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Phenylalanine hydroxylase (PAH) deficiency, traditionally 
called phenylketonuria (PKU) due to characteristic phenylk-
etones accumulating in the urine of affected individuals, has a 
significant place in history as the first inborn error of metabo-
lism identified through population-based screening, initiating 

a new era in the diagnosis and treatment of genetic disorders. 
PKU was first described in 1934 by the Norwegian physician 
Asbjörn Fölling, but it was not until the mid-1950s that a patient 
with PAH deficiency was treated with a low phenylalanine 
(PHE) diet. Although this first patient already had irreversible 

Phenylalanine hydroxylase deficiency, traditionally known as phe-
nylketonuria, results in the accumulation of phenylalanine in the 
blood of affected individuals and was the first inborn error of metab-
olism to be identified through population screening. Early identifica-
tion and treatment prevent the most dramatic clinical sequelae of the 
disorder, but new neurodevelopmental and psychological problems 
have emerged in individuals treated from birth. The additional unan-
ticipated recognition of a toxic effect of elevated maternal phenylala-
nine on fetal development has added to a general call in the field for 
treatment for life. Two major conferences sponsored by the National 
Institutes of Health held >10 years apart reviewed the state of knowl-
edge in the field of phenylalanine hydroxylase deficiency, but there 
are no generally accepted recommendations for therapy. The purpose 
of this guideline is to review the strength of the medical literature 
relative to the treatment of phenylalanine hydroxylase deficiency and 
to develop recommendations for diagnosis and therapy of this disor-
der. Evidence review from the original National Institutes of Health 
consensus conference and a recent update by the Agency for Health-
care Research and Quality was used to address key questions in the 
diagnosis and treatment of phenylalanine hydroxylase deficiency 
by a working group established by the American College of Medi-
cal Genetics and Genomics. The group met by phone and in person 
over the course of a year to review these reports, develop recom-
mendations, and identify key gaps in our knowledge of this disorder. 

Above all, treatment of phenylalanine hydroxylase deficiency must 
be life long, with a goal of maintaining blood phenylalanine in the 
range of 120–360 µmol/l. Treatment has predominantly been dietary 
manipulation, and use of low protein and phenylalanine medical 
foods is likely to remain a major component of therapy for the imme-
diate future. Pharmacotherapy for phenylalanine hydroxylase defi-
ciency is in early stages with one approved medication (sapropterin, 
a derivative of the natural cofactor of phenylalanine hydroxylase) and 
others under development. Eventually, treatment of phenylalanine 
hydroxylase deficiency will be individualized with multiple medica-
tions and alternative medical foods available to tailor therapy. The 
primary goal of therapy should be to lower blood phenylalanine, and 
any interventions, including medications, or combination of thera-
pies that help to achieve that goal in an individual, without other 
negative consequences, should be considered appropriate therapy. 
Significant  evidence gaps remain in our understanding of the  optimal 
therapies for phenylalanine hydroxylase deficiency, nonphenylala-
nine effects of these therapies, and long-term sequelae of even well-
treated disease in children and adults.
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developmental disabilities, clinical improvement was observed 
and blood PHE levels declined. At about this time, the under-
lying biochemical defect, decreased activity of hepatic PAH, 
was identified. PAH deficiency most accurately describes the 
spectrum of clinical phenotypes ranging from PKU to hyper-
phenylalaninemia and thus will be used throughout this guide-
line. Tetrahydrobiopterin (BH4) is a necessary cofactor for PAH 
activity, and rare genetic defects in the pathway of BH4 synthesis 
or recycling can lead to secondary PAH deficiency and elevated 
blood PHE levels. Treatment of these defects, which present dif-
ferently than PAH deficiency and have largely different therapy, 
is not considered further in this guideline.

PAH deficiency presents a spectrum of severity, and sev-
eral different classification schemes have been proposed to 
assist in clinical management. Most severe are individuals 
with complete enzyme deficiency whose untreated blood 
PHE levels are typically >1,200 μmol/l (mean normal level: 
60 µmol/l); this phenotype is consistently termed “classi-
cal PKU.” It should be noted that infants diagnosed and 
treated earlier in life might have a peak PHE level <1,200 
µmol/l and still have complete PAH deficiency. In 2000, the 
National Institutes of Health (NIH) Consensus Development 
Conference Statement categorized all patients with untreated 
blood PHE levels greater than normal level but less than 1,200 
μmol/l as having hyperphenylalaninemia.1 This guideline 
recommends a unifying nomenclature and therefore refers 
to the spectrum of PAH deficiency, not specifically relying 
on the blood PHE level, although we recognize that the most 
severe form is still likely to be referred to as “classical PKU” 
in many settings.

Newborn screening (NBS) for PAH deficiency became wide-
spread in North America and in the United Kingdom by the 
mid- to late-1960s and in the rest of the developed world by the 
early 1970s. Since the initiation of NBS, almost all cases of PAH 
deficiency are diagnosed following a positive newborn screen-
ing test, resulting in significant economic savings to society in 
addition to unquestioned benefits for affected individuals.2,3 
Dietary therapy involving dietary PHE restriction and sup-
plementation with reduced or PHE-free amino acid mixtures 
(medical foods, “formulas”) is effective in preventing severe 
mental retardation associated with untreated classical PAH 
deficiency. Over time, subtle intellectual and neuropsychiatric 
issues may manifest even with treatment. In addition, patients 
treated from the early weeks of life with initial good metabolic 
control, but who lose that control in later childhood or adult 
life, may experience both reversible and irreversible neuro-
psychiatric consequences. Even severely intellectually disabled 
adults with late-diagnosed PAH deficiency show improvements 
in challenging behavior with lowering of blood PHE levels.4 
Pregnancy presents a particular problem in women with PAH 
deficiency; as high levels of PHE are toxic to the brain of the 
developing fetus and, along with other teratogenic effects, result 
in a defined maternal PKU (MPKU) syndrome.

PAH deficiency is an autosomal-recessive disorder. The gene 
is located on chromosome 12q23.1. More than 500 different 

mutations in the PAH gene have been described;5 most are point 
mutations, but deletions, duplications, and insertions are also 
observed. Most missense mutations result in abnormal folding of 
the PAH protein, increased protein turnover, and/or decreased 
activity. Although genotype–phenotype correlations are imper-
fect, genotype is clearly the best clinically available predictor of 
severity in PAH deficiency; siblings tend toward similar degrees 
of enzyme deficiency and dietary PHE tolerance. In compound 
heterozygotes, the less severe mutation tends to determine 
the clinical severity of disease.6 PAH deficiency is common in 
Caucasians in whom the overall incidence is 1 in 10,000 live 
births;7 it is particularly common in Ireland and Turkey where 
the incidence is 1 in 4,500 and 1 in 2,600, respectively.

metHOds And PROcess
Evidence review for this guideline relied upon two indepen-
dent review processes described previously. The first was a 
NIH consensus conference held in 2000.1 The second review 
was performed by the Agency for Healthcare Research and 
Quality (AHRQ) as a precursor to a more recent NIH confer-
ence (March 2012).8 Please see the Supplementary Material 
online for additional details. Key questions addressed by 
the AHRQ are contrasted with those in the NIH review in 
Supplementary Table 1 online. To complete the literature 
review, papers published in MEDLINE between the time of 
the most recent AHRQ review and the date of the work group 
meeting (September 2012) were searched for any reference to 
PKU or phenylketonuria. Eighty additional references were 
found and reviewed face to face by the working group. The 
working group worked by teleconference (weekly) to prepare 
the guideline outline, discuss levels of evidence, and initial 
recommendations. To assemble the final guideline, working 
group members met in person to review both of the prior evi-
dence review documents, along with more recent literature 
abstracted following the AHRQ review. To formulate recom-
mendations, each component of the guideline was discussed 
individually, and a consensus recommendation regarding 
these guidelines was made based on agreement of 75% of the 
working group.

Level of evidence and recommendations were assigned 
according to the Scottish Intercollegiate Guideline Network 
(SIGN; http://www.sign.ac.uk/), an evidence-based protocol for 
evaluating the medical literature on clinical therapy and trials 
and grading treatment recommendations based on that litera-
ture. Except for the use of sapropterin (where the evidence level 
is 1 and a recommendation SIGN grade of A could be assigned), 
available evidence is primarily level 3 or 4 and all recommenda-
tions are of grade C or D. Due to the limited utility of such a 
skewed grading system for our purposes, these grades will not 
be further emphasized in the remainder of this document.9

nBs And diAGnOstic testinG
newborn screening
With development of the bacterial inhibition assay for PHE 
using blood samples collected on filter paper cards for sample 
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procurement and transport, it became possible to establish NBS 
programs for PAH deficiency.10 Screening is now done using 
tandem mass spectrometry (MS/MS).11 Elevated PHE concen-
trations in blood spots can be quantified as early as 24 h after 
birth, and tyrosine (TYR) concentrations can be used to cal-
culate a PHE:TYR ratio. The distinction between PAH defi-
ciency and generalized aminoacidemia is made with detection 
and quantitation of additional amino acids in the screening 
panel. As part of NBS for multiple inborn errors of metabo-
lism, MS/MS NBS for PAH deficiency has been shown to be 
cost beneficial.12

Although MS/MS-based NBS is far more accurate in deter-
mining blood PHE concentration than older screening meth-
ods, observation of an elevated PHE level is nonspecific and 
does not definitively indicate that PAH deficiency is present. 
Most NBS laboratories determine their own cut-off levels above 
which a test is considered to be positive and requires further 
evaluation. An international database of 133 contributing labo-
ratories reports a mean cutoff for PHE of 130 µmol/l (with a 
range of 65–234 µmol/l) and a PHE:TYR ratio >3 as abnormal.13 
Elevated levels should trigger further evaluation, and assess-
ment should include tests to identify defects in BH4 synthesis 
or regeneration. Further guidance on follow-up of an abnormal 
NBS test for PHE can be found in the ACMG ACT sheets for 
newborns along with confirmatory testing algorithms (www.
acmg.net).

diagnostic testing
Plasma amino acid analysis is the standard method for confirm-
ing elevated PHE in newborns having a positive NBS. Samples 
are typically taken before dietary PHE restriction is initiated. 
The analysis should quantify PHE, PHE:TYR ratio and com-
plete amino acid profile. As it may take several days before the 
NBS results are known, newborns who have PAH deficiency 
typically have plasma PHE concentrations on confirmatory 
testing that are increased over the original sample and greater 
than the upper limit of normal for newborn plasma without any 
indication of generalized aminoacidemia.14

cofactor deficiency testing
Disorders of BH4 synthesis and regeneration should be evalu-
ated in all newborns with elevated PHE on NBS.15 Pterins 
must be measured in urine or blood.16 As this will not detect 
all disorders of tetrahydrobiopterin metabolism, erythrocyte 
dihydropterin reductase should be measured on whole blood 
spotted on filter paper. A quantitative assay for urinary neop-
terin and biopterin can confirm results obtained from the fil-
ter paper samples.15 Reference values are available for different 
age groups.17 Abnormal pterin levels and ratios should prompt 
enzyme testing for possible deficiencies of: GTP cyclohydro-
lase, 1,6-pyruvoyl-tetrahydrobiopterin synthetase, dihydrop-
teridine reductase, or pterin carbinolamine-4α-dehydratase. In 
addition, there are other defects in the pterin generation/regen-
eration pathway that do not manifest with elevated PHE and are 
not detected by NBS as currently performed.

PAH activity
Enzymatic activity for PAH is detectable in hepatic and renal 
tissues only and is not appropriate for either screening or diag-
nostic testing.

Genotyping
The human PAH gene is located at chromosome 12q23.1, span-
ning ~100 kb and is composed of 13 exons. Only about 25% 
of the human PAH genotypes are homoallelic, which makes 
genotype/phenotype correlations difficult. Over 600 muta-
tions have been described (see http://www.ncbi.nlm.nih.gov/
books/NBK1504/). PAH deficiency is a multifactorial disorder 
requiring both exposure to dietary PHE and genetic deficiency 
of PAH activity. Individuals with similar mutant PAH geno-
types may have disparate phenotypes. That said, an individual’s 
specific PAH genotype is still the major determinant of meta-
bolic phenotype.18,19 Mutation analysis should be obtained for 
all infants with elevated PHE to provide information that may 
affect the extent of dietary PHE restriction and the likelihood of 
response to cofactor (BH4; sapropterin) supplementation, with 
submission of results to the PAH databases.20–23

initiAtiOn OF tHeRAPY
Initiation of treatment for PKU should be undertaken as early 
as possible, preferably within the first week of life with a goal of 
having blood PHE in the treatment range within the first 2 weeks 
of life. Upon diagnosis, blood PHE level should be lowered into 
the desired treatment range as quickly as possible. Depending 
on the initial blood PHE levels, PHE may be excluded from the 
diet until levels approach the treatment range followed by ini-
tiation and titration of a PHE-restricted diet.1 Breastfeeding is 
often possible in combination with medical formula. Early ini-
tiation of treatment requires prompt NBS, follow-up, and diag-
nostic testing; open communication between the family and the 
primary care provider; and access to appropriate specialty care.

Infants whose blood PHE levels exceed 600 µmol/l require 
treatment.24 Many treatment centers in North America now initi-
ate treatment at a PHE level of 360 µmol/l or higher; however, the 
evidence regarding clinical outcome in untreated patients with 
blood PHE levels between 360 and 600 µmol/l is mixed, with 
some studies demonstrating normal outcomes and others show-
ing subtle neurocognitive deficits.25–28 More research is needed 

KeY POints
•	 NBS	for	PAH	deficiency	in	the	United	States	is	now	primarily	
performed	by	tandem	mass	spectrometry.

RecOmmendAtiOns
•	 Quantitative	blood	amino	acids	should	be	performed	as	part	
of	the	diagnostic	testing	for	follow-up	of	a	positive	NBS;

•	 Additional	testing	is	needed	to	define	the	cause	of	elevated	
blood	PHE	and	should	include	analysis	of	pterin	metabolism;

•	 PAH	genotyping	is	indicated	for	improved	therapy	planning.
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to inform decisions regarding treatment of individuals with PHE 
levels in this category. Given the potential risk for neurocogni-
tive consequences, treatment of infants with sustained blood 
PHE levels >360 µmol/l is recommended following appropriate 
review of the controversy with parents. While a threshold for the 
adverse effects of elevated blood PHE has not been proven, treat-
ment for infants with PHE levels between 120 and 360 µmol/l 
is not recommended, although these individuals should be fol-
lowed for the first 2 years of life (at minimum) to ensure that 
levels do not drift upward with higher protein intake. If treatment 
is not required before 2 years of age, monitoring on an annual or 
biennial basis is adequate for subsequent assessment.

dietARY tHeRAPY
nutrient requirements in PAH deficiency
Dietary therapy with restriction of dietary PHE intake remains 
the mainstay of therapy for PAH deficiency, requiring a 
decrease in the intake of natural protein and replacing it with a 
protein (amino acid mixture) source devoid of PHE. An expe-
rienced metabolic physician and nutritionist team should man-
age this therapy. Infants newly diagnosed with PAH deficiency 
should be followed in clinic and have blood levels monitored 
frequently until PHE levels have stabilized. Because foods 
normally consumed as protein sources contain other essential 
nutrients, it is important that a diet modified for PAH defi-
ciency provides sources for all other nutrients necessary for 
normal growth and health maintenance. Detailed dietary man-
agement of PAH deficiency is described in the accompanying 
nutrition recommendations authored by the Genetic Metabolic 
Dietitians International and Southeast Regional Newborn 
Screening and Genetics Collaborative.29 The dietary reference 
intakes for the general population are modified for individu-
als with PAH deficiency by adding specific recommendations 
for PHE, TYR, and protein (Table 1; see companion paper 
from the Genetic Metabolic Dietitians International/Southeast 
Regional Newborn Screening and Genetics Collaborative 
for references). The wide ranges given for PHE intake reflect 
the influence of many factors on PHE requirements, includ-
ing residual PAH deficiency activity, patient age, growth rate, 
 sapropterin-responsiveness, etc. In all cases, blood PHE level 
is the final determinant of modification of dietary PHE intake.

medical foods for PAH deficiency
Except in the mildest forms of PAH deficiency, the degree 
of PHE (and protein) restriction in a natural diet altered to 
achieve lowered blood PHE levels will result in inadequate 
protein to support normal growth and health unless a PHE-
free, amino acid-based medical food is consumed to supple-
ment protein, calories, and other nutrients. Low-protein–
modified foods and PHE-free medical food beverages are 
medically necessary for patients with PAH deficiency and 
should be regarded as medications. Products containing 
a PHE-free amino acid mixture have long been the main-
stay of dietary therapy for PAH deficiency and are designed 
to meet established dietary requirements, as well as cater 

to individual needs and preferences (i.e., taste and consis-
tency). Glycomacropeptide, a natural by-product of cheese 
production, has a very low PHE content so several medi-
cal food products have recently been developed using it as a 
protein source.30 The availability of a variety of medical food 
products gives patients and their providers many options to 
facilitate compliance with dietary PHE restriction; however, 
medical food choices may also impact nutritional status, 
reinforcing the need for careful monitoring.

Modified low-protein foods are another category of medi-
cal foods important to PAH-deficiency diet management as an 
important source of calories and to provide satiety to patients 
on low protein and PHE-restricted meals. Many of these foods, 
such as baked goods and pastas, are prepared with starches from 
wheat and other grains to reduce the protein (and PHE) con-
tent normally derived from flour. Modified low-protein foods 
that mimic higher protein foods help to increase dietary variety 
and help to normalize the look of the low PHE diet. Access to 
these low protein foods is a challenge as they are more costly 

table 1 GMDI/SERC recommended intakes of PHE, TYR, 
and protein for individuals with PAH deficiency

Age
PHe  

(mg/day)
tYR  

(mg/day)
Proteina  
(g/kg)

Infants	to	<4	yearb

	 0	to	<3	monthsc 130–430 1,100–1,300 3–3.5

	 3	to	<6	months 135–400 1,400–2,100 3–3.5

	 6	to	<9	months 145–370 2,500–3,000 2.5–3

	 9	to	<12	months 135–330 2,500–3,000 2.5–3

	 1	to	<4	yearsd 200–320 2,800–3,500 ≥30

4	years	to	adulte

	 4	years	to	adult 200–1,100e 4,000–6,000 120–140%	
RDA	for	agef

Pregnancy/lactationg

	 Trimester	1 265–770 6,000–7,600 ≥70

	 Trimester	2 400–1,650 6,000–7,600 ≥70

	 Trimester	3 700–2,275 6,000–7,600 ≥70

	 Lactationh 700–2,275 6,000–7,600 ≥70

DRI,	dietary	reference	intakes;	GMDI,	Genetic	Metabolic	Dietitians	International;	
PAH,	phenylalanine	hydroxylase;	PHE,	phenylalanine;	PKU,	phenylketonuria;	RDA,	
required	daily	allowance;	SERC,	Southeast	Regional	Newborn	Screening	and	
Genetics	Collaborative.
aProtein	recommendations	for	individuals	consuming	PHE-free	amino	acid-based	
medical	foods	as	part	of	their	protein	source.	bRecommended	intakes	for	infants	
and	children	<4	years	of	age	are	for	individuals	with	a	severe	form	of	PAH	deficiency	
treated	with	a	PHE-restricted	diet	alone.	Recommendations	for	energy	and	fluid	
intakes	do	not	differ	from	normal	population.	cPHE	requirements	for	premature	infants	
with	PAH	deficiency	may	be	higher.	dPHE	tolerance	is	usually	stable	by	2–5	years	of	
age	as	PHE	requirements	are	based	on	a	combination	of	size	(increasing	with	age)	and	
rate	of	growth	(decreasing	with	age).	For	any	individual	PHE	intake	is	adjusted	based	
on	frequent	blood	PHE	monitoring.	eRange	of	PHE	intake	is	for	entire	spectrum	of	
PAH	deficiency	(mild	to	severe).	fRecommended	protein	intake	greater	than	the	RDA	is	
necessary	to	support	normal	growth	in	PAH	deficiency.	gRecommendations	are	slightly	
higher	for	pregnant	women	≤19	years	of	age.	hDRI	recommend	that,	for	all	women,	
nutrient	intake	during	lactation	be	the	same	as	during	the	third	trimester	of	pregnancy.

From	Ref	29.
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than their higher protein, nonmodified counterparts and this 
cost may not always be covered by third-party payers.

Goals and monitoring of therapy
Dietary manipulation required to maintain appropriate blood 
PHE levels needs frequent modification to respond to growth, 
life stages, concurrent illness, and comorbidities. It is impor-
tant to monitor blood PHE and TYR levels and to ensure that 
other nutritional requirements are also being met.31 Essential 
fatty acid and vitamin/mineral status is of special concern in 
patients consuming medical foods that may not contain appro-
priate amounts for their individual circumstances.

Blood PHE levels in all patients should be maintained in the 
range of 120–360 µmol/l. At present, there is no evidence to 
suggest that normalization of blood PHE levels is required, but 
levels in the range of 60–120 µmol/l should not be regarded as 
“too low,” particularly in the patient whose PHE intake is not 
severely restricted. Adequate monitoring of blood PHE levels in 
such patients should eliminate any potential risk associated with 
prolonged low (<30 µmol/l) blood PHE levels. The measure of 
PHE levels in blood varies dependent on the analytical method 
used; therefore, consistency of testing methodology is important 
for comparison over time.32 Newly diagnosed infants should be 
seen in clinic frequently with PHE and TYR testing until the 
PHE levels are stabilized. Subsequently, blood PHE levels should 
be monitored at least weekly until age 1 with increased surveil-
lance during periods of rapid growth and transitions of diet, 
such as with the introduction of solid foods. After 1 year of age 
and until 12 years of age, biweekly to monthly sampling is often 
adequate. In adolescents and adults who are stable and well con-
trolled, monthly testing may be adequate. In addition, plasma 
amino acids (full panel), transthyretin, albumin, complete blood 
count, ferritin, 25-OH vitamin D, vitamin B12, red blood cell 
essential fatty acids, trace minerals (zinc, copper, and selenium) 
vitamin A, comprehensive metabolic panel, and folic acid test-
ing should be considered when a formal nutritional assessment 
suggests suboptimal dietary intake or over-reliance on nutri-
tionally incomplete medical foods. Bone mineralization may be 
suboptimal due to the low intake of calcium from natural dairy 
sources in a protein-restricted diet. The utility of routine DEXA 
scans to monitor bone density has not yet been established.33

PHARmAcOtHeRAPY
In 2007, the first pharmacologic agent for the treatment of PAH 
deficiency, sapropterin dihydrochloride, was approved by the US 
Food and Drug Administration. Sapropterin (Kuvan, BioMarin 
Pharmaceutical, Novato, CA) is a synthetic form of the natu-
rally occurring cofactor, tetrahydrobiopterin.19,34 Although not 
deficient in endogenous tetrahydrobiopterin, some patients 
with PAH deficiency who have some residual enzyme activity 
respond to administration of sapropterin with an increase in the 
metabolism of PHE to TYR. The mechanism by which residual 
PAH activity enhanced is unclear, but BH4 may act as a pharma-
cologic chaperone leading to improved folding and increased 
stability of the mutant protein. Approximately 25–50% of the 

patients with PAH deficiency are sapropterin-responsive.19,35–37 
Patients with mild PAH deficiency are most likely to respond 
because some stable protein is required for sapropterin to func-
tion; nonetheless, responsive patients are identified even among 
those with complete PAH deficiency. Genotype may be predic-
tive of sapropterin response, but genotype-phenotype correla-
tions thus far are imperfect.19 Therefore, every PAH-deficient 
patient should be offered a trial of sapropterin therapy to assess 
responsiveness except those with two null mutations in trans.

Sapropterin is given typically once a day at a dose of 5–20 mg/
kg. The most commonly used dose used for initiation and main-
tenance is 20 mg/kg.38,39 During clinical trials, no serious side 
effects of sapropterin were identified.19,34 Before routine treat-
ment with sapropterin is initiated, a test should be conducted 
to determine if the patient is responsive.39 While testing is typi-
cally done in Europe at the time of initial diagnosis, this is not 
the practice in the United States. If testing is to be done in early 
infancy, it is recommended that blood PHE levels first be lowered 
to 480–600 µmol/l.16 Sapropterin has been used under the age of 
4 years in PAH deficiency and in patients with biopterin synthesis 
defects.36,40 Sapropterin responsiveness is commonly determined 
by obtaining a baseline blood PHE level on the day the medica-
tion is initiated (baseline) and then starting the patient on a single 
daily dose of sapropterin at 20 mg/kg. Additional blood PHE lev-
els are then obtained at regular intervals, usually at 24 h, 1 week, 2 
weeks, and in some cases, 3 or 4 weeks. Testing at doses <20 mg/
kg underestimates the response rate and is not recommended. 
A significant decline in blood PHE is expected in respond-
ers once treatment is initiated with the assumption that the diet 
remains stable throughout the testing period. Clinical judgment is 
required to determine what constitutes a significant or beneficial 
decline in an individual patient, but 30% is often cited in the lit-
erature as evidence of effective PHE reduction. Most sapropterin-
responsive patients have a rapid decline in blood PHE level, but 
occasionally a delay of 2–4 weeks is seen. Patients with a baseline 
PHE level at the lower end of the treatment range (180 μmol/l or 
lower) rarely show a significant decline in blood PHE level, even 
if they are sapropterin-responsive. In these patients, responsive-
ness must be determined by adding additional PHE to the diet in 
a stepwise fashion to determine if an increase in PHE tolerance is 
achieved, i.e., maintenance of low blood PHE levels on increased 
dietary PHE.41 An improvement in neuropsychiatric symptoms 
or increase in PHE tolerance without a decrease in blood PHE in 
any patient constitutes sufficient justification to continue therapy. 
For patients who are able to maintain blood PHE levels in the 
desired range with dietary treatment alone, the major benefit of 
treatment with sapropterin is that it increases dietary protein and 
PHE tolerance in responsive patients, allowing for the inclusion of 
more natural protein in the diet. In some patients, the increase in 
dietary PHE can be substantial (two- to threefold over baseline) 
and has an impact on quality of life. For most sapropterin-respon-
sive patients, the benefits of treatment are such that long-term 
therapy with sapropterin should be maintained.

Large neutral amino acids (LNAA) have been proposed as a 
therapy for PAH deficiency based on their ability to block uptake 
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of PHE (which is a large neutral amino acid) from the intestine 
and at the blood–brain barrier. A single clinical trial demon-
strated reduction of blood PHE by ~40% following substitution 
of a standard low PHE medical food with one supplemented 
with LNAA at a dose of 0.5 or 1.0 g/kg of body weight.42 Larger 
trials are necessary to substantiate this finding, to demonstrate 
an effect on symptoms unrelated to PHE level, and to determine 
long-term safety. Treatment with LNAA is currently limited to 
older patients (adolescents and adults) and should be avoided in 
pregnant women due to a limited understanding of their effects 
on fetal growth and the developing central nervous system of the 
fetus. Furthermore, LNAA are contraindicated as monotherapy 
in pregnant women because LNAA therapy does not sufficiently 
lower blood PHE to the range that is safe for fetal development.

It is likely that other pharmacologic agents will ultimately 
become available to treat PKU. The compound closest to clinical 
use is polyethyleneglycol-conjugated phenylalanine ammonia 
lyase (PEG-PAL), which entered phase III clinical trials in 2013. 
It appears to be effective in lowering blood PHE levels, even in 
patients on a completely unrestricted diet. It is administered as 
a daily subcutaneous injection and metabolizes blood PHE by a 
mechanism independent of PAH and so would be theoretically 
effective in any patient with PAH deficiency.43 Immunologic 
reactions were reported in the phase II trial. Phenylalanine 
ammonia lyase is a bacterial enzyme that degrades PHE to trans-
cinnamic acid; trans-cinnamic acid and its final product, ben-
zoic acid, are conjugated with glycine and excreted in the urine.

Eventually, treatment of PAH deficiency will be individual-
ized with multiple medications and alternative medical foods 
available to tailor therapy. The primary goal of therapy should 
be to lower blood PHE, and any interventions, including medi-
cations, or combination of therapies that help to achieve that 
goal in an individual, without other negative consequences, 
should be considered appropriate therapy. Secondary goals 
should include improved dietary PHE tolerance, amelioration 
of symptoms, and improved quality of life. Effects of adjuvant 
therapies on PHE tolerance require continued careful clinical 
and laboratory monitoring.

tReAtment FOR LiFe
There is strong evidence to support the position that treatment 
and maintenance of metabolic control throughout life is essen-
tial to optimal functioning of individuals with PAH deficiency. 
While intellectual disability does not occur in patients who are 
well controlled in infancy and childhood, a variety of adverse 
neurocognitive and psychiatric outcomes, including deficits 
in executive functioning and psychiatric symptoms such as 
anxiety, depression, and phobias can develop later in life when 
there is relaxation of PHE control.44–49 These later effects can 
be disabling and can result in a lower overall level of educa-
tional attainment and socioeconomic status.50,51 Furthermore, 
these symptoms make it increasingly difficult for a patient with 
PAH deficiency to return to metabolic control, since adherence 
to treatment requires tasks such as planning and organization 
that rely on intact executive functioning abilities. Therefore, it is 
recommended that patients be maintained in metabolic control 
as they move into adulthood. As the clinical spectrum of PAH 
deficiency is broad, and the needs of patients vary considerably 
throughout life, it is essential that treatment be tailored to the 
individual patient.

Historically, liberalization of the PHE-restricted diet and 
relaxation of PHE control was allowed. As more informa-
tion has accumulated regarding effects of elevated PHE levels 
on brain function, this practice is no longer acceptable.52 This 
guideline recommends that blood PHE levels be maintained in 
the range of 120–360 µmol/l in patients of all ages. While pub-
lished evidence of harm associated with treated PHE levels in 
the range of 360–600 µmol/l has been inconsistent, there is no 
convincing evidence that these levels are without clinical effect. 
It is also unknown if adults with PHE levels of 360–600 µmol/l 
without PHE restriction require therapy. With improvements in 
the treatment of PAH deficiency, and more therapeutic options 
emerging to facilitate reduction in blood PHE levels, the goal 
should be sustained blood PHE control for the next generation 
of patients with this condition.

Patients with PAH deficiency who were treated in early life 
but in whom treatment has ceased represent a major thera-
peutic challenge. Many of these patients no longer have con-
tact with a treatment clinic, and some are unaware that they 
have a disorder for which lifelong treatment is recommended. 
Affected individuals may have a limited understanding of the 
nature of PAH deficiency and lack knowledge of advances in 
dietary treatment and availability of pharmacologic therapy. 
They may also have significant neurocognitive deficits and be 
unaware that these issues are related to their diagnosis of PAH 
deficiency. This guideline recommends that clinics make every 
effort to contact these “out-of-clinic” patients and encourage 
their return to treatment.

Patients with late-treated PAH deficiency and severe cogni-
tive impairment also represent a special challenge. While it 
is unlikely that there will be improvement in cognitive abili-
ties even if dietary treatment successfully reduces blood PHE, 
there is anecdotal evidence suggesting that patients may exhibit 
improvements in behavior, psychiatric symptomatology, and 

KeY POints
•	 Sapropterin	is	currently	the	only	FDA-approved	medication	
for	the	treatment	of	PAH	deficiency	and	may	be	useful	 in	
reducing	PHE	levels	in	responsive	patients;

•	 Experience	 with	 sapropterin	 under	 the	 age	 of	 4	 years	 is	
limited;

•	 Response	to	sapropterin	is	not	accurately	predicted	by	gen-
otype	and	thus	should	be	documented	by	formal	testing.

RecOmmendAtiOns
•	 Any	combination	of	therapies	that	facilitate	improvement	in	
blood	PHE	levels	for	a	given	individual	is	appropriate;	thera-
pies	may	be	combined	and	should	be	individualized;

•	 Reduction	of	blood	PHE,	increase	in	dietary	PHE	tolerance,	
or	improvement	in	clinical	symptoms	are	all	valid	indications	
for	continuation	of	therapy.
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seizure control.4 Therefore, a trial of treatment is justified in 
such patients. If desired, a sapropterin response test can be 
conducted while the patient is on an unrestricted diet. If no 
response is demonstrated, or if dietary interventions are pre-
ferred, stepwise dietary changes should be made until the blood 
PHE level is brought under control. Treatment for a mini-
mum of 6 months is recommended with blood PHE monitor-
ing and careful observation by family members or caretakers. 
Discontinuation can be considered if no positive benefits are 
demonstrated after that time.

Girls and women in whom no treatment has been initiated 
but who have persistent blood PHE levels between 360 and 600 
µmol/l should receive continued monitoring and education, 
as they will require treatment prior to and during pregnancy. 
Ongoing interaction with clinics is recommended to reduce 
attrition and to facilitate initiation of diet and medical food in 
anticipation of pregnancy.

mAteRnAL PAH deFiciencY
The success of NBS for PAH deficiency leading to improved 

outcomes has led to an increasing number of women with this 
disorder bearing children. The teratogenic effects of PHE on the 
developing fetus, termed MPKU syndrome, refers to the physi-
cal and cognitive effects on the fetus of in utero exposure to 
elevated PHE levels including microcephaly, poor fetal growth, 
congenital heart defects (CHD), nonfamilial facial features, 
and intellectual disability.53 Since the identification of MPKU 
syndrome, concerns have been raised regarding the degree to 
which inadequate maternal treatment could negate the positive 
societal and economic effects of early identification through 
NBS.53 Approximately 65% of PAH-deficient mothers have 
poorly controlled PHE before 8 weeks gestation.54

clinical features
Intellectual disability is the most consistent feature of the 
MPKU syndrome, occurring in >90% of the children born to 
women who never achieve PHE control during their pregnancy. 
Data from the MPKU study compiled by the AHRQ identified a 
threshold of maternal PHE at 360 µmol/l, above which there is a 
linear relationship between maternal PHE level and decreasing 
cognitive outcomes in offspring. There is emerging evidence of 

adverse behavioral outcomes, including externalizing behav-
iors, in children born to women with suboptimal PHE control 
during pregnancy.55 Microcephaly is the most common fetal 
malformation associated with elevated maternal PHE levels 
during gestation. The incidence of microcephaly increases to 
5–18% with achievement of control by 10 weeks gestation and 
steadily increases to 67% if PHE control is not achieved by 30 
weeks gestation.56 The increased risk of CHD is related to the 
timing of fetal cardiac development and maternal PHE control. 
As the fetal heart develops prior to 8–10 weeks of gestation, 
consistently elevated maternal PHE (>600 µmol/l) during early 
gestation is associated with an increased risk of malformations 
of between 8 and 12%. Risks for CHD may also be increased 
in individuals due to poor protein intake and vitamin B12 defi-
ciency.56 The incidence of intrauterine growth retardation is 
not increased if PHE control is achieved by 10 weeks gestation; 
however it increases with later onset of PHE control.57

Additional attention should be paid to women with PAH 
deficiency who have themselves had poor PHE control 
throughout their lives. Lower maternal IQ, <85, is associated 
with later achievement of gestational PHE control and poorer 
fetal outcomes, although when optimal PHE control is achieved 
in mothers irrespective of their IQ, the fetal outcomes are 
improved.57

management during pregnancy
PHE is transported across the placenta and results in fetal 
levels that are higher than maternal blood levels. Current 
data support a goal for maternal PHE levels of 60–360 
µmol/l, though international recommendations recommend 
maintenance of PHE <240 µmol/l.58 Although studies have 
shown that PHE levels as low as 100 µmol/l are safe during 
gestation, there are concerns that persistently low maternal 
PHE levels, especially during the second and third trimes-
ters, may be associated with an increased risk of IUGR.57 The 
adverse effects of elevated PHE on the developing fetus war-
rant increased attention and intervention during gestation, 
with emphasis on preconception control as optimal. Women 
who become pregnant without appropriate PHE control 
will need significant support to attain PHE levels within the 

KeY POints
•	 Patients	who	have	discontinued	 therapy	will	 likely	 experi-
ence	neuropsychological	improvements	with	reinstitution	of	
therapy;

•	 Patients	with	late	or	untreated	PAH	deficiency	may	benefit	
from	institution	of	therapy.

RecOmmendAtiOns
•	 Treatment	for	PAH	deficiency	should	be	lifelong	for	patients	
with	untreated	PHE	levels	>360	µmol/l;

•	Maintaining	a	treated	PHE	level	of	120–360	µmol/l	is	recom-
mended	for	all	patients	of	all	ages.

KeY POints
•	 Fetal	development	is	optimal	when	maternal	PHE	levels	are	
<360	µmol/l	prior	to	conception;

•	 There	 is	a	 linear	relationship	between	maternal	PHE	levels	
>360	 µmol/l	 throughout	 gestation	 and	 lower	 IQ	 of	 the	
developing	fetus;

•	 Elevated	blood	PHE	levels	in	the	first	8–10	weeks	of	gesta-
tion	are	associated	with	an	increased	risk	of	CHD	and	poor	
fetal	growth.

RecOmmendAtiOns
•	 Achievement	of	maternal	PHE	 levels	<360	µmol/l	prior	 to	
conception	is	recommended.
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recommended therapeutic range in a timely fashion. This 
may require intensive intervention, including hospitalization, 
to initiate dietary control. Not all medications and dietary 
supplements available for use in individuals with PAH defi-
ciency are suitable for use during pregnancy. Specifically, 
LNAA should not be used during pregnancy, as they do not 
consistently alter maternal blood PHE levels. Sapropterin 
is a class C medication and may be used during pregnancy 
when the effects of not using it outweigh its potential adverse 
effects. There is no evidence of sapropterin-associated terato-
genicity or adverse pregnancy effects, and anecdotal reports 
of successful pregnancy outcomes with its use are increas-
ing. Given the known adverse effects of elevated maternal 
PHE on pregnancy outcomes, it is the recommendation of 
this guideline that women taking sapropterin who become 
pregnant should be offered the option of remaining on the 
medication, and women who may benefit from sapropterin 
be offered the option of using it during pregnancy. Ideally, 
sapropterin response should be determined prior to preg-
nancy to avoid fluctuations in PHE levels or difficulty in 
interpretation of responsiveness. Longitudinal data on preg-
nancy outcomes with and without sapropterin use should be 
collected (AHRQ Report).8

All routine prenatal care is recommended for women with 
PAH deficiency. Elevated maternal PHE levels do not affect 
values for routine maternal serum screening testing for other 
conditions. Fetal growth should be monitored throughout 
gestation. Early pregnancy dating using ultrasound is rec-
ommended due to concerns about later development of 
intrauterine growth slowing and the possibility of micro-
cephaly. A screening ultrasound for fetal anomalies is also 
recommended. Fetal echocardiography should be performed 
at 18–22 weeks gestation. Maternal PHE requirements 
change significantly throughout gestation necessitating fre-
quent testing and diet adjustments. Dietary over-restriction 
should be avoided as inadequate protein and calorie intake 
can contribute to increased maternal PHE levels. Abnormal 
TYR levels have not been associated with adverse infant out-
comes.59 Vitamin and mineral intake should be monitored 
as standard prenatal vitamins taken with medical foods for 
PAH-deficiency treatment may provide excessive vitamin A, 
which is associated with birth defects. Decreased intake of 
vitamin B12 may contribute to an increased risk of CHD.56 
Please see the accompanying Genetic Metabolic Dietitians 
International document for details on available supplements 
and recommended monitoring.29

Postpartum maternal PHE requirements will decrease from 
the increased anabolic requirements of the third trimester, and 
careful metabolic and nutritional monitoring should continue. 
Use of medical food may provide the increased calories and 
protein required to support breastfeeding (640 kcal/day and 
25 g protein/day). There are no contraindications to breastfeed-
ing, as infants unaffected by PAH deficiency are able to metabo-
lize the slightly higher PHE levels in their mother’s breast milk 
without difficulty.60,61

Genetic cOUnseLinG
PAH deficiency is inherited in an autosomal-recessive man-
ner; affected individuals inherit two mutations in the PAH 
gene, one from each parent. There is a 25% recurrence risk 
for an affected offspring of carrier parents and a carrier 
risk of 2/3 for each unaffected full sibling. There are eth-
nic   differences in the population frequency of PAH defi-
ciency, and calculated carrier risk estimates are available for 
several  specific populations.7 Because of the dynamic nature 
of families and emotional, developmental, and psychological 
issues common in individuals with PAH deficiency, genetic 
counseling should be an ongoing process throughout the 
lifespan.

carrier testing
Identification of carriers for PAH deficiency (carrier testing) is 
most accurate when the genotype of the affected family mem-
ber is known and targeted testing for the known familial muta-
tion is performed. This can provide close relatives with a clear 
indication of whether they have an increased risk of being a car-
rier. Targeted mutation analysis will not detect other mutations 
in PAH. Population-based carrier testing is not widely avail-
able, although several more common PAH-deficiency alleles 
are included in at least one of the emerging Universal Genetic 
Testing panels that are commercially available.62 Genetic coun-
seling is important to adequately inform couples of their resid-
ual risk.

Prenatal testing
Prenatal diagnosis for PAH deficiency is only available using 
DNA-based methodologies. Consideration should be given 
to preconception and prenatal screening for PAH defi-
ciency (obtaining a blood PHE level) for women who have 
already had one or more children with features suggestive 
of MPKU syndrome, who have immigrated from countries 
without universal NBS, who were born prior to the initia-
tion of universal NBS in their countries, or for women with 
unexplained intellectual disabilities. Determination of fast-
ing plasma or whole blood PHE and TYR concentrations 
is widely available; interpretation of results can depend on 
maternal factors such as menstrual cycle timing, contracep-
tive medication use, and gestational age.63

RecOmmendAtiOns
•	 LNAA	are	not	recommended	for	use	during	pregnancy;
•	 Sapropterin	is	a	class	C	medication	and	may	be	used	during	
pregnancy	following	discussion	of	the	benefit	and	risks	to	
mother	and	fetus;

•	 Routine	 prenatal	 care	 and	 monitoring	 should	 be	 supple-
mented	by	close	monitoring	of	fetal	growth	and	assessment	
for	fetal	CHD	by	a	high-risk	obstetrics	group;

•	Mothers	with	PAH	deficiency	may	safely	breastfeed;
•	Mothers	 with	 PAH	 deficiency	 should	 maintain	 a	 PHE-
restricted	diet,	including	use	of	medical	foods,	postpartum	
for	optimal	maternal/infant	outcomes.
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neUROcOGnitiVe And PsYcHOLOGicAL 
OUtcOmes

intelligence
Untreated PAH deficiency is associated with intellectual disabil-
ity;64 however, with advances in NBS and treatment, untreated 
PAH deficiency is rare. Nonetheless, much data have been pub-
lished indicating an inverse relationship between PHE levels 
and IQ.64 IQ scores in individuals with PAH deficiency are prin-
cipally related to age of the individual at the time of diet initia-
tion and discontinuation.65 Over the past half-century, IQ has 
served as one of the primary outcome variables for individuals 
with PAH deficiency, not only for monitoring cognitive devel-
opment but also for assessing response to treatment.65 In the 
2000 NIH Consensus Development Conference for PKU, an 
inverse relationship between IQ and PHE levels was described; 
however, no specific recommendations were made about how 
to employ IQ to monitor development or assess response to 
treatment.1 Nonetheless, the recommendation of metabolic 
control for life by the 2000 Consensus Panel was based on the 
data demonstrating a decline in IQ scores with relaxation of 
dietary management.66–68

Much literature on early and continuously-treated PAH 
deficiency reports IQ scores in the average range; however, 
pediatric data suggest that even under these circumstances, 
children with PAH deficiency attain IQ scores that are six to 
nine points lower than their siblings and parents.69,70 Even in a 
non–PAH-deficient population, IQ scores only partially corre-
late with school grades and academic achievement,71 and there-
fore further assessment beyond IQ testing is needed for full def-
inition of functional outcomes of management and treatment.69 
Notably, although studies have not been uniform, deficits in 
executive function in individuals with PAH deficiency are con-
sistent enough to warrant special attention.27,72–83

Psychological issues
While many individuals with PAH deficiency do not receive psy-
chiatric disorder diagnoses, elevated rates of psychiatric symp-
toms, especially anxiety and depression, are common.65,66,70,84–86 
Symptom severity correlates with elevation in PHE, and 
reduction of PHE generally results in symptom improvement. 
Numerous studies suggest an increased prevalence of attention 

problems and attention deficit-hyperactivity disorder in PAH 
deficiency; as many as 25% of the children with early-treated 
PAH deficiency receive stimulant medication for treating atten-
tion deficit-hyperactivity disorder as compared with 7% of the 
children with diabetes. There is a need to better characterize 
the prevalence of attention deficit-hyperactivity disorder and 
other psychiatric disorders in PAH deficiency and to assess 
the response of PAH patients to standard pharmacological or 
behavioral interventions.87–89 Additional negative effects have 
emerged in individuals affected with PAH deficiency and their 
families who have been followed long term. These include con-
sequences of a more rigid style of parenting, delayed autonomy 
for affected adults, and difficulties forming adult relation-
ships.64,90 Despite these concerns, early and continuously treated 
patients with PAH deficiency can have a normal health-related 
quality of life.24 

Recommendations for psychological testing
Due to the increased risk for neurocognitive and psychological 
issues in patients with PAH deficiency, regular mental health 
monitoring is warranted. Based on a consensus panel of psy-
chologists, a number of psychological tests are recommended 
as screening tools to identify those in need of further assess-
ment.91 Follow-up testing should be directed by screening test 
results. See Table 2 for recommendations.

tRAnsitiOn tO AdULtHOOd
Transition to adulthood is a high-risk period for individuals 
with PAH deficiency. As for all adolescents, teens with PAH 
deficiency are faced with challenges in maturation including a 
desire for increased independence, peer pressure, and rebellious 
behavior. These difficulties are augmented by the necessity of 
dietary therapy for their chronic disease. When the individual is 
then asked to leave their trusted pediatric medical environment 
and enter an adult setting, there is a risk for loss of metabolic 
control. These patients are also at high risk for being lost to fol-
low up due to gaps in transition and a paucity of adult treatment 
centers. As a result, many pediatric centers continue to follow 

KeY POints
•	 PAH	 deficiency	 is	 inherited	 in	 an	 autosomal	 recessive	
manner;

•	 DNA-based	 carrier	 testing	 of	 at-risk	 family	 members	 is	
available;

•	 There	are	ethnic	differences	in	the	population	incidence	and	
carrier	frequency	of	PAH	deficiency;

•	 Prenatal	diagnosis	for	PAH	deficiency	is	only	available	using	
DNA-based	methodologies.

RecOmmendAtiOns
•	 Genetic	counseling	should	be	provided	as	an	ongoing	pro-
cess	for	individuals	with	PAH	deficiency	and	their	families.

KeY POints
•	 Intelligence	in	patients	with	optimally	treated	PAH	deficiency	
is	in	the	normal	range	but	lower	than	that	in	sib	controls;

•	 The	 incidence	 of	 nonintellectual	 psychological	 symptoms,	
especially	impairment	in	executive	function,	is	increased	in	
PAH	deficiency.

RecOmmendAtiOns
•	 The	 risk	 for	 neurocognitive	 or	 psychological	 symptoms	 in	
PAH	deficiency	is	related	to	age	of	onset	of	therapy,	lifelong	
PHE	levels,	and	adherence	to	treatment.	Age-specific	neuro-
psychiatric	and	cognitive	testing	is	necessary	to	adequately	
assess	clinical	needs;

•	 Appropriate	intellectual	and	mental	health	assessments	are	
an	 important	 component	 of	 care	 for	 individuals	 affected	
with	PKU.
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adult patients (often at pediatric hospitals), which does not fos-
ter independence. A further concern is raised by cost of therapy. 
Young adults are one of the most underinsured age groups in the 
United States.92 In addition, the cost of medical foods may not 
be covered by all insurance plans or other payers, adding a sig-
nificant financial burden to patients who may already have dif-
ficulty with cognitive or executive functioning, impairing their 
ability to navigate the healthcare system. As treatment for life is 
recommended, third-party coverage of medical foods is critical.

Established protocols for transfer to adult centers in other dis-
eases effectively reduce morbidity, and a tool kit for transition 
for individuals with PAH deficiency is available (http://neweng-
landconsortium.org/toolkit/). Transition should be a graduated 
process that begins in childhood and ends in early adulthood, 
allowing a gradual transfer of responsibility to patients and fos-
tering the development of autonomy.93 Establishment of young 
adult or transitioning clinics that share adult and pediatric physi-
cians may aid in this process.94,95 During transition, there should 
be emphasis on pregnancy-related issues for females. This should 
be discussed prior to adolescence and revisited annually. Without 
effective transitional care, many of the advantages gained through 
early treatment of PAH deficiency may be lost.

FUtURe diRectiOns
As one of the longest-studied inborn errors of metabolism, 
PAH deficiency serves as a paradigm for the management 
of similar conditions, with enormous progress made in the 

understanding of this disorder and its treatment over the past 
decades. Asymptomatic newborns are now successfully diag-
nosed and treated, and treatment modalities are expanding to 
include pharmacological interventions. Moreover, large num-
bers of children have transitioned to adulthood, careers, and 
families. However, since the initial cohort of treated adults is 
only now reaching their 50s, there remains much to learn about 
PAH deficiency in older individuals.

PAH deficiency is now recognized as having a spectrum of 
severity with multiple contributing factors leading to ultimate 
outcome. This “paradigm shift” in our outlook on genetic dis-
eases and their treatment began with PAH deficiency, but the 
journey is far from over.96 Looking forward, better tools and 
strategies are required to optimize care for the individual and 
improve long-term outcomes. Better biomarkers are also needed 
to monitor therapy and predict outcome. Current and future 
therapies should be evaluated not only for their ability to lower 
PHE but also for effects on enhancing quality of life for affected 
individuals and their families. Additional studies on treatment of 
individuals at the mildest end of the PAH-deficiency spectrum 
are necessary to define risks of blood PHE levels in the 360–600 
µmol/l range. It is critical for clinicians, scientists, insurers, and 
regulatory agencies to recognize the unique challenges in evalu-
ating new therapies for rare disorders, such as PAH deficiency, 
and to develop novel methods to assess these interventions. An 
additional focus on understanding both genotype-phenotype 
relationships and modifiers of the PAH deficiency will allow 
individualization of therapy. New therapies, including gene 
therapy and hepatocyte transplant, have shown some efficacy in 
animal or limited human trials but require further development 
and validation for routine clinical use. Combination therapy 
including dietary and pharmacologic agents is likely to become 
the norm in PAH deficiency. Blood PHE is the current “gold 
standard” for monitoring treatment but is remote from the pri-
mary organ of interest (the brain). Real time, point-of-care PHE 
monitoring would provide more opportunity to engage patients 
in their own care. Effort should be made to better understand 
the mechanism of neurotoxicity of elevated PHE levels. Data on 

table 2 Recommendations for psychological testing

type of testing Age range Recommended test interval

Developmental	
and	intellectual

<2.5	years Bayley	Scales	of	Infant	and	Toddler	Development—Third	Edition As	clinically	indicated

2.5–6	years Wechsler	Preschool	and	Primary	Scale	of	Intelligence—Third	Edition	 
(WPPSI-III)97,98

Every	3	years	or	as	clinically	
indicated

>6	years Wechsler	Abbreviated	Scale	of	Intelligence—Second	Edition	(WASI-II)99 As	clinically	indicated

Executive	
functioning

>3	years Behavior	Rating	Inventory	of	Executive	Functioning	(BRIEF)100;	self	(age	11	 
and	above),	parent,	and	teacher	report

At	least	every	2–3	years	or	as	
clinically	indicated

Behavioral/
emotional

3–18	years Behavioral	Assessment	Scale	for	Children—Second	Edition	(BASC-2)101;	 
self	(age	8	and	above),	parent,	and	teacher	report

At	least	every	2–3	years	or	as	
clinically	indicated

Adults Beck	Depression	Inventory—Second	Edition	(BDI-II)	and/or	the	Beck	Anxiety	
Inventory	(BAI)102,103

At	least	every	2–3	years	or	as	
clinically	indicated

Adaptive	skills >3	years Adaptive	Behavior	Assessment	System—Second	Edition	(ABAS-II)104 At	least	every	2–3	years	or	as	
clinically	indicated

Adults Adaptive	Behavior	Assessment	System—Second	Edition	(ABAS-II) As	clinically	indicated

KeY POints
•	 Adult-focused	 treatment	 centers	 are	 optimal	 for	 older	
patients	but	are	unavailable	in	many	areas;

•	 Transition	 programs	 for	 adolescents	 with	 PAH	 deficiency	
should	foster	independence.

RecOmmendAtiOns
•	 Treatment	for	life	mandates	the	need	for	medical	insurance	
to	 provide	 coverage	 for	 medications	 and	 medical	 foods	
regardless	of	age.
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optimal control to prevent unwanted sequelae in adulthood are 
needed. The target PHE range of <360 µmol/l in adolescence 
and adulthood needs further validation through continued col-
lection of long-term clinical and patient-oriented outcome data.

SUPPLEMENTARY MATERIAL
Supplementary	material	is	linked	to	the	online	version	of	the	paper	
at	http://www.nature.com/gim
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