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Introduction to the chapter

Very early development of hepatocellular carcinoma (HCC) was one of the 
main risks of Tyrosinemia type 1 (TT1). This changed after introduction 
of 2-(2-nitro-4-trifl uoromethylbenzoyl)-1,3-cyclohexanedione (NTBC). 
However, the risk for liver cancer is still thought to be increased and screening 
is therefore recommended. No real guidelines about screening exist and many 
clinical centers have adopted their own approach. In most centers, screening 
usually consists of α-1-fetoprotein (AFP) measurements, ultrasounds of the 
liver and liver CT or MRI scans in all TT1 patients. We hypothesize that the 
screening protocol should be adjusted based on the patient characteristics 
and that AFP measurements alone would be suffi  cient for so called “low risk” 
patients. This is further illustrated with a case report in the fi rst part of this 
chapter.

The second part of this chapter focuses on one of the main risk factors for 
HCC development, namely sub-optimal NTBC treatment. When NTBC 
treatment was introduced in 1992, treatment was monitored using diff erent 
parameters, namely: NTBC doses individually adjusted to mg/kg body weight, 
porphobilinogen synthase activity in erythrocytes, delta-aminolevulinic 
acid concentrations, blood NTBC concentrations and urine, plasma or 
blood spot succinylacetone (SA) concentrations. Nowadays, most clinicians 
choose to dose NTBC based on bodyweight or based on blood NTBC and SA 
concentrations when available. Since the main treatment goal is to maximally 
supress SA formation, we hypothesize that measurement of SA is enough for 
treatment monitoring.   
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Abstract
Patients with Tyrosinemia Type 1 have an elevated risk of developing 
hepatocellular carcinoma, especially if initiation of treatment with 2-(2-nitro-
4-trifluoro-methylbenzoyl)-1,3-cyclohexanedione is delayed. Hepatocellular 
carcinoma can usually be suspected when there are increased α-1-fetoprotein 
levels and characteristic imaging features. The present case shows that a lack 
of a clear increase of α-1-fetoprotein should still lead to consideration of liver 
transplantation when imaging features change. 



Introduction
Hereditary Tyrosinemia type 1 (TT1, McKusick 276700) is a metabolic 
disease in the catabolic pathway of tyrosine. TT1 is based on functional 
fumarylacetoacetate hydrolase defi ciency, causing liver failure, hepatocellular 
carcinoma (HCC), renal tubulopathy, glomerular disease, heart disease 
or neurological problems.  Treatment of TT1 patients with 2-(2-nitro-
4-trifl uoromethylbenoyl)-1,3-cyclohexanedione (NTBC) inhibits the 
upstream enzyme 4-hydroxy-phenylpyruvate dioxygenase, thereby 
preventing the formation of the toxic metabolites fumarylacetoacetate 
and succinylacetoacetate. Liver failure, renal disease, heart disease and 
neurological problems are resolved with treatment1,2. 

Since the introduction of NTBC in 1992, the incidence of HCC in TT1 patients 
treated with NTBC has dramatically decreased when compared with reports 
in patients treated without this agent1-4. However, NTBC-treated patients with 
TT1 are at increased risk of developing HCC5,6. Patients with a late initiation 
of NTBC due to a delayed diagnosis or unavailability of NTBC, a slow decrease 
of α-1-fetoprotein (AFP), or an AFP level that remains just above the normal 
range of 0 to 10 µg/L have an increased risk of developing HCC3,5-7.

In TT1, early detection of HCC is based on routine follow-up of AFP levels 
and liver imaging. An increase in AFP after the start of NTBC suggests the 
development of HCC. To our knowledge, the present case report is the fi rst 
analysis of a patient with TT1 in whom HCC was found without a clear increase 
in AFP levels and with hepatic lesions that were not suspicious for HCC.

Case Report
A white female child presented with delay in gross motor development 
at 14 months of age6. She had hypotonia, an enlarged abdomen due to 
hepatosplenomegaly, and rickets. Laboratory investigations showed a blood 
tyrosine level of 335 µmol/L, an AFP level of 528568 µg/L, and a urinary 
succinylacetone concentrations of 148 mg/mmol creatinine. DNA analysis 
revealed homozygosity for the common mutation (IVS12+5(g>a)). NTBC 
was initiated at a dose of 1.2 mg/kg with a diet restricted in phenylalanine 
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and tyrosine. The patient’s condition was stable during the following 
years. Her AFP levels decreased slowly, blood and urinary succinylacetone 
concentrations remained within the normal range, and NTBC concentrations 
were continuously within the therapeutic range (60-80 µmol/L), except for 
two occasions when concentrations were slightly lower (40-50 µmol/L). 
Regular, 4 times yearly, ultrasound/computed tomography (CT) scans were 
conducted and revealed no hepatic nodules suspicious for HCC.  

Figure 1. Course of AFP from diagnosis until one year after liver transplantation. After an 
initial decline in AFP, AFP levels stabilised around 25 µg/L. After liver transplantation AFP 
further decreased to normal values. This is in contrast with the reference patients who almost 
immediately reached normal values (0-10µg/L).

After ~4 years of NTBC treatment, a hepatic lesion of 8 x 6 mm was found on 
ultrasound and interpreted as a hemangioma. At that time, AFP concentrations 
had stabilized around 24 µg/L (Figure 1), whereas a further decrease was 
expected 6. 

More specifi c characterization of the lesion was performed by multiphase 
contrast enhanced  CT-scanning. The scans revealed 2 lesions (15x15 mm 
each), with no arterial enhancement and with hypodensity in the venous phase. 
Based on these characteristics, the lesions were considered to be hyperplastic 
nodules rather than foci of HCC. An ultrasound of the liver revealed no increase 
in the number or size of the lesions; treatment with NTBC was again monitored 
closely to exclude the possibility of nonoptimal treatment. After 10 months, 
magnetic resonance imaging (MRI) was performed as a more objective follow-
up measurement. The lesions were still visible and in contrast to ultrasound 
and CT, now, 6 focal lesions with a diameter up to 15 mm were found. There 
was no arterial enhancement, portal-venous wash-out, or diff erent retention 
in the hepatic phase. On the basis of these characteristics, the lesions were 
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interpreted as hyperplastic nodules (Figure 2). At the time of MRI, AFP levels 
had not decreased to normal values (0-10 µg/L) and were recorded as 27.7 
µg/L (Figure 1).

The patient was listed for liver transplantation due to the following 
reasons: (1) a new lesion representing a hemangioma at this age is curious; 
(2) the AFP levels had not decreased further; and (3) we were unable to 
exclude the possibility of HCC on imaging. After a 3-month wait time, liver 
transplantation was performed; the patient was 6.5 years of age. At the time 
of transplantation, the serum AFP concentration was 26 µg/L (Figure 1). The 
removed liver showed cirrhosis with 7 distinguishable focal lesions. The lesion 
first considered as hemangioma was now interpreted as “a lesion compatible 
with early HCC” (not shown), whereas the second lesion, first noted on the CT-
scan, was diagnosed as HCC (Figure 3). Both lesions were 9 mm in diameter. 
The other 5 lesions, all with a diameter of 3 to 10 mm, were interpreted as focal 
lesions displaying small-cell dysplasia. During the 8-year follow-up after liver 
transplantation, there were no signs of metastases, while AFP concentrations 
remained within the normal range.
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Figure 2. MRI Liver:  the lesion in segment 5 is slightly lower in intensity on T1 (a,c), not visible 
on T2-HASTE (b) shows no arterial enhancement (d), is not visible in the portal venous phase 
(e), and is slightly lower in intensity in the parenchymal phase after liver-specific contrastagent 
(f).

Figure 3. Hepatocellular carcinoma in the native liver removed at liver transplantation. 
Figure 3A shows a prominent fibrotic septum  separating hepatocellular carcinoma (left) 
and cirrhotic liver (right). In Figure 3B: cellular detail of hepatocellular carcinoma showing 
enlarged hepatocytes in trabecular pattern, pleomorphic nuclei, prominent nucleoli, swollen 
cytoplasm due to bilirubinostasis. 
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Discussion
TT1 is associated with an increased risk of development of HCC5,6. Signs 
suggestive of HCC in the individual TT1 patient are a slow decrease to normal 
in AFP values; AFP not reaching normal values; an increase of AFP levels; 
and/or a new lesion found on imaging3,5-7. In other diseases with a high risk 
of developing HCC (e.g. hepatitis B and C), up to 44% of patients diagnosed 
with HCC show no clear increase in AFP levels8,9. Until now, all reported TT1 
patients with proven HCC had exhibited a well-defined rise in AFP levels and a 
clear lesion at imaging2,5,6. Therefore, AFP in TT1 has always been considered 
a reliable marker for HCC development2,5,6. However, the present report is 
based on 1 patient. In addition, we do not know what would have happened if 
we had chosen a ‘wait and see’ approach. It is possible that >1 year after the 
first detection, the AFP levels would eventually have started to rise given the 
pathological report of early-stage HCC. 

Theoretically, the malignancy could also have been a hepatoblastoma, which 
may present without increased AFP levels10, and has been reported at least 
once in TT111. The pathology of the explanted liver, however, clearly showed 
HCC12. 

In the present case report, AFP levels at the time of TT1 diagnosis at age 14 
months was 528568 µg/L. AFP levels may be high in infancy even when the 
child is healthy13,14, but this scenario especially refers to neonatal age and the 
first 6 months of life. Indeed, the AFP at diagnosis in this patient may have 
been very high for her age. However, until now, it has been unclear whether 
there is a relation between the AFP level at time of TT1 diagnosis and the 
risk of HCC development and whether AFP at time of diagnosis may be a 
useful additional sign suggesting an increased risk of HCC development in the 
individual TT1 patient. 

Imaging, especially CT and/or MRI with contrast plays a key role in the (early) 
diagnosis of HCC15. In general, HCC has a characteristic pattern in various 
imaging modalities, although differentiating HCC from other lesions remains 
challenging15,16. In the present case, for example, both CT and MRI suggested 
hyperplastic nodules rather than HCC.  
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Conclusion
We present a case illustrating that AFP levels, ultrasound, CT and MRI may fail 
to detect early HCC in patients with TT1. Based on the data of this patient, we 
conclude that a new hepatic lesion during adequate NTBC treatment should 
be considered highly suspicious for HCC even when imaging techniques do 
not show a profile characteristic of HCC, and there are no clear increases 
in AFP levels. Moreover, the additional value of other parameters for early 
detection of HCC in TT1 should be investigated. Baumann et al. reported 
promising results with lens culinaris agglutinin-A for TT117, but other markers 
such as des-γ-carboxy (abnormal) prothrombin, glypican-3, and squamous 
cell carcinoma antigen-I require further investigation8,9,18.
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Abstract
Introduction: In Hereditary Tyrosinemia type 1 (TT1) patients, the dose of 
NTBC that leads to the absence of toxic metabolites such as succinylacetone 
(SA) is still unknown. Therefore, the aims of this study were to investigate 
the variation and concentrations of 2-(2-nitro-4-trifluormethyl-benzyl)-1,3-
cyclohexanedione (NTBC) during the day in relation to the detection of SA, 
while comparing different dosing regimens.

Methods: All patients were treated with NTBC (mean 1.08 ± 0.34 mg/
kg/day) and a low phenylalanine-tyrosine diet. Thirteen patients received 
a single dose of NTBC and five patients twice daily. Home bloodspots were 
collected four times daily for three consecutive days measuring NTBC and SA 
concentrations. Statistical analyses were performed by using mixed model 
analyses and generalised linear mixed model analyses to study variation and 
differences in NTBC concentrations and the correlation with SA, respectively.

Results: NTBC concentrations varied significantly during the day especially if 
NTBC was taken at breakfast only (p=0.026), although no significant difference 
in NTBC concentrations between different dosing regimens could be found 
(p=0.289). Momentary NTBC concentrations were negatively correlated with 
SA (p<0.001). Quantitatively detectable SA was only found in subjects with 
once daily administration of NTBC and associated with momentary NTBC 
concentrations < 44.3 µmol/l.

Discussion: NTBC could be less stable than previously considered, so that 
dosing NTBC once daily and lower concentrations may be less adequate. 
Therefore, further research with more data is necessary to establish the 
optimal dosing of NTBC. 



Introduction
Hereditary Tyrosinemia type 1 (TT1; McKusick 276700) is a rare, autosomal 
recessive metabolic disorder caused by a deficiency of fumarylacetoacetate 
hydrolase, the last enzyme in the tyrosine catabolism pathway. This deficiency 
results in accumulation of toxic metabolites, such as maleylacetoacetate, 
fumarylacetoacetate (FAA), succinylacetoacetate and succinylacetone 
(SA). The accumulation of these toxic metabolites can cause liver failure, 
hepatocellular carcinoma (HCC), renal tubulopathy, cardiomyopathy and 
porphyria-like-syndrome with neuropathy1-3. Life expectancy in TT1 patients 
is low when they are treated with a low phenylalanine and tyrosine diet only1,3.

The course of the disease has changed remarkably since 1992, when it was 
observed that 2-(2- nitro-4-trifluormethyl-benzyl)-1,3-cyclohexanedione 
(NTBC) prevents the accumulation of toxic metabolites by blocking the tyrosine 
degradation at the level of 4-OH-phenylpyruvate dioxygenase, proximal from 
the primary enzymatic defect4. This in turn prevents the formation of toxic 
products, leading to resolution of liver failure and porphyria-like-syndrome 
and a substantial reduction in HCC5,6. Consequently, life expectancy in TT1 has 
considerably improved2. However, as NTBC blocks the tyrosine degradation 
pathway, tyrosine concentrations increase, so restriction of dietary tyrosine 
and phenylalanine is still necessary3,7. 

Despite improved treatment with NTBC, previous reports indicate that TT1 
patients are still at risk for developing hepatocellular carcinoma8-10. This may 
be related to suboptimal treatment with NTBC. Accumulation of FAA causes 
the development of HCC11,12. As SA can be used as surrogate marker of toxicity 
in the liver, we should aim at the lowest NTBC dose associated with the lowest 
possible SA concentration in blood and urine3,13,14.

The current dosing recommendation is 2 times per day as specified by the 
manufacturers15. However, a single dose of NTBC per day was suggested in 
TT1 patients (at 1 mg/kg/day), based on the long half-life of 54 hours observed 
in healthy adults and the finding that in TT1 patients NTBC concentrations 
tended to be stable for at least 24 hours with a single dose regime3,16,17.
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However, in practice, blood NTBC levels are reported to vary greatly between 
individuals3,17 and within the same patients with time. As a consequence, target 
blood NTBC concentrations are not well established. Therefore, the research 
questions of this study were: (1) Do mean NTBC concentrations and daytime 
variation of NTBC differ between different NTBC dosing regimens? (2) What 
is the occurrence of elevated SA with different NTBC dosing regimens? 
Answering these research questions may help to suggest an optimal dosing 
regimen and to indicate a minimal NTBC concentration associated with the 
absence of toxic metabolites represented by SA.

Methods

Subjects

In total, 18 TT1 patients (13 males, 5 females; mean age 9.3 ± 6.8 years; range 
1 – 20 years) were studied. Five patients were diagnosed and treated in the 
University Medical Center Groningen  and 13 patients in the Birmingham’s 
Children’s hospital (UK). Except for having TT1, patients were healthy, did 
not have signs suggestive for liver dysfunction, HCC or renal tubulopathy. 
Patients with TT1 were included when they were older than one year of age 
and treated with NTBC and a tyrosine and phenylalanine restricted diet. All 
subjects maintained their regular NTBC dose and dosing regime and diet 
with individually tailored natural protein intake, titrated according to target 
blood tyrosine concentrations (200-400 µmol/L) during the study period. In 
five patients, the total daily dose of NTBC was divided into two doses, while 
the other 13 patients were given a single daily dose of NTBC. Stable dietary 
protein and energy intakes were maintained. Phenylalanine supplementation 
was not prescribed to any patient during the study period. 

The study was approved by the medical ethical committee of the University 
Medical Center Groningen in The Netherlands and a favourable opinion was 
given by the South Birmingham ethical committee for Birmingham Children’s 
Hospital, UK. All TT1 caregivers gave written informed consent for this study 
and children gave assent if age and understanding was appropriate. 
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Study design

In this observational prospective study, patients or the caregivers of patients 
took blood spot samples on blood cards at home four times daily (pre-breakfast, 
pre-midday meal, pre-evening meal and pre-bedtime) for three consecutive 
days. In total, twelve blood spots were taken for each subject and overall, 214 
samples were collected (from two subjects, one sample was not obtained). The 
caregivers or patients were trained to take blood spots themselves.

Analyses blood results

All blood spots were stored in a sealed plastic bag with a silica sachet at -20°C 
until analysis. Blood spot NTBC and SA concentrations were measured in the 
University Medical Center Groningen using an ultra-high performance liquid 
chromatography method coupled to a triple quadrupole mass spectrometer 
(UHPLC-MS/MS). The detection limit of blood spot SA was 0.2 µmol/l with 
a limit of quantification of 0.6 µmol/L. A detailed description of the method, 
including validation, is provided as supplementary material.

Statistics 

Baseline differences between the different treatment groups (NTBC taken 
at breakfast, evening meal or both) were studied using One-Way ANOVA 
analysis. The variation of NTBC during the day was studied using mixed 
model analyses, by considering the moment of NTBC intake (at breakfast, 
evening meal or both), the moment of blood sampling and an interaction 
between both. To further study differences in NTBC concentrations during 
the day between subjects with different treatment regimens (taking NTBC at 
breakfast, at evening meal or both) univariate mixed model analysis was done. 
To study the correlation between momentary NTBC and SA concentrations 
≥ 0.6 µmol/L, generalized linear mixed model analyses was performed. 
Afterwards, mean NTBC concentrations during the study period and the 
number of samples with SA ≥ 0.6 µmol/L per patient were calculated and 
Spearman correlational analyses were performed between both variables. 
In addition, differences in mean NTBC concentrations for patients with and 
without quantitatively detectable SA during the study period were analysed 
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using an independent sample T-test. Statistical analyses were conducted with 
the statistical program SPSS 22 (IBM, Chicago, Illinois). A p-value of < 0.05 
was considered statistically significant.

Results 

Subject characteristics are given in Table 1. The subjects were divided in three 
groups depending on their moment of intake of NTBC. For the group who 
received NTBC once daily (N=13), six subjects received NTBC at breakfast and 
seven subjects received NTBC at the evening meal. The subjects taking NTBC 
twice daily received their NTBC both at breakfast and at the evening meal. The 
total daily NTBC dose (in mg/kg/day) did not significantly differ between the 
three groups of subjects (subjects receiving NTBC in a single dose or in two 
doses) (p=0.13). Despite that natural protein intake, total protein intake and 
tyrosine concentrations seemed to differ, neither of these reached statistical 
significance (p=0.12, p=0.13 and p=0.13, respectively).  

TT1
NTBC once daily  

(N=13)

TT1
NTBC twice daily 

(N=5)
NTBC at breakfast 

(n=6)
NTBC at evening 

meal (n=7)

Mean age 8.5 (± 4.1 year) 8.8 (± 3.9 year) 9.9 (± 7.4 year)

Gender 4:2 (m/f) 4:3 (m/f) 4:1 (m/f)

NTBC intake 
(mg/kg/day)

1.14 ± 0.50 0.99 ± 0.30 1.15 ± 0.24

Total protein intake 
(g/kg/day)

2.59 ± 0.83 2.49 ± 0.55 1.72 ± 0.76

Natural protein 
intake (g/kg/day)

0.79 ± 0.32 0.73 ± 0.36 0.43 ± 0.06

Mean tyrosine 
(µmol/L)

356 ± 47.5 423 ± 98.6 312 ± 115

Mean phenylalani-
ne (µmol/L)

40.5 ± 9.4 43.0 ± 10.5 39.0 ± 11.3

Table 1. Patient characteristics for the different groups receiving NTBC as a single dose or 
divided in two doses a day.

Figure 1 shows the variation of NTBC during the day, comparing subjects who 
received a single dose of NTBC, at breakfast or evening meal, and subjects 
who divided their NTBC in two doses a day. Mixed model analyses showed a 
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significant interaction between the timing of NTBC intake and the moment of 
blood sampling (p=0.041), indicating that the pattern of NTBC concentrations 
during the day was different between the three different groups. Post hoc 
analyses showed that the group of subjects taking NTBC at breakfast had a 
significant variation of NTBC concentrations with low NTBC concentrations 
especially in the morning (p=0.026). No significant variation in NTBC 
concentrations during the day was seen in both other groups (subjects who 
took two doses of NTBC and subjects who took a single dose of NTBC at the 
evening meal).

Figure 1. Mean NTBC concentrations during the day in the group of TT1 patients, divided 
based on different treatment regimes. Especially showing variation in the group of patients 
taking their NTBC at breakfast only.

Figure 1 also shows the mean NTBC concentrations during the day comparing 
the three different groups of subjects. Mixed model analyses were done to 
compare NTBC concentrations of the three different subject groups at all four 
different timing moments of blood sampling during the day, but no significant 
differences were found. However, NTBC concentrations tended to be higher 
during the day when subjects received NTBC twice daily as also shown in table 
2. Of note, one patient lived a far distance from the clinical center. The blood 
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spots were taken in a warm climate and transport took more time. This subject 
had very low levels of NTBC (mean= 16.8 ± 3.9) that deviated from the NTBC 
concentrations of other subjects who were treated in the same center and 
treated similarly (Table 2). When excluding this patient, the tendency towards 
differences in NTBC concentrations in the morning between the group taking 
NTBC at breakfast and the group taking NTBC twice daily became statistically 
significant (p=0.016).

NTBC Single dose treatment NTBC two doses a day

NTBC at 
breakfast 

(n=6)

NTBC at 
evening meal 

(n=7)

All 
patients 

(n=5)

Excluding 
outlier 
(n=4)

Pre-breakfast 
sample 

26.2 ± 7.8* 31.0 ± 8.9 33.8 ± 13.2 38.9 ± 8.9

Pre-midday sample 33.0 ± 9.7 30.5 ± 12.5 35.3 ± 12.0 39.9 ± 8.3

Pre-evening meal 
sample

34.4 ± 12.5 30.6 ±11.4 32.5 ± 9.7 36.0 ± 7.3

Bedtime sample 33.6 ± 9.2 32.0 ± 10.1 33.8 ± 12.9 38.0 ± 10.8

Overall 31.8 ± 10.2 31.0 ± 10.6 33.8 ± 11.8 38.1 ± 8.7

Table 2. Mean NTBC concentrations (+ SD) in µmol/L during the day in the different treatment 
groups, with significantly lower NTBC concentrations in the morning in the group of patient 
taking NTBC at breakfast only, compared to patients who take NTBC twice a day (after 
exclusion of outlier).  *p<0.05.

No quantitatively detectable SA was found in subjects administered twice 
daily NTBC. However, SA ≥ 0.6 µmol/L was found in greater than 50% of 
subjects (7 of the 13 subjects) who took NTBC once daily. Three of them took 
their NTBC at breakfast and four subjects took their NTBC at the evening 
meal. In total, SA ≥ 0.6 µmol/L was found in 54 of 156 samples. The median 
SA concentration in the samples with SA above the limit of quantification was 
0.7 µmol/L (range: 0.6-1.2 µmol/L). There was no significant difference in the 
age of subjects with SA concentrations ≥ 0.6 µmol/L and subjects who did not 
(p=0.724). Neither was there a specific time during the day that SA could be 
found, as the number of samples with SA was equally distributed across the 
different sample moments during the day. 

Generalized linear mixed model analyses showed that in individual samples, 
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momentary NTBC concentrations were negatively correlated to SA concen-
trations ≥ 0.6 µmol/L (β=-0.062 p=0.000). In the samples where SA was ob-
served, the NTBC concentrations varied between 14.2 - 44.3 µmol/L. When 
the NTBC concentration in momentary samples were > 44.3 µmol/L, noquan-
titatively detectable SA was found. 

To further analyze the correlation between NTBC concentrations and the sam-
ples with quantitatively detectable SA, mean NTBC concentrations during 
the study period were calculated and related to the samples with quantita-
tively detectable SA. Figure 2A shows that if one sample in an individual pa-
tient showed a SA concentration above the detection limit of quantification, 
SA concentrations were usually quantifiable during a large part of the study. 
Correlational analyses revealed a significant negative correlation between the 
mean NTBC concentration during the study period and the number of sam-
ples with quantitatively detectable SA per patient (ρ=-0.514, p=0.029).  In 
addition, Figure 2A shows that when mean NTBC concentrations during the 
study period were > 35 µmol/L, no SA ≥ 0.6 µmol/L was found. Figure 2B 
shows that the mean NTBC concentrations during the study period were sig-
nificantly higher in the subjects who did not show any quantitatively raised SA 
concentrations (mean= 35.6 ± 8.5) compared to subjects where SA was quan-
tifiable at least once (mean= 26.5 ± 6.0) (p = 0.026).

Discussion
With the dosing regimen of NTBC as advised by de Laet et al. (2013)3, still 
increased SA concentrations are found. This could possibly indicate a sub-
optimal block, of course acknowledging the fact that not detecting SA may be 
due to technical reasons rather than absence of SA. Therefore, the aims of this 
study were to investigate NTBC concentrations and its variation during the day 
and to study SA in relation to the NTBC dosage. By doing this, we investigated 
if a specific NTBC dosing regimen could be advised in TT1 patients. The main 
findings were: (1) NTBC concentrations varied during the day, particularly 
when NTBC was given once daily, and especially when taken at breakfast 
only. (2) NTBC concentrations tended to be higher and more stable in the 
patients receiving two doses of NTBC a day, but this did not reach statistical 
significance and (3) NTBC concentrations were negatively correlated to SA .
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Figure 2. Figure 2A shows mean NTBC concentrations during the study period graphically 
displaced against the number of samples with SA ≥ 0.6 µmol/L. The linear line represents the 
negative correlation between the number of samples with SA ≥ 0.6 µmol/L and mean NTBC 
concentrations. Figure 2B shows mean NTBC concentrations in patients with and without any 
sample with quantitatively detectable SA (≥ 0.6 µmol/L) during the study period.

Quantitatively detectable SA was only found in patients who took one single 
dose of NTBC, especially when momentary NTBC concentrations were <44.3 
µmol/L.

Before discussing the results in more detail, four methodological issues need 
to be addressed. Firstly, this study was an observational study and would 
have had a higher power if both treatment regimens were being tested in the 
same patients using a cross-over design. Secondly, the study was performed at 
patient’s homes. All blood spots were sent together after finishing the complete 
study and were analyzed at the University Medical Center Groningen and 
stored at -20°C until analyzed. However, one of the patients receiving two 
daily doses of NTBC lived in a warm climate 3500 km from the center where 
he was treated, resulting in a time delay for receipt of blood spot samples. 
Although it was found that NTBC concentrations in blood spots were stable for 
at least a period of 1 month when stored at room temperature18, our laboratory 
experience revealed that NTBC and SA concentrations are more stable when 
stored at low temperature. Further studies are needed to explore whether 
different storage conditions (like warm climate or a longer duration until 
analysis) influence NTBC and SA concentrations in dried blood spots. Thirdly, 
especially our findings on SA concentrations may be influenced by the limit of 
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quantification rather than the exact SA concentration. Since most subjects had 
SA levels below limit of quantification using a lower limit of quantification for 
SA would have resulted in different findings. Fourth, although not statistically 
significant, total and natural protein intake in the group of patients taking 
NTBC once daily seemed to be higher compared to the group taking NTBC 
twice daily. Theoretically, higher protein intake could result in higher tyrosine 
concentrations and a higher flux through the tyrosine degradation pathway5. 
However, tyrosine concentrations did not differ significantly as well.

Our results show a significant variation in NTBC concentrations during a 24-
hour period especially seen in patients who took their NTBC as a single dose 
at breakfast. In this group a drop of 21.3% in NTBC concentrations in less than 
20 hours was observed between the pre-midday and pre-breakfast sample. 
This contrasts with previous studies that indicated NTBC to have a stability of 
at least 24 hours in TT1 patients, while in healthy adults even a half-life of 54 
hours was found16,17. The variation in NTBC concentrations in our sample at 
least suggest that biological availability was less than 24 hours and that this 
could have implications regarding the detection of SA, especially for subjects 
taking a single daily dose of NTBC.

When considering NTBC concentrations, our data indicate a tendency 
towards lower NTBC concentrations for the patients receiving NTBC once 
daily in comparison with receiving NTBC twice daily rather than a statistically 
significant difference. However, clear statistical significance was reached 
when the subject with the long transport time of samples was excluded as 
an apparent outlier probably due to differences in pre-analytical conditions. 
This is in contrast to previous studies, which failed to show any differences 
between dosing once, twice and three times a day17. 

Both, momentary and mean NTBC concentrations during the study period 
were negatively correlated to SA. The difference between momentary 
and mean NTBC concentrations without quantitatively detectable SA is 
expected to be caused by the long half-life of SA in plasma5. Quantitatively 
detectable SA possibly indicates a period of lower NTBC concentrations 
before the moment of blood sampling. Most importantly, in our study, SA 
was not found when momentary NTBC concentration were above 44.3 
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µmol/L, which is in accordance with the results of Herebian et al (2009) who 
concluded that NTBC concentrations should be above 50 µmol/L19.   
Acknowledging the importance of maintaining SA concentrations as low as 
possible, our data seem to indicate that dosing NTBC twice daily might be 
better than once daily. Our data also suggest that higher NTBC concentrations 
are related to lower SA concentrations. Before stronger conclusions can be 
drawn, further studies with more data on the dosing of NTBC and related SA 
concentrations are needed. Therefore, it is mandatory to monitor NTBC and 
SA concentrations frequently, preferably by home blood spot sampling for 
which measurement can be performed in expert centers for this disease.
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Supplementary Material - Detailed information 
of the method used for the determination of SA 
and NTBC

Materials

Materials for analyses for Succinylacetone were obtained as described by 
Johnson et al (2007)1 and for dimethylsulfoxide, NTBC, mesotrione (internal 
standard), Girard’s reagent T and acetonitril as described by Herebian et al 
(2009)2. Calibrators were prepared in Li-heparin anti-coagulated blood and 
spotted on filter paper (TFN Grade, Sartorius Stedim DEU). All blood spots 
were stored in a sealed plastic bag with a silica sachet at -20°C until analysis 
and analyzed at the University Medical Center Groningen.

Sample preparation

For NTBC and SA, three mm blood spots of samples, controls and calibrators 
were punched in a 96-well plate. For NTBC analyses, the punches were mixed 
with 150 µl internal standard solution (3mM Mesotrione in methanol). After 
30 min vortexing, the plate was centrifuged at 5000 rcf.

For SA, 2.5 µl internal standard solution (12.3 µM 13C4-SA in MilliQ water) 
and 15 µl Girard-T reagent solution (10 mM in MilliQ:acetonitrile:formic acid 
(100:100:0.2)) were added. After an overnight incubation at room temperature, 
150 µl 0.1% formic acid was added, vortexed for 1 minute, and centrifuged at 
5000 rcf. Supernatants for SA and NTBC analyses were transferred to auto 
sampler vials. 1 ul was injected into the U(H)PLC-MS/MS.

Analyses

Blood spot NTBC and SA concentrations were measured using an ultra-
performance liquid chromatography (LC30, Shimadzu, Japan) coupled to a 
triple quadrupole mass spectrometer (API 4500 QTRAP, Sciex, Canada) with 
an electrospray ionization source (Sciex). Liquid chromatography tandem mass 
spectrometry (LC-MS/MS) analyses for NTBC and SA were respectively carried 
out with a Phenomenex Luna NH2 column (30 x 2mm, 5µm) and a Phenomenex 
Kinetex Biphenyl column (150 x 4.6 mm, 2.6 µm) (Phenomenex  Torrance, USA).  
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The mobile phase for NTBC consisted of 0.1% v/v formic acid in MilliQ H2O 
(A) and 0.1% v/v formic acid in acetonitrile (B). The following gradient was 
applied: from 0-1 min: 90% B, from 1-3 min: 10% B; from 3-7 min: 90% B  at 
0.4 ml/min. For multiple reaction monitoring the following transitions were 
used: m/z 329.9 → 218.1 for NTBC and m/z 340.0 → 228.2 for Mesotrione 
for quantification, m/z 329.9 → 126.1 for confirmation of NTBC, with a dwell 
time of 100 ms. The mobile phase for SA consisted of 0.1% v/v formic acid in 
MilliQ H2O (A) and methanol (B). Isocratic elution was applied 60% A and 
40% B at a flow rate of 0.8 ml/min. For multiple reaction monitoring, the 
following transitions were used: m/z 272 → 185 for SA and m/z 276 → 189 for 
13C4-SA for quantification, m/z 272 → 213 and m/z 276 → 217 for confirmation 
of SA respectively, with a dwell time of 50 ms. Detection was performed by 
positive ion electrospray ionization in multiple reaction monitoring mode. The 
electrospray ionization source temperature was kept at 750 °C and nitrogen 
was used as the nebulizing gas at a flow rate of 60 L/h. The ionspray voltage 
was set at 5500V. Data were analyzed using Analyst 1.6.2 (Sciex).

Validation

Concentrations of NTBC and SA were quantified using a calibration curve. 
Calibrators were prepared in Li-heparin anti-coagulated human blood 
with a range of 0.50 – 100.00  µM for SA and 2.50 – 100.00 µM for NTBC 
respectively, and spotted on filter paper. The methods proved linear within 
these ranges with correlation coefficients of at least 0.997 for NTBC and 0.998 
for SA over three calibration curves. Human blood samples were spiked at 
three different concentrations and spotted on filter cards. In these three pool 
blood spot samples, intra-assay variation was calculated from 10 replicates 
analyzed in a single analytical run. The intra-assay variation of blood spot SA 
were 10.4% (1.5 µM), 7.7% (10.9 µM) and 5.7% (54.5 µM) respectively, and 
for blood spot NTBC 6.2% (8.5 µM), 6.6% (27.4 µM) and 9.3% (98.2 µM). 
Inter-assay variation was assessed by analyzing the three pool samples at ten 
different days over a three months’ period, showing variation coefficients of 
9.8% (1.4 µM), 5.5% (11.1 µM) and 8.6% (52.2 µM) for blood spot SA and 
6.6% (8.3 µM), 8.6% (26.9 µM) and 8.0% (97.8 µM) for blood spot NTBC 
respectively. Limits of detection (LOD) and limits of quantification (LOQ) 

Prevention and detection of HCC   |   51   

2



were determined based on the signal-to-noise ratio approach, using ratios of 
three and ten respectively. The LOD/LOQ were 0.2/0.6 µM for blood spot SA 
and 0.2/0.4 µM for blood spot NTBC.
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