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ABSTRACT

PURPOSE Fluoropyrimidine-related toxicity and mortality risk increases significantly in
patients carrying certain DPYD genetic variants with standard dosing. We
implemented DPYD genotyping at a multisite cancer center and evaluated its
impact on dosing, toxicity, and hospitalization.

METHODS In this prospective observational study, patients receiving (reactive) or plan-
ning to receive (pretreatment) fluoropyrimidine-based chemotherapy were
genotyped for five DPYD variants as standard practice per provider discretion.
The primary end point was the proportion of variant carriers receiving fluo-
ropyrimidine modifications. Secondary end points included mean relative dose
intensity, fluoropyrimidine-related grade 31 toxicities, and hospitalizations.
Fisher’s exact test compared toxicity and hospitalization rates between pre-
treatment carriers, reactive carriers, and wild-type patients. Univariable and
multivariable logistic regression identified factors associated with toxicity and
hospitalization risk. Kaplan-Meier methods estimated time to event of first
grade 31 toxicity and hospitalization.

RESULTS Of the 757 patients who received DPYD genotyping (median age 63, 54% male,
74% White, 19% Black, 88% GI malignancy), 45 (5.9%) were heterozygous
carriers. Fluoropyrimidine was modified in 93% of carriers who started treat-
ment. In 442 patients with 3-month follow-up, 64%, 31%, and 30% of reactive
carriers, pretreatment carriers, and wild-type patients had grade 31 toxicity,
respectively (P 5 .085); 64%, 25%, and 13%were hospitalized (P < .001). Reactive
carriers had 10-fold higher odds of hospitalization compared with wild-type
patients (P 5 .001), whereas no significant difference was noted between pre-
treatment carriers and wild-type patients. Time-to-event of toxicity and hos-
pitalizationwere significantly different between genotype groups (P < .001), with
reactive carriers having the earliest onset and highest incidence.

CONCLUSION DPYD genotyping prompted fluoropyrimidine modifications in most carriers.
Pretreatment testing reduced toxicities and hospitalizations compared with
reactive testing, thus normalizing the risk to that of wild-type patients, and
should be considered standard practice.

INTRODUCTION

Dose-limiting toxicities occur in about one third of patients
treated with fluoropyrimidines, including 5-fluorouracil (5-
FU) and capecitabine—agents widely used in GI cancers.1-3

Toxicities, includingmyelosuppression, diarrhea,mucositis,

and hand-foot syndrome, can delay treatment, cause hos-
pitalization, and, although rare, lead to death in approxi-
mately 0.1%-0.5% of patients.4 Fluoropyrimidines are
catabolized primarily by dihydropyrimidine dehydrogenase
(DPD) to inactive metabolites.5 Genetic variations in its
encoding gene, DPYD, can reduce DPD activity and increase
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fluoropyrimidine exposure.6 Meta-analyses identified up to
four- and 25-fold higher risk of treatment-related toxicity
and mortality, respectively, in DPYD variant carriers re-
ceiving the standard dose fluoropyrimidine.7,8

Clinically actionable DPYD variants with moderate-to-
strong evidence per the Clinical Pharmacogenetics Imple-
mentation Consortium (CPIC) include c.190511G>A (*2A),
c.2846A>T, c.1679T>G (*13), c.1129-5923C>G, c.1236G>A
(HapB3, in linkage disequilibrium with c.1129-5923C>G),
and c.557A>G.9,10 The combined carrier frequency is ap-
proximately 5%-7% of the general population, as most
commonly studied in Europeans, and c.557A>G is mostly
found in individuals of African ancestry.9 Upfront fluo-
ropyrimidine dose reductions in heterozygous carriers have
demonstrated reduced severe toxicity rates and equivalent
drug exposure compared with those in wild-type patients
receiving standard dose without compromising treatment
response or overall survival (OS).11-13

CPIC guidelines recommend a 50%upfrontfluoropyrimidine
dose reduction in patients harboring one no-function var-
iant or one or two decreased-function variants (DPYD in-
termediate metabolizers) and avoiding fluoropyrimidine in
patients carrying two no-function or one no-function and
one decreased-function variant (DPYD poor metabolizers).9

The US Food and Drug Administration (FDA) labeling for 5-
FU and capecitabine states an increased risk of severe or fatal
adverse reactions in patients with impaired DPD activity,1,2

while capecitabine label was updated to consider DPYD
testing.2

Nonetheless, DPYD genotyping is not routinely performed in
the United States, partly due to lack of recommendations
from professional societies and FDA, lack of provider
awareness, limited access to comprehensive testing with
rapid turnaround time, and variable reimbursement.14 On the
basis of the robust literature and CPIC guidelines, we de-
veloped a clinical DPYD genotyping test available for all

patients receiving or anticipated to receive a fluoropyr-
imidine per provider discretion.15 Herein, we evaluated the
impact of an in-house DPYD genotyping test on fluoropyr-
imidine dosing, toxicity, and hospitalization.

METHODS

Study Design and Patient Population

We conducted a prospective observational cohort study of
patients receiving DPYD testing at a multisite community-
academic hybrid cancer center. Implementation of in-house
DPYD genotyping test was previously described.15 DPYD
testing was available, though not required, for patients re-
ceiving or planning to receive fluoropyrimidine-based
chemotherapy. All procedures, treatments, and dose mod-
ifications were considered standard of care. The consent-
exempt study protocol for data collection was approved by
the Atrium Health Institutional Review Board.

The eligible population included patients receiving or
planning to receive fluoropyrimidine-based chemotherapy
from March 2020 through May 2023. The evaluable pop-
ulation consisted of two cohorts: (1) Implementation Cohort:
eligible patients who underwent DPYD genotyping from
March 2020 through May 2023 who were evaluated for
demographics and implementation metrics, and (2) Out-
comes Cohort: eligible patients who underwent DPYD gen-
otyping and initiatedfluoropyrimidine-based chemotherapy
from March 2020 through December 2022 who were fol-
lowed for 3 months and evaluated for dose intensity, tox-
icities, and hospitalizations (Fig 1).

Genotyping and Return of Results

Two buccal swabs from each patient were sent to an in-
house Clinical Laboratory Improvement Amendment–cer-
tified molecular biology and genomics laboratory. DNA was
extracted, and TaqMan DrugMetabolism Genotyping Assays

CONTEXT

Key Objective
What is the impact of integrating in-house DPYD genotyping at amultisite cancer center on fluoropyrimidine dosing, toxicity,
and hospitalizations?

Knowledge Generated
In-house DPYD genotyping resulted in fluoropyrimidine dose modifications in almost all carriers. Pretreatment genotyping
and upfront dose adjustments significantly reduced severe toxicities and hospitalizations compared with patients who
received reactive testing.

Relevance
These findings support widespread adoption of pretreatment DPYD genotyping and upfront dose adjustments to reduce
fluoropyrimidine-related severe toxicities and hospitalizations in variant carriers.
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were used to detect single nucleotide polymorphisms in the
DPYD gene associated with *2A (c.190511G>A, rs3918290),
c.1679T>G (rs55886062), c.1236G>A (rs56038477, proxy for
c.1129-5923C>G), c.2846A>T (rs67376798), and c.557A>G
(rs115232898) alleles. Laboratory methods are described in
detail in the Data Supplement. Genotyping data were ana-
lyzed with TaqMan Genotyper Software. Genotyping results
were mapped to star allele nomenclature using TaqMan
AlleleTyper Software and translation tables from CPIC.9

Genotype-to-phenotype translations and dosing recom-
mendations followed the CPIC DPYD guideline.9 Discrete
results were uploaded to the electronicmedical record (EMR)
to trigger clinical decision support, including (1) pretest

alerts to prompt DPYD test ordering at fluoropyrimidine
order entry for patientswithoutDPYD results in the EMR, and
(2) post-test alerts to provide dose recommendations for
variant carriers. Dosing recommendations were also emailed
to the oncology team for identified carriers.

Data Elements

Data were collected prospectively and manually from
the EMR, including demographics; cancer diagnosis and
staging; Eastern Cooperative Oncology Group performance
status; fluoropyrimidine-based chemotherapy regimen at
the time of testing; dates of sample collection, receipt,
and result reporting; DPYD results; fluoropyrimidine dose;

Patients genotyped for DPYD
from March 2020 through May 2023

(N = 757)

Genotyped for DPYD
from March 2020 through December 2022

(n = 491)

Evaluated for demographics
and implementation metrics

(Implementation Cohort)

Evaluated for dosing and
toxicity outcomes

(Outcomes Cohort)

Received fluoropyrimidine therapy
(n = 442)

Genotyped from January 2023
through May 2023 (without

completed 3-month dosing and
toxicity data) (n = 266)

Did not start fluoropyrimidine (n = 49)
  Other therapies          (n = 15)
  Death before therapy start     (n = 15)
  Patient declined          (n = 14)
  Lost to follow-up            (n = 5)

Followed for up to 3 months for dosing
and toxicity data

Received fluoropyrimidine
standard dosing (n = 415)

Received genotype-guided
fluoropyrimidine dosing (n = 16)

Continued Received genotype-    (n = 8)
  guided fluoropyrimidine dosing

Did not receive genotype-guided (n = 3)
  fluoropyrimidine dosing
    Continued standard dose as     (n = 2)
      tolerating therapy
    Discontinued due to grade 3     (n = 1)
      toxicity and carrier status

DPYD wild-type patients (n = 415)
Allocated to fluoropyrimidine

standard dosing

Pretreatment testing DPYD
variant carriers (n = 16)

Allocated to genotype-guided
fluoropyrimidine dosing

Reactive testing DPYD
variant carriers (n = 11)

Allocated to genotype-guided
fluoropyrimidine dosing upon

result return

FIG 1. CONSORTdiagram. A total of 757 patientswho underwent DPYD genotyping fromMarch 2020 throughMay 2023were evaluated
for demographics and implementation metrics (Implementation Cohort). Of these, 442 patients who underwent DPYD genotyping and
were initiated on a fluoropyrimidine fromMarch 2020 through December 2022were followed for 3months and evaluated for dosing and
toxicity outcomes (Outcomes Cohort). Of these, 415 DPYD wild-type patients received standard fluoropyrimidine dosing, and 16
pretreatment testing carriers received genotype-guided dosing. Of the 11 reactive testing carriers, eight received genotype-guided
dosing upon result return, two continued standard dose as tolerating therapy, and one had therapy discontinued due to carrier status
and grade 3 toxicities. Reasons for nonevaluable patients are described in the diagram.
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fluoropyrimidine-related toxicities; hospitalizations; treat-
ment delays and discontinuations; and date(s) of events.

Relative dose intensity (RDI) was calculated for the first
fluoropyrimidine cycle as the administered dose over the
actual time to complete the cycle divided by the standard
dose (mg/m2) over the standard time to complete the cycle
for the indication and treatment regimen applicable for the
patient.16

Adverse events collected from progress notes and labora-
tory results (eg, absolute neutrophil count) were graded
using the National Cancer Institute Common Terminology
Criteria for Adverse Events version 5.0. Adverse events were
categorized by the study team as hematological, GI, hand-
foot syndrome, or other. Adverse events were assessed by
the study team and/or oncology providers for causality as
unrelated, unlikely, possible, probable, or definite as re-
lated to fluoropyrimidine. Those deemed possible, proba-
ble, or definite were included as fluoropyrimidine-related
adverse events. Hospitalizations, treatment delays, and
discontinuations related to fluoropyrimidine toxicities
were also collected.

Statistical Analysis

Descriptive statistics were used to summarize demographics
and implementation metrics, including test turnaround
time, proportion of pretreatment and reactive testing, and
fluoropyrimidine modifications in DPYD carriers. Analysis of
variance techniques and Fisher’s exact tests were used to
compare baseline factors between genotype groups: wild-
type patients, reactive testing carriers, and pretreatment
testing carriers. Pretreatment testing was defined as spec-
imen collection before treatment start date, whereas reactive
testing was defined as specimen collection on or after
treatment start date.

The primary end point was the proportion of DPYD carriers
who received genotype-guided treatment modifications.
Secondary end points included the mean RDI of the first
cycle. Additional secondary end points included the pro-
portion of patients with fluoropyrimidine-related grade 31
toxicities, hospitalizations, and treatment delays and dis-
continuations, compared between genotype groups using
Fisher’s exact test or chi-square test.

Univariable and multivariable logistic regression analyses
were performed to identify covariates associated with grade
31 toxicities and hospitalizations and to assess the adjusted
odds ratios (ORs) for genotype group (wild-type patients as
reference). Covariates included patient demographics, di-
agnosis, performance status, and chemotherapy regimen. To
establish a base model, factor(s) significant in the uni-
variable models (P < .10) were included in the multivariable
model, followed by backward elimination to identify inde-
pendent prognostic factors. The genotype group variablewas
then added to the established base model to estimate

adjusted ORs. Time-to-event of first grade 31 toxicity and
hospitalization were analyzed using Kaplan-Meier tech-
niques. Graphically, cumulative incidence was estimated as
1 – Kaplan-Meier survival estimate. Comparison between
genotype groups was tested using the log-rank test.

RESULTS

Patient Characteristics

From March 2020 through May 2023, 757 patients across 14
oncology clinic locations received in-house DPYD genotyp-
ing (Implementation Cohort). Patient demographics are
summarized in Table 1. Most patients (88%) were treated for
GI cancers and about half (55%) received 5-FU–based
chemotherapy, one third (34%) received capecitabine-
based chemotherapy, and the remaining (11%) did not
start treatment (breakdown of chemotherapy regimens at
the time of testing is summarized in the Data Supplement,
Table S1). More than half (59%) received combination
chemotherapy. Reasons for not starting treatment included
death, initiation with alternative therapies, patient declined,
and lost to follow-up (Fig 1).

Implementation Metrics

Testing volumewas low in 2020 (n59) and increased in 2021
(n 5 83) with expansion to a regional clinic (Data Supple-
ment, Fig S1). Testing further increased in 2022 (n 5 399)
after expansion to 14 oncology clinic locations and imple-
mentation of EMR interruptive alerts. In 2023, testing av-
eraged 12 patients per week.

The median turnaround time was 6 (IQR, 3-7) days from
sample collection to result and 3 (IQR, 2-6) days from
sample receipt to result (Table 2). Pretreatment testing was
performed in 621 (82%) patients. Of these, 60 (10%) did not
have results returned by fluoropyrimidine start, with one
patient identified as a heterozygous carrier. This patient
initiated treatment after the December 2022 cutoff date for
the Outcomes Cohort and thus was not evaluated for dose
intensity and toxicities. The remaining 136 (18%) patients
received reactive testing, of whom 59 (43%) had samples
collected the same day as treatment start.

DPYD Variant Carriers and Treatment Modifications

Overall, 45 (5.9%) patients were identified as heterozygous
DPYD variant carriers. The carrier rates were 5.2% and 9.6%
in pretreatment and reactive testing groups, respectively.
Variants observed were c.1236G>A (HapB3; n 5 23),
c.2846A>T (n5 8), c.557A>G (n5 7), c.190511G>A (*2A; n5

5), and c.1679T>G (*13; n 5 2; Table 1). No homozygous or
compound heterozygous variant carriers were identified.
Most carriers (84%) were self-reported White (n 5 38), 13%
Black (n 5 6), and 2% Asian (n 5 1; Data Supplement, Table
S2). Thirty-two carriers (71%) received pretreatment testing
and 13 carriers (29%) received reactive testing (Table 2).
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TABLE 1. Patient Demographics

Characteristics
All Patients
(N 5 757)

DPYD Wild-Type
(n 5 712)

Pretreatment Testing Carriers
(n 5 32)

Reactive Testing Carriers
(n 5 13) P

Age, median (range) 63 (22-94) 63 (22-94) 68 (29-86) 59 (30-82) .501

Sex, No. (%) .022

Female 347 (46) 323 (45) 21 (66) 3 (23)

Male 410 (54) 389 (55) 11 (34) 10 (77)

Race, No. (%)a .525

White 559 (74) 521 (73) 25 (78) 13 (100)

Black/African American 146 (19) 140 (20) 6 (19) 0

Asian 25 (3.3) 24 (3.4) 1 (3.1) 0

Other/unknownb 27 (3.6) 27 (3.8) 0 0

Ethnicity, No. (%)a >.999

Hispanic/Latino 32 (4.2) 31 (4.4) 1 (3.1) 0

Non-Hispanic/Latino 717 (95) 673 (95) 31 (97) 13 (100)

Unknown 8 (1.1) 8 (1.1) 0 0

Cancer type, No. (%)a .085

Colorectal 348 (46) 327 (46) 15 (47) 6 (46)

Noncolorectal GI 320 (42) 304 (43) 11 (34) 5 (39)

Breast 35 (4.6) 33 (4.6) 2 (6.3) 0

Genitourinary 31 (4.1) 30 (4.2) 0 1 (7.7)

Head and neck 20 (2.6) 16 (2.2) 3 (9.4) 1 (7.7)

Unknown origin 3 (0.4) 2 (0.3) 1 (3.1) 0

Stage, No. (%)a .732

0 1 (0.1) 1 (0.1) 0 0

I 31 (4.1) 31 (4.4) 0 0

II 97 (13) 88 (12) 6 (19) 3 (23)

III 225 (30) 210 (30) 12 (38) 3 (23)

IV 338 (45) 319 (45) 12 (38) 7 (54)

Unknown 65 (8.6) 63 (8.8) 2 (6.3) 0

ECOG, No. (%)a .927

0 194 (26) 181 (25) 10 (31) 3 (23)

1 327 (43) 310 (44) 12 (38) 5 (39)

2 79 (10) 73 (10) 5 (16) 1 (7.7)

3 18 (2.4) 16 (2.2) 1 (3.1) 1 (7.7)

4 5 (0.7) 5 (0.7) 0 0

Unknown 134 (18) 127 (18) 4 (13) 3 (23)

Treatment, No. (%)a

Fluorouracil-based 415 (55) 392 (55) 15 (47) 8 (62) .610

Capecitabine-based 256 (34) 239 (34) 12 (38) 5 (39) —

Monotherapy 225 (30) 210 (30) 13 (41) 2 (15) .142

Combination regimen 446 (59) 421 (59) 14 (44) 11 (85) —

Did not start fluoropyrimidine-based
treatment

86 (11) 81 (11) 5 (16) 0 —

DPYD genotype, No. (%)a

Wild type (*1/*1) 712 (94) 712 (100) 0 0

Heterozygous carrier 45 (5.9) 0 32 (100) 13 (100)

*1/c.1236G>A (HapB3) 23 (3.0) 0 16 (50) 7 (54)

*1/c.2846A>T 8 (1.1) 0 5 (16) 3 (23)

*1/c.557A>G 7 (0.9) 0 7 (22) 0

*1/c.190511G>A (*2A) 5 (0.7) 0 2 (6.3) 3 (23)

*1/c.1679T>G (*13) 2 (0.3) 0 2 (6.3) 0

Abbreviation: ECOG, Eastern Cooperative Oncology Group.
aPercentages may not add up to exactly 100% due to rounding.
bAmerican Indian or Alaskan Native, Native Hawaiian or Pacific Islander, or other race.
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Among 32 pretreatment carriers, five did not start fluo-
ropyrimidine (three died before treatment started, one de-
clined chemotherapy, and one had treatment avoided in the
setting of carrier status and hepatic impairment). Of the 27
pretreatment carriers who received fluoropyrimidine, all
(100%) had an upfront dose reduction, including one pre-
treatment carrier who had results returned after treatment
start and thus received a dose reduction starting in cycle 2.

Of the 13 reactive testing carriers, all of whom started
standard dose, nine (69%) received dose reductions upon
result return (three of whom received dose reductions before
results due to toxicities or poor performance status), three
(23%) had no immediate change in therapy as tolerating
therapy per provider (two later required dose reduction or
discontinuation due to toxicities), and one (7.7%) had
treatment discontinued due to carrier status and grade 3
toxicities.

Overall, of the 40 variant carriers who initiated fluoropyr-
imidine chemotherapy, 37 (93%) had fluoropyrimidine dose
reduced or discontinued after receiving DPYD genotype
results.

Fluoropyrimidine Dosing and Toxicity Outcomes

Of the 442 patients in the Outcomes Cohort, 27 (6.1%)
were heterozygous carriers. Figure 2 summarizes fluo-
ropyrimidine treatment and outcomes for 11 reactive
carriers and 16 pretreatment carriers. All pretreatment
carriers in the Outcomes Cohort were identified before
starting treatment and thus received upfront genotype-
guided dosing. The mean RDI of the first cycle was 95%
and 87% among patients receiving intravenous (IV) 5-FU
and oral capecitabine, respectively. The mean RDI of the
first cycle was 54% in pretreatment carriers, 95% in re-
active carriers, and 93% in wild-type patients (Table 3).
Among 24 carriers with dose reductions following DPYD
results, five (21%) had dose escalations in subsequent
cycles.

Of the 442 patients, 138 (31%) reported at least one
fluoropyrimidine-related grade 31 toxicity (Table 3): 5/16
(31%) pretreatment carriers, 7/11 (64%) reactive carriers,
and 126/415 (30%) wild-type patients (P 5 .085). Grade 31
toxicities were significantly higher in reactive carriers
compared with wild-type patients (P 5 .029), but no

TABLE 2. Implementation Metrics

Turnaround Time Number of Days, Median (IQR)

Overall turnaround time 6 (3-7)

Time from collection to receipt 1 (1-2)

Time from receipt to result 3 (2-6)

Timing of Testing Number of Patients (N 5 757), No. (%)f

Pretreatment testing 621 (82)

DPYD variant carrier rate 32 (5.2)

Resulted by treatment start date 561 (90)

Reactive testinga 136 (18)

DPYD variant carrier rate 13 (9.6)

Collected on treatment start date 59 (43)

Fluoropyrimidine Modifications in DPYD Variant Carriers Upon Result Return Number of Carriers (n 5 45), No. (%)f

Pretreatment testing 32 (71)

Dose reducedb 27 (84)

Not startedc 5 (16)

Reactive testing 13 (29)

Dose reduced 9 (69)

Discontinuedd 1 (7.7)

No changee 3 (23)

aTwo patients initially had the sample collected before treatment but due to insufficient DNA required sample recollection after treatment, and
results were returned after treatment start.
bOne pretreatment testing carrier whose results were returned after treatment start received a dose reduction starting in cycle 2. This patient was
not included in the Outcomes Cohort due to the cutoff date.
cThree died before treatment started, one declined chemotherapy, and one had treatment avoided due to variant and hepatic impairment.
dDue to variant and grade 3 toxicities.
eTolerating therapy per provider.
fPercentages may not add up to exactly 100% due to rounding.

6 | © 2024 by American Society of Clinical Oncology

Nguyen et al



difference was noted between pretreatment carriers and
wild-type patients (P 5 .94; Data Supplement, Table S3).
Fluoropyrimidine-related toxicities led to hospitalizations
in 64 (15%) patients: 4/16 (25%) pretreatment carriers, 7/11
(64%) reactive carriers, and 53/415 (13%) wild-type patients
(P < .001). There was a trend toward higher hospitalization
rates in reactive carriers compared with pretreatment (P 5

.052), no difference between pretreatment carriers andwild-
type patients (P5 .167), and a significant difference between
reactive carriers and wild-type patients (P < .001; Data
Supplement, Table S3). Grade 31 GI toxicities (nausea,

vomiting, diarrhea, ormucositis) and hospitalizations due to
grade 31 GI toxicities were higher in reactive carriers
compared with pretreatment carriers and wild-type patients
(Table 3).

Fluoropyrimidine delays due to fluoropyrimidine-related
toxicities occurred in 25% of wild-type patients, 25% of
pretreatment carriers, and 64% of reactive carriers (P 5

.017). Other reasons for treatment delays are reported in the
Data Supplement (Table S4). Fluoropyrimidine discontinu-
ations due to fluoropyrimidine-related toxicities were

1

2

3

4

5

6

7

8

9

10

11

0 10 20 30 40 50 60 70 80 90

Pa
tie

nt
Time (days)

Sample collected

Dose escalated

Result reported

Grade 3+ toxicity

Treatment received

Hospitalization

Dose reduced

Treatment discontinued

Toxicity

Chemotherapy completed

Progression

A

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

-50 -40 -30 -20 -10 0 10 20 30 40 50 60 70 80 90

Pa
tie

nt

Time (days)

Treatment received

Grade 3+ toxicity

Sample collected

Dose reduced

Hospitalization

Result reported

Dose escalated

Treatment discontinued

Patient declined
Hypersensitivity reactions

Toxicity—patient declined

Chemotherapy completed

Patient declined

Chemotherapy completed

Progression—death

Toxicity

B

FIG 2. Summary of clinical course for DPYD variant carriers with 3-month follow-up data. (A) Eleven reactive carriers had samples collected
for testing on or after the date of treatment initiation. (B) All 16 pretreatment carriers had samples collected and results reported by the date
of treatment initiation. Timepoints of treatments, dose reductions, dose escalations, grade 31 toxicities, hospitalizations, treatment
discontinuations, and reasons for discontinuation are depicted in the figures.
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observed in 8.9%ofwild-type patients, 19%of pretreatment
carriers, and 9.1% of reactive carriers (P 5 .281).

Logistic regressionmodeling showed treatment route (oral v
IV; OR, 1.69 [95% CI, 1.09 to 2.60]; P 5 .018) and regimen
(monotherapy v combination; OR, 1.73 [95% CI, 1.11 to 2.69];
P 5 .015) were univariably associated with grade 31 toxic-
ities; however, only regimen was retained in the multivar-
iable model (OR, 1.69 [95% CI, 1.08 to 2.65]; P 5 .022;
Table 4). Although genotype category was not significantly
associated with grade 31 toxicities, reactive carriers had a
nearly four-fold higher odds of grade 31 toxicities compared
with wild-type patients (OR, 3.57 [CI, 1.02 to 12.49]). Ge-
notype category was the only independent predictor of
hospitalizations (P 5 .001), with nearly 10-fold higher odds
in reactive carriers compared with wild-type patients (OR,
9.59 [95% CI, 2.70 to 34.04]).

The log-rank tests for time-to-event stratified by genotype
category were significant for grade 31 toxicities and hos-
pitalizations (P < .001), demonstrating a higher number and
earlier onset of events among reactive carriers (Fig 3).

DISCUSSION

In a real-world analysis of US-based patients receiving DPYD
genotyping, we demonstrated that almost all variant carriers
received fluoropyrimidine modifications, and pretreatment

testing with genotype-guided dosing reduced severe tox-
icities and hospitalizations compared with reactive testing.
Our findings underscore the critical relationship between
DPYD variants and fluoropyrimidine toxicity, and the clinical
impact of pretreatment testing and genotype-guided dosing
to mitigate this risk. Recently, Hertz and Baker et al call on
oncology practice guidelines to re-evaluate recommenda-
tions for pretreatment DPYD testing as standard practice.4,17

CPIC guidelines,9,13 prospective studies,11,13 and our real-
world evidence of US-based patients receiving genotype-
guided dosing support this call to action.

DPYD genotype–guided fluoropyrimidine dosing across
multiple clinics proved feasible. Integration of EMR pretest
alerts at the time of fluoropyrimidine prescribing increased
testing volumes. This allowed sufficient time for testing as
90% of patients sent for pretreatment testing had results
returned before starting treatment. Nonetheless, 43.4% of
reactive testing patients had samples collected on the day of
treatment start, indicating opportunities to improve strat-
egies for earlier collections.We anticipate continued increase
in testing volume as the DPYD test wasmade orderable in the
EMR (October 2023) and is planned to be integrated within
fluoropyrimidine-containing treatment plans. Our finding
that most carriers received dose reductions align with a
survey of US oncologists reporting that nearly all agreed that
patients with DPD deficiency have increased toxicity risk and
would modify fluoropyrimidine dosing in these patients.18

TABLE 3. Relative Dose Intensity, Fluoropyrimidine-Related Grade 31 Toxicities, Hospitalizations, and Treatment Delays and Discontinuations

Secondary Endpoint
All Patients
(N 5 442)

DPYD Wild-Type
(n 5 415)

Pretreatment Testing Carriers
(n 5 16)

Reactive Testing Carriers
(n 5 11) P

RDI, first cycle, mean (range)a 92% (12%-121%) 93% (12%-121%) 54% (29%-89%) 95% (74%-102%) —

Fluorouracil-based (n 5 278)b 95% (26%-107%) 96% (26%-107%) 52% (29%-75%) 97% (74%-102%) —

Capecitabine-based (n 5 164)c 87% (12%-121%) 88% (12%-121%) 56% (31%-89%) 90% (85%-96%) —

Grade 31 toxicity, FP-related, No. (%)d 138 (31) 126 (30) 5 (31) 7 (64) .085

Hematological toxicity 66 (15) 62 (15) 1 (6.3) 3 (27) .277

GI toxicity 77 (17) 67 (16) 4 (25) 6 (55) .006

Hand-foot syndrome 7 (1.6) 7 (1.7) 0 0 >.999

Othere 2 (0.5) 2 (0.5) 0 0 .937

Hospitalization due to FP toxicity, No. (%)d 64 (15) 53 (13) 4 (25) 7 (64) <.001

Hematological toxicity 11 (2.5) 10 (2.4) 0 1 (9.1) .302

GI toxicity 56 (13) 45 (11) 4 (25) 7 (64) <.001

Hand-foot syndrome 3 (0.7) 3 (0.7) 0 0 .906

Treatment delay due to FP toxicity, No. (%)d 116 (26) 105 (25) 4 (25) 7 (64) .017

Treatment discontinuation due to FP
toxicity, No. (%)

41 (9.3) 37 (8.9) 3 (19) 1 (9.1) .281

Abbreviations: FOLFOX, infusional fluorouracil, leucovorin, and oxaliplatin; FP, fluoropyrimidine; RDI, relative dose intensity.
aRDI was calculated as the administered dose over the actual time to complete the cycle divided by the standard dose (mg/m2) over the standard
time to complete the cycle for the indication and treatment regimen applicable for the patient.
bConsists of 262 wild-type patients, eight pretreatment testing carriers, and eight reactive testing carriers.
cConsists of 153 wild-type patients, eight pretreatment testing carriers, and three reactive testing carriers.
dPercentages may not add up to exactly 100% due to rounding.
eOne DPYD wild-type patient had a cardiac arrest event after two cycles of FOLFOX. This was the only grade 5 event. One had a vagal event during
cycle 1 day 1 infusion and a choking event after cycle 1 day 29 infusion of FOLFOX; cardiac work-up was negative.
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The overall carrier rate in our patient cohort, comprising
74% White and 19% Black, was 5.9%, similar to the 5%-7%
reported in the CPIC DPYD frequency table.9 Our rate was
slightly lower than that in a European study by Henricks
et al13 (7.7%) and higher than that in a Canadian study by
Wigle et al19 (3.4%); both did not include the c.557A>G
variant. Although the race distribution in this study was
representative of our patient population, most variant car-
riers, besides the c.557A>G variant, were self-reported
White. Future studies focusing on non-White populations
are crucial in discovering and validating clinically relevant
DPYD variants in diverse populations.

Our results align with previous studies of genotype-guided
fluoropyrimidine dosing. In a previous prospective study,
grade 31 toxicities significantly reduced from 73% in his-
torical controls to 28% in *2A carriers receiving genotype-
guided dosing.11 Henricks et al13 expanded on this work to
genotype four relevant variants. Despite a 25%-50% dose
reduction, grade 31 toxicitywas still higher in carriers (39%)

compared with wild-type patients (23%). These findings
prompted the European Medicines Agency and European
Society of Medical Oncology to recommend pretreatment
DPYD testing.20 Real-world analyses from the
United Kingdom21 and Canada,19 and a meta-analysis across
17 studies22 confirmed reduced incidence of severe toxicities
with DPYD genotype–guided dosing.

In our study, grade 31 toxicity rate was not different in
pretreatment carriers receiving fluoropyrimidine dose re-
ductions (31%) compared with wild-type patients receiving
standard dosing (30%). Grade 31 toxicity rate in reactive
carriers receiving initial full dose in our study (64%) was
understandably lower than historical data (70%-75%) since
nearly half had testing sent on the day of treatment start, and
thus most received dose reductions in the second cycle,
potentially avoiding severe toxicity. Hospitalizations were
not evaluated in previous studies; herein, we demonstrated
hospitalizations were reduced in carriers receiving pre-
treatment genotype-guided dosing (25%) compared with

TABLE 4. Factors Associated With Fluoropyrimidine-Related Grade 31 Toxicities and Hospitalizations

Covariate

Grade 31 Adverse Events (N 5 442) Hospitalizations (N 5 442)

Univariable Results Multivariable Results Univariable Results Multivariable Results

OR (CI) P OR (CI) P OR (CI) P OR (CI) P

DPYD genotype category .092 .130 <.001 .001

Wild-type v pretreatment carriers 1.04 (0.36 to 3.06) 1.25 (0.42 to 3.74) 2.28 (0.71 to 7.32) 2.02 (0.62 to 6.56)

Wild-type v reactive carriers 4.01 (1.15 to 13.96) 3.57 (1.02 to 12.49) 11.95 (3.38 to 42.22) 9.59 (2.70 to 34.04)

Sex

Male v female 0.84 (0.56 to 1.26) .402 — — 0.98 (0.58 to 1.67) .946 — —

Age, years 1.00 (0.98 to 1.01) .625 — 1.01 (0.99 to 1.03) .507 —

Race .675 — .085 .163

White v Asian 0.40 (0.09 to 1.82) — 0.39 (0.05 to 3.08) 0.46 (0.06 to 3.59)

White v Black 1.07 (0.64 to 1.80) — 0.31 (0.12 to 0.79) 0.35 (0.13 to 0.90)

White v other 0.99 (0.34 to 2.93) — NE (NE to NE) NE (NE to NE)

Ethnicity .409 — .887 —

Non-Hispanic v Hispanic 1.29 (0.53 to 3.15) — 1.32 (0.43 to 4.04) —

Non-Hispanic v other 4.52 (0.41 to 50.25) — NE (NE to NE) —

Diagnosis .123 — .314 —

Non-GI v colorectal 1.05 (0.51 to 2.17) — 2.51 (0.74 to 8.58) —

Non-GI v non-colorectal GI 1.59 (0.77 to 3.29) — 2.58 (0.75 to 8.90) —

Stage .783 — .636 —

IV v 0/I/II/III 0.87 (0.57 to 1.32) — 0.77 (0.44 to 1.33) —

IV v unknown 0.85 (0.38 to 1.88) — 0.89 (0.32 to 2.48) —

ECOG .513 — .784 —

0/1 v 2/3/4 1.36 (0.74 to 2.52) — 1.25 (0.57 to 2.73) —

0/1 v unknown 1.24 (0.71 to 2.14) — 0.88 (0.41 to 1.89) —

Treatment route

Oral v IV 1.69 (1.09 to 2.60) .018 — — 1.15 (0.66 to 2.00) .625 — —

Treatment regimen

Monotherapy v combination 1.73 (1.11 to 2.69) .015 1.69 (1.08 to 2.65) .022 1.45 (0.81 to 2.60) .210 — —

Abbreviations: ECOG, Eastern Cooperative Oncology Group; IV, intravenous; NE, nonestimable; OR, odds ratio.
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Log-rank P < .001  
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Number of censored observations = 378
Log-rank P < .001 
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FIG 3. Cumulative incidence of fluoropyrimidine-related grade 31 toxicities and hospitalizations
stratified by genotype groups in 442 patients. Cumulative incidence was estimated as 1—Kaplan-
Meier survival estimate, and log-rank test was used to compare between genotype groups. All
subjects with follow-up time >110 days were censored observations and were truncated at 110
days. (A) Grade 31 toxicities occurred earlier and at a significantly higher rate in reactive carriers
compared with pretreatment carriers and wild-type patients (P < .001). (B) Hospitalizations also
occurred earlier and at a significantly higher rate in reactive carriers compared with pretreatment
carriers and wild-type patients (P < .001).
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reactive carriers (64%).Treatment delays due to fluo-
ropyrimidine toxicities were also highest in reactive carriers,
potentially affecting treatment outcomes.

Reductions in toxicity, hospitalization, and treatment delay
have clear implications on quality of life and health care
costs. A systematic review of the cost-effectiveness of
pharmacogenetic testing found that four studies evaluating
DPYD testing demonstrated cost savings and one cost-
effectiveness.23 Two European studies reported savings of
approximately $50-$60 in US dollars per patient, which are
expected to be higher in a US-based population without
nationalized health care.11,24

Logistic regression analyses showed 5-FU–containing
regimens were significantly associated with severe toxic-
ities compared with oral capecitabine-containing regimens
in the univariable analysis (OR, 1.69), though not significant
in the multivariable analysis. As 5-FU is usually given as an
IV bolus followed by continuous infusion over multiple days
depending on the protocol, patients receiving oral capeci-
tabine would have more opportunities to adjust doses mid-
treatment on the basis of tolerability. This is supported by
the lower first cycle RDI in patients receiving capecitabine
compared with 5-FU. Additionally, combination regimens
were significantly associated with severe toxicities com-
pared with fluoropyrimidine monotherapy (OR, 1.69).
Concurrent chemotherapies may have overlapping toxicities
with fluoropyrimidines, which may have also contributed to
the severe toxicity rate.

There are limitations to this study, such as being conducted
at a single institution, thus limiting generalizability to in-
stitutions without in-house testing capabilities. Several
commercial laboratories offer DPYD testing; however, it is
critical to evaluate which alleles are detected to minimize
false negatives.25,26 Due to the relative infrequency of DPYD
variants, the sample size of carriers was small, thus limiting
overall power. Nonetheless, the severe toxicity rates across
genotype groups were comparable with those seen in pre-
vious studies. Patients and providers were not blinded to
results, which could influence patient reporting or provider
documentation of toxicities. The study was nonrandomized;
thus, there was no control population who did not receive
genotyping. However, the reactive carrier group served as a
surrogate for toxicity with standard upfront dosing in var-
iant carriers, interpreting that most of these patients had
dose reductions in subsequent cycles. Given the real-world
observational study design, outcomes data were collected

from standard-of-care clinic notes and laboratory results,
which can be less accurate than if collected from a pro-
spective trial. Although reflective of the real-world setting,
the population was partially heterogeneous, composed of
patients with varying tumor types, treatment regimens, and
dosing. RDI for all cycles was not reported due to these
reasons. Nevertheless, DPYD genotype category was the only
factor associated with hospitalization. Finally, our study was
limited to 3-month follow-up and did not include survival
end points. A recent study found that DPYD-guided dosing
does not negatively affect progression-free survival (PFS) or
OS in variant carriers compared with wild-type patients,
although c.1236G>A variant carriers receiving a 25% reduced
dose had a shorter PFS.12,27 The c.1236G>A variant, used as a
proxy for the HapB3 haplotype, was also recently discovered
to not be in complete linkage disequilibrium (99.85%) with
the causal variant, c.1129-5923C>G.27 CPIC updated its
guideline to recommend testing for the functional variant
c.1129-5923C>G, which we are adding to our genotyping
panel.9 Further research is needed to determine the most
appropriate dose reduction andmaximum tolerated dose for
each variant to optimize drug exposure and response and
minimize toxicity.

The diagnostic performance of our genotyping test, com-
pared with all genotyping tests, is limited to the variants
covered on the panel and may falsely identify carriers of
other rare variants as wild-type. Full-gene sequencing may
uncover additional variants of known or unknown function
especially in diverse populations. Nonetheless, we recently
reported that our in-house DPYD genotype test showed
higher negative predictive value and lower false-negative
rates compared with many other commercial tests that in-
clude fewer variants.26

In conclusion, results from one of the first real-world US-
based experiences of in-house DPYD genotyping demon-
strated that implementation across a multisite cancer
hospital was feasible, resulted in fluoropyrimidine dose
modifications in almost all carriers, and, most importantly,
led to fewer severe toxicities and hospitalizations in those
receiving pretreatment testing and genotype-guided
dosing. The lack of recommendations on pretreatment
testing from the FDA and oncology clinical practice
guidelines continues to hinder widespread adoption in the
United States.18 Nonetheless, at a minimum, all patients
should have the right to be informed of DPYD testing, of-
fered testing, and educated on the implications of testing or
not testing.17
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