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Estimating the Effectiveness of DPYD Genotyping
in Italian Individuals Suffering from Cancer Based
on the Cost of Chemotherapy-Induced Toxicity

Vasileios Fragoulakis,1 Rossana Roncato,2 Chiara Dalle Fratte,2 Fabrizio Ecca,2 Marina Bartsakoulia,3

Federico Innocenti,4 Giuseppe Toffoli,2 Erika Cecchin,2 George P. Patrinos,3,5,6,*
and Christina Mitropoulou1,*

Fluoropyrimidines (FLs) have been widely used for more than 60 years against a range of solid tumors and still remains the cornerstone

for the treatment of colorectal, gastric, and breast cancer. Here, we performed an economic analysis to estimate the cost of DPYD-guided

toxicitymanagement and the clinical benefit expressed as quality adjusted life years (QALYs) in a large group of 571 individuals of Italian

origin suffering from cancer and treated with a fluoropyrimidines-based chemotherapy. Individuals suffering from cancer with a histo-

logically confirmed diagnosis of cancer, who received a fluoropyrimidines-based treatment, were retrospectively genotyped in theDPYD

gene. Effectiveness was measured as survival of individuals from chemotherapy, while study data on safety and efficacy as well as on

resource utilization associated with each adverse drug reaction were used to measure costs to treat these adverse drug reactions. A gener-

alized linear regressionmodel was used to estimate cost differences for both study groups. DPYD extensivemetabolizers (528 individuals)

had greater effectiveness and lesser cost, representing a cost-saving option over DPYD intermediate and poor metabolizers (43 individ-

uals) with mean QALYs of 4.18 (95%CI: 3.16–5.55) versus 3.02 (95%CI: 1.94–4.25), respectively. Our economic analysis showed that

there are some indications for differences in survival between the two groups (p > 0.05), while the cost of DPYD extensive metabolizers

was significantly lower (p < 0.01) compared with those belonging to the group of intermediate/poor metabolizers. These findings sug-

gest that DPYD-guided fluoropyrimidines treatment represent a cost-saving choice for individuals suffering from cancer in the Italian

healthcare setting.
Introduction

Fluoropyrimidines (FLs) are historically among the most

widely used anticancer drugs. FLs include 5-fluorouracil

(5-FU), capecitabine, and tegafur. Both capecitabine and te-

gafur are inactive prodrugs that are metabolized to 5-FU.

Although most individuals can be safely treated with FLs,

20%–30% are likely to develop severe (grade R 3) to life-

threatening toxicities.1 The rate-limiting step of 5-FU

catabolism is dihydropyrimidine dehydrogenase (DPD)-

mediated conversion of 5-FU to dihydrofluorouracil.

Several germline genomic variants in the DPD-encoding

gene (DPYD [MIM: 274270]) result in deficient DPD activ-

ity and increased drug half-life that can translate into se-

vere or even lethal FL-related FU toxicity (MIM: 274270).

Even though more than 160 single-nucleotide polymor-

phisms (SNPs) have been identified in theDPYD gene, only

4 of them are classified to date as being clinically relevant

and listed within the international pharmacogenomic

guidelines for drug dose adjustments in the Pharmacoge-

nomics Knowledgebase (PharmGKB) that have been

recently revised by the Clinical Pharmacogenomics

Implementation Consortium (CPIC). The DPYD*2A

(rs3918290) and DPYD*13 (rs55886062) loss-of-function

variants abolish DPD activity almost completely, while
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the c.2846A>T (rs67376798) and c.1236G>A-HapB3

(rs56038477) variant alleles have been correlated to amod-

erate loss of protein function.2

The association between DPYD*2A, DPYD*13,

c.2846A>T, and c.1236G>A-HapB3 variants and the

increased risk of severe FL-related toxicity is widely re-

ported in the literature, thus providing increasing support

for the translation of DPYD pre-emptive genotyping in the

clinical practice.3–5 However pre-emptive DPYD genotyp-

ing is poorly implemented in the clinical practice, and

the recent publication of ESMO guidelines for colorectal

cancer management, not including any recommendation

for pre-emptive DPYD genotyping, rekindled the debate

about the validity and utility of this test in the clinical

practice. Besides, while the administration of 5-FU and

capecitabine in individuals with low or absent DPD

activity is contraindicated by FDA, no dose adjustment is

recommended in the drug label based on the DPYD geno-

type (see Xeloda in Web Resources).

One of the limiting factors for the clinical uptake of the

DPYD pharmacogenomic test is the lack of information

about the cost effectiveness of a pre-treatment DPYD

genotyping, raising the question whether DPYD geno-

type-guided FL dosing can save healthcare resources.

Only one prospective clinical study has evaluated so far,
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from an economical point of view, the effect of an upfront

FL dose reduction in DPYD*2A carriers, reporting a finan-

cial advantage of the genotyping approach.6We previously

reported that the differential costs required to manage

chemotherapy-related toxicity can be predicted by the

individuals’ genotype for both the UGT1A1 (MIM:

191740)-irinotecan and DPYD-FL gene-drug interactions

in a large group of individuals suffering from colorectal

cancer from a real world clinical practice.7,8

Here, we aimed to estimate the effectiveness within the

study period of DPYD genotyping based on the cost of

toxicity management and the clinical benefit expressed

as quality adjusted life years (QALYs) per genotype group,

namely extensive (group A) and intermediate and poor

metabolizers (group B) in a large group of individuals,

treated with a FL-based chemotherapy, who suffered

from various types of cancer within the Italian healthcare

setting.
Material and Methods

Analysis Perspective
The perspective of the present economic analysis was that of

third-party payers (sickness funds) in Italy. In this light, only direct

health care costs were considered.9 Direct costs are those associ-

ated directly with the medical care of individuals and are

reimbursed by the payers. The remaining indirect costs (such as

productivity loss, traveling costs, etc.), which attempt to quantify

the non-medical financial impact of the disease, were not consid-

ered here.

Data Collection and Genotyping
Individuals of Italian descent, suffering from cancer with a histo-

logically confirmed diagnosis of cancer, who received a FL-based

treatment, were recruited with consent. The study was previously

approved by the local ethical committee. Information about

chemotherapy schedule, drug dose reduction, delays, or early

treatment interruption and the complete list of treatment-related

toxic events at each chemotherapy cycle were recorded and

retrieved by an existing database.5,10,11 The causality of the toxic

events was assessed by the physician at the time of occurrence,

and only the chemotherapy-related events were recorded. All

the toxic events were graded according to NCI CommonTerminol-

ogy Criteria for Adverse Events v.3.0.

Subjects were subsequently retrospectively genotyped for

the DPYD*2A, DPYD*13, DPYD c.2846A>T, and DPYD-HapB3

variants, after the individuals completed their treatments, accord-

ing to previously reported methods.5,10 Primer sequences and

genotyping details are available upon request. Actionability rate

(i.e., the number of carriers of an actionable genotype over the

total number of individuals in the population study) in this study

was 7.53%

Methods for Economic Analysis
In the present analysis, the effectiveness of treatments was

measured in terms of mean survival per treatment group.

Frequently, in biostatistics the difference between alternative

interventions is determined by the median survival, but in eco-

nomic analysis mean value is used instead because it is the most
The America
suitable measure for calculating the actual economic effects in

society.12 Survival was calculated as the time from chemotherapy

start to death from any cause or loss to follow-up or to the end of

study period. We estimated effectiveness in two ways: within the

study period but without correction for censoring, as well as

with the use of Kaplan-Meier curve as a restricted mean survival.

We also included information concerning the quality of life of in-

dividuals in order to estimate quality adjusted life years (QALYs)

per arm.

Concerning the costing methodology of ADRs, we collected

data on safety and efficacy as well as on resource utilization asso-

ciated with each ADR. Patient-level resource utilization data

were combined with unit cost data and they were then aggregated

to calculate the total treatment cost per person. Thus, the total cost

of individuals reflects the cost of any ADR multiplied by the prob-

ability of experiencing this event during the course of the study.

Variation in resource utilization reflects the fact that some individ-

uals experienced more severe ADRs than others. Reimbursement

tariffs used were obtained from the official Government Gazette

and are common to all public hospitals and public payers in Italy.

All price data and economic estimates refer to the economic year

2018. All values presented here were undiscounted. Since the

scope of the analysis was to compare the cost which is related

with the ADRs, person-specific data on chemotherapy doses deliv-

ered in each cycle were not taken into consideration. On the other

hand, all resources used for the treatment of ADRs were taken into

consideration. The cost per ADR also includes other medications,

such as antivomiting medication, growth factors, and antibiotics

that were given during the treatment of these ADRs. The cost of

each hospitalization admission was based on Italian Diagnosis

Related Groups (DRGs) CRO-Aviano case mix, since we do not

have available the number of in-hospital days for all the

individuals.

Total cost of events incorporates the cost of visits to oncologists

and nurses. The cost of medical examinations in each cycle in-

cludes diagnostic imaging (e.g., computed tomography scans

and X-rays) and for laboratory tests such as full blood cell count

with differential and platelet count as well as full biochemistry

tests (alanine aminotransferase, aspartate aminotransferase, c-glu-

tamyltransferase, albumin, bilirubin, sodium, potassium, lactate

dehydrogenase, alkaline phosphatase, uric acid, serum creatinine,

etc.). The following ADRs were considered for cost evaluation:

hepatic events, acute pancreatitis, hand and foot syndrome, hem-

atochezia, neurological events, cardiovascular events, nausea and

vomiting, infection, thrombocytopenia, leukopenia, febrile neu-

tropenia, and stomatitis. Based on raw data, it was determined

that only grades IV and V ADRs had a significant resource and

cost impact, so grades I, II, and III were not included in this assess-

ment, a common practice in similar economic studies for cancer

patients.13 Total cost also incorporated the cost of the genotyping

test for those belonging to group A. DPYD genetic test is currently

not included in Italian National Tariff, so the cost of the test has

been estimated from internal hospital data in the amount of

120V. This is consistent with the costs reported in other European

healthcare contexts.3,14
Statistical Analysis and Cost Evaluation in the Presence

of Censoring
All analyses were undertaken using Excel sheets with the use of

VBA (Visual Basic for Applications) and SPSS V.22 software. A

key issue in economic evaluation study is the estimation of the
n Journal of Human Genetics 104, 1158–1168, June 6, 2019 1159



Table 1. Calculation of Utility Decrements

Duration (Days) Utility Calculation Explanation

Neutropenia G5 30 0.72 0.84�0.12 0.12 utility decrements from baseline22,23

Neutropenia G4 30 0.74 0.84�0.12þ0.02 0.02 utility increment due to improved
condition23

Leukopenia G5 30 0.72 0.84�0.12 assuming the same utility valuesa as
neutropenia22,23

Leukopenia G4 30 0.74 0.84�0.12þ0.02 assuming the same utility valuesa as
neutropenia22,23

Stomatitis G5 10 0.70 – literature

Stomatitis G4 10 0.72 0.70þ0.02 0.02 utility increment due to improved
condition23

Infection G5 10 0.724 0.84�0.13þ0.014 utility of diarrhea G5 þ0.01422–24

Infection G4 10 0.744 0.84�0.13þ0.014þ0.02 0.02 utility increment due to improved
condition

Diarrhea G5 20 0.71 0.84�0.13 0.13 utility decrements from baseline22,23

Diarrhea G4 20 0.73 0.84�0.13þ0.02 0.02 utility increment due to improved
condition22,23

Cardiovascular G5 90 0.64 – literature25

Cardiovascular G4 90 0.66 0.64þ0.02 0.02 utility increment due to improved
condition23

Thrombocytopenia G5 45 0.70 – assuming the same utility valuesa as
neutropenia

Thrombocytopenia G4 45 0.72 – 0.02 utility increment due to improved
condition23

Hepatic G4 30 0.73 – literature24

Acute_pancreatitis G4 30 0.73 – assuming the same utility valuesa as
hepatic G4

Hand_and_ foot_syndrome G4 30 0.69 – literature26

Febrile neutropenia G4 30 0.59 0.84�0.27þ0.02 0.27 utility decrements from baseline22,23

Hematochezia G4 30 0.79 – literature27

Neurological G4 45 0.71 0.84�0.15þ0.02 0.15 utility decrements from baseline22,23

Nausea & Vomiting G4 10 0.72 0.84�0.14þ0.02 0.14 utility decrements from baseline22,23

G indicates grade; duration of decrements was based on expert opinions
aBased on clinical experts
mean population healthcare costs, as they do not follow the

normal distribution and vary significantly from zero to extremely

high.

In addition to that, a methodological issue concerns the

handling of the censored data due to either loss of follow-up or

the fact that some individuals are still alive at the time of study

completion. ‘‘Censoring’’ occurs when the complete costs of

some individuals are not available and hence hypothesis testing

for the distribution of cost is invalid if done with conventional ap-

proaches (i.e., Kaplan Maier cost estimator, etc.).15 The problem

arises because if we included only uncensored subjects in the anal-

ysis, we might have lost a substantial amount of information, as

individuals who survive a long time are likely to be censored

and not included in analysis, while subjects who died early are

likely to be uncensored and included in analysis. Individuals

were stratified into group A (non-carriers for DPYD variants) and

group B (carriers of any of the DPYD c.2846A>T, DPYD*2A,

DPYD*13, and DPYD-HapB3 variants). In our case, the survival
1160 The American Journal of Human Genetics 104, 1158–1168, Jun
time data (and the corresponding cost data) used in this study

were censored by 66.7% in group A and 62.8% in group B, respec-

tively. To deal with such cases for cost estimation, one may choose

among a wide range of approaches, each of which has both

strengths and limitations.16 We used the Bang-Tsiatis estimator

which provides a consistent approach for cost estimation without

covariates.

The Bang-Tsiatis estimator belongs to a class of weighted estima-

tors that account appropriately for censoring and have been

shown to be consistent and asymptotically normal with easily esti-

mated variances. The efficiency of these estimators is also

confirmed, while this method is the most prominent given the

fact that the cost history (pattern of cost accumulation)

throughout the study is not available and only the final cost has

been estimated.

In short, the Bang-Tsiatis estimator employs the weighted

cost for each uncensored individual, for each group, based on

the inverse probability of being censored at the time of failure.17
e 6, 2019



Table 2. Patient Characteristics Used in the Analysis

Group A Group B

Gender (%)

All 528 (100%) 43 (100%)

Male 314 (59.5%) 25 (58.14%)

Female 214 (40.5%) 18 (41.86%)

Age (SD)

All 61.54 (11.84) 58.04 (12.51)

Male 63.35 (11.14) 60.86 (10.86)

Female 58.88 (12.35) 54.12 (13.94)

BMI

All 25.05 (3.45) 25.67 (3.54)

Male 25.48 (3.36) 26.48 (2.49)

Female 24.42 (3.47) 24.53 (4.45)

Number of Cycles (SD)

All 8.47 (3.66) 7.95 (4.55)

Male 8.60 (3.63) 8.08 (4.41)

Female 8.16 (3.74) 7.77 (4.85)

Interruption (%)

All 115 (21.78%) 17 (39.53%)

Male 64 (12.12%) 9 (20.93%)

Female 51 (9.66%) 8 (18.6%)

Tumor response (%)

Complete Response 18 (3.41%) 1 (2.33%)

Partial Response 77 (14.58%) 8 (18.60%)

Steady Disease 65 (12.31%) 5 (11.63%)

Progress Disease 73 (13.64%) 1 (2.33%)

Non-Evaluated 295 (55.87%) 26 (60.47%)

Group A (DPYD variants non-carriers), group B (carriers of any DPYD variants
among DPYD c.2846A>T, DPYD*2A, and DPYD*13 and DPYD-HapB3). SD,
standard deviation.
The same method was used for the estimation of effectiveness

as well.

In a further step, we attempted to estimate the cost within a

regression analysis framework. In such a case, it is more appro-

priate to use a generalized linear model18 for the mean of the total

cost since this type of model provides greater flexibility than linear

models in formulating the effects of covariates (e.g., age, BMI,

gender, number of chemotherapy cycles) on various aspects of

cost accumulation. We used a gamma distribution for cost and a

Tweedie distribution as a link function since it represents a useful

form of variables that are a mixture of zeros and positive values.19

As proposed by Lin,20 we included only the non-censored individ-

uals weighted by the Kaplan-Meier inverse probability of not being

censored at this point in time.

To deal with uncertainty, we used nonparametric bootstrapping.

In particular, based on the initial dataset, 5,000 new datasets with

the same number of observations were drawn at random with
The America
replacement. Mean values of the parameters of interest were

obtained from each dataset and were used to construct a new

matrix with the same observations. Their variability measures

were used to estimate confidence intervals (CIs) using the straight-

forward percentile method.21
Quality of Life
Due to the lack of available information for this specific Italian

study population, utility weights were extracted from related liter-

ature.22–27 In particular, the ‘‘well’’ state was set at 0.84, while for

those experiencing any major event, utility decrements were pre-

sented in Table 1.
Results

Subjects and Treatments

Subject characteristics and demographics are reported in

Table 2, stratified by DPYD metabolizer status. Based on

the inclusion criteria, 571 individuals were considered

eligible for the downstream economic analysis. Price data

used for the determination of cost of interventions are

listed in Table 3. Table 4 presents the outcomes concerning

the total cost and the effectiveness (life years) by treatment

arm with and without taking into account censoring of

variables. In short, the total cost of ADRs in group A

(without censoring) was V1,150 (95%CI: V928–V1,391)

and in group B was V3,712 (95%CI: V1,875–V6,005).

Thus, the cost in the latter group was much higher than

the cost difference being estimated at V2,562 (95%CI:

V720–V4,872, p < 0.0001). Group B had provided slightly

fewer life years compared to group A; in particular the

mean effectiveness (survival) was estimated at 2.91 (95%

CI: 2.73–3.10) for group B, as compared to 2.97 (95%CI:

2.43–3.55) for group A, indicating a difference of 0.06

(95%CI:�0.52–0.67). Similar results were taken for the dif-

ferences in QALYs. When censoring was taken into consid-

eration, group A had greater effectiveness and lesser cost,

representing a dominant option over the comparator,

namely group B. The mean QALYs was 4.18 (95%CI:

3.16–5.55) in group A and 3.02 (95%CI: 1.94–4.25) in

group B, indicating a difference at 1.16 (95%CI: �2.90–

0.46) in favor of group A.

We also estimated survival with Kaplan-Mayer and the

mean was 4.86 (95%CI: 4.01–5.73) in group B and 7.13

(95%CI: 6.43–7.82) in group A, p < 0.001 in favor of group

A. The test for equality of survival distributions with non-

parametric log rank (Mantel-Cox) test (test for medians)

indicated that these results do not reach statistically signif-

icant differences (x2 ¼ 0.03, df ¼ 1, p ¼ 0.855). Figure 1 de-

picts the survival curves for the two groups and Figure 2

the distribution of the difference of statistical experiments

for cost and QALYs corrected from censoring. The latter

graph shows 5,000 simulations, for which the parameter

values were changed each time at random based on the

empirical distributions of raw data. Each dot represents

the result of one individual model simulation run. In

accordance with these probabilistic results, the majority
n Journal of Human Genetics 104, 1158–1168, June 6, 2019 1161



Table 3. Cost per Item Used in the Economic Analysis Described in This Paper

Medical Intervention Cost (Euro) Source

Hospitalization

Hospital access (ordinary recovery) 5,807 local economic dataa

Hospital access (ordinary recovery) with inpatient death 6,806 local economic dataa

Day-hospital access 412 local economic dataa

Blood/platelet transfusion (per die) 39 FVG Regional Health System website

Supportive Therapy Costs

GCSF standard treatment for 2 days 22 Health Agency of FVG Region

Mucositis supportive therapy for 1 week 17 Health Agency of FVG Region

Instrumental Examination Costs

Ultrasound abdomen 80 FVG Regional Health System website

Colonoscopy 120 FVG Regional Health System website

Echocardiogram 66 FVG Regional Health System website

Blood analysis (haemachrome) 11.80 local economic dataa

Health Practitioner Hourly Rate

Physician (minimum hourly rate) 27 FVG Regional Health System website

Nurse (minimum hourly rate) 12 FVG Regional Health System website

Cost of the genetic test 120 local economic dataa

Abbreviations: GCSF, growth colony stimulating factor; FVG, Friuli Venezia Giulia; DRG, diagnosis-related groups.
aBased on the definition of Italian DRGs CRO-Aviano case mix.
of experiments fall into the southeast quadrant (Figure 2),

indicating that individuals in group A are a dominant

group over the intermediate and poor metabolizer individ-

uals in group B.

Table 5 shows the results of the generalized linear model.

Statistically significant variables were the group and the

number of chemotherapy cycles. BMI, age, and survival

does not provide any additional predicted value to the

model and were excluded from the analysis. The mean

cost per individual was higher for those belonging to

group B (regression coefficient ¼ 0.186 [95%CI: 0.11–

0.315], p < 0.001). The estimated cost per individual is

described by the following equation:

Cost ¼ 9;070 3 0:186Group 30:708Gender 30:94Cycles

For instance, the average cost of a female with 8 chemo-

therapy cycles belonging to group A is 728V, while for

group B, the corresponding cost is V3,914.

Table 6 and Figure 3 show the percentages of serious

ADRs (grades IV and V). The probability of an individual

belonging to group A to experience any of these events

was limited to 13.49%, as compared to 41.64% for those

belonging to group B, a difference of 28.15% in favor of

group A. The most frequent ADRs occurring in group A

were grade IV neutropenia at 5.71% (95%CI: 3.78%–

7.81%) followed by febrile neutropenia at 0.94% (95%CI:

0.19%–1.89%). The rest of serious ADRs were limited to a
1162 The American Journal of Human Genetics 104, 1158–1168, Jun
level well below 1%. For group B, the percentage of those

experiencing a grade IV neutropenia was estimated at

7.35% (95%CI: 4.14%–17.07%), with a difference of

1.63% (95%CI: 4.26%–10.85%) compared to the corre-

sponding percentage of group A. Febrile neutropenia was

4.92% (95%CI: 3.37%–12.20%) in group B, a difference

of 3.97% (95%CI: 3.40%–11.44%) compared to group A.
Discussion

Cancer is one of the leading causes of mortality and

morbidity in both men and women in Italy and represents

also a severe burden in economic terms. Most of the

available information on cancer management-related costs

refers to the direct medical expenditures for cancer treat-

ment, rather than costs associated to treatment-related

toxicity.28 In providing cancer care, chemotherapy-related

toxicities affect cancer individuals’ quality of life, produc-

ing treatment delays and discomfort and resulting in large

expenditures of medical care for treatment.

The present economic analysis performed in the Italian

healthcare setting indicates that individuals without any

of the DPYD c.2846A>T, DPYD*2A, and DPYD*13 and

DPYD-HapB3 risk variant alleles (group A) accrued more

QALYs and had a better clinical outcome, in terms of

survival months from the beginning of chemotherapy,

compared to those individuals that carry any one of the
e 6, 2019



Table 4. Main Results of the Economic Analysis

Group A Group B Differences

Cost (V) Survival (LY) QALYs Cost (V) Survival (LY) QALYs Cost (V) Survival (LY) QALYs

Without Correction for Censoring

Mean 1,008 2.91 2.40 3,697 3.16 2.65 2,689 0.25 0.25

SD 118 0.10 0.08 1,077 0.29 0.25 1,083 0.31 0.26

UCI 1,246 3.10 2.56 6,007 3.76 3.14 4,998 0.89 0.79

LCI 786 2.72 2.24 1,811 2.60 2.18 784 �0.34 �0.26

Min 659 2.55 2.10 789 2.10 1.76 �356 �0.81 �0.66

Max 1,587 3.26 2.70 8,278 4.35 3.64 7,413 1.47 1.25

With Correction for Censoring

Mean 1,383 4.99 4.18 4,661 3.62 3.02 3,278 �1.37 �1.16

SD 334 0.73 0.61 2,268 0.70 0.59 2,297 1.02 0.86

UCI 2,077 6.62 5.55 9,596 5.07 4.25 8,277 0.55 0.46

LCI 771 3.77 3.16 1,052 2.31 1.94 �442 �3.46 �2.90

Min 459 3.20 2.68 95 1.14 0.96 �1,594 �5.34 �4.48

Max 2,774 8.62 7.24 17,382 6.39 5.35 15,864 4.16 3.49

Abbreviations: LY, life years; SD, standard deviation; LCI, lower confidence interval; UCI, upper confidence interval. Results were based on 5,000 non-parametric
bootstrap experiments; cost measured in EUR; effectiveness evaluated at life years; survival analysis with correction for censoring was based on Kaplan-Meier
estimator via inverse probability weights for uncensored subjects.
DPYD c.2846A>T, DPYD*2A, and DPYD*13 and DPYD-

HapB3 risk variant alleles (group B), if treated with a

FL-containing chemotherapy regimen. Specifically, the

mean FL-related toxicity management cost associated

with group A was estimated at V1,010, well below the

average cost of group B (V3,712). These incremental costs
Figure 1. Survival Curves
Survival curves for group A (DPYD variants non-carriers) and
group B (carriers of any DPYD variants among DPYD c.2846A>T,
DPYD*2A, and DPYD*13 and DPYD-HapB3).

The America
were mainly driven by higher percentage of severe ADRs

in group B compared to group A, notably G4 diarrhea

and febrile neutropenia (see above).

These results are consistent with the limited published

data on the cost effectiveness of genotyping the four

DPYD variants listed in the guidelines (DPYD*2A, DPYD*

13, DPYD c.2846A>T, and DPYD-HapB3). Such analyses

regarding DPYD screening are hindered by the ethical

and logistic issues to perform randomized clinical trials

comparing the outcomes in DPYD-genotyped individuals

compared to the outcomes for those treated with the

standard of care. In addition, the required sample size to

achieve a proper statistical power for these low-frequency

risk alleles needs to be very large.

Among the parameters used for the evaluation of the

benefit of pharmacogenomic screening is the number

needed to genotype (NNG), defined as the number of indi-

viduals that must be screened for a certain genomic

variant, to identify one individual that will develop a toxic

event.29 The minor allele frequency of the variant of inter-

est greatly impacts the NNG. When the frequency is low,

NNG becomes high (100–1,000), negatively affecting the

cost effectiveness of the genetic screening approach.30

However, there is not a fixed NNG cut-off able to define

the cost effectiveness of a test. The severity of the impacted

clinical events and the attendant costs relative to the cost

of testing would also determine whether high NNG’s

prohibited cost effectiveness, as in the case of HLA-related

Steven-Johnsons reactions and toxic epidermal necroly-

sis.31 Among the four DPYD variants considered, three
n Journal of Human Genetics 104, 1158–1168, June 6, 2019 1163



Figure 2. Scatterplot of Distribution of
Cost and Effectiveness for the Two Study
Groups
Results were based on 5,000 non-parametric
bootstrap experiments. Ellipse represents
the 95% confidence intervals based on
bivariate normal distribution.
are indeed rare (0.2%–1.4% in white Europeans) while

DPYD-HapB3 has a higher minor allele frequency (4.8%).

As the low minor allele frequency of DPYD variant alleles

makes forbiddingly expensive the screening of each

DPYD gene variant individually, a multi-SNPs approach,

combining all the four DPYD gene variants, conducted in

the present study, raises the chances to bypass all the

above-mentioned issues, resulting in a combined fre-

quency of the variants of about 7%, similar to the fre-

quency reported in other studies on Europeans.14

Two prospective clinical trials have been published

applying an upfront FL dose adjustment based on the indi-

viduals’ DPYD genotype.3,6 Genotype-guided dose-indi-

vidualization significantly reduced the incidence of severe

toxicity in the genotype-guided treatment cohort for both

studies, demonstrating that the pre-treatment genotyping

approach is feasible in the clinical practice and can spare

the occurrence of severe ADRs. An economic analysis has

been performed within the pharmacogenomic study by

Deenen et al.,6 which referred, though, only to the

DPYD*2A variant. The average treatment cost per individ-

ual was demonstrated to be significantly lower in the

individuals screened prior to drug prescription (V2,772)

versus those individuals that received a standard of care

treatment (V2,817), proven to be slightly cost effective.

In a simulation study, Cortejoso et al. provided evidence

that screening for the three rarer DPYD variants (DPYD

c.2846A>T, DPYD*2A, and DPYD*13) could be cost

effective, provided that at least 2.21 case subjects of severe

FL-induced neutropenia are avoided per 1,000 treated sub-
Table 5. Association of the Cost of ADRs with Group and Study Participants’ Characteristics

B 95% LCI 95% UCI Exp (B) 95

(Intercept) 9,113 8,509 9,716 9,070 4,

[Group ¼ A]a �1.682 �2.207 �1.157 0.186 0.

[Female]a �0.345 �0.78 0.089 0.708 0.

Cycles �0.062 �0.112 �0.012 0.94 0.

Dependent variable, cost; generalized linear model; Tweedie distribution with log-link function; adjusted b
LCI, lower confidence interval; UCI, upper confidence interval.
aGroup B and male was set at 1, as reference case.
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jects.32 More recently, the pharmacoe-

conomic analysis of the prospective

clinical trial NCT02324452 demon-

strated a net cost saving of 51 Euros

per individual if comparing a pre-treat-

ment genotyping strategy for the four
genetic variants currently included in the pharmacoge-

nomic guidelines with the standard of treatment.33

This group previously reported the results of a cost

survey demonstrating that the toxicity management

costs are related to the individual’s genotype for specific

pharmacogenomic variants related to toxicity risk, in a

large group of individuals suffering from cancer treated

according to the standard clinical practice.7 A recent

retrospective study was also published in the Italian

population providing proof of evidence that carriers of

the four DPYD variants mentioned in this study

have higher toxicity management costs than non-carriers.

By including the UGT1A1*28 genotype in individuals

treated with an association of FL and irinotecan, the incre-

mental cost between carriers and non-carriers further

increased.8

Despite these very recent studies trying to address the

issue of the FL-related toxicity costs according to the indi-

vidual’s DPYD genotype, the effect of the genotype on the

individual’s quality of life and survival was never investi-

gated before. The present study demonstrated that the

QALYs for wild-type DPYD individuals (group A) was

estimated at 4.18 years, as opposed to 3.03 years for those

carrying a heterozygous genotype for any DPYD genetic

variants studied (group B). Thus, a difference of 1.16 years

was observed between these two groups in favor of group

A, but this difference was not statistically significant.

In this light, the clinical outcomes, the quality of life,

and the costs associated with these two study groups are

quite different from a health economic point of view.
% LCI 95% UCI p Value

961 16,583 0.000

11 0.315 0.000

458 1.093 0.119

894 0.988 0.015

y: (intercept), group, gender, chemotherapy cycles;



Table 6. Percentage of Serious Adverse Drug Reactions per Study Group

Mean SD UCI LCI Min Max

Group A (Extensive Metabolizers)

Neutropenia G4 5.72% 1.08% 7.98% 3.63% 2.47% 9.73%

Neutropenia G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Leukopenia G4 0.57% 0.33% 1.33% 0.00% 0.00% 2.08%

Leukopenia G5 0.19% 0.19% 0.57% 0.00% 0.00% 1.52%

Stomatitis G4 0.57% 0.32% 1.33% 0.00% 0.00% 1.89%

Stomatitis G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Infection G4 0.57% 0.33% 1.33% 0.00% 0.00% 1.89%

Infection G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Diarrhea G4 1.70% 0.56% 2.84% 0.76% 0.00% 4.36%

Diarrhea G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Cardiovascular G4 0.57% 0.33% 1.33% 0.00% 0.00% 2.27%

Cardiovascular G5 0.19% 0.19% 0.57% 0.00% 0.00% 1.14%

Thrombocytopenia G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Thrombocytopenia G5 0.19% 0.19% 0.57% 0.00% 0.00% 1.52%

Hepatic G4 0.56% 0.42% 1.52% 0.00% 0.00% 3.03%

Acute_pancreatitis G4 0.19% 0.19% 0.57% 0.00% 0.00% 1.14%

Hand_and_foot_syndrome G4 0.38% 0.26% 0.95% 0.00% 0.00% 1.52%

Febrile neutropenia G4 0.75% 0.38% 1.52% 0.19% 0.00% 2.46%

Hematochezia G4 0.19% 0.19% 0.57% 0.00% 0.00% 1.14%

Neurological G4 0.76% 0.38% 1.52% 0.19% 0.00% 2.27%

Nausea & Vomiting G4 0.19% 0.19% 0.57% 0.00% 0.00% 1.14%

Group B (Intermediate and Poor Metabolizers)

Neutropenia G4 7.18% 4.02% 16.67% 0.00% 0.00% 26.19%

Neutropenia G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Leukopenia G4 2.33% 2.36% 7.14% 0.00% 0.00% 14.29%

Leukopenia G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Stomatitis G4 2.39% 2.42% 7.50% 0.00% 0.00% 14.29%

Stomatitis G5 2.38% 2.33% 7.14% 0.00% 0.00% 14.29%

Infection G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Infection G5 2.38% 2.33% 7.14% 0.00% 0.00% 14.29%

Diarrhea G4 9.47% 4.53% 19.05% 2.38% 0.00% 28.57%

Diarrhea G5 2.38% 2.33% 7.14% 0.00% 0.00% 14.29%

Cardiovascular G4 2.40% 2.31% 7.14% 0.00% 0.00% 16.67%

Cardiovascular G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Thrombocytopenia G4 2.38% 2.37% 7.14% 0.00% 0.00% 14.29%

Thrombocytopenia G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Hepatic G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Acute_pancreatitis G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Hand_and_foot_syndrome G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Febrile neutropenia G4 7.10% 4.01% 16.67% 0.00% 0.00% 21.43%

(Continued on next page)
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Table 6. Continued

Mean SD UCI LCI Min Max

Hematochezia G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Neurological G4 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Nausea & Vomiting G4 2.35% 2.33% 7.14% 0.00% 0.00% 14.29%

Differences (Group B – Group A)

Neutropenia G4 1.46% 4.17% 10.48% �5.68% �9.51% 21.45%

Neutropenia G5 0.00% 0.00% 0.00% 0.00% 0.00% 0.00%

Leukopenia G4 1.76% 2.39% 6.95% �1.14% �2.08% 13.72%

Leukopenia G5 �0.19% 0.19% 0.00% �0.57% �1.52% 0.00%

Stomatitis G4 1.82% 2.45% 7.13% �1.14% �1.89% 13.91%

Stomatitis G5 2.38% 2.33% 7.14% 0.00% 0.00% 14.29%

Infection G4 �0.57% 0.33% 0.00% �1.33% �1.89% 0.00%

Infection G5 2.38% 2.33% 7.14% 0.00% 0.00% 14.29%

Diarrhea G4 7.76% 4.56% 17.72% 0.11% �3.22% 27.62%

Diarrhea G5 2.38% 2.33% 7.14% 0.00% 0.00% 14.29%

Cardiovascular G4 1.83% 2.34% 6.95% �1.14% �2.27% 16.10%

Cardiovascular G5 �0.19% 0.19% 0.00% �0.57% �1.14% 0.00%

Thrombocytopenia G4 2.38% 2.37% 7.14% 0.00% 0.00% 14.29%

Thrombocytopenia G5 �0.19% 0.19% 0.00% �0.57% �1.52% 0.00%

Hepatic G4 �0.56% 0.42% 0.00% �1.52% �3.03% 0.00%

Acute_pancreatitis G4 �0.19% 0.19% 0.00% �0.57% �1.14% 0.00%

Hand_and_foot_syndrome G4 �0.38% 0.26% 0.00% �0.95% �1.52% 0.00%

Febrile neutropenia G4 6.34% 4.03% 15.53% �0.76% �2.08% 21.24%

Hematochezia G4 �0.19% 0.19% 0.00% �0.57% �1.14% 0.00%

Neurological G4 �0.76% 0.38% �0.19% �1.52% �2.27% 0.00%

Nausea & Vomiting G4 2.17% 2.33% 7.14% �0.57% �1.14% 14.29%

Abbreviations: SD, standard deviation; LCI, lower confidence interval; UCI, upper confidence interval; G, grade. Results were based on 5,000 non-parametric boot-
strap experiments.
The present analysis may suffer from certain limitations.

At first, this analysis does not represent a head-to-head

comparison but rather an observational study that

compares two reasonably well-balanced study groups of

individuals suffering from cancer. Since the results repre-

sent a combinational effect of several type of health tech-

nologies used, the analysis may incorporate a bias factor

and thus we have to interpret the results with caution. In

addition to that, individuals in group B are fewer compared

to group A and this may further increase the probability of

a potential estimating error.

Concerning utility weights, it is worth mentioning that

they do not necessarily fully represent the actual popula-

tion. Given the lack of data for this specific population,

utility decrement for all ADRs was used based on the liter-

ature and expert opinions. A general comment that partly

affects the present study is that in the related literature

a considerable variation in reported utilities associated
1166 The American Journal of Human Genetics 104, 1158–1168, Jun
with measurement instrument still exist, while similar

individuals frequently report different levels of quality of

life.34

Finally, the analysis was conducted from a sickness fund

perspective and not the society overall and thus only

specific type of costs were extracted from the analysis.

We also need to indicate that the cost of chemotherapy

drug is not considered here, but only the cost of ADRs.

Since policy makers are primarily interested in the

value-for-money for specific health technologies, the

identification and validation of appropriate predictive

genomic biomarkers and genomic technologies must be a

priority and potentially would help to enrich the respond-

ing population and increase cost effectiveness in the

future.

The results must also be considered in the Italian setting

only and on the basis of current resources and drug

prices, but other similar studies have to be conducted to
e 6, 2019



Figure 3. Frequency of the Serious ADRs
(Grade IV and V) per Study Group
Shown are group A (DPYD variants non-
carriers, depicted in dark blue) and group
B (carriers of any DPYD variants among
DPYD c.2846A>T, DPYD*2A, and DPYD*
13 and DPYD-HapB3, depicted in red).
y axis depicts the percentage of the indi-
viduals, presenting with various adverse
drug reactions, which as summarized in
the x axis.
produce more decisive conclusions and to establish better

treatment options for the individuals and other healthcare

systems worldwide.

Conclusions

According to the analysis performed in the Italian health-

care setting, there are strong indications for survival

differences between individuals that do not bear any of

the high risk DPYD variants analyzed in this study (group

A) and individuals that carry at least one of the sameDPYD

variants (group B) in favor of the former group taking also

into consideration the quality of life of individuals.

Additionally, the economic evaluation reported in this

study provides further insights based on cost consider-

ations. In particular, group A has significantly less total

cost compared with group B, and thus represents a cost-

saving option against its comparator. Further studies are

needed in order to evaluate the cost, effectiveness, and

quality of life for these individuals, since this evidence

will further aid decision making to focus primarily on

important cost drivers, such as DPYD genotype.
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