
Phase I, pharmacokinetic, and bone marrow drug-level
studies of trimonthly 48-h infusion of high-dose 5-fluorouracil
and leucovorin in patients with metastatic colorectal cancers
Yunn-Fang Hoa,b, Wan-Chen Lua, Russel Rhei-Long Chenb, Ann-Lii Chengc,d,e

and Kun-Huei Yehc,d

The primary aim of the high-dose 5-fluorouracil (5-FU) and

leucovorin (LV; HDFL48) phase I study was to determine

the maximum tolerated dose and dose-limiting toxicity

of 5-FU and LV with modified trimonthly 48-h continuous

infusion of high-dose 5-FU/LV in patients with metastatic

colorectal cancer. The study also determined the

pharmacokinetic parameters of 5-FU, especially steady-

state plasma and bone marrow (BM) concentrations.

Eligibility included serum triglyceride of more than or equal

to 70 mg/dl, adequate BM function, and the major typical

trial criteria. Sixteen patients who were enrolled received

trimonthly 5-FU at 2500 mg/m2/48 h/week (with 500

then 250 mg/m2/48 h/week escalation by a conventional

3–3 schema up to 3750 mg/m2/48 h/week) and LV at

300 mg/m2/48 h on days 1, 8, and 15 during a regular

28-day cycle. The maximum tolerated dose of 5-FU was

3750 mg/m2/48 h/week with this trimonthly schedule.

Dose-limiting toxicities were grade III neutropenia with

more than 1-week delay of the next cycle, grade III

mucositis, diarrhea, and hand–foot syndrome for more

than 3 days. The regimen maintains significant

concentration differences between steady-state plasma

and BM concentrations (8.06 ± 6.39 vs. 2.89 ± 1.01 lmol/l,

P = 0.021) as measured by high-performance liquid

chromatography. Toxicities were of minor grade and

were tolerable, with minimal myelotoxicity significantly

associated with low steady-state BM concentration.

None had 5-FU-related hyperammonemic encephalopathy.

Three patients had an objective partial response

(18.8%, 95% confidence interval: 4–46%) and two of the 14

patients, who had failed HDFL24 (2600 mg/m2/24 h/week),

had a partial response to HDFL48 (14.3% partial response,

95% confidence interval 2–43%). Median progression-free

survival and overall survival were 4.1 months (range:

1.8–12.5) and 10.5 months (range: 2.7–32.1), respectively.

The efficacy and low myelotoxicity of HDFL48 were

attributed to the sustained adequate steady-state plasma

concentration and an average 2.63-fold concentration

gradient between plasma and BM compartments at

steady state. The recommended 5-FU dose for use in

future trials was 3500 mg/m2/48 h/week, with a fixed

dose of LV at 300 mg/m2/48 h/week. Anti-Cancer Drugs
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Introduction
Colorectal cancer (CRC) ranks as the second most common

malignancy in terms of incidence and mortality in developed

countries [1], with approximately 1 million new diagnoses

and half a million deaths worldwide annually. The 5-year

survival for CRC is approximately 50–60% after appropriate

treatment [1]. Continued development of effective che-

motherapy regimens is essential for a reduction of disease

recurrence and prolongation of patient survival.

The fluorinated pyrimidine 5-fluorouracil (5-FU), an

antimetabolite synthesized in 1957 [2], has long been

used in chemotherapy for CRCs [3]. The cytotoxicity of

5-FU seems to be associated primarily with its converted

metabolite 5-fluorodeoxyuridine monophosphate, which

binds tightly to thymidylate synthase in the presence

of a reduced folate cofactor and, thereby prevents

DNA synthesis [4]. Leucovorin (LV, folinic acid, 5-formyl

tetrahydrofolate), by ensuring the thymidylate synthase–

5-fluorodeoxyuridine monophosphate–folate complex for-

mation, is commonly supplemented as a biomodulator in

5-FU regimens to enhance its efficacy. Recent strategies

combining 5-FU/LV with newer antineoplastic agents, such

as irinotecan and oxaliplatin, have shown superior response

rates (RRs) when compared with 5-FU/LV alone [5–7].

Nevertheless, the 5-FU-based infusion regimen remains

the cornerstone for the treatment of advanced CRC and

has been advocated by oncologists worldwide [4,8].

5-FU is renowned for its diverse intrapatient and inter-

patient variability in plasma levels and therapeutic respon-

ses [9]. Numerous attempts have been made to improve
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the efficacy and toxicity profiles of 5-FU through modifi-

cations in dose intensity [10–12], route of administration

[13], administration schedule [3,10,13], biomodulator

selection [14,15], and special pharmacokinetics-guided

dosage adjustment [16,17]. Augmented by both in-vitro

and clinical evidence [18,19], it is generally accepted that

a longer and sustained exposure to 5-FU plasma concen-

tration through continuous infusion together with LV

results in superior tumor response and less toxicity.

The maximum tolerated doses (MTDs) for 5-FU in pro-

tracted 28-day continuous infusion and in weekly high-dose

5-FU/LV 24-h continuous infusion protocols (HDFL24)

were determined to be 450 mg/m2/day [20] and 2600 mg/

m2/24 h/week [21], respectively. The latter HDFL24

regimen, sometimes with LV dosage reduction, has been

adopted by oncologists, resulting in satisfactory responses

without calcite precipitation [22,23]. Furthermore, clinical

research groups in Canada [10], Spain [15,24–26], and

France [12,14,27] have evaluated a 48-h continuous

infusion 5-FU schedule. However, this regimen resulted

in variable outcomes depending on the 5-FU dosage (2000–

4000 mg/m2/48 h), administration frequency (weekly vs.

bimonthly), presence of LV modulation (with vs. without),

LV dosage (0–500 mg/m2/day), and route of LV administra-

tion (oral vs. intravenous).

The optimal 5-FU infusion dose and schedule remain

unclear. Intriguingly, data from an in-vitro study suggest

that a 5-FU concentration of 2.5 mmol/l, a level less than

half of that achieved by 24-h infusion of 5-FU at 2600 mg/

m2, still effectively suppressed free thymidylate synthase

([18] data not shown). Our preliminary results also

indicate that exposure of cancer cells to 2.5 mmol/l of

5-FU for more than 24 h may result in even higher

cytotoxicity. At this serum concentration, we do not

expect any increment of myelotoxicity [19], with the

major concerns being hand–foot syndrome and mucositis.

Clinical evidence indicates that weekly schedules sig-

nificantly alleviate the severity of mucositis. Furthermore,

a resting period of 1 week between each cycle helps

relieve hand–foot syndrome [23]. Taken together, we

hypothesize that HDFL48, by sustaining effective 5-FU

concentration in plasma, yet sequestering bone marrow

(BM) from 5-FU infiltration, would further improve

the efficacy of HDFL24 regimens without causing

significantly more toxicity. The results of the bimonthly

48-h infusion protocol used by de Gramont et al.
[12,14,27] seem to support this suggestion. These

findings may form the basis for further exploration of

the optimal dose/schedule for the treatment of CRC with

5-FU infusion. To optimize an antineoplastic therapy for

metastatic CRC, a trimonthly 48-h infusion of high-dose

5-FU and LV (HDFL48) was designed with the goal of

achieving a longer, sustained exposure of tumors to a

cytotoxic concentration of 5-FU.

The primary objective of this phase I pharmacokinetic

(PK) and BM study was to determine the MTD and

dose-limiting toxicity (DLT) of 5-FU and LV with this

novel trimonthly 48-h infusion schedule, and to collect

patient toxicity profiles at different dose levels of 5-FU/

LV 48-h infusion. A secondary objective was to study the

PK parameters of 5-FU, in particular steady-state plasma

(CSS) and BM (CBM) concentrations, during this 48-h

continuous infusion regimen with 5-FU dosage escala-

tions and fixed-dose LV. Finally, patient data were used to

show that an absence of myelosuppression under this

regimen of prolonged infusion may be related to the

resultant lower BM levels of 5-FU.

Patients and methods
Study design and patient eligibility

This phase I clinical study was approved by the Research

Ethics Committee of the National Taiwan University

Hospital, Taipei, Taiwan. A typical cycle of trimonthly

HDFL48 was initiated with 5-FU (2500 mg/m2/48 h/

week; with dosage escalation) and LV (300 mg/m2/48 h/

week fixed dose) in normal saline by intravenous infusion

(Table 1). After three doses of HDFL48 (days 1, 8, 15),

patients rested for 1 week, and then the subsequent cycle

was started on day 29. The dose of 5-FU was determined

at the entry level. A conventional 3–3 dose-escalation

schema was used to determine the MTD of this combi-

nation; namely, cohorts of three patients were treated at

each dose level. If no DLT was seen at a given dose level,

the dose was escalated for the next cohort. If the

incidence of DLT was 33%, then three more patients

were treated at the same level. If no further patients of

DLT were seen in the additional patients, then the dose

level was escalated for the next cohort. Otherwise, dose

escalation stopped at two of six patients with DLT. If the

Table 1 Dosage escalation schema

Study protocol (mg/m2/48 h/week) Actual dosage administered (mg/48 h/week; n = 17a)

Dosage levels 5-fluorouracil Leucovorin 5-fluorouracil Leucovorin (n)

I 2500 300 4066.7 ± 635.6 483.3 ± 76.4 (3)
II 3000 300 4719.0 ± 715.1 470.8 ± 71.2 (4)
III 3500 300 5737.5 ± 384.0 489.5 ± 32.9 (4)
IV 3750 300 6151.7 ± 744.7 499.8 ± 47.2 (6)

Data are expressed as mean ± standard deviation.
aOne patient had participated trials of both I and II dosage levels.
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incidence of DLT was greater than 33% at a given level,

then dose escalation also stopped. MTD was defined as

the dose level at which two or more of the six patients

experienced DLT. The recommended phase II dose was

defined as one dose level below the MTD. Patients were

de-escalated in the next cycle if DLT had been reached

and continuous treatment was indicated. Intrapatient

dose escalation was allowed in subsequent cycles for

patients with stable disease after completion of two

cycles, as a higher dose of 5-FU is possibly associated with

better efficacy for patients with stable disease.

Patients who signed consent were enrolled from the

outpatient clinics and the inpatient wards of the

Department of Oncology, National Taiwan University

Hospital. All patients were 18 years of age or older. The

inclusion criteria were pathologically proven metastatic

colorectal adenocarcinoma indicated for 5-FU chemother-

apy or failure before 5-FU therapy of other schedules, at

least one measurable tumor by image studies, Karnofsky

performance status of more than or equal to 50%, fasting

serum triglyceride of more than or equal to 70 mg/dl [28],

adequate BM function (leukocytes Z 3000/ml or absolute

neutrophil counts Z 1500/ml, and platelets Z 75 000/ml),

renal function (serum creatinine r 1.5 mg/dl and protei-

nuria r 1 +), hepatic function (serum total bilirubin and

transaminase r 3.5� the upper limits of reference

values), and at least a 4-week interval after earlier chemo-

therapy or radiotherapy. A fasting serum triglyceride level

of less than 70 mg/dl was considered to be an important

risk factor for HDFL-related neurotoxicity [28]. Fasting

triglyceride data were checked by a central laboratory

during an interval of not more than 7 days before the start

of HDFL48. Major exclusion criteria included concomi-

tant antineoplastic therapy or radiotherapy, central

nervous system metastasis, unacceptable mental status,

pregnancy, and major systemic diseases.

Evaluation of toxicity and efficacy

The safety and efficacy profiles of the trimonthly

HDFL48 therapy were evaluated during the study. The

assessments before chemotherapy included obtaining a

detailed medical history, physical examination, complete

blood counts, blood chemistry tests, chest radiograph, and

computed tomographic scans of the abdomen and pelvis.

After the initiation of protocol treatment, complete blood

counts were evaluated weekly and blood chemistry was

assessed every 2 weeks. Patient condition and treatment-

related toxicities were evaluated weekly. Tumor size was

measured every 8 weeks by imaging, or when there were

any clinical signs of possible tumor progression. Tumor

response was evaluated according to the World Health

Organization criteria. Toxicities were graded by using the

National Cancer Institute-Common Toxicity Criteria

(National Cancer Institute-CTC, version 2.0).

DLT was defined as the occurrence of any one of the

following: (i) hematological toxicities, including (a) grade

IV neutropenia (absolute neutrophil count < 500/ml) or

thrombocytopenia (platelet < 25 000/ml) for more than

3 days, (b) febrile neutropenia (absolute neutrophil count

< 500/ml with body temperature > 38.51C) or neutrope-

nic sepsis, or (c) neutrophil count fails to reach 1500/ml or

platelet count fails to reach 75 000/ml by day 36 (i.e. more

than 1-week delay of the scheduled next cycle of

trimonthly HDFL48); or (ii) nonhematological toxicities

including (a) any grade IV toxicity, (b) grade III neuro-

logical toxicity for more than 3 days, (c) any grade III

nonhematological, non-neurological toxicity for more than

3 days, or (d) any grade III/IV toxicity by day 36 (i.e. more

than 1-week delay of the scheduled next cycle of tri-

monthly HDFL48).

Materials

5-fluorouracil (5-FU, fluoro-uracil) and leucovorin (LV,

rescuvolin) for human use were manufactured by Hoff-

mann-La Roche (Nutley, New Jersey, USA) and PCH

Pharmachemie (Swensweg, Haarlem, The Netherlands),

respectively. Reagents for high-performance liquid chro-

matography (HPLC) analysis, including 5-FU, 5-bromour-

acil, uracil, and diethyl ether (HPLC grade), were from

Sigma (St Louis, Missouri, USA). Potassium dihydrogen

phosphate, 85% orthophosphoric acid, and other HPLC-

grade reagents, including acetonitrile, methanol, n-propa-

nol, and isopropanol were provided by Merck (Darmstadt,

Germany). Highly purified water produced by a Millipore

Direct-Q5 system (Billerica, Massachusetts, USA) was

used for all preparations.

Pharmacokinetic study and sample preparation

Blood samples (5 ml/each) were collected through

indwelling intravenous cannulae in heparinized tubes at

the end of the first dose of the first cycle of HDFL48

(CSS), and 20 (C20) and 40 min (C40) postinfusion to

assess the pharmacokinetic characteristics of 5-FU

(Fig. 1). Using the standard BM aspiration technique

from iliac crests or the sternum, we completed the BM

Fig. 1

HDFL48

(48 h intravenous infusion)

Eligibility check,
baseline assessment

First dose of the first cycle

Bone marrow aspiration:

Postinfusion (min)

200

(CBM)

(CSS) (C20) (C40)

40

Blood sampling:

Pharmacokinetic study design. CBM, steady-state bone marrow
concentration; CSS, steady-state plasma concentration;
HDFL, high-dose 5-fluorouracil and leucovorin.
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aspiration procedure immediately before the completion

of the first dose of the first cycle of HDFL48. BM

aspirate (5 ml/each) was collected in heparinized tubes.

Both blood and BM samples were immediately centri-

fuged at 3000 g for 5 min. The resulting supernatants

(plasma) were stored at – 801C until assayed. All plasma

samples were further processed for HPLC analysis

according to the method of Escoriaza et al. [29]. Moreover,

a final purification step involving centrifugal filtration with

0.45mm low-binding Durapore membrane (Ultrafree-MC,

Millipore, USA) was carried out immediately before

sample injection into the HPLC system.

Liquid chromatography

Plasma samples were assayed for 5-FU using an Agilent

1100 HPLC system (Agilent Technologies, Palo Alto,

California, USA) equipped with a quaternary pump

(G1311A, with continuous seal wash), diode array detec-

tors (G1315B, multiple wavelength), a thermostatted

autosampler (G1330A), a thermostatted column compart-

ment (G1316A), and a vacuum degasser (G1322A).

Instrument control and data evaluation were carried out

using the Agilent ChemStation (Agilent Technologies)

for the LC System. 5-FU concentration was determined

as described earlier [29]. Chromatographic separation was

carried out on a LiChrospher RP-18 analytical column

(250 mm� 4.6 mm, 5 mm particle size; Supelco, Philadel-

phia, Pennsylvania, USA), with a small guard column

containing the same material (4.0� 3.0 mm). The mobile

phase was 50 mmol/l of KH2PO4 adjusted to pH 3.0 with

85% orthophosphoric acid. The total run time of the

analysis was 30 min. The flow rates and respective temp-

eratures were as follows: 0–10 min, 1 ml/min at 251C;

10–20 min, 1.7 ml/min at 171C; and 20–30 min, 1 ml/min

at 251C. Sample detection was done at 266 nm with an

injection volume of 20 ml.

Pharmacokinetic analysis

Pharmacokinetic parameters of 5-FU were determined

based on linear pharmacokinetics with first-order elim-

ination. The parameters assessed included 5-FU-CSS,

concentration at the end of infusion; 5-FU-CBM, also

concentration at the end of infusion; terminal-phase rate

constant (k), slope of semilog plot of CSS, C20, C40 versus

time; terminal half-life (t1/2 = 0.693/k); plasma clearance

(Cl = infusion rate/CSS); and apparent volume of dis-

tribution (Vd = Cl/k).

Statistical analysis

Patients who were evaluable for response were those who

had completed at least two cycles of treatment. All

enrolled intent-to-treat patients were subjected to

toxicity evaluations. Progression-free survival (PFS) was

defined as the duration from the date of protocol

treatment initiation to the date of documented disease

progression or death by any cause. Overall survival was

defined as the duration from the date of protocol

treatment initiation to the date of death. The Kaplan–

Meier method was used in all survival analyses.

The significance of differences in PK parameters among

the different compartments or subsets of patients was

estimated by t-test, with P values of less than 0.05

considered to be statistically significant. All values were

expressed as mean ± standard deviation. Statistical ana-

lyses were done using SAS software (v.8.01; SAS

Institute, Cary, North Carolina, USA) for regression

analysis.

Results
This study used four different 5-FU dosage levels,

ranging from 2500 to 3750 mg/m2/48 h/week. Sixteen

patients (10 men and six women) at 17 person-dosage-

levels were enrolled in the study. The mean patient age

was 51.5 years (range: 27–80 years). In one patient, whose

CSS was extraordinarily low, and had an intrapatient dos-

age escalation from level I to II, and the higher dosage of

5-FU was possibly associated with a better chance of res-

ponse. The actual doses of 5-FU that were administered

were 4066.7 ± 635.6, 4719.0 ± 715.1, 5737.5 ± 384.0, and

6151.7 ± 744.7 mg/48 h/week for dosage levels I, II, III,

and IV, respectively (Table 1).

Patient demographics and disease status are summarized

in Table 2. All of these patients with CRC had meta-

stases, with the liver being the most frequent metastatic

site. Patients had undergone various treatments earlier,

including surgery (87.5%), chemotherapy (93.8%), and

radiotherapy (37.5%). Earlier chemotherapeutic regimens

received included HDFL24, tegafur–uracil, irinotecan,

irinotecan plus 5-FU/LV, irinotecan plus HDFL24, or

oxaliplatin plus HDFL24. Only one patient was chemo-

naive. Eight of the 16 patients (50%) had failed oxali-

platin and/or irinotecan-based regimens (six patients:

both oxaliplatin and irinotecan; seven: oxaliplatin; and

seven: irinotecan), and they had benefits in terms of

median PFS of 3.8 months (range 2.0–11.0) under

HDFL48 treatment.

The MTD of 5-FU, the primary objective of this study,

was established at 3750 mg/m2/48 h/week, with a fixed

dose of LV at 300 mg/m2/48 h/week, for this novel

trimonthly 48-h infusion HDFL48 schedule. DLT for

this 5-FU/LV schedule occurred in two out of six patients

receiving treatment level IV. One patient developed grade

III neutropenia (absolute neutrophil count < 500/ml) and

the patient’s neutrophil counts failed to reach 1500/ml by

day 36 (i.e. more than 1-week delay of the scheduled next

cycle of trimonthly HDFL48). Another patient developed

grade III mucositis, diarrhea, and hand–foot syndrome for

more than 3 days. None of the 16 patients developed

grade IV neutropenia, neutropenic sepsis, or 5-FU-related

hyperammonemic encephalopathy in a total of 80 trimon-

thly cycles administered. For a future phase II study, the
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recommended dose of 5-FU was 3500 mg/m2/48 h/week,

with a fixed dose of LV at 300 mg/m2/48 h/week in this

HDFL48 trimonthly 48-h infusion schedule.

According to the protocol, the patients were allocated to

HDFL48 for assessing 5-FU PK dispositions under

dosage levels of I, II, and III. The measured steady-state

CSS and CBM of 5-FU at various dosage levels are shown in

Table 3. The mean values of CSS and CBM reached

statistical difference (8.06 ± 6.39 vs. 2.89 ± 1.01 mmol/l,

P = 0.0210; Table 4), with a mean CSS-to-CBM ratio of

2.63 ± 1.40. In fact, the CSS-to-CBM ratios were all above

1 (range, 1.61–5.01), with the exception of one particular

dose-escalated individual, whose CSS-to-CBM ratio was

0.73 for dosage level I and was unknown (CBM

undetectable) for level II. The higher the dosage level,

a tendency for higher CSS-to-CBM ratios was also noticed.

Other parameters, such as k, t1/2, Cl, and Vd, were also

calculated (Table 3). The t1/2 was 7.21 ± 2.51 min and

did not show much variation across the three dosage

levels. In contrast, plasma clearance showed a large

variance among individuals (range 592–7074 ml/min).

Table 2 Patient characteristics

HDFL48 dosage levels

I (n = 3) II (n = 4a) III (n = 4) IV (n = 6)

Age (mean) 55.3 (44 –72) 49.8 (27 –75) 55.8 (39 – 80) 54.8 (41 –70)
Male, n (%) 2 (67) 3 (75) 3 (75) 3 (50)
BSA (m2) 1.63 (1.35 – 1.85) 1.57 (1.22 – 1.75) 1.65 (1.50 – 1.76) 1.65 (1.34 – 1.84)
KPS (%) 83.3 (80 – 90) 85 (70 – 90) 82.5 (60 – 90) 86.7 (80 – 90)
Blood chemistry

AST (U/l) 29.0 (25 – 32) 28.8 (26 – 32) 31.0 (25 – 37) 41.7 (18 – 90)
ALT (U/l) 24.3 (12 – 35) 21.3 (12 – 29) 45.0 (21 – 61) 20.3 (17 – 26)

Bilirubin (mg/dl)
Direct 0.23 (0.2 – 0.3) 0.23 (0.2 – 0.3) 0.30 (0.2 – 0.5) 0.62 (0.1 – 2.8)
Total 0.57 (0.5 – 0.7) 0.50 (0.3 – 0.7) 0.65 (0.4 – 1) 1.19 (0.3 – 3.6)
Creatinine (mg/dl) 1.2 (0.8 – 1.6) 0.97 (0.7 – 1.58) 0.78 (0.5 – 1.2) 0.78 (0.6 – 1.0)
BUN (mg/dl) 16.6 (12.4 – 23.7) 16.8 (12.3 – 27.9) 15.9 (12.4 – 17.9) 14.3 (7.2 – 18.8)

Site of primary tumor in colon or rectum
Ascending, n (%) 1 (33.3) 1 (25.0) — —
Transverse, n (%) 1 (33.3) 1 (25.0) 1 (25.0) —
Descending, n (%) 1 (33.3) 1 (25.0) 2 (50.0) 1 (16.7)
Sigmoid — 1 (25.0) 1 (25.0) 1 (16.7)
Rectosigmoid — — — 2 (33.3)
Rectum — — — 2 (33.3)

Site of metastasis
Liver, n (%) 3 (100) 4 (100) 3 (75.0) 6 (100)
Bone, n (%) 2 (66.7) 2 (50.0) 1 (25.0) —
Lymph node, n (%) 1 (33.3) 1 (25.0) 2 (50.0) 3 (50.0)
Peritoneum — 1 (25.0) 2 (50.0) —
Lung, n (%) 1 (33.3) 2 (50.0) — 2 (33.3)

Primary tumor resection, n (%) 3 (100) 4 (100) 2 (50.0) 6 (100)
Earlier chemotherapy, n (%) 2 (66.7) 4 (100) 4 (100) 6 (100)
Earlier radiotherapy, n (%) 1 (33.3) 1 (25.0) 1 (25.0) 3 (50.0)

Figures are mean values or number of patients with ranges in brackets and percentages in parentheses.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BSA, body surface area; BUN, blood urea nitrogen; HDFL, high-dose 5-fluorouracil and leucovorin; KPS,
Karnofsky performance status.
aOne patient had participated in trials of both I and II dosage levels.

Table 3 Pharmacokinetic parameters of 5-fluorouracil in patients
with metastatic colorectal cancer at HDFL48 dosage levels I–III

HDFL48 dosage levels (mg/48 h/week)

PK
parameters I (n = 3) II (n = 4a) III (n = 4) Total (n = 11a)

CSS (mmol/l) 5.63 ± 3.61 4.74 ± 1.81 12.42 ± 8.24 7.78 ± 6.14
CBM (mmol/l) 2.90 ± 1.14 2.06 ± 0.67 3.50 ± 0.84 2.89 ± 1.01
k (min – 1) 0.104 ± 0.012 0.103 ± 0.051 0.115 ± 0.056 0.108 ± 0.041
t1/2 (min) 6.72 ± 0.77 7.76 ± 3.27 7.16 ± 3.29 7.21 ± 2.51
Cl (ml/min) 3.284 ± 3.283 3.147 ± 1.587 1.696 ± 973 2.656 ± 1.944
Vd (l) 29.6 ± 26.5 39.4 ± 24.0 14.7 ± 6.8 26.6 ± 20.5

Results are given as mean ± standard deviation (SD).
CBM, 5-fluorouracil BM concentration at the steady state, and concentration at
the end of infusion; Cl, plasma clearance = infusion rate/CSS; CSS, 5-fluorouracil
plasma concentration at the steady state, and concentration at the end of
infusion; HDFL, high-dose 5-fluorouracil and leucovorin; k, terminal-phase rate
constant, slope of semi-log plot of CSS, C20, C40 vs. time; PK, pharmacokinetic;
t1/2, terminal half-life = 0.693/k; Vd, apparent volume of distribution = Cl/k.
aOne patient had participated trials of both I and II dosage levels.

Table 4 Comparison of 5-fluorouracil concentrations in plasma
and bone marrow at steady state, levels I, II, and III

5-FU concentrations at steady state
(mmol/l) P valuea

Plasma (CSS) (n = 10) 8.06 ± 6.39 (1.58 – 23.69) 0.0210
Bone marrow (CBM) (n = 10) 2.89 ± 1.01 (1.39 – 4.73)
CSS-to-CBM ratio 2.63 ± 1.40 (0.73 – 5.01)
HDFL48 dosage level

I (n = 3) 2.02 ± 1.53 (0.73 – 3.71)
II (n = 3) 2.26 ± 0.89 (1.72 – 3.29)
III (n = 4) 3.38 ± 1.59 (1.92 – 5.01)

Results are given as mean ± standard deviation with ranges in brackets.
CBM, 5-fluorouracil (5-FU) BM concentration at the steady state, and concentra-
tion at the end of infusion; CSS, 5-FU plasma concentration at the steady state,
and concentration at the end of infusion; HDFL, high-dose 5-fluorouracil and
leucovorin.
at-test.
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A multivariate analysis was done to delineate factors

associated with chemotherapeutic clearance. However,

the resulting data were not satisfactory (r = 0.78) and

P values for variables such as age, sex, body weight, body

surface area, Karnofsky performance status, and 5-FU

dosage were all insignificant. Other factors that influence

5-FU PKs remain to be identified.

The correlation between the PK and pharmacodynamic

effects of HDFL48, including efficacy and toxicity pro-

files, was further evaluated. Among the 16 intent-to-treat

patients (including one patient who was nonevaluable

for response, and another one who was chemonaive),

three had objective partial responses [PRs; RR of 18.8%,

95% confidence interval (CI): 4–46%]; and two out of 14

patients who had failed HDFL24 (2600 mg/m2/24 h/week)

still had PRs to trimonthly HDFL48 (RR of 14.3%, 95%

CI: 2–43%). Three responders were evenly distributed in

the three dosage levels (one each in level I, II, and III,

respectively). Median PFS was 4.1 months (range: 1.8–

12.5 months). Median overall survival was 10.5 months

(range: 2.7–32.1 months).

Major toxicities observed during the first cycle of

HDFL48 therapy were selected for comparison analysis.

Patients with hematological adverse reactions (leucope-

nia, anemia, thrombocytopenia) had significantly higher

steady-state 5-FU BM concentrations (3.89 ± 1.04 vs.

2.46 ± 0.67 mmol/l, P = 0.0279; Table 5). Despite this

difference, there was no significant difference in CSS and

CBM levels between patients with and without mucositis

or diarrhea (P > 0.05). Differences in CSS and CBM levels

for HDFL48 responders (CSS = 7.28 ± 5.94mmol/l, CBM =

2.42 ± 0.52mmol/l) and nonresponders (CSS = 8.40 ± 7.00

mmol/l, CBM = 3.09 ± 1.13mmol/l) were also not contribu-

tory (P > 0.05). A total of 80 trimonthly HDFL48 cycles

were given to 16 patients with a median of four cycles

(range: 1–12) per patient. It is worthy of mention that all

toxicities were mainly of minor grade (Table 6). The most

common toxicities were mucositis and diarrhea. Grade 1,

2, and 3 mucositis was noted in 33.8, 17.5, and 5.0% of

cycles, respectively. Grade 1, 2, and 3 diarrhea was noted

in 35.0, 8.8, and 1.3% of cycles, respectively. No grade IV

toxicities were observed during the study. There were

also no incidences of 5-FU-related hyperammonemic

encephalopathy [28,30], neutropenic sepsis, or chemo

therapy-related deaths.

Discussion
This phase I and PK studies assessed the PK dispositions

of the HDFL48 regimen in patients with metastatic

CRC. 5-FU dosages included 2500, 3000, 3500, and

3750 mg/m2/48 h/week, with a flat dosage of LV adminis-

tered at 300 mg/m2/48 h/week. The MTD of 5-FU was

3750 mg/m2/48 h/week. Although tumor response was not

the ‘primary’ objective for this phase I study, objective PR

was seen in 18.8% (95% CI: 4–46%) of intent-to-treat

patients with tolerable adverse reactions.

Our earlier results by colony-forming unit-granulocyte and

monocyte clonogenic assay showed that 24-h exposure to

5-FU (2mmol/l) and 30-min exposure to 5-FU (100mmol/l)

Table 5 Correlation of 5-fluorouracil concentrations with toxicity profiles under HDFL48 therapy

5-FU concentrations at steady state (mmol/l)

Toxicity or not Plasma (CSS) Bone marrow (CBM)

Toxicitya Yes/No Number of patients mean ± SD P value mean ± SD P value

Hematology + 3 11.76 ± 10.37 0.2524 3.89 ± 1.04 0.0279
– 7 6.47 ± 3.95 2.46 ± 0.67

Mucositis + 7 7.94 ± 7.38 0.9325 2.70 ± 1.09 0.4078
– 3 8.35 ± 4.52 3.32 ± 0.79

Diarrhea + 5 7.04 ± 3.99 0.6419 2.54 ± 0.79 0.3098
– 5 9.08 ± 8.56 3.23 ± 1.17

Results are given as mean ± standard deviation (SD).
CBM, 5-fluorouracil (5-FU) BM concentration at the steady state, and concentration at the end of infusion; CSS, 5-FU plasma concentration at the steady state, and
concentration at the end of infusion; HDFL, high-dose 5-fluorouracil and leucovorin; SD, standard deviation.
aMain toxicities recorded during the first cycle of HDFL48 therapy.

Table 6 Toxicity of the trimonthly HDFL48 regimen

Cycles (n = 80)

Toxicity Grade I (%) Grade II (%) Grade III (%) Grade IV

Hematological
Neutropenia 7.5 2.5 1.3 0
Leucopenia 10.0 15.0 1.3 0
Anemia 15.0 10.0 1.3 0
Thrombocytopenia 0 0 3.8 0
Fever 6.3 0 0 0
Infection 1.3 1.3 0 0

Gastrointestinal
Nausea 7.5 1.3 0 0
Vomiting 13.8 2.5 0 0
Diarrhea 35.0 8.8 1.3 0
Mucositis 33.8 17.5 5.0 0
Hepatic 1.3 1.3 0 0
Neuropathy 0 0 0 0

Others
Hand–foot
syndrome

12.5 15.0 2.5 —

Alopecia 22.5 3.8 — —

HDFL, high-dose 5-fluorouracil and leucovorin.
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resulted in 27.2 and 78.2% inhibition of colony-forming

unit-granulocyte and monocyte, respectively [19]. These

in-vitro data provided direct evidence that may explain

why myelotoxicity is significantly less during weekly 24-h

infusion of 5-FU than is reported to occur after conven-

tional bolus regimens [19]. Moreover, this 48-h 5-FU

continuous-infusion study confirmed that 5-FU concen-

trations that are relatively high in plasma and low in BM

might further minimize myelotoxicity. The dosage range

used in this trimonthly HDFL48 regimen achieved an

average 2.63-fold concentration gradient between plasma

and BM compartments at steady-state concentrations.

The observation of higher CSS-to-CBM ratios at elevated

dosage levels might indicate that 5-FU is compartmenta-

lized discretely in the plasma and BM under the tested

dosages. A significant association between BM concentra-

tions of 5-FU and hematological toxicity was also shown

(3.89 ± 1.04 vs. 2.46 ± 0.67 mmol/l, P = 0.0279; Table 5).

Fraile et al. [13] first reported that 96-h intravenous in-

fusions of 5-FU in six patients resulted in constant

levels of 5-FU in plasma and significantly less 5-FU in

BM. The investigators suggested that the route of the

administration-dependent PK profile is consistent with

the reported absence of myelosuppression in 96-h

infusion and may be related to the resultant lower levels

of 5-FU achieved in BM. To the best of our knowledge,

this study is the first to investigate the BM (CBM)

concentrations of 5-FU with this 48-h 5-FU Ci regimen

using dosage escalations subsequent to the report by

Fraile et al. [13].

Early in-vitro data have shown that the minimal cytotoxic

concentration of 5-FU for tumor cells was 0.38 mmol/l

[31]. The HDFL48 protocol yielded a mean CSS of

7.78 mmol/l, approximately 20-fold higher than the above-

mentioned effective concentration. This adequately high

plasma 5-FU level sustained for 48 h might lead to sup-

erior clinical responses than are observed with bolus

schedules (which usually result in sustained levels for less

than 1 h; that is, four times the 5-FU half-life) or the

popular HDFL24 (sustained levels for 24 h). In fact, two

out of 14 patients who had failed earlier HDFL24 treat-

ment experienced a PR (RR of 14.3, 95% CI: 2–43%) with

trimonthly HDFL48. Thus, HDFL48 could be used as an

important component of salvage chemotherapy.

Tournigand et al. [5] reported pivotal data from a randomi-

zed phase III study of FOLFIRI followed by FOLFOX6 or

the reverse sequence (FOLFOX6 followed by FOLFIRI)

in patients with advanced CRC. FOLFIRI consists of a 2-h

infusion of l-LV (200 mg/m2) or dl-LV (400 mg/m2), follow-

ed by a FU bolus of 400 mg/m2 and a 46-h infusion of 2400–

3000 mg/m2 every 46 h every 2 weeks, with irinotecan

(180 mg/m2) as a 2-h infusion on day 1. FOLFOX6 consists

of a 2-h infusion of l-LV (200 mg/m2) or dl-LV (400 mg/m2),

followed by a FU bolus of 400 mg/m2 and a 46-h infusion of

2400–3000 mg/m2 every 46 h every 2 weeks, with oxalipla-

tin (100 mg/m2) as a 2-h infusion on day 1. In the setting of

salvage chemotherapy for metastatic CRC, second-line

FOLFIRI achieved a 4% RR and a median of 2.5 months of

PFS, whereas second-line FOLFOX6, which achieved a

15% RR and 4.2 months of PFS [5]. In this phase I study,

trimonthly HDFL48 achieved a 14.3% RR (95% CI:

2–43%) and a median of 4.1 months of PFS with minimal

toxicity, showing its potential as an important component

in salvage chemotherapy.

Adverse reactions associated with HDFL48 were not

significantly different from reactions reported earlier for

HDFL24 protocols [21,23]. In particular, 5-FU-related

hyperammonemic encephalopathy [28,30,32] was not

seen in this study. Between 1991 and 1995, 16 patients

(5.7%) developed HDFL-related encephalopathy among

the 280 patients who had received HDFL in our insti-

tution [28]. Among a series of biochemical and hemato-

logical parameters examined, the serum triglyceride level

was the only key predictive maker for HDFL-related

hyperammonemic encephalopathy. The serum triglycer-

ide level of the patients who developed encephalopathy

was significantly lower than that of those patients who

did not (P < 0.001 by Wilcoxon rank-sum test) [28].

Since then, the fasting serum triglyceride of more than or

equal to 70 mg/dl has been added to the inclusion criteria

of all of the future prospective clinical trials for HDFL-

based chemotherapy. The incidence of HDFL-related

hyperammonemic encephalopathy has been markedly

decreased to less than 1% (unpublished data). Overall,

this favorable finding was probably attributable to the

exclusion of patients with hypotriglyceridemia based on

earlier experiences [28,30] and a longer infusion schedule

resulting in the attainment of adequate and sustained

5-FU plasma levels without a reduction in the overall

5-FU doses. The HDFL48 regimen would, therefore, be a

reasonably favorable choice for use in combination with

other agents (such as irinotecan, oxaliplatin, bevacizumab,

or cetuximab) to improve RRs and still minimize toxicity.

The apparent half-life of 5-FU in this 48-h continuous-

infusion cohort ranged from 4.3 to 11.6 min, which was

comparable with the results reported for other studies

[4]. Intersubject variability in 5-FU PK parameters,

especially the CSS, Cl, and Vd (Table 3), was evident

within the same dosage schedule and among different

dosage levels as described earlier [9]. A multitude of

factors including genetic traits [33–35] have been

recognized as having an impact on 5-FU PKs and sub-

sequently its pharmacodynamics. It is not surprising that

the variability in PK characteristics was also noted in this

study and that the CSS and Cl values were not predictive of

myelosuppression or gastrointestinal toxicities. Nonethe-

less, this small patient cohort, complicated disease state,

limited blood-sampling schema, utilization of a linear PK

model, and lack of genetic screening may all contribute in

part to this substantial variance.
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It is estimated that one-fourth of the patients with CRC

present with overt metastases at the time of initial

diagnosis. Undoubtedly, surgical resection, in addition to

5-FU-based pharmacotherapy, will remain the mainstay of

treatment for advanced CRC. Prudent selection and

stratification of patients based on their characteristics

[36], blood biochemistry [28,37], gene expression signa-

ture [38], and PK-guided dosage adjustment [16,17]

should evolve to optimize CRC pharmacotherapy in the

years to come.
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