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ABSTRACT

Aims: 5-FU is used as the main backbone of chemotherapy regimens for patients 
with colorectal and other gastrointestinal cancers. Despite development of new 
strategies that allowed enhancing clinical effectiveness and tolerability of 5-FU,  
10–30% of patients treated with 5-FU-based regimens experience severe treatment-
related toxicity. In our study, we evaluated the 5-FU exposure-toxicity relationship 
and investigated the efficacy of PK-guided dosing in increasing tolerability of 5-FU-
based chemotherapy.

Results: 50.7% of patients required dose adjustments after cycle 1. Percentage 
of patients within 5-FU AUC range was 49.3%, 66.9%, 61.0% at cycle 1, 2 and 3 
respectively (p = 0.002 cycle 1 vs cycle 2). At all 3 cycles, lower incidences of grade 
I/II toxicities were observed for patients below or within range compared with those 
above range (19.4% vs 41.3%, p < 0.001 respectively).

Conclusions: Our analysis confirms that the use of BSA-guided dosing results 
in highly variable 5-FU exposure and strongly suggests that PK-guided dosing can 
improve tolerability of 5-FU based chemotherapy in patients with gastrointestinal 
cancers, thus supporting 5-FU therapeutic drug monitoring. 

Methods: 155 patients with gastrointestinal cancers, who were to receive 5-FU-
based regimens were included in our study. At cycle 1, the 5-FU dose was calculated 
using patient’s Body Surface Area (BSA) method. A blood sample was drawn on Day 
2 to measure 5-FU concentration. At cycle 2, the 5-FU dose was adjusted using a 
PK-guided dosing strategy targeting a plasma AUC range of 18–28 mg•h/L, based 
on cycle 1 concentration. Assessments of toxicity was performed at the beginning of 
every cycle.
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INTRODUCTION

5-Fluorouracil (5-FU) is widely used in the 
treatment of solid malignancies, especially in colorectal 
and other gastrointestinal cancers, both in advanced and 
adjuvant settings [1]. Over the past few years, increased 
understanding of its mechanism of action has led to the 

development of new strategies, such as addition of the 
biochemical modulator leucovorin, combination with 
other cytotoxic agents or administration by continuous 
intravenous infusion, which allowed achieving higher 
tolerable doses (and thus higher exposures) and enhancing 
clinical effectiveness [2–4]. Despite these advances, 
10%–30% of patients treated with fluoropyrimidines 
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as monotherapy experience severe treatment-related 
toxicity leading to death in 0.5%–1% of the cases without 
DPD deficiency [5–7] and even higher when dosed 
with irinotecan and/or oxaliplatin [8]. Consequently, 
determination of biomarkers that could predict toxicity 
of chemotherapeutic agents, including 5-FU, remains a 
central goal of recent research in oncology [1].

5-FU dosing is traditionally determined according to 
body surface area (BSA). A substantial body of evidence 
demonstrates that BSA-based dosing is associated with 
wide intra-individual pharmacokinetic variability resulting 
in significant differences in 5-FU exposure. Therefore, 
identical doses of 5-FU in different patients often result in 
different drug exposure leading to under- or overexposure 
in many patients [9–17]. 5-FU along with many other 
cytotoxic drugs is characterized by a strong toxicity-
exposure relationship and narrow therapeutic window, 
which support the use of therapeutic drug monitoring 
(TDM) approaches [3, 18, 19]. Efficacy of 5-FU TDM 
has been validated in two multicentric randomized 
trials, which demonstrated significant superiority of 
pharmacokinetically-guided dosing (PK-guided dosing) 
compared with BSA-based dosing to decrease grade 
III/IV toxicity and improve objective response rate  
[13, 14]. Area Under the Curve of 5-FU concentrations 
versus time (AUC) is considered as the most relevant 
pharmacokinetic parameter associated with 5-FU-related 
efficacy and toxicity. Some authors have proposed target 
AUC when 5-FU is dosed as a bolus during 5 days every  
4 weeks [20–22]. However, because of the very short 5-FU 
half-life, several blood samples in a relatively limited 
amount of time are needed. Since 5-FU, in colorectal 
cancer, is now mostly administered by continuous 
intravenous infusion over several days, AUC is easily 
determined based on steady state plasma concentration 
[18]. Several previous studies proposed a 5-FU target 
AUC of 20–24 mg.h/L  [13, 16]. However, because of its 
intrinsic variability, it is tough to remain in such a narrow 
therapeutic window, and thus, it is generally considered 
that AUC range of 20–30 mg.h/L  is required for successful 
therapy [14, 18]. In our center, we have decided to use a 
18–28 mg.h/L target AUC, based on Gamelin’s algorithm 
(Table 1). In Gamelin’s paper, the target AUC was 20–24 
mg.h/L. Dose adaptation of +5% or –5% were required 
for patients with AUC comprised between respectively 
18–20 mg.h/L and 24–28 mg.h/L. Because of the precision 
of 5-FU measurements, such a small dose modification 
would not have a clinical nor biological incidence. Thus, 
we increased the target AUC to start dose adjustment at 
±10%.

5-FU PK variability is affected by various factors 
such as age, gender, disease status, organ functions, drug-
drug interactions, however the most well-known cause 
of 5-FU intolerance is deficiency of dihydropyrimidine 
dehydrogenase (DPD) activity - the key enzyme 
responsible for its metabolism [10]. DPD deficiency 

is observed in 39–61% of patients developing severe 
toxicity [6]. As a result, polymorphisms in DPYD, the 
gene encoding DPD, have gained widespread attention 
as predictors of fluoropyrimidines-related toxicity. More 
than 30 sequence variations in the DPYD gene have been 
yet identified, while the most well-established variant is 
DPYD*2A [3]. Clinical Pharmacogenetics Implementation 
Consortium has established the fluoropyrimidines dosage 
algorithm based on the interpretation of clinical DPYD 
genotype tests. Initial dose reduction of at least 50% 
is proposed for patients heterozygous for DPYD*2A, 
DPYD*13 and c.2846A > T, who are considered to have 
intermediate or partial DPD enzyme activity, while a 
choice of alternative drug is strongly recommended for 
patients with complete DPD deficiency [23]. However, 
DPD activity is regulated not only at the level of DPYD 
gene, but at the transcriptional and the post-transcriptional 
levels as well [7]. It highlights the significant limitation of 
the proposed algorithm. For this reason, other strategies 
assessing DPD activity, such as DPD phenotyping are 
investigated [7, 24–26].

DPD converts uracil (U), its endogenous substrate, 
into dihydrouracil (DHU), and the pretreatment DHU/U 
ratio or uracil concentrations alone have the great potential 
to identify patients at risk of severe fluoropyrimidine-
associated toxicity [7, 27]. According to certain studies, 
the DHU/U ratio correlates with clearance of 5-FU and 
risk of its toxicity, however despite strong evidence on 
its clinical validity, the use of the DHU/U ratio in daily 
clinical practice is still limited [24–26]. Moreover, the fact 
that approximately 50% of patients who experience 5-FU 
toxicity will have no documented alterations in the DPD 
activity, suggests that DPD genotyping or phenotyping 
should be performed in combination with a more clinically 
relevant parameter such as 5-FU plasma level [3].

Given the evidence for 5-FU TDM efficacy, we 
conducted this prospective study to investigate the value 
of PK-guided 5-FU dosing in decreasing toxicity in 155 
patients with gastrointestinal cancer receiving 5-FU-based 
regimens such as simplified FOLFOX-6, FOLFIRINOX, 
FOLFIRI, FOLFIRI-3 and LV5FU2. The primary objective 
was to demonstrate the ability to achieve a target 5 FU 
AUC of 18–28 mg.h/L  within 3 cycles of chemotherapy. 
Secondary objectives were to assess the 5-FU exposure-
toxicity relationship, the ability to decrease 5-FU related 
toxicity during subsequent cycles and the impact on 
efficacy in a small and homogenous group of patients.

RESULTS

Patient population and treatment

A total of 155 patients (66 females and 89 males) 
were included in our study. Their mean age was 66 ± 10.6 
(range, 27–87) years. The primary tumor sites were colon/
rectum (60.0%), pancreas (21.3%), esophagus (7.0%), 
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stomach (6.5%) and others (5.2%). 5-FU was administered 
as an intravenous bolus followed by a 46-h continuous 
infusion (2400 mg/m² initially, then adjusted) through a 
portable infusion pump starting on day 1 of every cycle. 
Patients were treated with routinely used regimens such as 
simplified FOLFOX-6 (39.4%), FOLFIRINOX (32.3%), 
FOLFIRI (18.1%), LV5FU2 (5.7%) and FOLFIRI-3 
(4.5%) with or without concomitant biological therapy. 
Subsequent cycles were repeated every 2 weeks. One 
hundred and fifty-five patients received a first cycle of 
chemotherapy, 154 received a second cycle and 118 only 
received a third cycle (37 patients discontinued the therapy 
due to toxicity development, disease progression, surgical 
intervention or treatment pause). Patient’s characteristics 
are listed in Table 2.

Intra-individual variability of 5-FU 
pharmacokinetics

As shown in Figure 1, for the majority of patients 
(83%) the values of delta ratios (i.e., difference between 
the highest and the lowest 5-FU AUC/dose ratio for a 
patient) were smaller than 0.05 (resulting in mean value 
of 0.028 ± 0.026), which means that even in case of dose 
adaptation the ratio remained relatively stable, thus the 
intra-individual variability is low. We also calculated the 
intra-individual variability for the ratio which resulted in 
a mean coefficient of variation of 17%. 

Inter-individual variability in 5-FU 
pharmacokinetics 

At cycle 1, the 5-FU concentrations were plotted 
against the 5-FU 46 h-infusion dose. As shown in Figure 2, 
patients who received high doses were often the one with 
relatively low concentrations. Moreover, considerable 
differences in blood concentrations were observed for the 
same 5-FU doses (e.g., for a total dose of 4000 mg/46 h, 
steady-state concentrations were ranging from 110 µg/L 

to 706 µg/L) underlining an important inter-individual 
variability of 5-FU pharmacokinetics (R2 = 0.01448) and 
consequently the need of dose individualization.

Impact of 5-FU PK-guided dosing adjustment to 
reach target AUC 

The next step of the present study was to assess if 
PK-guided dosing adjustment between the cycle 1 and 2  
increased the percentage of patients in the therapeutic 
range. PK-guided dose adjustment after cycle 1 was 
required for 50.7% of patients (77 of 152). Percentage of 
patients within range significantly increased from 49.3% at 
cycle 1 (75 of 152) to 66.9% at cycle 2 (95 out of 142) (p = 
0.002). At cycle 3, the number of patients in the target AUC 
non-significantly decreased to 61.0% (p = 0.371). PK-
guided 5-FU dosing tended to result in less underexposed 
patients (i.e. <18 mg.h/L ) at cycle 2 (23.9%, 34 of 142,  
p = 0.009) and cycle 3 (22.0%, 18 of 82, p = 0.066) than at 
cycle 1 (38.2%, 58 of 152) (Figure 3).

At cycle 1, higher mean AUC values were observed 
for women (21.7± 6.2 mg.h/L ) than for men (18.7 ± 7.2 
mg.h/L ) (p < 0.001) while the mean doses administered 
to female patients were significantly lower as compared 
with male (3993 ± 455 mg and 4426 ± 478 mg, p < 0.001, 
respectively).

The mean AUC increased from 20.0 ± 6.9 mg.h/L  at 
cycle 1 to 21.8 ± 6.3 mg.h/L  at cycle 3 and AUCs overall 
variability tend to decrease as reflected by its coefficient 
of variation (34.6% at cycle 1 and 29.0% at cycle 3).

Relation between 5-FU exposure and toxicity

At all 3 cycles, we observed significantly lower 
incidences of grade I/II toxicities for patients below or within 
range (19.4%) compared with those above range (41.3%) (p 
< 0.001). For grade III or IV toxicities, percentage of patients 
below or within range (7.9%) compared with those above 
range (15.2%) did not differ significantly (Figure 4). 

Table 1: 5-FU dose adaptation algorithm used in the present study and the one proposed by Gamelin

AUC (mg.h/L ) 5-FU Dose Adjustment (± % of previous dose) Gamelin’s algorithm
<4 +70 +70
4 to < 8 +50 +50
8 to < 10 +40 +40
10 to <12 +30 +30
12 to < 15 +20 +20
15 to < 18 +10 +10
18 to < 20 Unchanged +5
20 to < 24 Unchanged Unchanged
24 to < 28 Unchanged –5
28 to < 31 –10 –10
>31 –15 –15
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Relative risk was also determined for adverse 
effects evaluated in this study (Figure 5). All grades of 
neutropenia were more frequent in overexposed patients 
than in patients below or within the AUC range (RR: 
3.05; 95% CI: 1.55–6.01, p = 0.004). Significantly higher 
incidences of diarrhea (RR: 1.90; 95% CI: 1.22–2.94, 
p = 0.012) were observed. The frequency of hand-
food syndrome and mucositis was also more common 
in the group above therapeutic range (RR: 2.01; 95% 
CI 0.43–9.38, NS and RR: 2.22; 95% CI 0.93–5.27, 
NS, respectively), however the differences were not 
statistically significant.

Toxicity incidence at subsequent cycles

As indicated in Table 3, the incidence of all grades 
of adverse events remained constant or decreased during 
subsequent cycles. Increase in the incidence of grade I/II 
mucositis was also noted at cycle 2 (6.5%) compared with 
cycle 1 (5.2%). However, none of the presented results 
were statistically significant.

Only 10 patients (6.5%) benefited from 5-FU bolus 
dose reduction between cycle 1 and cycle 2, due to > 
grade 2 toxicity. Out of those 10 patients, 8 were below 
or within the target AUC and only 2 were above. Those 

Table 2: Baseline patient characteristics

Characteristics n

No. of evaluable patients 155

Gender

Male 89 (57.4%)

Female 66 (42.6%)

Age (range), years 65.8 ± 10.64 (27–87)

Weight (range), kg 69.7 ± 14.76 (35–115)

Height (range), cm 168.1 ± 8.90 (131–186)

Location of cancer

Colorectal 93 (60.0%)

Pancreas 33 (21.3%) 

Esophagus 11 (7.0%)

Stomach 10 (6.5%)

Others 8 (5.2%)

Type of chemotherapy

Metastatic 128 (82.6%)

Adjuvant 27 (17.4%)

Protocol of chemotherapy

Simplified Folfox-6 61 (39.4%)

Folfirinox 50 (32.3%)

Folfiri 28 (18.1%)

LV5FU2 9 (5.7%)

Folfiri-3 7 (4.5%)

Biotherapy

Yes 74 (47.7%)

No 81 (52.3%)

Line of treatment

1st line 80 (51.6%)

2nd line 45 (29.0%)

3rd line or more 30 (19.4%)
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2 last patients have also benefited from an infusion dose 
reduction.

Importantly, we performed two-paired signed rank 
test comparing the toxicity grades at cycle 1 and 3 for each 
patient (n = 118), which resulted in a significant decrease 

in toxicity at cycle 3 compared with cycle 1 (p = 0.018). 
This decrease in toxicity was associated, for patients who 
developed III/IV toxicities at cycle 1, with a dose decrease 
from 4122.2 mg ± 520.5 at cycle 1 to 4025.0 mg ± 570.9 
and 3921.4 mg ± 796.8 at subsequent cycle 2 and 3.

Figure 1: Differences between the highest and lowest concentration/dose ratios among 3 cycles for each patient (delta 
ratios).

Figure 2: Relationship between 5-FU plasma concentration and 5-FU continuous infusion dose at cycle 1.
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Lastly, a significantly higher number of women 
experienced any grade toxicities at cycle 1 as compared 
with men (43.9% vs 22.5%, p = 0.004).

Efficacy assessment

 Progression-Free Survival (PFS) was assessed in 
an homogenous subset of patients: 52 metastatic colon 
cancer patients in first or second line. Median PFS for 
patients at least once below the target AUC (n = 21) versus 
patients always within or above the target (n = 31) were 
not statistically different (i.e., PFS of 9 and 10 months 

respectively). In the group of patients always within or 
above the target AUC, 25.8% of them had a PFS of more 
than 20 months, while they were only 9.5% in the other 
group (Figure 6).

DISCUSSION

5-FU has been a leading drug in PK-guided cancer 
chemotherapy due to the strong exposure-toxicity 
relationship and an important inter-individual variability 
in its pharmacokinetics. Thus, a number of studies have 
been conducted in order to evaluate an appropriate 

Figure 3: Percentage of patients with 5-FU AUC values below, within or above the therapeutic range for each cycle 
(black columns: cycle 1, white columns: cycle 2, dotted columns: cycle 3).

Figure 4: Percentage of patients developing grade I/II or III/IV toxicity according to the AUC range (black columns: 
below or within the therapeutic range, white columns: above the therapeutic range).
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dose adjustment algorithm and reflect the advantage of 
5-FU PK-guided dosing to reduce toxicity and enhance 
therapeutic outcomes [10, 11, 13–16]. Taking into 
account that the standard guidelines for the treatment of 
gastrointestinal cancer has shifted toward combination 
therapy, the aim of the present study was to extend this 
type of investigation in chemotherapy regimens such 
as simplified FOLFOX-6, FOLFIRINOX, FOLFIRI, 
FOLFIRI-3 and LV5FU2 and evaluate the efficacy of 
PK-guided dose adjustment in daily clinical practice in 
terms of toxicity management and efficacy. In this study, 
an optimal AUC range of 18–28 mg.h/L  was suggested 
and the dose adaptation algorithm was based on analysis 
presented in current literature data [12, 13].

More than half of all patients included in our study 
(50.7%) required dose adaptation after cycle 1 (BSA-based 
dosing). Of these, 38.2% required an increase in dose and 
12.5% a dose reduction in order to achieve the AUC within 
the range. PK-guided 5-FU dosing performed at cycle 2 
resulted in significantly more patients achieving the target 
AUC (66.9%). Dose adaptation in case of under- or over-
exposure was not mandatory in our study. Consequently, 
some oncologists have sometimes, for clinical reasons, 
decided not to follow the dose-adaptation recommendation. 
This explains why only about 67% of patients are in the 

therapeutic range at cycle 2. The study of Patel et al. [16] 
which included 70 colorectal cancer patients receiving 
mFOLFOX-6 regimen resulted in 29.6% of patients in the 
therapeutic range, 51.9% of patients who were under-dosed 
and 18.5% of patients above the range. Gamelin et al. [13] 
compared standard dosing with therapeutic dose monitoring 
in 208 patients treated with 5-FU-based regimen. 17.3% 
patients in PK-guided group, who received their first BSA-
based dose, were above the therapeutic level, 14.4% were 
in therapeutic range and 68% were underexposed. Results 
presented in mentioned studies and our investigation 
demonstrate that the vast majority of patients is not in 
the expected therapeutic range after receiving standard 
5-FU BSA-based dose. We can therefore assume that 
BSA-based 5-FU dosage is associated with significant 
pharmacokinetic variability and may be of limited interest. 
This variability appeared to be smaller during cycle 2 and 3,  
after performing 5-FU dose adjustment.

As previously described, the PK-guided dose 
adjustment algorithm can also reduce the risk of toxicity 
by keeping individual AUC out of the toxic range [2, 3, 
9, 28]. The 5-FU-related toxicities evaluated in our study 
at all 3 cycles were associated with the drug exposure. 
Significantly lower incidences of grade I/II toxicity were 
observed for patients below or within range (19.4%) 

Figure 5: Relative risks of grade I/II and III/IV diarrhea, hand-food syndrome, neutropenia and mucositis in patients 
below or within the AUC range versus overexposed patients. RR > 1 reflects higher incidence in the overexposed group, while 
RR < 1 represents higher incidence in patients below or within the AUC target. RR = Relative Risk, CI = Confidence Interval, NS = Not 
Significant, I/II = grade I/II, III/IV = grade III/IV.
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compared with those above range (41.3%). For grade III 
or IV toxicity the differences of 7.9% versus 15.2% were 
reported, however probably due to low incidence rate 
of this high-grade toxicities, they were not significant. 
The relative risk of any toxicity grade was greater for 
all evaluated adverse effects, however the difference for 
hand-food syndrome and mucositis was not statistically 
significant. Patel et al. [16] in 70 colorectal patients 
receiving mFOLFOX6 regimen observed significantly 
higher rates of any grade III/IV toxicity (e.g. neutropenia 
diarrhea, mucositis, nausea, fatigue) in patients above the 
therapeutics range compared with those below or within 
AUC threshold. Specifically, the incidence of III/IV  
neutropenia and diarrhea was higher in over-exposed 
patients, however mucositis appeared to be slightly more 

frequent in patients within range. This could be explained 
by small number of patients developing grade III/IV 
mucositis in present and Patel’s investigation (5 out of 
154 and 1 of 54 at all 3 cycles, respectively). Moreover, 
although previous studies [29, 30] reported a strong 
correlation between hematological toxicity, diarrhea and 
mucositis, the last one appeared to be more influenced by 
5-FU bolus rather than continuous infusion dosage [4]. In 
addition, our study included patients treated by various 
combination therapy regimens with components that could 
influence the incidences of toxicity in performed analysis.

In order to determine the utility of dose adjustment 
algorithm in daily clinical practice, we evaluated 5-FU 
related toxicities during subsequent cycles. A significant 
decrease in toxicity at cycle 3 compared with cycle 1 was 

Table 3: Frequency of evaluated toxicities at subsequent cycles

Cycle 1 (n = 155) Cycle 2 (n = 154) Cycle 3 (n = 118)

Toxicity All grades Grade I/II Grade
 III/IV All grades Grade I/II Grade 

III/IV All grades Grade I/II Grade 
III/IV

Diarrhea 22.6% (35) 19.4% (30) 3.2% (5) 20.1% (31) 16.9% (26) 3.2% (5) 12.7% (15) 11.9% (14) 0.8% (1)

Hand-food 
syndrome 3.2% (5) 3.2% (5) 0% (0) 2.6% (4) 2.6% (4) 0% (0) 0% (0) 0% (0) 0% (0)

Neutropenia 9.7% (15) 3.9% (6) 5.8% (9) 6.5% (10) 1.3% (2) 5.2% (8) 7.3% (9) 5.1% (6) 2.5% (3)

Mucositis 8.4% (13) 5.2% (8) 3.2% (5) 6.5% (10) 6.5% (10) 0% (0) 2.5% (3) 2.5% (3) 0% (0)

Figure 6: Progression-Free Survival (PFS) of metastatic colon cancer patients in first or second line. Dash line: patients 
with at least one AUC below the target during the 3 first cycles. Black line: patients always within or higher than target during the 3 first 
cycles.
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observed. For the same purpose, efficacy was assessed 
only in metastatic colon cancer patients receiving a 1st 
or 2nd line of chemotherapy, in order to have comparable 
PFS. Patients within or above the target AUC during the 
first 3 cycles were compared to the one with a least one 
AUC below. Despite the lack of difference in median PFS, 
there is a trend to a shortened PFS for patients with at least 
one AUC below the target. A significant body of studies 
demonstrated better tolerability and superior efficacy 
of 5-FU in PK-guided dose adjustment arm in contrast 
with BSA-based dosage arm [11, 13, 14]. The single-arm 
design is a principal limitation of our study, however it 
allowed to evaluate PK-guided 5-FU dose adjustment in 
daily clinical oncology practice.

The main limitation of this work is that, at the time 
of the study, DPD genotyping or phenotyping were not 
available in our institution. Thus, dose adaptation at cycle 1  
based on those criteria was not manageable. However, we 
believe that there is a real interest in detecting, as early 
as the first cycle, patients at risk. Consequently, a DPD 
evaluation in order to select a non-toxic dose at cycle 1,  
and then dose adaptation on further cycles, based on 
exposure, would be the best solution in order to avoid 
toxicity and increase efficacy. For example, as proposed 
by Launay et al. [31], a pre-therapeutic screening of DPD 
activity by phenotyping could be proposed. Patients with 
no DPD deficiency would receive full dose, and patients 
with mild, intermediate or profound deficiency would see 
their doses decrease by respectively 15%, 30% or 50%. 
Then, depending on the observed 5-FU concentrations and 
observed toxicity, dose would be increased or decreased 
accordingly.

Another point that needs to be taken in account is 
linked to the well-known important within-day variability 
of 5-FU [32, 33]. In order to limit this variability, in 
our institution, blood samples are drawn always at the 
same time (i.e., on day 2, between 8 and 10 am). With 
such a procedure, variability between 2 cycles was not 
higher than 17%, allowing the prediction of cycle 2 5-FU 
exposure based on cycle 1 data.

As early as 2001, due to the absence of rationale to 
BSA-dosing for most cytotoxic and in order to simplify 
drug preparation, some authors have proposed to round 
dose (i.e., dose-banding) chemotherapy [34]. This 
approach is already applied in several institutions for some 
drugs [35, 36]. However, due to this very easily-applicable 
TDM, it seems that 5-FU is probably not the best drug 
candidate for such an approach.

At cycle 1, mean AUC values observed for women 
were significantly higher as compared with men, despite 
the same initial dose of 2400 mg/m² and, due to smaller 
BSA in women, lower 5-FU total dose. Additionally, 
we found greater incidence of all grade toxicities in 
female patients as already demonstrated in earlier studies  
[37–40]. A partial explanation of these differences may 
be a decreased clearance of 5-FU among women related 

to the DPD activity, which was reported to be lower in 
women as compared with men [41]. This explanation 
is confirmed by the fact that, at cycle 2, after dose 
adaptation, AUC and toxicity are identical between men 
and women. Thus, this higher risk of toxicity for women is 
more linked to over-exposure than over-sensitivity to 5-FU 
toxic effect. This gender-related exposure leading to 5-FU-
related toxicity raises an important question whether the 
initial dose of 5-FU for female patients should be lower 
than that for men. 

PATIENTS AND METHODS 

Patients

All patients with gastrointestinal cancer who 
were to receive a 46-h continuous 5-fluorouracil 
infusion based protocol from April 2014 to February 
2016 in Dijon’s Clinical Cancer Center were included. 
All patients routinely underwent a blood analysis in 
order to evaluate their 5-FU exposure during the 3 first 
cycles. Consequently, no informed consent was required. 
However, data used in this manuscript were recorded 
in such a manner that subjects could not be identified. 
Patient confidentiality was maintained and the protocol 
for data collection and analysis was in compliance with 
guidelines and approved by our Institutional Review 
Board.

5-FU administration, blood sampling and plasma 
concentration determination

5-FU was administered continuously through 
a portable pump (BodyGuard 323 Colorvison, CME, 
Israel), allowing a controlled flow rate over the entire 
46-h. Blood samples were drawn the day following 
the beginning of a 46-h continuous infusion (between 
8 am and 10 am) during the 3 first cycles. Samples 
were immediately centrifuged and plasma kept frozen 
at –20° C until analyzed. Plasma 5-FU concentrations 
were determined by liquid chromatography as 
described previously [33]. Chloro-uracil was used as 
internal standard. 5-FU was extracted from the plasma 
with isopropanol-ethyl acetate (15/85 v:v) in the 
presence of 200 mg ammonium sulfate to precipitate 
proteins. The organic phase was dried at 50° C under 
nitrogen dioxide and reconstituted with 200 µL  
mobile phase before injection. Mobile phase consisted of 
methanol/water (5/95 v:v). UV detection was performed 
at 265 nm. This method was fully validated for routine 
measurement of 5-FU with a lower limit of quantification 
of 30 µg/L. The linearity was assessed from 30 µg/L 
to 2000 µg/L. Interday variations of the method was 
evaluated using two levels of QC samples (250 and 500 
ng/mL). Interday precision was 10.9% and 7.9% (n = 9) 
respectively, for the two levels tested.
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Determination of intra-individual variability in 
5-FU pharmacokinetics

In order to confirm the linearity of 5-FU 
pharmacokinetics within a patient, over cycle, we 
calculated ratios between 5-FU plasma concentration and 
its dose for all patients and for each cycle. Then, the delta 
ratio, defined as the difference between the highest and 
the lowest values among 3 findings, was calculated. A low 
difference represents low intra-individual variability.

Inter-individual variability in 5-FU 
pharmacokinetics

Area Under the Curve of 5-FU concentrations 
vs. time (AUC) values, representing 5-FU exposure, 
were calculated by multiplying the 5-FU steady state 
concentration (mg/L) by the total infusion time (i.e., 46 
h). During cycle 1, the 5-FU continuous infusion dose was 
based on patient body surface area (BSA-based dosing). 
Beginning with cycle 2, the 5-FU continuous infusion 
dose was then adapted according to an algorithm, derived 
from Gamelin’s one [13], based on the results of the AUC 
values from the previous cycle, targeting an AUC range 
of 18–28 mg.h/L  (PK-guided dosing). No dose adaptation 
was performed after the fourth cycle, except development 
of 5-FU-related toxicity where doses were reduced. 
Clinicians were free to individually adapt 5-FU bolus or 
any other drugs doses included in the protocol.

Toxicity assessment

Assessments of diarrhea, neutropenia, mucositis and 
hand-and-foot syndrome were performed at the beginning 
of every cycle. All adverse effects were clinically or 
biologically evaluated and graded according to the 
National Cancer Institute Common Terminology Criteria 
for Adverse Events version 4.0.

Data analysis

 In the present study, the primary objective was to 
demonstrate that 5-FU PK-guided dosing (i.e., for cycle 
2 and 3) improves the ability to achieve an optimal target 
AUC (i.e. 18–28 mg.h/L). Percentage of patients within 
range at 3 cycles was compared using χ² test. The mean 
AUC values for female and male patients were compared 
using U-Mann-Whitney test.

The secondary objectives were to demonstrate 
lower frequency of 5-FU-related toxicity after PK-
guided dosing and assessment of efficacy. Relative risks 
of adverse effects incidence for patients above or within 
range compared with those who were overexposed were 
analyzed with one-tailed Fisher’s exact test. Efficacy was 
assessed by comparing Progression-Free Survival (PFS) in 
an homogenous subset of patients with metastatic colon 
cancer and receiving 5-FU-based regimens in first or 

second line. PFS was calculated in months from the time of 
5-FU-based chemotherapy initiation to date of documented 
progression or last follow-up. The log-rank test was used to 
assess statistical differences among 2 groups: patients with 
at least one AUC below the target during the 3 first cycles 
vs. patients always within or higher than the target during 
the 3 first cycles. In the present study, a p-value < 0.05 was 
considered as statistically significant.

CONCLUSIONS

Our analysis confirms that the use of BSA-guided 
dosing results in highly variable 5-FU exposure and 
strongly suggests that PK-guided dosing can improve 
tolerability of 5-FU based chemotherapy in patients with 
gastrointestinal cancers. Despite some barriers to the 
effective implementation of 5-FU TDM, including sampling 
time, PK-guided dosing can be successfully performed 
in daily clinical practice using a simple methodology. 
As others phenotypic markers, such as plasma uracil 
concentrations, have been recently shown to be good 
predictors of fluoropyrimidine-associated toxicity [7], it 
is likely that its use in combination with 5-FU TDM will 
further improve the safety of patients treated with 5-FU.

Abbreviations

5-FU: 5-FluoroUracil; AUC: Area Under the Curve 
of concentration vs. time; BSA: Body Surface Area; 
CI: Confidence Interval; DHU: DiHydroUracil; DPD: 
Dihydro-Pyrimidine Deshydrogenase; DPYD: Gene 
coding for DPD; PFS: Progression-Free Survival; PK: 
PharmacoKinetic; RR: Relative Risk; TDM: Therapeutic 
Drug Monitoring; U: Uracil.

Author contributions

Study conception and design: FGh, AS; Acquisition 
of data: FGo, AC, AB, JV, LB, FGh; Analysis and 
interpretation of data: KM, FGo, LM, MD, FGh, AS; 
Drafting of manuscript: KM, AS; Critical revision: KM, 
FGo, FGh, AS; Final approval: KM, FGo, LM, MD, AC, 
AB, JV, LB, FGh, AS.

ACKNOWLEDGMENTS

None.

CONFLICTS OF INTEREST

The authors declare no conflicts of interest.

FUNDING

None.



Oncotarget11569www.impactjournals.com/oncotarget

REFERENCES

 1. Capitain O, Boisdron-Celle M, Poirier AL, Abadie-
Lacourtoisie S, Morel A, Gamelin E. The influence of 
fluorouracil outcome parameters on tolerance and efficacy in 
patients with advanced colorectal cancer. Pharmacogenomics 
J. 2008; 8:256–67. https://doi.org/10.1038/sj.tpj.6500476.

 2. Freeman K, Connock M, Cummins E, Gurung T, Taylor-
Phillips S, Court R, Saunders M, Clarke A, Sutcliffe P. 
Fluorouracil plasma monitoring: systematic review and 
economic evaluation of the My5-FU assay for guiding dose 
adjustment in patients receiving fluorouracil chemotherapy by 
continuous infusion. Health Technol Assess. 2015; 19:1–321, 
v–vi. v–vi. https://doi.org/10.3310/hta19910.

 3. Lee JJ, Beumer JH, Chu E. Therapeutic drug monitoring of 
5-fluorouracil. Cancer Chemother Pharmacol. 2016; 78:447–
64. https://doi.org/10.1007/s00280-016-3054-2.

 4. Gamelin E, Boisdron-Celle M. Dose monitoring of 
5-fluorouracil in patients with colorectal or head and neck 
cancer—status of the art. Crit Rev Oncol Hematol. 1999; 
30:71–79. https://doi.org/10.1016/S1040-8428(98)00036-5.

 5. Tsalic M, Bar-Sela G, Beny A, Visel B, Haim N. Severe 
toxicity related to the 5-fluorouracil/leucovorin combination 
(the Mayo Clinic regimen): a prospective study in colorectal 
cancer patients. Am J Clin Oncol. 2003; 26:103–06. https://
doi.org/10.1097/01.COC.0000017526.55135.6D.

 6. Meulendijks D, Henricks LM, Sonke GS, Deenen MJ, 
Froehlich TK, Amstutz U, Largiadèr CR, Jennings BA, 
Marinaki AM, Sanderson JD, Kleibl Z, Kleiblova P, 
Schwab M, et al. Clinical relevance of DPYD variants 
c.1679T>G, c.1236G>A/HapB3, and c.1601G>A as 
predictors of severe fluoropyrimidine-associated toxicity: 
a systematic review and meta-analysis of individual 
patient data. Lancet Oncol. 2015; 16:1639–50. https://doi.
org/10.1016/S1470-2045(15)00286-7.

 7. Meulendijks D, Henricks LM, Jacobs BA, Aliev A, 
Deenen MJ, de Vries N, Rosing H, van Werkhoven E, de 
Boer A, Beijnen JH, Mandigers CM, Soesan M, Cats A, et 
al. Pretreatment serum uracil concentration as a predictor 
of severe and fatal fluoropyrimidine-associated toxicity. 
Br J Cancer. 2017; 116:1415–24. https://doi.org/10.1038/
bjc.2017.94.

 8. Marques RP, Duarte GS, Sterrantino C, Pais HL, Quintela 
A, Martins AP, Costa J. Triplet (FOLFOXIRI) versus doublet 
(FOLFOX or FOLFIRI) backbone chemotherapy as first-line 
treatment of metastatic colorectal cancer: A systematic review 
and meta-analysis. Crit Rev Oncol Hematol. 2017; 118:54–
62. https://doi.org/10.1016/j.critrevonc.2017.08.006.

 9. Fang L, Xin W, Ding H, Zhang Y, Zhong L, Luo H, Li J, 
Yang Y, Huang P. Pharmacokinetically guided algorithm 
of 5-fluorouracil dosing, a reliable strategy of precision 
chemotherapy for solid tumors: a meta-analysis. Sci Rep. 
2016; 6:25913. https://doi.org/10.1038/srep25913.

10. Kaldate RR, Haregewoin A, Grier CE, Hamilton SA, 
McLeod HL. Modeling the 5-fluorouracil area under the 

curve versus dose relationship to develop a pharmacokinetic 
dosing algorithm for colorectal cancer patients receiving 
FOLFOX6. Oncologist. 2012; 17:296–302. https://doi.
org/10.1634/theoncologist.2011-0357.

11. Capitain O, Asevoaia A, Boisdron-Celle M, Poirier AL, 
Morel A, Gamelin E. Individual fluorouracil dose adjustment 
in FOLFOX based on pharmacokinetic follow-up compared 
with conventional body-area-surface dosing: a phase II, 
proof-of-concept study. Clin Colorectal Cancer. 2012; 
11:263–67. https://doi.org/10.1016/j.clcc.2012.05.004.

12. Gamelin EC, Danquechin-Dorval EM, Dumesnil YF, 
Maillart PJ, Goudier MJ, Burtin PC, Delva RG, Lortholary 
AH, Gesta PH, Larra FG. Relationship between 5-fluorouracil 
(5-FU) dose intensity and therapeutic response in patients 
with advanced colorectal cancer receiving infusional therapy 
containing 5-FU. Cancer. 1996; 77:441–51. https://doi.
org/10.1002/(SICI)1097-0142(19960201)77:3<441::AID-
CNCR4>3.0.CO;2-N.

13. Gamelin E, Delva R, Jacob J, Merrouche Y, Raoul JL, 
Pezet D, Dorval E, Piot G, Morel A, Boisdron-Celle M.  
Individual fluorouracil dose adjustment based on 
pharmacokinetic follow-up compared with conventional 
dosage: results of a multicenter randomized trial of patients 
with metastatic colorectal cancer. J Clin Oncol. 2008; 
26:2099–105. https://doi.org/10.1200/JCO.2007.13.3934.

14. Fety R, Rolland F, Barberi-Heyob M, Hardouin A,  
Campion L, Conroy T, Merlin JL, Rivière A, Perrocheau G,  
Etienne MC, Milano G. Clinical impact of 
pharmacokinetically-guided dose adaptation of 5-fluorouracil: 
results from a multicentric randomized trial in patients with 
locally advanced head and neck carcinomas. Clin Cancer Res. 
1998; 4:2039–45.

15. Thyss A, Milano G, Renée N, Vallicioni J, Schneider M, 
Demard F. Clinical pharmacokinetic study of 5-FU in 
continuous 5-day infusions for head and neck cancer. 
Cancer Chemother Pharmacol. 1986; 16:64–66. https://doi.
org/10.1007/BF00255288.

16. Patel JN, O’Neil BH, Deal AM, Ibrahim JG, Sherrill GB,  
Olajide OA, Atluri PM, Inzerillo JJ, Chay CH, McLeod HL, 
Walko CM. A community-based multicenter trial of 
pharmacokinetically guided 5-fluorouracil dosing for 
personalized colorectal cancer therapy. Oncologist. 2014; 
19:959–65. https://doi.org/10.1634/theoncologist.2014-0132.

17. Ychou M, Duffour J, Kramar A, Debrigode C, Gourgou S, 
Bressolle F, Pinguet F. Individual 5-FU dose adaptation in 
metastatic colorectal cancer: results of a phase II study using a 
bimonthly pharmacokinetically intensified LV5FU2 regimen. 
Cancer Chemother Pharmacol. 2003; 52:282–90. https://doi.
org/10.1007/s00280-003-0658-0.

18. Paci A, Veal G, Bardin C, Levêque D, Widmer N, Beijnen J, 
Astier A, Chatelut E. Review of therapeutic drug monitoring 
of anticancer drugs part 1—cytotoxics. Eur J Cancer. 2014; 
50:2010–9. https://doi.org/10.1016/j.ejca.2014.04.014.

19. Bardin C, Veal G, Paci A, Chatelut E, Astier A, Levêque D, 
Widmer N, Beijnen J. Therapeutic drug monitoring in 



Oncotarget11570www.impactjournals.com/oncotarget

cancer—are we missing a trick? Eur J Cancer. 2014; 
50:2005–09. https://doi.org/10.1016/j.ejca.2014.04.013.

20. Bocci G, Barbara C, Vannozzi F, Di Paolo A, Melosi A, 
Barsanti G, Allegrini G, Falcone A, Del Tacca M, Danesi R. 
A pharmacokinetic-based test to prevent severe 5-fluorouracil 
toxicity. Clin Pharmacol Ther. 2006; 80:384–95. https://doi.
org/10.1016/j.clpt.2006.06.007.

21. Di Paolo A, Lencioni M, Amatori F, Di Donato S, Bocci G, 
Orlandini C, Lastella M, Federici F, Iannopollo M, 
Falcone A, Ricci S, Del Tacca M, Danesi R. 5-fluorouracil 
pharmacokinetics predicts disease-free survival in patients 
administered adjuvant chemotherapy for colorectal 
cancer. Clin Cancer Res. 2008; 14:2749–55. https://doi.
org/10.1158/1078-0432.CCR-07-1529.

22. Ibrahim T, Di Paolo A, Amatori F, Mercatali L, Ravaioli E, 
Flamini E, Sacanna E, Del Tacca M, Danesi R, Amadori D. 
Time-dependent pharmacokinetics of 5-fluorouracil and 
association with treatment tolerability in the adjuvant setting 
of colorectal cancer. J Clin Pharmacol. 2012; 52:361–69. 
https://doi.org/10.1177/0091270010396710.

23. Caudle KE, Thorn CF, Klein TE, Swen JJ, McLeod HL, 
Diasio RB, Schwab M. Clinical Pharmacogenetics 
Implementation Consortium guidelines for dihydropyrimidine 
dehydrogenase genotype and fluoropyrimidine dosing. Clin 
Pharmacol Ther. 2013; 94:640–45. https://doi.org/10.1038/
clpt.2013.172.

24. Zhou ZW, Wang GQ, Wan S, Lu ZH, Chen YB, Li S, Chen G, 
Pan ZZ. The dihydrouracil/uracil ratios in plasma and 
toxicities of 5-fluorouracil-based adjuvant chemotherapy in 
colorectal cancer patients. Chemotherapy. 2007; 53:127–31. 
https://doi.org/10.1159/000099984.

25. Wettergren Y, Carlsson G, Odin E, Gustavsson B. 
Pretherapeutic uracil and dihydrouracil levels of colorectal 
cancer patients are associated with sex and toxic side effects 
during adjuvant 5-fluorouracil-based chemotherapy. Cancer. 
2012; 118:2935–43. https://doi.org/10.1002/cncr.26595.

26. Galarza AF, Linden R, Antunes MV, Hahn RZ, Raymundo S, 
da Silva AC, Staggemeier R, Spilki FR, Schwartsmann G. 
Endogenous plasma and salivary uracil to dihydrouracil 
ratios and DPYD genotyping as predictors of severe 
fluoropyrimidine toxicity in patients with gastrointestinal 
malignancies. Clin Biochem. 2016; 49:1221–26. https://doi.
org/10.1016/j.clinbiochem.2016.07.004.

27. Ciccolini J, Mercier C, Evrard A, Dahan L, Boyer 
JC, Duffaud F, Richard K, Blanquicett C, Milano G, 
Blesius A, Durand A, Seitz JF, Favre R, et al. A rapid and 
inexpensive method for anticipating severe toxicity to 
fluorouracil and fluorouracil-based chemotherapy. Ther 
Drug Monit. 2006; 28:678–85. https://doi.org/10.1097/01.
ftd.0000245771.82720.c7.

28. Beneton M, Chapet S, Blasco H, Giraudeau B, Boisdron-
Celle M, Deporte-Fety R, Denis F, Narcisso B, Calais 
G, Le Guellec C. Relationship between 5-fluorouracil 
exposure and outcome in patients receiving continuous 
venous infusion with or without concomitant radiotherapy. 

Br J Clin Pharmacol. 2007; 64:613–21. https://doi.
org/10.1111/j.1365-2125.2007.02951.x

29. Schneider M, Etienne MC, Milano G, Thyss A, Otto J, 
Dassonville O, Mobayen H, Saudes L, Guillot T, Demard F. 
Phase II trial of cisplatin, fluorouracil, and pure folinic acid 
for locally advanced head and neck cancer: a pharmacokinetic 
and clinical survey. J Clin Oncol. 1995; 13:1656–62. https://
doi.org/10.1200/JCO.1995.13.7.1656.

30. Trump DL, Egorin MJ, Forrest A, Willson JK, Remick S, 
Tutsch KD. Pharmacokinetic and pharmacodynamic analysis 
of fluorouracil during 72-hour continuous infusion with and 
without dipyridamole. J Clin Oncol. 1991; 9:2027–35. https://
doi.org/10.1200/JCO.1991.9.11.2027.

31. Launay M, Dahan L, Duval M, Rodallec A, Milano G, 
Duluc M, Lacarelle B, Ciccolini J, Seitz JF. Beating the odds: 
efficacy and toxicity of dihydropyrimidine dehydrogenase-
driven adaptive dosing of 5-FU in patients with digestive 
cancer. Br J Clin Pharmacol. 2016; 81:124–30. https://doi.
org/10.1111/bcp.12790.

32. Saam J, Critchfield GC, Hamilton SA, Roa BB, Wenstrup RJ, 
Kaldate RR. Body surface area-based dosing of 5-fluoruracil 
results in extensive interindividual variability in 5-fluorouracil 
exposure in colorectal cancer patients on FOLFOX regimens. 
Clin Colorectal Cancer. 2011; 10:203–06. https://doi.
org/10.1016/j.clcc.2011.03.015.

33. Wilhelm M, Mueller L, Miller MC, Link K, Holdenrieder 
S, Bertsch T, Kunzmann V, Stoetzer OJ, Suttmann I, Braess 
J, Birkmann J, Roessler M, Moritz B, et al. Prospective, 
Multicenter Study of 5-Fluorouracil Therapeutic Drug 
Monitoring in Metastatic Colorectal Cancer Treated in 
Routine Clinical Practice. Clin Colorectal Cancer. 2016; 
15:381–388. https://doi.org/10.1016/j.clcc.2016.04.001.

34. Plumridge RJ, Sewell GJ. Dose-banding of cytotoxic drugs: 
a new concept in cancer chemotherapy. Am J Health Syst 
Pharm. 2001; 58:1760–64.

35. Chatelut E, White-Koning ML, Mathijssen RH, Puisset F, 
Baker SD, Sparreboom A. Dose banding as an alternative to 
body surface area-based dosing of chemotherapeutic agents. 
Br J Cancer. 2012; 107:1100–06. https://doi.org/10.1038/
bjc.2012.357.

36. Reinhardt H, Trittler R, Eggleton AG, Wöhrl S, Epting 
T, Buck M, Kaiser S, Jonas D, Duyster J, Jung M, Hug 
MJ, Engelhardt M. Paving the Way for Dose Banding of 
Chemotherapy: An Analytical Approach. J Natl Compr 
Canc Netw. 2017; 15:484–93. https://doi.org/10.6004/
jnccn.2017.0048.

37. Sloan JA, Goldberg RM, Sargent DJ, Vargas-Chanes D, 
Nair S, Cha SS, Novotny PJ, Poon MA, O’Connell MJ, 
Loprinzi CL. Women experience greater toxicity with 
fluorouracil-based chemotherapy for colorectal cancer. J 
Clin Oncol. 2002; 20:1491–98. https://doi.org/10.1200/
JCO.2002.20.6.1491.

38. Chansky K, Benedetti J, Macdonald JS. Differences in 
toxicity between men and women treated with 5-fluorouracil 



Oncotarget11571www.impactjournals.com/oncotarget

therapy for colorectal carcinoma. Cancer. 2005; 103:1165–71. 
https://doi.org/10.1002/cncr.20878.

39. Boige V, Vincent M, Alexandre P, Tejpar S, Landolfi S, Le 
Malicot K, Greil R, Cuyle PJ, Yilmaz M, Faroux R, Matzdorff 
A, Salazar R, Lepage C, et al. DPYD Genotyping to Predict 
Adverse Events Following Treatment With Flourouracil-
Based Adjuvant Chemotherapy in Patients With Stage III 
Colon Cancer: A Secondary Analysis of the PETACC-8 
Randomized Clinical Trial. JAMA Oncol. 2016; 2:655–62. 
https://doi.org/10.1001/jamaoncol.2015.5392.

40. Ciccolini J, Milano G. Women at a Disadvantage in 
Fluorouracil Treatment. JAMA Oncol. 2016; 2:829–30. 
https://doi.org/10.1001/jamaoncol.2016.1086.

41. Etienne MC, Lagrange JL, Dassonville O, Fleming R, Thyss 
A, Renée N, Schneider M, Demard F, Milano G. Population 
study of dihydropyrimidine dehydrogenase in cancer patients. 
J Clin Oncol. 1994; 12:2248–53. https://doi.org/10.1200/
JCO.1994.12.11.2248 


