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Emotional and behavioral problems, quality
of life and metabolic control in NTBCtreated Tyrosinemia type 1 patients
Kimber van Vliet1, Willem G. van Ginkel1, Rianne Jahja1, Anne Daly2, Anita MacDonald2, Corinne De Laet3,
Roshni Vara4, Yusof Rahman5, David Cassiman6, Francois Eyskens7, Corrie Timmer8, Nicky Mumford9,
Jörgen Bierau10, Peter M. van Hasselt11, Paul Gissen9, Philippe J. Goyens3, Patrick J. McKiernan2, Gisela Wilcox12,13,
Andrew A. M. Morris14, Elisabeth A. Jameson14, Stephan C. J. Huijbregts15 and Francjan J. van Spronsen1*

Abstract: Background: Treatment with 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) and
dietary phenylalanine and tyrosine restriction improves physical health and life expectancy in Tyrosinemia type 1
(TT1). However, neurocognitive outcome is suboptimal. This study aimed to investigate behavior problems and
health-related quality of life (HR-QoL) in NTBC-dietary-treated TT1 and to relate this to phenylalanine and tyrosine
concentrations.
Results: Thirty-one TT1 patients (19 males; mean age 13.9 ± 5.3 years) were included in this study. Emotional and
behavioral problems, as measured by the Achenbach System of Empirically Based Assessment, were present in
almost all domains. Attention and thought problems were particularly evident. HR-QoL was assessed by the TNO
AZL Children’s and Adults QoL questionnaires. Poorer HR-QoL as compared to reference populations was observed
for the domains: independent daily functioning, cognitive functioning and school performance, social contacts,
motor functioning, and vitality. Both internalizing and externalizing behavior problems were associated with low
phenylalanine (and associated lower tyrosine) concentrations during the first year of life. In contrast, high tyrosine
(and associated higher phenylalanine) concentrations during life and specifically the last year before testing were
associated with more internalizing behavior and/or HR-QoL problems.
Conclusions: TT1 patients showed several behavior problems and a lower HR-QoL. Associations with metabolic
control differed for different age periods. This suggests the need for continuous fine-tuning and monitoring of
dietary treatment to keep phenylalanine and tyrosine concentrations within target ranges in NTBC-treated TT1
patients.
Keywords: Tyrosinemia type 1, Behavior problems, Health related-quality of life, Phenylalanine, Tyrosine

Background
Tyrosinemia type 1 (TT1; McKusick 276,700) is an inborn error of tyrosine catabolism, caused by fumarylacetoacetate hydrolase deficiency. This causes accumulation
of toxic metabolites which can result in liver failure and
hepatocellular carcinoma (HCC), renal tubular dysfunction and neurological porphyria-like crises [1]. Before the
1990s, dietary restriction of tyrosine and its precursor
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Beatrix Children’s Hospital, Groningen, Division of Metabolic Diseases,
University of Groningen, University Medical Center Groningen, CA33, PO box
30.001, 9700 RB Groningen, Netherlands
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phenylalanine was the only treatment to reduce the synthesis of toxic metabolites, while not preventing liver complications. Consequently, life expectancy was very poor
and liver transplantation was the only definitive treatment
option [2].
In 1992, 2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-cyclohexanedione (NTBC) was introduced as a new treatment
[3]. NTBC blocks the tyrosine degradation pathway upstream from the primary defect, thereby preventing the
formation of toxic metabolites, but also leading to higher
tyrosine concentrations. Therefore, dietary restriction of
phenylalanine and tyrosine remains necessary. The use of
NTBC has undoubtedly improved outcome and life
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expectancy, preventing both hepatic and extrahepatic
problems [4].
However, recent studies suggest that the neurocognitive outcome of NTBC-dietary-treated TT1 patients is
suboptimal [5–11]. Lower IQ values have been observed
along with impairment in various cognitive domains,
including executive functioning and social cognition.
These neurocognitive defects may underlie problems in
TT1 patients’ daily lives, such as school problems and attention deficits. At present, knowledge of the cognitivebehavioral phenotype associated with TT1 and its cause is
limited, although high tyrosine and low phenylalanine
concentrations may both be associated with brain dysfunction [5, 8, 12–14].
The present study aimed to investigate the emotional
and behavioral phenotype of TT1 patients and to look
for associations with biochemical parameters in a relatively large patient group. First, we assessed the emotional
and behavioral problems and health-related quality of life
(HR-QoL) of TT1 patients. Second, we investigated the
relationship between these outcomes and plasma phenylalanine and tyrosine concentrations.

Methods
Participants

In total, 31 TT1 patients (19 males) were included in
this cross-sectional study (mean age 13.9 ± 5.3 years)
(Table 1). Patients <six years and/or patients who
received liver transplantation were excluded. All patients
were treated with NTBC (typically at a dose of 1 mg/kg
body weight/day) and a phenylalanine-tyrosine-restricted
diet. Eleven patients had (or still) received phenylalanine
supplementation at the time of assessment because
phenylalanine concentrations were below the recommended limit of 30 μmol/L [12]. Patients were included
from different centers in the UK, Belgium, and the
Netherlands between October 2012 and August 2018.
Plasma phenylalanine and tyrosine concentrations were
collected from patient records. The study was approved
by the Medical Ethical Committees of the participating
centers. All patients and/or parents gave informed consent to participate in this study.
Instruments

To assess emotional and behavioral problems, the Achenbach System of Empirically Based Assessment (ASEBA)
questionnaires were used [15, 16]. The Child Behavior
Checklist (CBCL), suitable for age 6–12 years, was completed by parents. Adolescents (13–17 years) and adults
(≥18 years) filled out the Youth Self Report (YSR) or the
Adult Self Report (ASR). The CBCL, YSR, and ASR measure emotional and behavioral problems in seven different
dimensions: withdrawn/depressed, somatic complaints,
anxious/depressed, thought problems, attention problems,
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rule-breaking behavior, and aggressive behavior. Additionally, the CBCL and YSR assess social problems, whereas the
ASR assesses intrusive behavior. The sum of scores on dimensions withdrawn/depressed, somatic complaints, and
anxious/depressed forms the broadband scale ‘internalizing
problems’, while the broadband scale ‘externalizing problems’ is based on the rule-breaking, aggressive, and (in case
of the ASR) intrusive behavior dimensions [15, 16]. Furthermore, six Diagnostic and Statistical Manual of Mental
Disorders (DSM) IV oriented scales were used. Different
scales were used for the CBCL and YSR (affective, anxiety,
somatic, attention deficit hyperactivity, oppositional, and
conduct problems), and the ASR (depressive, anxiety,
somatic, avoidant personality, attention deficit hyperactivity, and antisocial personality problems). For all
ASEBA questionnaires, higher scores indicate more
problems in that domain.
To assess HR-QoL, the TNO AZL Children’s Quality
Of Life (TACQOL) questionnaire was used for children
aged < 16 years [17]. For analysis, this questionnaire was
divided into two parts: 1) for children aged 8–11 and 2)
for children aged 12–15 years. Both questionnaires included 63 items and were filled out by the parents. For
children aged 8–11, the TACQOL questionnaire consisted
of seven different dimensions measuring physical functioning/complaints (‘body’), motor functioning (‘motor’),
independent daily functioning (‘autonomy’), cognitive
functioning and school performances (‘cognition’), social
contacts with parents and peers (‘social’), occurrence of
positive moods (‘positive emotions’), and of negative
moods (‘negative emotions’). For children aged 12–15, the
dimensions autonomy and social were combined, measuring interaction with peers (‘peers’). For participants aged
≥16 years, the TNO AZL Adult’s Quality Of Life (TAAQOL) questionnaire was used; this consisted of 45 items.
The TAAQOL included 12 different dimensions, i.e. gross
motor functioning (‘gross motor’), fine motor functioning
(‘fine motor’), cognitive functioning (‘cognition’), sleep
quality (‘sleep’), pain (‘pain’), social functioning (‘social’),
independent daily functioning (‘daily activities’), sexuality
(‘sex’), vitality (‘vitality’), positive moods (‘happiness’), depressive moods (‘depressive’), and angry moods (‘anger’).
For all questionnaires, a higher score indicated a better
HR-QoL.
The HR-QoL data of TT1 patients was compared to a
Dutch reference population divided into 3 reference
groups of participants aged 8–11 years (N = 548), aged
12–15 (N = 393), and aged 16–30 years (N = 394).
Biochemical data

Patient data were collected from clinical records to investigate differences within the TT1 group. Additionally, all
phenylalanine and tyrosine concentrations were retrieved
from the clinical patient records. Dried blood spot samples,
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Table 1 Patient characteristics
Patient Age
Time of diagnosis
(years) (pre-symptomatic, < 2
months, 2–6 months,
> 6 months)

Phenylalanine
Median first year
supplementation concentrations

Median lifetime
concentrations

Median last year
concentrations

1

6.6

< 2 months

No

10

195.5

43.5

512.5

44

518

2

7.3

> 6 months

Yes

–

–

–

–

29

344

Phe (μmol/L) Tyr (μmol/L) Phe (μmol/L) Tyr (μmol/L) Phe (μmol/L) Tyr (μmol/L)

3

7.9

> 6 months

No

–

–

42

389

41

521.5

4

8.1

Pre-symptomatic

No

29.5

342.5

32.5

295

37

405

5

8.1

> 6 months

No

–

–

41

483.9

44

462

6

8.3

2–6 months

Yes

28

257

19

376

18

401

7

8.8

Pre-symptomatic

Yes

18

245

20

490

32

759.5

8

9.2

Pre-symptomatic

Yes

26

281

21

457

39

514

9

9.7

2–6 months

No

40

245

26

397

38

427

10

9.9

2–6 months

Yes

16.5

155

27.8

370

45

572

11

10.3

Pre-symptomatic

Yes

18

180

22

330

52

506

12

10.4

Pre-symptomatic

Yes

18

280

31

370

60.5

615.5

13

10.6

Pre-symptomatic

Yes

–

–

21

259

26

349

14

12.0

Pre-symptomatic

No

26

448

–

518

30

477

15

12.1

Pre-symptomatic

Yes

24

286

22

286

46.5

374

16

13.4

2–6 months

No

43

300

30

407

–

–

17

14.0

Pre-symptomatic

No

55

538

47

668.3

52

959

18

15.1

< 2 months

Yes

61.5

372

24.5

542.5

67

746

19

15.4

Pre-symptomatic

No

25

365.5

18

530.5

60

766

20

15.6

Pre-symptomatic

No

39

643

42.5

628.5

45.5

700

21

16.0

2–6 months

No

22.5

293

36.5

398.5

17

382

22

16.5

< 2 months

No

24

366.5

28

392

38

434

23

16.9

Pre-symptomatic

No

41

361.5

46.3

713.5

64

866

24

17.7

2–6 months

No

67

631

48

573

58

735.5

25

18.4

Pre-symptomatic

No

22

351

10

509.5

–

–

26

19.5

Pre-symptomatic

No

41.5

663.5

20

625.3

–

–

27

20.5

< 2 months

No

–

–

–

–

45.5

620.5

28a

22.5

Pre-symptomatic

No

–

–

–

–

44

248

29b

23.0

2–6 months

No

43

412.5

44.3

689

55

766

30c

23.3

> 6 months

Yes

60

43

42

306.8

45

280

31a

23.5

> 6 months

No

10

195.5

44.5

483

58

484

Patients that did not receive NTBC treatment directly after diagnosis are indicated with asterisks. aNTBC started approximately 1 month after diagnosis bNTBC
started < 1 year after diagnosis cNTBC started > 1 year after diagnosis

when stated as such in the patient files, were excluded in
order to only include venous samples in our analysis. In
general, three to four venous samples were obtained every
year. Based on the existing literature on associations between metabolic control and behavioral outcomes in TT1
and phenylketonuria we focused on phenylalanine and
tyrosine levels during three periods in life: the first year
after birth, throughout lifetime (until assessment), and the
last year before assessment [5, 8, 13, 18, 19]. Since some
plasma phenylalanine concentrations < 30 μmol/L were unspecified, imputation was used to allow inclusion of these

concentrations in analyses. For the imputation, median
phenylalanine concentrations < 30 μmol/L were calculated
using available data from other patients in whom the
plasma concentrations < 30 μmol/L were specified. Lifetime
concentrations were calculated as the median of yearly median phenylalanine and tyrosine levels.
Statistical analyses

For the analysis of emotional and behavioral problems,
raw ASEBA-scores were converted into T-scores to allow
comparison to the general population and between
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behavior problems and HR-QoL-outcomes on the one
hand and plasma phenylalanine and tyrosine concentrations on the other. The broadband ASEBA-scales were
excluded from these last correlational analyses since these
were calculated using the subdomains and therefore
significant results would be expected when subdomains
were statistically significant. All statistical analyses were
performed using IBM SPSS Statistics 22nd version and
p < 0.05 was considered statistically significant.

different groups of TT1 patients. Descriptive analyses
were performed using pre-defined T-scores indicating
scores in the normal range (50–64), borderline range (65–
69) and clinical range (≥70) for all different subdomains of
the ASEBA questionnaires, and borderline range (60–63),
and clinical range (64–100) for internalizing problems and
externalizing problems [15, 16]. The borderline range
indicates that scores are not clearly deviant from norm
scores, but high enough to be of concern. Scores in the
clinical range indicate a deviation from norm scores, and
therefore possible clinical importance which may warrant
intervention. For the assessment of HR-QoL, TT1 patients
were compared with Dutch reference data using MannWhitney U tests. Kruskal Wallis tests and/or MannWhitney U tests were performed to analyze differences
within the TT1 group, comparing pre-symptomatically
versus symptomatically diagnosed patients, and symptomatically diagnosed patients diagnosed at different ages (< 2
months, 2–6 months or > 6 months of age [2]). Spearman
correlation tests were performed to study associations between behavior problems and HR-QoL, and between

Results
Emotional and behavioral problems

Table 2 summarizes the findings of the ASEBA questionnaires. When considering internalizing problems,
47% of children, 22% of adolescents, and 14% of adults
with TT1 scored within the borderline or clinical range.
When considering externalizing problems, 54% of children, 22% of adolescents and no adults scored within
the borderline or clinical range. TT1 children showed
problems in all domains, but especially with respect to
attention problems, with 53% being in clinical range.

Table 2 Results of the empirical and the DSM-IV oriented scales of the ASEBA questionnaires
Children (8–12) (N = 15, 9 males)

Adolescents (13–17) (N = 9, 6 males)

Adults (≥18) (N = 7, 4 males)

Borderline range (%) Clinical range (%) Borderline range (%) Clinical range (%) Borderline range (%) Clinical range (%)
ASEBA empirical scales
Withdrawn/ depressed

20

7

11

0

14

0

Somatic complaints

7

27

0

11

0

0

Anxious/ depressed

27

7

0

11

0

0

Social problems

7

27

11

11

–

–

Thought problems

13

20

11

11

0

29

Attention problems

0

53

44

0

0

0

Rule-breaking behavior

13

27

0

11

0

14

Aggressive behavior

27

13

0

11

0

14

Intrusive behavior

–

–

–

–

0

0

Internalizing problems

7

40

11

11

14

0

Externalizing problems

7

47

11

11

0

0

Affective problems

7

33

11

11

–

–

Depressive problems

–

–

–

–

0

0

Anxiety problems

20

7

11

11

0

0

Somatic problems

13

ASEBA DSM-IV oriented scales

27

0

11

29

0

Avoidant personality problems –

–

–

–

0

14

Attention deficit hyperactivity
problems

40

22

0

14

0

13

Oppositional problems

13

7

0

22

–

–

Conduct problems

27

20

0

11

–

–

Antisocial personality
problems

–

–

–

–

0

0

Internalizing problems are based on the withdrawn/depressed, somatic complaints, and anxious/depressed domains, and externalizing problems are based on
rule-breaking, aggressive, and (in case of the ASR) intrusive behavior domains
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Adolescents and adults especially showed thought and
attention problems, respectively. When investigating differences between the different age groups using KruskalWallis analysis, children showed significantly more attention problems than adults (p = 0.025). There were no
significant differences in behavior problems observed
between symptomatically and pre-symptomatically diagnosed patients.
Table 2 also shows the descriptive findings on the DSMIV oriented scales of the ASEBA. TT1 patients reported
problems on most scales, especially affective, somatic, attention deficit hyperactivity, and conduct issues. Although
not statistically significant, scores within the borderline or
clinical range were generally observed more frequently in
children than in adolescents and adults.
Health-related quality of life

Figure 1a shows the results of the HR-QoL questionnaires of TT1 children compared to the Dutch reference
population. The TACQOL questionnaire for children
aged 8–11 showed a significantly lower HR-QoL for the
domains autonomy (p = 0.011), cognition (p = 0.029) and
social (p = 0.039) in TT1 patients. When comparing the
TACQOL scores for TT1 children aged 12–15 with the
corresponding reference population, a significantly lower
HR-QoL was observed on the domain body (p = 0.014)
(Fig. 1b). For both age groups (8–11 and 12–15), analyses of the TACQOL showed no significant differences
between pre-symptomatically and symptomatically diagnosed patients, and no differences between the different
times of diagnosis.
Figure 1c shows that adult TT1 patients (N = 9) reported a significantly lower HR-QoL in the domains
gross motor (0.016), fine motor (p < 0.001), cognition
(p = 0.001), and vitality (p = 0.046). When comparing
pre-symptomatically (N = 3) and symptomatically (N = 6)
diagnosed patients, a significant difference was observed
on the domain vitality (p = 0.024), indicating a lower
HR-QoL in pre-symptomatically diagnosed patients. When
comparing groups based on age at diagnosis, no significant
differences were observed.
HR-QoL and emotional/behavioral problems were often
significantly correlated (see Additional files 1 and 2).
Phenylalanine and tyrosine associated to each other

As phenylalanine is a metabolic precursor of tyrosine, a
relationship between phenylalanine and tyrosine concentrations is expected. Phenylalanine and tyrosine concentrations during the first year of life were, indeed,
positively correlated (ρ = 0.532; p = 0.007), as were the
concentrations during the last year (ρ = 0.631; p < 0.001).
Lifetime concentrations showed a positive trend (ρ =
0.329; p = 0.094).

Page 5 of 9

Associations of outcomes with first year plasma
phenylalanine and tyrosine concentrations

Significant negative correlations were observed between
first year phenylalanine concentrations and somatic complaints (ρ = − 0.421; p = 0.040), social problems (ρ = − 0.457;
p = 0.043), thought problems (ρ = − 0.430; p = 0.040), and
attention problems (ρ = − 0.513; p = 0.010). Furthermore,
negative correlations were observed between first year tyrosine concentrations and social problems (ρ = − 0.608; p =
0.004), attention problems (ρ = − 0.598; p = 0.002), delinquent behavior (ρ = − 0.417; p = 0.043), and aggressive
behavior (ρ = − 0.438; p = 0.032). This indicates that low
phenylalanine (and the associated lower tyrosine) concentrations during the first year of life were associated with
both internalizing and externalizing behavior problems.
The DSM-IV oriented scales showed negative correlations between first year tyrosine concentrations and
affective problems (ρ = − 0.449; p = 0.047), attention deficit
hyperactivity problems (ρ = − 0.493; p = 0.014), and conduct problems (ρ = − 0.667; p = 0.001).
Results for the HR-QoL in children, showed a positive
correlation between first year plasma phenylalanine concentrations and autonomy (ρ = 0.609; p = 0.016). In
adults, a negative correlation was observed between first
year phenylalanine concentrations and cognition (ρ = −
0.943; p = 0.005). Results of the correlation analyses are
also summarized in Additional file 3.
Associations of outcomes with lifetime plasma
phenylalanine and tyrosine concentrations

No significant correlations were observed between results on the ASEBA questionnaires and lifetime plasma
phenylalanine and tyrosine concentrations. Correlational
analyses with the HR-QoL questionnaires showed a positive correlation between lifetime phenylalanine concentrations and autonomy (ρ = 0.517; p = 0.034) in children,
indicating more autonomy with higher (normal rather
than low) phenylalanine concentrations. Furthermore,
negative correlations were observed between lifetime
phenylalanine concentrations and cognition (ρ = − 0.829;
p = 0.021) and social contacts (ρ = − 0.802; p = 0.030) in
patients aged > 16 years, indicating better HR-QoL with
lower
phenylalanine
concentrations
(also
see
Additional file 3).
Associations of outcomes with last year plasma
phenylalanine and tyrosine concentrations

A significant correlation was observed between the last
year phenylalanine concentrations and the score in the
withdrawn/depressed domain (ρ = 0.411; p = 0.030) indicating more problems with higher phenylalanine concentrations. The last year tyrosine concentrations also
correlated with the withdrawn/depressed score (ρ = 0.492;
p = 0.008), indicating more problems with higher tyrosine
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Fig. 1 HR-QoL of TT1 patients compared to controls. a. TACQOL for 8-11 year old children compared to controls (N=14 patients). b. TACQOL for
12-15 year old children compared to controls (N=5 patients). c. TAAQOL for patients ≥16 years old compared to controls (N=9 patients). Boxes
indicate 25-75 percentile, whiskers indicate min-max. * p<0.05, ** p<0.01

concentrations. When investigating the DSM-oriented
ASEBA scales, higher phenylalanine concentrations correlated with increased affective problems (ρ = 0.418; p =
0.047) and anxiety problems (ρ = 0.381; p = 0.045). These
findings indicate that higher (usually normal) phenylalanine concentrations and the associated higher tyrosine concentrations are associated with more problems.
Results for the HR-QoL in children, showed a significant negative correlation between the last year tyrosine
concentrations and positive emotions (ρ = − 0.505; p =
0.033), indicating more positive emotions with lower (towards normal rather than high) tyrosine levels. In adult
patients, the last year phenylalanine concentrations
negatively correlated with the score in the social domain
(ρ = − 0.802; p = 0.030) (also see Additional file 3).

Discussion
In this study, we investigated emotional and behavioral
problems and HR-QoL in TT1 patients, and their relation to plasma phenylalanine and tyrosine concentrations. The most important findings were that TT1
patients showed behavior problems and lower HR-QoL
on several domains compared to the Dutch reference
population used. Furthermore, several correlations were

observed between these neurocognitive impairments and
metabolic control. Most interestingly, correlations with
low plasma phenylalanine concentrations during the first
year(s) of life and high plasma tyrosine concentrations
later in life were observed.
With respect to behavior problems, in addition to the
attention problems that were identified previously [11],
our results showed TT1 patients treated with NTBC and
diet experienced a number of other behavior problems
including rule-breaking behavior, social problems, and
somatic complaints. On these domains, > 25% of the
children scored within the clinical range. Overall, both
internalizing and externalizing behavior problems were
found. As identified with the HR-QoL assessments, TT1
children described problems in cognitive functioning
and school performance, social contacts with parents
and peers and independent daily functioning. TT1 adults
had problems with gross and fine motor functioning,
cognition, and vitality.
Our results substantiate previous studies on neurocognitive problems using other methods [5–8, 10, 11]. Although
chronic illness may directly affect HR-QoL [20], results on
the ASEBA and HR-QoL questionnaires were often associated, suggesting that chronic illness could also affect HR-
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QoL indirectly, through behavior problems. Thus, our
results stressed the importance of addressing both behavioral problems and HR-QoL problems in daily patient care.
Furthermore, we investigated correlations with phenylalanine and tyrosine concentrations as a possible cause
of the observed problems, which has not been studied in
such detail before. High phenylalanine and tyrosine
levels may have toxic effects on the brain, as shown in
disorders such as phenylketonuria and tyrosinemia type
2 [18, 21–23]. There is also evidence that low plasma
phenylalanine concentrations adversely affect the outcomes in PKU [24] and TT1 [5, 12, 13]. It is important
to note that low plasma phenylalanine concentrations in
TT1 are likely to cause even lower phenylalanine concentrations in the brain because of competition with
tyrosine for influx across the blood-brain barrier. This
competitive inhibition has also been observed in PKU
where high phenylalanine concentrations inhibit the influx of tyrosine [25]. Low cerebral concentrations of any
limiting essential amino acid may impair cerebral protein synthesis [26].
The results of this study indicate that, during the first
year of life, behavior problems correlate with low
phenylalanine rather than high tyrosine concentrations.
This changes later in life when, during last year before
testing, high tyrosine concentrations correlate with more
behavior problems (although they are associated with
higher phenylalanine levels). An attractive explanation
for this time dependency would be that while low
phenylalanine concentrations during the first year are
detrimental as a phenylalanine shortage impedes the
rapidly developing brain, at a later age the high tyrosine
concentrations may be more likely to have long term
chronic toxic effects. Further research is, however,
necessary to investigate this hypothesis. Moreover, the
relationship between amino acid levels and behavioral
outcomes may be non-linear, or only linear within certain ranges: both too low and too high amino acid levels
may be detrimental.
This study has a number of limitations, many of them
due to the rarity of TT1, affecting approximately 1:
100.000 newborns. Although inclusion of 31 patients
may be considered quite good, it is impossible to reach
high statistical power with such numbers, especially
since our patient sample was rather heterogeneous, varying in age, age at diagnosis, and symptoms at presentation. Moreover, patients were recruited from three
different countries, but for HR-QoL only Dutch reference data were available. We have, therefore, been cautious of analyzing the influence of the aforementioned
variables on behavior/HR-QoL-outcomes. Furthermore,
the direct influence of NTBC could not be investigated.
Moreover, blood samples were taken under different
conditions (fasting/non-fasting) and at different time
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points. Next to this, the effect of phenylalanine supplementation and the different dosages, which could have
affected the phenylalanine and tyrosine concentrations,
could not be investigated in this study. Centers may differ in plasma analysis methods and number of samples
taken per patients.

Conclusion
To conclude, TT1 patients have more emotional and
behavioral problems, and a lower HR-QoL than healthy
individuals. The impairments in behavior and HR-QoL
were partly related to metabolic control, with low
phenylalanine and tyrosine levels in the first year of life
and high recent phenylalanine and tyrosine levels being
related to poorer outcomes. Whereas neonatal screening
and early treatment with NTBC have dramatically improved physical health and life expectancy in TT1, the
data presented in this study underline the need to
optimize dietary treatment to improve emotional and
behavioral outcomes in this population.
Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s13023-019-1259-2.
Additional file 1. Correlations between ASEBA questionnaires and QoL
questionnaires for children. Correlations between ASEBA questionnaires
and QoL questionnaires for children (N = 19). Bold and underlined results
are significant correlations. The QoL domain peers only consists of
children aged 12–15 years (N = 5).
Additional file 2. Correlations between ASEBA questionnaires and QoL
questionnaires for patients aged 16 and older. Correlations between
ASEBA questionnaires and QoL questionnaires for patients aged 16 and
older (N = 9). Bold and underlined results are significant correlations. For
patients 16–18 years old (N = 2), the ASEBA questionnaire did not
calculated the scales intrusive, depressed, avoidant and antisocial. The
domain sex could not be calculated for one of the patients due to
missing answers in the questionnaire.
Additional file 3. Summarized results of correlation analyses between
phenylalanine and tyrosine concentrations and neurocognitive outcome
scores. Summarized results of correlation analyses between phenylalanine
and tyrosine concentrations and neurocognitive outcome scores. Only
scales with significant correlations, with p-values < 0.05, are shown. ρ =
Spearman’s rho. For ASEBA, positive correlations indicate that higher
levels are related to poorer outcomes, whereas negative correlations
indicate that higher levels are related to better outcomes; for HR-QoL,
positive correlations indicate that higher levels are related to better outcomes, whereas negative correlations indicate that higher levels are related to poorer outcomes.
Abbreviations
ASEBA: Achenbach System of Empirically Based Assessment; ASR: Adult Self
Report; CBCL: Child Behavior Checklist; DSM-IV: Diagnostic and Statistical
Manual of Mental Disorders IV; HCC: Hepatocellular carcinoma; HRQoL: Health-Related Quality of Life; NTBC: 2-(2-nitro-4-trifluoromethylbenoyl)1,3-cyclohexanedione; TAAQOL: TNO AZL Adult’s Quality Of Life;
TACQOL: TNO AZL Children’s Quality Of Life; TT1: Tyrosinemia type 1;
YSR: Youth Self Report
Acknowledgements
The authors thank all patients with TT1 for taking part. In addition, we thank
the physicians, nursing staff, and metabolic departments of all collaborating

Vliet et al. Orphanet Journal of Rare Diseases

(2019) 14:285

hospitals for their cooperation. We kindly acknowledge Dr. G. Linthorst for
his help with the study, and SOBI, and the Tyrosinemia Foundation (Stichting
Joris) for financial support.
Authors’ contributions
K. van Vliet, W.G. van Ginkel, and R. Jahja were responsible for the
acquisition, analysis and interpretation of the data. They were responsible for
drafting the article, approved the final version of the article and agreed to
be accountable for all aspects of the work. A. Daly, A. MacDonald, C. De Laet,
R. vara, Y. Rahman, D. Cassiman, F. Eyskens, C. Timmer, N. Mumford, J. Bierau,
P.M. van Hasselt, P. Gissen, P.J. Goyens, P.J. McKiernan, G. Wilcox, A.A. Morris,
and E.A. Jameson were responsible for the acquisition of the data and
critically revising of the article. They approved the final version of the article
and agreed to be accountable for all aspects of the work. S.C.J. Huijbregts
and F.J. van Spronsen were responsible for the conception and design of
this study, the acquisition, the analyses and the interpretation of the data.
They were responsible for drafting the article, approved the final version of
the article and agreed to be accountable for all aspects of the work.
Funding
Funding has been arranged by SOBI and the Tyrosinemia Foundation
(Stichting Joris). These sources of funding were not involved with any part of
the study.
Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request.
Ethics approval and consent to participate
The study was approved by the Medical Ethical Committees of the
participating centers. All patients and/or parents gave informed consent to
participate in this study.
Consent for publication
Not applicable.
Competing interests
R. Jahja has received honoraria as a speaker and consultant for Merck
Serono.
A. Daly has received grants/honoraria for research, teaching and courses
from Nutricia Ltd., Vitaflo Int., First play dietary foods and Mavalia.
A. MacDonald has received research funding and honoraria from Nutricia,
Vitaflo, Biomarin and Lactalis International. She is a member of the following
advisory boards: European Nutritionist Expert Panel (Biomarin), Sapropterin
Advisory Board (Biomarin), ELEMENT (Danone-Nutricia), and Arla and Applied
Pharma Research.
P.J. McKiernan and A.A. Morris have contributed to advisory boards for SOBI.
P. Gissen has previously performed consultancy work for SOBI but not in the
past three years.
C. Timmer has previously followed training that was (partly) payed for by
Vitaflo and Nutricia, but not in the past three years.
G. Wilcox has received travel grants from Genzyme, Biomarin, Alexion,
Amicus and Shire, speaker honoraria from Vitaflo, Biomarin, Shire and
Nutricia, research grants from the MPS society (UK), and advisory board
membership with Biomarin, Medical Advisory Panel membership for the
National Society for PKU (NSPKU) and consultancies for Dimension
Therapeutics (Ultragenyx).
S.C.J Huijbregts has participated in strategic advisory boards and received
honoraria as a consultant and/or speaker for Merck Serono SA, Biomarin and
Nutricia.
F.J. van Spronsen has received research grants, advisory board fees, and
speaker’s honoraria from Nutricia Research, Merck-Serono, Biomarin, Codexis,
Alexion, Vitaflo, MendeliKABS, Promethera, SOBI, APR, and ARLA Foods Int.
All other authors did not report any no conflicts of interest.
Author details
1
Beatrix Children’s Hospital, Groningen, Division of Metabolic Diseases,
University of Groningen, University Medical Center Groningen, CA33, PO box
30.001, 9700 RB Groningen, Netherlands. 2Birmingham Children’s Hospital,
Birmingham, UK. 3Hôpital Universitaire des Enfants Reine Fabiola, Université
Libre de Bruxelles, Brussels, Belgium. 4Evelina London Children’s Hospital,

Page 8 of 9

London, UK. 5Guy’s and St. Thomas’ Hospital, London, UK. 6University
Hospital Gasthuisberg, University of Leuven, Leuven, Belgium. 7Kon. Mathilde
Moeder- en Kindcentrum, University Hospital of Antwerp, Antwerp, Belgium.
8
Academic Medical Center, Amsterdam, Netherlands. 9The NIHR Great
Ormond Street Hospital Biomedical Research Centre (BRC ), London, UK.
10
Maastricht University Medical Center, Maastricht, Netherlands. 11Wilhelmina
Children’s Hospital, University Medical Center Utrecht, Utrecht, Utrecht,
Netherlands. 12School of Medical Sciences, Faculty of Biology Medicine &
Health, University of Manchester, Manchester, UK. 13The Mark Holland
Metabolic Unit, Salford Royal Foundation NHS Trust, Greater Manchester, M6
8HD, Salford, UK. 14Willink Metabolic Unit, Manchester Centre for Genomic
Medicine, Manchester University Hospitals NHS Foundation Trust, St Mary’s
Hospital, Manchester, UK. 15University of Leiden, Clinical Child and
Adolescent Studies: Neurodevelopmental Disorders, Leiden, Netherlands.
Received: 16 September 2019 Accepted: 22 November 2019

References
1. de Laet C, Dionisi-Vici C, Leonard JV, McKiernan P, Mitchell G, Monti L, de
Baulny HO, Pintos-Morell G, Spiekerkötter U. Recommendations for the
management of tyrosinaemia type 1. Orphanet J Rare Dis. 2013;8:8.
2. van Spronsen FJ, Thomasse Y, Smit GP, Leonard JV, Clayton PT, Fidler V,
Berger R, Heymans HS. Hereditary tyrosinemia type I: a new clinical
classification with difference in prognosis on dietary treatment. Hepatology.
1994;20(5):1187–91.
3. Lindstedt S, Holme E, Lock EA, Hjalmarson O, Strandvik B. Treatment of
hereditary tyrosinaemia type I by inhibition of 4-hydroxyphenylpyruvate
dioxygenase. Lancet. 1992;340(8823):813–7.
4. Larochelle J, Alvarez F, Bussières J, Chevalier I, Dallaire L, Dubois J, Faucher
F, Fenyves D, Goodyer P, Grenier A, Holme E, Laframboise R, Lambert M,
Lindstedt S, Maranda B, Melançon S, Merouani A, Mitchell J, Parizeault G,
Pelletier L, Phan V, Rinaldo P, Scott CR, Scriver C, Mitchell GA. Effect of
nitisinone (NTBC) treatment on the clinical course of hepatorenal
tyrosinemia in Québec. Mol Genet Metab. 2012;107(1–2):49–54.
5. De Laet C, Munoz VT, Jaeken J, François B, Carton D, Sokal EM, Dan B,
Goyens PJ. Neuropsychological outcome of NTBC-treated patients with
tyrosinaemia type 1. Dev Med Child Neurol. 2011;53(10):962–4.
6. Thimm E, Richter-Werkle R, Kamp G, Molke B, Herebian D, Klee D,
Mayatepek E, Spiekerkoetter U. Neurocognitive outcome in patients with
hypertyrosinemia type I after long-term treatment with NTBC. J Inherit
Metab Dis. 2012;35(2):263–8.
7. Bendadi F, de Koning TJ, Visser G, Prinsen HCMT, de Sain MGM, VerhoevenDuif N, Sinnema G, van Spronsen FJ, van Hasselt PM. Impaired cognitive
functioning in patients with tyrosinemia type I receiving nitisinone. J
Pediatr. 2014;164(2):398–401.
8. van Ginkel WG, Jahja R, Huijbregts SCJ, Daly A, MacDonald A, De Laet C,
Cassiman D, Eyskens F, Körver-Keularts IMLW, Goyens PJ, PJ MK, van
Spronsen FJ. Neurocognitive outcome in tyrosinemia type 1 patients
compared to healthy controls. Orphanet J Rare Dis. 2016;11(1):87.
9. García MI, de la Parra A, Arias C, Arredondo M, Cabello JF. Long-term
cognitive functioning in individuals with tyrosinemia type 1 treated with
nitisinone and protein-restricted diet. Mol Genet Metab Rep. 2017;11:12–6.
10. Masurel-Paulet A, Poggi-Bach J, Rolland M, Bernard O, Guffon N, Dobbelaere
D, Sarles J, de Baulny HO, Touati G. NTBC treatment in tyrosinaemia type I:
long-term outcome in French patients. J Inherit Metab Dis. 2008;31(1):81–7.
11. Pohorecka M, Biernacka M, Jakubowska-Winecka A, Biernacki M, Kuśmierska
K, Kowalik A, Sykut-Cegielska J. Behavioral and intellectual functioning in
patients with tyrosinemia type I. Pediatr Endocrinol Diab Metab. 2012;
18(3):96–100.
12. Daly A, Gokmen-Ozel H, MacDonald A, Preece MA, Davies P, Chakrapani A,
McKiernan P. Diurnal variation of phenylalanine concentrations in
tyrosinaemia type 1: should we be concerned? J Hum Nutr Diet. 2012;
25(2):111–6.
13. van Vliet D, van Dam E, van Rijn M, Derks TGJ, Venema-Liefaard G, Hitzert
MM, Lunsing RJ, Heiner-Fokkema MR, van Spronsen FJ. Infants with
Tyrosinemia type 1: should phenylalanine be supplemented? JIMD Rep.
2015;18:117–24.
14. Macêdo LGRP, Silva-M C, Ferreira GK, Vieira JS, Olegário N, Gonçalves RC,
Vuolo FS, Ferreira GC, Schuck PF, dal-Pizzol F, Streck EL. Effect of acute

Vliet et al. Orphanet Journal of Rare Diseases

15.
16.
17.

18.

19.

20.

21.
22.

23.

24.
25.

26.

(2019) 14:285

administration of L-tyrosine on oxidative stress parameters in brain of
young rats. Neurochem Res. 2013;38(12):2625–30.
Achenbach, T.M., & Rescorla, L.A.: Manual for the ASEBA School-Age Forms
&amp; Profiles. 2001.
Achenbach, T.M., & Rescorla, L.A.: Manual for the ASEBA Adult Forms &amp;
Profiles. 2003, :.
Verrips GHW, Vogels AGC, Ouden ALD, Paneth N, Verloove-Vanhorick SP.
Measuring health-related quality of life in adolescents: agreement between
raters and between methods of administration. Child Care Health Dev.
2000;26(6):457–69.
Jahja R, Spronsen FJv, Sonneville, Leo M J de, Meere, Jaap J van der, Bosch
AM, Hollak CEM, Rubio-Gozalbo ME, Brouwers, Martijn C G J, Hofstede FC,
Vries MCd, Janssen MCH, , Ploeg, Ans T. van der, Langendonk JG, Huijbregts
SCJ: Social-cognitive functioning and social skills in patients with early
treated phenylketonuria: a PKU-COBESO study. J Inherit Metab Dis 2016,
39(3):355–362.
van Wegberg AMJ, MacDonald A, Ahring K, Bélanger-Quintana A, Blau N,
Bosch AM, Burlina A, Campistol J, Feillet F, Giżewska M, Huijbregts SC,
Kearney S, Leuzzi V, Maillot F, Muntau AC, van Rijn M, Trefz F, Walter JH, van
Spronsen FJ. The complete European guidelines on phenylketonuria:
diagnosis and treatment. Orphanet J Rare Dis. 2017;12(1):162.
Tóthová V, Bártlová S, Dolák F, Kaas J, Kimmer D, Maňhalová J, Martinek L,
Olišarová V. Quality of life in patients with chronic diseases. Neuro
Endocrinol Lett. 2014;35(Suppl 1):11–8.
Scott CR. The genetic tyrosinemias. Am J Med Genet C Semin Med Genet.
2006;142C(2):121–6.
Jahja R, Huijbregts SCJ, Sonneville d, Leo MJ, der Meere v, Jaap J, Bosch AM,
CEM H, Rubio-Gozalbo ME, Brouwers MCGJ, Hofstede FC, de Vries MC, MCH
J, der Ploeg v, Ans T, Langendonk JG, van Spronsen FJ. Mental health and
social functioning in early treated Phenylketonuria: the PKU-COBESO study.
Mol Genet Metab. 2013;110(Suppl:57).
van Vliet D, Derks TGJ, van Rijn M, de Groot MJ, MacDonald A, HeinerFokkema MR, van Spronsen FJ. Single amino acid supplementation in
aminoacidopathies: a systematic review. Orphanet J Rare Dis. 2014;9:7.
Smith I, Beasley MG, Ades AE. Intelligence and quality of dietary treatment
in phenylketonuria. Arch Dis Child. 1990;65(5):472–8.
de Groot MJ, Hoeksma M, Blau N, Reijngoud DJ, van Spronsen FJ.
Pathogenesis of cognitive dysfunction in phenylketonuria: review of
hypotheses. Mol Genet Metab. 2010;99(Suppl 1:86).
de Groot MJ, Hoeksma M, Reijngoud D, de Valk HW, Paans AMJ, Sauer PJJ,
van Spronsen FJ. Phenylketonuria: reduced tyrosine brain influx relates to
reduced cerebral protein synthesis. Orphanet J Rare Dis. 2013;8:133.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Page 9 of 9

