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Abstract

Birth weight (BW) is a key determinant of infant mortality. Previous studies have reported seasonal fluctuation of BW.
However, the responsible environmental factors remain disputable. High-altitude environment provides a great opportunity
to test the current hypotheses due to its distinctive climate conditions. We collected BW data of ~9000 Tibetan singletons
born at Lhasa (elevation: 3660 m) from 2014 to 2018. Using regression models, we analyzed BW seasonality of highland
Tibetans. Multivariate models with meteorological factors as independent variables were employed to examine responsible
environmental factors accounting for seasonal variation. We compared BW, low-BW prevalence and sex ratio between high-
land and lowland populations, and we observed a significant seasonal pattern of BW in Tibetans, with a peak in winter and a
trough in summer. Notably, there is a marked sex-biased pattern of BW seasonality (more striking in males than in females).
Sunlight exposure in the 3rd trimester and barometric pressure exposure in the 2nd trimester are significantly correlated with
BW, and the latter can be explained by seasonal change of oxygen partial pressure. In particular, due to the male-biased BW
seasonality, we found a more serious BW reduction and higher prevalence of low-BW in males, and a skewed sex ratio in
highlanders. The infant BW of highland Tibetans has a clear pattern of seasonality. The winter BW is larger than the summer
BW, due to the longer sunlight exposure during the late-trimester. Male infants are more sensitive to hypoxia than female
infants during the 2nd trimester, leading to more BW reduction and higher mortality.
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Birth weight (BW) is an important index for measuring neo-
natal health, and it is closely related with infant morbidity
and mortality (Kramer 1987; Wilcox 2001). Previous stud-
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These observations were proposed as “fetal origins of adult
disease hypothesis”, indicating that intra-uterine exposures
State Key Laboratory of Genetic Resources and Evolution, may impact health outcomes many years later (Byrne and
Kunming Institute of Zoology, Chinese Academy Phillips 2000; Fall 2013). For example, a low BW usually
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correlates with a high risk of type 2 diabetes, coronary heart
disease and even cancers in adults (Forsen et al. 2000; Tib-
blin et al. 1995). However, the causality underlying such
correlation are yet to be dissected.

Intriguingly, according to the published data, BW exhib-
its significant monthly and seasonal fluctuations, which was
taken as a direct support to the “fetal origins of adult disease
hypothesis”. However, different studies reported inconsistent
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monthly/seasonal patterns of BW (Chodick et al. 2009;
Hemati et al. 2021). Some studies reported that winter and
spring births tend to be slightly heavier compared to summer
and autumn births (Murray et al. 2000; Selvin and Janerich
1971), while other studies found the paradoxically heavier
BW in summer births (Chodick et al. 2007; Day et al. 2015).
In addition, there were studies showing no monthly or sea-
sonal changes in BW (Bakwin and Bakwin 1931; Schreier
et al. 2013).

Various mechanisms have been proposed to explain BW
seasonality, including maternal exposures of meteorological
factors, such as sunlight, rainfall, temperature and air pol-
lution (Chodick et al. 2009; Day et al. 2015; Murray et al.
2000), as well as other factors such as food supply, dietary
habit, physical activity and infectious diseases (Bantje
1987; Rayco-Solon et al. 2005; Steketee et al. 1996). These
reported controversial findings about the effect of environ-
mental factors on BW were recently summarized as two
main competing factors: temperature and sunlight. The tem-
perature theory proposes that the thermodynamics of preg-
nancy plays an important role in birth outcome. Exposure
to low temperature increases the plasma level of fibrinogen
and blood viscosity, and it induces vascular constriction in
the placenta, thus diminishing utero-placental blood flow
and reducing fetal growth (Keatinge et al. 1984; Murray
et al. 2000; Neild et al. 1994). The sunlight theory suggests
that sunlight directly promotes the production of maternal
vitamin D and influences fetal vitamin D exposure in utero
(Thorne-Lyman and Fawzi 2012). Given that vitamin D
is important for bone development and fetal growth, and
maternal circulating 25-hydroxyvitamin D (250HD) levels
have a marked seasonal change, sunlight is regarded as the
causal factor for BW seasonality (Haggarty et al. 2013).

The discrepancy between these two main hypotheses on
BW seasonality is largely due to the synchronized periodic-
ity of temperature and sunlight in seasonal changes of the
studied populations mostly living in lowland regions. Con-
sequently, it was impossible to analyze each environmental
factor separately. Fortunately, this hurdle can be circum-
vented by studying highland regions because the distinctive
climate conditions at high altitude can clearly separate the
seasonal fluctuation curves of temperature and sunlight.

In this study, we investigated BW seasonality and its
causal environmental factors of highland Tibetans in Lhasa
(elevation: 3660 m), China, where the peaks of temperature
and sunlight can be clearly separated. This is the first sys-
tematic BW analysis of highlanders, which will provide new
insights into fetal growth and mortality of human popula-
tions living in extreme environmental conditions.

Methods
Data Collection

We collected 9105 births during 2014-2018 in Lhasa (ele-
vation =3660 m) of Tibetan Autonomous Region, China.
Informed consents were obtained from the legal guard-
ians of all participants. We filtered samples based on the
following criteria: (1) singleton birth; (2) all pregnancy
periods occurred in Lhasa; (3) mothers had lived in Lhasa
for at least a year; (4) nonsmoking by self-report; (5) at
least 36-week gestational time; (6) healthy babies.

After filtering, 8918 individuals were included in our
analysis (8463 Tibetans and 455 Han Chinese), with infor-
mation of BW, maternal age, gestational age, infant sex,
ethnicity, parity and data of birth. Only Tibetans were
included in seasonality analysis of BW. Han Chinese were
only used in comparison analysis of sex difference in BW,
low-BW ratio and sex ratio.

Data on meteorological factors of Lhasa were obtained
from the National Meteorological Information Cen-
tre of China (http://data.cma.cn/en) for the same period
(2013-2018). The mean values of five meteorological
factors of each month during 2013-2018 were obtained,
including barometric pressure (kPa), temperature (°C), rel-
ative humidity (%), daily rainfall capacity >0.1 mm days
(day) and percentage of sunlight per month (%). The
mean monthly value of each meteorological factor was
calculated for the first, second, and third trimesters of
each pregnancy by using the gestational age. Sex-specific
models were constructed by considering the infant sex as
a covariate.

Statistical Analysis

Univariate comparisons of average BW between the
months and seasons were conducted by using analysis
of variance (ANOVA) tests. The adjusted mean BW of
each month and season were calculated using the effects
package of R. Linear regression models were employed to
test the association between birth month/season and each
of the meteorological factors. All models were adjusted
for maternal age, gestational age, infant sex and parity.
Analysis of each trimester was adjusted by the correspond-
ing factor in the other two trimesters using a conditional
model.

Multiple test corrections were conducted by raising the
significance threshold according to the situation: p-value
(0.05/12 months) =0.004 is considered significant for BW
monthly change; p-value (0.05/4 seasons)=0.01 is consid-
ered significant for BW seasonal change; p-value (0.05/
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(5 factors X 3 trimesters X 2 sex)) =0.0002 is considered
a significant association between BW and meteorological
factors. All p values involving multiple comparisons were
adjusted by the Bonferroni test.

The births with BW <2500 g were designated as low
birth weight (low-BW) in accordance with the classification
of the World Health Organization (Bramer 1988).

Results

BW Seasonality and Sex-biased Fluctuation Pattern
in Highland Tibetans

We collected BW information of 8463 Tibetan singleton live
births during the study period (2014-2018) in Lhasa after
data filtering (see “Methods”). We also collected meteoro-
logical data of Lhasa (2013 to 2018), where the seasonal
peaks of sunlight and temperature can be clearly separated
(Fig. 1 and Supplementary Fig. 1). By contrast, no peak
separation was detected in the lowland cities of Chongqing
and Wuhan of China at similar latitudes during the time
period (Supplementary Fig. 1).

Among the 8463 Tibetan live births, 50.8% are boys. The
stats of basic information of these births are presented in
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Fig. 1 Monthly birth weight changes of Tibetans and fluctuation of
meteorological factors in Lhasa. a Mean birth weight (sex separately)
by month of birth after adjusted by maternal age, gestational age and
parity. ANOVA is used to evaluate statistical significance. b Seasonal
change of five meteorological factors in Lhasa (elevation: 3660 m)
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Supplementary Table 1. Figure 1a shows the monthly BW of
males and females, respectively (adjusted by maternal age,
gestational age and parity). As expected, males are heavier
than females for all monthly BW counts. There are signifi-
cant between-month fluctuations for both males and females
(p =3.8e—10 for males and p=1.2e—5 for females). For
males, the heaviest BW is in February (3321 g) and the light-
est in August (3081 g) (OR=1.08, p=1.9¢—8). For females,
the heaviest also occurs in February (3152 g) while the light-
est occurs in October (2991 g) (OR=1.05, p=1.1e—4).
When compared by four seasons, a clear seasonal pattern
for BW is observed (Fig. 2a). In winter, BW is the heavi-
est for both males (3258 g) and females (3107 g), while
the lightest for males (3120 g) is in summer (OR =1.05;
p=3.8e—10) and the lightest for females (3046 g) is in
autumn (OR =1.03; p=1.2e—5) (Supplementary Table 2).
Notably, we saw a sex-biased pattern of monthly and
seasonal changes of BW (Figs. la and 2a), which was not
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Fig.2 Seasonal fluctuation of BW and its correlation with multiple
meteorological parameters. a Mean birth weight comparisons among
the four birth seasons after adjusted by maternal age, gestational age
and parity. ANOVA is used to evaluate statistical significance. Bon-
ferroni corrections are conducted to adjust multiple comparisons.
*p <0.05; ***p <0.001; ****p <0.0001. b, ¢ The correlations of sun-
light and BarP exposure in the 3rd and the 2nd trimester with BW,
respectively. Linear regression models are used to test the direction
and significance of the associations (see “Methods”). f: regression
coefficient; p value adjusted by covariates and Bonferroni corrections
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reported in previous lowland BW studies. Male infants
exhibit more dramatic BW changes than females. In other
words, BW seasonality is more obvious in males than
in females. In particular, no significant BW differences
were detected in females among spring, summer and autumn
(Fig. 2a). A similar pattern was observed when considering
the maternal BMI (body mass index) as a confounding fac-
tor. This sex-biased pattern implies the potential sex-biased
influence of high-altitude-specific environmental factors,
such as hypobaric hypoxia.

Sunlight and Barometric Pressure Account for BW
Seasonality in Tibetans

To test the effects of climate factors on monthly/seasonal
fluctuation of BW, we then conducted detailed analyses of
exposures to various meteorological parameters (barometric
pressure (BarP), sunlight, temperature, humidity and rain-
fall) during each trimester of pregnancy (see “Methods™).
As expected, we found a strong positive correlation between
BW and sunlight (Fig. 2b). Both males and females exhibit
significant associations. However, unlike the previous report
of the 2nd trimester being the most significant stage (Day
et al. 2015), we showed that the sunlight exposure in the
3rd trimester was the most significant (p =2.2e—6 for males
and p =3.0e—9 for females, after Bonferroni corrections)
for both sexes, while no significant correlations were seen
for the 2nd trimester (p =1 for males and females, after
Bonferroni corrections; Table 1). In addition, there was a
significant association with sunlight in the 1st trimester for
females (p =4.3e—5, after Bonferroni correction), but not
for males (Table 1).

Importantly, we also observed a positive association of
BW with BarP in males, but not in females during the 2nd
trimester of pregnancy (male: p=5.1e—7 and female: p=1
after Bonferroni correction; Table 1 and Fig. 2c). Since BarP
linearly reflects oxygen partial pressure (PO,), the observed
sex-biased association hints that males are more sensitive to
hypoxia than females during the 2nd trimester of pregnancy.
No significant associations were observed with other factors
(temperature, humidity and rainfall) after multiple test cor-
rections (Table 1).

Sex-biased Sensitivity to Hypoxia Decreases Male
BW and Survival Rate

To further test the proposed hypoxia sensitivity of males, as
reference, we collected BW data of 455 Han Chinese living
at high altitude (all pregnancy periods occurred in Lhasa).
We also obtained BW data of 4883 Han Chinese in Shang-
hai (sea level elevation) from a previous study (Du et al.
2010). We observed significant reductions of BW for both
Tibetans and Han Chinese living in Lhasa when compared

Table 1 Associations of birth weight with five key meteorological
factors during each trimester of pregnancy

Factors Trimesters Male Female
Effect (§)° p-value* Effect ()° p-value*
BarP Ist 0.27 1 -1.11 1
2nd 2.97 5.1e—07 1.14 1
3rd -1.37 1 -2.16 1
Sunlight Ist 1.42 1 5.94 4.3e—05
2nd 0.83 1 0.85 1
3rd 6.06 2.2e-06 7.14 3.0e—09
Tempera-  1st -7.58 1 - 11.46 1
ture 2nd 493 0.07 145 1
3rd -18.34 0.21 -17.96 0.24
Humidity  1st 0.75 1 -2.98 1
2nd 2.16 0.03 0.46 1
3rd -2.79 1 -4.52 1
Rainfall Ist 3.45 1 -5.37 1
2nd 2.38 1 -0.22 1
3rd -4.92 1 -8.90 0.06

Analysis of each trimester is adjusted by the corresponding factor in
the other two trimesters using a conditional model

*All p-values are adjusted by Bonferroni corrections, and the p-val-
ues over the significant threshold are in bold

$The effect size is indicated by regression coefficient () of linear
model

to those in Shanghai, indicating that high altitude environ-
ments indeed affect fetal development. Compared to Lhasa-
Han, Lhasa-Tibetans show less BW reduction because they
are genetically adaptive to such extreme conditions (Julian
et al. 2009; Peng et al. 2011) (Fig. 3a and Supplementary
Table 3). For Tibetans, the reduced weights are similar for
males (260 g, 7.57%) and females (264 g, 7.95%). How-
ever, when comparing Han Chinese infants born in Lhasa
with those in Shanghai, the BW reduction is more serious
in males (480 g, 13.97%) than in females (396 g, 11.93%),
suggesting that the Han Chinese male infants born in Lhasa
experience more BW reduction than females (Fig. 3a and
Supplementary Table 3).

Next, we checked the prevalence of low birth weight
(low-BW, <2500 g) (Bramer 1988) in these three popula-
tions, and we also saw a significant increase of low-BW
ratio in males than in females in Han Chinese infants born
in Lhasa (M/F low-BW ratio=0.92), which is much higher
than the ratio of Tibetan infants (0.60) and Han Chinese
infants born in Shanghai (0.61) (Fig. 3b and Supplementary
Table 4). It is known that low-BW is a dominant determi-
nant of infant mortality. A drop of sex ratio (males/females)
at birth would be expected in Han Chinese infants born in
Lhasa if the observed male-biased BW reduction and the
high low-BW incidence were true. We calculated sex ratio
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Fig.3 Sex-biased BW reduction and sex ratio comparison among
multiple datasets. a Comparisons of BW among Shanghai Han
Chinese (HAN), Lhasa Tibetans (TBN) and Lhasa Han Chinese.
ANOVA is used to test the significance. Bonferroni corrections are
conducted to adjust multiple comparisons. ****p <0.0001. b Com-

at birth of lowland Han Chinese and highland Tibetans since
2000 (Jiang et al. 2020) and compared it with our Lhasa
data. The result shows that the sex ratio of Han Chinese
infants born in Lhasa (M/F ratio=0.95) is indeed lower than
the ratios of Tibetan infants (1.03) and lowland Han Chinese
infants (1.15) (Fig. 3c). Collectively, these data support the
proposal that under high altitude conditions, male fetuses
are likely more sensitive to hypobaric hypoxia than females
during the 2nd trimester of pregnancy.

Discussion

In this study, we analyzed BW data of ~ 9000 Tibetan high-
landers and delineated the seasonality pattern and the under-
lying environmental factors. This is the first report of BW
seasonality of highland populations with a large sample size.

Previously, many studies were reported in geographic
regions at different latitudes, but the findings were contra-
dictory in view of seasonality pattern of BW and the under-
lying mechanisms. Currently, there are two major compet-
ing factors for BW seasonality: temperature and sunlight
exposure. However, for lowland populations, it is hard to
separate these two factors since they usually synchronously
fluctuate with monthly periodicity. For example, summer
is always at the peak of both sunlight exposure and high
temperature, and winter at the trough of these two factors.
Hence, highland areas such as the Tibetan plateau provide
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an ideal climatic system to study BW seasonality, where the
peaks of temperature and sunlight exposure can be clearly
separated (Fig. 1b and Supplementary Fig. 1). In addition,
the unique environmental factors at high altitude, such as
hypobaric hypoxia, serve as extra variables that have not
been evaluated before.

Consistent with most of the published data, the Tibetan
BW also shows a clear pattern that seasonality and sunlight
exposure serve as the key environmental factors. Interest-
ingly, unlike the previously reported 2nd trimester being the
most significant stage (Day et al. 2015), the 3rd trimester
was the most significant stage in Tibetans in our study. This
is consistent with the view that the 3rd trimester has a higher
incidence of severe deficiency of vitamin D than the 1st and
the 2nd trimesters (Murad et al. 2019), and the concentration
of infant 250HD mainly depends on the maternal circulating
plasma 250HD level during the 3rd trimester (Thomas et al.
2011), implying that supplement vitamin D in late trimester
of pregnancy might play a key role in fetal growth and BW.

The most interesting observation in this study is the
male-biased pattern of BW seasonality in Tibetans, which
has not been reported in previous studies. Compared to
female infants, the Tibetan male infants exhibit more
striking BW seasonal fluctuation (Figs. 1a and 2a). Given
that other factors (maternal age, gestational age and par-
ity) were already adjusted in our analysis, we speculate that
the highland-specific factors are responsible. Among the
five meteorological factors we investigated, BarP shows a
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male-biased association with BW, and only males show a
positive association with BarP during the 2nd trimester of
pregnancy. It was reported that low BarP (namely hypobaric)
is closely related to hypoxia exposure (Beall 2007; Grocott
et al. 2009). Hypobarism indicates low PO, and low ambi-
ent oxygen levels. There is a seasonal periodicity of BarP
in Lhasa with a peak in summer and autumn and a trough
in spring and winter (Supplementary Fig. 1), meaning that
the ambient oxygen is less in spring/winter than in summer/
autumn. Therefore, hypobaric hypoxia at high altitude is the
most likely explanation for the observed male-specific asso-
ciation for BarP in the 2nd trimester, and male fetuses are
more likely to be sensitive than female fetuses.

Several potential mechanisms could explain the observed
male-biased sensitivity to hypoxia. First of all, between-
sex differences of lung function may provide clues. It was
reported that compared with females, males have poorer res-
piratory function and more respiratory illnesses in infants,
children and adults, leading to a higher premature birth rate
and lower BW (Horiuchi et al. 2019; Schwartz et al. 1988,;
Thomas et al. 2006). In animal experiments, male rats show
severer and more prevalent hypoxia response than female
rats with lower ventilation and oxygen saturation during
hypoxia (Holley et al. 2012).

Secondly, the second trimester (namely mid-trimes-
ter) is a period of rapid fetal weight gain, and reportedly
associated with placental insufficiency and fetal growth
restriction (Kennedy et al. 2020). Given the male-biased
association of BarP is observed in the 2nd trimester, we
propose that there is a “sensitive period” with a male-
biased hypoxic response. This proposal is consistent with
the previous observation that male fetuses suffer more than
female fetuses in an adverse maternal environment, and a
higher expression of ADAM12 was detected in mothers
who carry male fetuses in the mid-trimester than those
carrying female fetuses, reflecting a sex-biased placen-
tal response, resulting in a higher prevalence of preec-
lampsia for male-carrying mothers (Myers et al. 2015).
In addition, for adults, there are sex differences in high-
altitude adaptation (Murphy 2014; Nishimura et al. 2020),
which is in line with the proposed male-biased hypoxic
response. Although the molecular mechanism remains
unclear, a rat study found sex hormones could impact
ventilator response to hypoxia during critical periods of
respiratory development, and male rats show severer and
more prevalent hypoxia response than female rats (Holley
et al. 2012). Also, sex hormones can act on carotid body
(Joseph et al. 2002), the key arterial oxygen-tension-sens-
ing organ, which may play a potential role in high-altitude
hypoxic adaptation (Wu and Kayser 2006). Besides the
male-biased hypoxic response, other factors may also be
relevant. It was reported that the maternal vitamin D status
might affect the sex ratio of offspring (Purdue-Smithe et al.

2021). Since we did not have vitamin D data of the studied
Tibetans, whether vitamin D contributes to the observed
sex-bias pattern is yet to be tested in future studies.

It should be noted that there are some limitations in this
study: (1) although our observation of positive association of
BW with sunlight exposure supports the vitamin D hypothe-
sis, we did not collect maternal/fetal vitamin D data to estab-
lish a causal mechanism; (2) other potential factors need
to be evaluated in the future, such as infectious diseases,
physical activities and maternal sociodemographic charac-
teristics and so on; (3) for the sex difference of BW and
mortality under hypoxia, independent samples and larger
sample size are needed to validate the results; (4) we have
no direct evidence to support the impact of sex hormone on
the sex-biased BW seasonality, which calls for further physi-
ological and functional tests.

In summary, we identified a clear seasonality of high-
lander BW by analyzing ~ 9000 births in Lhasa. We provided
evidence that sunlight exposure during the 3rd trimester is
the major factor underlying BW variation among seasons,
and our results support the vitamin D hypothesis. In addi-
tion, we discovered a clear sex-biased pattern in BW sea-
sonality, where males show more striking seasonal changes
than females. We propose that hypoxia is likely the cause
of the male-biased BW seasonality due to the sex-biased
hypoxic response during the 2nd trimester of pregnancy. To
our knowledge, this is the first large sample study that can
clearly separate the two main environmental factors, temper-
ature and sunlight exposure, and also it is the first analysis
of BW seasonality of highland populations, shedding more
light on the environmental impacts on fetal development and
health.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43657-021-00038-7.
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