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Abstract
Background A number of negative developmental outcomes in response to extreme temperature have been 
documented. Yet, to our knowledge, environmental research has left the question of the effect of temperature on 
human neurodevelopment largely unexplored. Here, we aimed to investigate the effect of ambient temperature on 
linguistic development at the age of 2 years-old.

Methods We used data from the prospective national French birth cohort ELFE (N = 12,163) and highly-resolved 
exposure models with daily temporal resolution and 200 m to 1 km spatial resolution. We investigated the effect 
of weekly averages of overall, daytime and night-time temperature in the prenatal (first 30 weeks of gestation) and 
postnatal (91 weeks after birth) period on vocabulary production scores from the MacArthur-Bates Communicative 
Development Inventories (MB-CDI) at 2 years-old. Exposure-response and lag-response relationships were modeled 
with confounder-adjusted distributed lag non-linear models.

Results Scores at the MB-CDI decreased by 3.2% (relative risk (RR) 0.968, 95% confidence interval (CI): 0.939–0.998) 
following exposure to severe night-time heat of 15.6 °C (95th percentile) vs. 8.3 °C (median) throughout gestational 
weeks 14 to 19. In the postnatal period, scores at the MB-CDI decreased by 14.8% (RR 0.852; 95% CI: [0.756–0.96]) for 
severe overall heat of 21.9 °C (95th percentile) vs. 11.5 °C (median) throughout weeks 1 to 28. Consistent results were 
found for daytime and night-time heat. We observed positive effects of overall and night-time heat in the first few 
weeks of pregnancy. Night-time cold in the pre-natal period also resulted in improved scores at the MB-CDI. Adjusting 
our models for air pollutants (PM2.5, PM10 and NO2) tended to confirm these observations. Finally, there were no 
significant differences in temperature effects between boys and girls.

Conclusion In this large cohort study, we showed a negative impact of hot temperatures during pregnancy and 
after birth on language acquisition. Positive associations observed in the first few weeks of pregnancy are likely the 
results of methodological artifacts. Positive associations with night-time cold during the prenatal period are likely truly 
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Background
The frequency and intensity of heatwaves and other 
extreme weather events is increasing rapidly and will 
continue to rise in the coming decades [1]. Extreme tem-
perature is a major contributor to the global burden of 
disease, with high temperatures accounting for 156.81 
Disability Adjusted Life Years (DALYs) per 100,000 popu-
lation worldwide in 2019 [2]. Both pregnant women and 
infants are particularly susceptible to temperature stress, 
in part because thermoregulation processes are not as 
efficient during pregnancy [3] and infancy [4]. A number 
of negative developmental outcomes have been observed 
as a result of high temperatures, e.g. still-birth [5], pre-
maturity [6], low birth weight [7, 8], altered lung function 
[9, 10], infections and allergies [11].

Above-average temperatures may also be associated 
with adverse neurodevelopmental outcomes. First, in 
animal experiments and in human studies, high tempera-
tures have been shown to directly impact neurobiological 
mechanisms such as neuronal proliferation, differentia-
tion and migration, as well as gliogenesis and myelination 
[12]. These in turn have been related to cognitive and 
behavioral impairments in the fish [13, 14]. Second, both 
heat [15, 16] and cold [17] have been associated with 
reduced weight and impaired functioning of the placenta, 
which may lead to further disruption of neurodevelop-
mental processes [18]. Third, heat may lead to a series 
of medical conditions, e.g. dehydration and decreased 
blood flow, low birth weight [7] or pre-eclampsia [19], 
which themselves have been linked to neurodevelopmen-
tal disorders [20, 21]. Fourth, exposure to heat during 
pregnancy has been associated with a higher rate of brain 
malformation and neural tube defects in human new-
borns, as well as psychiatric disorders diagnosed later in 
life [22], and reductions in academic achievement [23]. In 
utero exposure to heat has also been linked to a range of 
childhood and adult conditions, such as lack of coopera-
tion [24], decreased well-being [25] and altered mental 
health [26].

Fifth, children [23, 27] and adult populations [28] have 
demonstrated cognitive dysfunctions, such as difficulties 
with attention-demanding tasks and decreased academic 
achievements, when acutely exposed to high tempera-
tures. Acute exposures have also been linked to behav-
ioral issues. Urban areas in the United States have seen 
a significant association between high minimum and 
maximum temperatures and crisis help-seeking behav-
iors in young adults and adolescents [29]. New York City 
data revealed that elevated temperature over the five 

preceeding days correlated with a higher risk of men-
tal health-related emergency department and hospital 
encounters for 6- to 11-year-olds [30].

Sixth, longer-term temperature exposures have been 
associated with adverse neurodevelopmental outcomes. 
A Spanish study found that exposure to heat in the previ-
ous two months was associated with attention problems 
in adolescents [31]. A Californian study demonstrated a 
significant link between rising average temperatures over 
the preceding 1–3 years and increased aggressive behav-
iors in children aged 9–18 years [32]. To our knowledge 
however, no studies have investigated whether chronic 
temperature exposures in the post-partum period bear 
consequences for the neurodevelopment of the newborn.

Despite these notable advances, environmental 
research has left questions regarding the effect of tem-
perature on certain aspects of human neurodevelop-
ment largely unexplored, in particular aspects related to 
linguistic development. Language impairments are con-
sidered common reasons for referral in pediatrics [33] 
and have been linked with a range of negative outcomes. 
These include delayed academic achievement, increased 
risk of neurodevelopmental and psychiatric disorders, as 
well as behavioral and social issues [34, 35].

In the current study, we investigated the effect of ambi-
ent temperature on linguistic development at the age of 
two years old. First, we aimed to identify critical win-
dows of exposure to heat and cold during prenatal and 
postnatal periods. Second, we assessed whether any 
effect of air temperature persisted independently of the 
influence of air pollutants. Third, we explored potential 
sex-specific associations. Sexual dimorphism in brain 
structure and function, as well as related neurodevelop-
mental issues, has been extensively documented [36, 37]. 
Previous research has demonstrated differential effects of 
temperature on health outcomes between boys and girls, 
including increased mortality risks during heatwaves 
[38], greater susceptibility to heat-related lung function 
declines [9], and heightened risks of preterm birth [7].

We used data from the large prospective French birth 
cohort ELFE [39] and highly-resolved temperature expo-
sure models with one day temporal resolution and one 
km spatial resolution (200 m in large urban areas) [40].

Methods
The ELFE prospective birth cohort
We relied on the large French prospective birth cohort 
named Etude Longitudinale Française depuis l’Enfance 
(ELFE), which aims “to study determinants of the 

protective, as colder temperatures may encourage staying indoors at a comfortable temperature. Policymakers should 
consider neurodevelopment impairments as a deleterious effect of climate change.
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development health and socialization of children from 
birth to adulthood through a multidisciplinary approach” 
[39]. Briefly, the cohort was launched in 2011 in 344 
maternity units in Metropolitan France drawn based 
on their size. Newborns were included over four waves 
across four periods 1–4 April, 27 June-4 July, 27 Sep-
tember-4 October, and 28 November-5 December. Exact 
home addresses (including changes of residence during 
pregnancy and childhood) were geocoded using a parcel-
level database.

The cohort exclusion criteria were: multiple births 
of more than two children; underaged parents or par-
ents who were not capable of giving informed consent; 
planning to leave metropolitan France within the next 
three years; inability to read/understand French, Arabic, 
Turkish or English; and children born before 32 weeks 
of amenorrhea. 51% of the mothers that met inclusion 
criteria agreed to participate and 18,329 children were 
enrolled. For the purpose of this study, we excluded 
mothers with multiple gestation (N = 576 children).

Demographic, socioeconomic and lifestyle information, 
as well as information on the child’s development were 
collected by questionnaire at each survey wave at the 
maternity unit (face to face interview with the mother), 
and during regular follow-ups of the children (telephone 
interview with both parents).

Informed consent was signed by the parents or the 
mother alone, with the father being informed of his right 
to deny the consent for his child’s participation. The 
ELFE study was approved by the Advisory Committee 
for Treatment of Health Research Information (Com-
ite Consultatif sur le Traitement des Informations pour 
la Recherche en Sante), the National Data Protection 
Authority (CNIL) and the National Statistics Council.

Assessment of linguistic development
Our outcome variable was the total score from the 
vocabulary production checklist of the MacArthur-Bates 
Communicative Development Inventories (MB-CDI). 
This was assessed by asking parents to state whether their 
two-year-old child is able to pronounce spontaneously 
each word out of a list of 100 French words. The MB-CDI 
has shown interesting psychometric properties such as 
internal and external consistency, test-retest reliability, 
convergent and concurrent validity as well as predictive 
validity [41].

Measures were taken between 23 and 28 months of age. 
Where values were missing at the mother’s interview, we 
used values reported by the father (if available). We then 
calculated the total score as the number of words cor-
rectly pronounced by the child. Higher scores indicate 
better linguistic development.

Exposure to temperature
We estimated daily ambient temperature at mother’s and 
child’s home address using highly resolved spatiotempo-
ral modeling [40]. The geospatial model used a multi-
stage ensemble approach combining three basis learners 
(among which linear mixed models, random forests and 
gradient boosting) to calibrate temperature measured at 
monitoring stations with spatiotemporal predictors [40]. 
Predictions of ambient temperature were estimated from 
2000 to 2018 at a 1  km spatial resolution across met-
ropolitan France and at a 200  m spatial resolution over 
urban areas with > 50,000 inhabitants. Three indicators of 
temperature were calculated: minimum, maximum, and 
mean air temperature, markers of night-time, daytime 
and overall exposures, respectively. In terms of model 
performance, mean cross-validated R2 were higher than 
0.9. For more in depth model descriptions please refer to 
[40].

We used both a prenatal and a postnatal exposure 
matrices to allow for different effect structures in the pre-
natal vs. the postnatal period. We ensured that the dura-
tion of exposure was consistent among all participants. 
We also decided to not exclude premature babies as this 
could introduce selection bias. Instead, we decided to 
include all live births from the ELFE cohort and restricted 
our prenatal period to 32 weeks of amenorrhea. With 
respect to the postnatal period, we reasoned that the last 
weeks of exposure would poorly contribute to processes 
involved in linguistic development. We therefore only 
considered the first 91 weeks of exposure (~ 21 months 
after birth).

Covariates
Covariates were selected based on literature review and 
represented in a directed acyclic graph (DAG; Supple-
mentary Fig.  1). A detailed description of our covari-
ate selection process is provided in the Supplementary 
Methods. Briefly, the main covariates included variables 
related to the neighborhood’s socio-economic context 
and urbanization, vegetation, parental socio-economic 
status and demographic indicators, the number of lan-
guages spoken at home, pre-pregnancy medical his-
tory (such as parity, neurodevelopmental disorders, and 
maternal obesity), as well as the child’s age and sex. In 
our main analysis, we also incorporated various paren-
tal behaviors that may influence neurodevelopment, 
such as food intake, breastfeeding, alcohol consump-
tion, and tobacco use during or after pregnancy (termed 
“Pre- and post-natal food/drug exposure” in our DAG; 
Supplementary Fig.  1A). These factors were included 
in our statistical model to enhance the precision of our 
parameter estimates. However, previous studies have 
suggested that climatic conditions may influence these 
behaviors (Supplementary Methods), which may then 
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lie in the causal pathway between temperature and lin-
guistic development (Supplementary Fig. 1B). To address 
this possibility, we conducted a sensitivity analysis where 
we did not adjust for such parental behavior covariates. 
This approach allowed us to assess the robustness of our 
results to the potential mediating role of these factors.

In our baseline analysis, we investigated the total effect 
of temperature on language development, not account-
ing for pollution. In a series of secondary analyses, we 
took into account atmospheric pollutants (PM2.5, PM10, 
NO2) in our statistical model to estimate the effect of 
temperature after ambient pollution has been explained 
away.

Missing data
From the original 17,753 single pregnancy observations, 
4,697 were lost due to withdrawal or lost to follow-up. 
Among the remaining participants, we excluded 515 par-
ticipants with missing values for the MB-CDI and 289 
further participants with missing exposure data. There 
were 38 children whose parents were separated and had 
shared custody. For these children, we used the mother’s 
addresses to calculate exposures. After having removed 
participants with more than 30% missing values in the 
covariates, the final dataset comprised N = 12,163 partici-
pants (Fig. 1). Following this procedure, no covariate had 
more than 30% missing values.

To increase the statistical power of the analyses and 
avoid selection bias, missing data in the covariates were 
imputed with the mice R package (using single impu-
tation and the predictive mean matching method). 
Imputation relied on prediction from mean exposures, 
covariates and outcome.

Analysis
In order to identify sensitive windows of prenatal and 
postnatal exposure to temperature in relation to the 
vocabulary production score from the MB-CDI, we 
used the framework of distributed lag nonlinear models 
(DLNMs) and the dlnm R package [42]. With DLNMs, 
one can simultaneously represent non-linear exposure-
response dependencies and delayed effects.

First, we modeled exposure to temperature with “cross-
basis” functions, which describe simultaneously the 
exposure-response relationship and its distributed lag 
effects (effects across lags). As mentioned above, we used 
two exposure matrices: the 30 first weeks of pregnancy 
and the 91 weeks after birth. Both the exposure-response 
and the lag-response functions were assumed to be non-
linear, with natural cubic splines. Optimal degrees of 
freedom were selected based on minimizing the Akaike 
Information Criterion (AIC) and on an a priori assump-
tion of a relatively simple, yet flexible, association 
between temperature and linguistic development, as well 

as visual inspections of the lag-response relationships. 
Both prenatal and postnatal relationships were modeled 
using two degrees of freedom for exposure-response rela-
tionships and three degrees of freedom for lag-response 
relationships.

Second, we combined these cross-basis variables in 
generalized linear models of the quasi-Poisson family to 
evaluate exposure-lag-response associations between 
prenatal and postnatal exposure and scores on the 
MB-CDI.

In our main analysis, to estimate the total effect of tem-
perature on the total score on the MB-CDI, we used the 
following equation:
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Third, we used the fitted models to estimate the relative 

risk associated with exposure to cold and hot tempera-
tures in a single week in both the prenatal and postna-
tal periods. Comparisons were made between moderate 
(10th, 90th percentiles), severe (5th, 95th percentiles), 
and extreme (1st, 99th percentiles) temperatures com-
pared to the median temperatures. Of note, in a regres-
sion model of the quasi-Poisson family, the relative risk 
(RR) is interpreted as the multiplicative change in the 
rate of the outcome for a change in the predictor variable, 
holding other variables constant. In our case, a risk lower 
than one indicates that heat or cold, when compared to 
the median temperature, is associated with a percentage 
reduction in the MB-CDI score of (1 − RR) ∗ 100. Con-
versely, a risk higher than one indicates that heat or cold, 
relative to the median temperature, is linked to a percent-
age increase in the MB-CDI score of (RR − 1) ∗ 100.

We defined critical windows of exposure as consecu-
tive periods where exposure risks were significant. The 
significant level was set to 0.05. Where critical windows 
were identified, we calculated the mean cumulative risk 
and 95% confidence interval associated with exposure 
throughout its entire duration.
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Fourth, in a secondary analysis, we also modeled expo-
sure to pollutants with pre- and postnatal cross-basis 
functions, where the exposure-response functions were 
assumed to be linear, and the lag-response relationships 
were assumed as varying smoothly across time (with nat-
ural cubic spline and three degrees of freedom).

To estimate the (direct) effect of temperature on the 
MB-CDI score over and above that of air pollution, we 
used the following equation:
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Other terms are as in Eq. (1).

In another analysis, we wished to assess the robust-
ness of our results by including more than one pollutant 

Fig. 1 Flow chart of the study population
Legend. MB-CDI, MacArthur-Bates Communicative Development Inventories; y/o, years old
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in the same statistical model. However, we deliberately 
chose not to run a model incorporating both PM2.5 and 
PM10 due to their high correlation (r > 0.9). This decision 
was made to avoid potential multicollinearity issues that 
could affect the reliability of our estimates.

Fifth, in each sex stratum, we identified critical win-
dows and estimated cumulative risks with 95% con-
fidence interval throughout their entire duration, 
similarly to our main analysis. Where critical win-
dows were identified, statistical significance tests 
between boys and girls were conducted by calculat-
ing ratios of risk ratios RR1

RR2
 as well as 95% confi-

dence intervals using the following formula [43, 44]: 

e
log

(
RR1
RR2

)
± 1.96

√
SE2

log(RR1) + SE2
log(RR2)

, where RR1 and RR2 are the within-group estimates, 
and SElog(RR1) and SElog(RR2) are their respective 
standard errors.

Using the aforementioned formulae, we also estimated 
between-group differences at each lag and identified 
critical windows where consecutive lags showed signifi-
cant differences between boys and girls. For each iden-
tified window, we then calculated cumulative risks with 
95% confidence intervals for each sex stratum. Finally, we 
conducted statistical significance tests to assess between-
group differences for each identified window.

Results
Population characteristics
About 20% of participants lived in rural areas or in urban 
areas with less than 50,000 inhabitants. Most individu-
als lived in urban areas with more than 500,000 inhabit-
ants (45.6%). Most women were 25 to 35 years old (70%) 
and were multiparous (54%). Approximately one-third of 
women reported having had some exposure to smoking 
(active or passive) during pregnancy. Most of the time, at 
least one member of the couple had completed two years 
of post-secondary education (72%).

Overall, daytime and night-time mean temperatures 
experienced by participants were 12.7  °C (range: -11.6, 
31.8), 18.1 °C (range: -8.5, 42.5), and 7.9 °C (range: -19.7, 
26.5), respectively, in the prenatal period; and 12.0  °C 
(range: -20.1, 31.8), 17.0  °C (range: -15.7, 42.8), and 
7.6  °C (range: -24.3, 29.1), respectively, in the postnatal 
period (Table 1; Supplementary Fig. 1). The median score 
on the MB-CDI was of 81 words (interquartile range: 
59–93; Supplementary Fig.  2). Average exposure levels 
to PM2.5, PM10, and NO2 were of 15.3 µg/m³ (range: 0, 
108), 22.5 µg/m³ (range: 0, 122), and 20.2 µg/m³ (range: 
0, 238), respectively. Finally, comparing the imputed and 
non-imputed datasets indicated that the imputation pro-
cess did not significantly change participants character-
istics (Supplementary Table 1). Other characteristics of 

participants are reported in Table 1 and Supplementary 
Table 1.

Ambient temperature and linguistic development at two 
years old (Non stratified analysis)
Heat
In the prenatal period, while overall and daytime heat 
were not significantly associated with a decreased score 
at the MB-CDI, night-time heat was (Fig.  2). Specifi-
cally, throughout gestational weeks 14 to 19, scores at the 
MB-CDI decreased by 3.2% (Relative Risk (RR): 0.968; 
95% Confidence Interval (CI): 0.939–0.998) following 
exposure to severe night-time heat (Tmin = 15.6  °C vs. 
Tmin = 8.3 °C), given the other variables in the model are 
held constant (Table 2). Consistent negative associations 
were observed for moderate (Tmin = 14.3°C) and extreme 
night-time heat (Tmin = 18.3°C; Table  2). Improved 
scores at the MB-CDI were found for daytime and night-
time heat in the first three or four few weeks of preg-
nancy (Fig. 2; Table 2).

In the postnatal period, overall, daytime, and night-time 
heat were associated with lower scores at the MB-CDI 
(Fig. 2). Specifically, scores at the MB-CDI decreased by 
14.8% (RR: 0.852; 95% CI: 0.756–0.960) following expo-
sure to severe overall heat (Tmean = 21.9  °C vs. 11.5  °C) 
throughout weeks 1 to 28; by 3.5% (RR: 0.965; 95% CI: 
0.935–0.996) following exposure to severe daytime heat 
(Tmax = 28.8  °C vs. 16.8  °C) throughout weeks 16 to 27; 
and by 7.3% (RR: 0.927; 95% CI: 0.867–0.992) follow-
ing exposure to severe night-time heat (Tmin = 16 °C vs. 
7.3  °C) throughout weeks 5 to 24 (Table  2). Consistent 
negative associations were observed for moderate and 
extreme heat (Table 2).

Cold
In the prenatal period, overall, daytime, and night-time 
cold were not associated with lower scores at the MB-
CDI (Fig.  3). However, improved scores at the MB-CDI 
were found for night-time cold towards the end of the 
second trimester (Fig.  3). Throughout gestational weeks 
17–22, severe night-time cold (Tmin=-1.5 °C) resulted in 
an improvement in the MB-CDI score of 3.3% (RR: 1.033; 
95% CI: 1.006–1.061). Consistent results were found for 
moderate and extreme night-time cold (Table 2).

In the postnatal period, overall, daytime, and night-
time cold were not associated with any deteriorated or 
improved scores at the MB-CDI (Fig. 3).

Finally, our findings remained largely consistent when 
excluding parental behaviors that could potentially medi-
ate the relationship between air temperature and neuro-
development (Supplementary Table 2).
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Variables Total
(N = 12163)

MB-CDI Score
Median [Q1, Q3] 81 [59, 93]
Daily overall temperaturea(Tmean, °C)
Mean [min, max] 12.1 [-20.1, 31.8]
Daily daytime temperaturea(Tmax, °C)
Mean [min, max] 17.3 [-15.7, 42.8]
Daily night-time temperaturea(Tmin, °C)
Mean [min, max] 7.7 [-24.3, 29.1]
Daily PM2.5 concentrationa(µg/m³)
Mean [min, max] 15.3 [0, 108]
Daily PM10 concentrationa(µg/m³)
Mean [min, max] 22.5 [0, 122]
Daily NO2 concentrationa(µg/m³)
Mean [min, max] 20.2 [0, 238]
European Defavor Index of living area
Low: (-9.18,-1.6] 4434 (36.5%)
Medium: (-1.6,2.06] 4194 (34.5%)
High: (2.06,31.9] 3519 (28.9%)
Missing 16 (0.1%)
NDVIb

Low: (0.0367,0.393] 3732 (30.7%)
Medium: (0.393,0.51] 4066 (33.4%)
High: (0.51,0.89] 4362 (35.9%)
Missing 3 (0.0%)
Size of living area
Rural area or less than 50,000 inhabitants 2447 (20.1%)
50,000 to 500,000 inhabitants 3778 (31.1%)
More than 500,000 inhabitants 5543 (45.6%)
Missing 395 (3.2%)
Mother’s birth place
France 10,903 (89.6%)
Overseas 1185 (9.7%)
Missing 75 (0.6%)
Mother’s history of learning difficulties
No 6715 (55.2%)
Yes 4978 (40.9%)
Missing 470 (3.9%)
Father’s history of learning difficulties
No 4964 (40.8%)
Yes 5017 (41.2%)
Missing 2182 (17.9%)
Level of education (Highest between mother and father)
Primary or secondary school 264 (2.2%)
Highschool 2931 (24.1%)
Undergraduate 2675 (22.0%)
Bachelor 2191 (18.0%)
Postgraduate 3914 (32.2%)
Missing 188 (1.5%)
Mother’s socio-professional category
Craftsmen & merchants 1010 (8.3%)
Executives and higher intellectual professions 3011 (24.8%)
Intermediate professions 1739 (14.3%)

Table 1 Socio-demographic characteristics of the study population
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Variables Total
(N = 12163)

Employees (skilled and unskilled) 4234 (34.8%)
Workers (skilled and unskilled) 1377 (11.3%)
Others 532 (4.4%)
Missing 260 (2.1%)
Parity
Primiparous 5531 (45.5%)
Multiparous 6586 (54.1%)
Missing 46 (0.4%)
Pre-pregnancy Body Mass Index
< 18.5 868 (7.1%)
18.5–25 8053 (66.2%)
25–30 2010 (16.5%)
> 30 1120 (9.2%)
Missing 112 (0.9%)
Mother’s age at conception
25 or below 1139 (9.4%)
26–30 3988 (32.8%)
31–35 4521 (37.2%)
36–40 2046 (16.8%)
41 or above 453 (3.7%)
Missing 16 (0.1%)
Father’s age at conception
25 or below 554 (4.6%)
26–30 2730 (22.4%)
31–35 4332 (35.6%)
36–40 2693 (22.1%)
41–45 1048 (8.6%)
46 or above 463 (3.8%)
Missing 343 (2.8%)
Alcohol consumption during pregnancy
At least once a month 3128 (25.7%)
Never or less than once a month 8955 (73.6%)
Missing 80 (0.7%)
Consumption of tobacco during pregnancy
At least some exposure (passive or active) 3844 (31.6%)
No exposure 7968 (65.5%)
Missing 351 (2.9%)
Coffee consumption during pregnancy
Less than once a day 9966 (81.9%)
Once a day or more 1030 (8.5%)
Missing 1167 (9.6%)
Fish consumption during pregnancy
Never 613 (5.0%)
Less than once a month 1313 (10.8%)
One to three times a month 3294 (27.1%)
Once a week 3714 (30.5%)
Twice a week or more 2160 (17.8%)
Missing 1069 (8.8%)
Vitamin B9 consumption during pregnancy
No 5250 (43.2%)
Yes 6634 (54.5%)
Missing 279 (2.3%)

Table 1 (continued) 
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Adjusting on pollution
In general, the shapes of the lag-response curves obtained 
in our secondary analyses adjusting for PM2.5, PM10 and 
NO2 were similar to those from our main analyses (Sup-
plementary Figs. 4 to 9).

Critical windows were also similar (Supplementary 
Table 3). Specifically, significant negative effects of severe 
night-time heat in the prenatal period were replicated 
when adjusting for PM10 and NO2. Significant negative 
effects of severe overall, daytime and night-time heat in 
the postnatal period were replicated when adjusting for 
NO2. Models adjusting for PM2.5 and PM10 showed 
significant negative effects of severe overall heat in the 
postnatal period. Significant positive effects of severe 
night-time cold in the prenatal period were observed 
when adjusting for PM2.5, PM10, and NO2. These results 

were confirmed when including more than one pollutant 
in the same model (Supplementary Table 3).

Sex-stratified analysis
In each group, critical windows were identified and are 
reported in Supplementary Table 4. However, none of 
the identified windows showed significant differences 
between boys and girls (Supplementary Table 4). Our 
between-group analysis at each lag did not reveal any sig-
nificant differences (Supplementary Figs. 10 & 11).

Discussion
In the current study, night-time heat in the second tri-
mester of pregnancy and overall, daytime and night-time 
heat in the first seven months after birth were associ-
ated with decreased scores in vocabulary production 
from the MB-CDI at the age of two. Unexpected positive 

Variables Total
(N = 12163)

Omega 3 consumption during pregnancy
Less than once a week 2567 (21.1%)
More than once a week 1796 (14.8%)
Never 5792 (47.6%)
Missing 2008 (16.5%)
Sex of the child
Female 5988 (49.2%)
Male 6175 (50.8%)
Feeding method at 2 months
Breastfeeing only 3963 (32.6%)
Breastfeeing & Bottle feeding 1927 (15.8%)
Bottle feeding only 5987 (49.2%)
Missing 286 (2.4%)
Parental relationship
Separated 690 (5.7%)
Together 11,372 (93.5%)
Missing 101 (0.8%)
Number of languages spoken at home
One 8566 (70.4%)
Two 2525 (20.8%)
Three or more 834 (6.9%)
Missing 238 (2.0%)
Household income
1st quintile 2168 (17.8%)
2nd quintile 2349 (19.3%)
3rd quintile 2286 (18.8%)
4th quintile 2353 (19.3%)
5th quintile 2365 (19.4%)
Missing 642 (5.3%)
Age at MB-CDI test (month)
Mean [min, max] 25.33 [23.00, 28.00]
Missing 101 (0.8%)
a from conception to MB-CDI test

Legend. NDVI, Normalized difference vegetation index; MB-CDI, MacArthur-Bates Communicative Development Inventories; Q1, 1st quartile; Q3, 3rd quartile

Table 1 (continued) 
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effects of heat and cold on linguistic development were 
also reported. Most effects persisted after adjusting on 
PM2.5, PM10 and NO2. Finally, in our sex-stratified 
analyses, within-group differences were observed, but we 
did not identify statistically significant between-group 
differences.

Exposure to severe overall heat during the first seven 
months of postnatal life was associated with a 15% 
decrease in the MB-CDI score, which is a rather siz-
able effect. Apart from this, most cumulative percentage 

changes throughout the entire duration of a critical win-
dow of exposure were 8% or less. These findings may 
have significant public health implications, as climate 
change is expected to increase exposure to high tem-
peratures, suggesting that targeted heat protection strate-
gies during critical developmental periods– particularly 
the second trimester of pregnancy and early postnatal 
months– could potentially mitigate adverse impacts on 
neurodevelopment.

Fig. 2 Lag-specific effects of Heat on the MB-CDI score (from models unadjusted for pollution)
Adjusted relative risk (solid line) and 95% confidence interval (dashed lines) for the MB-CDI score associated with severe heat (95th percentile vs. 50th 
percentile) during the 30 weeks following conception (left) and the 91 first weeks of life (right). Risks lower than one indicate that higher temperatures, 
compared to the median temperature, are associated with a reduction in the MB-CDI score. Conversely, risks higher than one indicate that higher tem-
peratures, compared to the median, are associated with an increase in the MB-CDI score
Shaded areas indicate 95% confidence intervals that exclude one
Upper panel: Overall temperature (Tmean); Middle panel: Daytime temperature (Tmax); Lower panel: Night-time temperature (Tmin)
Legend. MB-CDI, MacArthur-Bates Communicative Development Inventories
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Several mechanisms may explain how temperature 
affects linguistic development. Neurobiological pro-
cesses, such as impaired neuronal migration, neurite 
extension, or placental dysfunctions, may be at stake 
[12, 17]. Alternatively, the effect of temperature may be 
mediated by medical conditions such as pre-eclampsia, 
low birth weight, vaginal infections due to changes in the 
microbiome [8, 22] or even maternal psychological stress 
[22]. Other factors, such as availability of food and of 
basic nutrient intake, may play a role [8].

The fact that some of the effects found in our research 
persisted after adjusting our models on three different 

pollutants– PM2.5, PM10 and NO2– thought to be 
implied in cognitive development [45] may also have 
important public health implications. Because concentra-
tions of ambient pollutants are thought to be influenced 
by air temperature, our results suggest that temperature 
has a direct effect on linguistic development, above and 
beyond that of air pollution. Therefore, to prevent neuro-
developmental impairment, environmental policymakers 
should focus on developing solutions that address both 
heat exposure and air pollution, rather than air pollution 
alone. Another important implication of this finding is 
that temperature should be considered as a confounder 

Table 2 Association of prenatal and postnatal cumulative exposure to heat and cold with the MB-CDI score (from models unadjusted 
for pollution)

Prenatal period Postnatal period
Exposure Temperature Cumulative effect Temperature Cumulative effect
Overall Heat Ref (50th pct): Tmean = 13.9 °C Ref (50th pct): Tmean = 11.5 °C
Moderate (90th pct) Tmean = 19.8 °C No critical window Tmean = 20.0 °C Wk 1–28: 0.883

(0.805–0.968)
Severe (95th pct) Tmean = 21.2 °C No critical window Tmean = 21.9 °C Wk 1–28: 0.852

(0.756–0.960)
Extreme (99th pct) Tmean = 23.8 °C No critical window Tmean = 24.8 °C Wk 1–28: 0.801

(0.678–0.947)
Daytime Heat Ref (50th pct): Tmax = 19.9 °C Ref (50th pct): Tmax = 16.8 °C
Moderate (90th pct) Tmax = 26.2 °C Wk 1–3: 1.026

(1.001–1.052)
Tmax = 25.6 °C Wk 16–27: 0.973

(0.951–0.996)
Severe (95th pct) Tmax = 27.9 °C Wk 1–4: 1.043

(1.001–1.087)
Tmax = 28.8 °C Wk 16–27: 0.965

(0.935–0.996)
Extreme (99th pct) Tmax = 30.7 °C Wk 1–4: 1.065

(1.003–1.13)
Tmax = 32.1 °C Wk 17–27: 0.957

(0.920–0.996)
Night-time Heat Ref (50th pct): Tmin = 8.3 °C Ref (50th pct): Tmin = 7.3 °C
Moderate (90th pct) Tmin = 14.3 °C Wk 1–3: 1.027

(1.001–1.053)
&
Wk 13–20: 0.967
(0.939–0.997)

Tmin = 14.5 °C Wk 1–24: 0.922
(0.859–0.989)

Severe (95th pct) Tmin = 15.6 °C Wk 1–3: 1.034
(1.002–1.068)
&
Wk 14–19: 0.968
(0.939–0.998)

Tmin = 16.0 °C Wk 5–24: 0.927
(0.867–0.992)

Extreme (99th pct) Tmin = 18.3 °C Wk 1–4: 1.062
(1.004–1.124)
&
Wk 15–18: 0.969
(0.940–0.999)

Tmin = 18.9 °C Wk 12–24: 0.946
(0.898–0.996)

Night-time Cold Ref (50th pct): Tmin = 8.3 °C Ref (50th pct): Tmin = 7.3 °C
Moderate (10th pct) Tmin = 0.1 °C Wk 16–22: 1.033

(1.007–1.059)
Tmin = 0.2 °C No critical window

Severe (5th pct) Tmin=-1.5 °C Wk 17–22: 1.033
(1.006–1.061)

Tmin=-1.8 °C No critical window

Extreme (1st pct) Tmin=-4.0 °C Wk 18–22: 1.035
(1.004–1.066)

Tmin=-7.3 °C No critical window

Cumulative adjusted risk ratio associated with ambient temperature exposure throughout an entire critical window for moderate, severe and extreme exposures. 
95% confidence interval are also reported. Risks lower than one indicate that heat or cold, when compared to the median temperature, are associated with a 
reduction in the MB-CDI score. Conversely, risks higher than one indicate that heat or cold, relative to the median temperature, are linked to an increase in the MB-
CDI score

Legend. MB-CDI, MacArthur-Bates Communicative Development Inventories; pct, percentile; Wk, Week
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in studies investigating the impact of pollution on neuro-
development, which to our knowledge has not been done 
consistently.

Unexpected, positive effects of heat were retrieved in 
the first trimester of pregnancy. One possibility is that 
heat is protective of neurodevelopment at the begin-
ning of pregnancy, a rather counter-intuitive hypoth-
esis. Another, perhaps more plausible hypothesis, is that 
such an effect occurred by chance, as it was observed 
at the very beginning of the lag-response curve, where 

confidence intervals are the greatest. As a third possibil-
ity, this effect may be attributed to a so-called live-birth 
bias [46]. In our study, an unmeasured factor may have 
impacted both fetal survival and neurodevelopmen-
tal outcomes. Because temperature is also responsible 
for fetal survival [8], selecting to live-birth observations 
would have artificially linked temperature to neurode-
velopmental outcomes. Fourth, a study using data from 
sub-Saharan Africa reported that increased ambient 
temperatures during the first trimester were associated 

Fig. 3 Lag-specific effects of Cold on the MB-CDI score (from models unadjusted for pollution)
Adjusted relative risk (solid line) and 95% confidence interval (dashed lines) for the MB-CDI score associated with severe cold (5th percentile vs. 50th 
percentile) during the 30 weeks following conception (left) and the 91 first weeks of life (right). Risks lower than one indicate that colder temperatures, 
compared to the median temperature, are associated with a reduction in the MB-CDI score. Conversely, risks higher than one indicate that colder tem-
peratures, compared to the median, are associated with an increase in the MB-CDI score
Shaded areas indicate 95% confidence intervals that exclude one
Upper panel: Overall temperature (Tmean); Middle panel: Daytime temperature (Tmax); Lower panel: Night-time temperature (Tmin)
Legend. MB-CDI, MacArthur-Bates Communicative Development Inventories
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with higher educational attainment and literacy rates 
[47]. The authors proposed two potential mechanisms 
for this effect: (1) heat-induced selective pressure on fetal 
development, where elevated temperatures may dispro-
portionately affect more vulnerable fetuses; and (2) heat-
induced changes in conception patterns, particularly 
among economically disadvantaged women, potentially 
resulting in births occurring in more favorable socioeco-
nomic conditions.

Though occurring later in pregnancy, the positive effect 
of night-time cold around weeks 15–23 may also reflect 
a live-birth bias. It is possible however that night-time 
cold is truly protective towards neurodevelopment, and 
that for at least four reasons. First, this effect incurred a 
relatively small confidence interval, hence is less likely 
to be due to chance alone. Second, we observed negative 
effects of night-time heat over a relatively similar period. 
Third, other studies have reported a protective effect of 
cold during pregnancy, e.g. on pre-term birth [48, 49]. 
Fourth, night-time cold outdoor temperatures are likely 
associated with staying indoors at an optimal tempera-
ture, particularly in affluent countries like France.

Comparison with the literature is difficult, first because 
not much data are available, second because populations, 
outcomes and methods of analysis are drastically differ-
ent. We found a meta-analysis demonstrating that hot 
temperatures during pregnancy may be responsible for 
neural tube defects or psychiatric disorders presenting in 
later life, such as schizophrenia and restrictive anorexia 
[22]. A recent study also showed that exposure to both 
heat and cold during various periods of pregnancy and 
childhood was associated with reduced myelination and 
maturation of white matter microstructure [50]. Overall, 
we hope that further analysis testing the impact of tem-
perature on neurodevelopment will emerge from our 
research.

In the current study, the critical period for the effect 
of heat in the prenatal period was found throughout the 
first few weeks of the second trimester. It is noteworthy 
that a recent review associating high ambient heat with 
“mental deficiency” and schizophrenia retrieved a rather 
similar critical window (end of the first trimester) [22]. 
This period is thought to be crucial for glial cell prolif-
eration [12] and white matter development [51, 52], two 
processes that may explain impairments in language pro-
duction in our study. Prenatal associations were stron-
ger for night-time heat but the shape of the lag-response 
curve was similar for overall and daytime heat. As sug-
gested by others, effects of heat may be more prominent 
at night as heat at night prevents the human body from 
recovering from daytime heat exposure [53, 54].

In our study, critical periods for linguistic develop-
ment were not limited to the prenatal period. Heat effects 
were also retrieved in the first seven months after birth. 

Synaptogenesis, gliogenesis and apoptosis may be at 
stake as they carry on after birth, leading to structural 
and functional brain changes that are important for 
language acquisition [55]. A recent study in the rat also 
demonstrated that postnatal processes such as delayed 
myelinogenesis, neuroinflammation, oxydative stress, 
and disruption in gut microbiome, may impact neurode-
velopment more prominently than in the prenatal period 
[56]. Larger effects in the postnatal vs. prenatal period 
may be due to the smaller thermoregulation abilities in 
infants compared to pregnant women [3].

Previous analyses have suggested that negative asso-
ciations between ambient temperature in the prenatal 
period and neurodevelopmental disorders [22], or other 
health outcomes (e.g. birth weight [7]) may be sex-spe-
cific. Our results were not consistent with these find-
ings. Various critical windows showing negative effects of 
temperature were identified during the postnatal period 
in each sex stratum but between-group differences did 
not pass statistical significance. Our sub-group analy-
ses may have lacked power to identify subtle differences. 
Alternatively, different mechanisms may compensate one 
another, for instance increased efficiency of male fetus’ 
placentas may compensate for their increased suscep-
tibility to various stressors [57]. Likewise, male fetuses 
have been reported to be at elevated risk of still-birth 
[58]. This may sign increased vulnerability but on the 
other hand, surviving male fetuses may be those who are 
more resilient to temperature stress.

Strengths and limitations
First, one major strength of this study is the good perfor-
mance of the fine spatial and temporal resolution of the 
exposure model, which likely decreased measurement 
error. Second, the use of weekly exposure lags may have 
assessed health effects of temperature with more preci-
sion than approaches where exposures are averaged over 
trimesters or months. Such rather long exposures risk 
diluting extreme temperature events and may bias health 
effects towards the null. Third, our modeling strategy, 
employing distributed lag models, enabled the identifi-
cation of critical temperature exposure windows during 
both prenatal and postnatal development, revealing key 
periods of neurodevelopmental sensitivity. Fourth, our 
national study population benefited from a large num-
ber of observations and from being representative of the 
diverse climatic conditions across France.

Our study also has a number of limitations. First, we 
assessed outdoor temperature which may strongly differ 
from temperatures really experienced by participants. 
While we accounted for changes in residence, exposure 
misclassification may have occurred because women and 
children spent time indoors or out of town, or used heat-
ing or air conditioning devices– although the percentage 
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of homes equipped with air conditioning in France is 
relatively low [59]. In general, there is a tradeoff between 
using large cohorts with the potential for exposure mis-
classification vs. small scale experiments that can mea-
sure exposures more precisely but have a limited number 
of participants, with the risk of low statistical power and 
poor generalizability.

Second, selection bias is a possibility, (1) because we 
excluded observations with missing exposure and out-
come values; (2) because we restricted our analysis to 
live-birth observations.

Third, in this prospective longitudinal cohort study, 
residual confounding is a possibility.

Fourth, rather than comparing extreme temperatures 
with median temperatures, we could have defined our 
exposure differently, e.g. as 1  °C increment or even as 
heatwaves. We reasoned that neurodevelopment would 
be less sensitive to 1  °C increments than temperature 
threshold cutoff points. In addition, we can only infer 
that temperatures higher than the ones measured in the 
current study would have at least similar, and more prob-
ably worse impacts on neurodevelopment. This is par-
ticularly important in our case because, since 2003, years 
2010 and 2011 were not particularly warm [40].

Fifth, it is important to acknowledge that some of our 
findings may in fact be falsely positive as some of the con-
fidence intervals were relatively close to including one.

Sixth, the current results are probably not generalizable 
to non-Western countries located in warmer or colder 
regions, where acclimatization processes may be very dif-
ferent and result in different vulnerabilities to heat and 
cold.

Conclusion
With global climate change, the impact of climate 
extremes on children’s health is only expected to 
increase. Our study revealed for the first time that severe 
heat (95th percentile) during both the prenatal and the 
postnatal periods might affect language production at the 
age of two. Sex differences however, were not identified. 
Should these findings be replicated, climate mitigation 
strategies would be beneficial to prevent issues in linguis-
tic development.
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