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ABSTRACT: 

Background: Experimental and epidemiologic studies have shown that circadian clocks disruption can

play an important role in the development of cancer and metabolic diseases.  The cellular clocks outside

the brain are effectively coordinated by the body temperature rhythm. We hypothesized that concurrent

measurements of body temperature and rest-activity rhythms would assess circadian clocks coordination

in  individual  patients,  thus  enabling  the  integration  of  biological  rhythms  into  precision  medicine.

Methods:  Non-invasive real-time measurements of rest-activity and chest temperature rhythms were

recorded during the subject’s  daily life,  using a dedicated new mobile e-health platform (PiCADo). It

involved a chest sensor that jointly measured accelerations, 3D-orientation and skin surface temperature

every 1-5 min, and relayed them out to a mobile gateway via Bluetooth-Low-Energy. The gateway tele-

transmitted all stored data to a server via GPRS every 24 h. The technical capabilities of PiCADo were

validated in 55 healthy subjects and 12 cancer patients, whose rhythms were e-monitored during their

daily routine for 3-30 days. Spectral analyses enabled to compute rhythm parameters values, with their

90% confidence limits, and their dynamics in each subject. 

Results: All the individuals displayed a dominant circadian rhythm in activity with maxima occurring from

12:09 to 20:25. This was not the case for the dominant temperature period, which clustered around 24 h

for 51 out of 67 subjects (76%), and around 12 h for 13 others (19%). Statistically significant sex- and age-

related differences in circadian coordination were identified in the non-cancerous subjects, based upon

the range of variations in temperature rhythm amplitudes, maxima (acrophases), and phase relations

with rest-activity. The circadian acrophase of chest temperature was located at night for the majority of

people, but it occurred at daytime for 26% (14/55) of the non-cancerous people and 33% (4/12) of the

cancer patients, hence supporting important inter-subject differences in circadian coordination. Sex, age

and cancer significantly impacted on the circadian coordination of both rhythms, based on their phase

relationships. 

Conclusions Complementing  rest-activity  with  chest  temperature  circadian  e-monitoring  revealed

striking inter-subject differences regarding human circadian clocks coordination and timing during daily

routine. To further delineate the clinical importance of such finding, the PiCADo platform is currently

applied  for  both  the  assessment  of  health  effects  resulting  from  atypical  work  schedules,  and  the

identification of the key determinants of circadian disruption in cancer patients. 

2



KEY WORDS : 

Circadian  clock,  e-Health,  temperature  rhythm,  rest-activity  rhythm,  time  series  analyses,

domomedicine, biomarkers, time series analyses. 

Highlights

 Circadian biomarkers were measured and tele-transmitted in real time for up to a month using a 
mobile e-Health platform

 Three classes of circadian coordination were disclosed among healthy and cancerous people 
during their daily routine

 Sex, age and cancer moderated circadian coordination, robustness and timing.

INTRODUCTION

Circadian  (about-24-hour)  rhythms  regulate  mammalian  physiology,  as  well  as  cell  metabolism,

proliferation and survival over the 24 hours. These rhythms play an important role in disease processes

and treatment effects, which has been largely overlooked in medicine [1-3]. They are generated at single

cell level by molecular clocks consisting of interwoven feedback loops involving transcription/translation

of 15 known specific “clock” genes including Bmal1, Clock, Per2 and Rev-erbα [4]. The molecular clocks

are coordinated at whole organism level by the suprachiasmatic nuclei (SCN), a hypothalamic pacemaker,

which also helps circadian rhythms adjust to light-dark and other environmental 24-h cycles through the

rhythmic control of rest-activity, body temperature, feeding, as well as cortisol and melatonin secretions

[1-4].  Thus both,  glucocorticoids and body temperature rhythms, reset molecular clocks and cellular

circadian rhythms in vitro and in vivo [5-8]. 

Rhythm  studies  in  humans  have  assumed  similar  circadian  synchronization  among  subjects,  thus

inferring the reliability of transverse sampling of different subjects at different time points over 24 hours,

and using average values for describing circadian patterns in the group or the population [9]. Treatment

effects could also differ according to circadian timing or chronomodulated scheduling of medications in a
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consistent  fashion  across  individual  subjects  with  a  similar  circadian  entrainment  [1,  10-12].  Such

standardized approaches to chronotherapy proved valid in experimental rodents of same sex, strain and

age which were synchronized with the same alternation of 12-h of light and darkness,  especially for

anticancer  drugs  [1,  13].  This  was  also  true  for  healthy  subjects  maintained  in  human  physiology

laboratories under controlled environmental conditions [14]. However, little is known regarding circadian

rhythms in individual healthy humans or patients during their daily routine. 

Inter-subject  variability  in  circadian phase has  been  suggested,  based on chronotype questionnaires

administered to large populations of presumably healthy subjects [15]. Inter-subject differences in both

daily timing and 24-h pattern have also been shown in individual patients collecting up to 5 daily samples

of salivary cortisol and/or melatonin determinations for up to 2 days  [16-18]. The limitations resulting

from such low sampling frequency were overcome through rest-activity monitoring, using a wrist watch

accelerometer for a few days to a few weeks  [19-21]. The rest-activity time series led to identify the

dichotomy index I<O, the relative amount of activity in bed that was below the median activity out of

bed, as an independent predictor of progression-free survival and overall survival among 436 patients

with metastatic colorectal cancer [22]. Most importantly, the patients whose I<O was below the median

value of 97.5% had a median survival of 11.9 months, as compared to 21.6 months for those with an I<O

index  over  97.5%  [22].  The  I<O  was  also  negatively  associated  with  fatigue  and  appetite  loss,  and

positively  with  health-related  quality  of  life  as  assessed  by  both the EORTC QLQ-C30 and the M.D.

Anderson  Symptom  Inventory  (MDASI)  questionnaires  in  cancer  patients  with  locally  advanced  or

metastatic disease [23, 24]. Furthermore, circadian rest-activity disruption, as measured with an I<O of

97.5% or less, in patients receiving cancer chemotherapy could indeed represent an early warning signal

of deterioration and emergency hospitalisation [25, 26].  However, I<O values did not correlate with sex,

both  in  healthy  subjects  or  in  cancer  patients  or  with  efficacy  of  a  standardized  chronomodulated
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chemotherapy protocol in cancer patients  [19, 20, 27], whilst the latter profoundly differed between

men and women  [28]. These clinical data stressed the need for the combination of rest-activity with

circadian temperature biomarker in order to gather more reliable estimates of the circadian phase, and

to personalize the timing of chronotherapy. 

Indeed, despite their consistent and reproducible clinical relevance, the rest-activity time series provide

imprecise estimates regarding circadian phase, due to both its square-wave 24-h pattern and the strong

masking effect of the societal routine on the endogenous activity rhythm. Predominant low values of

activity suggest prolonged periods of rest during nighttime, while frequent high intensity activity occur

during the day, with substantial within day and day-to-day variability [29]. Nevertheless, a first fixed e-

health  internet  platform  was  developed  within  the  inCASA  European  project  combining  telemetric

activity monitoring with self-rated symptoms and self-measured body weight. Testing of the platform in

31 cancer patients on chronotherapy at home demonstrated a per protocol compliance rate of ~85%

over one month, and enabled prediction of emergency hospitalization due to treatment toxicity three

days in advance [26]. 

Precise  information  regarding  circadian  phase  and  circadian  coordination  is  also  critical  for  the

appropriate timing of treatment delivery in order to reduce adverse events and/or enhance efficacy [1,

10-13, 30].  Moreover,  both diseases such as cancer and treatments can disrupt the circadian timing

system (CTS), and result in associated symptoms and reduced survival, especially in cancer patients [31].

To address these issues, we have designed an upper chest e-sensor that records and teletransmits both

activity, temperature and tri-axial orientation. This sensor is integrated into a novel e-health platform

(PiCADo). The circadian rhythms in core and skin surface temperature of men are usually 8-12 h out of

phase, with respective maxima occurring near 16:00 at day time, and near 2:00 at night [32]. The early

night drop in core body temperature, results from the vasodilatation of the skin vessels and associated
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rise in skin surface temperature [33]. Such temperature changes are critical for triggering the onset of

sleep [34]. The site of temperature measurements for achieving continuous and non-invasive yet reliable

assessment of human body temperature rhythms in real life has been a challenge over the past decades.

The use of a rectal probe has been discouraged as a result of the risk of rectal perforation [35]. Axillary

and  wrist  skin  surface  temperature  records  were  shown  to  be  largely  contaminated  by  changes  in

environmental temperature [36-39]. The recent availability of an oral temperature pill has enabled the

continuous  recording  of  internal  body  temperature,  yet  only  for  durations  that  match  the  gastro-

intestinal transit time, i.e. ~24-48 h [40, 41]. Previous work by others highlighted the reduced influence

of environmental temperature changes on skin surface temperature measurements taken at the upper-

anterior chest wall  [42, 43]. We confirmed these findings through combining infrared technology with

continuous  recording  of  patched  temperature  sensors  [44,  45].  We  further  developed  dedicated

statistical  methods to  compute dynamic  changes in  rhythm parameters  by  combining the inference

methods  for  obtaining  interval  estimates  based  on  spectral  bootstrap  with  time  varying  spectral

estimation [46, 47]. 

Here, we assessed for the first time the performance and relevance of the PiCADo platform for capturing

inter-and intra-subject variabilities in the circadian timing system both during daily routine and in real

time. We hypothesized that the combination of rest-activity and temperature monitoring would identify

large  inter-individual  differences  in  circadian  coordination.  The  latter  would  notably  support  the

personalized adaptation of the optimal timing of medications in order  to jointly minimize treatment

morbidities and enhance efficacy. 
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METHODS

Study Design
The main objective was to determine whether any inter- and intra-subject differences in human circadian

coordination could  be captured  in  real  time through remote and non-invasive  real-time monitoring

during the subjects’ usual routine. Such goal represented a critical step toward the personalization of

treatment  timing  according  to  individual  circadian  rhythms,  especially  for  cancer  therapies.  A  new

mobile e-Health platform (PiCADo) was designed on purpose. The PiCADo specifications were defined

within several multidisciplinary and multiuser focus groups involving nurses, medical oncologists, general

practicioners,  biomedical  and informatics engineers,  socio-anthropologists,  and chronobiologists,  and

through analyzing elderly people’s responses in living labs. Three parameters – activity, temperature and

position – are measured using a single CE-marked chest sensor-emitter (Movisens, Karlsruhe, Germany)

and  a  pocket-size  CE-marked  gateway  (Eeleo,  Montrouge,  France),  which  could  gather  further

information from other Bluetooth (BT) and Bluetooth Low Energy (BLE)-connected devices,  and send

them to a server via the General Packet Radio Service (GPRS) at the required frequency, which may be

tuned down as low as every h, in case of measurements of preset emergency values (Fig. 1). This latter

function was not activated here. Thus, the PiCADo platform consisted of a chest sensor that measured

skin surface temperature every 5 min, the number of accelerations and the orientation in 3 dimensions

every min. All data were teletransmitted via BLE to a pocket size gateway, which also could gather data

measured by other connected Bluetooth and BLE devices, such as a weight scale. The gateway sent all

data to a server every 24 h. Three cohorts of people were involved, each with different specifications

regarding observation span (4 days vs 7-30 days), sensor-carrying method (patch vs dedicated vest or

bra), and health condition (healthy vs cancer). Subjects in cohorts 1 and 2 had to be 21 years or more,
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display  no active disease,  and not  work at  night.  The study was planned without  any  intervention.

Subjects were advised to remove the sensor for around 20 minutes once per day to avoid contact with

water during showering.  The study was conducted according to the Helsinki Declaration  [48]. All the

subjects  enthusiastically  volunteered  and  provided  informed  consent  for  carrying  and  testing  the

platform system. 

Fig. 1: E-health domomedicine platform technology. The chest sensor embedded into the vest

shirt  with an open area for infrared temperature measurements is shown in the

upper left corner. The epoch length of the data points as well  as length of time

intervals between teletransmission events are indicated within each circle for each

variable. Teletransmissions involve Bluetooth Low Energy from sensor to gateway

and GPRS from gateway to server, from which data can be retrieved continuously.
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Data management
All anonymous electronic data were transferred from the gateway at home to the server according to the

GPRS  communication  protocol.  Once  on  the  server,  the  data  were  stored  based  on  HL7  standards

(international standards for transfer of clinical and administrative data). Data were downloaded from the

server to the computer of our biomedical engineer, who was the only person having access to the server.

Data were saved on a secure storage server according to the national Data Protection and Freedom of

Information  Acts  guidance.  Data  transmission  was  inspected  at  least  twice  per  week  during  the

monitoring sessions to insure the proper functioning. Data were retrieved and processed at the end of

the monitoring. 

Statistical Methods 
Treatment of Missing Data and Data Pre-processing 

Times at which subjects removed the sensor were identified retrospectively by noting a string of zero

Position and Activity counts, jointly with corresponding temperature measurements decreasing towards

room temperature values. These intervals were marked as missing values. To perform spectral analysis

the raw activity and temperature data were aggregated over hourly intervals, and corresponding median

values were computed. The hourly interval length provided a good resolution of the periodogram at

frequencies of  interest,  especially those corresponding to the circadian range.  The endpoints of the

hourly aggregated data were connected using linear interpolation in case of recording gaps ≤ 7 h. For

gaps > 7 h, as it  did occur for 7 subjects,  the recordings of the whole corresponding 24-hours were

ignored for purposes of the analyses. 

Estimation of circadian parameters

The  Spectrum-Resampling  (SR)  algorithm  [46] was  applied  to  estimate  the  circadian  parameters  of
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interest, namely period, amplitude and phase of the first and second largest peaks in the spectra for

both  rest-activity  and  temperature  time  series.  This  method  first  identified  the  most  important

frequencies and their corresponding periods from the estimated spectrum, then fitted a Fourier type

regression model  to the data,  in order  to  obtain the corresponding amplitudes and phases. The SR

method provided a bootstrap framework, where all circadian parameters were estimated as the median

of  the  bootstrap  samples,  and  their  90%  central  confidence  intervals  were  approximated  by  the

corresponding percentiles of the bootstrap samples.  In order to analyze the intra-subject variability over

time the same methodology of spectral analysis was performed over moving windows of 3 days each,

with a 1 h shift per spectral estimate [49]. We note that the window length should be at least 2-3 days as

at least 2 full cycles are needed to estimate the period length. 

Regression analysis

Multivariate regression analysis was applied to test for the effects of covariates such as sex, age, weight,

and cohort.  As response variable Y, we considered a selection of estimated circadian parameters that

summarized the behavior of the biomarkers for each subject, including (i) the amplitude of the main

period of temperature, that was obtained from spectral estimation; (ii) the amplitude of activity, during

prolonged (usually daily) activity spans, as approximated by the inter-quartile-range (IQR) or amplitude

of  50%  central  values   of  observed  values;  (iii)  the  spectral  gravity  center  (or  mean  period)  of

temperature; and (iv) the spectral gravity center (or mean period) of rest-activity. Possible explanatory

variables were sex, age, weight, amplitude of daily activity as given by the IQR of daily activity counts,

cohort,  and  the  following  interaction  terms:  sex*age,  sex*weight,  sex*IQR  of  daily  activity.  Model

selection was performed stepwise (as implemented in R function and based on Akaike’s information

criterion  [50].  Significance  of  explanatory  variables  was  tested  by  t-tests  of  the  corresponding

coefficients  where  a  significant  effect  was  concluded  for  p-values  smaller  than  0.05.  As  0  and  1,

respectively, encoded for females and males, a sex-specific effect was computed in a straightforward way
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in  that a sex-specific influence of a covariate was concluded, if  the coefficient corresponding to the

interaction term sex*covariate was significant in the regression. 

RESULTS 

Subject characteristics and study conduct.

The PiCADo Domomedicine  platform was  tested  by  69  people.  Assessable  time series  of  the three

variables were obtained for 67 of 69 subjects (97%) over a median duration of 6 days (1st-3rd quartiles, IQ,

4.0 to 12.1), ranging from 3 to 29.7 days. Thirty males and 37 females, aged 21 to 83 years participated in

one of three cohorts of subjects (Fig. 2, Table 1). 

All subjects were asked to keep their usual daily routines, besides carrying the sensor day and night for

the whole monitoring duration, and keeping the gateway within a distance of 2 m. The sensor was

initially patched onto the upper left anterior thorax of 28 healthy subjects in Cohort 1, using Tegaderm TM

(10x12 cm, 1626W, 3MTM, Diegem, Belgium) for a median duration of 4 days. To avoid the use of the

potentially irritating patches for longer durations, a dedicated vest and bra were designed which could

properly lodge the sensor (Thuasne Medical, Saint Etienne, France). This system was tested by 27 healthy

subjects in two countries for durations ranging from 3.6 to 28.3 days (Cohort 2). The platform was used

by 18 subjects in the UK for a median duration of 7 days (Cohort 2.1), and by 9 subjects in France, jointly

with a BLE weight scale, for a median duration of 19 days (Cohort 2.2) (Table 1).  In order to probe the

platform for  a  prolonged  use in  patients  with  cancer,  the sensor/cloth/gateway  system was further

assessed in 12 patients with advanced or metastatic cancer for a median duration of 18.5 days (Cohort 3,

see characteristics in Multimedia Appendix 4).
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Technical (N=2)

69subjects

Patch,4days Dedicatedvestorbra,7-28days

Cohort1
Healthy(N=30)

Cohort2
Healthy(N=27)

Methodof thoracic
sensorattachment
andrecordduration

Cohort
healthstatus
(numberNof subjects)

Withdrawal cause
(Nof subjects)

Cohort3
Cancer(N=12)

Nof subjectsanalyzed
Nper sex
Medianageandrange
Medianrecordspanandrange

N=27
12 M, 15F

27 years (21-75)
7 days (3.6-28.3)

N=28
11 M, 17 F

40 years (25-66)
4 days (3-4.8)

N=12
7 M, 5 F

61 years (47-83)
19 days (4.0-29.7)

67subjects(97.1%)
30 M, 37F

40 years (21- 83)
6 days (3-29.7)

TotalNof subjectsanalyzed(%initial)
Npersex
Medianageandrange
Medianrecordspanandrange
Overall sizeof data

Levi et al Figure2

Fig. 2. Consort diagram. The 69 subjects were enrolled in one of three cohorts, that differed according to

method of sensor attachment and record duration (first row), health status (second row), and number of

subject per group, including sex, age (median and range, and record duration (median and range). 
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Table  1. Subjects  and  records  characteristics. Median  and  distribution  of  data  for  all  quantitative

variables.

*Forgetfulness after charging (N=1), travel abroad starting before end of recording span (N=1), wrong 

charging procedure applied (N=1)
** Wrong charging procedure applied (N=2); poor tolerability of adjusted sensor-dedicated cloth due to 

no current use of bra (N=1), or treatment-related itching (N=1); need for more feedback and support 

(N=1).

Inter- and intra-subject differences captured by time series analyses
Time series  were pre-processed to account  for  missing data  (see Material  and Methods).  Using the

spectrum  resampling  method,  period,  amplitude  and  acrophase  corresponding  to  the  largest

(fundamental) and, if significant, second-largest peak in the spectrum were estimated, along with their

respective 90% Confidence Limits (CL), for each subject over the whole time span  [46]. Time-varying
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Cohor
t

Total N
(M/F)

Age, years 
(range)
[25-75% IQR]

Weight, kg 
(range)
[25-75% IQR]

Height, cm 
(range)
[25-75% IQR]

BMI, kg/m2

(range)
[25-75% IQR]

N of subjects with
partial record (cause)

Valid time series
duration, days 
(range)
[25-75% IQR]

Missing data, % 
(range)
[25-75% IQR]

1 28
(11/17)

40 
(25 to 66)
[32.7 - 49.5]

73 
(44 to 93)
[61 – 77.5]

-- -- 0 4.0 
(3.0 to 4.8)
[3.9 – 4.0]

0.8 
(0 to 6.8)
[0.3 – 2.6]

2.1 18
(8/10)

26 
(21 to 75)
[24 – 32.3]

73 
(46 to 93)
[66.7 – 78]

172 
(156 to 183)
[168.5 – 
175.5]

24 
(19 to 28)
[22.2 – 26.1]

1 (charger 
dysfunction)

7.0 
(3.6 to 12.4)
[7.0 – 7.4]

1.5 
(0.3 to 4.3)
[1.0 – 2.0]

2.2 9
(4/5)

34 
(25 to 57)
[27 – 38]

71 
(54 to 83)
[65 – 72]

169 
(155 to 195)
[162 – 171]

24 
(18 to 31)
[23.3 – 26]

3 (subject-related) * 
1 (unsticking of 
electronic circuit)

19.0 
(4.9 to 28.3)
[17.0 – 21.7]

7.7 
(5.0 to 24.6)
[5.9 – 13.1]

2 27
(12/15)

27 
(21 to 75)
[24.5 - 37.5]

70 
(46 to 93)
[65 – 77]

171 
(155 to 195) 
[165 – 174]

24.3 
(17.9 to 31.2)
[22.3 – 26.2]

3 subject-related
2 technical failures

7.4 
(3.6 to 28.3)
[7.0 – 15.3]

2.0 
(0.3 to 24.6)
[1.3 – 5.7]

3 12
(7/5)

61 
(47 to 83)
[54 – 66.5]

66 
(45 to 80)
 [60 – 72]

170 
(152 to 185) 
[164 -176]

22.8 
(18.5 to 26.1) 
[21.4 – 23.9]

5 (subject-related) ** 20.3 
(4.7 to 29.7) 
[16.5 – 27.2]

5.0 
(0 to 49.1)
[3.5 – 9.3]



features of the spectrum were also estimated, through the application of the same method to 3-day

windows, which were moved along each time series with 1-h shifts. The clinically-relevant Dichotomy

Index I<O was  further  computed,  over  consecutive 3 day-spans,  with  24-h shifts  [26,  51].  Strikingly

different circadian patterns, rhythm parameters, and I<O values were identified among the 55 healthy

subjects (Fig. 3-4). Although the rest-activity pattern remained consistent from one day to the next in the

55 healthy subjects,  the temperature pattern varied from day to day in 16 of them, as revealed by

changes over time in the dominant periods and the amplitude-acrophase vectors (Fig. 4, subjects 3 and

4). Thus, our methodology revealed and quantified day-to-day changes in circadian parameters, thereby

enabling the determination of circadian variability both within- and between subjects during real life

conditions.
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3 4

3 5

3 6

3 7

T e m p e r a t u r e

D a y s

°C

H o u r l y  m e a n s

F o u r i e r  r e c o n s t r u c t i o n

f o r  l o c a l  3 - d a y  w i n d o w

7 1 4 1 7

1a

Temperature

Rest-activity

b

2a

b

Fig.  3:  Inter-  and intra-subject  variability  in  circadian  patterns  illustrated  by  chronograms of  rest-

activity (a) and thoracic skin surface temperature (b) of two healthy subjects.  Panel 1 (left): time series

from a 57 y-o. female researcher,  with usual  respective times of awakening and retiring at 8:30 and

22:30; mean rest-activity I<O of 99.7%, with intrasubject coefficient of variation of 0.2%.

Panel 2 (right): time series from a 27 y-o female student, usually awakening at 8:40 and retiring at 01:00;

mean I<O of 99.2%, with a coefficient of variation of 1.2%.
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1

Temperature CoordinationRest-activity

2

3

4

Fig. 4: Inter- and intra-subject variability in circadian acrophases and amplitudes of rest-activity (lef

panels), temperature (middle panels), and circadian coordination (right panels).  Illustrative examples

through polar plots in 4 healthy subjects, whose 3-day time series shifted by 6 h (Subjects 1 and 4) or 1 h

(subjects 2 and 3) have been analyzed using the sampling-resampling spectrum analysis. The length of

each vector represents the amplitude of the dominant period and its direction points toward the timing

of  the  corresponding  acrophase.  The  circadian  coordination  is  estimated  through  using  the  activity

acrophase in each 3-day time series, as the time reference for the corresponding temperature vector.
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Subjects 1 and 2 had both stable rest-activity and temperature 24-h rhythms, and robust coordination,

yet with distinct phase relations between rest-activity and temperature rhythms; subject 3 had stable 24-

h rhythm in rest-activity and 12-h rhythm in temperature; and subject 4 had moderately stable rest-

activity 24-h rhythm, unstable temperature phase, and loose circadian coordination. 

Subjects classification according to temperature periods and circadian coordination
Results of the spectral analyses over the complete time series of the 28 subjects in Cohort 1 were very

similar to those of the 27 subjects in Cohort 2 (see Multimedia Appendix 1 and Multimedia Appendix

2). For instance, a dominant circadian rhythm in rest-activity was identified for all subjects, yet with a

dominant circadian rhythm in skin surface temperature for 68% (19/28) of the subjects in Cohort 1 and

74% (20/27) of those in Cohort 2; the dominant temperature period was about 12-h (circa-hemidian) for

25% (7/28) and 22% (6/27) of the subjects in Cohorts 1 and 2, respectively. Atypical patterns were found

for 2 and 1 subjects, respectively. Both cohorts of healthy subjects were pooled, so as to further examine

the relations between summary statistics of the temperature and activity variables and their spectral

properties, as well as the relevance of available covariates, such as sex, age and weight in the 55 healthy

subjects. The differences between the acrophases of both rhythms on each tested timespan were taken

as estimates of circadian coordination.

Large inter-subject differences characterized the median values of both activity, whose median was 39.8

movements per min [IQ, 19.3 to 54.7], and skin surface temperature, whose median was 35.2 ºC [34.7 to

35.8]. The rest-activity rhythm displayed a dominant 24-h period for all 55 subjects. In contrast, the skin

surface temperature displayed a dominant period in the circadian range for 39/55 subjects (71%), and in

the circahemidian range for  13/55 subjects  (27%).  Three out  of  55  subjects  (5%)  displayed  atypical

patterns, one for both variables, due to transmeridian travel, one with a dominant temperature period of

6 h, and one with an unstable temperature pattern. We categorized the subjects as belonging to Class A
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(circadian rhythms in both variables), Class B (circadian activity and circahemidian temperature) or Class

C (atypical  rest-activity  and/or  temperature  patterns,  not  shown)  (Fig.  5).  For  Class  A,  the  median

circadian acrophases were located at 14:40 for activity (with individual acrophases ranging over 7h44

min, from 12:41 to 20:25),  and at  3:33 at  night for  skin surface temperature, yet  with inter-subject

differences spread over the 24-h. Thus, the skin surface temperature acrophase occurred at night (22:01

to 7:00) for 31 subjects and during day-time (7:01 to 22:00) for 8 subjects in Class A (p from Fisher Exact

<0.001). As a result, the median time interval between both rhythm acrophases was 11h 47 min, yet it

had a wide range from 7 min to 12 h among the 39 Class A subjects.
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Figure 5: Inter-subject variabilities in main rhythm parameters of healthy subjects (lef columns) and

cancer patients (right column). Median, interquartiles, range and individual values of dominant periods

and corresponding amplitudes and acrophases of temperature (green) and rest-activity (blue), based on

spectral analysis of time series over the whole time span. Healthy subjects are classified according to

dominant temperature period of ~24 h (Class A) or ~12 h (Class B), while all of them display a dominant

24-h rhythm in activity. The bottom row depicts the distribution of the dichotomy index I<O of the rest-

activity pattern in Class A or B healthy subjects, as well as in cancer patients.
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Sex and age moderation of temperature but not activity rhythms
Statistically significant pairwise Spearman correlations with |r|>=0.4 were identified for median values

and  their  corresponding  dominant  rhythm  amplitudes  for  both  activity  (r=0.77)  and  temperature

(r=0.49). Sex jointly with age had a selective influence on the rhythmic organization of temperature, but

not  that  of  rest-activity in  the  55  healthy  subjects.  This  was  statistically  validated  by  multivariate

regression  analysis  of  amplitude  and  spectral  gravity  center  (or  ‘mean  period’)  of  temperature,  as

response  variables,  with  age  and  sex  as  covariates  (Fig.  6).  Females  displayed  larger  temperature

amplitude than males (two-sample t−test, p = 0.005) (Fig. 6a). Females also had larger values than males

in the estimated gravity center of their temperature spectrum (two-sample t−test, p = 0.03). Overall, the

results  indicated  that  females  tended  to  mostly  display  dominant  24-h  rhythm  periods  with  large

amplitudes, while 12-h rhythms tended to predominate in males (Fig. 6c). The interaction between sex

and both temperature rhythm parameters was mostly apparent beyond 35 years of age (Figure 6b, d). 
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Fig. 6: Sex and sex-age dependencies of circadian amplitude (upper row) and spectrum gravity center

of temperature time series (lower row) in 55 healthy subjects.

(a) Box plot of temperature amplitudes of the estimated main harmonic for females (left, N=32) and

males (right, N=23). Note larger mean amplitude in females vs males (t-test with p-value 0.005).
(b) Sex-specific effect of age on temperature amplitude shown by estimated regression line with 95%

confidence bands. The vertical dashes along the horizontal axes show corresponding age of each

subject. Regression analysis shows that sex, age and the interaction term sex*age are of significance,

with p-values 0.04, <0.001 and 0.002, respectively.
(c) Box plot of the estimated gravity center of temperature spectra for females (left, N=32) and males 

(right, N=23). Note that females had larger mean values with p-value  0.03.
(d) Sex-specific  effect  of  age  on  the  gravity  center  of  temperature  spectra  shown  by  estimated

regression line with 95% confidence bands. Regression analysis (see Methods) shows that sex, age

and the interaction sex*age are of significance, with p-values of 0.03, 0.004 and 0.003, respectively . 

Circadian coordination in cancer patients
Seven male and 5 female patients tested the platform for a median of 19 days, ranging from 4 to 29 days.

All  the  patients  had  previously  received  one  or  more  chemotherapy  protocols  for  metastatic

gastrointestinal cancer, including colorectal (N=5), pancreatic (N=3), liver (N=2), stomach (N=1) or anal

(N=1)  cancer.  Five  patients  had  co-morbidities  (see  Multimedia  Appendix  4).  Six  patients  received

chronomodulated infusions, including 2 courses at home, while being telemonitored. Circadian patterns

in  rest-activity  and  thoracic  temperature  were  identified  in  all  the  patients’  records,  as  shown  by

dominant 24-h periods (Fig. 7). Despite all patients belonging to Class A, large inter-patient variations

were found regarding the circadian amplitudes in both rest-activity (range, 29.3 to 68.6 accelerations per

minute) and temperature (0.17˚C to 1.33˚C). Individual rest-activity acrophases varied within a 5-h range,

occurring between 12:09 and 16:52.  In contrast, the circadian acrophases of temperature were located

between 22:01 and 07:00 at night for 8 patients, and at daytime for another 4 patients. Inter-subject
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variations were also revealed with dichotomy index I<O, whose individual median values ranged from

88.2 % to 99.7 %, with rather low estimated intra-subject  coefficients of variations of 0.3 to 6.4 %.

Interestingly, the circadian acrophase of temperature was located at daytime for 3 of 6 patients with an

I<O under 97.5%, but at nighttime for 5 of 6 patients, whose I<O was over 97.5% (p<0.001 from Exact-

Fisher test).
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Fig. 7: Inter- and intra-subject differences in circadian patterns in rest-activity and thoracic skin surface 

temperature as illustrated in two cancer patients.

Panels  1a  -2  a: Chronograms  in  both  variables  for  patient  1,  a  53  y-o.  male  on  conventional

chemotherapy  with  oxaliplatin-5-fluorouracil-leucovorin  delivered  during  hospitalization  for  liver

metastases from stomach cancer, on days 1 to 2 of the recording; usual awaking and retiring times were

7:50, and 21:50; mean rest-activity I<O was 99.1%, with intra-subject coefficient of variation of 1.0%. 

Panels 1b-2b: Chronograms in both variables for patient 2, a 78 y-o. male with lung and lymph node

metastases  from  rectal  cancer;  treatment  involved  intravenous  panitimumab  and  chronomodulated

chemotherapy with irinotecan, oxaliplatin, 5-fluorouracil and leucovorin at home, using a four-channel

programmable-in-time pump, from day 6 to day 9 of the recording; usual times of awakening and retiring

were 7:15 and 23:00, respectively; mean I<O was 98.8%, with a coefficient of variation of 2.0%.

Panels  3:  Polar  plot  representations  of  amplitude-acrophase  vectors  of  both  variables  and  their

coordination, computed according to the sampling-resampling spectrum method over 3-day windows,

with 6-h shifts in each 3-day window; for the coordination graph, the acrophase-amplitude vector of

temperature is referred to the acrophase of activity taken as zero-phase reference in the same 3-day

time window. 3a, patient 1; 3b, patient 2.

Relations between I<O and chest temperature timing among the study population

An I<O of 97.5% or less was found in 9 of the 51 subjects with a 24-h temperature rhythm (18% of Class

A) and in 1 of the 13 subjects with a 12-h temperature pattern (8% of Class B). We did not consider

further  the 3 Class C subjects (1 with a high I<O,  and 2 with a low one).  Interestingly,  the average

circadian acrophase of chest temperature was localized at daytime, i.e. between 7:01 and 22:00 for 6 of

the 54 subjects with a high I<O value (11%), as compared to 6 of the 10 subjects whose I<O was low

(60%) (p<0.001 from Exact-Fisher test). Indeed, having a high I<O enabled the accurate prediction of a

chest temperature occurring at night, while no reliable prediction of temperature rhythm timing could

be made win the subjects whose I<O was low (see Multimedia Appendix 3).
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DISCUSSION 

A mobile e-Health platform (PiCADo) consisting of a BLE chest sensor and a pocket size BT/BLE/GPRS

gateway effectively measured body accelerations, 3-D orientation, and upper chest temperature every 1-

5 min for prolonged timespans, teletransmitting them to a central server every 24 h. This interval hat can

be reduced to 1 h. In 67 healthy people or cancer patients, this technology revealed large interindividual

differences  in  circadian  coordination that  was  captured  in  real  time during  their  daily  routine.  The

multidimensional platform and its capabilities to combine electronic Patient-Reported Outcomes (PROs)

with circadian rhythm monitoring and body weight measures meet the expectations of the American

Society for Clinical Oncology, regarding the future of e-Health technologies in cancer medicine [52]. Thus,

the weekly transmission of electronic PROs significantly improved overall  survival  in two randomized

trials  conducted  in  cancer  patients,  indicating  this  information  might  elicit  initially  unplanned

interventions and/or modify patient’s engagement with an oncologic benefit equivalent to that of the

addition of an active drug  [53, 54].  The PiCADo platform provides a novel framework for the further

integration of circadian rhythms and other parameters into proactive timely care interventions and the

ready assessment of their efficacy. Such technology enables a novel systems approach for a coordinated

medical  and care logistics fit  for  the management  of  chronic  disease and cancer  patients,  so  called

Domomedicine [26, 55].

Technology and compliance
The reliability and acceptance of the PiCADo platform is illustrated from the records obtained in the

subjects from two countries, including 55 healthy ones and 12 cancer patients at home or during their

usual activities, for pre-specified durations of 4 up to 30 days. Indeed, valid time series were extracted

from the server, and amenable to longitudinal statistical analyses. These results are in line with previous
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ones  obtained in  31 cancer  patients  through a fixed internet  platform within  the inCASA European

project [26]. The current PiCADo platform was developed in order to bypass the limitations of the inCASA

platform,  through  mobile  technology,  and  multi-rhythm  monitoring,  including  skin  temperature.  Its

specifications aimed at the broad integration of circadian rhythms into medicine, as a potential new

information for triggering progress in the proactive management of cancer and chronic diseases.

Further real life tests (not shown here) indicated the reliability of combining such rhythm telemonitoring

with  other  physiologic  or  patient-reported  outcomes  parameters,  such as  body  weight  or  self-rated

symptoms, through additional BLE-connected devices. 

Circadian coordination of healthy people or cancer patients during their daily routine
The current study has highlighted the consistency of the 24-h patterns in both rest-activity and thoracic

skin surface temperature from one day to the next both in healthy and cancerous patients. However,

marked  inter-subject  differences  were  found  regarding  the  dominant  period,  the  spectrum  central

gravity, and the amplitude and acrophase location of temperature. More specifically, nearly 1/4 of the

healthy subjects had a prominent 12-h rather than 24-h periodic temperature rhythm. Sex and age, but

not weight were influential on the temperature rhythms, as discussed below. Among the 39 healthy

subjects with a predominantly circadian chest temperature rhythm, the acrophase was located at night,

as expected  [33, 56, 57] for 79 % (31/39), or at daytime for 20 % (8/39). Indeed it is known that skin

surface temperature usually increases at  night,  thus resulting in heat dissipation and the core body

temperature drop that has been associated to sleep triggering [57]. In contrast, inter-subject variability

was limited for rest-activity, with all the 67 subjects displaying a dominant circadian rhythm, and 97 %

(65/67) of them having an acrophase of activity located in the afternoon or early evening. Consistently,

only 5 of 55 healthy subjects had a dichotomy index I<O between 97.5% and 95.5%, a rate in good

agreement with a prior study using wrist actigraphy in 182 young subjects  [27]. Half of the 12 cancer
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patients had an I<O ranging between 97.5% and 88.7%, i.e. the same rate as that previously reported

using wrist actigraphy in 436 cancer patients  [22, 27]. This suggests that there is consistency of both

recording  methods  regarding  I<O  estimation.  There  were  statistically  significant  relations  between

temperature period and amplitude on the one hand, and sex, age and I<O on the other hand, while no

such  correlations  were found for  the  circadian  rest-activity  parameters  derived  from the spectrum.

Moreover,  the  circadian  acrophase  of  thoracic  temperature  occurred  at  nighttime,  thus  indicating

physiologic circadian coordination, for 48 of the 54 subjects (89%) whose I<O exceeded 97.5%, while it

was located at daytime for 6 of the 10 subjects (60%) with a lower I<O. These findings suggest that low

I<O  values  could  reflect  non-physiologic  circadian  coordination.  Hence  temperature  monitoring

significantly  increased  the  information  already  provided  by  rest-activity  regarding  CTS  function,  as

suspected in pilot studies [44, 45].

Sex and age as important determinants of circadian coordination and timing
Here,  women  aged  >35  y-o  tended  to  have  robust  24-h  rhythms in  their  temperature,  with  larger

amplitudes  as  compared to  those in  males.  This  apparent  difference between circadian rhythms in

temperature and activity has a neuroanatomic basis,  which has been demonstrated in rodents  [58].

Thus, the rest-activity and temperature rhythms were shown to be generated by the neurons located in

the caudal  [59] and subparaventricular zone of the suprachiasmatic nuclei  [60, 61], respectively. Since

body temperature is an important driver of both the resetting and the coordination of peripheral clocks

[8], its rhythm could play a critical role for the circadian timing of medications [13]. The larger amplitude

of the circadian rhythm in temperature shown here for women supports the hypothesis that circadian

timing of medications is even more critical in women as compared to men. Moreover, larger circadian

amplitudes have also been found in females,  compared to males,  for cortisol secretion, another key

driver of peripheral clocks and clock-controlled metabolism and cell cycle determinants of drug effects
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[5, 62]. Two separate clinical trials uncovered that the optimal timing of a multidrug chronomodulated

chemotherapy protocol could lag 6 h behind in women as compared to men with this same cancer type

[63, 64]. Such differences in circadian amplitudes, and time lag between males and females were similar

in cancer patients and in mouse models [65, 66]. The sex-related differences in circadian timing system

that  were  discovered  here  could  explain  why  the  same  multidrug  cancer  chronotherapy  protocol

improved response rate, progression-free survival and overall survival in men, but not in women with

metastatic  colorectal  cancer,  independently  of  all  other  prognostic  factors  within  a  meta-analysis  of

three randomized international clinical trials involving 842 patients [28]. 

Study limitations and current perspectives
The main limitations of our study beyond the technological possibilities of the e-Health platform was its

exploratory nature, with unbalanced sex and age distribution, as well  as a limited number of cancer

patients. We did not assess chronotype via an established questionnaire [67], or working hours, although

the temperature and activity records provided an objective and quantitative phase assessment [68, 69].

Other indicators of circadian function, such as cortisol or melatonin rhythms or Dim Light Melatonin

Onset [70] were not determined, nor did we investigate clock genes polymorphisms [71]. Indeed, genetic

variants of human clock genes have been shown to be associated with phenotypic differences, which

could allegedly impact on disease processes,  including cancer  [72].  Moreover,  the various biomarker

rhythms of circadian function can be differentially altered by disease processes [73].

Comparison with prior work
However,  the  technology  supporting the  platform here presented  allows  to  fully  integrate  the new

information  brought  about  by  circadian  rhythms,  jointly  with  repeated  self-assessed  symptoms and

other  measurable  parameters.  The PiCADo platform represents  an answer  to  the limitations  of  the

current  hospital-centered care system,  which was designed for  responding to  acute  medical  events,
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rather than for managing the long term medical care required for cancer and other chronic diseases [74-

76]. The latter illnesses not only represent the vast bulk of healthcare payload in western countries, but

also their management is suboptimal, given the current hospital logistics constraints  [77, 78]. This is

especially true, since disease and treatment response dynamics vary from patient to patient, with most

events  occurring  at  home  and  remaining  unnoticed,  while  impacting  on  daily  life,  and  eventually

cumulating and leading to emergency hospitalizations. In the previous inCASA study, we showed the

reliability of a fixed internet platform for the remote monitoring of self-rated symptoms, body weight

and rest-activity rhythm in cancer patients,  and the rather good patient compliance. Moreover,  such

remote monitoring provided early  warning signals  of  patient  deterioration at  home that  resulted in

emergency hospitalization 3 days later. Circadian disruption played a prominent role in the determination

of such early warning signaling [26].  Here, we aimed at improving circadian timing disorders detection

through combining rest-activity and temperature monitoring, while being also able to integrate self-rated

symtoms and body weight measurements, using a mobile, rather than fixed platform.  We now believe

that such PiCADo e-health platform could shift the current hospital-centered system of care towards a

patient-centered system promoting biomedical progress. This would involve the safe delivery of care and

support treatments at home or during the patient’s daily activities, through adjusting cancer therapies to

circadian rhythms, i.e. chronotherapy [26, 79-81]. PiCAdo further provides an ongoing monitoring system

of the patient’s wellbeing through developing  forecasting analytical methodology integrating multiple

sources  (patient-reported  outcomes,  circadian  rhythms  in  activity  and  temperature,  physiological

measures).

Conclusion
We  have  shown  that  such  mobile  e-health  circadian  platform  allows  automatic  and  non-invasive

monitoring of precise circadian parameters in non-hospitalized healthy subjects and cancer patients.

Preliminary analyses point to large and unsuspected inter-subject variabilities, which may be of great
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importance when administering treatments  and preventing emergency situations.  Hence it  deserves

further testing as a tool for the real-time assessment of the CTS of humans of both sexes in various

conditions, where two types of studies are currently in progress or about to start, respectively, in France

and in  the UK. The platform is  being used for  the determination of  the impact of the occupational

schedule on circadian function in the CIRCADIEM study, while the service rendered by this circadian e-

Health platform is to be investigated further in cancer patients in the IDEAs study. Clearly, such system

now needs assessment over months and in large patient cohorts within a prospective clinical trial. E-

health circadian monitoring may indeed be of preventive and curative interest in a number of situations

involving chronic conditions [82]. 
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LIST OF ABBREVIATIONS

BLE: Bluetooth Low Energy

BT: Bluetooth

CL: Confidence Limits

CTS: Circadian Timing System

GPRS: General Packet Radio Service

IQ: Inter-Quartiles

IQR: Inter-Quartile Range

MDASI: M.D. Anderson Symptom Inventory

PROs: Patient-Reported Outcomes

SCN: Suprachiasmatic Nuclei
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Multimedia Appendix 1: Intersubject variabilities in main rhythm parameters of healthy subjects in 

Cohort 1.

Multimedia Appendix 2:  Inter-subject variabilities in main rhythm parameters of healthy subjects in

Cohort 2.

Multimedia Appendix 3: Polar plots of mean temperature acrophases in study population according to 

dichotomy index I<O value.

Multimedia Appendix 4: Patients characteristics

33



References:
1. Levi F, Schibler U: Circadian rhythms: mechanisms and therapeutic implications. Annu Rev Pharmacol 

Toxicol 2007, 47:593-628.
2. Bass J, Lazar MA: Circadian time signatures of fitness and disease. Science 2016, 354(6315):994-999.
3. Panda S: Circadian physiology of metabolism. Science 2016, 354(6315):1008-1015.
4. Takahashi JS: Transcriptional architecture of the mammalian circadian clock. Nature Reviews Genetics 

2017, 18(3):164-179.
5. Balsalobre A, Damiola F, Schibler U: A serum shock induces circadian gene expression in mammalian 

tissue culture cells. Cell 1998, 93(6):929-937.
6. Balsalobre A, Brown SA, Marcacci L, Tronche F, Kellendonk C, Reichardt HM, Schutz G, Schibler U: 

Resetting of circadian time in peripheral tissues by glucocorticoid signaling. Science 2000, 
289(5488):2344-2347.

7. Brown SA, Zumbrunn G, Fleury-Olela F, Preitner N, Schibler U: Rhythms of mammalian body temperature
can sustain peripheral circadian clocks. Curr Biol 2002, 12(18):1574-1583.

8. Buhr ED, Yoo SH, Takahashi JS: Temperature as a universal resetting cue for mammalian circadian 
oscillators. Science 2010, 330(6002):379-385.

9. Nelson W, Cornelissen G, Hinkley D, Bingham C, Halberg F: Construction of rhythm-specified reference 
intervals and regions, with emphasis on 'hybrid' data, illustrated for plasma cortisol. Chronobiologia 1983, 
10(2):179-193.

10. Levi F, Le Louarn C, Reinberg A: Timing optimizes sustained-release indomethacin treatment of 
osteoarthritis. Clin Pharmacol Ther 1985, 37(1):77-84.

11. Levi F, Zidani R, Misset JL: Randomised multicentre trial of chronotherapy with oxaliplatin, fluorouracil, 
and folinic acid in metastatic colorectal cancer. International Organization for Cancer Chronotherapy. 
Lancet 1997, 350(9079):681-686.

12. Buttgereit F, Doering G, Schaeffler A, Witte S, Sierakowski S, Gromnica-Ihle E, Jeka S, Krueger K, 
Szechinski J, Alten R: Efficacy of modified-release versus standard prednisone to reduce duration of 
morning stiffness of the joints in rheumatoid arthritis (CAPRA-1): a double-blind, randomised controlled 
trial. Lancet 2008, 371(9608):205-214.

13. Levi F, Okyar A, Dulong S, Innominato PF, Clairambault J: Circadian timing in cancer treatments. Annu 
Rev Pharmacol Toxicol 2010, 50:377-421.

14. Boivin DB, James FO, Wu A, Cho-Park PF, Xiong H, Sun ZS: Circadian clock genes oscillate in human 
peripheral blood mononuclear cells. Blood 2003, 102(12):4143-4145.

15. Fischer D, Lombardi DA, Marucci-Wellman H, Roenneberg T: Chronotypes in the US - Influence of age 
and sex. PLoS One 2017, 12(6):e0178782.

16. Segerstrom SC, Boggero IA, Smith GT, Sephton SE: Variability and reliability of diurnal cortisol in 
younger and older adults: implications for design decisions. Psychoneuroendocrinology 2014, 49:299-309.

17. Mormon MC, Bogdan A, Cormont S, Touitou Y, Levi F: Cortisol diurnal variation in blood and saliva of 
patients with metastatic colorectal cancer: relevance for clinical outcome. Anticancer Res 2002, 
22(2B):1243-1249.

18. Sephton SE, Sapolsky RM, Kraemer HC, Spiegel D: Diurnal cortisol rhythm as a predictor of breast cancer
survival. J Natl Cancer Inst 2000, 92(12):994-1000.

19. Mormont MC, Waterhouse J, Bleuzen P, Giacchetti S, Jami A, Bogdan A, Lellouch J, Misset JL, Touitou Y, 
Levi F: Marked 24-h rest/activity rhythms are associated with better quality of life, better response, and 
longer survival in patients with metastatic colorectal cancer and good performance status. Clin Cancer Res 
2000, 6(8):3038-3045.

20. Innominato PF, Focan C, Gorlia T, Moreau T, Garufi C, Waterhouse J, Giacchetti S, Coudert B, Iacobelli S, 
Genet D et al: Circadian rhythm in rest and activity: a biological correlate of quality of life and a predictor 
of survival in patients with metastatic colorectal cancer. Cancer Res 2009, 69(11):4700-4707.

21. Ancoli-Israel S, Liu L, Rissling M, Natarajan L, Neikrug AB, Palmer BW, Mills PJ, Parker BA, Sadler GR,
Maglione J: Sleep, fatigue, depression, and circadian activity rhythms in women with breast cancer before 
and after treatment: a 1-year longitudinal study. Support Care Cancer 2014, 22(9):2535-2545.

22. Levi F, Dugue PA, Innominato P, Karaboue A, Dispersyn G, Parganiha A, Giacchetti S, Moreau T, Focan C,
Waterhouse J et al: Wrist actimetry circadian rhythm as a robust predictor of colorectal cancer patients 
survival. Chronobiol Int 2014, 31(8):891-900.

34



23. Mormont MC, Waterhouse J: Contribution of the rest-activity circadian rhythm to quality of life in cancer 
patients. Chronobiol Int 2002, 19(1):313-323.

24. Innominato P, Komarzynski S, Palesh OG, Dallmann R, Bjarnason GA, Giacchetti S, Ulusakarya A, 
Bouchahda M, Haydar M, Ballesta A et al: Circadian rest-activity rhythm as an objective biomarker of 
patient-reported outcomes in patients with advanced cancer. Submitted.

25. Ortiz-Tudela E, Iurisci I, Beau J, Karaboue A, Moreau T, Rol MA, Madrid JA, Levi F, Innominato PF: The 
circadian rest-activity rhythm, a potential safety pharmacology endpoint of cancer chemotherapy. Int J 
Cancer 2014, 134(11):2717-2725.

26. Innominato PF, Komarzynski S, Mohammad-Djafari A, Arbaud A, Ulusakarya A, Bouchahda M, Haydar 
M, Bossevot-Desmaris R, Plessis V, Mocquery M et al: Clinical Relevance of the First Domomedicine 
Platform Securing Multidrug Chronotherapy Delivery in Metastatic Cancer Patients at Home: The inCASA 
European Project. J Med Internet Res 2016, 18(11):e305.

27. Natale V, Innominato PF, Boreggiani M, Tonetti L, Filardi M, Parganiha A, Fabbri M, Martoni M, Levi F: 
The difference between in bed and out of bed activity as a behavioral marker of cancer patients: A 
comparative actigraphic study. Chronobiol Int 2015, 32(7):925-933.

28. Giacchetti S, Dugue PA, Innominato PF, Bjarnason GA, Focan C, Garufi C, Tumolo S, Coudert B, Iacobelli
S, Smaaland R et al: Sex moderates circadian chemotherapy effects on survival of patients with metastatic 
colorectal cancer: a meta-analysis. Ann Oncol 2012, 23(12):3110-3116.

29. Xiao L, Huang L, Schrack JA, Ferrucci L, Zipunnikov V, Crainiceanu CM: Quantifying the lifetime 
circadian rhythm of physical activity: a covariate-dependent functional approach. Biostatistics 2014, 
16(2):352-367.

30. Dallmann R, Okyar A, Levi F: Dosing-Time Makes the Poison: Circadian Regulation and 
Pharmacotherapy. Trends Mol Med 2016, 22(5):430-445.

31. Innominato PF, Roche VP, Palesh OG, Ulusakarya A, Spiegel D, Levi FA: The circadian timing system in 
clinical oncology. Ann Med 2014, 46(4):191-207.

32. Krauchi K, Wirz-Justice A: Circadian rhythm of heat production, heart rate, and skin and core temperature 
under unmasking conditions in men. Am J Physiol 1994, 267(3 Pt 2):R819-829.

33. Krauchi K: How is the circadian rhythm of core body temperature regulated? Clin Auton Res 2002, 
12(3):147-149.

34. Van Someren EJ: Mechanisms and functions of coupling between sleep and temperature rhythms. Prog 
Brain Res 2006, 153:309-324.

35. Reinberg A: Circadian changes in the temperature of human beings. Bibl Radiol 1975(6):128-139.
36. Motohashi Y, Reinberg A, Levi F, Nougier J, Benoit O, Foret J, Bourdeleau P: Axillary temperature: a 

circadian marker rhythm for shift workers. Ergonomics 1987, 30(9):1235-1247.
37. Ortiz-Tudela E, Martinez-Nicolas A, Campos M, Rol MA, Madrid JA: A new integrated variable based on 

thermometry, actimetry and body position (TAP) to evaluate circadian system status in humans. PLoS 
Comput Biol 2010, 6(11):e1000996.

38. Martinez-Nicolas A, Ortiz-Tudela E, Rol MA, Madrid JA: Uncovering different masking factors on wrist 
skin temperature rhythm in free-living subjects. PLoS One 2013, 8(4):e61142.

39. Longato E, Garrido M, Saccardo D, Montesinos Guevara C, Mani AR, Bolognesi M, Amodio P, Facchinetti
A, Sparacino G, Montagnese S: Expected accuracy of proximal and distal temperature estimated by 
wireless sensors, in relation to their number and position on the skin. PLoS One 2017, 12(6):e0180315.

40. Monnard CR, Fares EJ, Calonne J, Miles-Chan JL, Montani JP, Durrer D, Schutz Y, Dulloo AG: Issues in 
Continuous 24-h Core Body Temperature Monitoring in Humans Using an Ingestible Capsule Telemetric 
Sensor. Front Endocrinol (Lausanne) 2017, 8:130.

41. Bongers C, Daanen HAM, Bogerd CP, Hopman MTE, Eijsvogels TMH: Validity, Reliability, and Inertia of 
Four Different Temperature Capsule Systems. Med Sci Sports Exerc 2017.

42. Bogh M, Minors DS, Waterhouse JM: Can insulated skin temperature act as a substitute for rectal 
temperature when studying circadian rhythms? Chronobiol Int 1994, 11(5):332-339.

43. Kim S, Lee JY: Skin sites to predict deep-body temperature while wearing firefighters' personal protective 
equipment during periodical changes in air temperature. Ergonomics 2016, 59(4):496-503.

44. Scully CG, Karaboue A, Liu WM, Meyer J, Innominato PF, Chon KH, Gorbach AM, Levi F: Skin surface 
temperature rhythms as potential circadian biomarkers for personalized chronotherapeutics in cancer 
patients. Interface Focus 2011, 1:48-60.

35



45. Roche VP, Mohamad-Djafari A, Innominato PF, Karaboue A, Gorbach A, Levi FA: Thoracic surface 
temperature rhythms as circadian biomarkers for cancer chronotherapy. Chronobiol Int 2014, 31(3):409-
420.

46. Costa MJ, Finkenstadt B, Roche V, Levi F, Gould PD, Foreman J, Halliday K, Hall A, Rand DA: Inference 
on periodicity of circadian time series. Biostatistics 2013, 14(4):792-806.

47. Dahlhaus R: Local inference for locally stationary time series based on the empirical spectral measure. 
Journal of Econometrics 2009, 151(2):101-112.

48. Carlson RV, Boyd KM, Webb DJ: The revision of the Declaration of Helsinki: past, present and future. Br J 
Clin Pharmacol 2004, 57(6):695-713.

49. Paraschakis K, Dahlhaus R: Frequency and phase estimation in time series with quasi periodic components.
Journal of Time Series Analysis 2012, 33(1):13-31.

50. Seber GA, Lee AJ: Linear regression analysis, vol. 936: John Wiley & Sons; 2012.
51. Minors D, Akerstedt T, Atkinson G, Dahlitz M, Folkard S, Levi F, Mormont C, Parkes D, Waterhouse J: 

The difference between activity when in bed and out of bed. I. Healthy subjects and selected patients. 
Chronobiol Int 1996, 13(1):27-34.

52. Fisch MJ, Chung AE, Accordino MK: Using Technology to Improve Cancer Care: Social Media, 
Wearables, and Electronic Health Records. Am Soc Clin Oncol Educ Book 2016, 35:200-208.

53. Basch E, Deal AM, Dueck AC, Scher HI, Kris MG, Hudis C, Schrag D: Overall Survival Results of a Trial 
Assessing Patient-Reported Outcomes for Symptom Monitoring During Routine Cancer Treatment. JAMA 
2017, 318(2):197-198.

54. Denis F, Yossi S, Septans AL, Charron A, Voog E, Dupuis O, Ganem G, Pointreau Y, Letellier C: Improving
Survival in Patients Treated for a Lung Cancer Using Self-Evaluated Symptoms Reported Through a Web 
Application. Am J Clin Oncol 2015.

55. Lévi F, Saguez C: Le patient, les technologies et la médecine ambulatoire: Académie des technologies; 
2008.

56. Waterhouse J, Fukuda Y, Morita T: Daily rhythms of the sleep-wake cycle. J Physiol Anthropol 2012, 31:5.
57. Krauchi K: The human sleep-wake cycle reconsidered from a thermoregulatory point of view. Physiol 

Behav 2007, 90(2-3):236-245.
58. Moore RY: The suprachiasmatic nucleus and the circadian timing system. Prog Mol Biol Transl Sci 2013, 

119:1-28.
59. Abrahamson EE, Moore RY: Lesions of suprachiasmatic nucleus efferents selectively affect rest-activity 

rhythm. Mol Cell Endocrinol 2006, 252(1-2):46-56.
60. Moore RY, Danchenko RL: Paraventricular-subparaventricular hypothalamic lesions selectively affect 

circadian function. Chronobiol Int 2002, 19(2):345-360.
61. Saper CB, Lu J, Chou TC, Gooley J: The hypothalamic integrator for circadian rhythms. Trends Neurosci 

2005, 28(3):152-157.
62. Gunn PJ, Middleton B, Davies SK, Revell VL, Skene DJ: Sex differences in the circadian profiles of 

melatonin and cortisol in plasma and urine matrices under constant routine conditions. Chronobiol Int 
2016, 33(1):39-50.

63. Levi F, Focan C, Karaboue A, de la Valette V, Focan-Henrard D, Baron B, Kreutz F, Giacchetti S: 
Implications of circadian clocks for the rhythmic delivery of cancer therapeutics. Adv Drug Deliv Rev 
2007, 59(9-10):1015-1035.

64. Levi F, Garufi C, Karaboué A, Focan C, Chollet P, Li X, Innominato P: Sex-related differences in circadian-
dependent tolerance of Irinotecan (I) added to chronomodulated (chrono) 5-Fluorouracil (F), Leucovorin 
(L) and Oxaliplatin (O): Final results from international randomised time-finding study in patients with 
metastatic colorectal cancer (MCC). Annals of Oncology 2017, 28(suppl_5).

65. Ahowesso C, Li XM, Zampera S, Peteri-Brunback B, Dulong S, Beau J, Hossard V, Filipski E, Delaunay F,
Claustrat B et al: Sex and dosing-time dependencies in irinotecan-induced circadian disruption. Chronobiol 
Int 2011, 28(5):458-470.

66. Li XM, Mohammad-Djafari A, Dumitru M, Dulong S, Filipski E, Siffroi-Fernandez S, Mteyrek A, 
Scaglione F, Guettier C, Delaunay F et al: A circadian clock transcription model for the personalization of 
cancer chronotherapy. Cancer Res 2013, 73(24):7176-7188.

67. Roenneberg T: Having Trouble Typing? What on Earth Is Chronotype? J Biol Rhythms 2015, 30(6):487-
491.

68. Lack L, Bailey M, Lovato N, Wright H: Chronotype differences in circadian rhythms of temperature, 
melatonin, and sleepiness as measured in a modified constant routine protocol. Nat Sci Sleep 2009, 1:1-8.

36



69. Adan A, Archer SN, Hidalgo MP, Di Milia L, Natale V, Randler C: Circadian typology: a comprehensive 
review. Chronobiol Int 2012, 29(9):1153-1175.

70. Klerman EB, Gershengorn HB, Duffy JF, Kronauer RE: Comparisons of the variability of three markers of 
the human circadian pacemaker. J Biol Rhythms 2002, 17(2):181-193.

71. Jagannath A, Taylor L, Wakaf Z, Vasudevan SR, Foster RG: The genetics of circadian rhythms, sleep and 
health. Hum Mol Genet 2017, 26(R2):R128-R138.

72. Benna C, Helfrich-Forster C, Rajendran S, Monticelli H, Pilati P, Nitti D, Mocellin S: Genetic variation of 
clock genes and cancer risk: a field synopsis and meta-analysis. Oncotarget 2017, 8(14):23978-23995.

73. Mormont MC, Langouet AM, Claustrat B, Bogdan A, Marion S, Waterhouse J, Touitou Y, Levi F: Marker 
rhythms of circadian system function: a study of patients with metastatic colorectal cancer and good 
performance status. Chronobiol Int 2002, 19(1):141-155.

74. Mansour D, Simcock R, Gilbert DC: Acute oncology service: assessing the need and its implications. Clin 
Oncol (R Coll Radiol) 2011, 23(3):168-173.

75. McNiff KK, Jacobson JO: Aiming for ideal care: a proposed framework for cancer quality improvement. J 
Oncol Pract 2014, 10(6):339-344.

76. Aprile G, Pisa FE, Follador A, Foltran L, De Pauli F, Mazzer M, Lutrino S, Sacco CS, Mansutti M, Fasola 
G: Unplanned presentations of cancer outpatients: a retrospective cohort study. Support Care Cancer 2013, 
21(2):397-404.

77. Bosanquet N, Sikora K: The economics of cancer care in the UK. Lancet Oncol 2004, 5(9):568-574.
78. Sambamoorthi U, Tan X, Deb A: Multiple chronic conditions and healthcare costs among adults. Expert 

Rev Pharmacoecon Outcomes Res 2015, 15(5):823-832.
79. Innominato P, Komarzynski S, Karaboue A, Ulusakarya A, Bouchahda M, Haydar M, Bossevot-Desmaris 

R, Mocquery M, Plessis V, Levi FA: A home-based e-Health platform for multidimensional tele-monitoring
of symptoms, body weight, sleep and circadian activity: relevance for chronomodulated administration of 
Irinotecan, 5-Fluorouracil-Leucovorin, and Oxaliplatin (chronoIFLO4) at home. J Clin Oncol - Clin Cancer
Inform 23 Feb 2018, 15pp.

80. Ballesta A, Innominato PF, Dallmann R, Rand DA, Levi FA: Systems Chronotherapeutics. Pharmacol Rev 
2017, 69(2):161-199.

81. Consortium C: The CASyM roadmap: Implementation of Systems Medicine across Europe. In.; 2014.
82. Circadian Clocks: Role in Health and Disease: Springer, New York, NY; 2016.

37


	Professor Francis Lévi
	INTRODUCTION
	Study Design
	Data management
	Statistical Methods
	Subject characteristics and study conduct.
	Inter- and intra-subject differences captured by time series analyses
	Subjects classification according to temperature periods and circadian coordination
	Sex and age moderation of temperature but not activity rhythms
	Circadian coordination in cancer patients
	Relations between I<O and chest temperature timing among the study population
	Technology and compliance
	Circadian coordination of healthy people or cancer patients during their daily routine
	Sex and age as important determinants of circadian coordination and timing
	Study limitations and current perspectives
	Comparison with prior work
	Conclusion


