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Abstract
Objectives: To study the potential association between increases in daily mean air temperature and time below range (TBR <54 mg/dl) and time above range (TAR >250 mg/dl) in children and adolescents with type 1 diabetes.
Research Design and Methods: Individuals with type 1 diabetes <21 years with information on daily glucose profiles from the diabetes prospective follow-up study (DPV) were included (n = 2,582). Further inclusion criteria were age at diabetes onset at least six months, diabetes duration for at least one year and treatment years 2020-2021. Mean daily air temperature and other meteorological parameters from 78 measurement stations in Germany were linked to the individual glucose sensor profile via the five-digit postcode areas of residency. We used multivariable repeated measures fractional logistic regression models with a compound symmetry covariance structure to study the association between a 1°C increase in daily mean temperature and time in specific glucose ranges. 
Results: A 1°C increase in daily mean temperature was associated with an acute (0.9% (95%-CI: 0.7, 1.1% (Odds Ratio (OR) 1.009 (1.007, 1.011)) and up to 7 days delayed (0.3% (0.1, 0.5%) increase in TBR <54 mg/dl. TAR >250 mg/dl decreased by 0.3% (-0.3, -0.4%, OR 0.997 (0.996, 0.997)) on day 0.
Conclusions: Results of the DPV registry showed small, but statistically significant changes in TBR and TAR in association with a short-term temperature increase. Higher blood flow and faster insulin absorption might be one possible mechanism. In times of increasing temperature fluctuations meteorological impacts on time in range could become even more relevant. 
[bookmark: Intro]Introduction 
Day-to-day changes in air temperature have been shown to be associated with cardiovascular morbidity (Turner et al. 2012; Cicci et al. 2022). Extreme but also mild non-optimum temperature was related to an increased risk of mortality and morbidity in this context (Gasparrini et al. 2015; Bai et al. 2016). Results of a multi-country observational study showed that 7.71% (95%-confidence interval (CI): 7.43, 7.91%) of mortality are attributable to non-optimum temperature based on data from 384 locations in 13 countries (Gasparrini et al 2015). Studies reported that individuals with type 2 diabetes are at higher risk for temperature related health effects (Lam et al. 2018). A recently published study from the US showed increased rates of severe hypoglycemia, diabetic ketoacidosis (DKA) and sudden cardiac arrest /ventricular arrhythmia in individuals with type 2 diabetes in association with ambient temperature extremes (Bogar et al. 2022). However, children and adolescents with type 1 diabetes were not studied in this context so far. Air temperature was related to hospital admissions for acute complications in adults with type 1 and type 2 diabetes (Bai et al. 2016; Lu et al. 2016; Xu et al. 2019; Miyamura et al. 2022). For example, an inverse relationship between monthly average temperature and hospital admissions for DKA and hyperglycemic hyperosmolar state in adults with diabetes was observed in Taiwan (Lu et al. 2016). Moreover, Tsujimoto and colleagues reported a higher frequency of severe hypoglycemia in summer compared to winter in adults with type 1 diabetes (Tsujimoto et al. 2014). In a population based time-series study conducted in Canada, Bai and colleagues showed that 11.16% (7.50, 14.25%) of hospitalizations from diabetes in adults were attributable to high temperatures (Bai et al. 2016). A further study conducted in Brazil showed a 8% (Odds ratio (OR): 1.08 95%-CI:1.06, 1.10) greater chance of hospitalization due to type 1 diabetes complications in association with a 5°C increase in daily mean temperature on the same day (Xu et al. 2019). 
Studies on the association between short-term changes in air temperature and health effects in children and adolescents are rare so far (Bernstein et al. 2022; Xu et al. 2014). The objectives of our analyses were to study potential associations between short-term increases in daily mean air temperature and the proportion of time in hypoglycemic and hyperglycemic range in children and adolescents with type 1 diabetes. We used data of the diabetes prospective follow-up registry (DPV) which captures information on treatment and outcome of people with diabetes, documented in a multicenter, real-world setting. 



Methods 
Assessment of meteorological parameters
Daily means of meteorological parameters were measured at fixed monitoring sites and are provided by the German Weather Service (Deutscher Wetterdienst (DWD Climate Data Center (CDC) 2021)). Mean daily air temperature and sunshine duration from 78 measurement stations in Germany from 2020 and 2021 were linked to the individuals via the five-digit postcode areas of residency.
Study population and covariates
As of March 2022, the DPV initiative comprised 511 centers in total, including 460 centers located in Germany, 46 in Austria, one from Luxemburg and four from Switzerland. For the current study, 72 German centers providing information on daily glucose profiles in children and adolescents with type 1 diabetes were included (Supplemental Material). Every six months, anonymized data are sent to Ulm University where data are validated. Data collection and analysis for benchmarking and diabetes research were approved by the ethics committee of Ulm University and by local review boards of the participating centers. The DPV registry is described in more details elsewhere (Bohn et al. 2016).
Children and adolescents with type 1 diabetes <21 years using continuous glucose monitoring systems (CGM) for at least three months and with information on daily glucose profiles were included. Further inclusion criteria were age at diabetes onset of at least six months, diabetes duration for at least one year and CGM profiles available during the treatment years 2020 and 2021. Patient characteristics extracted from DPV included sex, age, diabetes duration, body-mass-index (kg/m2), HbA1c (% or mmol/mol), daily insulin dose (IU/kg) and type of insulin treatment (conventional insulin therapy (CT, ≤3 injection time-points per day), intensive insulin therapy (ICT, 4-8 injection time-points per day) or insulin pump). Reference data of the German Health Interview and Examination Survey for Children and Adolescents (KiGGS) study were used to calculate BMI standard deviation scores (BMI-SDS) (Rosario et al. 2010). We accounted for different laboratory methods by using the multiple of the mean transformation method to standardize HbA1c values to the Diabetes Control and Complications Trial (DCCT) reference range of 4.05–6.05% (20.7–42.6 mmol/mol) (Rosenbauer et al. 2012)
Definitions 
Glucose values <54 mg/dl and <70 mg/dl were defined as time below range (TBR) and values >180 mg/dl and >250 mg/dl as time above range (TAR), respectively (Battelino et al. 2019). Time in range (TIR) was defined as glucose values between 70 and 180 mg/dl. The proportion of time spent in the respective ranges per day was analyzed per patient in order to study day-to-day changes in association with daily mean air temperature. 
If the children/adolescents or at least one parent was not born in Germany, the respective individual was considered as having a migratory background. The months December, January and February were defined as winter, March, April and May as spring, June, July and August as summer and September, October and November as autumn. 
Statistical analyses 
Continuous variables are presented as median together with lower and upper quartiles and categorical variables are depicted as proportions in the descriptive part of the analyses. To study the association between changes in daily mean air temperature and the proportion of TIR, TBR as well as TAR, repeated measurements fractional logistic regression models (Meaney und Moineddin 2014; Liu, W. and Xin, J. 2014) with a compound symmetry covariance structure were used. All models were adjusted for sex, age (categorized as <6, 6-<12, 12-<18 and ≥18 years), diabetes duration (categorized as ≤5 years and >5 years), migratory background, day of the week and season. Acute (lag day 0) and up to 7 days delayed effects of mean daily air temperature were studied. 
As a sensitivity analysis we additionally adjusted for sunshine duration in order to control for increased physical activity in association with sunshine duration. In a further sensitivity analysis holidays were considered as an additional confounder. Results of fractional logistic regression models are presented as relative changes in outcomes in percent and as Odds ratios OR in association with a 1°C increase in daily mean temperature. 
Statistical analyses were conducted using SAS version 9.4 (TS1M7, SAS Institute Inc, Cary,NC) on a Windows server mainframe. A two-sided p-value <0.05 was considered as statistically significant.



Results
We included 2,582 children and adolescents <21 years with information on daily glucose profiles within the treatment years 2020 and 2021. A description of the study population characteristics (treatment years 2020/2021) is shown in table 1. Median current age was 13.2 years (25%-75%-quartiles: 9.7-15.9 years) in 2020/2021. Diabetes duration was 4.5 years in median (2.3-7.8 years) and 53% were males. The majority of the included individuals were on insulin pump therapy (70.8%). Median temperature was 10.1 °C (8.4-11.7) in 2020 and 2021. The individuals provided a median of 247.5 CGM days. Average TIR was 53.5%, TBR <70 mg/dl 1.8% and TAR >180 mg/dl was 42.3%. Figure 1 shows adjusted OR from repeated measurements fractional regression models for TBR in association with a 1°C increase in daily mean temperature. 
We observed an immediate (lag day 0) and up to 7 days delayed increase in TBR < 54 mg/dl in association with a 1°C increase in daily mean temperature (Figure 1 A). Associations were strongest for lag day 0 and 1. A 1°C increase in daily mean temperature was associated with an immediate (lag 0) increase in TBR < 54 mg/dl of 0.9% (95%-CI: 0.6, 1.2% (OR 1.009 (1.006, 1.012)) and an increase of 0.3% (0.1, 0.5) with a delay of 7 days. Similar results were found for TBR < 70 mg/dl (day 0: 0.7% increase (0.6, 0.9%, OR 1.007 (1.006, 1.009), Figure 1 B).
TAR decreased with higher temperature showing also acute and delayed effects (Figure 2). For example, a 1°C increment in daily mean temperature was related to an immediate decrease in TAR > 180 mg/dl by 0.4% (decrease -0.4, -0.3%, OR 0.996 (0.996, 0.997), Figure 2 A). Results were similar for TAR > 250 mg/dl (Figure 2 B). Only small changes in TIR were found in relation to temperature changes. TIR increased by 0.2% (0.2, 0.3%, OR 1.002 (1.002, 1.003)) on the same day with a 1°C increase in daily mean temperature (Supplemental Figure 1). 
Additional adjustment for sunshine duration or holidays did not change our results (data not shown).


Discussion 
Results of the DPV registry revealed small, but statistically significant changes in TBR and TAR in association with a day-to-day increase in daily mean temperature. Associations were strongest for TBR and for day 0 and day 1. 
To our knowledge, there are no studies investigating short-term effects of air temperature on glucose levels in children and adolescents with type 1 diabetes so far. However, our results are in accordance with previous studies conducted in adults showing an intermediate and long-term impact of air temperature on blood glucose levels (Tsujimoto et al. 2014; He et al. 2022). A retrospective single-center study in Japan investigated seasonal variations of severe hypoglycemia in adult individuals with type 1 and type 2 diabetes (Tsujimoto et al. 2014).  Severe hypoglycemia was more frequent during summer compared to winter in type 1 diabetes (35.2% vs 18.2%, p = 0.01). Moreover, HbA1c was lower in summer (7.7% (7.1-8.3)) compared to winter (median 9.1% (7.6-10.1)) in 88 people with type 1 diabetes, but the difference was not statistically significant (Tsujimoto et al. 2014). 
A further study conducted in Mexico City examined intermediate- and long-term associations between ambient temperature and HbA1c in woman of child bearing age (mean age 27.8 years, (He et al. 2022)). A 1°C increase in the 3-month and 12-month temperature average was associated with a decrease in HbA1c by 0.63% (95%-CI: -1.06, -0.21%) and 0.61% (-1.08, -0.13%), respectively (He et al. 2022).  
Potential biological mechanisms that were discussed in the context of short-term temperature increases include changes in heart rate, blood viscosity and coagulability (Gasparrini et al. 2015). With regard to the hospital admissions due to acute complications, Xu and colleagues proposed an impaired function of sweat glands and blood flow reduction during heat exposures and an increase in heat-related illness (dehydration) due to diabetes treatment (Xu et al. 2019). Al-Quassi et al (2019) conducted a controlled environmental chamber study on 10 adults with type 1 diabetes and examined the effects of ambient temperature on insulin pharmacodynamics. High ambient temperature of 30°C was associated with an increased insulin absorption and a greater insulin peak effect compare to temperature of 15°C and therefore promotes hypoglycemia (Al-Qaissi et al. 2019). These impacts on insulin absorption might be relevant for clinical practice, especially with regard to the increasing temperature fluctuations in the context of global warming in Germany and other regions (DWD Climate Data Center (CDC) 2022; World Bank Group 2022). Moreover, children and adolescents are more vulnerable to the health effects of temperature compared to adults due to a compromised thermoregulation (Smith 2019). In addition, children generally spent more time outdoors compared to adults (Perera und Nadeau 2022). Associations between air temperature and physical activity or dietary habits may also contribute to our findings.
Health professionals caring for children and adolescents with type 1 diabetes need to be aware of the potential impacts of air temperature on glucose levels as these health effects might have important implications for clinical practice such as prevention of severe hypoglycemic events during heat spells. In the context of climate change with more frequent temperature extremes, clinical practice guidelines addressing the potential impact of temperature on metabolic control need to be considered in the future. 
Our analyses are limited by the fact that ambient air temperature was measured at fixed measurement sites and no assessment of personal exposure was conducted. Thus, exposure misclassification may have occurred. However, since the misclassification is non-differential, the bias in the estimate would be toward the null and may have led to an underestimation of the true effect (Basu 2009). No adjustment for daily air pollution concentration was conducted as these data were not available for this study. Buckley and colleagues illustrated that adjusting for air pollution in studies of temperature is not always appropriate (Buckley et al. 2014). 
Our results add to the evidence on environmental factors and diabetes as we provide
results on the impact of ambient air temperature on metabolic control in children and adolescents with type 1 diabetes. To our knowledge no studies have been conducted so far investigating the potential impact of air temperature on glucose levels in children and adolescent with type 1 diabetes. We provide data on a large cohort of 2,582 children and adolescents with type 1 diabetes with a median of 247.5 CGM days. The multicenter, prospective DPV registry captures more than 85% of children and adolescents with type 1 diabetes in Germany, and therefore, our results are representative for pediatric type 1 diabetes care in Germany (Auzanneau et al. 2018). These results might also be generalizable to other countries with a similar air temperature range. 
Results of the DPV registry showed small, but statistically significant changes in the proportion of time in hypoglycemic and hyperglycemic range in children and adolescents with type 1 diabetes in association with a day-to-day temperature increase. Higher blood flow and faster insulin absorption might be one possible mechanism. In times of increasing temperature fluctuations meteorological impacts on time in hypoglycemic and hyperglycemic range could become even more relevant and should be considered in future studies. 
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Figure Legends
Figure 1. Adjusted OR from repeated measurements fractional regression models showing changes in A) TBR < 54 mg/dl and B) TBR < 70 mg/dl in association with a 1°C increase in daily mean temperature. 
Figure 2. Adjusted OR from repeated measurements fractional regression models showing changes in A) TAR > 180 mg/dl and B) TAR > 250 mg/dl in association with a 1°C increase in daily mean temperature. 
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Table 1. Description of the 2,582 included children and adolescents with type 1 diabetes, treatment years 2020 and 2021. 
	Characteristics
	median (Q1-Q3)

	current age (years)
	13.2 (9.7-15.9)

	age at diabetes onset (years) 
	7.0 (3.9-10.4)

	diabetes duration (years)
	4.5 (2.3-7.8)

	BMI (kg/m2)
	20.2 (17.5-23.3)

	BMI-SDS
	0.4 (-0.2, 1.0)

	HbA1c (%)
	7.5 (6.9-8.2))

	HbA1c (mmol/mol)
	58.2 (51.6-65.7)

	daily insulin dose (IU)
	44.5 (24.7-63.0)

	daily insulin dose (IU/kg)
	0.9 (0.7-1.0)

	daily mean air temperature (°C)
	10.1 (8.4-11.7)

	number of CGM days per person
	247.5 (151.0-403.0)

	
	%

	% males
	53.3

	% insulin pump
	70.8

	% migratory background
	24.3

	Outcomes 
	%

	TAR >250 mg/dl
	15.7

	TAR >180 mg/dl*
	42.3

	TIR (70-180 mg/dl)
	53.5

	TBR <70 mg/dl**
	1.8

	TBR <54 mg/dl
	0.1

	* includes percentage of values >250 mg/dl

	** includes percentage of values <54 mg/dl
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