-

View metadata, citation and similar papers at core.ac.uk brought to you byfz CORE

UnCologist’
ncologist
A Community-Based Multicenter Trial of Pharmacokinetically Guided
5-Fluorouracil Dosing for Personalized Colorectal Cancer Therapy

provided by Carolina Digital Repository

AU VIILEILITIAI alIvel

JAIN. PATEL, "< BERT H. O’NEIL,®" ALLISON M. DEAL, JOSEPH G. IBRAHIM,® GARY B. SHERRILL,® OLUDAMILOLA A. OLAJIDE,"
PRASHANTI M. ATLURI,' JOHN J. INZERILLO,' CHRISTOPHER H. CHAY,X HOWARD L. McLEOD,“®" CHRISTINE M. WALK0®<<"

®Levine Cancer Institute, Carolinas HealthCare System, Charlotte, North Carolina, USA; bEshelman School of Pharmacy, “Institute for
Pharmacogenomics and Individualized Therapy, and “Biostatistics Core, “Lineberger Comprehensive Cancer Center, University of North
Carolina, Chapel Hill, North Carolina, USA; findiana University Simon Cancer Center, Indianapolis, Indiana, USA; 8Cone Health Cancer Center,
Greensboro, North Carolina, USA; PRex Healthcare, Raleigh, North Carolina, USA; iLeo W. Jenkins Cancer Center, Greenville, North Carolina,
USA; 'Marion L. Shepard Cancer Center, Washington, North Carolina, USA; “Cancer Care of Western North Carolina, Asheville, North
Carolina, USA; 'Moffitt Cancer Center, Tampa, Florida, USA

Disclosures of potential conflicts of interest may be found at the end of this article.

Key Words. Fluorouracil * Pharmacokinetic * Dosing * Colorectal * Community ¢ Personalized

/ABSTRACT

Background. Pharmacokinetically guided (PK-guided) versus
body surface area-based 5-fluorouracil (5-FU) dosing results
in higher response rates and better tolerability. A paucity
of data exists on PK-guided 5-FU dosing in the community
setting.

Patients and Methods. Seventy colorectal cancer patients, from
one academic and five community cancer centers, received the
mMFOLFOX6 regimen (5-FU 2,400 mg/m? over 46 hours every
2 weeks) with or without bevacizumab at cycle 1. The 5-FU
continuous-infusion dose was adjusted for cycles 2—4 using
a PK-guided algorithm to achieve a literature-based target
area under the concentration-time curve (AUC). The primary
objective was to demonstrate that PK-guided 5-FU dosing
improves the ability to achieve a target AUC within four cycles
of therapy. The secondary objective was to demonstrate
reduced incidence of 5-FU-related toxicities.

Results. At cycles 1 and 4, 27.7% and 46.8% of patients
achieved the target AUC (20-25 mg X hour/L), respectively
(odds ratio [OR]: 2.20; p = .046). Significantly more patients
were within range at cycle 4 compared with a literature rate of
20% (p < .0001). Patients had significantly higher odds of not
being underdosed at cycle 4 versus cycle 1 (OR: 2.29; p = .037).
The odds of a patient being within range increased by 30%
at each subsequent cycle (OR: 1.30; p = .03). Less grade 3/4
mucositis and diarrhea were observed compared with historical
data(1.9%vs 16%and 5.6%vs 12%, respectively); however, rates
of grade 3/4 neutropenia were similar (33% vs 25%—50%).
Conclusion. PK-guided 5-FU dosing resulted in significantly
fewer underdosed patients and less gastrointestinal toxicity
and allows for the application of personalized colorectal
cancer therapy in the community setting. The Oncologist
2014;19:959-965

Implications for Practice: There is consistent support in the literature for a clinically important relationship between 5-fluorouracil
(5-FU) exposure and clinical outcomes. Clinical trials reflect the advantage of pharmacokinetically guided 5-FU dosing to enhance
therapeutic outcomes; however, the paucity of interventional studies performed in the community setting partially explains the
lack of assimilation into clinical practice. Our multicenter study demonstrated the practicality of using a simple methodology to
guide 5-FU dosing in the community setting and resulted in significantly fewer underdosed patients and less gastrointestinal
toxicity. These results establish a level of feasibility, and we believe the data accumulated to date are sufficient to consider further
assessment and use of pharmacokinetically guided 5-FU dosing in clinical practice.

INTRODUCTION

5-Fluorouracil (5-FU) has remained the backbone of colorectal
cancer (CRC) therapy for more than 50 years [1-5]. Compared
with bolus dosing, continuous intravenous infusion of 5-FU
has allowed for higher tolerable doses to be administered
to patients, thereby enhancing clinical effectiveness [6-9].
However, dosing of 5-FU is currently based on body surface

area (BSA), with a resulting 100-fold interindividual pharma-
cokinetic (PK) variability [9]. This variation is partially explained
by genetic differences in dihydropyrimidine dehydrogenase
(DPD), the metabolizing enzyme of 5-FU, and differences in
distribution and clearance based on age, weight, sex, disease
state, organ function, and diet [10, 11]. When dosed according
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to BSA, 5-FU administration results in up to one-third of
patients developing severe dose-limiting toxicities and 50% of
patients failing to respond to therapy [9, 12]. Previous studies
report that 20%—-30% of patients treated with conventional
dosing have 5-FU exposure levels within a previously estab-
lished therapeutic range (area under the concentration-time
curve [AUC] 20-25 mg X hours/L [h/L]), whereas approx-
imately 40%-60% and 10%—20% are under and over this
therapeutic AUC threshold, respectively [13].

The suggested AUC target of 20-25 mg X h/L and the
clinical validity of PK-guided 5-FU dosing have been demon-
strated in several studies [9, 14—17]. Gamelin et al. initially
observed a close relationship between acute toxicity and
AUCo g hours =>24 mg X h/L in 40 CRC patients [18].
Subsequently, a phase Il PK-guided trial in 158 CRC patients
targeting an AUCg_g hours 16-24 mg X h/L demonstrated
median overall survival (OS) of 19 months and an objective
response rate (ORR) of 43.4% [9], approximately double the
expected response rate of 5-FU and leucovorin administered
by standard dosing. A randomized trial of 208 stage IV CRC
patients receiving either conventionally dosed 5-FU or
PK-guided 5-FU targeting an AUC 20-24 mg X h/mL
demonstrated ORRs of 18.3% and 33.7% (p = .004),
respectively, and median OS of 16 and 22 months (p = .08),
respectively [16]. A similar trial comparing conventionally
dosed 5-FU and PK-guided 5-FU in patients receiving the
FOLFOX regimen (5-FU, oxaliplatin, leucovorin) identified
ORRs of 46% and 69.5%, respectively, and median OS of 22
and 28 months, respectively, along with decreased incidence
of grade 3/4 diarrhea and mucositis in the PK-guided dosing
group [15].

To date, PK-guided 5-FU dosing has not been widely
integrated into clinical practice, in part because of the paucity
of data that demonstrates the ability to personalize 5-FU
dosing in the community setting [13]. Given the evidence for
PK-guided therapy, we conducted a multicenter study to
investigate the application of PK-guided 5-FU dosing in
a predominantly community setting, using a commercially
available single-sample immunoassay to measure drug
exposure. The primary objective was to demonstrate the
ability to achieve a target AUC (20-25 mg X h /L) within four
cycles of therapy in CRC patients receiving modified FOLFOX6
with or without bevacizumab. The secondary objective was
to demonstrate that PK-guided 5-FU dosing decreases the
incidence of 5-FU-related toxicities, including neutropenia,
mucositis, and diarrhea, when compared with historical
controls.

PATIENTS AND METHODS

Patients

Patients from one academic and five community cancer
centers scheduled to receive planned treatment with mFOL-
FOX6 with or without bevacizumab for histologically con-
firmed CRC (adjuvant or metastatic) were eligible to
participate in the study. All patients were required to have
an Eastern Cooperative Oncology Group performance status
=2; have life expectancy of >6 months; provide written
informed consent; and have adequate bone marrow and organ
function, defined as absolute neutrophil count =1,500/mm?3,
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platelets =100,000/mm?, serum creatinine =<1.5 mg/dL, total
bilirubin =1.5 times upper limit of normal (ULN), and aspartate
andalanineaminotransferase =2.5 X ULN (or =5 X ULNinthe
presence of liver metastases).

Patients were not eligible if they were pregnant, had
serious concomitant systemic disorders, or were unable to
refrain from eating chocolate from any source beginning 12
hours prior to day 1 of each cycle and throughout the 46-hour
5-FU continuous infusion (CIV; theobromine, a compound
found in chocolate, interferes with the assay and results in
falsely elevated AUCs). Patients taking warfarin, enoxaparin,
aminophylline, or theophylline were excluded from the study.

Patients were considered eligible for analysis if they
completed four cycles of planned mFOLFOX6 with PK samples
obtained at each cycle. In addition, patients removed from
PK-guided therapy secondary to toxicity and those with only
one missing PK sample (not due to a sampling error) were
includedinthe analysis. Patients were excluded from analysis if
5-FU was dosed by any other means not including PK or toxicity
orif there were concerns about 5-FU test-result validity due to
sampling and/or processing errors.

The trial protocol was approved by the institutional review
boards of all trial sites, and informed consent was obtained
from each participant prior to enrollment.

Treatment and Dose Adjustment

All patients received mFOLFOX6 at cycle 1: oxaliplatin 85 mg/m?
over 2 hours, leucovorin 200—-400 mg/m2 over 2 hours, 5-FU
400 mg/m? bolus, 5-FU 2,400 mg/m? CIV over 46 hours (via
a battery-operated pump) with or without bevacizumab, as
determined by the primary treating physician.The 5-FU pumps
were prefilled at central infusion pharmacies, primed with
saline, and estimated to deliver drug within 30 minutes.
Subsequent cycles were repeated every 2 weeks. Oxaliplatin,
leucovorin, and 5-FU bolus dosage remained the same
throughout treatment (unless adjusted for toxicity), whereas
the 5-FU CIV dose was adjusted for cycles 2—4 using a PK-guided
dose-adjustment algorithm targeting an AUC range of 20-25
mg X h/L (Table 1).

During cycles 1-4, a peripheral blood sample was obtained
2-44 hours after the start of the continuous infusion into an
EDTA tube. Given that the half-life of 5-FU is approximately 10
minutes (*2 minutes) [6], steady state should theoretically be
achieved within 1 hour. A stabilizing agent (derivative of uracil
with properties that irreversibly inhibit DPD) was added to the
sample immediately. The EDTA tube was inverted at least 3
timesand centrifuged at 2,000g for 10—15 minutes.The plasma
was pipetted fromthe sample into a 3-mL cryovial tube labeled
with a bar code. A test request form was completed, including
the infusion start time, draw time, infusion duration, patient
identification, diagnosis, and dose. The sample was mailed to
Myriad Genetics, Inc. (Salt Lake City, UT, https://www.myriad.
com) for AUC analysis using a nanoparticle-based immuno-
assay. AUC is determined by multiplying the steady-state
concentration by infusion duration.

Beginning with cycle 2, the 5-FU CIV dose was adjusted
before each cycle according to an algorithm based on the
results of the AUC from the preceding cycle, with a target AUC
of 20-25 mg X h/L (Table 1). The dose adjustment algorithm
was based on a linear relationship observed between plasma
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Table 1. 5-Fluorouracil dose adjustment algorithm

Toxicity grade O or 1
AUC Previous
(mg X h/L) dose (%) Toxicity grade =2
AUC <4 +70 Grade 2: oncologist
4=AUC<S8 +50 discretion
8=AUC< 10 +40 Grade 3 nonhematologic:
delay until recovery
10=AuC<12 +30 to grade <2 and resume
12=AUC< 15 +20 with 20% dose reduction
15 =AUC< 18 +10 Grade 4 hematologic:
delay until recovery
<<
B =Le el e to grade <2 and resume
20 =AUC =25 No change with 20% dose reduction
25 < AUC < 28 -5 Grade 4 nonhematologic:
28 = AUC = 31 ~10 remove from study, treat
- - at physician discretion
31 < AUC —15

Abbreviation: AUC, area under the concentration-time curve.

levels and 5-FU dose and has been published previously [9, 16].
In the event the AUC dropped out of the target AUC range in
asubsequent cycle, the 5-FU CIV dose was readjusted based on
the algorithm.

Follow-Up and Patient Monitoring

Patients underwent biweekly physical examinations and
toxicity assessment before administration of each of the first
five cycles. In addition, documentation of concomitant med-
ications and foods were recorded at each cycle. The last
toxicity assessment was made prior to receiving cycle 5.

Assessment of Toxicity

Patients underwent biweekly physical examinations and
toxicity assessment using the National Cancer Institute Com-
mon Terminology Criteria for Adverse Events version 3.0
before administration of each of the first five cycles. Dose
reductions for clinical toxicity are described in Table 1. For
patients experiencing no toxicity or grade =1, the dose
adjustment was made according to the algorithm. In the event
that a patient experienced a 5-FU-related toxicity of grade =2
but had an AUC value that was below the target, the toxicity
and subsequent dose reduction took precedence over the
PK-guided dose escalation. In the event of a grade 2 non-
hematologic toxicity associated with 5-FU (diarrhea, hand-
foot syndrome, or mucositis), the dose was reduced at the
discretion of the primary treating oncologist. In the event of
grade 3 nonhematologic toxicity or grade 4 hematologic
toxicity, 5-FU treatment was withheld until recovery of the
toxicity tograde =2 and restarted with a 20% dose reduction of
bolus and CIV 5-FU. Patients were removed from the study in
cases of grade 4 nonhematologic toxicity. Toxicity data were
collected through a secure Web-based clinical research
platform, OnCore (Forte Research Systems, Madison, WI,
https://forteresearch.com/enterprise-research-oncore/).

Statistical Analyses
For the primary objective of demonstrating an increased
percentage of patientsinrange by cycle 4 using PK-guided dose

www.TheOncologist.com

961

adjustments versus non-PK-guided adjustments, a null hy-
pothesis of 20% was used based on historical data [15, 16].
Using a 1-sided significance level of .05 and a 1-sample exact
binomial test, a sample size of 50 had 72% power to detect
a difference of 15% (alternative hypothesis of 35%) and 90%
power to detect a difference of 20%. Comparisons between
toxicity rates of patients receiving and not receiving bevaci-
zumab and those with and without dose escalations were
made using Fisher’s exact tests. Generalized linear models
were used to perform logistic regression while accounting
for multiple cycles per patient. In addition to estimating
odds ratios (ORs) for being in range at cycle 4 versus cycle 1,
not beingunderdosed, and beinginrange ateach subsequent
cycle, this method was used to evaluate the associa-
tion between AUC range and grade 3/4 toxicities over all
cycles.

RESULTS

Seventy-five patients gave informed consent for the study
between May 2010 and October 2012, with five patients
subsequently not receiving treatment. Of the remaining 70
patients receivingmFOLFOX6 with or without bevacizumab, 16
patients were removed from the study secondary to protocol
violations (n = 14) and patient preference (n = 2). The
remaining 54 patients were deemed evaluable for “any-cycle”
analyses, including PK and/or toxicity (Fig. 1). Baseline
characteristics are summarized in Table 2. Of the 54 patients
evaluable for any-cycle analyses, 25 (46.2%) had metastatic
disease and 18 (33.3%) received bevacizumab in addition to
chemotherapy. Four patients discontinued the study second-
ary to toxicity, and 6 patients had 1 missing blood sample for PK
analysis (3 at cycle 2 or 3 and 3 at cycle 4), resulting in 44
patients with an evaluable PK sample at all 4 cycles and 47
patients with an evaluable PK sample at cycles 1 and 4. Sixteen
of the 54 evaluable patients were treated and enrolled at the
University of North Carolina (UNC) Cancer Hospital, whereas
the remaining 38 were treated and enrolled at community-
based hospitals within the UNC Cancer Network.

5-FU Exposure as Measured by AUC

The odds of a patient achieving the target AUC increased from
cycle 1(27.7%; 13 of 47) to cycle 4 (46.8%; 22 of 47) (OR: 2.20;
95% confidence interval [Cl]: 1.01-4.76; p = .046). With an
exact binomial Cl of (32.1%—61.9%) for the percent of patients
in range by cycle 4 (46.8%), PK-guided 5-FU dosing resulted in
significantly more patients within the prespecified AUC range
compared with a historical rate of 20% (p < .0001), satisfying
the primary objective. In addition, patients had significantly
higher odds of not being underdosed (i.e., not having an AUC
<20 mg X h/L) at cycle 4 versus cycle 1 (OR: 2.29; 95% Cl:
1.05-4.96; p = .037).The odds of a patient being within range
increased by 30% at each subsequent cycle (OR: 1.30; 95% Cl:
1.03-1.66; p = .03) using the defined algorithm.

Figure 2A demonstrates the percentage of patients below,
within, and above the prespecified AUC threshold for all
evaluable patients in the any-cycle analysis (n = 54) at each
independent cycle. Atcycle 1, 29.6% of patients (16 of 54) were
within range, compared with 46.8% (22 of 47) at cycle 4.
Figure 2B demonstrates the cumulative percentage of patients
achieving the target AUC from cycle 1 to cycle 4. The median
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Patients meeting eligibility criteria
(n=175)

Patients consented but not treated

(n=5)

Patients who continued PK-guided 5-FU dosing as part of
mFOLFOX6 with or without bevacizumab regimen
(n=70)

Nonevaluable during course of study (n = 16)

e Sampling, processing, and/or administrative

errors® (n = 14)
e Patient preference (n=2)

Total evaluable patients for PK and toxicity analyses
(n=54)

Fewer than 4 complete cycles of therapy (n = 10)

e Patients removed from PK-guided 5-FU dosing

secondary to toxicity (n = 4)°
e Patients missing a cycle 4 blood sample (n = 3)
e Patients missing a cycle 2 or 3 blood sample
(n=3)

Patients with an evaluable PK sample at all 4 cycles of
therapy (n = 44)

Figure 1. CONSORT diagram. ?Sample drawn after pump finished infusing, sample not analyzed secondary to labeling issues; patient
given hydration via peripheral line and sample drawn without wasting, thus diluted; omission of stabilizing agent and/or blood sample
hemolyzed. In addition, three of these patients had protocol violations such as per-protocol dose adjustment not made. °All four patients

completed two cycles of PK-guided 5-FU prior to being removed.

Abbreviations: 5-FU, 5-fluorouracil; mFOLFOX6, modified FOLFOX regimen (5-FU, leucovorin, oxaliplatin); PK, pharmacokinetic.

Table 2. Baseline patient characteristics

Characteristic Result
Total evaluable patients 54
Sex, n (%)
Male 25 (46.3)
Female 29 (53.7)
Age, years, median (range) 60 (34-82)
Race, n (%)
White 44 (81.5)
Black 10 (18.5)
Disease, n (%)
Stage Il 2(3.8)
Stage Il 27 (50)
Stage IV 25 (46.2)
Bevacizumab, n (%)
Yes 18 (33.3)
No 36 (66.7)

AUCs at cycle 1 for men and women were 19 and 21 mg X h/L
(not statistically significant), respectively, consistent with
previous literature reporting lower DPD enzyme activity and
higher 5-FU exposure in female patients compared with male
patients [19]. No significant differences were noted in median
AUC between bevacizumab- and non-bevacizumab-treated
patients (p = .76).

©AlphaMed Press 2014

There was evidence of intrapatient variability in assay
results, with 80% of all patients (43 of 54) achieving the target
AUC during at least 1 of the 4 cycles and no patients within
range at every cycle. The coefficient of variation in AUC de-
creased from 30.6% to 24.9% for cycles 1 and 4, respectively.
The trend toward decreased PK variability and fewer patients
underdosed at cycle 4 is reflected in an increase of the median
AUC from 19 to 21 mg X h/L.

Moreover, 76% of patients (41 of 54) required a protocol-
guided dose increase at any point during the 4 cycles of
PK-guided therapy. Of these 41 patients, 27 (66%) required
their first dose increase prior to the administration of cycle 2.
The median 5-FU dose necessary for patients successfully
achieving the targeted AUC at cycle 4 was 2,580 = 377 mg/m?>
(range: 1,925-3,484 mg/m?; supplemental online Fig. 1 shows
a bar graph of patients’ cycle 4 dose).

Toxicity

Asindicatedin Table 3, the incidence of grade 3/4 neutropenia
was similar in patients treated with PK-guided mFOLFOX6
compared with historical non-PK-guided mFOLFOX6 (33% vs.
25%—-50%); however, a decrease in the incidence of grade 3/4
diarrhea and mucositis was noted (5.6% vs. 12% and 1.9% vs.
15%, respectively) (Table 3).

The incidence of grade 3/4 neutropenia was similar for
cycles during which the target AUC was achieved (8.9%)
compared with cycles during which the AUCwas <20 mg X h/L
(8.1%). However, a higher incidence of grade 3/4 neutropenia

O?fi?ologist”


http://theoncologist.alphamedpress.org/lookup/suppl/doi:10.1634/theoncologist.2014-0132/-/DC1

Patel, O’Neil, Deal et al.

963

A 100% — 78

90% -+
80% |
70% +
60% +
50%
40% 1
30%
20%
10%
0% +—

m20-25

Percentage

n =542 n=52% n=49? n=478

=C4
=C3

mC2

Percentage

uC1

C1 C1-2 C1-3 C1-4
n=542 n=52% n =497 n=47?

Figure 2. Percentage of patients below, within and above the
prespecified area under the concentration-time curve (AUC)
threshold at each cycle. (A): Significantly more patients were
within range and significantly less were underdosed at cycle 4
compared with cycle 1 (p < .05).The percentages are reflective of
the total number of independent patient samples at each cycle
(i.e., patients with an AUC >25 mg X h/L at cycle 1 are not
necessarily the same patients with an AUC >25 mg X h/L at
cycle 4). *°Number of patients with an evaluable blood sample for
AUC analysis at each cycle. (B): Cumulative percentage of patients
achieving the target AUC at each cycle. °Number of patients with
an evaluable blood sample for AUC analysis at each cycle.
Abbreviation: C, cycle.

was observed in cycles during which AUC was >25 mg X h/L
compared with <20mg X h/L(21.6%vs. 8.1%, p = .05) (Fig. 3).
Significantly higher rates of any grade 3/4 toxicity (e.g.,
neutropenia, diarrhea, mucositis, fatigue, nausea or vomiting)
were noted in patients with AUC >25 mg X h/L compared with
AUC <20 mg X h/L (32.4% vs. 12.8%, respectively; p = .007)
(Fig. 3). Importantly, of the patients having a PK-guided dose
escalation at any cycle with no toxicities prior to the increase,
40.5% (15 of 37) had any grade 3/4 toxicity at any cycle after
dose escalation compared with 69.2% (9 of 13) of patients who
did not have a PK-guided dose escalation (p = .1).This suggests
that PK-guided dose escalations did not result in significantly
higher rates of toxicity compared with patients who did not
require a dose escalation; however, a larger sample size would
be needed to confirm this observation.

DISCUSSION

There is consistent literature of support for a clinically im-
portant relationship between 5-FU exposure and both tox-
icity and efficacy [14, 17, 18, 20, 21]. These studies reflect
the advantage in utilizing PK-guided 5-FU dosing to enhance
therapeutic outcomes.The paucity of prospective intervention
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studies and few data from the community setting partially
explain the lack of assimilation into clinical practice. Given the
current evidence for PK-guided therapy and considering that
85% of U.S. cancer patients are diagnosed and treated in the
community setting [22], our multicenter study investigated the
application of PK-guided 5-FU dosing across one academic and
five community cancer centers in North Carolina.

PK-guided 5-FU dosing resulted in significantly more
patients achieving a prespecified target AUC and significantly
greaterodds of a patient not being underdosed and reduced PK
variability. The concept of underdosing of chemotherapy is
a rarely discussed aspect of current dosage-calculation
strategies [12]. Consistent with previous literature, more than
half of all patients (52%) in our study were underdosed at cycle
1, asindicated by an AUC <20 mg X h/L.The median 5-FU dose
necessary for patients successfully achieving the target AUC at
cycle 4 was 108% (range: 80%—145%) of the recommended
2,400-mg/m? dose (similar to the 110% found by Capitain et al.
in PK-guided FOLFOX [15] but less than the 119% found by
Gamelinetal. [16] in PK-guided 5-FU alone). However, a nearly
twofold range in dosing was required to achieve the targeted
AUC range. Among the 15 patients who were still under the
AUC threshold at cycle 4, 9 had toxicity-based dose reductions
at cycle 4 that took precedence over a PK-guided dose
adjustment and likely resulted in an AUC <20 mg X h/L.
Considering that 28 of 54 patients were underdosed at cycle
1 and only 6 of those patients who received a PK-guided dose
adjustment for cycle 4 remained under the AUC threshold, this
suggests that close to 80% of eligible patients can avoid
underdosing by using PK-guided 5-FU dosing.

Large intrapatient variations in 5-FU exposure were
evident as 80% of patients achieved the target AUC at any
cycle while only 47% remained within range at cycle 4.
Variations may be due to administration time (circadian
rhythm), PK sampling time, diet, concomitant medications,
and other environmental factors. Targeting a limited therapeu-
ticAUCrange of 20-25 mg X h/L provides a challenge in applying
PK-guided 5-FU dosing in clinical practice. Consequently, recent
data suggest that a wider range of 20-30 mg X h/L results in
greater success of achieving the target AUC and increased
response without compromising safety [23]. However, this
range has not been evaluated in a randomized clinical trial.

The 5-FU-associated toxicities observed in our study were
consistent with the literature and included neutropenia,
diarrhea, mucositis, stomatitis, nausea, vomiting, and fatigue.
Despite 76% of patients receiving protocol-specified dose
escalations, our study demonstrated increased tolerability and
decreased rates of grade 3/4 diarrhea and mucositis and
stomatitis compared with historical controls, consistent with
previously published PK-guided 5-FU literature [9, 15, 16, 24].
Although this finding goes against the basic principles of
pharmacology, the fact that 4 separate PK-guided 5-FU trials [9,
15, 16], totaling 420 colorectal cancer patients (including this
study), resulted in fewer underdosed patients and lower rates
of toxicity is of tremendous importance when considering its
clinical applicability. Interestingly, there was no difference in
the percentage of patients with an AUC >25 mg X h/L
throughout all 4 cycles; however, higher rates of any grade 3/4
toxicity were observed in cycles with an AUC >25 mg X h/L
(largely driven by grade 3/4 neutropenia).
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Table 3. Toxicity assessment

Pharmacokinetic-Guided 5-FU Dosing

Study population, n (%)

Historical non-PK-guided
5-FU, grade 3/4 (%)

Historical PK-guided
5-FU, grade 3/4 (%)

All grades Grade 3/4 Goldberg et al., N9741 Gamelin et al. Gamelin et al.
Toxicity (n = 54) (n = 54) [29] (n = 258) [16] (n = 39) [16] (n = 119)
Diarrhea 24 (44.4) 3(5.6) 12 12 1.7
Fatigue 29 (53.7) 3(5.6) 12 NR NR
Mucositis/stomatitis 14 (25.9) 1(1.9) 16 15 0.8
Nausea/vomiting 27 (50) 2(3.7) 9 NR NR
Neutropenia 25 (46.3) 18 (33.3) 50 25 18

Abbreviations: 5-FU, 5-fluorouracil; NR, not reported; PK, pharmacokinetic.

35% - .40% b

30% -
25%
20% +
15% +
10% +
5%+ 2.50% 2.70%
1.30%
o

0% + T

Grade 3/a4 Grade 3/4 Grade 3/4 Grade 34 any

mucositis diarrhea neutropenia toxicity

Figure 3. Rates of toxicity at each area under the concentration-
time curve (AUC) range during the cycle at which toxicity occurred.
A significantly higher incidence of grade 3/4 neutropenia was
observed in cycles during which AUCwas >25 mg X h/Lcompared
with cycles during which AUC was <20 mg X hour/L (21.6% vs.
8.1%; p = .05). "Significantly higher rates of any grade 3/4 toxicity
(e.g., neutropenia, diarrhea, mucositis, fatigue, nausea or vomiting)
were noted in patients with an AUC >25 mg X h/L compared with
AUC <20 mg X h/L(32.4% vs. 12.8%, respectively; p = .007).

The number of patients deemed “nonevaluable” (n = 16)
throughout the course of the study was unexpectedly high,
demonstrating the challenges of conducting a multicenter
study in the outpatient setting when specialized testing is
required. This also potentially speaks to the generalizability of
this approach in the community setting and suggests that
experience and training would be necessary to correctly
implement this dosing approach. Fourteen patients had
protocol violations that resulted in ineligibility, including
samples being drawn after completion of infusion, sample
dilution, omission of sample stabilizing agent, inadequate
labeling of tubes, and per-protocol dose adjustment not made.
Although factors such as patient compliance with returning
to the clinic for PK sampling were beyond the control of the
investigators, human errors involving sample handling
were more frequent reasons for patient withdrawal after
enrollment. This underscores the need for more attention to
appropriate logistical training and coordination with
patients about the reason for specific timing of office visits
when personalized medicine strategies are being imple-
mented in clinical practice. This is particularly critical for
community-based practices with little experience in sample
handling and clinical research. As a major barrier to wide-
spread adoption, logistical issues must be addressed before
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implementation of PK-guided 5-FU dosing can be successful
and effective.

The principal limitation of our study was the single-arm
design, which did not allow for direct comparison of differing
dosing strategies regarding toxicity. Inclusion of patients
receiving both metastatic and adjuvant therapy also prevents
the ability to draw conclusions about efficacy. However, to our
knowledge, our study is the only prospective multicenter study
utilizing a simplified, clinically applicable methodology for
assessing 5-FU exposure in the outpatient setting, potentially
allowing greater generalizability of results to the oncology
community.

Proof-of-principle personalized chemotherapy dosing is
noted in prospective studies of drugs including carboplatin [25,
26], high-dose methotrexate (HDMTX) [27], busulfan [28], and
5-FU [9, 15, 16] that confirm exposure-response relationships
and decreased PK variability. In all of these cases, PK-guided
dosing resulted in fewer patients underdosed, fewer toxicities,
and improved outcomes [29]; however, in contrast to
carboplatin, HDMTX, and busulfan, PK-guided 5-FU dosing
has not been applied as a standard in clinical practice. Patients
receiving PK-guided dosing may experience better outcomes
thanthose observed for patients receiving newer but very costly
targeted therapies or those from PK-guided monotherapy
(i.e., 5-FU) versus conventionally dosed combination therapy
(i.e., FOLFOX). In addition, PK-guided therapy may be more
applicable to certain populations such as the elderly, for whom
toxicity from “standard” therapy is often a practical concern.

CONCLUSION

The use of BSA-guided 5-FU dosing has resulted in significant
underdosing of the majority of colorectal cancer patients. It is
imperative to increase the general awareness of the beneficial
effectsand practicality of PK-guided 5-FU dosing. We identified
multiple barriers to the successful implementation of PK-
guided 5-FU dosing in clinical practice, including sampling
times and coordination. Our study demonstrated that use of
a simple methodology, along with appropriate logistical
training, allows for the application of personalized 5-FU dosing
in colorectal cancer patients treated in the community setting.
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