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Background & aims: Assessment of circadian health is confined to adults. However, understanding
circadian status of school-aged children is necessary due to its health implications. The aim was to
develop 1) a protocol to assess circadian function in school-aged children by combining the best non-
invasive tools previously validated in adults; 2) a score to capture circadian function in children

KeyW"rd?-' including food timing. This protocol will allow to explore gender differences and to compare the
g_hrorcllc_)blolﬁgyh circadian function of school-aged children with adults from the same Mediterranean area.
Cgﬁzrl;n rhythms Methods: Healthy children (8—12 y) from 3 schools in a Mediterranean area of Spain were recruited

(n = 248; 125 males and 123 females). Several non-invasive tools were used: a) 7-day-diaries of food
timing and food intake, physical-activity and sleep, b) Munich-chronotype-self-reported-questionnaire;
c) cortisol and melatonin saliva determinations; d) 7-day-rhythms of wrist temperature (T), activity (A),
position (P) and the integrative variable TAP e) 7-day-light exposure.
Results: We have constructed the first school-aged children population for the assessment of circadian
function (ONTIME-Jr) and a new circadian score has been developed. Among circadian-related measures,
TAP was the most suitable and reliable to determine circadian system characteristics. Circadian function
was better in girls than in boys [circadian score (AU) Mean + SD (girls, 1216 + 153 vs. 1159 + 173 boys,
P = 0.012)], and also in school-aged children than in adults from the same Mediterranean area (Circa-
dian-Function-Index: children 0.47 + 0.06 vs. adults 0.45 + 0.06 P = 0.001).
Conclusions: A new protocol, including TAP and food timing, demonstrated to be reliable in assessing
circadian function in children. These non-invasive techniques provide the wherewithal for paediatricians
to assess circadian function in clinical practice.
Trial registration: Chronobiology and childhood obesity (ONTIME-]r: Obesity, Nutrigenetics, Timing and
Mediterranean, Junior). ClinicalTrials.gov ID: NCT02895282, October 2014.

© 2018 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.

Non-invasive tools

1. Introduction

The assessment of circadian health is confined mostly to adults
[1—4]. Nevertheless, understanding circadian status in school-aged
children is necessary due to its health implications. The school

Abbreviations: T, Temperature; A, Activity; P, Position; MCTQ, Munich
Chronotype Questionnaire; CFI, Circadian Function Index; TAP, Temperature,
Activity, Position; BMI, Body mass index; ONTIME-Jr, Obesity, Nutrigenomics,

Timing, Mediterranean, Junior.
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timetable influences children's lives by affecting external syn-
chronizers of the biological clock such as changes from fasting to
eating (i.e., food timing) and from resting to activity, light exposi-
tion and sleep duration [5—7]. Inadequate exposure to these body
clock synchronizers may disrupt the circadian system function and
contribute to the risk of developing metabolic diseases [8—10].

0261-5614/© 2018 Elsevier Ltd and European Society for Clinical Nutrition and Metabolism. All rights reserved.
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Glossary

Acrophase time at which the peak of a rhythm occurs

Cosinor

Intraday variability (IV) characterizes rhythm fragmentation

successive days

Amplitude difference between the peak (or nadir) and the mean value of a wave

Circadian Function Index (CFI) a numerical index that determines the circadian robustness, based on three circadian parameters:
Interday stability (IS), Intraday variability (IV) and Relative amplitude (RA). CFI oscillates between
0 (absence of circadian rhythmicity) and 1 (robust circadian rhythm)

Circadian rhythms occurring or functioning in cycles of approximately 24 h

a procedure for the analysis of biological rhythms based on the fitting of a cosine wave to the raw data

Eveningness characteristic of being most active and alert during the evening

Fragmentation of the rhythm frequency of changes of the circadian variable studied

Interday stability (IS) determines the constancy of the 24 h rhythmic pattern over days. A stable rhythm is characterized by a 24-h

profile that remains very similar from day to day

M5 average of the five consecutive hours of maximum values and its timing (TM5), used for the 24 h rhythms of peripheral
temperature

M10 average of the ten consecutive hours of maximum values and its timing (TM10), used for the 24 h rhythms of activity and
position

Mesor average value around which the variable oscillates in a cosine wave

Percentage of rhythmicity (PR) percentage of variance of data explained by the sinusoidal function

Photoperiod duration of the illuminated segment of a light—dark cycle

Rayleigh test to assess the acrophase distribution within a period of successive days. This test provides an r vector with its origin at the
center of a circumference of radius one. The r vector length (between 0 and 1) is proportional to the degree of phase
homogeneity during the period analyzed and can be considered to be a measure of the rhythm's phase stability during

Relative amplitude (RA) difference between the maximum (or minimum) value of the cosine function and mesor

Sleep episodes interval of sleep that may be voluntary or involuntary

Social jet lag syndrome that occurs when our body's biological clock and our actual sleep schedules don't match up.
Synchronizera stimulus capable of resetting a pacemaker or synchronizing a self-sustaining oscillation

One of the main challenges in chronobiology when studying
circadian function is to implement non-invasive techniques that
capture daily rhythms under free-living conditions. These tech-
niques provide the wherewithal for paediatricians to assess circa-
dian function in clinical practice.

Objective measurements to assess circadian function include
saliva determinations of circadian-related hormones [5,13] and the
assessment of the 24 h rhythms in body temperature and motor
activity [11—14], among others. However, 24 h rhythms data may be
affected by environmental masking factors and the presence of
artifacts [3] (i.e., device failures due to removal for showering or
placement in a hot surface affecting the data recorded, etc.). Inte-
grative variables that include daily rhythms of wrist temperature
(T), motor activity (A), and body position (P), such as TAP are

suggested to minimize such effects [2]. TAP has been used in adult
populations to evaluate the heritability of circadian health [3] and
to assess chronodisruption in pathologies such as metabolic syn-
drome or obesity in adults [4]. To our knowledge, TAP has never
been used in school-aged children to assess circadian health.

The main purpose of the current work is to develop a protocol to
assess circadian function in school-aged children by combining the
best non-invasive tools previously validated in adults. This protocol
will allow us to (i) detect chronobiological aspects in children; (ii)
identify underlying mechanisms of chronodisruption; (iii) to
explore gender differences; and, (iv) to compare the circadian
function of school-aged children with adults from the same Med-
iterranean area. We also aim to develop a score to capture circadian
system function in this age group.

Table 1
General characteristics of the children studied.
Total Boys Girls
n = 248 n=125 n=123
Age (years) 8 28 12 16
9 78 33 45
10 78 45 33
11 49 25 24
12 15 10 5
Race White 227 114 113
Other 21 11 10
Weight (kg) 385 +94 393 £ 103 378 +84
Height (cm) 142+9 143 + 10 142+9
BMI (kg/m?) 18.8 +3.3 19.0 + 3.4 18.7 + 3.1
Body fat (%) 214 +76 194 +7.7 234+75

Age and race (n). Anthropometric data (means + standard deviation).
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2. Materials and methods
2.1. Subjects

2.1.1. Children

Healthy children (8—12 y) from three schools in a Mediterra-
nean area of Spain were recruited (n = 248; 125 males and 123
females) (Table 1). Two urban schools, one public and one private,
and one rural public school were chosen to provide a representative
population sample of this area of Spain. Subjects with chronic
illness, or those with fever during the week of the assessment were
excluded (n = 6). The study was conducted from October 1, 2014, to
June 1, 2016. Testing for each child required 7 days. Approval for this
study was obtained by the Ethics Committee of the University of
Murcia. Written consent to participate was provided by the parents.
All procedures performed in studies involving human participants
were in accordance with the ethical standards of the institutional
and/or national research committee and with the 1964 Helsinki
declaration and its later amendments or comparable ethical
standards.

2.1.2. Adult population

Certain parameters of the children population were compared
with an adult population composed of 177 healthy women from the
same Mediterranean area. The average age was 40 + 12 vy, the
average weight was 75.2 + 14.5 kg and BMI was 28.5 + 5.4 kg/m?
(Mean =+ SD).

2.2. Anthropometric and body composition measurements

Anthropometric measurements were collected on the first day
of the week of study. Body weight was valued in barefooted sub-
jects wearing light clothes using a digital scale accurate to the
nearest 0.1 kg. Height was determined using a portable stadiometer
(rank, 0.14—2.10). The subjects were positioned upright, relaxed
and with the head in the Frankfort plane. These data were used to
calculate the body mass index (BMI) according to the formula:
weight (kg)/height? (m). Total body fat was determined by
bioelectrical impedance, using TANITA TBF-300 (Tanita Corporation
of America, Arlington Heights, IL) equipment.

2.3. Circadian tools

2.3.1. Self-reported diaries of food timing and intake, physical
activity and sleep

Children and parents completed diaries adapted for the appro-
priate age group [15]. Food intake diary included: a 7-day food
record that specified time of food intake, type of food and amount
of food eaten and physical activities diary included: type, time,
intensity and duration of every activity performed during 7 days
[16]. Sleep diary included: a) nocturnal sleep (bedtime, number of
awakenings during the sleep, and awake time; b) time and duration
of naps [16].

2.3.2. Chronotype

An age appropriate Spanish version of the Munich Chronotype
Questionnaire (MCTQ) was used [17] and sleep phase and sleep
duration for weekdays and free-days was calculated. Social jet lag
defined as the difference in the meantime of sleep between
weekend (MSF) and weekdays (MSW); (Social jet lag = MSF —
MSW) was also calculated.

2.3.3. Cortisol and melatonin saliva determinations
Salivettes (Sarstedt, Barcelona, Spain) were used for three sali-
vary samples of cortisol, collected before breakfast (9:00 h), before

lunch (14:00 h) and after dinner (23:00 h). The morning/night ratio,
a suitable marker of chronodisruption, was calculated [18]. Mela-
tonin samples were collected at night (01:00 h) and before lunch
(14:00 h) and were measured by radioimmunoassay.

2.3.4. Wrist temperature, physical activity and body position
Children wore a wristwatch during 7 days of study in a non-
dominant hand. This wristwatch integrated two different sensors:

1) Temperature sensor for determining wrist temperature rhythms
[14] (Thermochron iButton DS1921H, Dallas, Maxim, Dallas, TX)
programmed to collect information every 5 min. To mitigate
environmental temperature masking of wrist temperature, the
study was conducted between October and May, avoiding
extreme environmental temperatures typical of Southern Spain
in summer.

2) Accelerometer sensor (G Acceleration Data Logger UA-004-64;
Onset Computer, Bourne, MA, USA) that measures physical ac-
tivity and body position rhythms programmed to record data
every 30 s. Activity was calculated as degrees of change in X, Y
and Z axes. Position was calculated as the angle between X-axis
of the accelerometer and the horizontal plane, where 0° repre-
sents the arm in a horizontal position and 90° when vertical [2].

Calculation of TAP: The integrative variable TAP was obtained by
calculating the 95th and 5th percentiles for each variable. Wrist
temperature values were inverted because Activity and Position
values were opposites so that the maximum values for all 3 vari-
ables occurred at the same time of day. The mean of 3 normalized
variables was calculated. Zero corresponded to complete rest and 1
to periods of high movement [2].

Luxmeter: AHOBO Pendant Light Data Logger UA-002-64 (Onset
Computer, Bourne, Massachusetts, USA) was programmed to collect
light information continuously every 30 s for 7 days. Children were
instructed to wear HOBO as a pendant over their clothing and to
leave on a bedside table when asleep [19].

2.4. Statistical methods

2.4.1. To characterize temperature, activity, position and TAP
We calculated the following parameters using parametric and
non-parametric methods:

a) Cosinor's analysis [20] was applied to calculate: minimum;
mesor, amplitude, acrophase, percentage of rhythmicity and
Rayleigh test (see glossary).

b) Non-parametric analyses [21] were performed to calculate:
interday stability, intraday variability and relative amplitude. A
Circadian Function Index (CFI) was calculated as the average of
these three parameters (see glossary) [21]. M5 and its timing for
temperature (TM5) and M10 and its timing (TM10) for activity
were also determined.

All of the rhythmic parameters were obtained using an inte-
grated package for temporal series analysis Kroniwizard (https://
kronowizard.um.es/kronowizard) (Chronobiology Laboratory, Uni-
versity of Murcia, Spain, 2015).

2.4.2. To calculate a circadian score
For each participant a weight average score which includes
circadian-related variables with assigned weights was calculated.
For this purpose, and as a first step, a factor analysis was executed.
This methodology determines whether a large number of bio-
markers of the circadian system evaluated could be replaced by a
smaller number of underlying patterns or factors and to know how
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they contributed to explain the general process of circadian system
function.

Factor analysis searches for patterns, or factors, that have ei-
genvalues greater than one. For this analysis, an orthogonal rotation
method was used. Gamma is pre-assigned to 1 because varimax
rotation was performed. Rotated factor loadings (pattern) are co-
efficients of the factor after rotation and show the degree to which a
given variable is represented in a particular factor.

Factor analysis was applied to all those variables that have been
previously demonstrated to be good markers of the circadian sys-
tem status in previous studies which comprise every variable
described in the method section.

Supplemental Table 2, shows the result of the factor analysis.
Five patterns emerged that accounted for ~50% of variance. Thus,
different combinations of these factors could generate 50% of the
total information in circadian system function data. The rotated
factor-loading pattern for the five principal factors is shown in
Supplemental Table 2. Factors 1 and 2 explained ~28% of variance
and loaded highest and positively by the characteristics the daily
rhythm of TAP (integrated variable of temperature, activity and
position), while factor 3 explained ~10% of variance, loaded on
cortisol measurements. Factors 4 and 5 explained ~13% of the
variance and loaded on timing of food intake (breakfast and
dinner).

These five factors of the factor analysis were considered to
determine a final Circadian Score (Supplemental Table 3). For each
participant, the score of Factor 1 was calculated multiplying the
value of CFI TAP by the loading (0.96); plus, the value of TAP
amplitude by its loading 0.96 and the value of the percentage of
rhythmicity (PR) by its loading (0.92); and so forth in order to
include all the characteristics of the daily rhythm of TAP present in
the first factor, (Supplemental Table 3).

Similar calculations were performed for the scores of the five
factors. To obtain a final Circadian Score, we performed the
weighted mean of the first five factors (multiplying by the % of
variance of each factor) using the following equation.

Final Circadian score = (F1 score*% variance F1) + (F2 score*%
variance F2) + (F3 score*% variance F3) + (F4 score*% variance
F4) + (F5 score*% variance F5)

A similar Circadian Score has been previously used and validated
in an adult population (70 women) from the same Mediterranean
area to capture the status of their circadian system [22].

2.4.3. To discriminate circadian function between girls and boys

Circadian-related data obtained by the non-invasive tools used
were compared between girls and boys by Students' t-Test.
Furthermore, a discriminate function analysis [23,24] was used to
determine whether circadian characteristics could reliably clas-
sify subjects on the basis of gender. In this study, circadian var-
iables were treated as predictors. Univariate F-tests were then
calculated in order to determine the importance of each inde-
pendent variable in forming the discriminant functions. Exam-
ining the Wilk's Lambda values for each of the predictors
determined how important the independent variable was to the
discriminant function, with smaller values representing greater
importance.

2.4.4. To compare wrist temperature patterns between children and
adults

Circadian-related variables obtained from 24 h rhythms of wrist
temperature and the daily pattern were compared between chil-
dren and adults by Student's t-Test.

All statistical analyses were performed using SPSS version 20.0
(SPSS, Chicago, Illinois, USA). Values of P < 0.05 were considered to
be statistically significant.

3. Results

3.1. Participation rate and percentage of achievement of the new
protocol

The characteristics of the population are described in Table 1
and the participation rate for each school is presented in
Supplemental Table 1. Urban schools had the highest participation
rates (urban 65—95% vs rural 41%). Complete 7-day recordings of
wrist temperature, physical activity and body position ranged from
96 to 100%. The cortisol samples at 14:00 h were the easiest to
obtain (92%), while we had more difficulties in collecting the
melatonin samples at 1:00 h (72%). Completion rates of self-
reported questionnaires were highest for MCTQ (97%) and lowest
for the 7-day food record (92%) (Supplemental Table 1).

3.2. Circadian score

Data obtained from each of the non-invasive techniques used
were pooled in a factor analysis which identified five independent
factors that explained 50% of total variance (Supplemental Tables 2
and 3). Most of the variables located in the first factor were derived
from TAP 24 h rhythms, with CFI in the first position. The circadian
score obtained ranged from 542 to 1555 (AU) in the total population
studied.

3.3. Gender differences in circadian function

The circadian score calculated from factor analysis was signifi-
cantly higher in girls than in boys (Table 2). TAP proved to be
sensitive in detecting gender differences in circadian-related
characteristics demonstrating better CFI in girls vs boys (Table 2).

Twenty-four hours TAP rhythms displayed higher values of
interday stability, amplitude and relative amplitude, Rayleigh, and
percentage of rhythmicity (see glossary) in girls than in boys
(Table 2). Girls had significantly higher temperatures, especially
between 00:20 h and 7:10 h (P < 0.05) (Fig. 1A) and had a significant
increase in M5 (P < 0.05). Girls also had significantly higher mini-
mum temperature compared to boys (P < 0.05) (Table 2). Girls
demonstrated greater activity (°/min) (average, mesor, M10),
mainly in the evening hours, from 16:00 h to 21:30 h (Fig. 1B),
lower fragmentation of rhythm (as assessed by intraday variability)
and better circadian function (CFI) than boys (P < 0.05) (Table 2).

Girls had significant higher cortisol morning/night ratio than
boys (P < 0.05) (Table 2). Nevertheless, girls had a later breakfast
and presented a more evening-type chronotype than boys with a
later midpoint of sleep (15 min later) as determined by the MCTQ
punctuation (P = 0.003). In addition, social jet lag was higher in
girls (0:54) than in boys (0:44) (hh:mm) (P = 0.008). Discriminate
function analysis showed that 77% of the children studied were
correctly classified by gender using the following measures: TAP
amplitude, two activity-derived variables (average and intraday
variability) and cortisol morning/night ratio.

3.4. Children demonstrated a different temperature pattern and
better circadian function than adults

Wrist temperature curve exhibited a biphasic pattern of sleep-
time rhythm in children that was not present in adults (Fig. 1E).
Children showed significantly higher values than adults (P < 0.05) for
the following temperature rhythm parameters: a) amplitude; b)
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Table 2

Differences between girls and boys in circadian-related variables.

Total SD Boys SD Girls SD P-value
N = 248 N =125 N =123

Circadian variables
Circadian Score 1188 165 1159 173 1216 153 0.012
TAP
Average (AU) 043 0.03 043 0.04 0.44 0.02 0.001
Mesor (AU) 043 0.03 043 0.04 0.44 0.02 0.001
IS (AU) 0.59 0.10 0.58 0.11 0.61 0.09 0.012
Amplitude (AU) 0.26 0.04 0.25 0.04 0.27 0.04 <0.001
Rayleigh (AU) 0.89 0.19 0.86 0.22 0.91 0.15 0.023
PR 42 10 40 11 4 9 0.002
M10 (AU) 0.62 0.04 0.60 0.04 0.63 0.03 <0.001
RA (AU) 0.59 0.09 0.58 0.09 0.61 0.08 0.044
CFI 0.66 0.06 0.65 0.07 0.67 0.06 0.011
Temperature
Minimum (°C) 30.14 0.84 30.02 0.75 30.26 0.90 0.028
M5 (°C) 34.44 0.85 3432 0.84 34.57 0.84 0.021
Activity
Average (°/min) 47.27 5.96 46.07 6.09 48.45 5.62 0.002
Mesor (°/min) 47.32 5.97 46.15 6.07 48.48 5.66 0.002
Amplitude (°/min) 39.30 6.20 37.93 6.46 40.67 5.63 0.001
I\Y% 0.86 0.06 0.87 0.06 0.85 0.06 0.007
PR 22.05 5.12 20.90 5.17 23.18 484 <0.001
M10 (°/min) 75.25 9.62 73.12 9.92 77.36 8.87 0.001
RA (°/min) 0.85 0.44 0.84 0.04 0.86 0.04 0.001
CFI 0.60 0.04 0.59 0.04 0.61 0.04 0.003
Position
\Y% 0.93 0.18 0.88 0.18 0.97 0.16 0.001
TM10 (h) 16:26 2:28 16:06 2:37 16:45 2:15 0.040
CFI 035 0.06 036 0.06 0.34 0.06 0.022
Cortisol concentrations (nmol/l)
09:00 h 14.22 6.17 13.92 6.51 14.52 5.84 0.458
14:00 h 7.16 3.70 7.37 3.24 6.97 4.10 0.396
23:00 h 4.20 3.09 4.41 293 3.99 3.24 0.298
Morning-night ratio* 0.91 0.31 0.87 0.34 0.95 0.27 0.033
Morning/night ratio* 0.66 0.46 0.59 0.42 0.73 0.49 0.025
Melatonin concentrations (pg/ml)
14:00 h 7.97 7.25 8.22 833 7.72 6.02 0.593
1:00 h 30.11 22.90 31.44 26.70 28.80 18.50 0374
Night-day ratio* 1.22 0.40 1.22 0.40 1.22 0.38 0.981
Night/day ratio* 0.58 0.31 0.58 033 0.58 0.29 0.847
Dietary composition
Energy (kcal) 2054 391 2135 381 1973 386 0.002
Proteins (g) 73 15 76 16 69 13 0.001
Carbohydrates (g) 223 58 231 57 214 58 0.028
Lipids (g) 101 23 104 27 98 18 0.058
Energy (kcal/kg) 56.43 16.92 57.96 16.62 54.90 17.14 0.176
Proteins (g/kg) 1.98 0.61 2.05 0.58 1.93 0.63 0.142
Carbohydrates (g/kg) 6.13 217 6.29 2.18 5.96 2.15 0.248
Lipids (g/kg) 2.78 0.90 2.83 0.96 2.73 0.84 0.432
Food timing (hh:mm)
Breakfast time 8:30 0:24 8:26 0:24 8:34 0:24 0.011
Lunch time 14:28 0:19 14:27 0:19 14:29 0:19 0.367
Dinner time 21:03 0:31 21:03 0:31 21:04 0:31 0.721
Sleeping diary (hh:mm)
Sleep bedtime 22:35 0:44 22:32 0:42 22:37 0:46 0.389
Sleep awake 8:10 0:24 8:08 0:22 8:12 0:27 0.273
Sleep duration 9:27 0:31 9:27 0:38 9:26 0:43 0.731
MCTQ (hh:mm) 3:58 0:39 3:50 0:36 4:05 0:40 0.003
Social Jet Lag (hh:mm) 0:49 0:28 0:44 0:28 0:54 0:28 0.008

Data were expressed as mean + SD (SD: standard deviation), *(log). Arbitrary Units: AU; IS: interday stability; IV: intraday variability; PR: percentage of rhythmicity; M5:
average of the five consecutive hours of maximum values and its timing (TM5); M10: average of the ten consecutive hours of maximum values and its timing (TM10); RA:
relative amplitude; and CFI: circadian function index; MCTQ: Munich Chronotype Questionnaire. The bold values represents significant differences (P < 0.05).

percentage of rhythmicity; and c) CFI (Table 3). Lower values in chil-
dren were obtained for fragmentation of the rhythm (P < 0.05). Adults
showed a later acrophase, that was delayed ~ 1 h (P < 0.05) (Table 3).

4. Discussion

The purpose of the study was to develop a protocol to assess
circadian function in school-aged children by combining the best

non-invasive tools previously validated in adults. A new circadian
score was developed to obtain a chronobiological characterization
of school-aged children. Among circadian-related measures, the
integrative variable TAP was most suitable and reliable to deter-
mine circadian system characteristics in school-age children. In
general, circadian function was better in girls than in boys, and also
in school-aged children than in adults from the same Mediterra-
nean area.
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Fig. 1. Daily patterns of temperature, activity, position and TAP in children and adults.
Each curve represents the wrist temperature's daily patterns recorded over a seven-
day period. A—D, represent the differences between boys and girls. E, depicts the
differences between children and adults. The upper line represents the hours at which
the pattern differs significantly (P < 0.05).

Table 3
Significant differences between school-aged children and adult population in tem-
perature circadian-related variables.

Adults SD Children SD P-value
N =177 N =248
Temperature Circadian variables
Mesor (°C) 33.70 0.71 33.25 0.94 0.001
Amplitude (°C) 0.93 0.50 1.09 0.55 0.002
Acrophase (hh:mm) 4:54 4:51 3:48 2:49 0.004
PR 19.28 12.58 23.30 15.43 0.004
I\% 0.20 0.09 0.10 0.04 0.001
CFI 045 0.06 0.47 0.06 0.001

All indexes are expressed as mean + SD (SD: standard deviation). PR: Percentage of
rhythmicity; IV: Intraday variability; and CFI: Circadian function index.

We have constructed the first and most complete population of
school-aged children to assess circadian function (ONTIME-]r)
which includes circadian-related data obtained by multiple circa-
dian tools such as self-reported diaries and chronotype question-
naires, salivary samples, two different wrist sensors to test the
integrative variable TAP [2,16] and a luxmeter as a pendant around
the neck. All these tests were non-invasive and have been designed
to assess circadian function without affecting normal living con-
dition. Previous studies in the assessment of circadian function
were mainly performed in adults and were limited by the number
of circadian markers, e.g. chronotype through questionnaires
[17,25], or salivary melatonin and cortisol levels, or sleep patterns
[5], skin temperature [12,13] and activity rhythms through accel-
erometers [11], but to our knowledge all these non-invasive tools
had never been used together in the same population of children.

Results from the present study show that the integrative vari-
able TAP and the morning/night cortisol ratio best explained sam-
ple variability in circadian-related characteristics, as determined by
factor analysis. Prior studies of adults suggest that TAP is more
reliable and less subject to environmental artifacts than individual
variables like temperature or activity separately [2].

Of the measures included in TAP, CFI was the first factor to
explain variability. Circadian Function Index (CFI) summarizes
regularity and fragmentation of rhythm, which provides informa-
tion about the circadian system and facilitates objective evaluation
of chronodisruption [2]. High CFl indicates more regular day-to-day
rhythms, as demonstrated by a) higher interday stability; b) higher
Rayleigh values, with more stable phase between days; and c)
higher amplitude which shows an elevated difference between
morning and evening values. Circadian Function Index was signif-
icantly higher in girls than boys suggesting that girls have better
circadian function, a finding confirmed by the newly developed
circadian score obtained from factor analysis that was also higher in
girls than in boys. Compared with a control population of adults
from the same Mediterranean area, data suggest better circadian
function in school-aged children than in adults.

Another test used in the current protocol was salivary cortisol.
Girls had a higher morning/night ratio than boys, indicating a
normal diurnal curve [26]. Cortisol is a corticosteroid with a robust
circadian profile. Previous studies performed in adults have
demonstrated a similar decrease in amplitude of cortisol in men as
compare to women [27], so these results could be inherent to sex.
Nevertheless, we cannot discard the hypotheses that these lower
amplitude in boys compared to girls, could be related to circadian
impairment [26]. In adults, diminished daily amplitude in the
cortisol pattern has been associated with central obesity (charac-
teristic of men), metabolic disturbances in blood pressure, and
regulation of plasma glucose and lipids [26,28]. Further studies will
help to elucidate if cortisol morning/night ratio associates with
metabolic disturbances in children.
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The level of physical activity, and the fragmentation of activity
rhythm, which is the frequency of changes between high and low
activity, showed differences between girls and boys. Girls were
more active than boys as demonstrated by the significantly higher
values obtained in activity average, mesor and M10. In addition,
girls showed a less fragmented activity rhythm than boys, with
lower intraday variability values. Previous authors suggest that
fragmentation of rhythm is a health indicator in adults [29,30].
High fragmentation of activity rhythms is related to mortality risk,
cardiovascular disease, cognitive impairment, depression symp-
toms, and obesity [29,30]. Fragmentation of activity rhythm has
also been related to obesity and central adiposity in adolescents
[11].

Eveningness has been defined as the characteristic of being
most active and alert during the evening, and it is considered as a
trait of puberty. Adolescents experience a delay in circadian clocks
that causes them to sleep and wake later than younger children
[11]. In the current study girls had a higher tendency to eveningness
than boys. Previous studies suggest that girls achieve eveningness
at an earlier age than boys, although at this age chronotype is not
yet fully defined in boys [31].

4.1. Differences between children and adults

The present study suggests that wrist temperature rhythm dif-
fers between early and later stages of life with a better circadian
function in children than in adults from the same Mediterranean
area. School-aged children exhibited a biphasic pattern in tem-
perature rhythm during night sleep while adults had a monophasic
pattern [32]. Significantly longer sleep episodes in children
compared to adults, could explain the differences [33]. Similar
biphasic patterns have been previously shown in adults who
expanded their sleep episodes from 7 to 11 h per day [33].

A comparison of circadian-related measures from 7-day records
of wrist temperature rhythm between children and adults
demonstrated less fragmented rhythms and higher amplitude and
percentage of rhythm in children than in adults. Decreased
amplitude has previously been related to aging [34]. Circadian
Function Index was also higher in children than adults, which
suggests a better circadian rhythm. Our data agree with previous
studies that indicate that aging is associated with progressive
deterioration of circadian rhythms [35,36].

Results from the present study suggest that the test protocol and
the newly developed circadian score can assess circadian function
in children. Nevertheless, other physiological factors may be
implicated in the differences found in the circadian-related vari-
ables, further studies are needed to determine whether childhood
pathologies, such as overweight and obesity, are linked to this
circadian score and if school and physical activity schedules and
artificial light exposure are linked with circadian rhythm
alterations.

From the current work, several recommendations could be
suggested for future studies in similar children populations:

a) To use a more secure and waterproof design of wrist watches.
In the current study sensors were placed in specially
designed wrist watches to be worn safely and comfortably.
Nevertheless, some of the temperature devices were de-
tached from abrupt movements while playing (4%) and some
accelerometers (3%) failed because of water vapor from
sweat entering the device.

b) Replace the 7-day food record with a simpler test e.g. a
smartphone application.

c) Further studies should investigate the specific role of the
melatonin ratio in the circadian system function in children.

In the current study, melatonin was not able to capture
circadian variability or to assess differences between girls
and boys, as previously described [5]. However, this could be
due to the small successful collection rate. Indeed, melatonin
sampling at 01:00 h was difficult to obtain and in several
cases insufficient quantity of saliva was collected (28%). This
finding needs to be explored in a bigger population, with a
higher number of samples.

d) Because we decided to analyze the lux parameter only when
the study was already started, only 20 children were
included in the analyses of light. In order to make any
conclusion about the validity of this measurement, it is
necessary to expand these analyses.

In conclusion, we have developed a new circadian score using
non-invasive measurements, including TAP, which seems to be
reliable to assess circadian system in school-aged children under
normal living conditions. Children had better circadian function
than adults. Furthermore girls seem to have a better circadian
function than boys. Further studies should deep in the origin of
these sexual differences. Chronobiological tools should be included
in a comprehensive approach to the paediatric patient.
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