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Introduction to the chapter

As high tyrosine concentrations are not only associated with corneal opacities 
or even corneal crystals, but (together with low phenylalanine concentrations) 
with neurocognitive defi ciencies as well, adequate monitoring of metabolic 
control becomes truly necessary. In the past, metabolic control was mainly 
investigated by measuring plasma amino acid concentrations at the outpatient 
clinic. However, nowadays dried blood spot analyses are frequently used. 
These dried blood spots have the advantage that only a small amount of blood 
is required which could be taken by fi nger puncture. Consequently, blood 
sampling can be done at home. For phenylketonuria patients, the use of blood 
spots is already standard care. Despite this, in PKU, the validity of dried blood 
spot phenylalanine and tyrosine analyses is of ongoing debate. So far, not 
much is known about the validity of bloodspot analyses in Tyrosinemia type 1 
(TT1). Furthermore, previous research showed that especially phenylalanine 
concentrations tend to show a clear diurnal variation in TT1 patients, whereas 
tyrosine concentrations remain stable during the day. We hypothesize that 
blood spots can adequately be used in standard care of TT1 patients, but that 
it is important to take the diurnal variation of phenylalanine into account. 
This is investigated in the following chapter by studying diff erences between 
diff erent ways of blood sampling and investigating the diurnal variation of 
phenylalanine and tyrosine concentrations.  
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Abstract
Introduction: To investigate agreement between various dried blood spot 
(DBS) and venous blood sample measurements of phenylalanine and tyrosine 
concentrations in Phenylketonuria (PKU) and Tyrosinemia type 1 (TT1) 
patients.

Methods: Phenylalanine and tyrosine concentrations were studied in 45 
PKU/TT1 patients in plasma from venous blood in lithium heparin (LH) and 
EDTA tubes; venous blood from LH and EDTA tubes on a DBS card; venous 
blood directly on a DBS card; and capillary blood on a DBS card. Plasma was 
analyzed with an amino acid analyzer and DBS were analyzed with liquid 
chromatography-mass spectrometry. Agreement between different methods 
was assessed using Passing and Bablok fit and Bland Altman analyses. 

Results: In general, phenylalanine concentrations in LH plasma were 
comparable to capillary DBS, whereas tyrosine concentrations were slightly 
higher in LH plasma (constant bias of 6.4 µmol/L). However, in the low 
phenylalanine range, most samples had higher phenylalanine concentrations 
in DBS compared to LH plasma. Remarkably, phenylalanine and tyrosine in 
EDTA plasma were higher compared to all other samples (slopes ranging from 
7-12%). No differences were observed when comparing capillary DBS to other 
DBS.

Conclusion: Overall agreement between plasma and DBS is good. 
However, bias is specimen- (LH vs EDTA), and possibly concentration- 
(low phenylalanine) dependent. Because of the overall good agreement, we 
recommend the use of a DBS-plasma correction factor for DBS measurement. 
Each laboratory should determine their own factor dependent on filter card 
type, extraction and calibration protocols taking the LH plasma values as gold 
standard.



Introduction
To improve the outcome in patients with phenylketonuria (PKU, OMIM 
#261600), frequent monitoring of blood phenylalanine (Phe) concentrations 
is necessary1,2. Measurement of tyrosine (Tyr) concentrations can be important 
as well in PKU, as Tyr and Phe/Tyr ratios are found to be related to executive 
cognitive functioning3. In Tyrosinemia type 1 (TT1, OMIM #276700), attention 
usually focuses on monitoring Tyr concentrations4. Some recent theoretical 
and clinical studies suggested however that Phe concentrations could also be 
important. Low Phe concentrations have been related to impaired growth, 
skin problems and neurological deficits5-8. 

Monitoring Phe and Tyr concentrations is nowadays increasingly done 
using dried blood spots (DBS). The validity of the DBS for monitoring Phe 
is of ongoing debate9-12. A pilot study in the Netherlands for example showed 
high variability between laboratories in DBS Phe concentrations. Moreover, 
differences between lithium heparin (LH) anticoagulated plasma and DBS 
Phe concentrations among the participating laboratories varied considerably 
(Coene et al. personal communications). This could, in part, be caused by the 
different analytical methods used. On the other hand, differences between DBS 
and venous blood might especially be dependent on the applied calibration 
method and corresponding correction factors. 

Independent of the specific cause, the large inter-laboratory variability in 
Phe concentrations has important implications for the patients treated in 
the different centers, and patient monitoring when using (inter)national 
target values. There are few reports on the possible differences between Tyr 
concentrations in DBS and venous plasma samples so far10-12, although it is 
likely that the same uncertainties as with the measurement of Phe exist.

The objective of this study was to investigate the agreement between Phe and 
Tyr concentrations as measured in different types of blood sampling in our 
laboratory. For this, we compared lithium heparin- and EDTA-plasma with 
capillary DBS. Additionally, we investigated the agreement between DBS 
spotted from capillary or different venous blood samples.
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Methods

Subjects

In total, 40 PKU patients (18 male) and 5 TT1 patients (4 male) were included 
in this study (mean age ± SD: 18 years ± 12.5; range 0-48 years)). Five PKU 
and 3 TT1 patients were included multiple times at different time points 
to enhance the sample size (especially samples with low Phe and high Tyr 
concentrations). All PKU patients were treated with a Phe restricted diet 
and/or tetrahydrobiopterin. All TT1 patients were treated with 2-(2-nitro-4-
trifluoromethylbenoyl)-1,3-cyclohexanedione (NTBC), dietary restriction of 
Phe and Tyr, and Phe supplementation in case of otherwise very low plasma 
Phe concentrations (<30 µmol/L)13. The need for formal ethical review was 
waived by the local ethics committee, since we made use of blood that was 
drawn regularly during outpatient visits. The study design was in accordance 
with the current revision of the Helsinki Declaration. All PKU and TT1 
caregivers or patients gave written informed consent for this study. Children 
gave assent if age and understanding was appropriate according to ethics 
guidelines.

Study design

In total, 53 measuring points in the outpatient clinic were studied. For this 
study, the following six ways of blood sampling were compared:

1) Plasma from venous blood sampling in regular lithium heparin (LH)  
 tubes;
2) Plasma from venous blood sampling in K2-EDTA (EDTA) tubes;
3) Venous blood sampling from a LH tube on a DBS card;
4) Venous blood sampling from an EDTA tube on a DBS card;
5) Venous blood directly on a DBS card;
6) Capillary blood (by finger puncture) on a DBS card.

Venous blood was taken by venipuncture with a butterfly needle and collected 
in LH tubes (which is the regular tube in the UMC Groningen for Phe and 
Tyr analysis), EDTA tubes, and sterile syringes. Blood spots were made using 
blood in the syringe, and by taking a drop of LH- and EDTA-anti-coagulated 
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blood, corresponding to approximately 40 µl, from the tubes and applying 
this on blood spot cards. In addition, blood spots were made by collecting 
one drop of capillary blood on a filter card by finger puncture (as is done at 
home). All blood samples from the patient were taken at the same time at the 
outpatient clinic to ensure minimal differences between the samples due to 
diurnal variation in concentrations13-16. Blood spot cards were obtained from 
Sartorius (TFN Grade 179 g/m2, Sartorius Stedim, Göttingen, Germany).

Laboratory analyses

All samples were analyzed in the Laboratory of Metabolic Disease of the UMC 
Groningen. The laboratory is ISO15189 accredited (M078). Blood applied on 
filter cards was dried for at least three hours at room temperature. DBS cards 
were stored at room temperature for 0-6 days prior to analyses. Analyzed 
data were corrected using a DBS-plasma correction factor as is practice in our 
hospital. The correction factor was determined by comparing concentrations 
of Phe and Tyr in DBS and plasma, prepared from blood samples spiked 
with Phe and Tyr (0-100-250-500-750-1000-1400 µmol/l). Phe and Tyr 
concentrations in DBS were measured with LC-MS/MS, using a calibration 
curve in 0.1N HCl. Phe and Tyr concentrations in plasma were analyzed with 
Biochrom. Details of the methods are described in the Supplemental Materials. 
We then estimated the DBS-plasma correction factor using a Passing and 
Bablok regression analysis. In this analysis, Phe or Tyr concentrations in 
plasma were plotted on the x-axis, and DBS concentrations were plotted on 
the y-axis. The slope of the regression analyses, corresponding to 2.4 in our 
methods, was applied as DBS-plasma correction factor. We applied the DBS-
plasma correction factor by adjusting the amount of calibration solution used 
in our LC-MS/MS method. The correction factor was subsequently verified 
using plasma and DBS samples prepared from blood samples of patients. 
A more detailed description of the determination of the correction factor is 
presented in the Supplemental Materials. 

Blood collected in tubes was centrifuged within 1 hour after sampling to obtain 
plasma. EDTA samples were centrifuged after 1-2 hours, with a maximum of 
4 hours after sampling due to the fact that these samples were first analyzed 
for hemocytometric parameters for regular patient care. This period does 
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not affect the Phe and Tyr concentrations in these tubes to a large extent; 
i.e. +4.7% for Phe and no bias for Tyr17. Plasma was stored at -20 °C for 
1-5 days prior to analyses. Plasma concentrations were determined using a 
commercial method based on ion exchange chromatography with post column 
derivatization with Ninhydrin on a Biochrom 30+ or Biochrom 30 analyser 
(Pharmacia Biotech, Cambridge, UK) (for sample preparation, we refer to van 
Vliet et al.18). A physiological amino acid calibration standard was used for 
calibration (Sigma-Aldrich, Darmstadt, Germany). External quality control 
samples (ERNDIM) showed excellent accuracy, precision and recovery. The 
method was linear up to at least 1750 µM. Limits of quantification (LOQ) were 
determined based on the CV>20% criterion and were 0.5 µM for Phe and 2.0 
µM for Tyr. Variation coefficients of the internal quality control samples during 
the study period are shown in the Supplemental materials. DBS Phe and Tyr 
concentrations were determined using liquid chromatography tandem mass 
spectrometry (LC-MS/MS) analysis. For more details on this method we refer 
to the Supplemental materials (Supplemental material).

Statistical analyses

To compare Phe and Tyr concentrations in different sampling methods, 
Passing and Bablok regression analyses were performed, as recommended 
by the Clinical and Laboratory Standards Institute19. The Passing and Bablok 
regression analysis is a linear regression procedure without assumptions 
regarding the distribution of samples and measurement errors, and is 
less sensitive to outliers. The EP09-A3 protocol recommends analyzing a 
minimum of 40 samples19,20. The intercept (representing constant bias) and 
slope (representing proportional bias) are presented as estimates and should 
ideally not be different from 0 (intercept) and 1 (slope), at p<0.05. In addition, 
Bland Altman tests for relative differences were performed to visualize 
the relation between bias and concentration. The relative differences are 
expressed as percentages of the mean concentration. All statistical analyses 
were performed using IBM SPSS Statistics 23rd version and Analyse-it for 
Microsoft Excel 4.18.6 (Analyse-it Software, Ltd). 
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Results
Table 1 shows the results of the Passing and Bablok regression analyses for 
the comparison of the Phe and Tyr concentrations of LH- and EDTA-anti-
coagulated plasma, and capillary DBS and their respective correlation 
coefficients. Only the significant and the most notable results will be addressed 
further. In total, 6.9% of our data was missing (15 EDTA plasma samples, 3 
capillary DBS, and 4 EDTA DBS). As can be observed in Table 1, the Passing 
and Bablok regression analyses of the comparison of LH plasma and capillary 
DBS for Phe showed no differences. The regression analyses for Tyr showed 
a higher intercept but a normal slope. These Passing and Bablok regression 
analyses of the post-correction data are also presented in Figure 1.

Phe and Tyr concentrations in LH plasma were higher compared to LH DBS and 
EDTA DBS for Phe (4% for both), and (slightly) higher compared to capillary 
DBS for Tyr (intercept: 6.4 µmol/L). No differences could be demonstrated 
between LH plasma and other DBS. The Bland Altman difference plot (Figure 
2) revealed that there might be differences between LH plasma and capillary 
DBS for Phe concentrations of approximately <50 µmol/L, i.e. low for PKU. 
In this Phe range, Phe concentrations in LH plasma tended to be lower than 
Phe concentrations measured in capillary DBS. This was mainly due to three 
outliers, deriving from TT1 patients with low Phe concentrations (Figure 2). 

No differences in Phe and Tyr concentrations were observed when comparing 
all different DBS sampling methods to each other (data not shown). Phe and 
Tyr concentrations measured in EDTA plasma were generally 7-12% higher 
compared to the other sampling types, except for LH DBS and EDTA DBS for 
Tyr.
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Figure 1. Results on Passing and Bablok fi t analyses comparing A) phenylalanine 
concentrations from lithium heparin (LH) plasma and capillary dried blood spots (DBS) and B) 
tyrosine concentrations from LH plasma and capillary DBS.
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Figure 2. Results on Bland Altman analyses for phenylalanine concentrations measured in 
lithium heparin (LH) plasma compared to capillary dried blood spots (DBS).

Discussion
To the best of our knowledge, our study is the fi rst to report the potential 
diff erences between DBS and plasma Phe and Tyr concentrations in a wide 
concentration range, using data from both PKU and TT1 patients. Moreover, 
we investigated the diff erences between Phe and Tyr concentrations measured 
in diff erent venous plasma samples and diff erent DBS. Our results showed that 
diff erences, if any, are small with the applied analytical methods and DBS-
plasma correction factor. To summarize our main fi ndings: (1) no signifi cant 
diff erences were observed between venous DBS and capillary collected DBS, 
(2) overall, LH plasma agreed well with the other ways of blood sampling, 
however when Phe concentrations are below approximately 50 µmol/L, i.e. 
low for PKU patients and usual for TT1 patients, diff erences with capillary 
DBS tended to appear (with Phe concentrations being lower in LH plasma) 
and (3) Phe and Tyr concentrations tended to be higher in EDTA plasma 
compared to other specimens.

Before discussing the results in more detail, some methodological issues are 
addressed. TT1 is a very rare inborn error of metabolism, also when compared 
to PKU. Only few TT1 patients could be included, and therefore our samples 
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mostly derived from patients with high Phe and low/normal Tyr concentrations. 
The DBS-plasma correction factor therefore also mainly derived from samples 
of PKU patients, i.e. with low Tyr and high Phe concentrations. However, since 
both PKU and TT1 are being monitored by DBS, and using both groups gives 
the possibility to compare for the full range of Phe and Tyr concentrations, we 
were interested in both patient groups.

Regarding the different ways of DBS sampling, our results showed no 
differences between capillary DBS, which are normally taken at home, and 
venous DBS, which are spotted at our outpatient clinic to enable Phe and Tyr 
measurement in DBS without needing an extra finger puncture in our patients. 
These results implicate that DBS sampled at home and at the outpatient 
clinic are considered to be comparable and can be used interchangeably. This 
finding has not been reported previously, but is important, because (1) most 
laboratories use DBS made of venous blood for validation purposes, (2) in 
our laboratory the DBS method is calibrated/corrected using DBS and plasma 
samples taken at the outpatient clinic and (3) if a DBS needs to be taken 
in the hospital alongside blood collection in tubes, it is both more efficient 
and patient-friendly to make a DBS from venous blood instead of capillary 
collected blood. 

When comparing LH plasma to the other specimens, several (small) differences 
were observed, in particular for Phe concentrations. Interestingly, when we 
look at the agreement between the different methods by Bland Altman, a bias 
is especially observed in the lower Phe range with lower Phe concentrations 
in LH plasma when compared to capillary DBS. Particularly in this range, 
the differences between plasma and DBS are clinically relevant since low Phe 
concentrations have been associated with impaired growth, skin problems, 
and neurological deficits in both TT1 and PKU patients5,21. For this reason, Phe 
supplementation is sometimes recommended in TT1 in case of persistently 
low Phe levels4,5,7. Furthermore, especially this lower range might be important 
with the upcoming new treatment for PKU patients, pegvaliase22,23. Patients 
treated with pegvaliase often have low Phe concentrations, which can drop 
below the detection limit. The number of samples in this study with low Phe 
concentrations is however low and it should be noted that the observed bias 
may also be caused by the three outlying values. It is therefore unknown if 
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this observed difference in the low Phe range is indeed real. Furthermore, the 
cause of this possible concentration-dependent difference remains unknown 
and further investigations with a higher number of samples with low Phe 
concentrations are needed. 

The methods used to analyze plasma and DBS Phe concentrations both proved 
to be linear in the investigated concentration range, and concentrations 
were well above the limits of quantification. However, it is hypothesized that 
analytical challenges associated with DBS analyses could play a role causing 
high variability, including influences of hematocrit variation, chromatography 
effects on filter cards24, and possibly inherent differences in Phe concentrations 
in capillary and venous blood. Factors associated with home blood sampling, 
in particular applied blood volumes, affecting e.g. spot volume per punch 
and extraction recoveries25, were less likely to contribute because sampling 
occurred under controlled conditions at the outpatient clinic. 

A surprising finding was that Phe and Tyr concentrations in EDTA plasma 
were 7-12% higher when compared to all other samples (Table 1). These 
differences have not been previously reported and so far, we have not been 
able to explain this difference. Since LH and EDTA plasmas of patients were 
analyzed in a single analytical run, analytical bias is not likely. 

Several authors have investigated differences between plasma and DBS 
Phe and Tyr concentrations9-12, but results are conflicting. Regarding Phe 
concentrations, only the study of Allard et al., who measured Phe and Tyr 
with both HPLC and flow-injection MS/MS (neonatal screening kit) methods, 
showed similar Phe concentrations in DBS and plasma10. All others reported 
lower Phe concentrations in DBS9,11,12. Stroup et al. reported significantly lower 
Phe concentrations in capillary DBS with a flow-injection MS/MS method 
and, to a lesser extent with ion exchange chromatography, compared to 
EDTA plasma9. Since we also found lower concentrations in DBS compared 
to EDTA plasma, it is possible that difference reported by Stroup et al. might, 
at least to some extent, be caused by the use of EDTA plasma rather than 
a structural difference between concentrations measured in plasma and in 
DBS. However, other studies also showed lower Phe concentrations in DBS 
compared to LH plasma11,12, indicating that other factors beside the used anti-
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coagulant cause the observed differences. One of these may be the difference 
between the analytical methods for DBS phe, i.e. flow-injection MS/MS 
analyses having lower DBS Phe concentrations compared to HPLC. This was 
also demonstrated by others9,10,26, and may reflect differences in calibration 
and the applied extraction procedures. Reports on the Tyr concentration 
differences between plasma and DBS are scarce and inconclusive like with 
Phe. For instance, Allard et al.10 reported no differences, and Groselj et al.12 
reported a 15.5% lower concentration in DBS. 

Clinicians should be aware that large differences in DBS concentrations might 
exist between laboratories and between DBS and plasma, depending on the 
applied methods for calibration. Lack of standardization between methods 
impairs clinical decision making, since cut-off values for PKU and TT1 have 
been established to represent cut-offs for both plasma and DBS. Our results 
show that laboratories can achieve similar (mean) results of DBS and plasma, 
using DBS-plasma correction factors. Laboratories should however determine 
their own correction factor, since this is dependent on filter card types, and 
extraction and calibration protocols. Application of such a correction factor 
might generate better agreement between plasma and DBS samples, as is done 
regularly when using Point-Of-Care-Testing glucose meters. Standardization 
of the calibration procedure, i.e. application of lab-specific DBS-plasma 
correction factors, also improves the comparison of DBS and plasma phe 
and tyr concentrations within and between laboratories, which is essential in 
the development and adherence to guidelines for the monitoring of PKU and 
TT1 patients. To increase the inter-laboratory comparability, and therefore 
the applicability of both cut-off values from guidelines, the plasma method 
applied as gold standard, should be a method that is harmonized, preferably 
to international calibration standards, and be tested regularly in external 
quality control schemes, such as that provide by ERNDIM.

The large variability between DBS and plasma is more difficult to control. 
It has been shown that bias between plasma and DBS samples might be 
different among individuals9. Individually based differences may be caused by 
differences in hematocrit, home blood sampling techniques including applied 
blood volumes on the filter card, or unknown factors such as transport of the 
samples9,27,28. This was not investigated in this study since almost all patients 
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were only included once and samples were taken in the outpatient clinic under 
controlled conditions. The high variability however, might be an explanation 
for the outliers that were observed. 

Even though measurements of metabolites in DBS have (mainly) logistic 
advantages over measurements in plasma, the confounding pre-analytical 
factors invalidate the use of DBS for (home) monitoring. Regular education of 
patients on the DBS sampling procedure is essential to obtain reliable results. 
When DBS concentrations approach critical levels, a repeat measurement 
in plasma is advisable, if possible. In theory, monitoring using a Point-of-
Care testing method for Phe and Tyr avoids the pre-analytical errors that 
are associated with DBS samples, and may not only decrease the total turn-
around-time of the analyses, but may also result in lower variability and low 
bias, again when plasma-based calibrators are applied.

Conclusion
In conclusion, using a DBS-plasma correction factor, our results show 
comparable Phe and Tyr concentrations in plasma and DBS. We recommend 
each laboratory to determine such a correction factor to improve the 
correlation between Phe and Tyr concentrations measured in venous blood 
and in DBS. Especially when relating metabolic control to clinical outcomes, 
it is important to keep in mind that there are differences between various 
blood sampling methods and that these might especially be dependent on the 
calibration method that is used.
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Supplemental Material

Detailed information of the method used for the determina-
tion of Phenylalanine and Tyrosine in dried blood spots

Materials 

Phenylalanine, Tyrosine, L-Phenyl-d5-alanine, and L-Tyrosine-(phenyl-d4) 
were obtained from Sigma-Aldrich Corporation (Saint Louis, Missouri, US). 
Methanol, Formic acid and HCl were obtained from Merck (Darmstadt, 
Germany). Blood spot cards (lot X124977) were obtained from Sartorius (TFN 
Grade 179 g/m2, Sartorius Stedim, Göttingen, Germany). These paper sheets 
are suitable for quantitative analyses of human fluids. A Quality Assurance 
Certificate was obtained, reporting weight (169-193 g/m2), thickness (0.40-
0.49 mm), capillary rise lenghtwise 10 min (100-150 mm), water absorbance 
(205-368 g/m2), pH-value (6.0-7.0) and acidity (<0.06%).  

Sample preparation

Phenylalanine (Phe) and Tyrosine (Tyr) calibration solutions in 0.1 N HCl (2.4 
µl, range 25-1500 µm) were pipetted, and dried blood spot (DBS) punches 
(3.2 mm Ø) of samples and quality controls were placed in a 96-well plate. 
The samples were mixed with 150 µl internal standard solution (5 µM D5-Phe 
and 5 µM D4-Tyr in methanol). After 30 minutes of vortexing, the plate was 
centrifuged at 2000 rpm. 10 µl supernatant was transferred to a new 96-well 
plate and diluted with 190 µl 0,1% formic acid in MilliQ water. 10 µl of this 
sample was injected onto the column.  

Analytical method

DBS Phe and Tyr concentrations were measured using high-performance 
liquid chromatography (LC20; Shimadzu, Kyoto, Japan) coupled to a triple 
quadruple mass spectrometer with an electrospray ionization source (API-
3200, SCIEX, Framingham, MA, USA). Liquid chromatography tandem 
mass spectrometry (LC-MS/MS) analysis was carried out using a Kinetex 
Biphenyl (2.6 µm pore size, 150 x 4.6 mm) analytical column coupled to a 
Kinetex Biphenyl (2.6 µm pore size, 2 x 4.6 mm) guard column (Phenomenex, 
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Torrance, California, USA). Separation was achieved in 4 minutes applying 
isocratic elution [50% mobile phase A: 0.1% formic acid in MilliQ water and 
50% mobile phase B: 100% methanol], at a flow rate of 0.6 mL/min. Detection 
was achieved using positive-ion electrospray ionization in multiple reaction 
monitoring mode, using the following transitions: m/z 171.1→125.1 for D5-
Phe, 166.1→120.2 for Phe, 186.1→140.3 for D4-Tyr and 182.1→136.2 for Tyr. 
The electrospray ionization source temperature was kept at 450 oC, the ion 
spray voltage at 4000V and nitrogen was used as nebulizing gas. Data were 
analyzed using Analyst 1.6.2 (Sciex). The blood spot Phe + Tyr method was 
linear up to 3000 µM. Limits of detection (LOD) and limits of quantification 
(LOQ) were determined based on the signal-to-noise ratio approach, using 
ratios of three and ten respectively. The LOD/LOQ were 1.0/2.0 µM for 
DBS Phe and 1.0/5.0 µM for DBS Tyr. Recoveries in DBS from whole blood 
samples of an apparently healthy adult spiked with 100-1000 µM Phe and 
Tyr were 87.5-103.7% and 87.3-101.6%, respectively. Variation coefficients of 
the internal quality control samples of the DBS LC-MS/MS method and the 
plasma Biochrom method during the study period are shown in Supplemental 
Table 1.

Calibration

Calibration solutions in 0.1N HCl were used instead of blood spot calibrators, 
the latter being the gold standard for analysis of metabolite concentrations in 
blood spots. These solutions have advantage over blood spots given the higher 
analytical precision resulting in lower inter-assay variability. It was possible 
to use these solutions because concentrations of Phe and Tyr in DBS were 
calculated from the concentrations in plasma using a DBS-plasma correction 
factor. The correction factor was determined by constructing a calibration 
curve in 0.1N HCl and by spiking whole blood samples of an apparently healthy 
male adult with Phe and Tyr (0-100-250-500-750-1000-1400 µmol/l). One 
drop of blood was spotted and dried for at least 3 hours on filter paper, and 
corresponding plasma was prepared by centrifugation of the remaining blood. 
Phe and Tyr were analysed in duplicate in 3.2 mm Ø punches with LC-MS/
MS, and calculated based on the calibration curve in 0.1N HCl (using 1 µl of 
calibration standard). This can be considered the first calibration step. The 
spiked plasma samples were subsequently analysed in duplicate with our 
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amino acid reference method (Biochrom, see main article). The DBS-plasma 
correction factor was estimated by means of a Passing and Bablok regression 
analysis, by plotting the Phe or Tyr concentrations in plasma on the x-axis 
(Biochrom method) and the concentrations in blood spots on the y-axis (LC-
MS method). The slope of this regression analyses corresponds to the DBS-
plasma correction factor. This factor can be considered the second calibration 
step. The regression analyses demonstrated a slope of 2.4. As this correction 
factor has been determined several years ago and the lab information system 
has been replaced, the original data that generated this correction factor cannot 
be shown. To illustrate the origin of the correction factor, Supplementental 
Figure 1 has been added, presenting a theoretical figure of the Passing and 
Bablok analysis that was used to determine this correction factor of 2.4. We 
apply this correction factor in the amount of calibration solution (combining 
the first and second calibration steps). This corrects blood spot Phe and Tyr to 
their respective plasma concentrations. It should be realized that this factor 
only applies to the given extraction conditions and filter cards. The factor was 
verified by comparing Phe and Tyr concentrations in lithium heparin plasma 
with Phe and Tyr concentrations in blood spots from venous blood (the 
latter obtained via syringe) of 13 patients visiting our outpatient clinic, using 
Passing and Bablok regression analyses, as applied in the main manuscript. 
This analysis revealed no significant differences. and the results of the current 
study also verifies the accuracy of the correction factor. 
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Biochrom 30
Plasma

Biochrom 30+
Plasma

LC-MS/MS
Dried blood spot

Phenylalanine

Level 1
CV
Mean±sd

Level 2
CV
Mean±sd

Lot 1 / Lot 2

3.9% / 3.5%
(342.2±13.3 / 
362.4±12.8)

3.9%
(665.9±25.9)

Lot 1 / Lot 2

4.3% / 3.7%
(342.5±14.3 / 
358.9±13.4)

3.0%
(671.7±20.5)

Lot 1 / Lot 2

9.6% / 7.2%
(107.0±10.3 / 
145±10.5)

7.4%  / 6.9%
(886.0±65.5 / 
926.3±63.6)

Tyrosine

Level 1
CV
Mean±sd

Level 2
CV
Mean±sd

Lot 1 / Lot 2

4.2% / 3.4%
(232.0 ± 9.7 / 82.9 
± 2.8)

3.3%
(888.2 ± 29.4)

Lot 1 / Lot 2

3.6% / 3.5%
(231.3 ± 8.4 / 84.0 
± 2.9)

2.9%
(897.3 ± 24.5)

Lot 1 / Lot 2

10.0% / 8.2%
(96.9 ± 9.7 / 123.3 
± 10.1)

9.1% / 7.8%
(703.7 ± 61.3 / 
751.6 ± 58.4)

Supplemental Table 1. Internal quality control results during the study period.Data represent 
variation coefficients (CV%) and mean±sd (µmol/l) for the internal QC batch samples.→ Two lots 
of QC samples were analyzed during the study period, except for the amino acids QC level 2.
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Supplemental Figure 1. Passing and Bablok regression analysis (theoretical model). Phe (or 
Tyr) concentrations were plotted of samples analysed in duplicate with Biochrom in plasma, 
and with LC-MS/MS in dried blood spot using 1 µl of calibration solution for the latter method. 
Passing and Bablok analyses show their relation (plasma on x-axis, dried blood spot on y-axis). 
This generated a slope of 2.4 in this example and this should be used as the correction factor. 
Note the intercept of 29.5, which is the endogenous concentration of Phe in the whole blood 
sample, which should be ignored for the correction factor.
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Abstract
Tyrosinemia type 1 (TT1) treatment with 2-(2-nitro-4-trifluormethyl-benzyl)-
1,3-cyclohexanedione (NTBC) and a phenylalanine-tyrosine restricted 
diet is associated with low phenylalanine concentrations. Phenylalanine 
supplementation is prescribed without comprehensive consideration about 
its effect on metabolic control. We investigated the effect of phenylalanine 
supplementation on bloodspot phenylalanine, tyrosine, NTBC and 
succinylacetone. Eleven TT1 patients received 0, 20 and 40 mg/kg/day 
phenylalanine supplementation with the phenylalanine-tyrosine free 
L-amino acid supplements. Bloodspots were collected before breakfast, 
midday and evening meal. Differences between study periods, sample times 
and days within a study period were studied using (generalized) linear mixed 
model analyses. Twenty and 40 mg/kg/day phenylalanine supplementation 
prevented daytime phenylalanine decreases (p = 0.05) and most low 
phenylalanine concentrations, while tyrosine concentrations increased (p 
< 0.001). Furthermore, NTBC and succinylacetone concentrations did not 
differ between study periods. To conclude, 20 mg/kg/day phenylalanine 
supplementation can prevent most low phenylalanine concentrations without 
increasing tyrosine to concentrations above the target range or influencing 
NTBC and succinylacetone concentrations, while 40 mg/kg/day increased 
tyrosine concentrations to values above the targeted range. Additionally, this 
study showed that the effect of phenylalanine supplementation, and a possible 
phenylalanine deficiency, should be assessed using pre-midday meal blood 
samples that could be combined with an overnight fasted sample when in 
doubt. 



Introduction
Tyrosinemia type 1 (TT1; McKusick 276700) is a rare, autosomal recessive 
disorder of tyrosine metabolism caused by a deficiency of fumarylacetoacetate 
hydrolase, the last enzyme of the tyrosine degradation pathway (incidence 
1:100.000). Without treatment, this deficiency results in the accumulation 
of toxic metabolites prior to the enzyme defect, such as maleylacetoacetate, 
fumarylacetoacetate, succinylacetoacetate and succinylacetone (SA), causing 
acute liver failure, hepatocellular carcinoma (HCC), renal tubulopathy, and 
porphyria-like-syndrome with neuropathy1.

Before the introduction of 2-(2-nitro-4-trifluormethyl-benzyl)-1,3-
cyclohexanedione (NTBC), when patients were treated with a diet only, the 
outcome of TT1 was very poor2,3. NTBC, however, prevents the accumulation 
of toxic metabolites by blocking 4-OH-phenylpyruvate dioxygenase, an 
enzyme proximal from the primary enzyme defect4. In this way, NTBC 
led to the resolution of liver failure and porphyria-like-syndrome, a 
substantial reduction in HCC and consequently eliminated the need for liver 
transplantation5-7. However, due to the metabolic block caused by NTBC, 
tyrosine levels increased, and so a phenylalanine-tyrosine restricted diet 
remained necessary8.

Combined treatment with NTBC and diet resolved most of the clinical 
problems. However, during longer term follow-up, it is challenging to maintain 
both tyrosine and phenylalanine concentrations within target range. As a 
consequence, low phenylalanine concentrations are reported frequently4,9-13. 
It has been shown that phenylalanine concentrations tend to show a diurnal 
variation with lowest concentrations during the afternoon13. Low phenylalanine 
concentrations are associated with poor growth, eczema-like skin eruptions 
and developmental delay in infants11, and behavioral problems later in life14. 
To increase phenylalanine concentrations in TT1 patients, phenylalanine 
supplementation may be prescribed despite the likely conversion of some 
phenylalanine to tyrosine9,11,12. As phenylalanine supplementation increases 
the flux through the phenylalanine-tyrosine catabolic pathway, phenylalanine 
supplementation might not only increase tyrosine concentrations but, at 
least theoretically, increase blood SA concentrations as well. As blood NTBC 
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concentrations may also influence blood SA and consequently also tyrosine 
and phenylalanine concentrations, NTBC concentrations are needed to study 
differences in SA, tyrosine and phenylalanine concentrations. 

Therefore, this study aimed to investigate the biochemical effect of different 
amounts of phenylalanine supplementation on (1) blood phenylalanine and 
tyrosine concentrations and (2) blood SA and NTBC concentrations. 

Methods 

Subjects

In total, 11 TT1 patients (7 males, 4 females; mean age 14.0 years; range 
6.9–27.0 years) were studied. Five patients (subject 1–5) were diagnosed 
and treated in the University Medical Center Groningen (UMCG) (The 
Netherlands) and six patients (subject 6–11) in the Birmingham’s Children’s 
hospital (UK). All patients received NTBC and a protein restricted diet with 
phenylalanine and tyrosine free L-amino acids supplements. The dietary 
prescription remained unchanged during the study. All subjects maintained 
their regular NTBC dose. If phenylalanine supplementation was used as part 
of their standard treatment (N = 4), the supplementation was stopped one 
week before the study start. 

The study was approved by the medical ethical committee of the UMCG in 
The Netherlands and by the UK South Birmingham ethical committee. All TT1 
patients and/or their caregivers gave written informed consent for this study. 

Study Design

This study consisted of three different study periods in which three blood spots 
a day were taken at home by the parents/guardians of the patients or by the 
patients themselves. The blood spots were taken before breakfast, lunch (also 
called midday meal) and dinner (also called evening meal). The first study 
period consisted of two days in which no phenylalanine supplementation 
was given. During the second study period, 20 mg/kg/day phenylalanine 
supplementation was given for five consecutive days. During the third study 
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period, 40 mg/kg/day phenylalanine supplementation was given for five 
consecutive days. This third study period started after a wash-out period of 
seven days in which patients did not take any phenylalanine supplementation. 
The phenylalanine supplementation was divided into 3 doses/day, taken 
during meals together with the phenylalanine and tyrosine free L-amino 
acid supplements. During the periods with phenylalanine supplementation, 
bloodspots were taken during the last 4 days of the study period (Table 1).

Period 1  
Without 
pheny-
lalanine 
supple-
mentation

Period 2  
First phenylalanine 
supplementation 
round 
(20 mg/kg/day)

Wash- 
out 
period

Period 3 
Second phenylalanine 
supplementation round 
(40 mg/kg/day)

Study 
day

1 2 3 4 5 6 7 8–14 15 16 17 18 19

Time 
blood 
 spot 

Break- 
fast

X X X X X X X X X X

Midday 
meal

X X X X X X X X X X

Evening 
meal

X X X X X X X X X X

Table 1. Overview of the different study periods with sample times.

Phenylalanine Capsules

For both centers, capsules containing 50 mg and 100 mg of L-phenylalanine 
were prepared by the pharmacy in the University Medical Center Groningen.

Blood Spot Sampling

Phenylalanine, tyrosine, NTBC and SA concentrations were analyzed by blood 
sampling via collecting blood spots on blood spot cards. All blood spots were 
collected at home through finger punctures on blood spot cards made of filter 
paper (Grade FN 179 g/m2 Satorius, Göttingen, Germany). Two bloodspot 
cards were used for each sample collected. The first bloodspot card measured 
phenylalanine and tyrosine (and NTBC in patients 6–11) and was stored at 
room temperature until analyses. The second bloodspot card measured SA 
(and NTBC in patients 1–5). This blood spot card was dried for at least 3 hours 
at room temperature and afterwards stored at –20o Celsius in seal bags with 
a silica sachet (at home and in laboratory after transport using dry ice) until 
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analyses. Blood spot phenylalanine, tyrosine, NTBC and SA concentrations 
were analyzed using high-performance liquid chromatography coupled to 
tandem mass spectrometry. The limit of quantification for SA was 0.1 µmol/L. 
All bloodspots were analyzed at the laboratory of the UMCG.

Statistical Analysis

Differences in blood phenylalanine, tyrosine and NTBC concentrations 
between the different study periods (0, 20, 40 mg/kg/day phenylalanine 
supplementation), days within a study period, and sample times (diurnal 
variation) were studied using linear mixed effects models. NTBC 
concentrations were analyzed after logarithmic transformation. Results on 
blood SA concentrations were divided into SA < 0.1 µmol/L and SA ≥ 0.1 
µmol/L. Differences in SA concentrations between the different study periods 
were studied using generalized linear mixed model analyses. Additionally, 
generalized linear mixed model analyses were undertaken to study the 
correlation between blood SA concentrations and blood tyrosine and NTBC 
concentrations. Statistical analyses were conducted with the statistical 
program SPSS 23 (IBM, Chicago, IL, USA). All tests were performed two-
sided and a p-value of 0.05 was considered statistically significant. Graphs 
were made using Graphpad Prism 7.

Results

Patient Characteristics

Eleven patients diagnosed with TT1 were recruited from the UMCG, the 
Netherlands and Birmingham Children’s Hospital, UK. Patient characteristics 
are shown in Table 2. In five patients, the total daily dose of NTBC was divided 
into two doses (patients 1–5), six patients were given a single daily dose of 
NTBC in the morning (patients 6–11). All patients maintained their individually 
tailored phenylalanine and tyrosine restricted diet with phenylalanine 
and tyrosine free supplementary L-amino acids. During the study, patients 
were asked to document possible symptoms associated with phenylalanine 
supplementation. No patients reported any new or exacerbation of pre-existing 
clinical problems possibly associated with the additional phenylalanine.
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Blood Phenylalanine and Tyrosine Concentrations

Figure 1A shows mean blood phenylalanine concentrations at the three 
different sample times during all study periods. A linear mixed model analysis 
was done with blood phenylalanine concentrations as the dependent variable 
with study period (0, 20 and 40 mg/kg/day phenylalanine supplementation) 
and sampling time (breakfast, midday meal, evening meal) as factors. This 
analysis showed a significant interaction between the study period and 
sampling times, indicating differences in diurnal variation between the 
different study periods (p = 0.05). Without any supplementation, mean 
phenylalanine concentrations decreased from 50 ± 21 µmol/L at breakfast to 
37 ± 14 µmol/L before the midday meal (Table 3). During this study period 
without phenylalanine supplementation, nine out of 11 patients had a blood 
phenylalanine concentration <30 µmol/L on at least one occasion. With 20 
mg/kg/day phenylalanine supplementation, the decrease in phenylalanine 
was less pronounced (from 51 ± 18 µmol/L to 47 ± 19 µmol/L). Additionally, 
only four patients had blood phenylalanine concentrations <30 µmol/L 
when 20 mg/kg/day phenylalanine supplementation was prescribed. When 
receiving 40 mg/kg/day of phenylalanine supplementation, there was no 
decrease in blood phenylalanine concentration in the course of the day when 
compared to morning blood phenylalanine concentrations, with mean blood 
phenylalanine concentrations of 52 ± 14 µmol/L before breakfast and 56 ± 20 
µmol/L before the midday meal. During this study period, only two patients 
had blood phenylalanine concentrations <30 µmol/L. One patient seemed 
not to respond to both doses of phenylalanine supplementation, with low 
phenylalanine concentrations in each study period. The other patient showed 
two consecutive low phenylalanine concentrations while receiving 40 mg/
kg/day phenylalanine supplementation, whereas all other phenylalanine 
concentrations during this study period were within normal range.
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Breakfast (µmol/L) Midday meal 
(µmol/L)

Evening meal 
(µmol/L)

Period 1 
(0 mg/kg/day) 50 ± 21 37 ± 15 43 ± 25
Period 2 
(20 mg/kg/day) 51 ± 18 47 ± 19 48 ± 23
Period 3 
(40 mg/kg/day) 52 ± 14 56 ± 20 58 ± 20

Table 3. Descriptive information about mean blood phenylalanine concentrations at different 
sample moments during the different study periods, presented with mean ± standard deviation 
(SD).

The same linear mixed model analysis, with phenylalanine concentrations as 
the dependent variable, showed that, apart from the significant interaction 
mentioned in the previous paragraph, phenylalanine concentrations were also 
significantly different between study periods (p < 0.001). Blood phenylalanine 
concentrations were significantly lower in study periods one and two when 
compared to study period three (p = 0.001 and p = 0.005 respectively). Mean 
blood phenylalanine concentrations during the whole study period increased 
from 43 ± 21 µmol/L without supplementation to 49 ± 20 and 55 ± 18 µmol/L 
with 20 and 40 mg/kg/day phenylalanine supplementation, respectively. 

Figure 1. Mean blood phenylalanine (A) and tyrosine (B) concentrations during the different 
study periods presented as min–max whiskers. Figure 1A shows the difference in diurnal 
variation of blood phenylalanine concentrations between the different study periods (p = 
0.05) and higher blood phenylalanine concentrations when 40 mg/kg/day phenylalanine 
supplementation is given compared to both the study period with none (p = 0.001) and 20 mg/
kg/day phenylalanine supplementation (p = 0.005). Figure 1B shows an increase in tyrosine 
concentrations when both 20 mg/kg/day and 40 mg/kg/day phenylalanine supplementation is 
given (both p < 0.001). **p < 0.01, ***p < 0.001.
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Figure 1B shows mean blood tyrosine concentrations during the study at 
the different sample times. Linear mixed model analysis with blood tyrosine 
concentrations as the dependent variable with study period (0, 20 and 40 mg/
kg/day phenylalanine supplementation) and sampling time (breakfast, midday 
meal, evening meal) as factors showed that blood tyrosine concentrations 
were significantly different between the different study periods (p < 0.001). 
Without phenylalanine supplementation, mean blood tyrosine concentrations 
were 339 ± 117µmol/L, while blood tyrosine concentrations increased to 409 
± 112 µmol/L and 558 ± 127 µmol/L with 20 and 40 mg/kg/day phenylalanine 
supplementation, respectively. Without phenylalanine supplementation, 
blood tyrosine concentrations >400 µmol/L were found at least once during 
the study period in 4/11 patients (24% of all samples). When receiving 
20 or 40 mg/kg phenylalanine supplementation, tyrosine concentrations 
>400µmol/L were observed in 9/11 (47% of all samples) and 11/11 patients 
(92% of all samples), respectively. Blood tyrosine concentrations did not differ 
significantly between the different sample times (p = 0.052). 

To assess day-to-day variation in both study periods with phenylalanine 
supplementation, linear mixed model analyses were performed with blood 
phenylalanine or tyrosine concentrations as dependent variable and study 
day as factor. Figure 2 shows this day-to-day variation of phenylalanine and 
tyrosine concentrations while receiving different amounts of phenylalanine 
supplementation. Blood phenylalanine concentrations did not differ from day-
to-day while receiving 20 or 40 mg/kg/day phenylalanine supplementation. 
However, while receiving 20 mg/kg/day phenylalanine supplementation, 
blood tyrosine concentrations were significantly lower at the second (p < 0.001) 
and third (p = 0.016) day of the study period when compared to the last day 
of that particular study period. While receiving 40 mg/kg/day phenylalanine 
supplementation, blood tyrosine concentrations were only significantly lower 
at the second day of the study period (p = 0.002), when compared to the last 
day of this study period.

Monitoring metabolic control   |   199   

5



Figure 2. Day-to-day variation of blood phenylalanine and tyrosine concentrations while 
receiving 20 (A and B) and 40 mg/kg/day (C and D) phenylalanine supplementation, presented 
as min–max whiskers. In both periods, no bloodspots were taken at the first day of the study 
period followed by three bloodspots a day during four consecutive days. Phenylalanine and 
tyrosine concentrations at each day were compared to the phenylalanine and tyrosine 
concentrations at the last study day of that study period. *p < 0.05, **p < 0.01, ***p < 0.001.

Blood NTBC and SA Concentrations

Figure 3 shows mean NTBC concentrations during the study. Linear mixed 
model analysis with blood NTBC concentrations as the dependent variable 
with study period (0, 20 and 40 mg/kg/day phenylalanine supplementation) 
and sampling time as factors (breakfast, midday meal, evening meal) showed 
no significant difference in NTBC concentrations between the different 
study periods. Median NTBC concentrations were 15 (IQR: 9–29), 15 (IQR: 
9–25), 14 (IQR: 8–31) µmol/L when receiving 0, 20 and 40 mg/kg/day 
phenylalanine supplementation, respectively. NTBC concentrations were, 
however significantly different at the different sample times (p = 0.021), with 
lowest concentrations before breakfast and highest concentrations before the 
midday meal.
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Figure 3. Mean blood NTBC concentrations during the different study periods presented as 
min–max whiskers. Blood NTBC concentrations showed diurnal variation during all study 
periods (p = 0.021), with lowest concentrations pre-breakfast and highest concentrations pre-
midday meal. No differences in blood NTBC concentrations between the study periods (0, 20 
and 40 mg/kg/day phenylalanine) were found.

Table 4 shows the occurrence of quantitatively detectable SA during the study 
period. SA analyses could only be performed in 192 out of the 330 samples taken 
during the study (58%) due to variation in bloodspot quality. These 192 samples 
were distributed among the different study periods as follows: 35/66 samples 
taken without phenylalanine supplementation, 80/132 samples taken while 
receiving 20 mg/kg phenylalanine supplementation, 77/132 samples taken 
while receiving 40 mg/kg phenylalanine supplementation. SA ≥ 0.1 µmol/L 
was found in 12/35 samples without phenylalanine supplementation, in 41/80 
samples taken while receiving 20 mg/kg phenylalanine supplementation and 
33/77 samples taken while receiving 40 mg/kg phenylalanine supplementation. 
When taking within-subject variation into account, generalized linear mixed 
model analyses showed no significant difference in the occurrence of SA (SA 
< 0.1µmol/L or SA ≥ 0.1 µmol/L) between the different study periods (p = 
0.356), nor between sample moments (p = 0.915). 
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No phenylalanine 
supplementation

20 mg/kg phenylalani-
ne supplementation

40 mg/kg phenylalani-
ne supplementation

SA < 0.1 
µmol/L

23 (66%) 41 (51%) 44 (57%)

SA ≥ 0.1 
µmol/L

12 (34%) 39 (49%) 33 (43%)

Total 35 (100%) 80 (100%) 77 (100%)

Table 4. Blood succinylacetone (SA) concentrations during the study.

To further study a possible association between the occurrence of SA > 0.1 
µmol/L and both blood tyrosine and NTBC concentrations, generalized linear 
mixed model analyses were performed. These analyses showed that blood 
tyrosine concentrations were not significantly correlated to the occurrence of 
SA > 0.1 µmol/L (p = 0.134), while blood NTBC concentrations were negatively 
correlated to the occurrence of SA > 0.1 µmol/L (p < 0.001). 

Discussion
This study investigated the effect of three different doses of phenylalanine 
supplementation on phenylalanine, tyrosine, NTBC and SA concentrations. 
The main findings of this study are fourfold. Firstly, supplementation of 
phenylalanine prevented the decrease in blood phenylalanine concentrations 
during the day, thereby preventing most blood phenylalanine concentrations 
below 30 µmol/L. Secondly, phenylalanine supplementation caused blood 
phenylalanine concentrations to increase slightly, while it induced an increase 
in blood tyrosine concentrations especially when 40 mg/kg/day phenylalanine 
supplementation was given. Thirdly, phenylalanine supplementation did not 
affect blood SA (and NTBC) concentrations. When combined, these findings 
suggest a possible role for using phenylalanine supplementation in the 
treatment for TT1. However, as overnight fasted phenylalanine concentrations 
did not reflect phenylalanine deficiency adequately, a pre-midday meal sample 
should be taken to detect and study low phenylalanine concentrations. 

Before discussing these results in more detail, some methodological issues 
are addressed. As TT1 is a very rare inborn error of metabolism (incidence 
1:100.000), the study population is relatively small and heterogeneous 
regarding age and treatment strategy. Unfortunately, additional descriptive 

202   |   Chapter 5



information, especially genetic data, was not known for all patients. Therefore, 
we could not study possible associations between patients’ genetic background 
and their response to phenylalanine supplementation. During the study, the 
pre-existing treatment regimen was continued in order to assess the effect 
of phenylalanine supplementation systematically. In addition, close follow-
up during the study period ensured phenylalanine supplementation and 
bloodspots were taken according to schedule. SA concentrations could not be 
determined in some samples mostly because there was not enough material 
or the quality of the bloodspot was inadequate for analyses. However, blood 
SA concentrations could be analyzed in more than half of the samples and 
those samples were equally distributed between the different study periods 
making statistical comparison of blood SA concentrations between different 
study periods still reliable. 

As high tyrosine concentrations are associated with eye problems in both 
tyrosinemia type 2 and TT15,15, and a variable expression of neurocognitive 
problems in tyrosinemia type 216, most dietary recommendations for TT1 
advise to aim for tyrosine concentrations < 400 to 600 µmol/L, which are 
considered to be safe8,17,18. To keep tyrosine concentrations within this range, 
NTBC treatment in TT1 patients is combined with a protein restricted diet with 
L-amino acid supplements without tyrosine and its precursor phenylalanine8. 
This study substantiates the finding of other studies, that the combined NTBC 
and dietary treatment regimen without phenylalanine supplementation may 
result in the risk to have low phenylalanine concentrations especially around 
midday meal and during the afternoon9,10,13. This post-prandial decrease in 
phenylalanine concentrations most likely reflects a deficiency caused by 
insufficient intake19-21. Phenylalanine deficiency, as defined by sustained 
low phenylalanine concentrations, have been associated with impaired 
growth, cortical myoclonus, skin problems and neurological deficits in an 
infant with TT1 that were successfully treated with extra phenylalanine11. 
Additionally, a range of neurocognitive problems have recently been observed 
in TT1 patients that were found to be possibly related to low phenylalanine 
concentrations11,12,22. Therefore, low phenylalanine concentrations seem to 
play at least an equally important or maybe even more important role than 
high tyrosine concentrations.
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Both amounts of phenylalanine supplementation prescribed in this study 
prevented the day time decrease in blood phenylalanine concentrations. 
Thereby, very low blood phenylalanine concentrations below 30 µmol/L 
could largely be avoided in most patients. Consequently, mean blood 
phenylalanine concentrations rose slightly, especially when 40 mg/kg/day 
phenylalanine supplementation was given. Phenylalanine supplementation 
did, however, lead to an increase in tyrosine concentrations. When 20 mg/kg/
day phenylalanine supplementation was given, blood tyrosine concentrations 
showed a small but statistically significant increase although concentrations 
remain around the target range. However, when patients were treated with 40 
mg/kg/day phenylalanine, blood tyrosine concentrations rose significantly to 
concentrations far exceeding the target range, thereby possibly having clinical 
relevance. Most likely, phenylalanine is especially converted into tyrosine 
when blood phenylalanine concentrations are restored to normal. This is 
also apparent in overnight fasted phenylalanine concentrations, which were 
within normal range and did not differ between study periods. Consequently, 
pre-midday meal sampling is more adequate in detecting low phenylalanine 
concentrations and studying the effect of phenylalanine supplementation 
than overnight fasted samples. This is in contrast to the advice to measure 
phenylalanine concentrations before breakfast as has been suggested by us. 
This advice was based on the fact that blood phenylalanine concentrations 
were most consistent before breakfast and to take a decrease of 20 µmol/L 
in phenylalanine concentrations into account13. However, considering that 
a post-prandial decrease in essential amino acids specifically reflects a 
deficiency, the pre-midday meal blood sampling combined with the overnight 
blood sampling is more adequate23. Considering that tyrosine concentrations 
did not differ significantly during the day, any moment suffices to study the 
effect of phenylalanine supplementation on tyrosine concentrations. 

To study whether phenylalanine supplementation has a progressive day-to-day 
effect on both phenylalanine and (especially) tyrosine concentrations, day-to-
day variation of phenylalanine and tyrosine was assessed. While no day-to-day 
variation of blood phenylalanine concentrations was found, a relative small 
but statistically significant day-to-day variation of tyrosine concentrations was 
seen during phenylalanine supplementation. Although tyrosine concentrations 
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already increased shortly after the start of phenylalanine supplementation, 
concentrations at the first day of measurement were still lower when compared 
to the last day of that particular study period. However, as day-to-day tyrosine 
concentrations did not differ between the last two to three days of these study 
periods, a further increase in tyrosine concentrations is, using both doses of 
phenylalanine supplementation, not anticipated with longer treatment. Based 
on these results, future studies could take a longer period of about two days 
after the start of a dietary intervention into account to be as sure as possible 
that tyrosine concentrations are completely stabilized. 

Based on studies measuring phenylalanine oxidation, the minimal 
phenylalanine requirement is 9 mg/kg/day in healthy adults when there is 
excess of tyrosine24. Although dependent on the diet, this minimal requirement 
would correspond to a natural protein intake around 0.2 g/kg/day, which was 
attained by all study patients. Both doses of phenylalanine supplementation 
increased the daily phenylalanine intake considerably in all TT1 patients. As 
a large part of the phenylalanine is most likely being converted into tyrosine, 
it is remarkable that 20 mg/kg/day phenylalanine supplementation only 
increased the tyrosine concentrations by a relatively small amount. Therefore, 
despite an increase in tyrosine intake, it would be useful to study if 20 mg/
kg/day phenylalanine supplementation could be translated into a meaningful 
increase in natural protein intake, as this would be preferable to patients. 

Phenylalanine supplementation increases the flux through the phenylalanine-
tyrosine degradation pathway and as NTBC is a competitive inhibitor of the 
enzyme 4-OH-phenylpyruvate dioxygenase, we studied if SA concentrations 
change due to phenylalanine supplementation, while also measuring NTBC 
concentrations. Despite the long-half time of NTBC, NTBC concentrations 
showed some variation during the day with lowest concentrations in the 
morning25. Unfortunately, differences in blood SA concentrations between 
both NTBC dosing regimens (once or twice daily) could not be studied as the 
daily NTBC dose differed as well and both may have resulted in differences 
in blood NTBC and consequently SA concentrations. Taking into account 
the limitations mentioned above, NTBC and SA concentrations were not 
statistically significant between the different study periods. Furthermore, 
blood tyrosine concentrations did not correlate significantly with SA 
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concentrations. This indicates that despite the increased flux through the 
phenylalanine catabolic pathway, phenylalanine supplementation did not 
increase blood SA concentrations with the current NTBC treatment. In fact, 
considering the clear association between blood NTBC and SA concentrations, 
maintaining adequate blood NTBC concentrations is much more important to 
prevent the occurrence of increased SA concentrations. 

Conclusions
The findings in this study show that: (1) 20 mg/kg/day phenylalanine 
supplementation could prevent most of the low blood phenylalanine 
concentrations observed during the day, that often occur when no additional 
phenylalanine is given, (2) higher phenylalanine doses do lead to a further 
decrease of the occurrence of low phenylalanine concentrations however 
they increase tyrosine to concentrations above the target range and therefore 
may be less satisfactory and (3) the effect of phenylalanine supplementation, 
detection of low phenylalanine concentrations and possible phenylalanine 
deficiency should be analyzed using pre-midday meal blood samples which 
could be combined with an overnight fasted blood sample of the same day 
when in doubt. Further research should focus on if additional phenylalanine 
supplementation benefits long term growth and development. 
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