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The objective of this study was to determine the normal range
of nocturnal urinary excretion of the major melatonin metabolite,
6-sulfatoxymelatonin (6SMT) in a large sample of healthy full-
term infants (8 and 16 wk old) and assess whether the endoge-
nous production of melatonin changes with season. 6SMT was
assessed in urine samples extracted from disposable diapers
removed from full-term, 8- (n 5 317) and 16-wk-old (n 5 93)
infants over the nocturnal period (19:00–08:00 h). In addition,
6SMT was assessed in 8-wk-old (n 5 35) healthy infants over
the entire 24-h period. 6SMT was determined by an ELISA
assay. 6SMT excretion at 8 wk of age exhibited diurnal varia-
tions with (mean 6 SD) 61 6 18% of the daily production
excreted during the nocturnal period regardless of season. The
nocturnal 6SMT values in the entire cohort (at 8 as well as 16 wk
of age) were found to significantly depart from normal distribu-
tion (Kolmogorov-Smirnov test). A normal distribution was ob-
tained using a natural base logarithmic (ln) transformation of the
data. The normal range (2.5–97.5 percentile of the ln 6SMT
excretion per night) was thus defined as 4.66–8.64 (106–5646
ng/night) for 8-wk-old and 5.19–9.67 (180–15,820 ng/night) for
16-wk-old infants. A significant effect of the month of birth on
6SMT production at the age of 8 wk was found (ANOVA, p ,

0.002) with maximal levels produced by infants born in June
(summer solstice) and minimal excretion in infants born in
December (winter solstice). Short-photoperiod-born infants ex-
creted on average about threefold less 6SMT compared with
long-photoperiod-born infants (t test, p 5 0.01). The seasonal
variations were no longer present at 16 wk of age. No effect of
breast-feeding at the time of sampling on seasonality of 6SMT
was found. Normal ranges for the nocturnal urinary excretion of
6SMT in full-term infants at 8 and 16 wk of age are defined. This
enables the evaluation of nocturnal 6SMT excretion as a prog-
nostic and diagnostic factor for child development. The strong
effect of season on the normal excretion of nocturnal 6SMT at 8
but not 16 wk of age suggests prenatal influence of the photo-
period on the ontogeny of melatonin. (Pediatr Res 49: 63–68,
2001)

Abbreviations:
SIDS, sudden infant death syndrome
ALTE, apparent life-threatening event
6SMT, 6-sulfatoxymelatonin
ln, natural base logarithm

The changes in photoperiod are major environmental cues
for initiating seasonal acclimatization of thermoregulatory
mechanisms and reproduction. In all mammals studied to date,
including humans, the nocturnal production of melatonin by
the pineal gland reflects the photoperiod (1, 2) and plays a key
role in seasonal acclimation. Humans are not considered pho-
toperiod sensitive, although some disorders such as seasonal
affective disorders (3) and cluster headache (4) have been
associated with a particular season.

Sudden infant death syndrome (SIDS) was shown to occur
more frequently during the winter months, during the night,
and during the first months of life (5). Some evidence links
pineal dysfunction and impaired development with increased

prevalence of SIDS (6, 7). A delayed melatonin production was
found in infants who had experienced an apparent life-
threatening event (ALTE) (6). Nevertheless, there is little
information on whether the development of melatonin produc-
tion in infants is seasonally regulated.

The ontogeny of melatonin production has been extensively
studied (7–11). The urinary metabolite of melatonin, 6-sulfa-
toxymelatonin (6SMT), has been proven to be a very reliable
index of melatonin production in humans including infants
(11). Using a diaper extraction method, it has recently been
shown that daily rhythmic 6SMT excretion appeared at 9 to 12
wk of age in full-term infants and at the corresponding
postconception age in premature infants (7, 8). The latter
report, which implied that there were no significant seasonal
variations in melatonin production at 12 wk of age, has led to
the suggestion that the ontogeny of melatonin in infants does
not depend on season.
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The evaluation of melatonin production in infants as a
clinical and diagnostic marker of child development is, how-
ever, limited by the lack of a definition of the normal range of
melatonin for a given age group.

The purpose of the present study was to establish the normal
range of nocturnal 6SMT excretion in full-term infants at 8 and
16 wk of age using a large sample of healthy infants. In
addition, we sought to reassess whether the production of
melatonin in infants depends on season. This was achieved
using a recently developed method (6) for extraction of the
urinary components from disposable diapers and for determi-
nation of 6SMT content by ELISA.

Because human milk contains some melatonin and, in addi-
tion, a pronounced circadian rhythm in melatonin content in
human milk has been reported (12), we examined whether
melatonin production in the infants was influenced by their
being breast- or bottle-fed at the time of assessment.

Due to practical reasons (ease of implementation in the
clinic and better compliance of the caregivers), we have con-
centrated on the determination of nocturnal values of 6SMT
excretion. This would be meaningful only if the 6SMT ex-
creted during the nocturnal period out of the entire 24-h period
is a constant fraction. To examine this hypothesis, we per-
formed a control study on the diurnal rhythm of 6SMT excre-
tion in a group of 35 8-wk-old infants and determined the ratio
of the nocturnal to 24-h 6SMT excretion during both the winter
and summer periods.

METHODS

Subjects. The nocturnal urinary excretion profile of 6SMT
over a 13-h period (19:00–08:00) was assessed in 317 full-
term infants at the age of 8 wk (176 males and 141 females)
and in 93 infants (55 males and 38 females) at the age of 16
wk. In addition, the 24-h daily rhythm of urinary excretion of
6SMT was studied in 35 full-term healthy infants at the age of
8 wk (16 males and 19 females). The study infants were
recruited from the infant population that visited the well-baby
clinics in the city of Tel Aviv for routine periodical medical
examination and immunizations. The study was approved by
the local institutional review board and informed consent was
obtained from all parents following a detailed explanation of
the nature of the study. Forty-seven percent (149/317) of the
8-wk-old study group infants and 43% (15/35) of the control
group were breast-fed at the time of assessment. The percent-
age of the breast-fed infants did not significantly differ in the
35 and 317 infant groups [chi (df 5 1, n 5 352) 5 0.22, p 5
0.65, x2 test].

Protocol. Parents were instructed to retain all diapers used
by the infant during the nighttime (19:00–08:00) (410 infants)
or a 24-h period (35 infants), remove fecal matter, wrap each
diaper in a separate, numbered zip-lock bag that was supplied
to the parents, and mark the time each diaper was changed. In
this study, we focused on determining the total amount of
6SMT excretion during the night. Therefore, it was unneces-
sary to enforce fixed diaper exchange intervals during the
night, hence, the rate of diaper change was habitual. The

diaper-containing bags were transferred to the laboratory
within 20 h of collection.

To enhance compliance, no instructions were given to the
parents regarding the lighting conditions for the infants while
sleeping at night. Some variability may exist in lighting con-
ditions in individual homes that may have increased the vari-
ability in individual 6SMT excretion values. Nevertheless, it
was assumed that the variability in lighting conditions in
individual homes would average across a large study cohort,
because lifestyle of families with small babies is not very
variable, especially during weekdays. In addition, it is custom-
ary for the light intensity in homes in Israel to be dim, less then
10 lux. To minimize the influence of lifestyle changes due to
weekends, all studies were performed between two working
days (Mondays to Thursdays) in the subjects’ homes and no
diaper collections were performed during the weekend.

Measurements. 6SMT content of each diaper was deter-
mined as described (6). Briefly, on receipt in the laboratory, the
diapers were weighed and net urine weight calculated from the
difference between the total weight and the weight of an
unused diaper of the same brand. Samples of the wet diaper
pulpy lining were removed by forceps, weighed (approximate-
ly 100 mg each) and macerated in 1 mL methanol. The
suspensions were centrifuged (104 g/min), the extracts col-
lected and then stored at 220°C until assayed, and the residual
resins dried and then weighed. The urine content of the sample
was calculated from the difference between the weight of
sample and the dry resin weight.

The urine extracts were further diluted with buffer to obtain
values readable from the standard curves and the 6SMT con-
tent determined on a double-blind basis, by an ELISA assay
(Neurim Pharmaceuticals Ltd., Tel Aviv, Israel). The sensitiv-
ity of the assay was 3 fmol/tube and the intra-and interassay
coefficients of variance were 8.1% and 15.5%, respectively.
The validity of this method has been described elsewhere (6).

To assess the uniformity of 6SMT recoveries from the
diapers, samples were collected from six distinct loci in each of
four different infant wet diapers. 6SMT was extracted from
each sample and assayed as described. Mean 6SMT content of
each diaper was calculated from the results of the six sampling
loci. The coefficient of variation values of the 6SMT content of
each diaper were 11%, 13%, 17%, and 15% (mean CV 5
12.7%), indicating an even distribution of 6SMT in different
loci of a diaper.

Urinary 6SMT is stable for at least 2 d stored at room
temperature, for at least 1 wk at 4°C and at least 2 y at 220°C
(13). To assess the stability of 6SMT when absorbed in the
diaper, the content of 6SMT was assessed in diapers (n 5 3)
immediately at 1 and 2 d after being removed. The diapers
were kept at room temperature during this period. The results
of these studies indicated that the 6SMT content of the diaper
at these times (7.80 6 1.2, 7.31 6 1.7, and 7.65 6 0.9
mg/diaper, respectively) was stable for at least 2 d on the
diaper.

Data Analysis. Kolmogorov-Smirnov test (14) was used to
assess the normality of distributions of 6SMT values in the two
age groups of infants.
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The percentage of 6SMT excreted during the nocturnal
period was calculated individually for each infant for whom
urine was collected over the entire 24-h period (n 5 35). The
mean 6 SD percent was then calculated for the entire group
and for subgroups of infants born during the winter and the
summer months.

To describe the periodic phenomena in quantitative terms,
periodic (cosine) functions were fitted for the mean 6SMT
excretion over the 24-h day/night cycle as well as for the mean
nocturnal 6SMT in infants born in each of the 12 annual
months:

y~t! 5 M24 1 A24 p cos@2p/24~t 2 f24!# and

y~m! 5 M12 1 A12 p cos@2p/12~m 2 f12!#

respectively, where t represents the time of day (in hours), M24

the mean of data points over the daily period (mesor), A24 the
amplitude of the daily rhythm, f24 the daily acrophase (time of
crest), and y(t) the predicted value of the variable at time t, m
represents the month of year (by number), M12 the mean of
data points over the annual period (annual mesor), A12 the
amplitude of the annual rhythm, f12 the annual acrophase
(month of crest), and y(m) the predicted value of the variable at
month m. The results of the best fit regressions are presented as
solid lines in the figures and the values of parameters are given
in the text.

ANOVA analysis was performed for testing the possible
relation of the infants’ month of birth and 6SMT excretion. The
difference between the amount of 6SMT excreted nocturnally
by infants born during months of short (October through
March) and long (April through September) days and between
infants assessed at winter (December through March) and
summer (May through September) time was assessed using t
tests for independent samples. In addition, the interaction
between breast-feeding at the time of sampling and seasonal
effects on nocturnal 6SMT excretion was analyzed by
ANOVA.

RESULTS

Figure 1 represents the 24-h urinary excretion of 6SMT in 35
healthy full-term infants aged 8 wk. 6SMT excretion exhibited
a daily rhythm that could be fitted into a cosine function with
a mesor value of 99 ng/h, an amplitude of 33 ng/h, and an
acrophase in the dark phase (04:00 h). The percentage of
6SMT excreted during the nocturnal period, calculated indi-
vidually for each infant, was 61 6 18% (mean 6 SD) of the
total 24-h excretion. Individual urinary excretion rates of
6SMT over 24 h in five full-term infants born between Febru-
ary and March and five full-term infants born between August
and September are shown in Figure 2. The mean percentage of
6SMT excreted during the nocturnal period (19:00–08:00) was
found to be similar for those two groups (58 6 12% versus
58 6 30%, respectively) indicating that the nocturnal excretion
represents approximately 58% of the diurnal excretion at this
age regardless of season of birth. No significant differences
were observed in this group between 6SMT levels in breast-fed
and non-breast-fed infants (Mean 1 SD; 3092 1 3094 and

3102 1 2596 ng/night, respectively, p 5 0.99, t test) and
between male and female infants (3321 6 2904 and 2909 6
2729 ng/night, respectively, p 5 0.66, t test).

The nocturnal excretion of 6SMT in infants aged 8 or 16 wk
exhibited a major interindividual variability. For the two age

Figure 1. Average excretion rate of 6SMT over 24 h in urine collected from
35 full-term healthy infants at 8 wk of age (ng/h; mean 6 SEM). Line is a
cosine function only used for the purpose of outlining the distribution. The
black bar represents the phase used for the assessment of nocturnal 6SMT
production.

Figure 2. Individual excretion of 6SMT over 24 h in urine collected from five
full term infants born in February or March (panel A) and five full-term infants
born during August or September (panel B). The black bars represent the
nocturnal phase.
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groups, the distribution of nocturnal 6SMT excretion showed
patterns that significantly departed from normality [Kolmog-
orov-Smirnov test for normality; K-S z 5 3.30, p , 0.0001
(n 5 317) and K-S z 5 1.45, p , 0.05 (n 5 93), respectively].
A natural base logarithmic transformation (ln) on the data
resulted in a normal distribution for both the 8- and 16-wk-old
groups (K-S z 5 0.64, p 5 0.81 and K-S z 5 0.91, p 5 0.38,
respectively) (Fig. 3). Normal 6SMT excretion, defined as
2.5–97.5 percentile of the ln (6SMT) excretion, was 4.66–8.64
(corresponding to 106–5646 ng 6SMT/night) for 8-wk-old
infants and 5.19–9.67 (180–15,820 ng 6SMT/night) for infants
aged 16 wk. No gender differences were found for 6SMT
excretion in infants at wk 8 (t (309)5 20.11, p 5 0.91) and at
wk 16 (t(89) 5 0.43, p 5 0.66). A significant rise in ln 6SMT
from age 8 to 16 wk was observed (6.69 6 1.04 and 7.84 6
1.00, respectively, t(64) 5 7.34, p , 0.001; t test for dependent
samples).

The nocturnal 6SMT in infants aged 8 wk as a function of
month of birth is shown in Figure 4. 6SMT excretion at 8 wk
was lower in infants born between the September and March
equinox than in those born between the March and September
equinox, with minimum levels in infants born around the
winter solstice and maximal levels in infants born around the
summer solstice. On average, there was a threefold difference
between the mean values of the populations born around the
summer and winter solstices. 6SMT excretion exhibited sea-
sonal variations that could be fitted into a cosine function with
a mesor value of 990 ng/night, an amplitude of 490 ng/night,
and an acrophase in June-born infants.

ANOVA showed a main effect of month of birth on the
6SMT excretion for the 8-wk-old infants (F(11, 299) 5 2.74; p ,
0.002) but not for the 16-wk-old group (F(11, 81) 5 1.87; p 5
0.055). At 8 wk of age, short-photoperiod-born infants (months
October to March) had significantly lower 6SMT levels than
long-photoperiod-born infants (months April to September)
[mean ln (6SMT) 6 SD; 6.70 6 0.90 versus 6.98 6 0.97,

respectively, t (302) 5 22.61, p 5 0.01, t test). Therefore,
separate normal values (2.5–97.5 percentile of the ln 6SMT
excretion) were defined for 8-wk-old infants born in long and
short photoperiods. At 8 wk of age, normal 6SMT excretion for
short photoperiod infants was 5.04–8.47 (corresponding to
154–4766 ng 6SMT/night) and for long photoperiod infants
the normal range was 5.14–8.77 (170–6412 ng 6SMT/night).

At 16 wk of age there were no significant differences
between 6SMT levels in long- and short-photoperiod-born
infants (t(89) 5 20.59, p 5 0.56).

To examine a possible effect of the ambient season on 6SMT
production, a t test was performed comparing 6SMT levels in
infants assessed during the winter (December through March in
Israel) to infants assessed during the summer (May through
September in Israel). At 8 wk of age, winter 6SMT levels were
significantly lower than summer values [mean ln (6SMT) 6
SD; 6.67 6 0.89 versus 7.04 6 0.99, respectively, t(278) 5
3.28, p 5 0.001]. No significant difference was obtained for
measurements performed at age of 16 wk. No significant
interaction was found between breast-feeding and season
(F(1, 294) 5 2.30, p 5 0.13, ANOVA): comparing breast-fed
with the non-breast-fed infant groups, short-photoperiod-born
infants had lower levels (6.80 6 0.97 versus 6.63 6 0.91) than
long-photoperiod-born infants (6.87 6 1.02 versus 7.00 6
1.03) for both groups, respectively.

DISCUSSION

The determination of 6SMT in urine using the diaper ex-
traction method has been shown to be a reliable and practical
method for the assessment of melatonin physiology in infants
(8). Using this technique, a recent report has shown delayed
ontogeny of 6SMT excretion in infants who had experienced
an apparent life-threatening event (ALTE) (6). Because a
whole daily (24-h) diaper collection is technically more diffi-
cult than overnight collection and requires individual parental
cooperation also during the daytime, it is likely to be associated
with decreased parental compliance. We, therefore, concen-

Figure 3. Frequency distribution plots of nocturnal 6SMT (ng/night) excre-
tion in 8-wk-old (F) and 16-wk-old (C) infants. Lines are functions only used
for the purpose of outlining the two distributions.

Figure 4. Natural base logarithm nocturnal 6SMT excretion in 317 8-wk-old
infants by month of birth (mean 6 SEM). Line is a cosine function used for the
purpose of outlining the distribution. The black bar represents the winter
phase; winter and summer solicits are shown as arrows.
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trated on the part of day that may be more informative on the
one hand and practically applicable on the other. Using a large
sample of healthy infants (8 and 16 wk old) the normal range
of nocturnal urinary excretion of 6SMT has been defined. The
results show that the nocturnal 6SMT values are consistent
with the 24-h values, thus enabling us to use the nocturnal
values for practical diagnostic purposes.

Low melatonin levels in infants and children were shown to
be linked to prematurity (8), blindness (15), myoclonus (16),
epilepsy (17), abnormal sleep (18), colic (19, 20), ALTE (6),
and SIDS (21, 22). Melatonin production increases at about the
same time when rapid eye movement (REM) abundance de-
creases in infants (7, 23); the latter may reflect cerebral mat-
uration (23). The present study, which characterizes the early
nocturnal urinary 6SMT production, may enable the use and
application of this variable in the evaluation of pediatric neu-
ropathologies (24) already during early infancy. The mean
peak in daily 6SMT excretion rate found in our study for
8-wk-old infants (132 ng/h) is compatible with that reported by
Kennaway et al. (7) for 12-wk-old infants (115 ng/h).

The present study shows for the first time that early in life
(postnatal wk 8) nocturnal 6SMT production exhibits seasonal
variations. Surprisingly, the nocturnal excretion of 6SMT was
found to be significantly lower in infants born during the short
photoperiod portion of the year than in infants born during the
long photoperiod portion. This finding is surprising because,
theoretically, melatonin production, which is inhibited by light,
is expected to be higher during the short photoperiod. One
possible explanation is that the percentage of 6SMT excreted
between 19:00 h and 08:00 h differs between long and short
days with prolonged melatonin production during the short
photoperiod into daytime. However, no significant differences
in the percent nocturnal 6SMT excretion out of the total 24-h
excretion cycle was found in infants born in August or Sep-
tember (long days) compared with infants born in February or
March (short days).

Another possible explanation is that during the winter
months, infants are more exposed to artificial light, especially
during evenings and nights, because they spend more time
indoors. This explanation assumes that the ambient light sched-
ule on day of testing is responsible for the seasonal differences.
This however may not be the case inasmuch as outdoor light in
Israel is of greater intensity than indoor light and, therefore,
longer photoperiod should result in less melatonin excretion,
contrary to what has been found. In addition, infants born a
short period before the equinox (e.g. August) would be facing
the opposite photoperiod at the time of assessment, 8 wk later
(e.g. in October), and should thus exhibit values that resemble
those of the short photoperiod. As shown in Figure 4, infants
born close to the equinox (e.g. August) and tested in October
have 6SMT levels similar to those born in July (long photo-
period). Moreover, we did not find a similar seasonal effect in
the 16-wk-old infants, although those would be exposed to
similar variations in ambient lighting schedules.

Our data indicates annual variations in 6SMT excretion in 8-
but not 16-wk-old infants. The fact that Kennaway (8) reported
a lack of seasonal effect on 6SMT production might be ex-
plained by the fact that they have studied older infants aged 12

wk. Thus, the photoperiod modulation of 6SMT excretion that
occurs early no longer exists later in infants. There are two
main explanations for the transient nature of this phenomenon.
One explanation is that the pineal gland is sensitive to photo-
period during the first months of life. The human embryonic
pineal gland exhibits two distinctive types of cells, a photore-
ceptor cell and a neuroendocrine cell eventually transforming
into a melatonin-secreting pinealocyte (5). At the end of the
third month of life, the photoreceptor cell type begins to lose its
structure and finally vanishes during the fifth month (25). The
size of the pineal gland is also affected by the season. Accord-
ingly, Sparks has observed larger pineal glands in infants
during the summer months (5).

Another explanation is that there is a prenatal influence,
namely, that the rate of maturation of the pineal gland is
modified by the prenatal exposure to maternal factors, perhaps
melatonin. In rats, prenatal effects of maternal melatonin have
been found to alter the response of the reproductive system in
the offspring to the ambient photoperiod (26). In rats, the
mother acts as a transducer between the environment and the
fetal brain, coordinating the phase of the developing biologic
clock to her own clock time (27). Vole infant development is
influenced perinatally by maternal photoperiodic history (28).
In the latter it was found that information is communicated to
fetuses about the length of time dams have been exposed to
short day length before mating as well as about the day length
prevailing during gestation. Moreover, in humans an interac-
tion between season of conception and incidence of neurode-
velopmental disorders in the offspring (29) as well as interac-
tion between season of birth and morningness-eveningness
preference (30) has been demonstrated. This possibility is
compatible with the fact that the dependency of excretion on
the month of birth, not the month of assessment, matched the
global change in photoperiod.

Theoretically, the 6SMT values as well as their seasonal
variations might be biased by exogenous maternal melatonin
supplied to breast-fed infants from their mothers. However, the
lack of association in our study between breast-feeding at age
of 8 wk and 6SMT excretion or seasonality does not support
such a possibility. Non-photoperiod-dependent environmental
factors such as seasonal changes in external temperature may
also be associated with the seasonal effect of melatonin pro-
duction (31). The dependency of melatonin production in
infants on season of birth is most interesting, especially con-
sidering the fact that melatonin is the signal that conveys
photoperiodic information to the organism (2). Accumulating
evidence about seasonality of birth in individuals with neuro-
logic and psychiatric disorders indicates that the impact of
season of birth may extend far beyond infancy (32–34). Epi-
lepsy appears to have an excess of births in winter and deficit
in September. Multiple sclerosis (MS), amyotrophic lateral
sclerosis (ALS), and possibly Parkinson’s disease appear to
have an excess of spring births (33). Schizophrenia and schizo-
affective disorder have an excess of winter births, whereas
major depression has an excess of spring births (34). The
monthly distribution of birth in patients with panic disorder
peaks in September to December (35). Winter is associated
with seasonal depression in adults (4) and young infants, and it
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is apparently associated with colic (19, 20) and possibly SIDS
(5). Our finding of lower nocturnal 6SMT production at 8 wk
of age during autumn-winter time, a period with an increased
rate of SIDS with peak incidence at night may be the basis for
an appealing hypothesis for the involvement of melatonin in
the etiology of SIDS and seasonality of birth in individuals
who develop neurologic and psychiatric disorders later in life.

In conclusion, in this study the normal values for 6SMT
excretion are presented for the first time for infants aged 8 and
16 wk, based on a large sample. It is also shown for the first
time that 6SMT in young infants is remarkably subject to
seasonal influence, with minimal values in infants born around
the winter solstice. Further studies are needed to evaluate the
physiologic relevance of these findings to child development.
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