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Abstract

Objectives: Management of phenylketonuria (PKU) relies
upon life-long monitoring of phenylalanine (Phe) in dried
blood spots (DBS), thus comparability of measurements is
important. The lack of harmonisation and standardisation
between laboratories, combined with the variable quality of
patient-collected DBS specimens, are currently preventing
this from being achieved. A traceable, matrix-matched Phe
certified reference material, common methodology and
means to ensure patient collected DBS specimens are of
consistent quality would improve comparability between
laboratories.
Methods: Baseline inter-laboratory (n=15) variation of DBS
Phe was determined by triplicate measurement of four DBS
materials, on three days. Laboratories prepared and ana-
lysed these samples using their routinemethod of analysis. A
sub-set of laboratories (n=5) repeated the process using a

common sample preparation and instrument methodology
(LC-MS/MS), and three different calibration approaches.
Samples prepared on dried blood spot microsampling cards
(DBS-MCs) from whole blood, value assigned for Phe con-
centration by National Measurement Laboratories (NML),
were then analysed using the harmonised methodology.
Results: Inter-laboratory co-efficient of variation (CV)
differed with calibration approach; internal calibration
27.7 %; in-house aqueous calibration 4.7 %; centrally
distributed aqueous calibration, 2.1 %. Inter-laboratory CV
was reduced from 8.7 to 2.1 % by using common sample
preparation and LC-MS/MS methodology. No significant
difference was observed between consensus and assigned
values for Phe in the four materials (p>0.05).
Conclusions: This study demonstrates a simple approach to
harmonising and standardising DBS Phe measurements,
traceable to value assigned materials. Combined with the
introduction of DBS-MCs to ensure specimen quality, clinical
laboratories can achieve comparability of patient results
over time.
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Introduction

Management of phenylketonuria (PKU, OMIM 261600) relies
upon life-long monitoring of dried blood spot (DBS)
phenylalanine (Phe) so comparability of results independent
of time, place and measurement procedure is important,
particularly when an individual patient’s test results are
compared with clinical decision points described in
evidence-based clinical practice guidelines; The 2017 Euro-
pean guidelines for diagnosis and management of patients
with PKU recommend consensus age-related blood Phe
target treatment ranges to prevent adverse neurological
outcomes and specify three clinical decision points (120, 360
and 600 μmol/L) [1], and sapropterin responsiveness is
defined by a decrease in blood Phe ≥30 % [2]. It is evident
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from recent work, based on DBS samples created in the
laboratory under ideal conditions, that the current analyt-
ical performance of this test needs to be improved, with the
inter-laboratory coefficient of variation (CV) of Phe reported
to be 20.1 % [3]. Furthermore, when pre-analytical factors
are considered, i.e., the quality of a patient collected DBS
specimen, additional variability of approximately 15–20 %
CV may be seen [4]. Thus, any measures to improve
comparability of DBS Phe results must include consistent
collection of a good quality DBS specimen from a heel/finger
prick specimen, aswell as a harmonised and/or standardised
approach to measurement. This would facilitate compara-
bility of patient results over time, enabling consistent man-
agement of patients across centres, and movement of
patients between centres. Additionally, it would also provide
confidence in the assessment of sapropterin responsiveness
and ensure laboratory data from clinical research and trials
was directly transferrable.

Data from the 2023 European Research Network for the
evaluation and improvement of screening, Diagnosis and
treatment of Inherited disorders of Metabolism (ERNDIM)
Special Assays in Dried Blood Spots external quality
assessment (EQA) scheme show that the mean inter-
laboratory %CV for Phe (n=92) and Tyrosine (Tyr) (n=86)
in DBS was 19.2 % and 15.1 % respectively [5]. However,
mean intra-laboratory imprecision was 6.3 % and 6.7 % for
Phe and Tyr respectively, demonstrating that accuracy is a
significant contributor to inter-laboratory variation and
highlighting a limitation of this EQA scheme; participant
results are scored relative to the all-laboratory trimmed
meanwhich does not provide any indication of ’trueness’ or
metrological traceability. At present, existing EQA schemes
do not use matrix matched certified reference materials
(CRM) with concentrations determined traceable to the
international system of units (SI) and this poses a challenge
for clinical laboratories. An SI traceable, matrix matched
Phe CRM would standardise an EQA scheme and enable
participating laboratories to compare their results against
the true value.

Another contributing factor is that methods for the
measurement of Phe in DBS are typically legacy methods,
remaining unchanged since they were first introduced for
newborn screening over 30 years ago [6], yet the analytical
performance requirements of a screening method differ
from those used for longitudinal measurements. The situa-
tion is complicated further because most centres rely on
laboratory developed tests (LDTs); In the UK, 15/16 labora-
tories use flow injection analysis tandemmass spectrometry
(FIA-MS/MS) which lacks the selectivity of liquid

chromatography tandem mass spectrometry (LC-MS/MS)
and furthermore, 8/16 laboratories quantify results without
the use of an external calibrant, hence the assumption about
the volume of blood present in the sub-punch of the DBS
specimen analysed, directly impacts the calculated concen-
tration of Phe & Tyr. It is common practice in the UK to
assume a 3.2 mm sub-punch is equivalent to 3.1 µL of blood
and this has been reported to introduce a negative bias of
approximately 30 % to DBS Phe measurements [7].

There were three aims to this study. Firstly, to ascertain
the current inter-laboratory variation of DBS Phe results in
the UK. Secondly, to determine if harmonisation of results
could be achieved by implementing a common sample prep-
aration protocol, methodology and calibration approach and
thirdly, to assess standardisation by comparison of consensus
Phe results with four DBS materials prepared from value
assigned whole blood. Underpinning this was the require-
ment to demonstrate that any recommended approach was
compatible with the use of microsampling devices, thus
ensuring that improvements in analytical performance
would not be negated by poor-quality patient-collected DBS
specimens. The four value assigned DBS materials were
prepared on Capitainer®B fixed-volume dried bloodspot
microsampling cards (DBS-MCs). Tyr has typically been
measured simultaneously with Phe, to demonstrate that
patients with PKU are not Tyr deficient due to their synthetic
diet, hence is has been included in this study although it is
acknowledged that with the current dietary management
principles, this analyte is of less importance.

Materials and methods

Full details of the materials and methods used are provided
in Supplementary Material S1, including those of the value
assigned materials.

Study samples

Pooled blood was obtained from a healthy volunteer, in line
with local governance arrangements, and split into four
equal portions. Baseline Phe and Tyr concentrations were
established and subsequently three of the four pools were
enriched to approximate concentrations of 360, 600, and
1,250 μmol/L Phe and Tyr. Traditional (non-volumetric) DBS
samples were prepared from each pool by pipetting 50 μL
aliquots of blood onto Whatman 226 filter paper. Fixed vol-
ume DBS were prepared from each pool by accurately
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pipetting 10 μL aliquots of blood on to perforated Whatman
222 filter paper. All DBS specimens were allowed to dry at
ambient temperature for at least 4 h and then stored frozen
until use in foil bags with desiccant. A third set of specimens
were prepared from the value assigned materials on 10 μL
fixed-volume DBS-MCs as described in Supplementary
Material S1.

Preparation of value assigned materials

Value assignment of the pooled blood materials was per-
formed using a higher order reference method procedure
(RMP), which used double exact matching isotope dilution
mass spectrometry methodology and gas chromatography
tandemmass spectrometry (GC-MS/MS) for measurements.
Measurement of derivatised extracts by GC-MS/MS pro-
vided optimum ratio precision, to achieve the desired
expanded uncertainty (<3 %) associated with Phe and Tyr
values in the materials. The assigned value is the mass
fraction of Phe and Tyr determined using gravimetric
preparation. The assigned value is considered traceable to
the SI through use of pure certified reference material for
instrument calibration (National Measurement Institute of
Japan CRM 6014-a and 6019-a). The quoted uncertainty is
the half-width of the expanded uncertainty interval calcu-
lated using a coverage factor, k, of 2.0, which gives a level of
confidence of approximately 95 %. Details of double exact
matching isotope dilutionmass spectrometrymethodology,
sample preparation and the GC-MS/MS method can be
found in Supplementary Material S1.

The mean results in µg/g with combined expanded
uncertainty were converted to µmol/L. The density of the
blood was accurately determined to maintain traceability
of the converted concentration to the SI base unit, the ki-
logram. The weight of fixed volume aliquots of ultrapure
water, the value assignedmaterials, and an internal quality
control (IQC) solution was determined. The volume of each
aliquot was calculated using the average weight of the
water aliquots and the density of water considering tem-
perature and air pressure. The density of the value assigned
materials and the IQC solution was obtained by relating the
average weight of the aliquots of each material or solution
with the previously calculated volume dispensed. The
uncertainties of both the blood densities and the molecular
masses were calculated and combinedwith the uncertainty
of the value assignment. Details of the method for accurate
and traceable unit conversion are included in Supple-
mentary Material S1.

Participants

All laboratories in the UK Metabolic Biochemistry Network
(n=16) were invited to participate in this study. Fifteen lab-
oratories agreed to participate, and 15/15 laboratories
returned results (see Supplementary Table S1).

Study design

Four traditional (non-volumetric) DBS, four fixed volume
(10 µL) DBS and four value assigned materials prepared on
DBS-MCs were shipped to participating laboratories. Speci-
mens were transported in sealed foil bags with desiccant, at
ambient temperature, and stored frozen upon receipt. Each
laboratory provided details of their sample preparation,
methodology and calibration (see Supplementary Table S1,
SupplementaryMaterial S1). Participants (n=15) analysed the
four traditional DBS samples in triplicate on each of three
different days, using their routine method of analysis (LDT).
A sub-set of participants (n=5) then analysed the four fixed
volume DBS samples, in triplicate on each of three different
days, using the common sample preparation and LC-MS/MS
protocols provided (see Supplementary Material S1) and
three different calibration approaches. The harmonised
methodology was used to analyse the four value assigned
materials prepared on DBS-MCs in triplicate on each of three
different days.

The three calibration approaches evaluated were as
follows: Internal calibration (IC) refers to single point
isotope dilution calibration in which a fixed amount of a
stable isotope label (SIL) is added to each sample. The con-
centration of the analyte of interest is determined using the
ratio of the peak area response of the endogenous analyte to
that of the stable isotope label. The SILs were sourced and
prepared independently by each laboratory. Commonmulti-
point aqueous calibration (CMAC) refers to an aqueous,
multi-point (six plus blank) calibration prepared centrally
from a certified reference material (TraceCERT, Sigma-
Aldrich) and distributed to each participating laboratory. A
fixed amount of SIL is added to each calibrator (and sample).
The concentration of the analyte of interest is determined
using a calibration curve whereby the ratio of the peak area
response of the endogenous analyte to that of the SIL is
plotted against the assigned value of the calibrator. The SILs
were sourced and prepared independently by each labora-
tory. In-house multi-point aqueous calibration (IMAC) refers
to an aqueous multi-point (six plus blank) calibration pre-
pared by each laboratory from independently sourced
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materials to specified concentrations. A fixed amount of SIL
is added to each calibrator (and sample). The concentration
of the analyte of interest is determined as for the CMAC.

Statistical analysis

Datasets were analysed with mixed effects models using the
R statistical programming environment [8] with the lme4
package [9]. Laboratory and day nested within laboratory
were treated as random effects, while calibration strategy
(IC, IMAC or CMAC) was treated as a fixed effect. Where the
distribution of the results permitted (that is, where the dis-
tribution was sufficiently close to lognormal with a constant
CV) and a better fitting model was obtained, data from all
four samples were aggregated, a log transform applied, and
a single model fitted with sample as an additional fixed ef-
fect. Otherwise, the data for each sample were analysed
separately without applying the log transform. The data for
the first two stages were analysed using the latter approach,
the former approach was used for the final stage.

The significance of the observed differences in the
between-laboratory variability for the different calibration
strategies was tested by stratifying the random effects by
calibration strategy (modelling a different variance for
each), fitting the model then removing the stratification,
refitting and testing the two models with a likelihood ratio
test. Model diagnostics such as residuals were also examined
to determine which model provided the better fit.

Results

Using each centres routine method of analysis and calibra-
tion (LDTs), inter-laboratory %CV (n=15) for Phe at nominal
concentrations of 60, 300, 600 and 1,250 μmol/L was 11.6 %,
8.7%, 6.6% and 7.0 %, respectively. Inter-laboratory %CV for
Tyr at nominal concentrations of 62, 300, 600 and
1,250 μmol/L was 13.7 %, 10.2%, 9.9% and 7.7 %, respectively.
The root mean square averages for Phe and Tyr were 8.7 and
10.6 %, respectively (see Figure 1 and Supplementary
Figures).

When DBS samples were of fixed volume and sample
preparation and methodology were harmonised, mean
inter-laboratory CV (n=5) was reduced significantly (p<0.01)
compared with the in-house approach (2.1 vs. 8.5 %). Cali-
bration approach was shown to have a significant impact on
variability. Mean inter-laboratory %CV (n=5) for Phe when
results were quantified using IC, IMAC and CMAC were
27.7 %, 4.7 % and 2.1, respectively. Mean inter-laboratory %
CV (n=5) for Tyr when results were quantified using IC, IMAC

and CMAC were 27.7 %, 5.8% and 2.9 %, respectively. IC was
appreciably more variable than IMAC and CMAC. See
Figure 2 and Supplementary Figures. The statistical model
provided the better fit when the random effects were strat-
ified by calibration strategy suggesting the differences in the
between-laboratory variability were significant.

The concentration of Phe in theDBS-MCs, LGC 001 to LGC
004, was traceably value assigned as 120 ± 2.1, 339 ± 5.9,
636 ± 9.1 and 1,251 ± 21 μmol/L (95 % CI, k=2), respectively.
The concentration of Tyr in these materials was traceably
value assigned as 103 ± 2.1, 318 ± 5.0, 620 ± 8.9 and
1,226 ± 20 μmol/L (95 % CI, k=2), respectively. Using the
harmonised methodology and the CMAC calibration, the
consensus estimates for Phe in the four value assigned
materials were 123.8 ± 5.4, 339 ± 14, 647 ± 13 and
1,262 ± 37 μmol/L (95 % CI, k=2), respectively. Consensus
estimates for Tyr were 110 ± 15, 322.3 ± 7.9, 633 ± 14 and
1,248 ± 44 μmol/L (95 % CI, k=2), respectively (see Table 1,
Figure 3 and Supplementary Figures). The consensus esti-
mates agreed with the assigned values for both analytes in
all materials (p>0.05), demonstrating metrological trace-
ability to a RMP.

Discussion

The current inter-laboratory variation seen for DBS Phe and
Tyr in the UK is of a similar magnitude to that described
elsewhere [10] and was the largest contributor to variability
for both analytes in each DBS material analysed; intra-
laboratory variability was not significantly different
amongst the 15 laboratories. The variability associated with
different calibration approaches was significant, with IC
being associated with inter-laboratory variability of 28 %.
Whilst IC may be an acceptable approach for a screening
method, this evidence supports the requirement for a
different approach to longitudinal monitoring. Variability of
this magnitude could have a significant impact on patient
management resulting in inappropriate dietary change and
potentially adverse patient outcomes.

With more than 50 % of UK laboratories currently uti-
lising IC, there may be merit in producing best practice
guidelines to help implement this change. Although the dif-
ference between the CMAC and IMAC approaches was
significant, with the CMAC producing the most consistent
inter-laboratory results, themagnitude of the differencewas
marginal in the context of patient results and either cali-
bration approach would be clinically acceptable.

Ensuring comparable results for patients with PKU is
important; patients are often seen in a variety of health care
settings in which different laboratories may use different
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Figure 1: Box-plots showing intra- and inter-
laboratory variation of phenylalanine in a
traditional DBS sample (360 μmol/L). Analysis
was in triplicate over three days. Each labora-
tory used their routinemethod of analysis. The
box represents the interquartile range, the
median is denoted by the solid horizontal line
and thewhiskers extend to the remaining data
with open circles representing outlier data
points.

Figure 2: Impact of the three calibration approaches on phenylalanine results from the sub-set of five laboratories with result quantified by (A) internal
calibration, (B) in-house multi-point aqueous calibration and (C) common multi-point aqueous calibration. Analysis was in triplicate on three different
days, with each laboratory using the common sample preparation protocol and LC-MS/MS method. Box plots as defined in Figure 1.

Table : Comparison of the consensus estimates of phenylalanine and tyrosine in the dried blood spot microsampling cards measured using the
harmonised methodology with the assigned values.

Analyte Sample Consensus
value, µmol/L

Expanded
uncertainty, µmol/L

Assigned
value, µmol/L

Expanded
uncertainty, µmol/L

t-Value p-Value

Phe LGC  . .  . . .
LGC     . −. .
LGC     . . .
LGC  ,  ,  . .

Tyr LGC     . . .
LGC  . .  . . .
LGC     . . .
LGC  ,  ,  . .
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measurement procedures; measurement procedures used
by a given laboratory may change whilst patients are being
monitored; when comparing a patient’s Phe results with
clinical decision points described in evidence based man-
agement guidelines, results that are not comparable across
measurement procedures can lead to inconsistent dietary
management/advice. The results reported by 15 laboratories
for a single DBS material with a Phe concentration at a
clinical decision point (360 μmol/L) illustrate this point with
results ranging from 249 to 425 μmol/L. Analysis of the four
value assigned materials on the DBS-MCs using the
harmonised methodology enabled the overall accuracy of
the method to be assessed against a metrologically traceable
matrixmatchedmaterial; standardisation of the Phe and Tyr
results was demonstrated across the entire range of con-
centrationsmeasured. Therefore, amatrix CRMwith proven
commutability would provide clinical laboratories with a
route to achieving standardisation of Phe measurements.

Whilst minimizing uncertainty of the measurement
procedure is useful, it will only have merit if pre-analytical
variables such as haematocrit and volume of blood applied
to the filter paper card are controlled as these can introduce
variability of a far greater magnitude (up to 30 %) [4].
Obtaining good quality, accurate and precise DBS specimens
is essential if improvements in analytical performance are
to translate into improved patient management. Given that
the majority of patients with PKU are self-monitored from
home, via capillary blood collected from a finger prick onto

traditional filter paper card, this has proved challenging.
However, the introduction of fixed volume microsampling
devices in recent years has overcome this issue, providing a
simple specimen collection technique that has been shown
to consistently produce a good quality, accurate and precise
DBS sample that is acceptable to patients [3, 7].

Adopting a harmonised and standardised approach
would be advantageous for medical laboratories. Analytical
methods, particularly LDTs, are under increasing scrutiny.
Regulatory requirements mean laboratories must be able to
demonstrate the clinical utility of a given test and provide
assurances as to its traceability, robustness and uncertainty
of measurement. The benefits of calibrating against matrix
matched materials are well documented; commutability,
accuracy, reliability, recovery [11] and US FDA Bioanalytical
Method Validation Guidance for Industry [12] and EMA
Guideline on Bioanalytical Method Validation and Study
Sample Analysis [13] both state that calibration standards
should be prepared in the same biological matrix as the
samples in the intended study. This approach would also
align with current expert opinion: international entities
such as the International Federation of Clinical Chemistry &
LaboratoryMedicine, theWHO, the European Joint Research
Centre Institute of Reference Materials andMethods and the
Joint Committee for Traceability in Laboratory Medicine are
organising a range of activities and efforts directed toward
harmonisation and standardisation of clinical laboratory
testing, emphasising the importance of these concepts [11,
14–16].

The value assigned materials were produced solely for
this study. A commercially available supply of a matrix
matched certified reference material would require many
years development, extensive commutability studies and on-
going stability assessments. Furthermore, the costs associ-
atedwith producing and distributing awhole bloodmaterial
are significant in comparison to a calibration solution,
making this a less viable commercial proposition. In the
absence of such a material, whilst it will not be possible to
achieve metrological traceability, the results of this study
provide evidence of a route to harmonisation. Harmo-
nisation is acknowledged to be an acceptable alternate
approach when standardisation cannot be established by
conventional means [11] and would ensure patient results
were comparable. This study also demonstrates the accuracy
of measurement, within a sub-set of clinical laboratories, in
comparison to a RMP as there was no significant difference
in the consensus estimates and assigned values of the four
materials when the harmonised methodology was used.
Although the CMAC was prepared from a commercially
available aqueous CRM and is therefore not considered
commutable, accurate results were obtained by this

Figure 3: Box plots comparing consensus estimates with assigned value
of phenylalanine in blood collected on a Capitainer®B dried blood spot
microsampling card andmeasured by five laboratories using harmonised
methodology and quantifying against common multi-point aqueous
calibration. The dashed horizontal line running the length of the axis is the
assigned value of phenylalanine (339 ± 5.9 μmol/L, 95 % CI, k=2).
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approach which will provide a simple, inexpensive, readily
available solution for medical laboratories to standardise
Phe measurements and improve comparability of patient
results. This approach has practical merit too. Preparation
of matrix matched calibrators for endogenous compounds
like Phe, which are already present in the sample matrix, is
not entirely straightforward and the DBS matrix itself poses
further complications, for example, influence of haematoc-
rit, volume of blood applied to filter paper and the stability
and storage requirements of such materials [7].

Conclusions

This study demonstrates a simple approach by which labo-
ratories can achieve standardisation of DBS Phe and Tyr
results by adopting an LC-MS/MS method that has been
validated against a higher order RMP with a traceable ma-
terial. It also provides evidence to support the recommen-
dation that IC is not an acceptable approach for the
longitudinal monitoring of patients with PKU. Combined
with the introduction of DBS-MCs to ensure the consistent
collection of good quality DBS specimens from patients, the
uncertainty associated with DBS Phe & Tyr results can be
minimised. This will improve the long-term management of
patients with PKU, facilitate movement of patients between
centres and ensure the quality of data collected as part of
on-going and future outcome studies for PKU. Best practice
guidelines will be key to ensuring laboratories adopt these
recommendations.

There would bemerit in investigating whether a similar
approach to that described heremight be applicable to other
DBS tests routinely used to monitor dietary therapy in
inherited metabolic disease, for example, branched chain
amino acids in maple syrup urine disease, lysine in Glutaric
Aciduria type 1 and total homocysteine/methionine in clas-
sical homocystinuria.
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