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Abstract

The cytotoxicity of more than thirty anticancer drugs varies by more than 50% as a
function of dosing time along the 24-h time-scale in laboratory animals. Mechanisms
involve circadian changes in cellular metabolism and proliferation processes, as well as
drug pharmacokinetics. Moreover, the administration of chemotherapy at the least toxic
time usually achieves best antitumour ef®cacy in experimental tumour models. Here we
review experiences in utilising these phenomena in the optimization of cancer chemother-
apy in the clinic.

Chronotherapy has been administered to 1500 patients with metastatic colorectal cancer
using 5-¯uorouracil and leucovorin with or without oxaliplatin. Sinusoidal chronomodu-
lated delivery of 2- or 3-drug chemotherapy was performed in the patient's home or during
usual activities, with a computer-programmed multi-reservoir pump. Courses lasted 4±5
days and were repeated every 14±21 days. Three-drug chronotherapy proved largely
superior to ¯at infusion with respect to both tolerability and antitumour ef®cacy. The better
tolerability of chronotherapy further allowed an increment of both 5-¯uorouracil and
oxaliplatin doses, which in turn further improved objective tumour response rate to 66%.
This enabled surgical removal of previously inoperable metastases and the achievement of
> 20% survival at three years.

Second generation programmable-in-time pumps have simpli®ed chronotherapy admin-
istration and decreased its costs. A broad use of fully ambulatory chronotherapy requires
thorough de®nitions of drug stability, and compatibility with pump reservoirs and other
medications.

Circadian Rhythms

Biological functions of living beings are organized
along a 24-h time scale. These circadian rhythms
are endogenous, since they persist in constant
environmental conditions. This property has been
demonstrated in microorganisms, such as N. crassa,
in plants and in all kinds of animal species, such as
¯ies, mice, rats and humans. Usually, the endo-
genous period, which is the duration of the cycle,
slightly differs from precisely 24 h. In man, the
average endogenous circadian period is close to
25 h, with interindividual variations however
(Touitou & Haus 1992).

The endogenicity of circadian rhythms can be
accounted for by speci®c genes. For instance,
mutations of the per gene in Drosophila or the
clock gene in mouse result in severe disturbances of

the rest±activity circadian cycle and other rhythms.
These alterations can consist in a shortening, a
lengthening or even a suppression of the circadian
period, according to the kind of mutation and to the
environmental conditions (Vitaterna et al 1994;
Plautz et al 1997). Studies performed in homo-
zygous or heterozygous human twins further sup-
port the role of a genetic basis for circadian
rhythms in man. Indeed, the recent identi®cation of
per homologues in human and rodent cells suggest
the ubiquity and similarity of the genetic control of
the circadian organization in various species (Tei et
al 1997). Thus, a general circadian clock mechan-
ism was described by a negative feed-back loop
involving transcription and translation of the cir-
cadian genes (Green 1998).

External cycles reset the endogenous rhythms of
mammals through a circadian system, which



involve the suprachiasmatic nucleus (SCN) and the
pineal gland, among other structures (Klein et al
1991). The SCN plays a key role in this organiza-
tion. Thus, the physical destruction of the SCN in
rodents results in a complete suppression of several
rhythms, such as the rest±activity cycle and the
body temperature rhythm, and SCN transplantation
restores these rhythms.

The regular alternation of light and darkness over
24 h is a potent synchronizer of the circadian sys-
tem. It calibrates the endogenous period to pre-
cisely 24 h through the effects of light and
melatonin, a hormone mostly secreted by the pineal
gland during darkness (Klein et al 1991; Touitou &
Haus 1992). Under such synchronization, mammals
with normal circadian function display circadian
rhythms in cellular metabolism and proliferation,
with predictable amplitudes and times of peak and
trough. These rhythms in¯uence anti-cancer drug
pharmacology and ultimately tolerability and anti-
tumour ef®cacy of cancer treatment (LeÂvi 1997).
Conversely, a lack of synchronization, a de®ciency
in its perception, or an alteration of circadian clock
function make rhythm peaks and troughs unpre-
dictable, and may require speci®c measures for
chronotherapy to improve the therapeutic index
(DepreÂs-Brummer et al 1998).

The rest±activity cycle is one of the most
obvious rhythms. Its endogenicity has been
demonstrated as it persists in constant environ-
mental conditions in ¯ies, rodents and humans.
This rhythm is controlled by the per gene in Dro-
sophila and by the clock gene in mouse. Direct
pharmacologic actions targeted at the SCN level in
rodents can modify the timing of biochemical or
molecular rhythms in these nuclei. These changes
translate into a phase shift of the rest±activity cycle
of these animals. These and other experimental
®ndings (see above) clearly demonstrate the
dependency of this rhythm upon SCN function. The
easy recording of this rhythm has further supported
its use as a reference rhythm for circadian timing of
medications and more recently for assessing cir-
cadian system function.

Implications of Rhythms for Cancer Therapy:
Group Chronotherapy

Experimental and clinical prerequisites

Chronopharmacology of anticancer drugs in
laboratory rodents. The circadian time of
administration of over 30 anticancer agents in¯u-
ences the extent of toxicity and anticancer activity

in mice or rats, kept under controlled circadian
synchronization (LeÂvi 1997). The latter usually
consists of an alternation of 12 h of light and 12 h of
darkness (Figure 1). For all these drugs, the dosing
time-related difference in toxicity of the same dose
usually ranges from twofold to eightfold. These
rhythms in drug tolerability result from circadian
changes in drug pharmacokinetics or susceptibility
rhythms of target tissues. The cellular rhythms in
enzymatic activities and those involved in the cell
cycle regulation appear to be the main determinants
of the chronopharmacology of anticancer drugs
(Zhang et al 1993; Li et al 1997; Ohdo et al 1997;
Tampellini et al 1998) (Table 1).

Quite strikingly, the administration of a drug at a
circadian time when it is best tolerated has usually
achieved the best antitumour activity. This was
found for antimetabolites such as 5-¯uorouracil or
arabinofuranosylcytosine, for intercalating agents

Figure 1. Circadian rhythms in anticancer drug tolerability in
laboratory mice or rats. The least toxic dosing time is indicated
for each cytostatic or immunologic agent as a function of the
rest±activity cycle.

Table 1. Cellular determinants of circadian rhythms in toler-
ability for cancer chemotherapy.

Biologic function Drug

Reduced glutathione cisplatin, oxaliplatin

Non-protein sulphydril groups

Enzymatic activities
dehydropyrimidinedehydrogenase 5-¯uorouracil, ¯oxuridine
deoxythymidine kinase
dehydrofolate reductase methotrexate
topoisomerase I irinotecan
06-alkylguanine methyltransferase cystemustine

Cellular proliferation
DNA synthesis (S-phase) 5-¯uorouracil

theprubicin
irinotecan
docetaxel

BCL-2 expression docetaxel
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such as doxorubicin, for alkylating drugs such as
melphalan or cisplatin and for antimitotic drugs
such as vinorelbine or docetaxel (LeÂvi 1997;
Tampellini et al 1998). This improvement in ef®-
cacy has usually been achieved because drug doses
could be safely and selectively increased by 30 to
50% at the circadian time of best tolerability.

In summary, the experimental model tells us that
the circadian rhythm in drug tolerability can be
used for two purposes. An improvement in quality
of life can result from the dosing time-related
reduction of chemotherapy toxicity, while dose and
ef®cacy remain similar to standard schedules of
delivery. An improvement in survival can result
from the administration of a higher maximum tol-
erated dose at the least toxic circadian time as
compared to other dosing times.

From mice to cancer patients: coupling of cellular
rhythms to the rest±activity cycle. Cells which are
engaged in DNA synthesis usually display an
increased susceptibility to antimetabolites or inter-
calating agents. The proportions of bone marrow,
gut, skin and oral mucosa cells engaged in this S-
phase of the cell division cycle vary by 50% or
more along the 24-h time scale in healthy human
subjects. For all these tissues, lower mean values
occur between midnight and 04:00, and higher
mean values between 08:00 and 20:00 (Buchi et al
1991; Smaaland et al 1991; reviewed in LeÂvi 1997).

Dehydropyrimidine dehydrogenase (DPD) is the
rate limiting enzyme of 5-¯uorouracil catabolism.
Its activity in circulating mononuclear cells
increases by nearly 50% between 10:00 and
midnight, both in healthy subjects and in cancer
patients (Harris et al 1990; reviewed in LeÂvi 1997).

These mechanisms of anticancer drug chrono-
pharmacology display a similar phase relationship
with the rest±activity cycle in mice and in humans,
despite the former being active at night and the
latter during daytime (Figure 2). For instance, DPD

activity peaks during early light in mice or rats and
at early night in humans. Similarly, the proportion
of S-phase bone marrow cells peaks in the second
half of darkness in mice and near 16:00 in humans.
In addition, constant rate infusion of 5-¯uorouracil
results in a circadian rhythm in plasma level both in
mice and in cancer patients. Peak concentration in
5-¯uorouracil occurs in the early rest span in both
species, if the drug is infused continuously over 1
week or less.

Such apparent coupling between the circadian
rest±activity cycle and several chronopharmacol-
ogy mechanisms across species has been the basis
for the current chronotherapy schedules which have
been given to cancer patients. Multichannel pro-
grammable-in-time pumps have allowed us to test
the clinical relevance of the chronotherapy princi-
ple in fully ambulatory patients, and to administer
this treatment modality routinely to these patients.
For so doing, it was assumed that patients exhibit
similar circadian rhythms. This assumption was
supported by the fact that groups of patients with
metastatic or advanced breast, ovarian or colorectal
cancer displayed signi®cant circadian rhythms in
blood cell counts and in plasma or serum con-

Figure 3. Total serum cortisol (mean� s.e.m.) as a function
of circadian sampling time in a group of 19 healthy subjects
(s), 18 patients with metastatic colorectal cancer (n) and 20
patients with advanced ovarian cancer (u). Rhythms were
statistically validated with both analysis of variance and
cosinor (after Mormont et al 1998a).

Figure 2. Coupling between chronopharmacology mechan-
isms and the rest±activity cycle in nocturnally-active rodents
(left) and diurnally-active humans (right). DPD� dehydropyr-
imidine dehydrogenase, 5-Fu� 5-¯uorouracil.
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centrations of cortisol, liver enzymes and creatinine
(Figure 3) (Mormont & LeÂvi 1997). The magnitude
of these average circadian changes and their rela-
tionship to the average rest±activity cycle were
quite similar in cancer patients and in normal
subjects.

Group chronotherapy
Two clinical trials compared the toxicity of two
dosing times of anthracyclines and cisplatin in 30
patients with advanced ovarian cancer. Both studies
demonstrated that doxorubicin or theprubicin were
better tolerated near 6:00 and cisplatin between
16:00 and 20:00 than 12 h apart (Hrushesky 1985;
LeÂvi et al 1990). Other limited-scale non-random-
ized trials were performed in patients with lung,
breast or kidney cancer, with apparent improve-
ment in therapeutic index.

Nevertheless, it became clear that the clinical
relevance of the chronotherapy principle had to be
tested in a large patient population using common
clinical pharmacology methodology. Metastatic
colorectal cancer is the second cause of cancer
deaths in both men and women and its prognosis is
poor with conventional treatment methods. Pro-

grammable-in-time multichannel pumps allowed the
sinusoidal delivery of two or three anticancer drugs
in the patient's home or during the patient's usual
activities. The protocols involved the chrono-
modulated infusion of 5-¯uorouracil and leuco-
vorin, the reference combination chemotherapy for
this disease, eventually associated with oxaliplatin, a
recently discovered active drug. Maximum delivery
rate of 5-¯uorouracil and leucovorin was scheduled
at 4:00 at night for 5-¯uorouracil and leucovorin and
at 16:00 for oxaliplatin, based upon an extrapolation
from experimental data. Courses lasted 4 or 5 days
and were repeated every 2 or 3 weeks.

The tolerability, maximum dose intensities and
antitumour activity of these chronotherapy sche-
dules were evaluated in Phase I, II and III clinical
trials, involving over 1000 patients with metastatic
colorectal cancer (Caussanel et al 1990; LeÂvi et al
1992, 1993, 1994, 1995; 1997, 1999; Bertheault-
Cvitkovic 1996; Garu® et al 1997) (Table 2). Two
randomized multicentre studies were performed in
a total of 278 patients with this disease. All the
patients received the three-drug regimen either as a
constant rate infusion or as a chronomodulated
administration. Chronotherapy reduced the inci-
dence of severe mucositis by a factor of ®ve, halved

Table 2. Clinical trials of chronotherapy in 1275 patients with metastatic colorectal cancer.

Phase of study Drug treatment Schedule Number of patients Reference

I 5-Fluorouracil 5 days every three weeks 35 LeÂvi et al 1995
5-Fluorouracil�

leucovorin
5 days every three weeks 34 Garu® et al 1997

Oxaliplatin 5 days every three weeks 25 Caussanel et al 1990
5-Fluorouracil�

leucovorin� oxaliplatin
4 days every two weeks 114 LeÂvi et al (unpublished)

II multicentre 5-Fluorouracil�
leucovorin

5 days every three weeks 43 Chollet et al 1994

II multicentre 5-Fluorouracil�
leucovorin

4 days every two weeks 100 CureÂ et al 1998

II multicentre 5-Fluorouracil�
leucovorin

14 days every four weeks 67 Bjarnason et al 1998

II multicentre Oxaliplatin 5 days every three weeks 30 LeÂvi et al 1993
5-Fluorouracil�

leucovorin� oxaliplatin
5 days every three weeks 93 LeÂvi et al 1992

5-Fluorouracil�
leucovorin� oxaliplatin

4 days every two weeks 54 Brienza et al 1993

II multicentre 5-Fluorouracil�
leucovorin� oxaliplatin

4 days every two weeks 50 Bertheault-Cvitkovic et al 1996

II multicentre 5-Fluorouracil�
leucovorin� oxaliplatin

4 days every two weeks 62 LeÂvi et al unpublished

II multicentre 5-Fluorouracil�
leucovorin� oxaliplatin

4 days every two weeks 90 LeÂvi et al 1999

III multicentre 5-Fluorouracil�
leucovorin� oxaliplatin ¯at

vs chrono

4 days every two weeks 92 LeÂvi et al 1994

III multicentre 5-Fluorouracil�
leucovorin� oxaliplatin ¯at

vs chrono

5 days every three weeks 186 LeÂvi et al 1997

III multicentre Chrono 5-Fluorouracil�
leucovorin with or without

oxaliplatin

5 days every three weeks 200 Giacchetti et al 1997
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that of functional impairment from peripheral sen-
sory neuropathy and reduced by a factor of three
the incidence of grade 4 toxicity requiring hospi-
talization, as compared with the ¯at infusion regi-
men. This improvement in tolerability was
accompanied by a signi®cant increase in objective
response rate from 29 to 51% (Table 3, LeÂvi et al
1994, 1997). Further dose escalation of chrono-
therapy was possible and achieved 66% of objec-
tive tumour responses in a multicentre setting
(Bertheault-Cvitkovic et al 1996; LeÂvi et al 1999).
This antitumour ef®cacy was 3 to 4-fold greater
than that achieved with conventional regimens
involving 5-¯uorouracil and leucovorin. The results
clearly emphasise that group chronotherapy
improves the therapeutic index of the chemother-
apy of colorectal cancer.

Nevertheless one can wonder whether the mag-
nitude of improvement brought about by such ®xed
chronotherapy schedule varies according to indi-
vidual circadian system function. Thus altered cir-
cadian rhythms were found in tumour-bearing
animals and in cancer patients.

Circadian System Alterations During Cancer
Processes

Experimental data
Rhythms with periods of about 24 h or shorter
(ultradian rhythms, with a 12-h or an 8-h period, for
instance) have been documented in more than a
dozen murine tumour models. These studies have
indicated that the circadian periodicity in cellular
proliferation indices or metabolic activity is usually
retained in slow-growing or well-differentiated
tumours, yet with reduced amplitude and sometimes

a shift in phase. Conversely, the circadian organi-
zation tends to be lost and possibly replaced with
an ultradian periodicity in rapidly growing or
advanced-stage tumours. The presence of a cancer
also altered the normal rhythms in plasma cortico-
sterone, body temperature or bone marrow DNA
synthesis in some rodent tumour models, but not in
others (reviewed in Mormont & LeÂvi 1997).

Rhythms in human tumours
As early as 1953, daily variations in the mitotic
index of human mammary carcinoma and squa-
mous or basal cell carcinoma were described, with
interindividual variations (Voutilainen 1953; Tahti
1956). Re-analysis of these data validated a circa-
dian rhythm in a group of six women with breast
cancer, with a maximum near 15:00 h. Ultradian
rhythms were found in the group of 31 patients with
squamous or basal cell carcinoma (Garcia-Sainz &
Halberg 1966). Progressive dampening of skin
mitotic activity was also suggested in patients with
actinic keratoses or skin cancer (Zagula-Mally et al
1979).

More recently, cell cycle related parameters of
tumour cells and normal mesothelial cells were
studied around the clock within the peritoneal
lavage ¯uid from 30 patients with ovarian cancer
(Klevecz et al 1987). A circadian maximum in
DNA synthesis of both diploid and aneuploid
tumour cells was found between 12:00 and 16:00 h.
This time was almost 12 h out of phase with the
peak of DNA synthesis in mesothelial cells.
Ultradian rhythms, with 8-h and 12-h periods, were
also documented in the aneuploid tumour cell
population (Klevecz & Braly 1991).

Twenty four-hour changes were described for
DNA synthesis in malignant lymph nodes from 24
patients with non-Hodgkin's lymphoma. The
maximum occurred near midnight, while the peak
of the S phase was usually found between 12:00 h
and 16:00 h in the bone marrow of healthy subjects
(Smaaland et al 1993). Interestingly, when patients
were classi®ed according to tumour stage, a
circadian rhythm in DNA synthesis was validated
in the group of patients with an early-stage tumour,
but not in the group of patients with stage-IV
lymphoma. This observation suggested a link
between cancer stage and circadian rhythm altera-
tion.

Noteworthy observations on breast skin tem-
perature indicated that circadian rhythms persisted
on the surface of breast cancers that were slow-
growing and well-differentiated. Rhythms were
however dampened, with maxima occurring 6 h
earlier than in the non-cancerous breast. Con-

Table 3. Main results from a randomized multicenter trial
comparing ¯at vs chronomodulated chemotherapy in 186
patients with metastatic colorectal cancer.

Effect Percentage of patients P

Flat Chrono

Hospitalization for
toxicity

31 10 0�001

Severe mucositis 76 14 0�0001
Functional impairment
(peripheral sensory
neuropathy)

31 16 0�01

Tumour response
> 50%

29 51 0�003

Data are from LeÂvi et al 1997.

CANCER CHRONOTHERAPY 895



versely, fast growing, poorly differentiated tumours
displayed a shortening in the period of tumour
temperature rhythm (Gautherie & Gros 1977).
Another study, on 14 patients, had also shown
evidence of a phase advance of approximately 6 h,
in the rhythm of skin temperature of the cancerous
breast, as compared with the contralateral breast
(Mans®eld et al 1973). Table 4 summarizes the
main results published on human tumour circadian
and ultradian rhythms.

Individual rhythms in cancer patients
Despite the mean proportion of bone marrow cells
in the S-phase being signi®cantly greater at noon
than at midnight in eleven patients with advanced
cancer, no time-related difference was apparent in
four of these patients, whose cortisol rhythm was
suppressed or inverted (Smaaland et al 1992).
Studies on cortisol and other blood parameters
associated with circadian rhythms were performed
in 51 patients with advanced or metastatic ovarian,
breast or colorectal cancer, with a minimum of 10
blood samples to estimate individual rhythmicity
(Touitou et al 1995, 1996; Mormont et al 1998a, b).

Once more a circadian rhythm was statistic-ally
validated for each group of patients (Figure 4).
Nevertheless, the 24-h rhythms in plasma cortisol and
other variables were prominent in some patients and
apparently suppressed in others, despite the lack of
any glucocorticoid medication. These rhythm
alterations were mostly found in patients with poor
performance status (graded as 2 to 4, according to the
WHO scale) or large tumour burden.

A large study was undertaken in 200 patients with
metastatic colorectal cancer to estimate the incidence
of circadian system alterations, as assessed from
rest±activity and cortisol rhythms, in a population of
patients eligible for clinical trials, i.e. with a perfor-
mance status �2. This circadian system assessment
was as little invasive as possible, and did not require
hospitalization. Motor activity was continuously
monitored for 3 days, using a wrist actigraphy bra-
celet, and a blood sample was obtained at 8:00 and at
16:00 on two consecutive days in each patient. The
rest±activity cycle can be appropriately measured
with a 3-day recording. The strength of the circadian
component was assessed with an autocorrelation
coef®cient at 24 h (r24). The relative difference
between cortisol levels at 8:00 and at 16:00 had been
shown to be a good estimator of the circadian
amplitude of this rhythm, with 40% being a low
normal limit (Mormont et al 1998a). Thirty percent of
the 200 patients had an abnormal cortisol rhythm
using this criterion (Mormont et al 1998b). The rest±
activity pattern ranged from marked to completely
disrupted 24-h rhythmicity. Approximately 30% of
the patients displayed a profoundly disturbed cycle,
with r24 < 0.30 (Mormont 1998). Nevertheless, only
a weak correlation was found between cortisol
rhythm and rest±activity cycle alterations. This
suggests that both rhythms are controlled by different
circadian oscillators or circadian clock pathways.

Clinical relevance of individual circadian system
function
The status of the circadian system was ®rst tested
as an estimate of a cancer patient's prognosis in
two pilot studies respectively involving 20 patients

Table 4. Rhythms in human tumours.

Cancer type Variable Circadian rhythm Peak different from normal tissue

Breast Surface temperature Yes Yes
32P uptake Yes Yes

Mitotic index Yes Not speci®ed
Cervix Surface temperature Yes Yes
Ovary Cell cycle distribution Yesa Yes
Non-Hodgkin's lymphoma Cell cycle distribution Yesb Yes

aVariable according to ploidy, bvariable according to stage. After Mormont & LeÂvi (1997).

Figure 4. Example of a chronomodulated three-drug delivery
scheme, used against colorectal cancer metastases. All three
drugs (5-¯uorouracil, leucovorin, and oxaliplatin) are adminis-
tered automatically for 4 to 5 days, using a programmable
multichannel pump, which does not require patient hospitali-
zation.
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with advanced ovarian cancer and 13 patients with
metastatic breast cancer. Signi®cant correlations
were found between individual circadian amplitude
of plasma cortisol or circulating leucocyte count
and well-known prognostic factors of response and
survival (Benavides 1991).

The above-mentioned study prospectively inves-
tigated the relevance of circadian system function
for quality of life and survival in 200 patients with
metastatic colorectal cancer. Results have indicated
that the circadian distribution of activity was well
correlated to several quality of life parameters from
the EORTC QLQ-30 questionnaire and constituted
a joint prognostic factor of survival, independently
from the well-known prognostic factors in this
disease (Mormont et al 1997; Mormont et al
1998b).

The results suggest that circadian system function
may play an important role for cancer patient out-
come, an issue which deserves further investigation.
Thus, speci®c treatment of circadian dysfunctions
may help improve the status and outcome of cancer
patients, and contribute in enhancing the therapeutic
ef®cacy of chrono-modulated chemotherapy. The
clinical relevance of chronotherapy for the outcome
of cancer patients is being investigated along these
lines within the E.O.R.T.C. for colon, pancreas and
breast carcinoma.
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