early or late], adherence to treatment, 
male:female ratio, and age). Consideration of the aging 
PKU population will be important, given older adults may 
have different comorbidities to a younger adult population.

It is unclear whether the somatic comorbidity burden 
in PKU comes from the disease itself or from adherence 
to severe dietary restrictions and/or inadequate supple-
mentation of amino acids and micronutrients. There is a 
need to further evaluate the relationship between effec-
tive metabolic control and comorbidity burden to under-
stand whether control of blood Phe levels can reduce 
the incidence of such complications. Consideration of 
the multidisciplinary healthcare team structure will be 
important, as adherence to diet may be lower in those 
centers where individuals are managed by an incomplete 
team, particularly for individuals with cPKU.

Studies investigating the burden of illness of PKU, 
incorporating both patient and caregiver health-related 
QoL assessed with disease-specific instruments, and the 
impact of different treatments, will provide insight into 
the indirect costs of somatic comorbidities in individu-
als with PKU, furthering understanding of the socioeco-
nomic implications of somatic comorbidities and impact 
of effective treatment. Pessoa et  al. also highlighted the 
need for burden of illness studies to identify the range 
of ongoing and significant complications experienced by 

individuals with PKU in order to inform healthcare pro-
viders and public health authorities [70].

Conclusions
Individuals with PKU have a higher somatic comorbid-
ity burden versus a non-PKU population, highlighting 
the unmet need for optimized approaches to blood Phe 
control in this population. Improved access to thera-
peutic interventions to maintain blood Phe levels within 
recommended ranges over the long term may potentially 
avoid the clinical and economic implications of managing 
comorbidities. To build on the evidence from this review 
and better understand the relationship between blood 
Phe control, adherence to diet and comorbidity burden, 
more robust studies reporting consistent outcome meas-
ures are needed, especially in specific PKU populations.
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