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Biologic rhythms of cells and organisms are well
documented and have been extensively studied at the
physiologic and molecular levels. For the skin, many
circadian changes have been investigated but few
systematic studies comparing skin at different body
sites have been reported. In this study we investi-
gated facial and forearm skin circadian rhythms in
eight healthy Caucasian women. Noninvasive meth-
ods were used to assess skin capacitance, sebum
excretion, skin temperature, transepidermal water
loss, and skin surface pH on ®xed sites of the face
and the volar forearm during a 48 h span under stan-
dardized environmental conditions. Using the cosi-
nor or ANOVA methods, circadian rhythms could
be detected for sebum excretion (face), transepider-
mal water loss (face and forearm), skin temperature
(forearm), pH (face), and capacitance (forearm). No

circadian rhythmicity was found for the other bio-
physical parameters. In addition to the 24 h rhythm
component, rhythms with periods of 8 h were found
for sebum excretion, of 8 and 12 h for transepider-
mal water loss (face and forearm), and of 12 h for
skin temperature (forearm). Our study con®rms that
rhythms of skin surface parameters are readily
measurable and that these rhythms differ between
different sites. Furthermore, we demonstrate for the
®rst time that, for transepidermal water loss (face
and forearm), sebum excretion, and skin tempera-
ture (forearm), in addition to circadian rhythms,
ultradian and/or component rhythms can be
detected. Key words: bioengineering/chronobiology/circa-
dian rhythm/ultradian rhythm. J Invest Dermatol 117:718±
724, 2001

B
iologic rhythms are de®ned as physiologic changes
occurring over time with a reproducible waveform
(Halberg and Reinberg, 1967). The period of rhythms
encountered in biology may range from a fraction of a
second, to a few hours, to about 24 h (circadian

rhythms) and even longer (Scheving, 1959, Kahn et al, 1968;
Gelfant et al, 1982; Haus and Touitou, 1992). Circadian rhythms
have been extensively described at different levels of physiologic
organization (Haus and Touitou, 1992). In addition, they have
attracted considerable interest in the management of cancer patients
(Levi, 2000) and have been associated with autoimmune and
lymphoproliferative diseases in mice (Conti and Maestroni, 1998).
In recent years molecular bases of circadian rhythms have been
identi®ed at the cellular level in prokaryotes and eukaryotes, and
the regulation of biologic processes by circadian clocks has become
a quickly expanding ®eld of research (Dunlap, 1999).

Circadian rhythms of biophysical skin parameters (Burton et al,
1970; Spruit, 1971; Timbal et al, 1972; Cotterill et al, 1973;
Gautherie, 1973; Lee et al, 1977; Marotte and Timbal, 1981;
Verschoore et al, 1993; Reinberg, 1997) as well as the functional
response of the skin to histamine (Reinberg et al, 1965, 1969, 1990,
1996) have been documented in the past by several investigators.

Most of these studies have been performed on body skin, i.e., on
the back and the volar forearm. Compared to these two regions,
facial skin anatomy is more complex (LeÂveÃque et al, 1987) and the
face is one of the sites most exposed to environmental factors.
Therefore its rhythmicity may differ from the other body areas.
Circadian rhythms of facial skin have not been extensively
documented as yet and the studies available are either restricted
to one or two parameters (Burton et al, 1970; Timbal et al, 1972;
Cotterill et al, 1973; Reinberg et al, 1990; Verschoore et al, 1993) or
model the rhythmicity after unconventional sampling schedules
(Yosipovitch et al, 1998).

Therefore in this study we attempted to investigate simultan-
eously around-the-clock changes in a set of ®ve biophysical skin
parameters on the face and the forearm over a time span of 48 h.

MATERIALS AND METHODS

Subject and environmental control Eight healthy Caucasian women
naturally menstruating, aged from 21 to 32 y (mean 6 SD, 24 6 3),
were included in the study after having signed an informed consent.
They had no history of ongoing or previous skin diseases. They were
neither pregnant nor breast feeding, with no oral contraceptive for at
least 3 mo and no medication for 15 d prior to and during the study.
The in¯uence of the menstrual cycle on skin circadian rhythms has been
documented in the past (Reinberg and Smolensky, 1983). Therefore the
subjects were all chosen to be in the luteal phase of their menstrual cycle
(28 6 2 d cycles) during the study. All study subjects were nonsmokers.
Alcohol, hot beverages, and spicy food were not permitted during the
study.
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Subjects maintained a social and ecologic synchronization with diurnal
activity with light on at 08.00 (6 1 h) and light off at midnight (6 1 h)
during the 48 h study. This schedule was close to their spontaneous
individual behavior. Study subjects were wearing day and night the same
light cotton clothes with short sleeves leaving forearms free and were
allowed to move freely in the study room. The light source consisted of
¯uorescent tubes Luxline-ES F 36 W/183, 120 cm (Sylvania, Erlangen,
Germany), delivering only visible light (400±700 nm). Two tubes were
located at the head of the bed within a distance of approximately 1.20 m
from the face and 1.50 m from the volar forearm of the subject. The
intensity of light reaching the skin site was about 250 lux for the face
and 200 lux for the forearm.

Standardized meals were served at ®xed hours. Volunteers were hosted
in rooms under controlled and recorded environmental conditions
(temperature 20.0°C 6 0.5°C and relative humidity 53.2% 6 4.7%).
Non-strenuous activities such as reading, writing, and watching TV were
allowed.

For standardization purposes, study subjects followed strict skin care
instructions for the body and the face 1 wk prior to and during the
study. In particular, they did not apply any cosmetics or make-up at least
during the 12 h prior to and during the study. Moreover, they did not
apply water on the investigated skin area during the study.

Variables and time series acquisition Measurements were performed
at 4 h intervals on ®xed predetermined sites of the face (Fig 1) and the
volar forearm of subjects in recumbent position, their forearms in a
horizontal position.

Skin biophysical parameters Skin capacitance was measured using a
Corneometer CM820 (Courage & Khazaka Electronic, KoÈln, Germany)
and expressed in arbitrary units as the mean of three recordings on
adjacent sites. Measurements were performed according to the EEMCO
guidance for assessment of stratum corneum hydration (Berardesca,
1997).

Sebum excretion was evaluated using Sebutape (Cuderm, Dallas, TX)
applied on the skin surface for 1 h after cleaning the skin surface with
70° alcohol. After removing, the Sebutape was stored at ±10°C until
analysis with an automatic image analysis system (Quantiseb, Monaderm,
Monaco). The results were expressed as percentage of Sebutape surface
covered with sebum droplets, re¯ecting the quantity of excreted sebum
in the 60 min span.

Face skin temperature was recorded with a cutaneous thermometer
(Differential Thermometer PT 200 from IMPO Electronics, Denmark).
It was expressed in degrees Celsius as the mean of ®ve consecutive
measurements.

Transepidermal water loss (TEWL), as a measurement of stratum
corneum barrier function, was assessed using a Tewameter TM210C
(Courage & Khazaka Electronic). At each test time a single measurement

per area was performed according to the European Society of Contact
Dermatitis recommendations and expressed in g per m2 h (Pinnagoda et
al, 1990).

Skin surface pH was measured with a PHmeter PH900 (Courage &
Khazaka Electronic). It was expressed as the mean of two measurements
performed on two adjacent skin areas.

Other physiologic variables Free salivary cortisol (mg per dl) as a
marker rhythm to check subjects' synchronization (Touitou and Haus,
1992) was determined by enzyme-linked immunosorbent assay (BIO-
Advance, Emerainville, France).

Statistics To minimize interindividual differences, changes as a
function of time were expressed as a percentage of the 24 h individual
mean for each study subject and skin parameter. The 48 h span was
selected to visualize circadian and other rhythms and to check their
stability from day 1 (®rst 24 h span) to day 2 (second 24 h span). Day-
to-day variations for each variable were tested by ANOVA. When no
variation between the 2 d was found, data were pooled on a 24 h basis.
Then, changes as a function of time were expressed as a percentage of
the 24 h mean and displayed as a plexogram.

Two complementary statistical methods were used to test 24 h
(circadian), 12 h, and 8 h (ultradian) periodicities. Both cosinor and
three-way ANOVA were used consecutively for the analyses. Three-way
ANOVA was used to test time-dependent variations as a group phenom-
enon. The cosinor (Nelson et al, 1979) was used to obtain and quantify
the best-®tting cosine function approximating all data for trial periods (t)
of 24 h, 12 h, and 8 h. The least squares method was used to quantify
parameters characterizing each rhythmic function. A rhythm was detected
when the amplitude (half peak to trough difference) of the cosine
function differed from zero with p < 0.05. In these cases, the cosinor
provided the acrophase (peak time location of the cosine curve) and its
amplitude (half of the peak to trough difference) with their respective
95% con®dence limits as well as the 24 h adjusted mean (M).

When con®dence limits of the acrophase were larger than 62 h the
results of the cosinor method were not considered (De Prins and
Waldura, 1993) because the experimental curve is not suited to the
model of a cosine function (Reinberg et al, 1998).

RESULTS

Day-to-day variability of biophysical parameters No
signi®cant day-to-day variability was found for the biophysical
parameters investigated, except for skin capacitance on the face
(data not shown). This allowed us to pool the data of all study
subjects for the 48 h period on a 24 h basis (plexogram) except for
the latter parameter.

Detection of time-dependent changes by three-way
ANOVA Time-dependent changes were detected by ANOVA
(Table I) for sebum excretion (p < 0.03), TEWL on the face (p
< 0.00005) and the forearm (p < 0.00001), temperature on the
forearm (p < 0.00001), pH on the face (p < 0.03), capacitance on
the face (p < 0.04) and the forearm (p < 0.004), and free salivary
cortisol (p < 0.00001).

Detection of circadian and ultradian rhythms by
cosinor To investigate the nature of the time-dependent
changes we used the cosinor method. As reported previously
(Haus et al, 1988), a circadian rhythm for free salivary cortisol was

Figure 1. Sites of measurements of biophysical parameters on the
face.

Table I. Detection of time-dependent changes of skin
surface biophysical parameters in eight study subjects

detected by ANOVA (with p < 0.05)

Variables Anatomical site p value

Sebum excretion Face 0.03
TEWL Face 0.00005

Forearm 0.00001
Temperature Forearm 0.00001
PH
Capacitance

Face
Face
Forearm

0.03
0.04
0.004
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detected with a peak time around 08:50 (61 h 30 min), a nocturnal
trough, and an 80% amplitude change with reference to the 24 h

mean (p < 0.00001) (®gure not shown). This con®rmed that the
study subjects were synchronized.

For the skin, circadian rhythms (Table II) were detected for
sebum excretion (p < 0.001), TEWL on face and forearm
(p < 0.0005 and p < 0.03), and skin temperature on the forearm
(p < 0.0008). Rhythms with periods of 12 h (Table III) were
detected for TEWL on the face (p < 0.05) and the forearm
(p < 0.0001) and the skin temperature on the forearm (p < 0.00006).

Additional rhythms with periods of 8 h were also detectable for
sebum excretion on the face (p < 0.01), capacitance on the forearm
(p < 0.0001), and TEWL on the two zones (face p < 0.0005 and
forearm p < 0.0006) (Table III).

The plexograms are shown in Figs 2±7. When a circadian
rhythm was detected by cosinor analysis (Figs 3, 4, 5, 7) the
cosine functions with t = 24 h were superimposed on the
respective plexograms. The ultradian rhythms detected are not
shown.

The 24 h mean values of skin capacitance for the study subjects
ranged from 53 to 80 arbitrary units on the forearm (not shown).
The plexogram showed three peaks (Fig 2) at 12:00, 20:00, and
04:00. No circadian rhythm was detected by cosinor but an 8 h
ultradian rhythmicity was detected (Table III) with a peak time
around 02:00 (63 h 30 min).

As a measure for the sebum excretion, the 24 h mean value for
the Sebutape surface covered with sebum droplets ranged from
1.0% to 18.7% for the study subjects (not shown). The plexogram
(Fig 3, black squares) showed a peak at 12:00 and a trough at 0:00.
By cosinor, a circadian rhythm with a peak time around 13:20 (6 3
h 30 min) was found (p < 0.001) (Table II, Fig 3, dotted line). The
amplitude of the cosine function was about 30% (6 24.4) with
regard to the 24 h mean. The large con®dence interval (Table II)
of the acrophase indicates that the curve pattern is far from being a
cosine function. On the plexogram an additional small peak
occurred at 4:00 leading to a biphasic curve pattern (Fig 3, black
squares). This biphasic pattern is due to the presence of a rhythm
component with t = 8 h (Table III) in addition to the prominent
circadian rhythm.

Table II. Detection of circadian rhythms for skin biophysical parameters by the cosinor method

Skin variables Anatomical site Trial period p valuea Amplitudeb (95% CL) Acrophasec (95% CL)

Sebum excretion Face 24 h 0.001 30.0 (6 24.4) 13.18 (6 3.30)
TEWL Face 24 h 0.0005 9.5 (6 5.9) 11.38 (6 2.30)

Forearm 0.03 5.6 (6 5.3) 6.00 (6 4.30)
Temperature Forearm 24 h 0.0008 1.0 (6 0.8) 0.48 (6 3.50)

ap value of the circadian rhythm detection.
bAmplitude = half peak to trough difference. CL, con®dence limits.
cAcrophase = peak time location expressed in hours and minutes number of study subjects = 8.

Table III. Detection of ultradian rhythms for skin biophysical parameters by the cosinor method

Skin variables Anatomical site Trial period p valuea Amplitudeb (95% CL)
Acrophasec (95% CL)
(®rst peak location)

Sebum excretion Face 8 h 0.01 4.5 (6 1.4) 5.50 (6 0.20)
Temperature Forearm 12 h 0.00006 1.2 (6 0.8) 5.10 (6 1.40)
TEWL Face 12 h 0.05 6.0 (6 5.0) 5.20 (6 1.70)

8 h 0.0005 4.5 (6 3.4) 6.00 (6 0.40)
Forearm 12 h 0.0001 8.9 (6 4.7) 5.50 (6 1.10)

8 h 0.0006 4.1 (6 2.8) 6.00 (6 0.20)
Capacitance Forearm 8 h 0.0001 10.9 (6 3.8) 2.10 (6 3.30)

ap value of the circadian rhythm detection.
bAmplitude = half peak to trough difference. CL, con®dence limits.
cAcrophase = ®rst peak time location expressed in hours and minutes. With 12 h periods two peaks occurred in the 24 h scale at +12 h (or ±12 h) from the ®rst acro-

phase given in the table. With 8 h periods three peaks occurred in the 24 h scale, namely at +8 h and +16 h (or ±8 h and 6 h) from the ®rst acrophase location given in
the table. Number of study subjects = 8

Figure 2. Circadian variations of skin capacitance on the
forearm. Measurements were performed on the volar forearm of the
eight study subjects (see Fig 1) at 4 h intervals during 48 h. As no
variations of skin capacitance measurements were found between the 2
d, data were pooled on a 24 h basis. For each subject, time point values
were expressed as percentages of 24 h individual mean. Then, the mean
values of these variations for the study sample (black squares, mean 6
SEM) were displayed to express time-dependent changes of skin
capacitance (plexogram). A time dependence was found with three
peaks, the main one at 20:00 and smaller ones at 12:00 and 04:00. No
circadian rhythm was detected by the cosinor method. The light off
period is indicated as a bold line on the time axis.

720 LE FUR ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY



The 24 h mean TEWL of the study subjects ranged from 9.9 to
19.2 g per m2 h on the face and from 5.9 to 10.4 g per m2 h on the
forearm (not shown). For the face the plexogram of the TEWL
showed peaks at 8:00 and 16:00 and a trough from 20:00 to 0:00
(Fig 4, black squares). Cosinor analysis detected a peak time at about
11:40 (62 h 30 min), which is located between the two peaks of
the plexogram. The amplitude was about 9.5% (6 5.9) with regard
to the 24 h mean. Again large con®dence intervals for acrophase
detection were found (Table II). This is probably due to the fact
that the 24 h curve is far from being a cosine function as it shows a
two peak curve pattern.

The forearm skin showed a TEWL plexogram pattern slightly
different from that of the face (Fig 5, black squares) with two peaks
located at 08:00 and 16:00. This difference of pattern may be due to
the coexistence of additional periodicities. Cosinor with a trial
period of 24 h provided a peak time at 06:00 (6 4 h 30 min) and
the amplitude was 5.6% (6 5.3). With the large con®dence
interval, however, this peak probably represents a mathematical
artefact.

In addition to the 24 h rhythmicity, ultradian periodicities
with periods of 12 h and 8 h were detected by cosinor for
TEWL of both face and forearm (Table III). The detection
(with p < 0.05) of periods less than 24 h corresponds to the
detection of an ultradian rhythm if the amplitude is larger than
the circadian amplitude. If the amplitude of the ultradian period
is smaller than the circadian one, it means that a component
period is present but cannot be considered as a rhythm. As
shown in Table III the time of occurrence of peaks of the
ultradian 12 h are almost similar in facial skin (5:20 and 17:20)
and forearm skin (5:50 and 17:50); the same tendency was

found with a trial period of 8 h (6:00, 14:00, and 22:00 for the
two zones). On the forearm, the amplitude of the 12 h rhythm
(8.9%) is larger than that of the 24 h rhythm (5.6%). The
opposite is true for facial skin where the circadian amplitude
(9.5%) is larger than the ultradian one (6%). This means that
TEWL exhibits a prominent circadian rhythm on the face and a
prominent 12 h rhythm on the forearm. Differences in the
ultradian components between face and forearm skin may
explain observed differences in the curves depicted in Figs 4
and 5.

The 24 h mean values of skin surface pH for the study subjects
ranged from 4.9 to 6.3 on the face and from 5.4 to 6.6 on the
forearm (not shown). Skin surface pH was found to be time
dependent (ANOVA with p < 0.03) only on the face, with a
nocturnal trough located around 04:00 (Fig 6). It showed a plateau
during daytime. The nocturnal trough to diurnal plateau difference
was around 5% of M. Cosinor did not detect any circadian or
ultradian rhythm for this parameter.

The 24 h mean values of skin temperature ranged from 29.9°C
to 33.0°C on the face and from 29.7°C to 31.1°C on the forearm
(not shown). Skin temperature showed time-dependent changes
only on the forearm (ANOVA with p < 0.00001) with a trough at
midday and two peaks (Fig 7, black squares), a nocturnal one around
04:00 and a diurnal one around 16:00. A circadian rhythm with
t = 24 h was detected by cosinor only at the forearm level with a
peak time around 00:45 (6 3 h 50 min) and a peak to trough
difference of 2% (6 0.8) with reference to the 24 h mean. Again
the large con®dence interval (Table II) indicates that the curve is
far from being a cosine function. The presence of an ultradian
periodicity with a trial period of 12 h (p < 0.00006) may contribute
to the experimental curve pattern (Table III).

Figure 3. Circadian variations in sebum excretion on the
forehead. Sebum excretion was determined on the forehead (see Fig 1)
of the eight study subjects at 4 h intervals during 48 h. As no variations
of sebum excretion measurements were found between the 2 d, data
were pooled on a 24 h basis. For each subject, time point values were
expressed as percentages of 24 h individual mean. Then, the mean values
of these variations for the study sample (black squares, mean 6 SEM)
were displayed to express time-dependent changes of skin sebum
excretion (plexogram). Time dependence was detected with a peak at
12:00 and a trough at 0:00. Analysis by the cosinor method detected a
circadian rhythm (see also Table II) and provided the best-®tting curve
that models the circadian variations for the 24 h period. This curve
(dotted line) is superimposed on the corresponding plexogram. The light
off period is indicated as a bold line on the time axis.

Figure 4. Circadian variations of TEWL on the cheeks. TEWL
was measured on the left cheek (see Fig 1) of the eight study subjects at
4 h intervals during 48 h. As no variations of TEWL measurements were
found between the 2 d, data were pooled on a 24 h basis. For each
subject, time point values were expressed as percentages of 24 h
individual mean. Then, the mean values of these variations for the study
sample (black squares, mean 6 SEM) were displayed to express time-
dependent changes of TEWL on the cheek (plexogram). Time
dependence was detected with two peaks at 8:00 and 16:00 and a trough
between 20:00 and 0:00. Analysis by the cosinor method detected a
circadian rhythm (see also Table II) and provided the best-®tting curve
that models the circadian variations for the 24 h period. This curve
(dotted line) is superimposed on the corresponding plexogram. The light
off period is indicated as a bold line on the time axis.
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DISCUSSION

Circadian changes of biologic functions have recently attracted
increasing attention due to their potential importance for drug
delivery in chronopharmacology as well as chronotherapy. In this
study we investigated the circadian variations of several biophysical
skin variables by noninvasive methods at the skin surface.

Sebum excretion is one of the best-studied parameters of facial
skin. Several authors (Burton et al, 1970; Verschoore et al, 1993) have
demonstrated circadian rhythmicity of sebum excretion with a peak
around midday. Our data are in line with these reports showing a
prominent peak at noon. In addition, we detected an ultradian
periodicity of 8 h, which has not been reported previously. Increase
in skin temperature is known to increase sebum excretion in the
range of 10% per 1°C (Cunliffe et al, 1970). Intraindividual variations
of skin temperature on the face were minimal during our study,
however, and neither circadian nor ultradian rhythms were found
for this variable. In agreement with previous reports (Burton et al,
1970; Cotterill et al, 1973; Verschoore et al, 1993) this ®nding
suggests that circadian variations of sebum excretion are not linked
to variations of skin temperature. Other possible causes for the
rhythmicity of sebum excretion are currently not known. Attempts
to match the sebum excretion changes with free testosterone,
dehydroepiandrosterone sulfate, delta-4-androstenedione, cortisol,
or melatonin blood levels have been unsuccessful (Rony and Zakon,
1944; Pochi and Strauss, 1974; Verschoore et al, 1993). Other
mechanisms, such as the regulation of androgen receptors, have been
proposed as possible candidates for the regulation of sebum
production (Verschoore et al, 1993). No evidence for this assump-
tion has been provided as yet, however.

Circadian oscillations of body temperature have been known for
a long time and a circadian rhythm with a late afternoon peak and a
nocturnal trough has been reported (Aschoff, 1970; Re®netti and
Menaker, 1992). Our data on skin temperature also showed time
dependence on the forearm with a trough around 12:00 and two
peaks at 16:00 and 04:00. Cosinor analysis results were compatible
with those recently reported by others (Yosipovitch et al, 1998).
Attempts to compare our data in detail with those of earlier studies
on skin temperature were frustrating, however, because results as
well as the experimental conditions differed considerably (Spruit,
1971; Mans®eld et al, 1973; Marotte and Timbal, 1981). This large
variability for such a common biophysical parameter as skin
temperature underlines the desperate need for standardized proto-
cols for chronobiologic studies on the skin.

Surprisingly and in contrast to what we observed on the forearm,
we did not ®nd temperature changes on the cheeks. The different
behavior of the two body sites under the same environmental
conditions is most probably due to physiologic differences, in
particular to vascularization and vascular reactivity.

Capacitance is one of the most widely used techniques to assess
the hydration state of the skin surface. Circadian variations of skin
capacitance have been suggested previously by Gabard and Treffel
(1994), whereas Yosipovitch et al (1998) in a recent study failed to
detect time dependence of capacitance on the face and the forearm.
In our study a day-to-day difference was found for the results on
the face. This difference resulted from the data obtained on one
subject (not shown) and prevented a conclusion from being drawn.
In contrast to the face, we found time dependence of capacitance
on the forearm and detected ultradian rhythmicity, which has not
been reported before.

TEWL is a well-accepted in vivo indicator of skin barrier
function (Pinnagoda et al, 1990). In previous studies different
circadian rhythms have been reported for this parameter: Spruit
(1971) found that TEWL on the forearm skin was higher in the
afternoon than in the morning and Yosipovitch et al (1998) found a

Figure 5. Circadian variations of TEWL on the forearm. TEWL
was measured on the volar forearm (see Fig 1) of the eight study
subjects at 4 h intervals during 48 h. As no variations of TEWL
measurements were found between the 2 d, data were pooled on a 24 h
basis. For each subject, time point values were expressed as percentages
of 24 h individual mean. Then, the mean values of these variations for
the study sample (black squares, mean 6 SEM) were displayed to express
time-dependent changes of TEWL on the forearm (plexogram). Time
dependence was detected with two peaks at 8:00 and 16:00 and two
troughs at 12:00 and 0:00. Analysis by the cosinor method detected a
circadian rhythm (see also Table II) and provided the best-®tting curve
that models the circadian variations for the 24 h period. This curve
(dotted line) is superimposed on the corresponding plexogram. The light
off period is indicated as a bold line on the time axis.

Figure 6. Circadian variations of pH on the forehead. The pH was
measured on the forehead (see Fig 1) of the eight study subjects at 4 h
intervals during 48 h. As no variations of pH measurements were found
between the 2 d, data were pooled on a 24 h basis. For each subject,
time point values were expressed as percentages of 24 h individual mean.
Then, the mean values of these variations for the study sample (black
squares, mean 6 SEM) were displayed to express time-dependent changes
of pH (plexogram). A nocturnal trough located around 04:00 was clearly
detectable. No circadian rhythm was detected by the cosinor method.
The light off period is indicated as a bold line on the time axis.

722 LE FUR ET AL THE JOURNAL OF INVESTIGATIVE DERMATOLOGY



circadian rhythm of TEWL with a peak in the late afternoon. In
contrast, Touitou et al (1994) and Reinberg et al (1996) reported a
circadian rhythm of TEWL on the forearm skin with a trough at
14:00 and a nocturnal peak. Again differences in the study
protocols, i.e., 4 h sampling over a 48 h span versus 2 h sampling
over two time periods of 12 h, as well as differences of the
environmental temperature and relative humidity during the studies
prohibit a direct comparison of these data. With our protocol we
found a bimodal rhythm for TEWL both on the cheeks and the
forearm, with two peaks located at 08:00 and 16:00. In addition to
circadian rhythms, ultradian rhythms with t = 12 h and t = 8 h
were also detected. Whereas the amplitudes of the 8 h rhythm were
comparable between the two study sites, the 12 h rhythm
amplitudes were higher on the forearm than on the cheeks. The
fact that the amplitude of the 12 h rhythm on the cheeks was even
higher than the 24 h rhythm strongly supports the notion that the
ultradian component indeed contributes to the circadian changes of
TEWL.

A difference of TEWL circadian behavior between face and
forearm has been reported also by Yosipovitch et al (1998).
Unfortunately these authors provided only the results of cosinor
analysis without showing raw data or a chronogram, which makes a
direct comparison impossible. Cosinor analysis of the circadian
changes of TEWL in both studies showed the acrophases at
different time points, i.e., 11:30 and 6:00 vs 24:00 and 18:00 for the
face and the forearm, respectively. The large con®dence intervals
for the acrophases, however, indicate that these circadian rhythms
are far from being cosine functions and therefore the results
obtained by cosinor with a trial period of 24 h might be misleading
and should not be used for interpretation of the data (Reinberg et
al, 1998). In contrast to the 24 h periods, cosinor analysis of our

data with trial periods of 8 and 12 h showed smaller con®dence
intervals for the acrophases supporting the assumption that these
components indeed contribute to the pattern of circadian changes
observed. As to a possible explanation for differences of TEWL
behavior between the forearm and the cheeks, again regional
physiologic variations such as vascularization and distribution of
eccrine glands are most likely candidates modifying TEWL
rhythmicity. The ®nding that on the cheeks a rhythm of TEWL
was detectable in the absence of signi®cant changes in skin
temperature (see above) indicates that, for circadian variations of
this parameter also, skin temperature is not a main determining
factor.

Apart from the contribution of sweat-derived lactic acid and free
amino acid of the stratum corneum (Dikstein and Zlotogorski,
1989), factors accounting for skin surface acidity are not well
de®ned (Dikstein and Zlotogorski, 1994; Ohman, 1994). pH
measurements on the face but not the forearm showed a distinct
24 h rhythm with a nocturnal dip and a diurnal plateau. The fact
that a rhythm in pH was detected only on the face suggests that
structural differences of the epidermis at different sites, including
sebum secretion and distribution of eccrine glands, which are more
numerous at the facial level (Szabo, 1958), might be involved. As
our ®ndings were obtained under stable environmental conditions
with strict skin care instructions and no physical activity of the
study subjects, exogenous in¯uences on sweat excretion can
virtually be excluded. Whether or not the pH changes correspond
to a circadian change of sweat composition will require further
studies. As opposed to our ®ndings, Yosipovitch and coworkers did
not observe changes on the forehead but observed a diurnal peak
on the forearm by cosinor analysis. We do not have an explanation
for these discrepant ®ndings other than that the experimental
conditions differed as discussed above.

In conclusion we have con®rmed that under controlled envir-
onmental conditions rhythmic changes of skin surface parameters
can readily be measured. In addition, we have demonstrated for the
®rst time that, besides circadian rhythms, ultradian rhythms or
components of 8 and 12 h can be detected also for some of the skin
biophysical parameters. The ®nding that rhythms may differ with
respect to the different skin sites investigated suggests that
anatomical and/or physiologic variabilities contribute to the
circadian changes.

As to practical consequences of our results one has to be aware of
the fact that, except for sebum excretion, which showed a peak to
trough difference of 60%, the rhythmic changes of the other
parameters were rather small, ranging from 2% to 20%. The skin is
constantly adapting to changes of environmental conditions such as
temperature, humidity, and solar irradiation, which in¯uence
several of the skin biophysical parameters measured in our study
(Goh, 1995; Rohr and Shrader, 1998). In addition physical and
emotional stress also have a bearing on the skin and in¯uence these
parameters (Pinnagoda et al, 1990). Therefore in ``real life'' very
likely changes due to these exogenous and endogenous factors will
mask some of the subtle circadian changes. To what extent the
physiologic circadian changes explored here contribute to time-
dependent functional changes such as the penetration of local
anesthetics (Bruguerolle et al, 1991) and nicotinates (Reinberg et al,
1995) remains to be explored.
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