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Abstract
Fluoropyrimidines are widely used anticancer drugs. Prospective DPYD (encoding 
dihydropyrimidine dehydrogenase, DPD, the key metabolic enzyme for degradation of 
fluoropyrimidines) genotyping followed by dose adjustments in DPYD variant allele carriers 
reduces severe fluoropyrimidine-induced toxicity. However, when using this approach still 
~20% of patients experience severe toxicity. We evaluated four DPD phenotyping assays, 
aiming to determine which is most suitable for identifying patients at risk for severe 
fluoropyrimidine-induced toxicity, and identifying DPD deficient patients. 
 Study participants underwent testing of two, three or four DPD phenotyping assays before 
starting fluoropyrimidine-based therapy; the endogenous dihydrouracil/uracil (DHU/U) 
ratio, endogenous uracil levels, the oral uracil loading dose, and the 2-13C-uracil breath test. 
Phenotyping results were associated with the onset of severe toxicity and DPD deficiency 
according to the DPD enzyme activity measurement in peripheral blood mononuclear cells. 
Sensitivity, specificity, negative predictive value (NPV), positive predictive value (PPV) and 
F1-score (harmonic mean of sensitivity and PPV) were calculated per phenotyping assay 
as predictive measures for severe (grade ≥3) fluoropyrimidine-induced toxicity and DPD 
deficiency.
 In total, 1,037 patients participated in this study. Of these, 1,037, 92 and 82 patients 
underwent two, three or four DPD phenotyping assays, respectively. Two phenotyping 
assays were analysed on their performance for the prediction of severe fluoropyrimidine-
induced toxicity. No differences were identified between wild-type patients who did or did 
not experience severe toxicity in the mean endogenous DHU/U ratio or mean endogenous 
uracil levels. The F1-scores of both assays were 10 and 24%, respectively. In the comparison 
of phenotyping assays in performance for prediction of DPD deficiency, four phenotyping 
assays were analysed in both wild-type patients and DPYD variant allele carriers. The highest 
F1-score of the phenotyping assays in predicting DPD deficiency was 40% for the oral uracil 
loading dose.
 All four investigated DPD phenotyping assays in this study have been favourably 
evaluated as predictive test for the occurrence of severe fluoropyrimidine-induced toxicity 
in previous studies. However, in a first-time prospective head-to-head comparison study 
we could not show associations with the onset of severe fluoropyrimidine-induced toxicity 
or DPD deficiency. In order to determine the true clinical value of DPD phenotyping assays, 
additional research is required.
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Introduction
Fluoropyrimidines, including 5-fluorouracil (5-FU) and its oral pro-drug capecitabine, play 
a key role in the treatment of multiple types of cancer.1 Although 5-FU has been used 
for over 60 years, toxicity remains a major clinical problem, as severe fluoropyrimidine-
induced side effects occur in up to 30% of patients, resulting in lethal outcome in up to 1% 
of these patients.1,2 With over two million patients treated with fluoropyrimidines each year 
worldwide, many patients are at risk of developing severe toxicity.3 
 Abundant research has been carried out on dihydropyrimidine dehydrogenase (DPD), the 
key metabolic enzyme of fluoropyrimidines, and the gene DPYD encoding DPD. Low DPD 
activity itself and several DPYD variants resulting in low DPD activity have both individually 
been associated with severe fluoropyrimidine-induced toxicity.4-6 Prospective phenotyping 
or genotyping, followed by dose adjustments in DPD deficient patients or DPYD variant 
allele carriers, can reduce the risk for severe toxicity. This was shown for prospective 
genotyping of DPYD*2A, c.1679T>G, c.2846A>T and c.1236G>A/HapB3, followed by initially 
reduced dosages in DPYD variant allele carriers.7,8 However, genotyping to predict severe 
fluoropyrimidine-induced toxicity has an inherently limited sensitivity, as other genetic and 
also non-genetic factors are known to play a role in the variability in DPD activity and the 
onset of severe fluoropyrimidine-induced toxicity. Phenotyping of the DPD enzyme, as a 
way to determine the DPD activity, can potentially better predict severe fluoropyrimidine-
induced toxicity as it takes both pharmacogenetic and other factors influencing DPD activity 
into account. 
 A well-established method to determine DPD activity is measurement of DPD enzyme 
activity in peripheral blood mononuclear cells (PBMCs). The activity in PBMCs is well-
correlated to the DPD enzyme activity in the liver, and reference values have been 
established.6,9 However, the method is not widely used since feasibility in clinical practice 
remains challenging due to substantial costs, complex sample logistics and specific 
equipment required for the radio assay. In addition, the results are influenced by the 
distribution of blood cells (e.g. monocytes, granulocytes) in the sample,10 and there is a 
substantial intra patient variability (up to 25%) in DPD enzyme activity, possibly caused by 
circadian rhythm.11,12

 Several DPD phenotyping assays have previously been investigated, focussing on the 
metabolism of uracil (U) and dihydrouracil (DHU), the endogenous substrate and product 
of DPD, respectively. Two of these assays are the determination of the endogenous uracil 
levels and the DHU/U ratio. Several studies have shown an association between the pre-
treatment endogenous DHU/U ratio in plasma and 5-FU pharmacokinetics,13-16 and also with 
severe fluoropyrimidine-induced toxicity.15,17-19 In addition, Meulendijks et al. have recently 
shown that high pre-treatment serum uracil concentrations were also strongly related to 
severe and fatal fluoropyrimidine-induced toxicity.20 Another DPD phenotyping assay for 
estimating the in vivo DPD activity is the oral uracil loading dose assay.21,22 In this assay, a high 
dose of uracil is administered orally, and uracil and DHU levels are measured using a limited 
sampling strategy.21 In this way, the DPD enzyme function is utilized to the full capacity. In 
case of reduced uracil conversion, also partially DPD deficient patients can be identified. 
Finally, the in vivo DPD activity can also be determined using the 2-13C-uracil breath test.23 
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This assay uses a personalized dose of 2-13C uracil, a stable isotope of uracil, and is based on 
the conversion of 2-13C uracil into 13CO2 which can be measured in exhaled breath.23 
 Several of these assays have been evaluated in head-to-head comparisons to DPD 
enzyme activity measurements in PBMCs in healthy volunteers, or patients selected after 
experiencing severe toxicity.11,21,23-27 However, when using an enriched patient cohort for 
severe toxicity, calculated assay characteristics such as sensitivity or specificity will be biased 
and not representative for routine clinical care. Strengths and weaknesses of these assays 
have been reviewed independently of each other;28,29 however, a head-to-head comparison 
in clinical practice has never been investigated. Therefore, in this prospective study, we 
evaluated four DPD phenotyping assays in patients prior to treatment with fluoropyrimidines 
in order to determine the association with the onset of severe fluoropyrimidine-induced 
toxicity and detecting DPD deficiency, defined as DPD enzyme activity in PBMCs below the 
cut-off value.

Materials and methods
Study design and patients
This study was a pre-planned analysis in a large prospective multi-centre clinical trial 
(clinicaltrials.gov identifier NCT02324452, here referred to as main study cohort or clinical 
trial) improving the safety of fluoropyrimidines by prospective DPYD genotyping.7 Two out 
of four phenotyping assays (endogenous DHU/U ratio and endogenous uracil levels) were 
executed in patients recruited in the seventeen Dutch hospitals participating in the clinical 
trial. All four DPD phenotyping assays were executed in three hospitals, and three out of four 
assays were executed in another hospital (excluding the 2-13C-uracil breath test). Patient 
recruitment for this study was open from 30 April, 2015, until 21 December, 2017. Ethical 
approval of this study was granted by the medical ethical committee of The Netherlands 
Cancer Institute, Amsterdam, the Netherlands. All patients provided written informed 
consent before enrollment in this study. 
 All assays were executed before start of fluoropyrimidine therapy. 92 patients were 
asked to participate in all four phenotyping assays, which made intra-patient comparisons 
possible. Results of the DPD phenotyping assays were determined after start of treatment 
and were not used for dose individualization. Dose adjustments of the fluoropyrimidine 
drug were done based on DPYD genotype only as per protocol of the clinical trial. 
 Toxicity was graded according to the National Cancer Institute common terminology 
criteria for adverse events (CTCAE; version 4.03)30 and severe toxicity was defined as CTCAE 
grade ≥3. Only toxicity defined by the treating physician as definitely, probably and possibly 
related to fluoropyrimidine treatment was taken into account. Patients were followed for 
toxicity during the entire treatment period and were evaluated for toxicity if they received 
at least one fluoropyrimidine drug administration. The endpoints of this study were the 
association of each DPD phenotyping assay with the onset of severe fluoropyrimidine-
induced toxicity and DPD deficiency, defined as low DPD activity levels in PBMCs (≤5.9 nmol/
[mg*h]).6 
 Inclusion and exclusion criteria for this study were the same as in the clinical trial; eligibility 
to start with fluoropyrimidine-based therapy, 18 years or older, an adequate performance 
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status, adequate renal and liver biochemistry and haematological values, and no prior 
treatment with fluoropyrimidines.  

Study procedures
One blood draw for the endogenous DHU/U ratio and endogenous uracil level assays was taken 
prior to start of treatment. For patients participating in three or four DPD phenotyping assays 
the study scheme was as follows. During two random days prior to start of fluoropyrimidine-
based treatment, all three or four phenotyping assays were performed in each patient (study 
scheme in Figure 1). On the first day, blood draws for the DPD enzyme activity in PBMCs and 
two DPD phenotyping assays (endogenous DHU/U ratio and endogenous uracil levels) were 
taken prior to 9 am. Immediately thereafter, the third phenotyping assay (oral uracil loading 
dose of 1000 mg uracil) was performed. The U/DHU ratio was assessed at 120 minutes after 
administration of uracil. At least one day later, but prior to start of fluoropyrimidines, the 
fourth phenotyping assay (2-13C-uracil breath test with 6 mg/kg 2-13C-uracil) was performed 
including blood draws for 13C-uracil and 13C-dihydrouracil plasma measurements. The 
DOB50 value from breath samples was correlated to 13C-dihydrouracil plasma levels and the 
13C-DHU/U ratio. The oral uracil loading dose and 2-13C-uracil breath test were performed 
on two separate days to exclude any interference, as uracil was administered orally for both 
assays. Also, a minimum time interval of 24 hours between the phenotyping assays and 
start of fluoropyrimidine treatment was taken into account as a safety precaution, although 
it was expected that the administered uracil would not affect the efficacy and safety of 
patients when starting their fluoropyrimidine-based treatment, since uracil has a very short 
half-life of around 40 minutes.31 

Intention to 
start with FP

Timeline

Start with FPDPD enzyme activity
Endogenous DHU/U ratio
Endogenous uracil levels
Oral uracil loading dose

2-13C-uracil breath  
test

≥24 hours interval ≥24 hours interval

Figure 1. Study scheme 
The study scheme per patient. Minimum interval between the tests and between tests and start of 
fluoropyrimidine-therapy was 24 hours. There was no predefined maximum number of days between 
assays as patients usually started relatively quickly with therapy when the decision to start was made.
Abbreviations: FP: fluoropyrimidines; DHU: dihydrouracil; U: uracil.

DPD phenotyping assays
Patients underwent the DPD phenotyping assays in the hospital of their recruitment. 
Protocols for each DPD phenotyping assay were made available and discussed with 
executive personnel. In four hospitals, trained personnel was available to execute three or 
four DPD phenotyping assays. Each DPD phenotyping assay is described in more detail in the 



Chapter 10

256

supplementary material. In addition, the time of last food intake prior to the blood draw for 
the endogenous DHU/U ratio was collected in all patients. 

Sample size calculation and statistical analyses
The sample size for comparison of the four phenotyping assays was based on the co-primary 
aim (the association between the result of a phenotyping assay and severe fluoropyrimidine-
induced toxicity). It was calculated to be 240 patients (see detailed description in the 
supplementary material). The association between the result of a phenotyping assay and 
DPD deficiency (as determined by the DPD enzyme activity in PBMCs) was investigated as 
secondary aim. 
 Patient characteristics or toxicity differences between patient groups were tested using 
χ² test or non-parametric test. The DPD phenotyping assays were executed for the first 
time in the participating centres, i.e. in a research setting and were not cross-validated. 
To investigate the effect of centres on the outcome per assay, a mixed model analysis 
was executed to demonstrate the general reliability of the assay. A univariate analysis of 
variance was done to compare outcomes per centre. In this analysis, the centre with the 
highest recruitment rate was chosen as the reference centre. DPYD variant allele carriers 
were excluded in these analyses, as they are underwent a per protocol dose adjustment and 
hence are at lower risk for toxicity. Age, gender and baseline BSA were additionally taken 
into account as possible covariates to minimize the risk of biased results of the analyses. 
When age, gender or baseline BSA were associated with the outcome of the phenotyping 
assay, the distribution of the covariate was checked between centres using Chi-Square tests 
or univariate analysis of variance. The possible clinical consequence of the divergent results 
was discussed per assay and data could be excluded from further analyses. 
 For assessing clinical validity, measures to determine diagnostic performance (i.e. 
sensitivity, specificity, positive predictive value [PPV], negative predictive value [NPV] and 
F1-score [harmonic mean of sensitivity and PPV]) of the assays with regard to the onset of 
severe toxicity or DPD deficiency were determined. DPYD variant allele carriers who received 
dose reductions based on their identified genotype could only be included in an analysis for 
association with DPD activity, not for the association with onset of severe toxicity. The level 
of significance was set at p<0.05. Analyses were performed using SPSS, version 23 (IBM SPSS 
Inc., Chicago, IL, USA). 

Results
Patients
In total, 1,037 patients participated in the phenotyping study of which 1,037, 92 and 
82 patients underwent two, three and four phenotyping assays, respectively. Patient 
and treatment characteristics of the 92 patients were similar to those of the main study 
(N=1,103), with the exception that the 92 patients were slightly younger (median age of 
60 versus 64 years, p=0.011, Table 1). Details on fluoropyrimidine-induced toxicity are 
depicted in Supplementary Table 1. In total, 19 out of 92 patients (21%) experienced severe 
fluoropyrimidine-induced toxicity, which is comparable to the main study in which 264 out 
of 1,103 patients (24%) experienced severe toxicity (p=0.477). 
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Phenotyping assays
General performance of assays 
For the DPD enzyme activity measurements, the variance was estimated to be 8.6 ± 1.4 nmol/
(mg*h). For centre as covariate, the variance was estimated to be 6.5 ± 5.7 nmol/(mg*h). 
The deviations between centres in general (intra class variation) was 43.0%, therefore the 
general reliability of the DPD enzyme activity measurements was 57%. For the endogenous 
DHU/U ratio, endogenous uracil levels, 2-13C-uracil breath test and the oral uracil loading 
dose assay the general reliabilities were 74.1%, 92.9%, 73.5%, and 94.3%, respectively. 

Endogenous DHU/U ratio 
The endogenous DHU/U ratio was determined in 1,037 patients. Results of wild-type patients 
(non-carriers of the four DPYD variants, N=955) were compared between seventeen study 
centres. The endogenous DHU/U ratio differed significantly in nine study centres compared 
to the reference centre (lowest divergent mean DHU/U ratio 5.9, to the highest divergent 
mean DHU/U ratio 13.9, p<0.001). It appeared that age was significantly associated with 
the outcome of the DHU/U ratio (p<0.001). Age was differently distributed between the 
centres (p<0.001). The lowest statistically divergent mean DHU/U ratio was not as low as 
the suggested DHU/U ratio cut-off value (4.31)20 for DPD deficient patients, therefore no 
patients were excluded. The median, interquartile range (IQR) and standard deviation (SD) 
of each assay are shown in Table 2.

Endogenous uracil levels 
Endogenous uracil levels were determined in 1,037 patients. Results of wild-type patients 
(N=955) were compared between seventeen study centres. The endogenous uracil levels 
differed significantly in four study centres compared to the reference centre (lowest divergent 
mean uracil level 8.3 ng/ml, to the highest divergent mean uracil level 18.8 ng/ml, p<0.001). 
It appeared that gender was significantly associated with the outcome of the uracil levels 
(p=0.030), with lower uracil levels in females. Males and females were significant differently 
distributed between the centres (p=0.046). The divergent results were substantially higher, 
even higher than the previously suggested cut-off value (13.9 ng/ml)20 for DPD deficient 
patients, therefore the data were considered unreliable and patients recruited in these 
centres (N=172) were excluded from further analyses. The endogenous uracil levels and 
endogenous DHU/U ratio were correlated to time of last meal that was eaten, to study the 
influence of food on the uracil levels. No correlation was found (Supplementary Figure 1), 
therefore time of food intake was not taken into account as covariate in further analyses. 

DPD enzyme activity
The DPD enzyme activity in PBMCs was determined in 92 patients. Results of 82 wild-
type patients were compared between study centres. The mean DPD enzyme activity was 
significantly lower in one of the four participating centres (5.23 nmol/(mg*h) versus 10.89 
nmol/(mg*h) in the reference centre, p<0.001). These results were substantially lower, even 
lower than the cut-off value (≤5.9 nmol/[mg*h])6 for DPD deficiency, therefore the data 
were considered unreliable and patients recruited in this centre (N=19) were excluded from 
further analyses in which DPD deficiency was taken into account. 
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Table 1. Baseline characteristics of patients who underwent three or four DPD phenotyping assays 
and from the main study cohort

Characteristic Phenotyping assays 
(N=92)

Main study cohort 
(N=1,103)

P-valuea

Sex
     Male 
     Female

56 (61%)
36 (39%)

593 (54%)
510 (46%)

0.189

Age
     Median [IQR] 60 [53-67] 64 [56-71] 0.011
Ethnic origin
     Caucasian
     African descent
     Asian
     Other

87 (95%)
1 (1%)
2 (2%)
2 (2%)

1048 (95%)
19 (2%)
24 (2%)
12 (1%)

0.786

Tumour type
     Non-metastatic CRC
     Metastatic CRC
     BC
     GC
     Other 

38 (41%)
23 (25%)
7 (8%)
7 (8%)
17 (18%)

472 (43%)
232 (21%)
141 (13%)
63 (6%)
195 (18%)

ND

Type of treatment regimen
     CAP mono 
     CAP + RT
     CAPOX
     CAP other
     5-FU mono 
     5-FU + RT
     FOLFOX
     5-FU other

12 (13%)
23 (25%)
37 (40%)
5 (5%)
-
6 (7%)
4 (4%)
5 (5%)

205 (19%)
264 (24%)
374 (34%)
72 (7%)
2 (0%)
63 (6%)
43 (4%)
80 (7%)

0.854

BSA
     Median [IQR] 2.0 [1.79-2.10] (N=91) 1.92 [1.77-2.10] (N=1075)

0.207

WHO performance status
     0
     1
     2
     NS

49 (53%)
41 (45%)
1 (1%)
1 (1%)

554 (50%)
448 (40%)
42 (4%)
59 (5%)

0.151

Number of treatment cycles
     Median [IQR] 3 [1-6] 3 [1-8]

0.987

DPYD status
     Wild-type
    DPYD variant allele carrier

     c.1236G>A heterozygous
     c.2846A>T heterozygous
     DPYD*2A heterozygous
     c.1679T>G heterozygous

82 (89%)
10 (10.9%)

6 (6.5%)
3 (3.3%)
1 (1.1%)
-

1018 (92%)
85 (7.7%)

51 (4.6%)
17 (1.5%)
16 (1.5%)
1 (0.1%)

0.281

a All p-values represent a comparison of 92 patients who underwent three or four DPD phenotyping 
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Oral uracil loading dose
The oral uracil loading dose assay was performed in 92 patients. Results of 82 wild-type 
patients were compared between study centres. The mean U/DHU ratio was significantly 
lower in one centre (0.622) compared to the reference centre (1.03, p=0.046). It appeared 
that baseline BSA was significantly associated with the outcome of the U/DHU ratio 
(p=0.008), a higher baseline BSA was related to a lower U/DHU ratio. Baseline BSA was not 
differently distributed between the centres (p=0.637). The different mean U/DHU ratio of 
one centre was far from the cut-off U/DHU ratio (2.4)21  of DPD deficient patients, therefore 
no patients were excluded from further analyses.

2-13C-uracil breath test
The 2-13C-uracil breath test was determined in 82 patients.23 On average, 488 mg 2-13C-uracil 
was administered, ranging from 312 to 840 mg (6 mg/kg dose). Results of 74 wild-type 
patients were compared between study centres. The mean delta-over-baseline ratio at t=50 
minutes (DOB50) was significantly lower in one centre (137.7 ‰) compared to the other 
two centres (173.5 ‰ and 168.4 ‰, p<0.009). It appeared that gender was significantly 
associated with the outcome of the DOB50 (p=0.003), with higher DOB50 values in females. 
Males and females were not significant differently distributed between the centres (p=0.263). 
The significantly different mean DOB50 was not as low as the DOB50 cut-off value (128.9 ‰)25 
for DPD deficient patients, therefore no patients were excluded. A significant correlation 
between the DOB50 determined in breath samples and the 13C-dihydrouracil plasma levels 
(r2=0.178, p<0.001) could be demonstrated, not for the 13C-DHU/U ratio (r2=0.014, p=0.29). 
Results are shown in Supplementary Figure 2.

Association with onset of severe toxicity
Clinical validity parameters, i.e. sensitivity, specificity, NPV, PPV and F1-score of the 
endogenous DHU/U ratio and the endogenous uracil levels for their association with the 
onset of severe fluoropyrimidine-induced toxicity were calculated and shown in Table 3. 
The endogenous uracil levels have the highest F1-score of 24%. No significant difference 
was identified between the median endogenous DHU/U ratio or endogenous uracil level 
between patients who experienced severe toxicity or not (Figure 2). For the oral uracil 
loading dose and 2-13C-uracil breath test too few patients were enrolled, therefore the 
association with the onset of severe toxicity was investigated in an explorative way only 
for these two phenotyping assays (Supplementary Table 2, Supplementary Figure 3). Yet, 
the data show similar results in clinical validity parameters and also no difference between 
medians of patients who experienced severe toxicity or not.

Association with DPD deficiency
DPD deficiency, defined as low DPD activity levels in PBMCs (≤5.9 nmol/[mg*h]),6 was 
identified in 7 out of 73 patients (9.6%) or 6 out of 64 patients (9.4%). Clinical validity 
parameters for association with DPD deficiency are shown in Table 4. High specificity and NPV 
values were identified, but low sensitivity and PPV values. The oral uracil loading dose has the 
highest F1-score of 40%. The endogenous uracil levels have the highest sensitivity of 43%. 
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Figure 2. Results of phenotyping assays separated by the occurrence of severe fluoropyrimidine-
induced toxicity 
Dots represent individual results. Black lines represent the median and 25th and 75th percentile of 
the data. All DPYD variant allele carriers were excluded from the analysis as they received initial dose 
reductions based on their genotype result. For the endogenous uracil levels, 161 wild-type patients 
were excluded due to divergent phenotyping assay results of the centre in which these patients were 
recruited. 
Abbreviations: U: uracil; DHU: dihydrouracil; NS: not significant p-value. 

Table 3. Comparison of phenotyping assays in performance for prediction of severe fluoropyrimidine-
induced toxicity 
Clinical validity parameters for the prediction of severe (grade ≥3) fluoropyrimidine-induced toxicity 
are shown for the endogenous DHU/U ratio and endogenous uracil levels. DPYD variant allele carriers 
were excluded, since DPYD variant allele carriers received an initial dose reduction based on their 
genotype, and therefore bias could exist in the onset of severe fluoropyrimidine-induced toxicity. For 
the endogenous uracil levels, 161 wild-type patients were excluded due to divergent phenotyping 
assay results of the centre in which these patients were recruited. 

Assay N of 
patients

Median 
(IQR)

Cut-off for DPD 
deficiency

Sensitivity 
(%)

Specificity 
(%)

NPV 
(%)

PPV 
(%)

F1-scorea 
(%)

Endogenous 
DHU/U ratio

955 9.0 
(6.8-11.6)

≤4.31b 6 95 77 26 10

Endogenous 
uracil levels

794 10.0 
(7.8-12.9) 
ng/ml

≥13.9 ng/ml20 21 82 77 27 24

a The F1-score represents the harmonic mean of sensitivity and PPV;
b This cut-off value is determined by calculating the 6% lower limit of the data, as was described by 
Meulendijks et al. 20

Abbreviations:  IQR: interquartile range; DPD: dihydropyrimidine dehydrogenase; NPV: negative 
predictive value; PPV: positive predictive value; DHU: dihydrouracil; U: uracil.
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Discussion
Despite recent advances by applying prospective DPYD genotyping, ~20% of patients treated 
with fluoropyrimidines still suffer from severe toxicity.7 These patients are wild-type for the 
four genotyped DPYD variants, yet could still be DPD deficient due to currently untested 
variants. Therefore, it is of great importance to explore the clinical value of DPD phenotyping 
assays in order to potentially further reduce the risk of severe fluoropyrimidine-induced 
toxicity. In this study, we conducted two DPD phenotyping assays in 1,037 patients and 82 
patients underwent all four DPD phenotyping assays, in order to rule out inter-individual 
variation. To the best of our knowledge, this is the first study with this unique design, taking 
into account that our patient cohort was not selected based on –or enriched for– (severe) 
toxicity, but represents a patient cohort more representative of routine clinical care. However, 
in the analyses with severe toxicity we excluded DPYD variant allele carriers, thus relatively 
more wild-type patients were included. Still, some wild-type patients are DPD deficient, 
indicating that we were able to calculate assay performance measures, such as sensitivity 
and specificity, for the onset of severe toxicity. In the comparison of DPD deficiency, DPYD 
variant allele carriers were not excluded.
 
Table 4. Comparison of phenotyping assays in performance for prediction of DPD deficiency 
Per phenotyping assay clinical validity parameters are shown for the prediction of DPD deficiency. DPD 
deficiency is defined as a DPD enzyme activity in PBMCs ≤5.9 nmol/(mg*h), and was identified in 7 
out of 73 patients (9.6%) and 6 out of 64 patients (9.4%). The results of the DPD enzyme activity were 
substantially divergent in one centre. Therefore, these results were considered unreliable and could 
not be compared to results of the phenotyping assays in predicting DPD deficiency. 19 patients were 
excluded.

Assay N of 
patients

Median 
(IQR)

Cut-off for DPD 
deficiency

Sensitivity 
(%)

Specificity 
(%)

NPV 
(%)

PPV 
(%)

F1-scorea 
(%)

Endogenous 
DHU/U ratio

73 8.3 
(6.4-11.1)

≤4.31b 14 97 91 33 20

Endogenous 
uracil levels 73

11.8 
(8.9-14.9) 
ng/ml

≥13.9 ng/ml20 43 73 92 14 21

2-13C-uracil 
breath test

64c DOB50: 159.0 
(140.3-
181.7) ‰

DOB50 ≤128.9 
‰23,25 

33 86 93 20 25

 Oral uracil 
loading 
dose

73 U/DHU-ratio 
at 120 min: 
0.61 
(0.31-1.15)

U/DHU-ratio at 
120 min ≥2.421 

29 98 93 67 40

a The F1-score represents the harmonic mean of sensitivity and PPV;
b This cut-off value is determined by calculating the 6% lower limit of the data, as was described by 
Meulendijks et al.20;
c The 2-13C-uracil breath test was executed in 64 out of 73 patients.
Abbreviations:  IQR: interquartile range; DPD: dihydropyrimidine dehydrogenase; NPV: negative 
predictive value; PPV: positive predictive value; DHU: dihydrouracil; U: uracil; NA: not applicable; 
DOB50: delta-over-baseline ratio at 50 minutes.
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The goal of this study was to explore the clinical value of DPD phenotyping assays to identify 
DPD deficient patients with an increased risk for severe fluoropyrimidine-induced toxicity. 
 Previously, high endogenous uracil levels have been associated to the onset of severe 
toxicity.20 In our study, there was no difference between the mean endogenous DHU/U ratio 
or mean endogenous uracil levels between wild-type patients for four DPYD variants, who 
experienced severe toxicity or not. Possibly, when including DPYD variant allele carriers 
a difference would have been visible. Yet, we aimed to identify DPD deficient patients in 
addition to DPYD variant allele carriers who are DPD deficient. In terms of clinical validity 
parameters, our results for the endogenous uracil levels (sensitivity 21%, specificity 82%, 
NPV 77%, PPV 27%) were only slightly different from previously published parameters to 
predict severe fluoropyrimidine-induced toxicity (sensitivity 18%, specificity 95%, NPV 
90%, PPV 35%).20 Taking the limited number of patients for two out of four phenotyping 
assays into account, none of the phenotyping assays investigated in this study showed a 
combination of both high PPV and NPV parameters, which could predict the clinical value of 
a test. Of note, sensitivity and PPV of an assay will remain limited even though there is a high 
odds ratio, if e.g. adverse events are frequent and deficient patients are rare.32 This is also 
the case for DPD deficiency and severe fluoropyrimidine-induced toxicity, and we identified 
low clinical validity parameters.  
 Our study is the first study in which several phenotyping assays were compared head-
to-head in the same patients. For two out of four assays (endogenous DHU/U ratio and 
endogenous uracil levels), we recruited over 1,000 patients representative of routine clinical 
care patients. However, our study has some limitations. The 92 patients who underwent 
three or four phenotyping assays were a little younger compared to patients from the main 
study cohort, possibly due to the higher patient burden to participate in multiple DPD 
phenotyping assays. However, we feel this difference is not clinically relevant and it did not 
influence the occurrence of severe fluoropyrimidine-induced toxicity in these patients. 
 Secondly, we identified variation in the results of the phenotyping assays, either possibly 
caused by differences between centres or baseline characteristics (i.e. age, gender or BSA). 
Per assay, we have examined divergent results and we have corrected for these variations by 
excluding patients. While we now attributed the identified variation to differences between 
study centres, these divergent results might also be caused by already existing fluctuation in 
phenotyping results due to the character of the assay and measurement method. In addition, 
variation in the clock time of sampling may have affected uracil levels as the metabolizing 
enzyme DPD shows significant circadian variation.11 Variation in phenotyping results might 
also be caused by a different distribution of DPD deficient patients between centres. 
 Furthermore, predefined cut-off values per phenotyping assay derived from literature 
were used to be able to divide patients in DPD deficient and non-DPD deficient patients 
and calculate clinical validity parameters. Cut-off values are also necessary for clinical use, 
as it would be difficult to determine which patients would require an initial dose reduction 
without the use of cut-off values. However, the use of cut-off values limits the interpretation 
of the data of each phenotyping assay. In addition, DPD deficiency itself does not follow a 
cut-off at a certain point as its severity varies in gradation between completely DPD deficient, 
partially DPD deficient or non-DPD deficient. Therefore, it would be better not to use cut-off 



Chapter 10

264

values in DPD phenotyping assays, but to analyse the results without categorizing patients. 
 We discussed differences in DPD phenotyping assays, yet the endpoint toxicity can 
also influence the results. Variation in the outcome of severe toxicity might be caused by 
different types of treatment regimens between patients, which we did not correct for. As 
explained for DPD deficiency, analysing the data by categorizing patients also applies to the 
categorization of toxicity into severe (grade 3-5) and non-severe (grade 0-2) toxicity, where 
grade 2 toxicity is a grey area in the assessment of toxicity. 
 Despite our unique data set, we were unable to show that any of the phenotyping assays 
was associated with DPD deficiency or the onset of severe fluoropyrimidine-induced toxicity 
very well. The latter is possibly due to the fact that only ~30-50% of severe fluoropyrimidine-
induced toxicity can initially be explained by DPD deficiency.33 Previously it was described 
that clinical validity and utility were not yet determined for all phenotyping assays,29 yet 
with this study we were unable to fully complement this lack of evidence. 

Conclusion
We compared four DPD phenotyping assays (the endogenous dihydrouracil/uracil (DHU/U) 
ratio, endogenous uracil levels, the oral uracil loading dose, and the 2-13C-uracil breath 
test) in a first-time head-to-head comparison study. None of the phenotyping assays were 
associated with DPD deficiency or the onset of severe fluoropyrimidine-induced toxicity 
very well. In order to determine the clinical value of DPD phenotyping assays additional 
research is required. 
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Supplementary material
Calculation of sample size
Within DPYD wild-type patients a variability in DPD enzyme activity exists. We assumed that 
95% of the DPYD wild-type patients would be classified as having normal enzyme activity 
and 5% of the DPYD wild-type patients would be classified with a low DPD enzyme activity 
(DPD deficient), with an increased risk of toxicity. This results in an unequal sample size, 
therefore a total sample size of 240 evaluable patients was required to achieve at least 80% 
power at significance level α=0.05 to detect an increase in the probability of toxicity from an 
estimated 20% in non-DPD deficient patients to 60% in DPD deficient patients. 

Methods assays
DPD enzyme activity1,2 
The DPD enzyme activity in PBMCs was determined using a validated radio-assay, which 
is based on conversion of the radiolabelled probe 4-14C thymine to 4-14C dihydrothymine.1 
As this method is considered the gold standard in DPD measurements in the Netherlands, 
four phenotyping assays were correlated to this assay. Between 8 and 9 am, after overnight 
fasting, 20 ml blood (EDTA tube) was drawn, combined with a blood draw for determining 
the endogenous DHU/U ratio. Depending on the hospital of inclusion (N=4), whole blood 
was either shipped overnight to the Academic Medical Center in Amsterdam for further 
processing, or was processed at the hospital of blood draw (N=3) as described before, to 
isolate PBMCs.1 After processing, isolated PMBCs were kept at -80°C before measurement 
of DPD activity at the Academic Medical Center in Amsterdam. 

Endogenous DHU/U ratio and endogenous uracil levels3,4 
The uracil and DHU levels were determined in plasma using a validated ultra-performance 
liquid chromatography tandem mass-spectrometry (UPLC-MS/MS) method.4 All samples 
were measured at the Netherlands Cancer Institute in Amsterdam. In patients who 
participated in three or four DPD phenotyping assays, a 4 ml blood (heparin tube) was 
drawn between 8 and 9 am, after overnight fasting, and centrifuged at 4°C at 1500g for 10 
minutes. Plasma was kept at -80°C until measurement. In patients from the clinical trial, 
blood to determine uracil and DHU levels could be drawn throughout the day and in non-
fasting state, but information was collected on how long before the blood draw the patient 
had eaten a meal, as food status could influence the uracil levels in patients.5

Oral uracil loading dose6,7 
Previously, a loading dose of 500 mg/m2 uracil was used in this assay. To increase feasibility, 
a standardized dose of 1,000 mg uracil was administered. Patients had to fast overnight for a 
minimum of eight hours. Food and drinks had to be abstained for the duration of the assay. 
Uracil was dissolved in warm water and administered between 8 and 9 am, to minimize 
effects of circadian rhythm. Four ml blood (EDTA tube) was taken at 60 and 120 minutes 
after oral intake of uracil. Sample processing consisted of adding 0.15 ml of the DPD inhibitor 
gimeracil to a 4 ml sample and centrifuging at 4°C at 1,500g for ten minutes. Plasma was 
kept at -80°C until measurement. Uracil and its metabolite dihydrouracil were determined in 



Supplement

271

10

plasma using a high-performance liquid chromatography ultra-violet (HPLC-UV) method in 
the laboratory of the Department of Pharmacy at the Scheper Hospital in Emmen.  

2-13C-uracil breath test8-10

A personalized dose of 6 mg/kg 2-13C uracil was administered to patients after overnight 
fasting (minimum eight hours) and alcohol abstaining (minimum 24 hours). Food and drinks 
had to be abstained for the duration of the assay as well. The 2-13C uracil was dissolved in 
hot water and administered between 8 and 9 am, to minimize effects of circadian rhythm. 
Just prior to the administration of the 2-13C uracil solution the patients had to ingest two 
tablets of Alka-Seltzer Gold® (containing anhydrous citric acid, potassium bicarbonate and 
sodium bicarbonate) with water, to stimulate uniform and fast absorption of the 2-13C uracil 
solution. Breath samples (300 ml in a Otsuka Pharmaceuticals breath bag, Japan®) and blood 
samples (4 ml in a heparin tube) were taken pre-dose and 50 minutes after administration 
of uracil. Blood samples were centrifuged immediately at 4°C at 1,500g for ten minutes. 
Plasma was kept at -80°C until analysis. Quantification of 13C-uracil and 13C-dihydrouracil 
levels was done using the same UPLC-MS/MS method as for the endogenous DHU/U ratio 
at the Netherlands Cancer Institute, Amsterdam, but with uracil-13C4,

15N2 and dihydrouracil-
13C4,

15N2 as internal standards. 13CO2 and 12CO2 concentrations were determined in the exhaled 
breath samples by infrared spectrometry using the FDA approved POCone IR spectrometer 
(Photal Electronics, Japan®) at the laboratory of the department of Clinical Pharmacy and 
Toxicology at the Leiden University Medical Center or at the Division of Pharmacology at the 
Netherlands Cancer Institute, Amsterdam. A delta-over-baseline (DOB) ratio at 50 minutes 
was calculated that represents a change in the 13CO2/

12CO2 ratio of two breath samples.

Supplementary results
Supplementary Table 1. Toxicity data of patients who underwent three or four DPD phenotyping 
assays and the main study cohort

Type of event Phenotyping 
assays (N=92)

Main study cohort 
(N=1,103)

P-valuea

Overall grade ≥3 toxicity 19 (21%) 264 (24%) 0.477

     Grade ≥3 gastrointestinal toxicity 6 (7%) 103 (9%) 0.367

     Grade ≥3 hematological toxicity 10 (11%) 78 (7%) 0.180

     Grade 3 hand-foot syndrome 4 (4%) 37 (3%) 0.389

     Grade ≥3 cardiological toxicity 0 10 (1%) 0.447

     Grade ≥3 other treatment-related toxicity 3 (3%) 87 (8%) 0.106

Fluoropyrimidine-related hospitalization 7 (8%) 156 (14%) 0.079

Stop of fluoropyrimidines due to adverse events 20 (22%) 190 (17%) 0.133

Fluoropyrimidine-related death 0 2 (0%) ND

a All p-values represent a comparison of 92 patients who underwent three or four DPD phenotyping 
assays to patients from the main study cohort. We used χ² test or Fisher exact test.
Abbreviations: ND: not done.
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Supplementary Table 2. Comparison of phenotyping assays in performance for prediction of severe 
fluoropyrimidine-induced toxicity
Clinical validity parameters for the prediction of severe fluoropyrimidine-induced toxicity are shown 
for the 2-13C-uracil breath test and uracil loading assay. DPYD variant allele carriers were excluded, 
since DPYD variant allele carriers received an initial dose reduction based on their genotype, and 
therefore bias could develop in the onset of severe fluoropyrimidine-induced toxicity. 

Assay N of 
patients

Median (IQR) Cut-off 
for DPD 
deficiency

Sensitivity 
(%)

Specificity 
(%)

NPV 
(%)

PPV 
(%)

F1-scorea 
(%)

2-13C-uracil 
breath test

74 DOB50: 161 
(145.6-186.3) ‰

DOB50 
≤128.9 ‰8,9

27 89 88 30 29

Oral uracil 
loading 
dose

82 U/DHU ratio at 
120 min: 0.58 
(0.31-1.09)

U/DHU-ratio 
at 120 min 
≥2.46

7 97 82 33 11

a The F1-score represents the harmonic mean of sensitivity and PPV. 

Supplementary Figure 1. Endogenous uracil levels and endogenous DHU/U ratio plotted against the 
time between the blood draw and last food intake 
Abbreviations: DHU: dihydrouracil; U: uracil; vs: versus.
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Supplementary Figure 2. Correlation between breath samples and plasma samples of the 2-13C-uracil 
breath test
The association between plasma samples (measured 13C-DHU/U-ratio and 13C-uracil levels at 50 
minutes) and breath samples (calculated as DOB50) of the 2-13C-uracil breath test was evaluated by 
estimating Pearson’s correlations coefficients.
Abbreviations: vs: versus; DOB50: delta-over-baseline ratio at 50 minutes; DHU: dihydrouracil; U: uracil.
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Supplementary Figure 3. Results of phenotyping assays separated by the occurrence of severe 
fluoropyrimidine-induced toxicity 
Dots represent individual results. Black lines represent the median and 25th and 75th percentile of 
the data. All DPYD variant allele carriers were excluded from the analysis as they received initial dose 
reductions based on their genotype result.
Abbreviations: U: uracil; DHU: dihydrouracil; DOB50: delta-over-baseline ratio at 50 minutes; NS: not 
significant p-value.
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