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BACKGROUND: Dysnatremias are frequent in acute gastroenteritis. High outdoor temperatures have been associated with
hyponatremia in both adults and the elderly, but no data are available among children with gastroenteritis.
METHODS: Children <10 years of age admitted to the emergency department of the Policlinico Hospital, Milan (Italy) between 2009
and 2019 with acute moderate-severe gastroenteritis were enrolled. The association between hyponatremia (sodium < 135 mmol/L)
and daily mean levels of temperature or apparent temperature from day of admission up to 14 days before was analyzed by
multivariable logistic regression models.
RESULTS: In 202 included children (46% females), we observed an increased risk of hyponatremia per unit increase in outdoor
temperature of the sixth, eighth and ninth day before admission [Odds Ratio = 1.24 (95% Confidence Interval: 1.04–1.47), 1.14
(1.01–1.28), and 1.14 (1.01–1.28), respectively]. Analyses considering average temperature levels of the ten days preceding
admission returned similar findings as well as those on apparent temperature.
CONCLUSIONS: Our data suggest the existence of an association between outdoor temperature and circulating sodium levels in
children with acute gastroenteritis. The role of meteorological conditions on electrolyte imbalance should be further explored in
the context of climate change.
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IMPACT:

● The role of meteorological variables in the development of dysnatremias has been demonstrated in children and adolescents
with cystic fibrosis.

● This study shows for the first time that higher outdoor temperatures are associated with a higher risk of hyponatremia in
children with gastroenteritis.

● In the context of climate change, the role of external climate conditions on the risk of electrolyte imbalance in children should
be more and more considered and explored in future studies.

INTRODUCTION
Abnormalities in blood sodium are associated with an increased
risk of morbidity and mortality in patients requiring emergency
care.1,2 In children with acute gastroenteritis, a major cause of
children emergency visits, dysnatremias are observed in one every
two cases.3 Clinical manifestations might range from mild to life-
threatening conditions.4

Reports in adults have suggested that the frequency of
hyponatremia has seasonal fluctuations.5 In particular, high
outdoor temperatures have been associated with a tendency
towards low levels of circulating sodium in both adults and the
elderly.6 Similar data were observed in children and adolescents
affected with cystic fibrosis.7 However, no data are available on
the association between climate conditions and sodium levels in
children without any chronic disease.

The aim of this study was to investigate the association
between some meteorological variables and circulating sodium
levels in otherwise healthy children admitted to the emergency
department (ED) for acute gastroenteritis.

METHODS
An observational study was conducted between December 2009 and
December 2019 at the Pediatric ED of the Fondazione IRCCS Ca’ Granda
Ospedale Maggiore Policlinico, Milan, Italy. Eligible subjects were
children <10 years of age admitted to the Pediatric ED with acute
moderate–severe gastroenteritis3 and living in the municipality of Milan
(the capital city of Lombardy). Subjects without sodium level assessment,
hemodynamically unstable, with chronic kidney diseases, or with
concurrent medication potentially affecting sodium levels (e.g., diuretics)
were excluded.
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For all study subjects, the following data were extracted from online
medical records: age, sex, body weight, maximum body temperature),
days of disease before admission (comprising fever, vomiting, or
diarrhea), fluid and food intake in the 24 h before admission, place of
residence, and values of circulating sodium at admission (analyzed by
direct potentiometry). According to sodium levels, subjects were
classified as hyponatremic (sodium <135 mmol/L) or normonatremic
(sodium ≥135 mmol/L). The existence of clinical features consistent with
acute dysnatremic brain damage such as obtundation, coma, or seizures
was also addressed.
Data on outdoor temperature and humidity were obtained from the

network of meteorological monitoring stations of the environmental
protection agency of the Lombardy region (ARPA Lombardia). Humidity
was used to estimate apparent temperature, i.e., the perceived tempera-
ture equivalent that includes both outdoor temperature and humidity as
the summary meteorological variable.8 Each subject was assigned the daily
mean levels of temperature and apparent temperature of the city of Milan,
available from December 1, 2009 to December 31, 2019. To analyze their
short-term influence on sodium levels at ED admission, different time
windows were investigated: (i) daily lags, obtained considering average
daily levels of (apparent) temperature from the day of admission (lag 0) up
to 14 days before (lag 14); (ii) averaged daily lags, obtained by averaging
levels of (apparent) temperature of the day of admission with the levels of

the day before (lag 0–1) and of each preceding day up to 14 days before
(lag 0–14). All data were retrospectively collected and anonymized.

Data analysis and statistics
Data were summarized using medians, interquartile ranges (IQRs), and
proportions. Differences in the distribution of the main characteristics of
our study population across categories of sodium levels (i.e., hyponatremic
vs. normonatremic) were assessed using the χ2 test for categorical
variables and Kruskal–Wallis test for continuous variables. To assess the
association between meteorological variables and the risk of being
hyponatremic, we performed logistic regression models with increasing
levels of adjustment: (a) minimally adjusted models included only year and
month of admission; (b) medium adjusted models included (a)+ age, sex,
and body weight; (c) fully adjusted models included (b)+ days of diseases
before admission (1, 2, 3, 4, 5+), maximum body temperature (≤37,
37.1–38.0, 38.1–38.5, 38.6–39.0, ≥39.1 °C), food and fluid intake reduction
before admission (severely reduced, moderately reduced, or mildly
reduced/normal).9

Models were applied to each (averaged) daily lag, with lag terms
modeled one at a time. As a sensitivity analysis, single lag terms were
entered simultaneously in a single model to allow for mutual adjustment
of the lag effects, thus fitting unconstrained distributed lag models.10

Table 1. Population characteristics and meteorological variables on admission.

All Normonatremic Hyponatremic p

Population characteristics

N (%) 202 99 (49) 103 (51)

Age (years) 1.3 [0.9–1.8] 1.2 [0.8–1.7] 1.5 [1.1–2.0] 0.004

Sex

Females 93 (46.0) 42 (40.8) 51 (51.5)

Males 109 (54.0) 61 (59.2) 48 (48.5) 0.127

Body weight (Kg) 10.0 [8.3–11.4] 9.9 [8.1–11.4] 10.0 [8.7–11.7] 0.192

Disease duration

Days 2 [1–4] 2 [1–4] 3 [2–4] 0.116

≥6 days 16 (7.9) 10 (10.1) 6 (5.8) 0.304

Signs of acute dysnatremic brain damage 0

Maximum body temperature (°C)

≤37.0 81 (40.1) 40 (38.8) 41 (41.4)

37.1–38.0 36 (17.8) 20 (19.4) 16 (16.2)

38.1–38.5 24 (11.9) 17 (16.5) 7 (7.1)

38.6–39.0 32 (15.8) 18 (17.5) 14 (14.1)

≥39.1 25 (12.4) 8 (7.8) 17 (17.2)

Missing information 4 (2.0) 0 4 (4.0) 0.808

Reduced food intake in the 24 h before admission

Severe 37 (18.3) 16 (15.5) 21 (21.2)

Moderate 94 (46.5) 53 (51.5) 41 (41.4)

Mild/none 45 (22.3) 25 (54.3) 20 (20.2)

Missing information 26 (12.9) 9 (8.7) 17 (17.2) 0.305

Reduced fluid intake in the 24 h before admission

Severe 38 (18.8) 16 (15.5) 22 (22.2)

Moderate 78 (38.6) 46 (44.7) 32 (32.3)

Mild/none 75 (37.1) 38 (36.9) 37 (37.4)

Missing information 11 (5.5) 3 (2.9) 8 (8.1) 0.716

Meteorological variables

Outdoor temperature (°C) 10.7 [5.9–16.1] 11.5 [7.0–16.9] 10.2 [5.3–15.6] 0.113

Apparent outdoor temperature (°C) 8.6 [3.5–15.0] 9.4 [4.5–15.7] 7.9 [2.9–14.2] 0.123

Data are reported as medians and IQRs (continuous variables) or absolute and relative frequencies (categorical variables).
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Results were expressed as odds ratios (ORs) and corresponding 95%
confidence intervals (95% CIs) per unit increase in (apparent) temperature.

RESULTS
A total of 202 children (females= 93, 46%) were included (Table 1).
Their median age was 1.2 [IQR: 0.9–1.8] years and median circulating
sodium level was 134 [132–137]mmol/L. One hundred and three
(51%) children were hyponatremic. Among children with hypona-
tremia, age was slightly higher (1.4 vs. 1.2 years, p= 0.004) and
females represented a higher, although not significant, proportion
(51.5 vs. 40.8, p= 0.127). No other characteristic of the study
population (i.e., body weight, days of disease before admission,
maximum body temperature, and food and fluid intake in the 24 h
before admission) significantly differed between the two study
groups. Median outdoor temperature at the day of admission was
10.7 [5.9–16.1] °C, while median levels of apparent temperature were
slightly lower 8.6 [3.5–15.0]. None of the investigated meteorological
variables significantly differed between hyponatremic and normo-
natremic children in univariate analyses.
In fully adjusted models, we observed a significant association

between outdoor temperature in the sixth, eighth and ninth day

before ED admission (lags 6, 8, and 9) and the risk of being
hyponatremic on admission, with ORs= 1.24 (95% CI: 1.04–1.47),
1.14 (95% CI: 1.01–1.28), and 1.14 (95% CI: 1.01–1.28), respectively
(Fig. 1a and Supplementary Table 1). Very similar findings were
observed for apparent temperature (Supplementary Table 1).
Results on the effect of temperature at lag 6 were confirmed also
when all lag terms were modeled together (OR: 1.78, 95% CI:
1.13–2.81). Analyses considering cumulative daily lags showed a
≈25% significantly higher risk of being hyponatremic for increas-
ing temperature levels from lag 0–7 (OR: 1.24, 95% CI: 1.00–1.53)
to lag 0–10 (OR: 1.26, 95% CI: 1.01–1.57) (Fig. 1b and
Supplementary Table 2). Again, results on apparent temperature
mostly overlapped (Supplementary Table 2). Minimally and
medium adjusted analyses returned substantially comparable
results (data not shown).

DISCUSSION
This study shows for the first time that increasing outdoor
temperature levels in the few days preceding the onset of acute
gastroenteritis are associated with an augmented risk of
hyponatremia in children. Analogous findings were also observed
for apparent outdoor temperature.
The association between outdoor temperature and the risk of

hyponatremia is in line with previous, recent studies on adults and
the elderly. Higher outdoor temperature was found to be
associated with sodium levels below 125mmol/L in adult subjects
admitted to the ED in Switzerland.6 Two further studies conducted
in ED confirmed that warmer and colder seasons were positively
and negatively associated with the risk of hyponatremia,
respectively.11,12

Data on apparent outdoor temperature had a similar direction
to those on outdoor temperature. A previous study conducted in
adults in the ED found that an increase in outdoor temperature or
in apparent outdoor temperature had a similar negative effect on
fluids and electrolyte imbalance.13 In addition, a metanalysis on
the elderly, found a similar negative effect of apparent tempera-
ture and outdoor temperature on the risk of mortality.14 These
findings appear more and more important in the context of
the climate change that is currently observed worldwide. Until
the 1980s, hypernatremia and normonatremia were common and
hyponatremia rare in childhood acute gastroenteritis. In the
following decades, hypernatremia almost disappeared while
the prevalence of hyponatremia increased. It is assumed that
the resurgence of breastfeeding, formulas having less salt, and the
present attitude toward gastroenteritis, with early and fast
reintroduction of mostly hypotonic fluids, account for this shift.3

Our data suggest that climate change could also be a contributing
factor.
Although the findings of our study are consistent with those in

adults and the elderly, concurrent risk factors for hyponatremia
are likely to be different in childhood. Differently from adults,
none of the included children was on treatment with diuretics or
reported pre-existing chronic kidney diseases. On the other hand,
nausea, and lack of appetite due to elevated ketone bodies and
stimuli by gut mucosa damage, are frequently observed in
children with gastroenteritis.15 These conditions, associated with
higher sweating, a reduced salt intake, and increased ingestion of
free water or other hypotonic fluids, which typically occurs with
higher temperatures,16–18 might concur with the development of
hyponatremia in pediatric patients with gastroenteritis.4

Our study suggests a peculiar role of outdoor temperatures
6–10 days before sodium level testing on the risk of hyponatremia.
In the attempt to interpret our finding, we can surmise that
parents keep a child with the onset of vomiting, diarrhea, and
fever resting at home with a more controlled indoor temperature.
As a consequence, we can speculate that external climate
conditions might have had a limited impact after the appearance
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Fig. 1 Association between outdoor temperature (°C) and risk of
being hyponatremic at emergency department admission, Milan,
Italy, 2009–2019. Results are expressed as odds ratios (ORs) and
corresponding 95% confidence intervals (95% CIs) per unit increase
in levels of temperature (°C) occurring daily from the day of
admission (lag 0) up to 14 days before (lag 14) (a) or obtained by
averaging the levels of the day of admission with the levels of the
day before (lags 0–1) and of each preceding day up to 14 days
before (lag 0–14) (b).
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of the first symptoms. On the other hand, the higher external
temperature in the days before symptoms’ onset might have
predisposed the child to develop hyponatremia. This hypothesis is
supported by the finding that most (>90%) children presented
symptoms in the 5 days preceding sodium testing, by the
sensitivity analyses, and by the models investigating the
cumulative daily lags in the days preceding the onset of
symptoms. Future studies should confirm this speculation.
This study has limitations. First, it is a single-center, retro-

spective study. Second, we could not obtain data on the indoor
environment before admission to the ED. Third, the sample size is
limited. Fourth, missing data in some of the variables we adjusted
for might have, at least partly, influenced our findings, even
though our results appeared consistent across increasing levels of
adjustment. On the other hand, our work has also some important
strengths: differently from other previous studies in adults,5,12 we
considered daily climate conditions rather than seasonality as
exposure of interest. Furthermore, sodium was measured by direct
potentiometry, as recommended by international authorities,
because spuriously normal or spuriously altered sodium values
are not observed with this laboratory technique.19,20 The major
strength of the study lies in it being the first to evaluate the
interplay between outdoor temperature and the tendency to
hyponatremia metabolism in acute childhood gastroenteritis.
In conclusion, our data indicate a possible association between

meteorological variables and circulating sodium levels in other-
wise healthy children admitted to the ED for acute gastroenteritis.
Considering the impact of climate change and, in particular, the
increasing global warming, the role of external climate conditions
on the risk of hyponatremia in children should be considered and
explored in future studies.
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