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Abstract Tyrosinemia type 1 (HT1) is an inborn error of
tyrosine catabolism caused by fumarylacetoacetase
deficiency. Biochemically, this results in accumulation of
toxic metabolites including succinylacetone. Clinically,
HT1 is characterized by severe liver, kidney, and neurolog-
ical problems. Treatment with NTBC and dietary restriction
of tyrosine and phenylalanine have strongly improved
outcome, but impaired neurocognitive development has
been reported. Whether impaired neurocognitive outcome
results from high blood tyrosine or low blood phenylala-
nine concentrations is currently unknown. In this report,
two HT1 newborns, diagnosed by neonatal screening, are
presented. The first patient showed low phenylalanine
concentrations, growth retardation, neurological
impairments, and skin problems, clearly improving after
institution of phenylalanine supplementation (~30 mg/kg/
day) at age 6 months, while both blood phenylalanine
and tyrosine concentrations increased. In the second patient,
phenylalanine supplementation (~20 mg/kg/day) was
initiated as soon as low phenylalanine concentrations were

observed at age 19 days. On this regimen, blood phenylal-
anine concentrations increased, and hypophenylalaninemia
was less frequently observed than in the first patient,
whereas blood tyrosine concentrations tended to increase.
Clinically, no growth, neurological, or skin problems have
been observed. The combination of knowledge obtained
from these cases suggests that hypophenylalaninemia rather
than hypertyrosinemia during the first months of life may
impair neurocognitive development in young HT1 infants.
Phenylalanine supplementation should really be considered
in HT1 patients with consistently low blood phenylalanine
concentrations during the first months of life. However, the
minimal phenylalanine concentrations acceptable and the
optimal phenylalanine supplementation regimen require
further investigation.

Introduction

Clinically, tyrosinemia type I (HT1; OMIM 276600,
fumarylacetoacetase deficiency) is characterized by liver
failure, hepatocellular carcinoma, renal tubulopathy, and
porphyria-like syndrome (de Laet et al. 2013). Implementa-
tion in neonatal blood spot screening (NBS) and treatment
with 2-(2-nitro-4-trifluoromethyl-benzyl)-1,3-cyclohexane-
dione (NTBC) to prevent accumulation of toxic metabolites
by inhibiting tyrosine catabolism upstream from the
primary enzymatic defect has largely improved clinical
outcome (Larochelle et al. 2012; Mayorandan et al. 2014).

Unfortunately, however, neurocognitive deficits are
observed, which may be related to HT1 itself, NTBC
treatment, increased tyrosine concentrations, or low
phenylalanine concentrations (De Laet et al. 2011;
Masurel-Paulet et al. 2008; Thimm et al. 2012; Bendadi
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et al. 2014). NTBC increases tyrosine concentrations.
Therefore, tyrosine intake is limited by severe natural
protein restriction and supplementation of a synthetic amino
acid mixture devoid of tyrosine and phenylalanine, as
tyrosine is primarily derived from hydroxylation of dietary
phenylalanine. This results in both high tyrosine and low
phenylalanine concentrations (De Laet et al. 2011; Daly
et al. 2012; Wilson et al. 2000), with dietary treatment
being primarily monitored based on tyrosine concentra-
tions. In phenylketonuria, too strict dietary treatment,
resulting in “low” phenylalanine concentrations, has shown
to be related to impaired growth and development (Teissier
et al. 2012; Rouse 1966; Smith et al. 1990; Pode-Shakked
et al. 2013). In tyrosinemia type II, high tyrosine concen-
trations are associated with mental retardation. Together,
this raises the question whether current dietary treatment
creates a tyrosine toxicity or a phenylalanine deficiency that
may impair growth and brain development (De Laet et al.
2011; Daly et al. 2012; Wilson et al. 2000) and whether
phenylalanine supplementation is beneficial or only
increases tyrosine concentrations (Daly et al. 2012; Wilson
et al. 2000).

This study reports on blood phenylalanine and tyrosine
concentrations as well as on growth and development of
two HT1 infants detected by NBS, who received phenylal-
anine supplementation because of very low phenylalanine
concentrations during the first months of life.

Patients and Methods

Patient 1 and patient 2 are both children of healthy, Dutch,
non-consanguineous parents with an uneventful fetal
development and a normal birth process. HT1 was detected
by NBS. Treatment was started with NTBC (1 mg/kg) and
dietary restriction of phenylalanine and tyrosine, aiming at
a total protein intake of 2.5 g/kg. In below, both patients
are described until phenylalanine supplementation was
introduced.

Patient 1 (girl) was diagnosed in 2009 (NBS, SA
4.7 mmol/L; DNA, homozygous for FAH c.554-1G>T) at
day 7. High tyrosine levels above the upper target of
400 mmol/L (de Laet et al. 2013) led to further decrease of
natural protein intake to a minimum of 0.5 g/kg/day
(Fig. 1a, b). On this regimen, blood tyrosine concentrations
decreased. Also, blood phenylalanine concentrations
decreased, while blood concentrations of other essential
amino acids remained well within the normal range (valine,
167–373 mmol/L; isoleucine, 39–121 mmol/L; leucine,
82–220 mmol/L; methionine, 19–42 mmol/L; histidine,
72–108 mmol/L; threonine, 138–473 mmol/L; tryptophan,

56–93 mmol/L; and lysine, 146–277 mmol/L). During the
subsequent months, she first developed “eczema” (Fig. 2).
Later, impaired growth was observed, while BMI was
undisturbed (Fig. 1a, b). Thereafter, she showed increasing
myoclonus periorally and in the extremities. Electroenceph-
alographic and myographic recordings at day 100 were
abnormal demonstrating cortical myoclonus. Development
of motor milestones seemed to be impaired despite adjust-
ments by either increasing or decreasing the natural protein
intake and tyrosine concentrations varying from some
215–609 mmol/L. In this period, prealbumin decreased
from 0.19 g/L at day 9 to values ranging from 0.12 to
0.15 g/L. Because of persisting low blood phenylalanine
concentrations (<20 mmol/L), phenylalanine supplementa-
tion was started at day 191.

Patient 2 (boy) was diagnosed in 2013 (NBS, SA
5.1 mmol/L; DNA, FAH c.554-1G>T/c.674T>G) at
day 7. Because of low blood phenylalanine concentrations
(<20 mmol/L) and the previous experiences with patient 1,
phenylalanine supplementation was started at day 19
(Fig. 1c), without clinical signs suggesting phenylalanine
deficiency. At day 11, a prealbumin concentration of
0.17 g/L was measured.

NTBC Treatment and Protein Intake

For both patients, NTBC treatment was regularly adjusted
based on body weight, targeting at a dose of 1 mg/kg/day.

Both patients received breast milk combined with an
amino acid-based tyrosine-free and phenylalanine-free
powdered infant formula (Tyr Anamix Infant, Nutricia
Advanced Medical Nutrition) during the first 3 months
(patient 1) and during the first 5 months (patient 2).
Thereafter, breast milk was replaced by a regular infant
formula. Additional feedings started at around 6 months
(patient 1) and 5 months (patient 2).

Phenylalanine Supplementation

In patient 1, at day 191, ~30 mg/kg/day phenylalanine
supplementation was started, which was increased to
~40 mg/kg/day at day 209 and reduced to ~20 mg/kg/day
at day 247 (Fig. 1a, b).

In patient 2, phenylalanine supplementation of
~20 mg/kg/day was started at day 19. Due to low blood
phenylalanine concentrations (5–48 mmol/L), phenylalanine
supplementation was increased to ~25 and ~30 mg/kg/day
at day 85 and 99, respectively. Thereafter, dosage has
frequently been adjusted (ranging from ~10 to
~30 mg/kg/day), especially based on blood phenylalanine
concentrations (Fig. 1c).
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Biochemical Analyses

Phenylalanine and tyrosine concentrations were measured
in plasma samples as well as in dried blood spots on filter
paper. Plasma samples were drawn at the outpatient clinic,
not taking into account the time of blood sampling. Actual
measurement was performed with standard techniques on a

Biochrom 20 or 30 analyzer (Pharmacia Biotech,
Cambridge, UK). Blood spots were taken at home at
variable times of the day. In dried blood spots, phenylala-
nine and tyrosine were quantified using high-performance
liquid chromatography tandem mass spectrometry. If both
plasma and dried blood spot analyses were available from a
single time point, results from plasma samples were used.

a b c

Fig. 1 Phenylalanine concentrations and supplementation (upper),
tyrosine concentrations and ratios of blood phenylalanine-tyrosine
concentrations (middle), and growth parameters as well as protein

intake (lower) in patient 1 during the first year (a) and the first 4 years
of life (b) and in patient 2 during the first year of life (c). The vertical
line indicates the start of phenylalanine supplementation

Fig. 2 Patient 1 – eczema-like skin eruptions developed at 5 months of age on the whole body, as depicted on the back of the head (a) and
buttock (b). After 3 days of phenylalanine supplementation, the skin problem had largely been improved (c)
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Assessment of Developmental Milestones

Assessment of developmental milestones was performed at
regular intervals at the child health center according to
Dutch guidelines. In The Netherlands, developmental
milestones are evaluated in children from 4 weeks to
5 years of age according to the Van Wiechen neuro-
developmental assessment (Schlesinger-Was 1985). This
assessment is based on milestones and consists of five
domains: gross motor skills, fine motor skills, personality,
social behavior, and communication skills.

Assessment of Spontaneous Motor Repertoire

The most reliable method to evaluate the integrity of the
central nervous system of young infants is to assess the
quality of their spontaneous motor repertoire (Einspieler
and Prechtl 2005). Around the age of 3 months, the infant’s
motor repertoire is characterized by so-called fidgety
movements (FMs) that are highly predictive of neurological
outcome (Prechtl et al. 1997). From patient 2, video
recordings were made during an outpatient visit at the age
of 10 weeks and 1 day and at the age of 14 weeks and 1
day. The recordings were made during a period of active
wakefulness with the infant lying supine and lasted 10 min
(Einspieler and Prechtl 2005). Certified author MMH
analyzed the recordings off-line according to Prechtl’s
method (Einspieler et al. 1997) and blinded for the
outcome. First, the quality of FMs was labeled as normal,
abnormal (exaggerated speed, amplitude, and jerkiness), or
absent (no FMs observed). Additionally, a more detailed
analysis was performed based on the motor optimality score
(MOS) by using the Motor Optimality List (Bruggink et al.
2009). The MOS is composed of FM quality (12 points if
normal, 4 points if abnormal, and 1 point if absent) plus 4
other items including age adequacy, normality of movement
patterns, normality of postural patterns, and quality of the
concurrent motor repertoire (4 points if normal, 2 points if
nonoptimal, and 1 point if abnormal). The MOS may range
from 5 (low optimality) to 28 (high optimality).

Neurocognitive Assessment

Neurocognitive assessment was performed by a qualified
clinical psychologist. Verbal and nonverbal IQ were
assessed separately. The SON-R (2.5–7) assessment was
used for measurement of nonverbal IQ (Tellegen et al.
1998). Verbal performance was assessed using the General
Language Index of the WPPSI-III-NL (Hurks et al. 2013).

Results

Clinical Outcome

In patient 1, subsequently to the institution of phenylalanine
supplementation at day 191, all clinical parameters
improved. Within some days after initiation of phenylala-
nine supplementation, eczema disappeared (Fig. 2). This
was soon followed by resolution of cortical myoclonus as
well as improvement of growth parameters (Fig. 1a, b). In
patient 2, skin, growth, and development of motor
milestones have all been normal.

Developmental Milestones

In patient 1, at 1 month of age, developmental milestones
were all reached. At 3, 9, 12, and 15 months of age, fine
motor skills, personality, social behavior, and communica-
tion skills were normal. However, development of gross
motor skills seemed to be impaired without the tendency of
progression. In patient 2, developmental milestones were
normal at all ages at which developmental milestones were
measured, being at age 1, 2, 3, 6, 9, and 12 months.

Neurocognitive Development

In patient 1, neuropsychological assessment was performed
at age 4 years and 1 month. IQ score according to the
nonverbal SON-R (2.5–7) assessment was 77 (80% CI:
63–79). Verbal performance on the General Language
Index of the WPPSI-III-NL was 77 (95% CI: 69–93).
These scores correspond to a mental development of
children at 3 years of age.

Patient 2 was too young for a detailed neuropsychologi-
cal assessment to be applied. Instead, video assessment of
spontaneous movements was performed. At both record-
ings, we observed normal FMs with an MOS of 26. The
infant only scored nonoptimal on the item concurrent motor
repertoire with the movements having a monotonous and a
slightly stiff appearance.

Blood Phenylalanine and Tyrosine Concentrations

Median phenylalanine and tyrosine concentrations as well
as the incidence of hypophenylalaninemia (blood phenylal-
anine <30 mmol/L or <20 mmol/L) and hypertyrosinemia
(blood tyrosine >400 mmol/L or >600 mmol/L) before and
after initiation of phenylalanine supplementation are
presented in Table 1.
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Overall, during the first 6 and 12 months of life, median
blood phenylalanine concentrations were lower, and hypo-
phenylalaninemia was observed more frequently in patient
1 than in patient 2. Median blood tyrosine concentrations,
however, were comparable for both patients, and hyper-
tyrosinemia was observed as frequently in both patients
during the first 12 months of life. During the first 6 months
of life, median blood tyrosine concentrations were even
higher, and hypertyrosinemia was observed more frequently
in patient 2 than in patient 1. Ratios of blood phenylala-
nine-tyrosine concentrations during the first 12 months of
life tended to increase with increasing age in patient 2,
while this increasing trend was not observed in patient 1.

From the day after diagnosis until day 190 (patient 1)
and day 18 (patient 2), in both patients, hypophenylalani-
nemia was observed more frequently than hypertyrosine-
mia. Especially in patient 2, phenylalanine supplementation
increased median blood phenylalanine concentrations and
reduced the incidence of hypophenylalaninemia, while also
increasing median blood tyrosine concentrations and the
incidence of hypertyrosinemia. Irrespective of phenylala-
nine supplementation, between 40 and 120 days of age,
both in patient 1 (without supplementation) and in patient
2 (with supplementation), blood tyrosine concentrations
tended to decrease.

Discussion

The most important findings of this report are that (1)
hypophenylalaninemia rather than hypertyrosinemia during
the first months of life was observed to correlate with
impaired growth, cortical myoclonus, neurological deficits,
and skin problems and that (2) phenylalanine supplementa-
tion resolved these clinical problems despite causing a
higher incidence of hypertyrosinemia.

Blood of both patients was collected at variable times of
the day. However, blood phenylalanine concentrations in
HT1 have previously been reported to show a large diurnal
variation, consistently being lower in the afternoon (Daly
et al. 2012), while previous reports showed that detection of
deficient intake of essential amino acids can best be
detected by comparing an overnight fasting and postpran-
dial blood sample (Ozalp et al. 1972). Further studies may
therefore best include a differential overnight fasting to
postprandial measurement.

High blood tyrosine is often regarded as the cause of
neurocognitive problems in HT1 (Thimm et al. 2011,
2012). However, these two cases support the hypothesis
that hypophenylalaninemia rather than hypertyrosinemia
could be the most important (De Laet et al. 2011; Bendadi
et al. 2014). Patient 1 with the lowest incidence of
hypertyrosinemia but highest incidence of hypophenylala-

ninemia showed skin problems, poor growth, and
impairment in motor and cognitive development. In
contrast, patient 2 with early preventive phenylalanine
supplementation showed a higher incidence of hypertyr-
osinemia, normal skin, growth, developmental milestones,
and quality of spontaneous movements. In addition, the
start of phenylalanine supplementation in patient 1 imme-
diately improved growth and resolved eczema and cortical
myoclonus.

These cases also show that blood phenylalanine concen-
trations may not immediately increase in response to
phenylalanine supplementation as all supplemented phenyl-
alanine is first used for protein synthesis, leaving phenylal-
anine concentrations in blood unchanged, thereby
supporting the idea that phenylalanine had indeed been
rate limiting for protein synthesis. Consistent with this idea,
concentrations of other essential amino acids (results not
shown) as well as tyrosine all decreased after phenylalanine
had been initiated, and catch-up growth was observed.

The fact that, before phenylalanine supplementation had
been initiated, both height and weight were affected and
weight-for-height remained normal supports the idea that a
qualitative rather than a quantitative malnutrition had been
present. Also, in both patients, prealbumin concentrations
had increased after phenylalanine supplementation. This all
suggests that low phenylalanine rather than high tyrosine –
at least during the first months of life – may impair growth
and neurocognitive outcome in HT1 infants.

This idea is supported by the early experiences with
treatment of phenylketonuria in which phenylalanine defi-
ciency during the first months of life has been reported to
impair growth and intellectual development and to induce
eczema (Rouse 1966). Further circumstantial evidence might
be that these problems at least had not been reported before
the era of NTBC. This might well be due to a lack of focus,
as preventing liver failure and hepatocellular carcinoma was
the primary and ultimate target of treatment in those days.
However, it could also be that developmental delay and skin
problems were indeed not present, for not only tyrosine
concentrations were high but also blood phenylalanine
concentrations were rather high than low in those patients
(Couce et al. 2011). Alternatively, NTBC – at its own – may
have resulted in these issues as well, but NTBC dose did not
vary substantially between and in our patients.

In conclusion, these cases urge to consider the danger of
low phenylalanine concentrations with respect to neuro-
cognitive outcome in HT1 patients and to treat accordingly.
Further studies including a larger patient population are
certainly required. The exact minimal phenylalanine level –
as the maximal tyrosine level – is a matter of further
investigation. Also, the optimal phenylalanine supplemen-
tation regimen to prevent both phenylalanine deficiency
and tyrosine toxicity requires additional research.
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Take-Home Message

Phenylalanine supplementation should really be considered
in HT1 patients with consistently low blood phenylalanine
concentrations during the first months of life.
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