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Abstract

Background: Fluoropyrimidines (FPs) carry around 20% risk of G3-5 toxicity and 0.2-1% risk of death, due to dihydropyrimidine
dehydrogenase (DPD) deficiency. Several screening approaches exist for predicting toxicity, however there is ongoing debate
over which method is best. This study compares 4 screening approaches.

Method: 472 patients treated for colorectal, head-and-neck, breast, or pancreatic cancers, who had not been tested pre-
treatment for FP toxicity risk, were screened using: DPYD genotyping (G); phenotyping via plasma Uracil (U); phenotyping via
plasma-dihydrouracil/uracil ratio (UH,/U); and a Multi-Parametric Method (MPM) using genotype, phenotype, and epigenetic data.
Performance was compared, particularly the inability to detect at-risk patients (false negatives).

Results: False negative rates for detecting G5 toxicity risk were 51.2%, 19.5%, 9.8% and 2.4%, for G, U, UH,/U and MPM,
respectively. False negative rates for detecting G4-5 toxicity risk were 59.8%, 36.1%, 21.3% and 4.7%, respectively. MPM
demonstrated significantly (p < 0.001) better prediction performance.

Conclusion: MPM is the most effective method for limiting G4-5 toxicity. Its systematic implementation is cost-effective and
significantly improves the risk-benefit ratio of FP-treatment. The use of MPM, rather than G or U testing, would avoid nearly 8,000
FP-related deaths per year globally (500 in France), and spare hundreds of thousands from G4 toxicity.
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course of chemotherapy, with one or more severe symptoms
including mucositis, stomatitis, diarrhea, neutropenia, myelosup-
pression, skin toxicities (hand and foot syndrome), and at a later
stage, leucoencephalitis.” The management of these toxicities
usually requires an extended stay in intensive care. In the most
severe cases, multisystem organ failure occurs, despite intensive
care, leading to dehydration, renal failure, and death.®

Severe and very severe toxicities (grades 3 and 4 on the US
National Cancer Institute’s Common Terminology Criteria for
Adverse Events (NCI-CTCAE) scale’) are reported in 10 to
30% of patients treated with standard doses of FPs, with lethal
outcomes (grade 5 toxicity) in 0.2 to 1% of cases.>®* Even with
moderate doses, 3%—5% of patients experience early-onset
grade 3 or 4 ADRs, with lethal outcomes in 0.2 to 0.5% of
cases.” Thus, on a global scale, we estimate that FP treatment
is responsible for between 3,200 to 16,000 deaths per year, and
that serious, debilitating grade 3 or 4 ADRs occur in up to
320,000 patients per year.

Several pre-treatment screening approaches are used to
reduce the risk of FP toxicity, however there is considerable
debate regarding the optimal method.'%!!

Historically, the initial FP dose has been based on the
patient’s body surface area (BSA), and this approach is still used
in many parts of the world. However, this method is known to be
inadequate because 43% of patients are not given the correct
dose; 33% are underdosed (significantly reduced efficacy) and
10% are overdosed (running a strong risk of very severe early-
onset toxicity).'? This is because it does not consider other
information such as the patient’s FP metabolic capacity, or the
patient’s personal characteristics such as age or gender.'?

Indeed, significantly greater risk of FP toxicity is frequently
reported in females and elderly patients, as compared to males
and younger people.'*"'* In addition, the patient’s FP metabolic
capacity is of key importance, and is linked to the initial rate-
limiting metabolic step performed by the enzyme dihydropyr-
imidine dehydrogenase (DPD).? DPD converts more than 80%
of a 5-FU dose into the inactive metabolite 5-fluoro-5,6- dihy-
drouracil (5-FDHU).? Remarkably, DPD enzyme activity is sub-
ject to a wide inter-individual variability, due in part to genetic
polymorphisms of the DPYD gene coding for DPD.'® Approx-
imately 3%—10% of the entire population demonstrates partial
DPD deficiency and 0.1%-0.5% demonstrate complete defi-
ciency leading to a total inability to detoxify FPs.'”:'® More than
100 single-nucleotide polymorphisms (SNPs) of DPYD alleles
have been reported.®'?! Only a minority of them have a poten-
tially deleterious impact on DPD enzyme activity, however 5
specific SNPs (DPYD*2A, DPYD*7, DPYD*9B, DPYD*13 and
HapB3) are most often implicated in clinically-relevant DPD
deficiency, and are present with sufficient population frequency
to make their detection useful via genotyping (G).>**** How-
ever not all severe ADRs can be explained by polymorphisms of
these 5 DPYD gene mutations.”**** Thus, genotyping is useful
for avoiding toxicity in some patients, but it cannot robustly
predict all patients that are at risk of severe FP toxicity.3’“’23
Other available pre-treatment screening approaches rely on phe-
notypic testing, to either detect high plasma Uracil (U)

levels,>*?° or to determine the ratio of dihydrouracil (UH,) to

U in plasma (UH,/U).>* Phenotypic testing is an indirect mea-
sure of a patient’s metabolic competence, and is a recognized
approach for limiting the risk of FP toxicity. However, pheno-
typic testing suffers from a lack of comprehensive studies
addressing its sensitivity and specificity.'" In addition, the qual-
ity of the analytical result is influenced by the need for stringent
sample handling conditions and possible biases related to circa-
dian variations and/or food intake."'

Another pre-treatment screening approach, known as the
Multi-Parametric Method (MPM),’ generates a prediction of
FP toxicity risk by combining a patient’s genotypic and phe-
notypic results with the patient’s personal characteristics (sex,
age, concomitant treatments, etc). This approach is in routine
clinical practice in some parts of France.

Given the current lack of consensus on the best pre-
treatment screening method for accurately predicting the risk
of FP toxicity, herein we assess and critically compare the
performance of the 4 screening approaches outlined above,
using real-life data from the same patient population.

Materials & Methods

Patients and Treatments

Between July 2000 and July 2018, blood samples from 472
patients undergoing 1st or 2nd round FP treatment were sent
for analysis to the Oncopharmacology Laboratory of the Inte-
grated Center for Oncology, Angers, France (ICO Laboratory),
either because i) no screening had been done and the patient
subsequently experienced > grade 3 ADR (263 patients), or ii)
FP treatment was started with a standard dose and samples
were sent in to the lab for testing in parallel (209 patients).

The 472 patients had various types of cancer and were
treated with a range of drug regimens. Colorectal cancer
patients received FPs using the protocols LVSFU2, FOLFIRI,
or FOLFOX over 46 hours, with or without EGFR or VEGF
monoclonal antibodies. Breast cancer patients were treated by
either FEC50, FEC100, or capecitabine. Head & neck cancer
patients were treated by continuous infusion of 5-fluorouracil
over 96 hours along with cisplatin.

Toxicity Evaluation

The toxicity evaluations were performed by qualified clinicians
according to NCI-CTCAE Version 5 scale, where 0 = no toxi-
city observed and 5 = death.?’

Blood Samples and Patient Data

Blood samples were collected by qualified personnel and
consisted of two 5 mL samples in lithium-heparin tubes. One
tube was centrifuged (3000 rpm, 10 min) within 1 hour of
collection and the plasma was then decanted and immediately
frozen at -20°C. This tube was used for phenotypic analyses.
The second tube was kept at ambient temperature and was used
for genotypic analysis. All tubes were shipped to the ICO
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Laboratory with strict respect to their appropriate storage
temperatures.

Upon arrival of samples at the ICO Laboratory, the follow-
ing patient details were recorded in the laboratory’s computer
system: patient identity, weight, height, sex, age, type of can-
cer, chemotherapy treatment (drugs, administration route, dose,
treatment length), timing of the sampling (before or after start
of treatment, before or after appearance of ADRs), and the
recorded NCI-CTCAE toxicity grade (if any).

Study Design

All blood/plasma samples from the 472 patients underwent the
following 4 screening tests at the ICO laboratory:

DPYD genotype mutations (*2A, *7, *9B, *13, HapB3)
Plasma Uracil (U) level (ng/mL)

Metabolic Index: dihydrouracil/uracil ratio (UH,/U)
Multi-Parametric Method (MPM), which integrates
genotyping, U plasma concentration, UH, plasma con-
centration, UH,/U ratio, and key patient factors (age,
sex, treatment, etc.).

halh ol

The performances of the 4 tests were evaluated and com-
pared with respect to their ability to accurately predict > grade
3 toxicity in terms of: False Positives, False Negatives, Sensi-
tivity, Specificity, Positive Predictive Value (PPV), Negative
Predictive Value (NPV), Positive Likelihood Ratio (LR+),
Negative Likelihood Ratio (LR-), and Diagnostic Odds Ratio*®
(DOR) = (LR+/LR-).

As per Delacour et al (2009)%° the clinical diagnostic
strength of a test is a function of its LR+, LR- and DOR values.

Very strong strength if: LR+ > 10, LR- < 0.1

Strong strength if: 5 < LR+ < 10, 0.1 <LR-<0.2

Moderate strength if: 2 < LR+ <5, 0.2 <LR-<0.5

Low strength if: 1 <LR+4 <2,0.5<LR-<1

DPYD Genotype Analysis

Detection of SNPs was performed using pyrosequencing (Pyro-
Mark PSQ96MA, Qiagen, France) according to the method
described by Morel et al 2006, which is accredited by the
French Comité d’Accréditation (COFRAC 8-3281).

The following SNPs were targeted for detection: DPYD*2A
(rs3918290;1VS14+1G<A), DPYD*7 (1rs72549309; DelTCAT
295-298), DPYD*9B (rs67376798; D949 V), DPYD*13
(rs55886062; 1560 S) and HapB3 (3 intronic variants
c.483+18 G>A-1s56276561, c.680+139 G>A-rs6668296, and
¢.959-51 T>C-rs115349832).

Phenotype Analyses

Quantification of plasmatic Uracil (U) and dihydrouracil (UH,)
was performed via UPLC with UV detection (210 nm for UH,
and 260 nm for U) derived from the method described by
Remaud et al 2005°° and Boisdron-Celle et al 2007.>* The
method is accredited by COFRAC 8-3281.

Regarding Plasma Uracil (U) Levels

According to recommendations published in December 2018
by the French Institut National du Cancer (INCa) and the
French Haute Autorité de Santé (HAS),?" a plasma Uracil level
< 16 ng/ml, is normal and indicates the absence of a DPD
enzyme deficit. Plasma Uracil between 16 ng/ml and 150 ng/
ml, indicates partial DPD enzyme deficit: the dose of FP should
be lower than the standard dose. Plasma Uracil > 150 ng/ml
indicates total DPD enzyme deficit: FPs should be contra-
indicated for the patient.

Plasma U results for the 427 patients in this study were
evaluated using these recommendations, to evaluate the perti-
nence of the HAS-INCa-recommended thresholds for indicat-
ing toxicity risk.

Regarding the Metabolic Index (UH,/U):

Boisdron-Celle et al 2007,%* demonstrated that the UH,/U ratio is
inversely correlated to the observed toxicity, and that the correla-
tion is highly significant (p < 0.001). The following thresholds
were established with respect to risk of FP toxicity: If UH,/U > 6
the patient is considered non-DPD enzyme deficient. [f UH,/U is
between 2 and 6: the patient is considered partially DPD enzyme
deficient and a lowered FP dose is proposed based on the UH,/U
value. If UH,/U < 2: patient considered totally DPD enzyme
deficient and use of FPs is contra-indicated.

The metabolic index results for the 427 patients in this study
were evaluated against these thresholds with respect to their
pertinence for indicating FP toxicity risk.

Regarding the Multi-Parametric Method (MPM)

The multi-parametric method (MPM) utilizes the results of
each patient’s genotype and phenotype analyses, as well as the
patient’s personal characteristics: age (years), sex, weight (kg),
height (cm), intended FP treatment protocol (including conco-
mitant drugs), the patient’s Eastern Cooperative Oncology
Group (ECOG) score, and the intended duration of the perfu-
sion of fluoropyrimidines (hours). Each patient’s overall data
sets were analyzed with the mathematical scores provided
by 5-FUOPPMTOX™ " yersion v3.3.1.5~ml,** CE marking:
CE-DMDIV 03/10/2011 DT11061.2.

The algorithms are composed of 178 mathematical scores
which utilize the patient’s full data set to:

1. Predict the risk of grade 3 or higher FP toxicity
Allow standard FP dosing if > grade 3 toxicity is pre-
dicted to be unlikely

3. Propose a lower dose of FP, if grade 3 or 4 toxicity with
a standard dose is likely

4. Contraindicate treatment with FPs if the patient is at
risk of grade 5 toxicity.

The 5-FyOPPMTox™ program was developed and validated
at the ICO, (Angers, France), between 2000-2013. None of the
patient data in this study was used to develop or train the
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Table I. Patient Characteristics.

Total population:
N = 472
Characteristic

Patients with toxicity,
Number of patients, grade 4 or 5: N = 169
and (%) of total and % of subset

Sex: Number and (%)

Male 222 (47%) 66 (39%)
Female 250 (53%) 103 (61%)
Age (years)

Average +SD 66.7 + 12.0 63 + 120
Range (min-Max) 19-88 23-87

Tumor Localization: number and (%)

Colorectal 337 (71.4%) 98 (57.9%)
Pancreas 9 (1.9%) 3 (1.77%)
Breast 36 (7.6%) 22 (13%)
Head and Neck 33 (6.99%) 19 (11.2%)
Gastric 15 (3.2%) 10 (5.9%)
Other 9 (1.9%) 2 (1.18%)
Not specified 33 (6.99%) 15 (8.9%)
Treatment type: number and (%)
Adjuvant 64 (13.6%) 22 (13%)
Metastatic 49 (10.4%) 17 (10%)
Neo-adjuvant 4 (0.85%) 3 (1.8%)
Not specified 355 (2.2%) 127 (75%)

program. The latest version (version v3.3.1.5~ml) was vali-
dated in 2014 using data from 4859 patients and has been in
routine clinical use in France since 2015. The 5-FU°®PrMTox™
program is in direct liaison with the laboratory’s computer
system that holds all of the patient data (genotype and pheno-
type results and the patient’s personal characteristics) thus
avoiding risk of data transfer error.

Statistical Analysis

Quantitative data is presented as the average, standard devia-
tion, median, 25th and 75th percentiles.

Categorical (binary) data are summarized by their number and
percentage for each modality. To compare quantitative data

between paired groups (the same samples were analyzed using
the 4 different methods), non-parametric tests for paired data were
used: Mann-Whitney or Friedman, depending on the groups com-
pared. To compare categorical data, the McNemar test or
Cochran’s Chi-squared test was used, depending on the number
of groups compared.

Reported p-values are the raw p-values adjusted with the
Benjamini and Hockberg method®® to account for the risk of
a higher alpha value due to multiple testing on the same
samples.

The diagnostic strength of the methods was determined using
the epiR package (version 0.9-99).%* All statistical tests were
performed with R (version 3.5.3), from the R Foundation.*

Results

Patient Characteristics

The characteristics of the 472 patients are presented in Table 1.

Toxicity Evaluation

The following toxicity grades were recorded for the 472
patients involved in this study:

Grade 0, 1 or 2: 206 patients: 202 After Chemotherapy
(AC), 4 After Toxicity (AT)

Grade 3: 97 patients: 1 AC and 96 AT,

Grade 4: 128 patients: 5 AC and 123 AT,

Grade 5: 41 patients: 1 AC and 40 AT.

The most frequent type of grade 4 toxicity was digestive
(42.2%), followed by haematological (32.0%) and skin-
mucosal (21.9%). Of the patients that died from the ADR
(grade 5 toxicity), 43.9% presented multi-organ toxicity.

Genotype Analysis

Table 2 shows the prevalence of DPYD mutations, and the
genotypic profile of patients who suffered grade 4 or 5 toxicity.

Table 2. Prevalence of DPYD Mutations, and Genotypic Profiles of Patients With >Grade 3 Toxicity.

Prevalence of the mutation
in the patient population

Number & (%)

Patients with
Grade 5 toxicity
Number & (%)t

Patients with
Grade 4 toxicity
Number & (%) t

Patients with
Grade 3 toxicity
Number & (%) T

Gene mutation N = 472 patients N = 97 patients N = 128 patients N = 41| patients
DPYD*2A 37 (7.84%) 10 (27.0%) 19 (51.4%) 6 (16.2%)
Heterozygous (h) 3 (0.63%) 0 I (33.0%) 2 (66.0%)
Homozygous (H)

hDPYD*9B 42 (8.89%) 8 (19%) 22 (52.4%) 8 (19.0%)
hDPYD*7 3 (0.63%) 0 2 (66.0%) I (33.0%)
hDPYD*13 3 (0.63%) I (33.33%) 2 (66.0%) 0
hDPYD*2A+ hDPYD*9B 1 (0.21%) 0 0 1 (100%)
hDPYD*2A+ hDPYD*13 I (0.21%) 0 0 1 (100%)
hHapB3 8 (1.69%) I (12.5%) 2 (25.0%) I (12.5%)
None of the above gene mutations 374 (79.2%) 77 (20.6%) 80 (62.5%) 21 (51.2%)

1 The percentage value is the proportion of patients with the mutation that demonstrated toxicity of the stated grade.

h = heterozygous
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Table 3. Percentage of Patients With Grade >3 Toxicity as a Function of Their Plasma U Level. Median, 25th et 75th Percentile (Pctl).

Patients with Patients with Patients with
Number of patients toxicity grade 3 toxicity grade 4 toxicity grade 5

(of 472) number (%) number (%) number (%)
U < léng/mL 280 47 (16.8%) 53 (18.9%) 8 (2.9%)
Median [U] ng/mL - 9.97 8.90 12.48
25% Pctl_75™ Petl - 6.55_13.96 6.3_12.7 11.1_14.8
16ng/ml < U < 150ng/mL 178 50 (28.1%) 73 (41.0%) 21 (11.8%)
Median [U] ng/mL - 23.60 25.28 3351
25% Pctl_75™ Petl - 19.63_31.81 21.0_31.8 25.0_58.8
U > 150 ng/mL 14 0 2 (14.3%) 12 (85.7%)
Median [U] ng/mL - - - 2083
25 Pctl_75"" Pcdl - - - 417.5_3263.2

‘

*-” = not applicable

Table 4. Percentage of Patients That Suffered Grade >3 Toxicity as a Function of Their Metabolic Index (UH,/U). Median, 25th et 75th
Percentile (Pctl).

Number of patients Patients with toxicity Patients with toxicity Patients with toxicity
(of 472) grade 3, number (%) grade 4, number (%) grade 5, number (%)

UH,/U > 6 267 31 (11.6%) 32 (12.0%) 4 (1.5%)
Median UH,/U - 8.76 8.73 6.87
25 Pctl_75% Petl - 7.01_9.74 73_10 6.54_8.25
2<UH,/U<6 180 66 (36.7%) 88 (48.9%) 20 (11.1%)
Median UH,/U + SD - 4.93 4.40 3.72
25 Petl_75% Petl - 4.26_5.55 3.55_5.09 3.06_4.64
UH,/U <2 25 0 8 (32.0%) 17 (68.0%)
Median UH/U + SD - - 1.55 0.90
25% Pctl_75% Petl - - 0.95_1.70 0.01_1.37
“-” = not applicable
Phenotype Analysis Multi-Parametric Method (MPM):

Plasma Uracil levels (U). Table 3 displays plasma Uracil (U) Table 5 shows the percentage of patients who presented >

levels for patients that suffered > grade 3 toxicity. Twenty- grade 3 toxicity as a function of their DPD-enzyme deficit

one point eight percent (21.8%) of patients with plasma Uracil status, as determined by the multi-parametric method.

< 16ng/ml presented with grade 4 or 5 toxicity, and 2.9% died. Three point eight percent (3.8%) of patients were evaluated

Fifty-two-point eight percent (52.8%) of patients with inter- as being non-DPD deficient, yet presented > grade 4 toxicity,

mediate plasma U level (16ng/ml < U < 150ng/ml) suffered and 1 (0.5%) died.

grade 4 to 5 toxicities, of whom 11.8% died. In addition, 28% Including grade 3 toxicities, only 5.8% of patients were

presented with grade 3 toxicity. incorrectly identified as being non-DPD deficient, yet experi-
All of the patients with a plasma Uracil level > 150ng/ml enced > grade 3 toxicity, using MPM.

presented with > grade 4 toxicity, and 85.7% of them died from For patients evaluated as partially DPD-deficient, 56.9%

their ADR. presented with grade 4-5 toxicity and 38.9% with grade 3.
One hundred percent (100%) of the patients evaluated as

totally DPD-deficient presented > grade 4 toxicities, and all

Metabolic index (UH,/U). Table 4 shows the metabolic index 17 deaths could have been avoided via use of MPM.

results for patients that suffered > grade 3 toxicity.

Thirteen point five percent (13.5%) of patients with UH,/U
> 6 suffered grade 4 or 5 toxicity, and 1.5% died. Sixty Comparison of the 4 Different Screening Approaches
percent (60%) of patients with a UH,/U ratio between 2 and  ppe screening approaches were compared for their ability to
6 sgffered grade 4 or 5 toxicity, and 36.7% suffered grade 3 correctly predict toxicity.
toxicity.

One hundred percent (100%) of the patients that had a UH,/  Capacity to correctly detect risk of grade > 3 toxicity. Table 6
U < 2 suffered grade 4 or 5 toxicity, and 68% of them died compares the performances of the 4 DPD screening approaches
because of their ADR. to correctly predict > grade 3 toxicity.
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Table 5. Percentage of Patients That Presented >Grade 3 Toxicity as a Function of Their DPD-Enzyme Deficit Status, as Determined by the

Multi-Parametric Method.

Number of
patients (472)

Patients with toxicity
grade 3, number (%)

Patients with toxicity
grade 4, number (%)

Patients with toxicity
grade 5, number (%)

Non-deficient 208 4 (1.9%) 7 (3.4%) | (0.5%)
Partially deficient 239 93 (38.9%) 113 (47.3%) 23 (9.6%)
Totally deficient 25 0 8 (32.0%) 17 (68.0%)

Table 6. Comparison of DPD Screening Approaches to Correctly Predict Grade 3 or Higher FP Toxicity.

Phenotyping Phenotyping Multi-parametric
Statistical property Genotyping Uracil > 16 ng/ml UH,/U ratio method
N 472 472 472 472
False Positives, n (%) 10 (2.1%) 34 (7.2%) 6 (1.3%) 10 (2.1%)
False Negatives, n (%) 178 (36.4%) 108 (22.9%) 67 (14.2%) 12 (2.5%)
Sensitivity (%) 33.08 59.40 74.81 95.49
Specificity (%) 95.15 83.50 97.09 95.15
Positive Predictive Value (%) 89.80 82.29 97.07 96.21
Negative Predictive Value (%) 52.4] 61.43 7491 94.23
Positive Likelihood ratio (LR+) 6.82 3.59 25.68 19.67
Negative Likelihood ratio (LR-) 0.70 0.48 0.26 0.047
Diagnostic Odds Ratio (DOR) 9.69 748 98.76 41851
Clinical Diagnostic Strength Moderate Moderate Moderately Strong Very Strong
Deaths Genotyping Phenotyping Phenotyping Multi-Parametric
(Grade 5 Toxicity) Uracil > 16 ng/ml UH,/U ratio Method
N 41 41 41 41
Sensitivity, n (%) 20 (48.78%) 33 (80.5%) 37 (90.2%) 40 (97.6%)
False negatives, n (%) 21 (51.2%) 8 (19.5%) 4 (9.8%) | (2.4%)

“-” = not applicable

Genotyping (alone) is highly specific (95%) but has insuffi-
cient sensitivity because it only detects 33% of patients at risk
of > grade 3 toxicity. In other words, 67% of patients at risk of
severe toxicity and/or death are not detected.

Measuring plasma Uracil levels (alone), as recommended by
HAS-INCa (France), has better sensitivity (59%) than genoty-
pic analysis, but generates a high number of false negatives
(22.9%) which leaves patients at risk of severe toxicity and/
or death.

With respect to the Likelihood ratios: Genotyping (alone)
has an LR+ of 6.8 and an LR- of 0.70 which gives it a moderate
clinical diagnostic strength. The same is true of plasma Uracil
measurement which has an LR+ of 3.59 and a LR- of 0.48.
Both UH,/U and MPM have strong clinical diagnostic strength
with an LR+ > 10, and low LR- values, particularly MPM
which has an LR- close to zero.

Only UH,/U and MPM have a Diagnostic Odds Ratio of >
20, and thus they are the only 2 approaches that can be consid-
ered to be sufficiently discriminating for the correct detection
of a true risk of severe FP toxicity (> grade 3).

Capacity to correctly detect risk of > grade 4 toxicity. Table 7 in the
Supplemental section shows the comparison of the 4 different
screening approaches to correctly predict toxicity > grade 4.

Genotyping (alone) has insufficient sensitivity because it is
only able to detect ~40% of patients at risk of grade 4 or 5
toxicity.

Measuring plasma Uracil levels (alone), as recommended by
HAS-INCa, has better sensitivity (64%) than genotypic analy-
sis, but it generates a high percentage of false negatives (36.1%
of patients) who are at risk of very severe toxicity and/or death.

In contrast, the Multiparametric Method shows very high
sensitivity (95.3%) and the lowest percentage of false negatives
(4.7%) for predicting toxicity > grade 4.

As shown in Table 6, of the 41 patients who died due to
ADR to FP treatment (grade 5 toxicity), screening via:

Genotyping, would have permitted 20 lives to be saved.

Plasma Uracil determination would have permitted 33 lives
to be saved.

UH,/U ratio would have permitted 37 lives to be saved.

The Multi-Parametric Method would have permitted 40
lives to be saved.

Discussion

In accordance with the results of Jansman et al,'? the incidence
of grade 4 or 5 toxicity was substantially higher in female
patients compared to male patients (61% of the 169 patients
that suffered grade 4 or 5 toxicity were female).
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Given that genotyping alone has insufficient sensitivity
(detection of only 40% of patients at risk of grade 4 or 5
toxicity), 60% of patients at risk of very severe toxicity and/
or death are not detected (cf. Tables 2 and 6). The Clinical
Diagnostic Strength of genotyping (alone) was found to be low.

Tables 3 and 6 reveal that the plasma Uracil method used
alone is a relatively poor method for predicting FP toxicity,
because it is prone to a high level of false negative results:
21.8% of patients with a plasma Uracil concentration of <
16ng/ml (who according the INCa-HAS threshold carried little
or no risk of severe FP toxicity) suffered > grade 4 toxicity, and
2.9% of them died (Table 3). Furthermore, in the intermediate
group (16 ng/ml < U < 150 ng/ml), 19.2% of patients did not
present with severe toxicity, and therefore would potentially
have been under-dosed if the current dose reduction recom-
mendation of HAS-INCa had been followed. Moreover, 29 of
the 458 patients (6.3%) with a plasma Uracil level <150 ng/ml
had grade 5 toxicity and died. Thus, the INCa-HAS thresholds
of 16 ng/ml for predicting lack of toxicity risk, and 150 ng/ml
for predicting high risk of death from a standard FP dose, are
not reliable.

DPD deficiency screening via metabolic index (UH,/U
ratio) was found to be a better method for predicting > grade
4 toxicity than plasmatic Uracil (U): Only 13.5% of patients
with a UH,/U ratio > 6 presented grade 4 or 5 toxicity, com-
pared to 21.8% of patients that had plasma Uracil < 16 ng/ml.
In the intermediate group (6 < UH,/U < 2), 96.7% of patients
were correctly predicted to have a risk of grade 3 or higher
toxicity, leaving just 3.3% of patients who would potentially be
underdosed, as compared to 19% of underdosed patients if the
plasma Uracil result is used alone. The Clinical Diagnostic
Strength of the metabolic index (UH,/U ratio) approach was
found to be moderately strong (its LR- and DOR values nar-
rowly missed the “strong” level).

Of the 4 methods evaluated, the multi-parametric method
(MPM) showed the highest sensitivity (95.3%) and the lowest
number of false negatives (4.7%) for prediction of > grade 4
toxicity. Tables 6 and 7 illustrate its superior performance
compared to other methods. With respect to the patient popu-
lation in this study, we predict that the use of MPM would have
spared an additional 53 patients (out of 169) from very severe
grade 4 or 5 toxicity, as compared to the use of the plasma
Uracil approach (where 61 “at risk” patients were not detected).
Furthermore, we predict that the use of MPM would have saved
all but 1 of the 41 deaths, whereas as the plasma Uracil
approach (alone) would have failed to protect 8 patients’ lives.
Overall, the Clinical Diagnostic Strength of MPM was found to
be very strong (Table 6). Combining the patient’s genotypic
and phenotypic results with their personal characteristics is
clearly of value in the prediction model.

The MPM used in the current study is already in routine
clinical practice in some parts of France and has a proven
track-record of saving lives and avoiding debilitating ADRs.
The latest version of the SFUOPFPMTox™ program (version
v3.3.1.5~ml) was validated in 2014/2015 using data from
4859 patients. Within this data set there were just 3 occurrences

of grade 5 toxicity, 2 of which occurred because FP dosing was
started without having the screening results (i.e. the patients
were not screened before treatment began) and one because the
doctor chose not to follow the dose reduction suggested by the
MPM. These 3 deaths were potentially avoidable if the pre-
treatment screening and dose adjustment provided by the pro-
gram had been followed appropriately.

In comparison, based on the incidence of false negatives
given by the plasma Uracil screening approach in the current
study, it can be estimated that if the plasma Uracil method had
been used to screen these 4859 patients, up to 544 patients
would potentially have experienced grade 4 toxicity, and there
could have been up to 82 deaths, because these at-risk patients
would not have been recommended for dose-adjustment based
on their plasma U result (alone).

In our opinion, limiting DPD deficiency screening to one
parameter (e.g. plasma U), is not only illusory, but dangerous.
As shown herein, there is a high risk of false negatives when
employing a genotyping or plasma Uracil method, alone. This
leads to a false sense of security for both the clinician and the
patient.

Global potential of the MPM to reduce FP-related mortality and
grade 4 toxicity. Around 1.6 million patients are treated with
FPs per year globally. Assuming a mortality rate of 0.5%,
treatment with FPs cause at least 8,000 deaths per year. The
false negative rates (i.e. failure to correctly detect patients at
risk of grade 5 toxicity) for the plasma Uracil and genotyping
approaches (used alone) were 19.5% and 51.2%, respectively
(cf. Table 7 in the supplemental section). Thus, if 100% of
patients were screened, the false negative results for routine
screening using the plasma Uracil or genotyping approach
(alone) would lead to at least 1,560 to 4,096 deaths per year
globally, due to sub-optimal test performance. The false nega-
tive rate for detecting grade 5 toxicity risk with the MPM is
2.4%. Thus, routine use of the MPM test in 100% of patients,
would reduce the number of deaths from FP-treatment to just
192 patients per year globally, saving up to 1,368 lives per year
compared to the other methods.

Taking a conservative incidence for grade 4 toxicity of 10%,
treatment with FPs leads to at least 160,000 grade 4 toxicities
per year, globally. The false negative rates found herein for the
plasma Uracil and genotyping approaches to predicting risk of
grade 4 toxicity were 36.1% and 59.8%, respectively. Thus,
routine pre-treatment screening of 100% of patients via the
genotyping or plasma Uracil approaches (alone) would lead
to at least 57,760 to 95,680 grade 4 toxicities per year, globally.
The false negative rate for detecting grade 4 toxicity risk with
the MPM is 4.7%. Thus, routine use of the MPM would reduce
the number of grade 4 toxicities to around 7,520 per year glob-
ally, avoiding over 152,500 grade 4 toxicities per year.

Cost efficiency. In France, plasma Uracil dosing currently costs
around 40€ per patient, genotyping around 52-177€ per patient,
and the MPM costs around 150€ per patient. For a screening
test to be cost efficient, the total cost of screening 100% of
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patients must outweigh the incurred costs to the healthcare
system of treating the severe toxic events, the hospitalizations
in ICUs, and the deaths, that would be avoided by the
screening.

The cost-effectiveness of screening using the MPM has been
evaluated by our group.3 ® The analysis was performed prospec-
tively in 2010/2011 on 2 groups of patients. The first group
(Group A, n = 886) received a standard dose of 5-FU (2400
mg/m?) without prior screening of their DPD status. The sec-
ond group (Group B, n = 856) were screened with an early
version of the SFUCPPMTOX™ sro0ram, followed by a dose
adjustment if required. Patients were followed throughout 2
cycles of chemotherapy. In group A (no MPM screening), only
the cost of treating the toxicities that arose were considered. In
group B (MPM screening), the cost of the screening tests (153€
/patient) plus the cost of treating any toxicities that arose
despite dose adjustment were taken into account. In group A,
the incidence of grade 4 or 5 toxicity was 5.80% and 6.90% in
the Ist and 2nd cycle of 5-FU treatment, respectively.

One patient in group A died from their ADR. In group B
(MPM screening, with dose-adjustment) the incidence of grade
4 toxicity was 0.5% and 0.9% in the 1st and 2nd cycle of 5-FU
treatment, respectively. No patients died of ADRs in group B.
The cost benefit of implementing the MPM screening and dose
adjustment was calculated to be 426 € per patient (508€ per
patient with standard treatment versus 195€ per patient using
the MPM screening). Pre-treatment screening with the MPM
was thus shown to reduce the incidence of toxicity (and patient
suffering) associated with 5-FU, avoid unnecessary deaths, and
provide high cost efficiency.

Conclusion

Herein we demonstrate that a multi-parametric method (MPM)
for predicting risk of FP toxicity significantly out-performs (p <
0.0001) the use of genotypic or phenotypic (plasma U or UH,/
U) information alone. Its specificity and sensitivity are both >
95% for predicting > grade 3 toxicity and reaches 98% for
predicting (and thus avoiding) grade 5 toxicity (as opposed to
48.8%, 80.5% and 90.2% for genotyping, plasma [U] and
plasma UH,/U, respectively).

Routine, systematic use of the MPM (instead of genotyping
or phenotyping, alone) is estimated to be capable of saving over
7,800 unnecessary deaths per year and would spare over
150,000 patients from debilitating grade 4 toxicity.

The improved performance and the cost-effectiveness of the
MPM approach gives it real potential to go beyond currently
recommended screening methods and to substantially increase
the clinical benefit-risk ratio of FP treatment. MPM should
therefore be considered for adoption as a Standard of Care for
all cancer patients treated with fluoropyrimidines.
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