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              ” Je dis qu'il faut être voyant, se faire voyant ” 
 

   I say that one must be a seer, make oneself a seer  
                 

            Arthur Rimbaud  
  



 

ABSTRACT 
 

 
Background: Incidence of death and hospitalizations have been observed 

to depend on short-term changes in weather and to increase with extreme 
temperatures. This thesis aims to strengthen the scientific knowledge on the 
relationship between temperature and daily deaths, but also the relationship 
between temperature and daily hospital admissions. 

Methods: We constructed time series regression models using daily 
counts of death and daily weather from the Stockholm area incorporating 
adjustment for potential confounding factors, season, and long-term time 
trends. From these models, we established the short-term relationship with 
daily temperatures and the associated relative risks on daily deaths allowing 
for a delay between exposure and subsequent deaths. Daily hospital 
admissions and daily temperatures were analyzed correspondingly using 
data from Skåne. 

Results: Hot and cold temperatures significantly impact on mortality rates 
as well as rates of hospitalization in Sweden. We found an immediate heat 
effect on daily deaths, while the impacts of cold temperatures were delayed 
up to a week after exposure. Cold-related deaths are generally 
cardiovascular in nature, while deaths resulting from warm temperatures are 
cardiovascular, respiratory as well as non-cardiorespiratory in nature. The 
impacts following a heat wave appear to increase proportionally with the 
length of the extreme hot conditions. The results suggest that the population 
aged 45 years and older is the main group at elevated risk of death when 
exposed to high and low temperatures. Moreover, the results suggest that 
there are several factors of susceptibility on an individual basis that 
correspond to larger relative risk with high and/or low temperatures.  

Daily hospitalisations increased in particular among individuals with 
respiratory illnesses during extreme persistent heat, whereas high 
temperatures in general have little impact. In contrast, hospitalizations 
increased for up to two weeks following exposure to cold temperatures.  

Conclusions: The health impacts related to temperature are a serious 
concern and the attributed impacts are likely to increase to some extent in 
the future due to an ageing population. Public health preventive strategies 
should be developed to prevent health consequences related to heat waves 
and cold temperatures. Future studies should aim at identifying susceptible 
individuals with elevated death risk at hot and cold ambient temperature 
conditions.  

  
 



 

SAMMANFATTNING 
_____________________________________________________________ 
 

 
Bakgrund: Man har observerat att antalet dödsfall och inläggningar på 

sjukhus påverkas av förändrade väderförhållanden och ökar kraftigt vid 
extrema temperaturer. Det här avhandlingsarbetet syftar först och främst till 
att stärka kunskapen om sambandet mellan temperatur och dagligt antal 
dödsfall, men även sambandet mellan temperatur och dagligt antal 
inläggningar på sjukhus. 

Metod: Vi använde statistiska regressionsmodeller för att studera 
beroendet mellan dygnsvisa dödsfall i Stockholmsområdet och dygnets 
temperatur justerat för potentiella inflytelserika faktorer, trender och 
säsongsmönster i dödlighet. Med dessa modeller analyserade vi 
korttidseffekter av temperaturen på dygnsvisa dödsfall genom att inkludera 
fördröjda effekter av temperaturen. På liknande sätt analyserades dygnvisa 
sjukhusinläggningar med avseende på temperaturen i Skåneområdet.  

Resultat: Höga och låga temperaturer medför signifikanta ökningar av 
dagliga antalet dödsfall och sjukhusinläggningar i Sverige. När det är varmt 
och temperaturen stiger ökar antalet dödsfall direkt på samma och 
nästföljande dag, medan ökningarna dröjer upp till en vecka när det är kallt 
och blir kallare. Köld påverkar främst dödsfall i hjärt- och kärlsjukdom, 
medan värme inverkar med ökande dödlighet i flera orsaksgrupper. Speciellt 
ökar dödligheten vid extremt varma väderförhållanden proportionellt mot 
antal dagar av sådana förhållanden. Resultaten tydliggör ett samband 
mellan dödsfall och temperatur och visar att främst människor över 45 års 
ålder drabbas. Resultaten tyder också på att det finns vissa faktorer på 
individnivå som medför höga relativa risker vid varma eller kalla 
väderförhållanden.  

Antalet sjukhusinläggningar ökar vid stark ihållande värme, främst för 
sjukdomar relaterade till andningsorganen. Mindre ihållande värme inverkar 
däremot mindre på antalet sjukhusinläggningar, emedan kalla 
väderförhållanden resulterar i ökat antal sjukhusinläggningar med en 
fördröjning på upp till två veckor.  

Slutsats: Hälsoeffekter till följd av temperatur och väderförhållanden bör 
tas på allvar och kommer troligtvis öka i takt med en åldrande befolkning. 
Preventiva strategier bör utformas ur ett folkhälsoperspektiv och riktas mot 
att mildra konsekvenserna av värmeböljor och köld i allmänhet. Framtida 
studier bör syfta till att undersöka vilka individer som löper ökad dödsrisk vid 
varma och kalla väderförhållanden.      
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ABBREVIATIONS 

 
 
AIC  Akaike Information Criterion  

AT  Apparent Temperature 

CI   Confidence Interval 

COPD  Chronic Obstructive Pulmonary Disease 

df   degrees of freedom  

GCV   Generalized Cross Validation 

NOx  Nitrogen Oxides 

OR  Odds Ratio 

RR   Relative Risk 

WHO   The World Health Organization   
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PROLOGUE 

Hot and cold ambient air is a natural and necessary part of the earth´s 
atmosphere and is linked to the evolution of all living creatures. Human 
adaptation to different climate regimes can be traced back through history in 
varying ways. Presently, humans populate most regions of the world. Some 
populations have successfully adapted to extremely cold climates where 
snow and ice dominate the annual climate and sunlight is rarely seen parts 
of the year; while others have adapted to a life in the desert where little 
shade from solar radiation exists and extremely high temperatures are 
reached on a daily basis. Adaptation to the local atmospheric conditions 
likely came at a high cost to humans in the form of large efforts and impacts 
on health; both directly from heat- and cold-related health impacts, as well 
as indirectly in the form of periods of food and water scarcity.  

Through history, living conditions have become more optimized and 
developed. Today, adaptation to climate in societies is evidenced by cultural 
behaviour, architecture, installation of heating in dwellings, window shutters 
and cooling devices. However, in spite of all the efforts to avoid the negative 
effects of weather, temperature extremes still attribute significant incidence 
of illness and deaths worldwide.  
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BACKGROUND 

Thermophysiology  

The body has a highly developed thermoregulatory system to control the 
temperature of the body organs. The human body continuously produces 
metabolic heat and the higher the activity level the higher the metabolic heat 
production. Of the total energy generated by the body, only a small 
proportion is used to perform mechanical work, while the greatest proportion 
is released as heat. If heat generation and heat input are greater than heat 
output, the body temperature rises; if heat output is greater than heat 
generation and heat input, the body temperature falls. The body maintains 
temperature balance mainly by transferring heat through the circulatory 
system with the objective of maintaining a core body temperature around 
37˚C and a skin temperature around 33˚C. If the body temperature drops, 
the thermoregulatory system reacts with vasoconstriction, which results in 
reduced blood supply to the peripheral parts of the body and decreased 
energy transfer to the surroundings. If temperature within the body drops 
even further, the body reacts by tensing the muscles and shivering to 
generate extra heat. In contrast, when the body core temperature increases 
the body reacts with vasodilatation, which enlarges peripheral cells and 
increases blood flow to the skin. Hence, the energy transfer from the skin to 
the surrounding air increases.  

The heat generation, heat transfer, and heat storage are the underlying 
key factors that together represent and control the heat balance of the body 
(1). To summarize, the metabolic rate of the body (M) will yield energy for 
doing mechanical work (W), and the remainder is released as heat (M-W). 
Heat can be transferred by conduction (K), convection (C), radiation (R), and 
evaporation (E) (see Figure 1). In combination, these entities will yield the 
heat storage (S). There is no heat storage when a body core temperature is 
in balance. Negative heat storage will result in a decrease in body 
temperature, while positive heat storage will result in an increase. The 
conceptual heat balance equation is expressed as:  M - W = E + R + C + K + 
S. For practical purposes the heat balance equation can be expressed 
differently, e.g. so that the terms in the equation can be more easily 
measured. The conceptual heat balance equation has been expanded to 
adjust for thermal resistance of clothing, humidity of ambient air, wind 
velocity, position, solar load and physical work, among other factors (1).  
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Conduction 
Heat is conducted from a high to a low temperature through atomic 

collisions. Since body tissue is a relatively poor heat conductor, thermal 
energy is conducted mainly though the circulatory system. By conducting 
body heat into the blood stream and transporting it to the body surface, 
excess heat can be released to the surroundings. If the skin temperature is 
higher than the surrounding air, a net transfer of energy will result from the 
higher speed particles of the skin colliding with the slower moving particles 
of the air. However, if the temperature of the surrounding air is higher, the 
body will gain heat by the same mechanism.  

The thermoregulatory system of the body controls the conductive heat 
exchange by vasoconstriction and vasodilatation.  

Convection 
When gas or fluids surrounding the body are heated by the skin the 

density decreases via thermal expansion, which cause it to rise. Displacing 
cooler portions in its path the resulting current constitutes a flow of thermal 
energy, up and away from the body. This phenomenon is called convection. 
Such heat transfer from the body occurs when the temperature of the 
ambient air is lower than the skin temperature. In cool air conditions, any 
movement or wind will accelerate the convective heat transfer from the body 
to the air. When wearing clothing, the cooling gradient is determined by the 
temperature at the clothing surface and not at the skin. Therefore, insulation 
of skin by wearing clothing reduces convection currents and thereby heat 
loss to the ambient air, but is dependent on the properties of the clothing 
material. 

Radiation 
There is a constant radiant heat flux from warm bodies to cold bodies. 

The radiant heat exchange can be approximated so that the radiant heat 
loss is proportional to the temperature difference between the body or 
clothing surface, and the radiant temperature. The direct exchange of energy 
by solar radiation to a body is an example of radiant heat gain. 

Evaporation 
When water evaporates from the surface of the skin it extracts the latent 

heat from the surrounding area and reduces the skin temperature. The 
cooling effect of evaporation is a powerful exchange of heat from the body to 
the air. The effect of sweating is reduced if the sweat is removed before it 
evaporates. The driving force for heat exchange by evaporation is the 
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gradient of water vapour pressure near the skin surface and in the 
surrounding air. The gradient allows vapour heat from the body to rise and 
move away from the body. Warmer air contains more water, and has higher 
water vapour pressure and, thus, can contain more humidity. Air that is 
nearly saturated has a maximum water carrying capacity; therefore, heat 
transfer from evaporation under these conditions is small. Obviously, 
wearing non-permeable clothing will reduce the heat exchange by water 
vapour from the body surface and the surrounding air.  

Thermal comfort 
The body’s ability to sense hot and cold is a physiological phenomenon. 

We perceive a cold or hot environment by sensation in the skin, and when 
these signals have been processed we take certain actions to restore 
balance, such as adding clothing, finding shade or taking a swim. There are 
two types of skin sensors: one that senses when the skin temperature is too 
high, and one that senses when skin temperature is too low. Our perception 
of the surrounding air temperature arises partly from the skin sensors. The 
sensors signal may register as pleasing if the effect of an action is likely to 
restore heat balance. Even if there are physiological mechanisms in the 
body responding to temperature, the way in which humans sense 
temperature depends upon previous experience, individual factors, and the 
rate of change of temperature (1, 2).  
 

 

 

 

 

 

 

 

 
 

Figure 1. The figure shows a schematic 

illustration of a human body in a healthy 

thermophysiological state with skin and core 

temperatures of 33˚C and 37˚C, respectively. 

The figure illustrates the factors influential for 

heat transfer between the surrounding 

environment and the body, and the response 

to maintain and restore heat balance.  



BACKGROUND 

9 

In practise, our temperature exposure is modified by a number of factors 
including cultural, social, and economic conditions. The responses to 
maintain thermal comfort can be divided into different groups of response 
actions (2): 

 
• Unconscious physiological responses such as sweating, muscle 

tension, shivering, and changes in blood flow. 
• Behavioural responses such as adding or removing clothing or 

moving to a more comfortable environment.  
• Using the comfort adjustment of the occupied building, such as 

opening windows, drawing curtains, and activating mechanical 
heating or cooling equipments.  

  

Adaptive responses 
Some researchers suggest that adaptation is a learning process, which 

results in people being well adapted to their usual environments (2). 
Consequently, people feel hot when it is warmer than usual and cold when it 
is colder than usual. The adaptive principle regulates the body core 
temperature as well as the action; if a change occurs that results in 
discomfort, people react in ways which tend to restore their comfort. Those 
with more flexibility to react to their own requirements will be less likely to 
suffer discomfort. The general adaptation to different climates is especially 
apparent in the built environment, and the behaviour of habitants of different 
climate regimes. However, physiological adaptation also occurs, as studies 
of military personal and sportsmen in hot environments have shown (1). The 
acclimatisation takes place over several weeks and the body responds by 
increasing the output of sweat and improving cardiovascular capacity in hot 
environmental conditions.  

Physiological mechanisms for adverse effects 

Warm temperatures 
The majority of the population have healthy regulatory mechanisms to 

cope with temperatures up to a certain threshold. Generally the body 
regulatory mechanisms lower the physiological temperature by radiant, 
convective, conductive and evaporative heat loss through vasodilatation and 
perspiration (1). However, these mechanisms can also have adverse effects 
on the body. The thermoregulatory mechanisms often lead to increased 
cardiac work load and most deaths attributed to hot temperatures are, in 
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fact, due to cardiovascular disease. More specifically, vasodilatation and 
perspiration directly leads to increases in arterial pressure, platelet and red 
blood cell counts, blood viscosity, and haemoconcentration, which in turn 
increases the risk of thrombosis (3). Fatty tissue may encapsulate body heat 
and thus, lowers the thermoregulatory efficiency leading to a larger strain on 
the cardiovascular system. Low fitness in general affects thermoregulation 
negatively as it can lead to reduced cardiovascular reserve and ageing leads 
to a natural deterioration of the cardiovascular system. In addition, certain 
drugs (e.g. drugs for treating diabetic neuropathy and anticholineric drugs) 
can affect the thermoregulatory system by decreasing the body’s ability to 
sweat (4). Moreover, renal failure has been observed to increase with heat 
waves (5), possibly due to hypoperfusion in elderly persons who have 
inadequate left ventricular function, or from rhabdomyolysis and 
myoglobinuria following a heatstroke (6).  

Of patients who suffered from near fatal heat stroke during the 1995 
Chicago  heat wave, all experienced neurological impairment and multi-
organ dysfunction; 53 percent of patients had renal insufficiency, 45 percent 
had intravascular coagulation, 10 percent had acute respiratory distress, and 
57 percent of the patients had evidence of infection at admission (7). 

The mechanisms for respiratory effects associated with heat are not well 
established, but in spite of this, the rates of respiratory deaths have 
increased significantly with hot temperatures and heat waves (8). 

Cold temperatures 
Most cold-related deaths occur from cardiovascular and respiratory 

causes, while impacts related to hypothermia are less often observed. 
Exposure to low temperatures is followed by vasoconstriction of the skin and 
elevated blood pressure, which increases the work load of the heart and the 
oxygen demands (4, 9 ). The peripheral vasoconstriction leads to increased 
central blood volume, haemoconcentration and loss of fluid and salt (4, 9 , 
10). Cold exposure has also been observed to elevate platelet and red cell 
counts, fibrinogen levels, blood viscosity, and arterial pressure, which are all 
factors related to thrombosis (11).  Moreover, the increased resistance in the 
coronary system following vasoconstriction and higher blood viscosity leads 
to lower coronary circulation, which to some extent is counteracted by the 
increased blood pressure. Cold exposure can also act as stress stimuli by 
elevating adrenalin and noradrenalin levels and stimulating sympathetic 
nerve fibres which is followed by an increase in heart rate (9). 

Moreover, cardiovascular deaths can also be expected secondarily to 
respiratory infections as respiratory infections increase with cold (4, 12, 13) 
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and infections can cause deaths in cardiovascular causes (14). Cold 
exposure can also increase the infection rate of respiratory diseases by  i) 
increasing cross-infection from indoor crowding with low levels of absolute 
humidity (15);  ii) the adverse effects of cold on the immune system’s 
resistance to respiratory infection (10);  and iii) because low temperatures 
assist survival of bacteria in droplets and aerosols (16). It has been 
suggested that both behaviour factors and changes in cellular and humoral 
immunity contribute to winter mortality (17). Moreover, susceptibility to 
pulmonary infections may increase due to breathing cold air followed by 
bronchoconstriction (18). 

 The impacts of temperature on mortality and morbidity 

The first texts in history illuminating the impacts of temperature on the 
human wellbeing likely originated from Hippocrates in Greece. Hippocrates 
wrote that warm and cold winds and meteorological phenomenon specific to 
a particular locality had impacts on health. Humans have been taking 
measures to protect themselves against extreme hot and cold temperatures 
for generations; however, we have not analytically quantified the 
consequences of exposure to heat and cold resulting in mechanistic 
dysfunction with quantification of the rates of morbidity and mortality with 
such exposures. Today we know more about the annual trends associated 
with mortality and morbidity. An annual, reoccurring trend in mortality 
patterns is winter excess mortality, which appears evident in all but 
equatorial climates. It appears to be directly and indirectly related to climate 
and low temperatures to some extent. The winter excess mortality is often 
measured as the number of deaths that occur in the winter months in excess 
compared to the rest of the year, or as the corresponding ratio. Research 
has found that the excess winter mortality in northern Europe is smaller than 
the corresponding percentage attributed to the cold season in southern 
Europe (19). However, seasonality in mortality is not to be confused with the 
short-term effects of weather exposure, but may also result from, annual 
behavioural changes, the annual sun cycle, indoor crowding, economical 
factors and seasonality of infectious diseases which tend to peak in the 
colder part of the year (10, 19, 20). Winter excess mortality represents 
nearly 70 percent of cardiovascular mortality in some countries. Excess 
mortality ranges from 10 to 28 percent in Europe with the highest rates in 
Portugal and the lowest rates in Finland. Rates appear to be influenced by 
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the national standard of living, equity, health expenditure, and thermal 
housing standards (20). 

 Only a small number of all deaths and hospital cases are attributed 
directly to high or low temperature in medical diagnosis codes and the 
diagnosis codes covering heat-related disease have been argued too 
narrowly (21). For example, during the 2003 heat wave in France, only 24 
percent of all excess deaths attributed to the heat wave were classified as 
heat related according to medical cause of death (22), and this figure is 
contextually large. As discussed in the previous section, most studies show 
that the main underlying causes associated with hot or cold exposure are 
respiratory and cardiovascular (8, 13). This makes it difficult to estimate the 
burden of mortality and morbidity related to temperatures.  

The general approaches for studying the short-term health effects from 
temperatures and heat-wave episodes differ. In time series studies the main 
objective is to establish an exposure-response relationship between 
temperature and following effects, while studies exclusively analysing the 
consequences of particular heat waves or cold spell will not directly quantify 
the relationship between the excess mortality and varying levels of 
temperature. 

The Exposure-response relationship 
Several time series studies from Europe, the US, and other parts of the 

world have shown a J- or U-shaped relationship between temperature and 
daily mortality (8, 23-26). The lowest point of the mortality-temperature curve 
is often referred to as the “minimum mortality point” (see Figure 2). Below 
this temperature, mortality increases with a decrease in temperature, while 
above it increases with elevated temperatures. Most studies report either i) a 

linear increase above and below the 
minimum mortality point; iI) the 
increase as a more flexible non-
linear function; or iii) the increase 
for temperatures exceeding a pre-
defined percentile. The effect of 
temperature on mortality often 
varies over lag days. Therefore, in 
studies of the short-term impacts of 
temperature on mortality, a lag 
between exposure and effect is 
often modelled in distributed lag 
models (27-29).  

 
 

Figure 2. Graphical illustration of the so-

callled “minimum mortality point”. 
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 In such models it is possible to assess mortality displacement, which is 
also referred to as harvesting or hastening of deaths in subjects with pre-
existing illness. This is observed as lower mortality than expected following 
the increases in mortality caused by the exposure (28, 30, 31). Moreover, 
when temperature exceeds an extreme percentile for a number of 
consecutive days the effects seem to increase with the duration of the heat 
episode (35). Researchers have tried to estimate additional effects of 
temperature following heat waves but not allowed increasing effects with the 
length of a heat wave (34).  

Further, the effects of heat appear to depend on the time of the event 
(e.g. early or later in summer) (32). Some researchers have hypothesized 
that the effects associated with temperature increase if, for example, there 
are few cases of influenza in winter, or if the pool of fragile individuals is 
larger (22, 33). During the 20th century, heat- and cold-related deaths 
declined despite an ageing population with a higher degree of degenerative 
diseases, likely a result of the rapid change in welfare and socioeconomic 
conditions (34). 

Hospital admissions have not shown an increase with elevated 
temperatures in general; however, the rapid deterioration of health status 
has led to speculations that death may occur before subjects receive 
medical attention (35). In general, little research has been published on the 
impact of hot and cold ambient temperatures on the number of hospital 
admissions, with the exception for hospitalizations during heat waves.  

Mortality and morbidity following episodes of extreme temperatures 
Heat waves have shown to cause excess mortality (8), and may be 

considered as a natural disaster if public services are overwhelmed (6, 36). 
The percent increase of deaths following heat waves is variable; increases 
between seven and 60 percent have been reported (37). However, daily 
deaths have been observed at 400 percent above normal rates (38). The 
2003 heat wave in France was credited with approximately 15 000 excess 
deaths (39), the 1987 heat wave in Greece with approximately 2000 excess 
deaths (40), and the 1995 heat wave in Chicago with approximately 700 
excess deaths (41). In France, 42 percent of the excess deaths occurred in 
hospitals, 35 percent at home, and 19 percent in retirement homes (36). 
During heat waves, most of the excess deaths occur within the elderly 
population; however, large impacts have also been observed in working and 
younger ages (39). During the 2003 heat wave in France, deaths increased 
by 20 percent in ages 45 to 54 years of age; 40 percent in ages 55 to 74; 70 
percent in ages 75 to 94; and  120 percent in ages 95 years and older (36). 
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The range of excess deaths following different heat waves (or the same heat 
wave in different regions) suggests that temperature alone does not explain 
the variable number of excess deaths (22). For example, certain areas in 
northern Europe have been identified as more vulnerable to heat because 
they lack preparedness (37). Urban residents are also considered vulnerable 
because urban areas tend to get warmer than rural areas (2, 39). Lower than 
expected mortality has been observed following heat waves, which suggests 
that some degree of mortality displacement takes place. Hence, under 
different circumstances some of the deaths might have occurred a few days 
or weeks later. Following the 2003 heat wave, mortality displacement was 
estimated at less than 10 percent (38) and not discernible (39) in France.   

Deaths as a result of heat related causes (e.g., dehydration, heat stroke, 
and hyperthermia) were 20 times higher than normal during the 2003 heat 
wave in France, while many more common causes of death (e.g., deaths in 
respiratory disease, mental disorders disease, neurological disease, 
infectious disease, and deaths related to genitourinary system disease) were 
twice as common as normal (39). An Italian study found the risk of deaths in 
neurological disease, cardio-respiratory disease, and metabolic/endocrine 
gland disease were most elevated (42). 

Following heat waves, there is an increase in the number of emergency 
hospital admissions and ambulance calls of a non-fatal nature (37). A study 
on the 1995 heat wave in Chicago showed an 11 percent increase in 
hospital admissions  across all ages and a 35 percent increase in the 
population aged 65 and older; the majority of these admissions were for heat 

related causes and acute renal failure 
(43).   

Few studies specifically report on 
excess mortality and morbidity related to 
cold spells, instead many report on the 
general relationship between winter, low 
temperatures and mortality. Cold spells 
have not been credited with additional 
deaths as is the case with persistent hot 
temperatures (44). However, one study 
of the Dutch population shows that 
excess mortality rates increased by an 
average of 12.8 percent mainly in 
cardiovascular causes as a result of cold 
events among individuals 65 years and 
older (26).  

  

Image 1. Heat waves are known to  

cause large number of excess death 

and illnesses. 
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Social and medical determinants of temperature associated risks  
Older people are generally more affected by temperature changes and 

exposure to temperature extremes not only because their body’s 
thermoregulatory system deteriorate with age, but also because they are 
less mobile than others and sometimes can take restricted behavioural 
response actions (2). An important modifier to temperature-related risks is 
the population adaptation to the local climate conditions. An US study found 
latitude to be related to risk with larger increases of deaths rates with cold 
temperatures in warmer climate regimes and larger increases of deaths with 
hot temperatures in colder climate regimes (25). It was also found that the 
heat effect was lowered by education, level of prosperity, and accessibility to 
air conditioning. An European study found that cold-related mortality is 
affected by high mean winter temperatures, low living room temperatures 
and limited bedroom heating, clothing behaviour differences (wearing hats, 
gloves, and jackets), and behaviour differences such as passivity and 
shivering outdoors (10). People who may not be able to afford the 
recommended level of heating for their dwellings have been frequently 
highlighted as a group at high risk for cold-related mortality (2). An US study 
on factors of susceptibility found that patients with pre-existing diabetes had 
a higher risk of death on very hot days, patients with chronic obstructive 
pulmonary disease had elevated risk of death on very cold days, non-whites 
had elevated risk of death on both hot and cold days, and women had 
elevated risk of death on cold days (45). Another US study involving 50 cities 
found that the relative risk of death at hot days was significantly modified 
upwards by, e.g. being out of hospital, being of black race or having a pre-
existing diabetic condition, while those with pre-existing atrial fibrillation 
faced larger relative risks of death on cold days compared to others (46). A 
study investigating heat-associated mortality in India observed risk increases 
in younger age groups, possibly associated with simultaneous infections 
(31). In general, children are more prone to dehydration due to higher 
volume of fluid in their bodies as compared to adults. 

Most of the studies on risk factors associated with temperature are 
episode analysis of excess mortality related to a single heat wave. During 
heat waves, as well as for elevated temperatures in general, elderly and 
urban populations have been identified as high risk groups (37, 47); 
however, results also show that rural populations experience high and 
sometimes higher relative risk of death when it is hot than urban populations 
(48, 49); although over-all research suggests that urban heat islands worsen 
the effect on mortality rates (2, 47). For example, the 2003 heat wave in 
Paris was associated with 142 percent of the excess deaths, while across 
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France excess mortality was around 60 percent (39). However, when 
contrasting urban and rural areas, synergistic or confounding effects of air 
pollution, especially ozone cannot be ruled out as contributing factors (50).  

In the UK, a two-fold increase in deaths amongst geriatric hospital in-
patients following a heat wave has been observed (51). However, the elderly 
are not exclusively at risk; during the 2003 heat wave in France, deaths for 
children younger than one year of age increased by 29 percent (mainly in 
boys) and by 27 percent amongst 35 to 44 year olds  (39).  In some studies 
of the 2003 heat wave in Europe, women had relatively higher risks of death 
than men; however, this contrasts previous findings in other heat waves in 
the US and Europe (22). In France, women had about a 15 percent higher 
risk of death than men (39). The same study found that mortality increased 
in retirement homes by 74 percent, and by 91 percent at home, and that 
living alone doubled the risk of death as compared to being married (39). 
There are studies suggesting that low socioeconomic status and lower 
education level elevates the risk of fatal outcomes during a heat wave (52), 
suggesting that those who have the means to escape the urban heat in the 
summer do so (42).    

A study investigating heat related and cardiovascular deaths during the 
1995 Chicago heat wave found that having an air conditioner in or close to 
the dwelling or visiting an air-conditioned building lowered the risk of death 
by 70 to 80 percent. However, no reduction was associated with the use of 
fans (5). The same study found that living alone more than doubled the risk 
of death as compared to living with others; living on the top floor also 
significantly elevated the risk of death; and those dying during the heat wave 
were more likely to have lived in an apartment. Those dying during the heat 
wave were also less likely to leave home, have access to transportation, 
participate in group activities, or have friends in Chicago (5). Furthermore, 
this study investigated the impact of several medical conditions on death 
rates. It was found that being confined to a bed was associated with a five to 
six times higher risk of death and individuals who required home visitation by 
a nurse had more than six times higher risk of death. People having 
assistance in the home (home aid) also faced two to three times larger risk 
to die, while the risk was elevated by 2-4 times for individuals unable to care 
for themselves, individuals with pre-existing mental disorder, and people with 
a heart or pulmonary condition (5). 

In the 2003 heat wave in France, the risk of death of elderly people living 
at home was strongly associated with bed confinement (estimated to seven 
times greater odds), or lower social status (estimated to three times greater 
odds), or a complete absence of social activities (estimated to six times 
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higher odds) (53). Pre-existing obesity, respiratory disease, high blood 
pressure, liver disease, and cancer elevated the risk of death by a factor of 
1.5 to 2.5, while pre-existing cardiovascular disease increased risk of death 
by a factor of three, and pre-existing mental or neurological disease by a 
factor of five to six. This study indicated that widows and people living alone, 
as well as habitants in dwellings with air conditioning, have lower risk of 
death than others. On the contrary, occupants in buildings constructed 
before 1975, habitants in buildings without thermal insulation, habitants on 
the top floor, those habituating in buildings with many windows, and those 
having more hours of exposure to sunlight in the bedroom faced higher odds 
of death during the same heat wave. Higher temperatures in a radius of 200 
meters around a building were indicated a risk factor for death, while more 
vegetation within the same radius appeared to have a protective effect. The 
risk of death was estimated to increase dramatically (17 times greater) for 
individuals who drank less than one-half litre of water per day and individuals 
who kept their windows open during the afternoon were at a three times 
greater risk of death as compared to those who opened their windows during 
the evening hours. Moreover, individuals who dressed in lightweight clothing 
had a 65 percent decreased risk of death, and using cooling devices such as 
fans, baths, and damp clothes lowered the odds of death by 50 percent (53).       

A review paper on the subject, which summarized groups according to 
chronic medical conditions, stated that the highest risk patients are likely to 
have cardiovascular and cerebrovascular diseases, diabetes, respiratory 
disease, renal disease, epilepsy, Parkinson´s disease, and Alzheimer´s 
disease (54). Factors modifying deaths rates among patients with heat 
related symptoms during the 2003 Paris heat wave found upward risk 
modification amongst those: living dependently; with high values of blood 
glucose, troponin, and white blood cell counts; with low serum protein and 
prothrombin levels; with pre-existing ischaemic cardiomyopathy; with 
pneumonia-associated infection; and with previous psychotropic treatment 
(55).  

Avoiding heat- and cold-related deaths 
 Appropriate behaviour during heat waves is an important component in 

avoiding excess deaths. Many governments in high income countries 
provide advice to their populations before and during a heat wave. According 
to WHO, the essential components of a heat wave warning system include: 
i) a reliable heat-wave forecast, ii) an understanding of the cause and effect 
relationship, iii) effective response plans, and iv) infrastructure for 
implementing the warning and actions (37). When to start the warning 
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process for heat waves has been discussed as a critical issue, but is partly 
avoided by developing warning systems that have several levels of warnings 
(37). The different warning levels suggested are attention, alarm, and 
emergency. The levels of alarm and emergency differ substantially from the 
heat alert system that is being employed by many national meteorological 
offices, because those levels incorporate an excess death estimate for the 
heat event. With the exception of information and warning, a heat wave 
warning system may also incorporate telephone help-lines, evacuation to 
buildings which serve as cooling centres, communication with health 
services, home visits to risk groups, and cessation of disconnection of 
electricity or water due to unpaid bills (37).  The efficacy of information and 
heat-wave warnings has, however, not been scientifically shown.  

The aim of several public health campaigns, especially in the UK where 
the government acknowledges the link between cold homes and poor health, 
have been to avoid deaths associated with cold (2). A general concern is the 
poor insulation and poor heating capacity.  

It has been suggested that to reducing deaths from both heat and cold 
temperatures in the longer term, better energy efficiency, building design 
and city architecture are key components (2).  

Methodological background  

Environmental variables  
Meteorology comprises a variety of metrics about the state of the 

atmosphere to describe the weather. Many of those metrics are measured 
on a daily or hourly basis at meteorological monitoring stations across the 
globe. One meteorological metric often referred to is the air temperature. 
Humidity is another weather metric, which can be expressed in numerous 
forms. Usually, the humidity of the air is expressed by the relative humidity. 
Air cannot hold any additional moisture at a relative humidity of 100 percent; 
therefore, water falls out from the air. Temperature plays a role in the 
maximum level of moisture that the air can hold and as temperature 
decreases, the maximum moisture content of the air also decreases. Without 
temperature information, the absolute level of humidity is unknown even 
when relative humidity is known. Humidity can also be measured by the dew 
point temperature. This is the temperature at which dew starts to form if the 
air is slowly cooled. Correspondingly, there is a temperature at which the 
humidity in the air is great enough to cause the air to become saturated and 
the humidity to condense into water.   
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At rural and urban monitoring sites, meteorological observations can 
differ since they depend on the microclimate. This, in turn is affected by e.g. 
housing types and population density, traffic intensity, pavement, green 
areas, and water reservoirs (2, 47). Overall, the temperatures are higher and 
have smaller variation at urban monitoring sites compared to rural sites. This 
is often referred to as urban heat islands (see Figure 3).  

Figure 3. Schematic illustration of an “urban heat island”. 

Apparent temperature  
Depending on the combination of meteorological factors, humans 

perceive temperature differently. For example, the temperature appears 
higher when the air is nearly saturated and sweat evaporation is reduced. 
Knowledge of thermophysiology has been used to develop meteorological 
indexes e.g., the Universal Scale of Apparent Temperature (56). These 
indexes explain better the perceived strain on human physiology by ambient 
weather conditions. While still complex and more suited for individual 
exposure measurements, the apparent temperature index has been further 
simplified to fit with ecologically designed studies (57).  

The simplified discomfort index of apparent temperature can be 
calculated using the formula: AT = - 2.653 + 0.994*T + 0.0153*(DT)2, where 
T is the daily maximum or minimum temperature, and DT is the daily mean 
dew point temperature.  

Climate and extreme weather 
Climate encompasses the statistics of the state of the atmosphere that 

describe weather. Examples of climate are the average temperature and 
frequency distribution over a 30 year period. Climate encompasses the 
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frequency distribution of extreme weather events, and is therefore related to 
the occurrence of heat waves, extreme cold spells, or extreme storms. The 
average return value of an extreme weather episode can be derived from 
climate and extreme value distributions. However, another way of defining a 
heat wave is by the societal consequences (37).  

 
 

 
 

 
 
 

Image 2. Example of a rare 

weather event; tornados at the 

west coast of Sweden. 

Air pollution 
Human activities give rise to air pollution and there are several sources of 

emissions. The main source of emissions in urban areas is vehicle exhaust. 
However, air pollution concentrations are not only determined by emission 
rates. For example, weather affects the concentration of air pollutants by 
dispersion and deposition. There is an extensive amount of literature 
documenting the adverse health impacts of exposure to elevated 
concentrations of air pollutants (58). Several air pollutants are monitored and 
each correlates with certain emission sources. For example, ambient 
concentrations of NOx mainly originate from vehicle exhaust and are a proxy 
for all sources of emissions associated with traffic. Many studies have found 
that short-term impacts of ambient NOx levels correlate with mortality (58). 
The level of NOx is, however, not considered harmful by itself. Another air 
pollutant is ground-level ozone, which is a secondary pollutant formed from 
traffic emissions with sunlight as a catalyst. Ground-level ozone has been 
widely linked with short-term deterioration of health status (59). Also the 
formation and dispersion of particles depends on weather and correlate with 
health (58).  
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Statistical-epidemiological techniques 
 

Time-series studies 
Log-linear models for time series of count data were developed in the late 

1980s (60), and since that time the models have been modified and 
employed in many studies of air pollution and temperature impacts on 
mortality (29, 61). The count data are assumed Poisson distributed, often 
allowing for over-dispersion. A fundamental issue with time-series analysis, 
separating it from standard maximum likelihood regression techniques, is 
that the assumption of independent observations may be violated by time 
dependencies, such as autocorrelation (62). However, one would not 
consider autocorrelation in the raw data, but first model the systematic 
components. In longer time series of, for example, mortality counts, the 
causative factors on the counts operate at different time scales. Therefore, it 
is necessary to decompose the time series into several time components 
and time scales. In studies of short-term impacts of an environmental 
stressor such as temperature, the components include: between-year 
trends; within-year trends (seasons); and daily variation. One of the 
justifications for this composition is that the exposures and confounders 
have different influences at different time scales. In time-series studies of the 
short-term impacts of temperature or air pollution, the between-year 
variability can result from slowly varying factors such as population health 
trends. For example, such trends can be influenced by smoking prevalence 
and medical practise. Within-year trends or seasonality can reflect, e.g. the 
winter dominated infectious disease outbreaks and possible impacts of the 
seasonal changes in sunlight. The long-term time trends (including 
seasonality) have been referred to as unmeasured confounders (63). After 
adjusting for such trends, the remaining variability in data is referred to as 
short-term variability and includes daily variation in health status following 
from temperature and air pollution fluctuations, as well as short-term 
calendar patterns of mortality (weekday patterns and national holidays). 
Adjustments for additional factors that can vary on a short-term basis are 
often implemented and these factors can include potential confounding from 
respiratory infections (64). It is considered necessary to control for the short-
term potential confounding from weekday patterns; however, confounding 
may also result from deficiencies in the data collection system. After 
adjusting for systematic components and exposures, the resulting model 
residuals are examined for residual autocorrelation (also referred to as non-
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stationarity). If non-stationarity is present, it can be adjusted for by including 
autoregressive terms in the regression model (62).  

There are studies analysing the impact of temperature on rates of 
mortality or morbidity, which focus on specific times of the year (e.g. studies 
exclusively studying temperature effects on mortality in summer). If, after 
adjustment for systematic factors and measured confounders, there is 
apparent residual autocorrelation, then an extension of generalized-linear 
models for longitudinal data can be employed (65). The annual returning 
time study period (e.g. summer) may be viewed as a panel in a longitudinal 
study design, independent of other panels, but with possible dependency of 
observation on the same panel, or similarly, dependence only within 
summers.          

There are several ways of setting the fitting objective of the regression 
model. The objective defines which model is the most appropriate statistical 
regression model to fit to a set of observations; and different models and 
estimates can result depending on the objective. In general, different 
optimization criterions are employed, but AIC, or GCV are commonly used 
(63). Some researchers prefer to minimize the absolute value of the partial 
autocorrelation function as an optimization criterion for model fitting (63).  

The relationship between an explanatory variable and the response 
variable is in epidemiological applications typically modelled as a linear 
exposure-response relation or as a categorized exposure-response relation. 
However, in air pollution epidemiology and for relations with weather it is 
common to estimate the exposure-response as a non-linear flexible 
relationship. This is particularly true for the adjustment of long-term trends. 
The exposure-response functions are commonly referred to as smooth 
functions. Many studies employ smooth functions to adjust for unmeasured 
confounders and modelling of complex non-log linear relationship between 
exposure and effects (29, 63). One example is the parameterisation of the 
U-shaped relationship between temperature and mortality. A difference 
between smooth functions is the spline basis these are constructed from, 
and the constraints that are put on the spline functions. The complexity of 
the smooth function is commonly referred to as the degree of freedom, or df. 
Regardless of the spline basis used, there are two main ways of fitting 
smooth functions to data, i.e. either in the generalized linear model context 
or similarly parametric context, or in the generalized additive model or 
similarly semi-parametric context. A main difference is that in the semi-
parametric model, the smooth functions can be penalized in favour of less 
complex model fits.  
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Models describing the impact of air temperature and air pollution on 
mortality and morbidity include lags to incorporate delayed impacts of 
exposure and investigate short-term mortality displacement (29, 66). The 
simple, non-constrained approach would include several lagged temperature 
values directly in the model. However, there is often a strong correlation 
between observations temporally close together. Therefore, such models 
can suffer from collinearity resulting in biased estimates of the individual lag 
contribution. To address this issue and reduce bias, constrained, distributed 
lag models are often employed. In such models, the coefficients associated 
with a particular lag day can be estimated following a polynomial shape, as a 
smooth function, or by using running means of lags in lag strata (27, 29, 66). 

The impacts of temperature have been shown to increase above a 
certain threshold in some studies (29, 44). To describe this, piecewise-linear 
explanatory functions can be employed on both sides of the threshold. 
Thresholds in the exposure-response relationship can be estimated using 
maximum-likelihood algorithms (67). 

 
Case-only and case-crossover analysis 

Certain epidemiological and statistical methods have been developed to 
study how factors of susceptibility and individual characteristics modify the 
occurrence associated with certain exposures. Two commonly employed 
approaches for studying the impacts of ecological exposures are case-only 
and case-crossover analyses (68, 69). The case-only approach is used for 
studying effect modification by time-invariant individual factors. The key 
feature of this approach is that the environmental exposure varies over time 
but not over individuals at the same time; the opposite is true for modifiers, 
which vary among individuals but not over time (68). A key assumption in 
case-only studies is independence between exposure and modifier in the 
population from which cases arise (68). The case-only approach has many 
advantages; however, it fails to estimate the main effect and only supplies 
information on the effect modification. However, the case-crossover 
approach meets the need to estimate main effects and effect modification as 
odds-ratios for different groups. The case-crossover approach resembles a 
matched case-crossover study, where each case is matched on itself with 
control days at other time points. It is the difference in exposure between 
case and control days of individuals that are the basis for exposure-
response estimation. If the control days are chosen as bi-directional control 
strata, the design avoids bias resulting from modelling of time-varying 
confounders (70). This approach is theoretically analogous to the time-series 
Poisson regression (71).  Furthermore, it is recognized that choosing control 
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strata results in the same issues as choosing the degrees of freedom for the 
smooth functions, which adjust for long-term time trend in the time-series 
approach (70). The use of a time-stratified design for control strata is 
recommended on the basis that it reduces bias from model choice, long-term 
time trends, and calendar variables (72). The time-stratified design uses 
control days of the same day of the week, in the same month, and in the 
same year as the case occurs. Therefore, it is closely related to a time-
series regression model which adjusts for year, month, and weekday as 
factors (70). When using the case-crossover design, supplying the exposure 
difference between case and control days is recommended because this 
information contributes to a better understanding of the statistical power 
potential of the study and contributes to the interpretation of non-statistically 
significant associations in studies (73).  
 
Episode analysis 

In studies of particular heat waves or cold spells, standardized mortality 
rates are often employed to estimate excess numbers or excess ratios 
during the event period. The main idea is to compare the number of actual 
cases during the event period with the number of expected cases during the 
same period. The expected daily cases during the event period is estimated 
by the actual daily number of cases, one or several previous years (26, 39). 
Another frequently employed method is to establish time-series regression 
models including seasonal, long term, and calendar time trends and using 
the model to predict the expected number of cases during the event period 
(39). Other approaches have also been employed, for example, using 
smooth functions to estimate the excess ratios during the event period (38). 
In general, the case study models do not include meteorology explicitly, but 
meteorology is used to define the study period. 
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OBJECTIVES 

 
The main aim of the thesis is to strengthen the scientific knowledge on 

the short-term exposure-response relationship between daily levels of 
temperature, mortality and hospitalizations; and to separate the additional 
effects of heat waves and cold spells from the average impacts of rises and 
falls in temperature. 

The objectives are to: 

• Investigate relative risks and potential lagged effects of daily 
temperature on daily mortality and hospitalizations in Sweden 

• Study the dependency between the level of winter mortality and the 
effect of temperature on daily mortality the following summer 

• Establish relative risks associated with exposure to temperature and 
temperature extremes for cause-specific mortality 

• Identify potential susceptibility factors according to relative risk 
associated with temperature rise and fall and persistent extreme 
temperatures  

• Explore the use of different weather metrics for predicting daily 
mortality 
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MATERIALS AND METHODS 

Paper I 

The first paper in this thesis had three main aims: 1) to describe patterns 
of total mortality (excluding external causes) in Greater Stockholm (see 
Figure 4), as well as the overall short-term influences of temperature on 
mortality risks; 2) to describe the lagged impacts following exposure and 
explore the potential additional impacts from extreme temperature episodes; 
and 3) to study the impacts of warm temperatures in age strata and in 
cardiovascular and respiratory causes of death.       

 
 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
Figure 4. To the left: map showing the Greater Stockholm area (green) and Stockholm county 

(within the red limits). To the right: table with number referring to the geographic locations of 

municipalities in the map. 

 
The study covered the Greater Stockholm area. The daily number of 

deaths (excluding external causes) was acquired from the National Board of 
Health and Welfare for the period 1998 to 2003 (see Figure 5). We extracted 
the age-specific number of daily deaths in groups less than 65, 65 to 74 and 
greater than 74 years of age, as well as in cases of cardiovascular and 
respiratory deaths. 

Stockholm 1 Österåker 14 

Huddinge 2 Norrtälje 15 

Botkyrka 3 Vallentuna 16 

Salem 4 Sigtuna 17 

Södertälje 5 Upplands-Bro 18 

Nykvarn 6 Upplands Väsby 19 

Nynäshamn 7 Täby 20 

Haninge 8 Sollentuna 21 

Tyresö 9 Danderyd 22 

Nacka 10 Järfälla 23 

Värmdö 11 Ekerö 24 

Lidingö 12 Sundbyberg 25 

Vaxholm 13 Solna 26 
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Data on the daily mean temperature was obtained from the monitoring 
station at Södermalm, Stockholm, maintained by the Environment 
Administration in Stockholm (see Figure 5).  

 

Figure 5. Time series of two days average mortality (black) and two days average temperature 

(red) over the period 1998-2003 in the Stockholm area.   
 
The daily number of subjects hospitalized for influenza during the study 

period was acquired from the National Board of Health and Welfare through 
the National Patient Register. 

We estimated the short-term relationship between temperature and 
mortality establishing penalized smooth functions of relative risks in a 
Poisson time-series regression allowing for over-dispersion. All analyses 
adjusted for influenza, season, trend, holiday, and weekday. Adjustment for 
long-term time trends were made using penalized spline functions. In 
addition, we estimated the overall temperature impacts without adjusting for 
seasonality. The temperature minimum mortality point of the non-linear 
relationship between temperature (lag 0) and mortality was used to divide 
the data into a summer period and a winter period. We analysed the 
temperature-mortality relationship within each season using running means 
of the temperature in strata of lags: zero, zero to six, and zero to 10. 
Additionally, we established polynomial-distributed lags of the impacts up to 
lag 10.  

Additional impacts of prolonged heat or cold were analysed in an 
explanatory way by calculating the impacts associated with different 
thresholds. A heat wave or cold spell was defined if temperature exceeded 
the thresholds for at least two consecutive days. 



JOACIM ROCKLÖV 

28 

 Paper II 

The aims of the second paper were to assess thresholds and trends in 
the summer short-term relative risk associated with daily ambient 
temperature levels, as well as the corresponding lag distribution of effects. 
And particularly, we assessed the dependency between total and cause-
specific deaths in the winter period and the effect on mortality of daily 
temperatures the following summer.  

We acquired data from the National Board of Health and Welfare on daily 
non-accidental, cause-specific, and total mortality in Greater Stockholm for 
the period of 1990 to 2002. We also acquired daily data on mean, maximum 
and minimum temperature, mean relative humidity, mean levels of NOx, and 
mean levels of ozone from the monitoring station at Torkel Knutssongatan, 
which is maintained by the Environment and Health Administration in 
Stockholm. 

We studied the relative risk of death associated with temperature in the 
summer period, June to August. We established a generalized additive 
Poisson model allowing for over-dispersion, and modelled season and trend 
as penalized smooth functions assuming a maximum complexity of the 
relationship. A sensitivity test was performed by changing the degree of 
complexity of the smooth functions. The effects of temperature, relative 
humidity, ozone, and NOx were studied by running mean of the lags: zero to 
one, two to six, and seven to 14. The potential confounders were included in 
the final model if they contributed significantly to explain variation in mortality 
(p-value <0.1).  

Initially, we estimated the impact of summer temperatures on total 
mortality using a smooth function of temperature. Then, a threshold in the 
effect of summer temperature on mortality was estimated by using a 
maximum likelihood technique. Thereafter, a model was fit with a piecewise 
linear temperature-mortality relationship. For each summer, a coefficient 
associated with temperature was estimated both below and above the 
threshold, and the relative risks estimated for each summer was fitted with a 
weighted least squares regression line to study trends in impacts over the 
study period.  

For all of the winter periods, we calculated the total number of deaths in 
groups: total, all respiratory causes, all cardiovascular causes, all 
cardiorespiratory causes, and all influenza causes. We stratified the mortality 
in each winter according to high and low total or cause-specific mortality, 
and studied the effect modification of high and low winter mortality of the 
summer-temperature effect on both sides of the heat threshold.         
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Paper III 

The aims of the third paper were to estimate and compare the excess 
number and standardized ratios of hospital admissions in the groups: total 
(excluding external causes), all respiratory causes, and all cardiovascular 
causes following an extreme, warm summer in Skåne, Sweden using four 
approaches. An additional objective was to estimate the relationship 
between temperature and hospital admissions. 

We acquired cause-specific data from the National Board of Health and 
Welfare on acute (unplanned) hospitalizations at hospitals in Malmö, Lund, 
Helsingborg, Trelleborg, Ystad, and Landskrona for the period of 1998 to 
2006. The daily mean temperature for the period, 1998 to 2006, was 
acquired from the meteorological station at Jägersro in Malmö.    

We estimated the excess daily hospitalizations using four different 
approaches. For each approach, we compared the observed (O) daily 
counts with the expected (E) daily hospitalization counts. We calculated 
standardized hospitalization rates as O/E, and the excess hospitalizations as 
the difference between O and E. In the first approach, we estimated E by 
averaging the counts for the same date in the preceding two years. In the 
second approach, we calculated prediction estimates of E by establishing a 
time series model with smooth functions of season and trend, and calendar 
variables based on the preceding two years. In approach three, we used 
time series Poisson regression based on the period of 1998 to 2006 and 
incorporated a smooth function of time trends, season, calendar variables, 
and time variable for summer 2006. In this approach, the smooth function of 
the day number in summer 2006 estimated the excess number of 
hospitalizations in summer 2006. To study the impact of the smoothness 
assumption, we evaluated the residuals for summer 2006. In the fourth and 
final approach, we established a time-series regression model over the 
period of 1998 to 2006, controlling for season, trend, and calendar patterns 
and estimated the impact of daily mean temperature in lag strata of zero to 
one, two to six, and seven to 13 as smooth functions. Furthermore, we 
estimated the number of excess cases per day in summer 2006 which were 
attributed to the increase in temperature compared to the preceding two 
summers.  
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Paper IV 

The aims of the fourth paper were: 1) to study the relative risks of 
different temperature metrics on mortality, 2) to differentiate and describe the 
relative risk of death induced by persistence of extreme temperatures, and 
3) to study the relative risks associated with temperature in groups of all 
causes (excluding external causes), cardiovascular causes, respiratory 
causes, and non-cardiorespiratory causes. Furthermore, we studied the 
contrast in effects by age strata when exposed to non-persistent and 
persistent extreme temperatures. Further, we analyzed and differentiated the 
effect of temperature and persistent extreme temperature with respect to 
exposure early in the summer or winter season as compared to later in the 
season.  

We used data from the Swedish National Cause of Death Register from 
the Swedish National Board of Health and Welfare for the period of 1990 to 
2002. Data included all non-external primary causes of death in Stockholm 
County (see Figure 4). The daily mortality data were stratified into total 
mortality, cardiovascular mortality, respiratory mortality, non-cardio-
respiratory mortality, and influenza mortality.  

We used meteorological and air pollution data from the monitoring station 
at Torkel Knutssongatan in Central Stockholm, which is managed by the 
Environment and Health Administration. The following variables were 
collected: daily mean temperature, daily maximum temperature, daily 
minimum temperature, daily mean relative humidity, daily mean levels of 
NOx, and daytime eight-hour maximum ozone levels. Missing data were not 
imputed. We computed indexes of the maximum and minimum apparent 
temperature.  

We constructed variables for lagged effects of exposure as the average 
of lag zero to one, lag zero to six, and lag zero to 13. Additionally, we 
created variables describing the number of days with persistent extreme 
exposure using the value zero, or the number of consecutive days in 
sequence (at least two) above 98th or below the second percentile value of 
the weather variables. 

Table 1 tabulates descriptive statistics of the acquired data used in the 
further analysis. 
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Table 1. Descriptive summary of data from Stockholm County, 1990-2002 

Daily observations of environmental      
variables 

June-Aug Dec-Feb 

Temperature (˚C) Missing: 8 % Missing: 6% 

Mean ± standard deviation 16.9 ± 3.2 -0.43 ± 4.2 

Minimum 5.8 -18.5 

Maximum 33.5 12.9 

Apparent temperature (˚C) Missing: 9 % Missing: 8 % 

Mean ± Standard deviation 16.1 ± 4.1 -2.6 ± 3.6 

Minimum 3.2 -17.0 

Maximum 34.6 10.8 

NOx (μg/m3) Missing: 32 % Missing: 29 % 

Mean ± Standard deviation 23.0 ± 12.0 40.4 ± 30.5 

Ozone (μg/m3) Missing: 7 % Missing: 31% 

Mean ± Standard deviation 57.2 ± 15.2 34.2 ± 14.1 

Total (excl. external) number of deaths 
over the study period per age strata 

  

0-44 1,512 1,500 

45-64 5,551 5,921 

65-79 15,258 17,117 

80+ 22,417 26,897 

   
 
We split the data and analysis according to a winter period (December to 

February) and a summer period (June to August). For each calendar period, 
we established time-series Poisson regression models to describe the 
effects of the explanatory variables on the mortality rates allowing for over-
dispersion. The calendar variables were adjusted for: year (for winter 
season, December was included in the same ‘year’ as the following January 
and February), month, weekday, national holiday, and the day prior to the 
national holiday. We identified the best model of daily mortality according to 
the AIC. 
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Influenza was consistently controlled for when modelling the effects of 
cold on mortality. The effect of temperature and persistence of extreme 
temperature were modelled simultaneously in all regression models. To 
compare if the results were sensitive to the use of methods, we conducted a 
second analysis using the case-crossover time stratified design.    

 

II
Image 3. Photography of central Stockholm. 

Paper V 

The aims of the fifth paper were to identify potential susceptibility factors 
associated with increasing risks with high or low temperatures and with 
persistent extreme temperatures. The factors were defined according to pre-
existing diseases, hospital care, gender, country of birth, and municipality-
level wealth.   

We collected mortality data for residents in Stockholm County from the 
Swedish National Cause of Death Register for the period of 1990 to 2002 
and matched it with the National Patient Register at the Swedish National 
Board of Health and Welfare. We defined indicator variables denoting 
whether a subject was hospitalized on the day of death and whether 
hospitalization occurred from zero to 28 days prior to death. Additional 
indicators based on first and secondary contributing causes in the hospital 
discharge register were generated and matched to each death registered in 
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the Cause of Death Register. Hospitalizations within two years to 28 days 
prior to death were flagged. For chronic conditions we set the indicator 
positive if a hospital admission had occurred ever before. The disease 
groups included in the study were; previous hospitalization for diabetes 
mellitus [ICD-9:250; ICD-10:E10-E14], acute myocardial infarction and 
recurrent myocardial infarction [ICD-9: 410; ICD-10:I21-I22], cardiovascular 
disease [ICD-9:390-459; ICD-10:I], cerebrovascular disease [ICD-9:430-438; 
ICD-10:I60-I69], chronic obstructive pulmonary disease (COPD) [ICD-9: 490-
492, 494-496; ICD-10: J40, J44, J47, J67], respiratory disease [ICD-9: 460-
519; ICD-10: J], mental disease [ICD-9: 290-319; ICD-10: F], and substrate 
abuse [ICD-9 303-305; ICD-10: F10-19]. 

Additional individual characteristics were gender, municipality of 
habitation, and birth nation. We created an indicator variable indicating if 
individuals were born in any of the countries of Sweden, Finland, Norway, or 
Denmark (denoted Nordic); or elsewhere. We additionally categorized 
municipalities according to average wealth. The wealth statistics were 
generated by Statistics Sweden for the year 2007 and corresponds to 
average wealth per person and municipality. The strata defined were the 20 
percent lowest wealth municipalities, the 20 percent highest wealth 
municipalities; and those in-between.    

Data on weather, air pollution, and influenza were acquired and defined 
according to paper IV. 

Analysis procedure was similar to methods used in paper IV; however, 
we employed only the case-crossover time stratified design in this study. 
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RESULTS 

Paper I 

There is a clear seasonal mortality pattern in Stockholm with the highest 
death rates occurring during the winter season (see Figure 5). Stronger cold 
impacts and a shift in the lowest mortality point resulted from not adjusting 
for season. According to the temperature-mortality curve, the summer period 
was defined as June to August and the winter period from November to 
March. The summer temperature effect was distributed over lag zero and 
one, while the impacts of a temperature decrease in winter were lagged up 
to one week. There was no significant short-term mortality displacement 
associated with the effect of daily temperature in Stockholm. However, as 
can be seen in Figure 6 there is some indication of mortality displacement in 
summer. 
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Figure 6. The polynomial distributed lags corresponding to a one degree increase in daily mean 

temperature in summer (left) and a one degree decrease in daily mean temperature in winter 

(right), respectively. The vertical lines correspond to 95% confidence limits.   

 
During summer, a one degree increase in the mean lag zero to one 

temperature was associated with a 1.4 percent (95% CI=0.8, 2.0) increase in 
daily mortality, while a one degree decrease in lag zero to six temperature in 
winter was associated with a 0.7 percent (95% CI=0.5, 0.9) increase in 
mortality. Further, in summer, the relative risks associated with a one-unit 
increase in temperature lag zero to one for age strata less than 65, 65 to 74, 
and greater than 75 years of age were 0.5 percent (95% CI=-1.0, 2.0), 1.5 
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percent (95% CI=0.0, 3.0), and 1.5 percent (95% CI=0.9, 2.3), respectively. 
The relative risks associated with cardiovascular and respiratory diseases 
were estimated to 1.1 percent (95% CI=0.3, 2.0) and 4.3 percent (95% CI= 
2.2, 6.5) per one degree increase in summer temperature, respectively.  

There is an indicated increase of 3.1 to 7.7 percent of total mortality on 
heat wave days depending on the temperature threshold used to define a 
heat wave. However, in the model incorporating an additional heat-wave 
effect the relative risk associated with temperature decreased to some 
extent. In models estimating additional effects with cold, the estimates were 
far from significant and the associated effects were small compared to the 
heat-wave effect.  

Paper II 

The mean lag zero to one temperature was the best predictor of summer 
mortality. However, there was little difference between maximum, minimum, 
and mean of temperature as predictors. The threshold in the summer 
temperature-mortality relationships was estimated at 21.3˚C (95% CI= 20.0, 
22.9). There was a significant time trend in the relative risks (%) of 
temperature effects in summer on both sides of the threshold, corresponding 
to 0.13 units per year (below threshold) and to 0.09 units per year (above 
threshold).  

A high level of cardiovascular, respiratory, and cardio-respiratory 
mortality previous winter season significantly reduced the effect of elevated 
temperature below the heat threshold the following summer. Moreover, the 
impact of high influenza mortality in winter was borderline significant. There 
was no effect modification of the summer temperature above the heat 
threshold by level of winter mortality.  

The distributed lag model for temperature and mortality revealed that the 
impacts of temperature were significant in the lag zero to one stratum. 
However, stratifying the model according to high and low winter mortality, 
and estimating the distributed lag relationship in a summer following a winter 
with higher winter cardiorespiratory mortality, revealed a lag shift in the 
relative risk corresponding to longer lag times between exposure and death.  

Moreover, the impacts of relative humidity (i.e., lag zero) were statistically 
significant and estimated to around 0.15 to 0.17 percent higher mortality per 
unit increase in relative humidity depending on model. The air pollution 
variables were not included in the final models because they lacked 
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significant impact when studied by season. Sensitivity analyses revealed no 
significant changes in the relative risk estimates.  

Paper III 

During the extremely hot summer in Skåne in year 2006, an increase in 
hospitalizations was most significant among respiratory causes. The excess 
hospitalizations peaked in the second half of July as did the temperatures.  

The total number of excess hospitalizations estimated from approach I 
were 1,406 from natural causes (95% CI=1,280-1,532), 476 from respiratory 
causes (95% CI=410-541), and 931 from cardiovascular causes (95% 
CI=822-1,039). However, the estimates from approach one is likely to be 
positively biased because they did not incorporate the upward going trend of 
daily hospitalizations. 

The second approach shows the largest increase in respiratory 
hospitalizations peaking in mid-July with approximately 50 percent more 
admissions than expected. The total number of excess hospitalizations 
estimated from approach two corresponds to 753 from natural causes (95% 
CI=715-790), 305 from respiratory causes (95% CI=287-323), and 403 from 
cardiovascular causes (95% CI=370-436). 

The third approach three shows an increase in respiratory 
hospitalizations and all natural causes with a peak in mid-July. The total 
number of excess hospitalizations estimated from approach three 
corresponds to 157 from natural causes (95% CI=122-193), 146 from 
respiratory causes (95% CI=128-164) and -15 from cardiovascular causes 
(95% CI=-36-8). The residuals from this model for summer 2006 show some 
noteworthy peaks, most noticeably is a large peak in mid-July. 

The exposure-response relationship estimates from the fourth approach 
are graphed in Figure 7. The number of hospitalizations increases with hot 
temperature in lag strata two to six, while hospitalizations due to cold 
temperature increase for lags two to 13. When using the exposure-response 
functions to estimate the excess number of hospitalizations attributed to the 
daily temperatures in summer year 2006 compared to the daily summer 
temperature the two preceding years, a small increase in respiratory 
hospitalizations and in all natural causes is attributed to the difference in 
temperature. The total number of excess hospitalizations estimated from the 
third approach corresponded to 32 from natural causes (95% CI=6-58), 26 
from respiratory causes (95% CI=14-38), and -2 from cardiovascular causes 
(95% CI=-24-20). 
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Figure 7. The relative risk (RR) of daily hospital admission as a function of daily temperature in 

lag strata zero to one (top), two to six (middle) and seven to 13 (bottom). The shaded area 

corresponds to a 95% confidence interval. 

Paper IV 

The difference between daily maximum, minimum, and mean 
temperature and apparent temperature as predictors of daily mortality is 
small. When modelling the effect of persistent exposure to temperature 
extremes above the 98th percentile, the best predictor is daily maximum 
apparent temperature. In winter, deaths associated with persistent exposure 
below the second percentile are best predicted by daily maximum apparent 
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temperature. The 98th percentile of the maximum apparent temperature 
during the study period is 27.5˚C, while the second percentile of maximum 
apparent temperature was -5.9˚C.  

The relative risk of mortality (excluding external causes) associated with 
a one-unit increase in minimum apparent temperature in summer is 
statistically significant. Furthermore, the relative risk associated with the day 
number in sequence of heat wave is also significant. Figure 8 shows a 
graphical interpretation of these two relative risks for a hypothetical heat 
wave. For mortality, the relative risk associated with a one-unit decrease in 
minimum apparent temperature in winter is statistically significant; while the 
relative risk associated with the day number of a cold spell is non-significant. 
For cardiovascular mortality, the statistically significant relative risk is 
associated with the persistence of extreme heat exposure, while for cold 
exposure the significant relative risk is apparent for the non-persistent 
exposure. For respiratory mortality, there is an indication of large risk 
elevation with the persistence of temperature extremes. For heat-related, 
non-cardiorespiratory mortality the relative risk is statistically significant, 
while the relative risks associated with cold are statistically non-significant.  

 
 

Figure 8. The bars correspond to the predicted increase in total mortality (excluding external 

causes) compared to a baseline minimum apparent temperature of 14˚C. Above this baseline 

level, the mortality increases with RR= 1.006 (95% CI=1.001, 1.010) per degree increase in 

minimum apparent temperature (dotted line). The finely-dotted line corresponds to the threshold 

of extreme heat exposure, 27.5˚C, of maximum apparent temperature. Above this line the risk 

increases with RR= 1.024 (95% CI= 1.010, 1.038) per day starting on day two of the heat event.      
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The relative risks associated with apparent temperature and persistent 
extreme apparent temperature in summer are presented by age strata in 
Figure 9. The relative risk corresponding to a one-unit increase of minimum 
apparent temperature in summer show a statistically significant increase in 
the oldest age strata of 80 years and above. For persistent exposure to 
extremely high apparent maximum temperature, there is an additional 
statistically significant risk increase per day in sequence in the age strata 
from 65 years and above. In ages 45 to 64, there is an indication of higher 
risk of death for each additional day of extreme exposure.  

The relative risk corresponding to a one-unit increase in apparent 
minimum temperature in winter is associated with a borderline significant 
increase in mortality in the age strata 45 to 64 years, as well as a statistically 
significant increase for ages 80 and above.  

When stratifying the impacts of temperature per month the linear impacts 
of temperature diminish toward the end of the cold and warm season, while 
the impacts related to extreme heat exposure continue.  

 

Figure 9. The relative risks corresponding to a one unit increase in two day mean minimum 

apparent temperature in summer (top); and to the day number in sequence of maximum 

apparent temperature exceeding the 98th percentile (bottom). Vertical lines correspond to 95% 

confidence intervals. The horizontal line marks a relative risk equal to one.   
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 Paper V 

With the two predictors together in the summer model, the effect on total 
deaths (excluding external causes) of a one degree increase in the summer 
minimum apparent temperature is almost significant, and the estimated odds 
ratio (OR) is 1.003 (95% CI = 0.997, 1.009). Persistent extreme exposure of 
maximum apparent temperature above the 98th percentile has a statistically 
significant effect and the estimated OR is 1.030 (95% CI = 1.015, 1.046) 
associated with the day number in sequence of such an event excluding the 
first day. The effect of a one degree decrease of minimum apparent 
temperature in winter on all natural deaths is statistically significant and 
estimated to an OR of 1.007 (95% CI = 1.002, 1.013). Persistent extreme 
exposure to a maximum apparent temperature below the second percentile 
has a statistically significant effect and the estimated OR associated with the 
day number in sequence of such an event, excluding the first day, is 1.020 
(95% CI = 1.002, 1.039).  

During cold exposure and drops in temperatures in the winter season as 
well as with persistent extreme heat exposure, men appear to have much 
more elevated odds of death than women. In relation to wealth, the odds 
ratios associated with temperatures are highest in the middle (20th - 80th 
percentile), while the population in the low- and high-wealth municipality (0-
20th percentile respectively 80-100th percentile) appear to have the highest 
relative risks for persistent heat exposure. However, for both persistent heat 
and cold exposure, individuals in the high-wealth municipality face 
statistically significant elevated risks with exposure to longer heat waves and 
cold spells. For individuals originating from one of the Nordic countries 
(Sweden, Norway, Finland, or Denmark), the OR associated with heat 
indicates a stronger effect than for individuals of non-Nordic origin, 
especially in relation to heat waves. For cold exposure, the odds ratio shows 
a stronger effect of increases in winter minimum apparent temperature, while 
similar relative risks are indicated with persistent extreme cold.  

A change in temperature during the cold season had little effect on 
deaths in newly hospitalized patients (0-28 days prior to death); however, 
the odds ratio for in-hospital deaths indicated a stronger effect when 
compared to reference groups during a persistent cold event. Although 
previous hospitalization for diabetes mellitus exhibits limited effect 
modification of the risk of mortality with increasing summer temperature, 
there appears to be a high odds ratio during heat waves. For subjects with a 
previous hospitalization for myocardial infarction (within two years), the odds 
ratio associated with summer and winter minimum apparent temperature 
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sharply increase the odds of death with increases respectively decreases in 
temperature. In the group hospitalized for cardiovascular disease within the 
previous two years, the odds of death associated with heat exposure was 
elevated for non-persistent exposure, while for cold exposure the odds 
increased with the length of the cold spell. Having been hospitalized for 
respiratory disease within the previous two years sharply increase the odds 
associated with increased summer temperature, but had little additional 
effect associated with persistent heat events. However, the odds of death in 
individuals with a respiratory condition is elevated with the length of a cold 
spell. Previous hospitalization for Chronic Obstructive Pulmonary Disease 
(COPD) within the previous two years was associated with increased odds 
of death with heat for both types of exposure, while there is little additional 
effect related to persistent extreme cold exposure. Subjects with a pre-
existing mental disease appear to experience elevated risks with exposure 
to high temperatures in general and there was significant increase in deaths 
following the day in sequence of a heat wave. Individuals with previous 
hospitalization due to substance abuse indicated to experience increases in 
death rates with lower temperatures, but with little additional effect 
associated with the persistence of cold exposure. 

The OR associated with temperature in groups of social factors are 
presented in Figure 10 (summer) and Figure 11 (winter). In Table 2, the OR 
associated with temperature in groups of pre-existing hospitalization are 
presented. 
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Figure 10. The relative risk (RR) of summer temperatures in social groups corresponding to a 

one degree increase in two day mean minimum apparent temperature (above), and per day in 

sequence of temperatures above the 98th percentile of maximum apparent temperature (below). 

The horizontal line marks a relative risk equal to one.   

 
Figure 11. The relative risk (RR) of winter temperatures in social groups corresponding to a one 

degree decrease in seven day mean minimum apparent temperature (above), and per day in 

sequence of temperatures below the 2nd percentile of maximum apparent temperature (below). 

The horizontal line marks a relative risk equal to one. 
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Table 2. The odds ratios (OR) and corresponding confidence limits (95%) for temperature and persistent extreme temperatures 

in groups of pre-existing hospitalizations.     

 

 

 

 

 

Group 

Summer period Winter period 

Odds ratio associated 

with a one unit 

increase of minimum 

apparent temperature 

lag 0-1 

Odds ratio 

associated with day 

in sequence of 

extreme heat 

exposure 

Odds ratio 

associated with a one 

unit decrease of 

minimum apparent 

temperature lag 0-6 

Odds ratio 

associated with day 

in sequence of 

extreme cold 

exposure 

Within hospital 0.991 (0.976, 1.006) 1.001 (0.962, 1.042) 1.002 (0.989, 1.015) 1.045 (0.998, 1.094) 

Hospitalization record 

within 28 days 

0.9948 (0.981, 1.008) 1.013 (0.979, 1.048) 1.004 (0.993, 1.016) 1.025 (0.983, 1.068) 

Hospitalization for 

Diabetes Mellitus 

1.019 (0.988, 1.051) 1.031 (0.955, 1.113) 1.010 (0.983, 1.036) 0.970 (0.879, 1.070) 

Hospitalization for COPD 1.021 (0.983, 1.061) 1.053 (0.969, 1.145) 1.017 (0.985, 1.048) 1.018 (0.904, 1.145) 

Hospitalization for Mental 

disorder  

1.015 (0.993, 1.039) 1.074 (1.019, 1.131) 1.018 (0.998, 1.037) 1.010 (0.947, 1.077) 

Hospitalization for 

substance use 

1.007 (0.957, 1.059) 0.963 (0.855, 1.083) 1.027 (0.983, 1.072) 1.002 (0.864, 1.162) 

Hospitalization for Acute 

Myocardial Infarction 

within 28 days to 2 years 

1.040 (0.990, 1.093) 0.945 (0.827, 1.078) 1.047 (1.003, 1.092) 1.001 (0.860, 1.165) 

Hospitalization for 

Cerebrovascular disease 

within 28 days to 2 years 

1.010 (0.974, 1.046) 1.000 (0.920, 1.086) 1.011 (0.982, 1.041) 0.976 (0.872, 1.093) 

Hospitalization for 

Cardiovascular disease 

within 28 days to 2 years 

1.012 (0.997, 1.027) 1.015 (0.975, 1.057) 1.003 (0.990, 1.016) 1.035 (0.991, 1.081) 

Hospitalization for 

Respiratory disease 

within 28 days to 2 years  

1.019 (0.992, 1.046) 1.013 (0.953, 1.078) 1.007 (0.983, 1.031) 1.046 (0.961, 1.139) 
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Summary 

We observed significant effects on mortality following increases and 
decreases in temperature away from the minimum mortality point. While the 
impacts may be slightly better described by maximum and minimum 
apparent temperature, the difference in model fit is small compared to using 
the mean temperature. Nonetheless, high levels of relative humidity appear 
to attribute to additional deaths. The effects of exposure to warm 
temperatures are apparent up to the second day after exposure, while 
impacts from cold temperatures are distributed over the following week. 
Furthermore, there appears to be a heat threshold around the 98th 
percentile, above which the impacts of heat exposure are greater. If 
temperature exceeds the 98th percentile for a consecutive number of days, 
death rates increase proportionally with each consecutive day of the heat 
event.  

If cardiovascular or respiratory mortality was high the preceding winter, 
the effect associated with moderate summer temperatures decreases. 
Moreover, both in winter and summer the relative risks associated with 
temperature appear to be largest in the beginning of the season and 
decrease towards the end of the season. However, persistent extreme 
exposure appears to be a strong predictor of death rates throughout the 
season, particularly, for heat waves.  

Hospital admissions appear to be little affected by increases in summer 
temperature unless the conditions become a heat wave episode, in which 
case the number of admissions increase mainly as a result of respiratory 
illnesses.  

Moreover, there are several indications of social and medical 
determinants of susceptibility according to relative risks, and we observed an 
increasing time trend in risks associated with elevated summer 
temperatures. 
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DISCUSSION 

 
The effects of temperature on mortality in Scandinavia, in particular, 

increases in mortality following from hot temperatures, have previously not 
been much studied. However, this thesis shows that populations in 
Scandinavia face elevated risks of mortality and morbidity with exposure to 
heat and cold, and provides a description of the time course of temperature 
related effects. The thesis establishes an increasing time trend in 
temperature related deaths and provides novel evidence that large increases 
in death rates can follow from the persistence of a heat wave, and that the 
effects associated with temperature are higher in summers following winter 
with little cardio-respiratory mortality. In addition, the study contrasts the 
effects of temperature in general with the effects of persistent extreme 
temperature in a novel way that links the time series approach with the heat 
wave episode analysis and brings forward interesting comparison in relative 
risk. 

In perspective 

The breakpoint between cold and heat impacts is approximately a daily 
mean temperature of 12˚C in Stockholm. This temperature can also be 
referred to as the minimum mortality point and has been estimated similarly 
in neighbouring countries (4, 74). Several multi-city studies have estimated 
thresholds and report that the threshold at which cold-related mortality 
occurs seems unrelated to climate in low and middle income countries (75), 
while the threshold at which heat mortality occurs seems related to climate 
with a higher threshold for warmer climates in low-, middle-, and high-
income countries (75, 76). However, in Europe the cold threshold is likely 
modified by welfare conditions (10, 20, 77). Overall, the contrasts in both 
cold and heat thresholds reflects that adaptive efforts have the potential to 
lower the impacts of heat and cold exposure (10, 20, 75). 

Previous studies have shown that the impacts of warm and cold 
temperatures increase with larger variability of summer and winter 
temperatures (28). It has also been reported that warmer regions face a 
higher relative risk to heat, and lower relative risk to cold, and vice versa (25, 
78). However, results from some studies suggest that the effect of cold on 
mortality is homogeneous among cities with different climates in the case of 
temperatures exceeding the local cold extreme, which suggests effective 
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adaptation to cold (79). A multi-city study in the US found that when using 
temperature variables that were standardized in respect to climate and 
weather variability (such as percentiles) the spatial heterogeneity in effects 
was reduced, which suggests adaptation to both warm and cold exposure 
(78). In general, temperature adaptation and heterogeneity in effects 
depends on many factors, such as the prevalence of air conditioning, 
population density, and central heating (25, 78-80). A European multi-city 
study including Stockholm found that warmer regions in Europe (where 
temperature variation is likely to be smaller) face larger risks increases to 
cold and heat (77, 81). The contradictory results of the European and US 
studies may be explained, in part, by a lower prevalence of air conditioning 
in southern Europe as compared to the southern US. Furthermore, some 
differences within cold and warm regions of Europe may be attributed to 
temperate areas with larger variations in temperature. It is possible that 
these regions face a similar risk change for cold, but the risk change appear 
smaller as a result of the relative scale (e.g. per degree) given the 
assumption that the impacts from heat or cold have a upper limit. In that 
case, comparing temperature effects based on variables of temperature 
exceeding a given threshold may contribute with additional information on 
the issue.  

The relative risk estimate in Stockholm suggests that Swedes faces a 
smaller elevation of risk of death with cold. This has previously been 
suggested for cities in colder climate regimes in the US and Europe, likely 
because these cities are better prepared for cold conditions (25, 78). 
Moreover, Stockholm with its moderate population density may face lower 
risks related to heat exposure as it has been shown that higher population 
density elevates the risks associated with heat (78, 79). Several other 
differences have been observed in regards to heat mortality impacts when 
comparing geographical regions and our estimates of relative risk in 
Stockholm. In areas with a warmer climate, the heat impacts appear to be 
distributed over longer lag times as compared to areas with more temperate 
climates (81). The effects also appear stronger in cardiovascular disease in 
warmer areas, while risks related to elevated heat exposure in both warm 
and temperate climates affects respiratory deaths as well as the population 
75 years old and above. In northern continental Europe, the lag zero to three 
cumulative percent increase in mortality associated with a one degree 
Celsius increase in apparent maximum temperature in summer was 
estimated at 1.84 percent, while it was estimated at 3.12 percent in 
Mediterranean cities (81). In Paper II we observed indications of longer lag 
times in summers following a winter when the mortality had been higher; this 
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observation together with results from Paper IV, where we observed 
indications of cardiovascular impacts from persistent extreme heat, suggest 
the longer lag times and cardiovascular deaths observed in the 
Mediterranean cities may occur as a consequence of a less fragile 
population.  

 
In the Mediterranean countries, the effect of cold is larger on the number 

of cardiovascular and cerebrovascular deaths, while the relative risk is 
greater among respiratory-related deaths in northern continental Europe 
(77). This study also found that the increase in deaths with winter 
temperature decreases was apparent in all age strata. An increase in deaths 
from cold exposure in younger ages supports our results in Paper IV. The 
study also found a relative risk of respiratory causes of death, whereas we 
found no significant effect on respiratory mortality associated with cold in 
Stockholm. Interestingly, the estimates we established in paper IV appear 
not to be due to lack of statistical power, but do not even indicate a 
relationship with cold and respiratory deaths. However, there is a difference 
in the months defined as winter between Paper IV and the European multi-
city study. Our study defines winter as December to February, while the 
European study defines winter as October to March. Thus, the significant 
impacts in the European study could be the result of greater effects on 
respiratory infections from exposure to low temperatures in the beginning of 
the winter season (October and November) (82). Another interesting 
difference between our study and the European multi-city study is that the 
impacts of cold on respiratory deaths were distributed over longer lag times 
than the time course of deaths related to cold that we observed in Paper IV.   

The additional effects we observed with extended extreme heat (Papers I 
and IV) have been established by other researchers as well (44, 78). In 
particular, large relative increases were observed during the 2003 heat wave 
in France (39).The additional heat wave impacts estimated in Paper I for 
Stockholm appear slightly larger on average than in the US (78), similar to 
the impacts estimated for London and Budapest by Hajat el al. (44) but less 
than the additional impacts in Milan (44). Results in paper IV suggest that 
cardiovascular deaths increase more with a heat wave, while respiratory and 
non-cardiorespiratory deaths increase with both elevated hot temperatures 
and heat waves. Interestingly, an US multi-city study shows that the 
additional increase in deaths following a extreme heat episode is largest for 
cardiovascular causes of death, while an elevation in summer temperatures 
had the largest impacts on respiratory deaths (78). Furthermore, studies on 
specific heat-wave events show that cardiovascular mortality is strongly 
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associated with heat waves (83). However, in one study of heat-wave effects 
the respiratory relative risk on deaths were estimated larger in London and 
Milan, while cardiovascular relative risks were higher in Budapest (44). 
Overall, results from numerous studies show that the absolute heat level and 
the persistence of heat have cardiovascular impacts, as was indicated in 
Paper IV.  

The characterization and contrasting of increasing or decreasing 
temperatures and persistent extreme temperatures has previously not been 
shown for the same population and time. In particular, prior to Paper IV, it 
has never been shown that the relative risks associated with temperature 
diminish towards the end of the winter and summer seasons; whereas the 
relative risks associated with persistent heat are elevated more 
independently of month in summer. What has been observed are over-all 
decreases in the impacts of temperature towards the end of summer, which 
has been attributed to acclimatization (32, 81). However, if acclimatization 
explains this decrease, it would likely also result in decreased relative risks 
associated with heat waves later in the season, which according to Paper IV 
did not occur. Moreover, physiological acclimatization to a hotter 
environment results in improved cardiovascular capacity and we only 
observed a decrease in relative risk for non-cardiovascular diseases. Hence, 
we suggest that this trend is due to a smaller pool of heat susceptible 
individuals in the later part of the summer season. A similar pattern was also 
found in Paper II, where the level of winter mortality only modified the effect 
associated with increase in summer temperature below the heat threshold, 
while the effect of more extreme temperatures above the threshold remained 
unchanged.   

Our novel study approach in Papers IV and V is an important link 
between episode analysis of extreme temperature events and time series 
analysis. It offers a more intuitive understanding of the risk ratios, and a 
more detailed description of the effect of heat over time compared to prior 
studies on this topic (44, 78, 84, 85). The increase in deaths with the number 
of days of a heat wave is supported by the results of other studies on heat 
wave episodes (38, 78, 83). However, the estimates from Papers IV and V 
focus on the average response in deaths resulting from a heat wave and 
could therefore be more representative estimates of the expected impacts of 
a heat event. The additional estimated relative risks were based on 
temperature exceeding the second or 98th percentile of maximum apparent 
temperature during the study period. However, the sensitivity to the choice of 
threshold may be subject to investigation in future studies, as Andersson & 
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Bell found the additional heat-wave effect increased with higher heat 
threshold (78).  

Papers IV and V show conflicting results for the additional impacts of 
cold, which are not easy to explain. However, because the cold impacts are 
more lagged, some impacts of persistent cold events may already have 
been accounted for by the running mean lag zero to six. Hajat et al. 
speculates that the lag zero to one may be partly explained by the additional 
heat wave effect (44), which corresponds with our results in Paper I. This 
does not imply that the approach was poor for studying effect related to 
persistent extreme cold, because we, in fact, wanted to investigate if there 
were any effects in addition to the linear effect. However, when studying 
susceptible groups for Paper V, it appears like the additional effects of 
persistent extreme cold may be more influential in certain groups of the 
population. 

We observed no significant short-term mortality displacement, but 
previous studies show that such impacts are likely to be present to a varying 
extent (28, 31, 81, 83). However, we did observe longer time mortality 
displacement between winter and the following summer (Paper II; see Figure 
11) and our results have been confirmed in a later study (86). With the 
decreased impact of moderate warm temperatures in summer, one might 
have expected greater mortality displacement, as well as mortality 
displacement in summer following winter with lower extent of mortality. 
However, the reason we did not observe this pattern may be because the 
mortality displacement occurs over a longer time period and, thus, it is hard 
to separate seasonality from mortality displacement. This could be the case 
if the deterioration of health status is a longer process than previously 
suggested (30). 

Generally, the suggestion that a susceptible pool of individuals of varying 
size being subject to short-term effect of temperature, influenza or winter 
mortality in general (22), likely explains some heterogeneity of different 
exposure impacts in comparison to the impacts of heat waves and cold 
spells. There have been attempts to follow a pool of susceptible individuals 
and at the same time monitor the effects of temperature exposure on the 
population (33). This study directly supported the hypothesis by showing that 
the size of the pool of susceptible individuals directly correlates with the size 
of the temperature effect. According to the results of Papers IV and V, the 
susceptible pool may be correlated with people likely to die from respiratory 
illnesses, with severe complications from COPD, or with a pre-existing 
myocardial infarction.  
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Figure 11. A hypothetical model of 

the transition between the states of 

healthy, susceptible and dead 

(above). The curve (below) 

illustrates the hypothesis in paper II 

as a peak in winter mortality followed 

by a smaller pool of susceptible 

individuals the following summer. 
 
 
 

Moreover, in Paper III we might have come to another conclusion about 
hospital admissions and heat exposure in the time series approach if we had 
modelled the persistent extreme impacts as we later did in Paper IV.  
Especially since the rates of admissions increase according to the episode 
analysis (Paper III) and during heat waves in other areas of the world (43, 
87, 88). However, the rates of hospital admissions and deaths have shown 
contrasting impacts in a previous study (35), which suggests that the results 
depend on the rapid deterioration of health status following from the heat 
exposure. In general, hospital admissions have been observed to increase 
with elevated summer temperatures in Mediterranean countries more than in 
cities in northern continental Europe for respiratory illnesses; however, they 
have been shown to decrease with elevated temperatures for cardiovascular 
and cerebrovascular causes (89). The increase in respiratory admissions 
with high temperatures was estimated relatively large in Stockholm (89). We 
found the largest relative increase in respiratory deaths during the extremely 
warm 2006 summer in Skåne; however, broadening the study to incorporate 
variables for the persistence of heat may have revealed the correlation with 
other causes, such as cardiovascular. During the Chicago heat wave, a 35 
percent increase in hospital admissions was observed in ages 65 years and 
older (43), with heat-related causes and acute renal failure accounting for 
the majority of excess admissions.          

The impacts of low temperatures and cold spells appear almost 
exclusively in cardiovascular and respiratory diseases, respectively. If there 
is indeed an impact of persistent cold exposure, the oldest age group, 80 
years of age and older, appears to be most affected. Previously, there have 
been few studies contrasting impacts between persistent or non-persistent 
cold. However, studies on the impacts of cold spells have attributed about a 
10 percent increase in cardiovascular causes (26, 90, 91). 
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Overall, we observed an increasing time trend in the relative risks 
associated with elevated summer temperatures (Paper II). Interestingly, the 
impacts of heat and cold have decreased in many areas of the high income 
countries during the last century (34, 92). However, this decrease may 
correspond to age demographic changes and changing prevalence of 
disease in the population. Ironically, the less extreme temperatures could 
also attribute more deaths due to successful public health campaigns, 
especially in winter, by increasing the pool of susceptible individuals the 
following summer.  

Susceptibility factors 

Papers I and IV clearly show that the elderly are at most elevated risk of 
death during heat and cold exposure. However, there are other factors that 
elevate risk, some of which have been identified or indicated in Paper V. We 
observed that men face greater relative risks associated with cold and heat 
exposure as compared to women. This contrasts with many published 
studies stating that women are particularly vulnerable to heat and heat 
waves (22, 46, 83, 93, 94). However, there are studies supporting a larger 
effect on men, as well as studies showing equal effects for men and women 
(22, 95). Furthermore, it has been indicated that men face higher risks to 
decreasing winter temperature; however, this is also contrary to several prior 
studies (45, 93). Overall, the varying results from different studies on 
temperature-effect modification with regards to gender are suggesting that 
there are several confounding factors (e.g. culture, behaviour, and 
medication use) associated with gender that can vary with time and place 
and mask the actual risk factor.       

 

 

 

 

 

 

 

 

 

Image 4. Use of medical 

drugs can elevate the risk 

associated with heat waves. 
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Previous hospitalization for mental disorders dramatically elevates the 
risk of death during heat waves according to our results in paper V. This 
finding is supported by several studies on specific heat wave events (53, 94, 
96) and time-series studies (94, 97). The reason for elevated death rates 
with heat has been attributed to lack of risk perception, but also by drug use 
that affects perception and thermoregulation (96, 98). The exclusion of 
accidental deaths may not be appropriate when studying risk factors in this 
group (or over-all for heat impacts) (99).  

An Italian study on heat susceptibility found that individuals originating 
from warmer climates were less susceptible to heat and argued that this may 
reflect childhood programming of heat tolerance (100). In Paper V, we 
attempted to assess risk ratios associated with heat and cold for individuals 
born in Nordic versus other countries. The results indicate that people from 
Nordic countries face greater relative risks to heat and to heat waves in 
particular, and while the risks ratios associated with cold spells are similar, 
decreases in winter temperature increase the risk to people from Nordic 
countries. Our findings may be the result of the two groups not being 
comparable by selection of the individuals immigrating. In fact, the immigrant 
population in Sweden has been found to be healthier, and have lower 
mortality rates than the average, non-immigrant Swedish population (101).  

Wealth within the municipality population, although a crude indicator, 
appeared to impact on the rates of mortality following heat and cold 
exposure, according to Paper V. During heat waves, the risk increase occurs 
mainly in high and low wealth municipalities. It has been previously 
suggested that deprivation was a modifier to heat wave associated mortality 
during the 2003 heat wave in France (102), and that relative risks in lower 
income groups increase with elevated temperatures (25, 78, 95). However, 
one study showed a similar pattern as our findings in Paper V, with the least 
and most deprived at greater relative risk than others for the population aged 
75 years and older in Milan and Budapest, but not in London (103). There 
are only a few time-series studies that have found the number of cold-related 
deaths to be modified by socioeconomic factors. However, several other 
studies suggest fuel poverty, welfare, and cold homes are a factor in cold-
related deaths (10, 20, 104). Our result indicates that in-hospitalized deaths 
and mortality in wealthy municipalities increase most with persistent cold and 
this may be due to problems heating larger building spaces when ambient 
temperature conditions are extremely cold. There are detailed studies on 
hospital deaths showing largely elevated rates of death as a result of heat 
(97), while some studies show that the out-of-hospital population faces 
greater risks (46). There are studies that show other health status-related 
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factors have an even greater impact on death rates including bedridden 
individuals and people living in nursing homes (53, 94, 96). 

In Paper V we suggest that the risks of death in individuals with diabetes 
may be more elevated as temperatures increase in summers; this is also 
supported by earlier studies on the impacts of high temperature (45, 46, 94). 
Moreover, prior acute myocardial infarction appears to be associated with 
increasing risk with higher summer temperatures (94). While there are fewer 
studies suggesting cold effects are modified by such prior health conditions, 
our study suggests that this is indeed an influential factor. Previous 
hospitalization for cardiovascular disease appears to elevate the risks 
associated with heat exposure (53, 94, 96), which is in agreement with our 
findings in Paper V. However, our results also indicate that cold spells may 
additionally elevate the number of deaths within this group. 

For individuals with a pre-existing respiratory condition, it appears that 
heat increases the risk of death generally (Paper V), which is supported by 
other studies of heat waves (96). While there is an indication that prior 
condition of pneumonia elevates death rates with cold exposure (45), our 
results indicate larger effects during cold spells in those with a history of 
hospitalizations for respiratory disease in general, and COPD in particular. 
However, the results of Paper V also show that individuals with pre-existing 
COPD appear to be at elevated risks when exposed to warm temperatures, 
which is supported by the results from several previous studies (45, 94). 

Moreover, previous hospitalization for substance abuse appears to 
elevate the risks of death during cold exposure. The interference of alcohol 
with thermoregulatory mechanism has been discussed in scientific papers 
before, but in this case the increasing death rates may also be connected to 
perception of the risk with cold conditions and, possibly, more exposure to 
ambient temperatures. 

In general, the results from Paper V are not statistically significant but 
when taking into account similar results of other studies, some of the 
estimates appear to support a high OR with exposure to heat and cold.  

About the exposures 

The use of apparent, minimum, or maximum daily temperature instead of 
mean daily temperature did not greatly influence the daily death rates. This 
has been found and discussed before, and can probably be explained by 
correlation between these metrics (44, 78). In part, this is possibly a 
consequence of the ecological design, where on a population level all of the 
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meteorological metrics are likely to be highly correlated. In the ecological 
design, the exposures are assumed constant over the population at every 
unit of time. However, in reality the exposure probably vary geographically 
and depend upon housing, activity and other factors. This has been 
exemplified by risk factors for death during heat waves where the type of 
buildings, population per square meter, and green areas modify the impacts 
of heat (53, 78). Generally, the time series literature discusses two types of 
exposure bias that arise from differences in true exposure and exposure 
from central monitoring sites. These are i) classical error leading to bias 
toward the null, and ii) Berkson type error leading to unbiased estimate, but 
increased variance of the regression coefficient. The exposure errors in 
environmental epidemiology are likely to constitute both types (105, 106). 
However, it has been shown that the exposure error in air pollution 
ecological studies is more likely to bias towards the null than those using 
personal exposure measures (106). We have used ecological exposures in 
all studies; therefore, our estimates may suffer from bias towards the null. 
Moreover, we have used only one meteorological station in each study but in 
Papers I, II, IV and V the station represents a high population density. 

There has been little discussion on the exposure error induced by 
summer vacation on the effect estimates. However, this is likely to have an 
impact on risk, both by changing exposure and with changed behaviour. It is 
possible that this change in exposure induced by vacation is associated with 
socioeconomic factors, with better off individuals more likely to leave the city.    

We estimated heat and cold using the same exposure metrics, thus 
making comparison easier. However, the cold impacts may be better 
explained with the use of wind chill index (107), which can also be 
incorporated into the Apparent Temperature Index (56). It seems reasonable 
to believe that incorporation of this index may affect the risk of death 
differently in the groups studied (e.g. age, gender, substrate use) because of 
a higher outdoor/indoor exposure ratio. 

The additional impact of a cold spell was calculated based on the same 
threshold with respect to frequency of occurrence, even if this may not be an 
appropriate definition of the cold threshold. It has been found that a more 
extreme definition of cold spell showed no clear excess mortality, but that 
excess mortality was apparent when a wider definition was applied (26). 

There are studies that adjust for atmospheric pressure as a confounder 
to the impacts of temperature (94). However, this is more an exception than 
a rule and barometric pressure is not generally considered a confounding 
variable. Nevertheless, future Swedish studies may find it interesting to 
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investigate the role of barometric pressure as a confounder or effect modifier 
in studies of the impacts of temperature on mortality.  

Some studies suggest air pollution may confound the estimates of 
temperature (64, 78). However, we never found it necessary to adjust for 
confounding or synergistic effects with air pollution. This may be related to 
lower levels of air pollution in Stockholm compared to areas where 
confounding was observed. Air pollution as a confounding variable was also 
found to be negligent in Stockholm according to a European multi-city study 
(81). Some may have noted we had about 30% of air pollution data missing 
in study IV and V. However, the missing observations were not 
systematically missing in respect to temperature according to regression 
analysis. 

In general, there are many studies that analyze data and adjust for 
factors that are not considered confounders in the strictest sense. For 
example, there is no strong evidence that influenza is associated with short-
term variation in temperature to the extent that it is necessary to adjust for 
such influences in addition to seasonality. This may also be the case for 
other potential confounders of temperature impacts. It is preferable to not 
adjust for more factors than necessary since bias arises from colinearity or 
concurvity (63).  

We used an ecologic indicator of wealth in Paper V to study the relative 
risks associated with temperature in groups of municipalities. In Sweden 
wealth has been suggested supposedly a better indicator than income level 
because the contrast in wealth are larger than those in income. However, 
looking at the municipality level may result in a resolution which is too 
coarse. It may detect differences in the built environment and infrastructure 
as well as life-style and health. 

Risk ratios among groups are likely to be confounded by several factors 
including age. However, models adjusted for age-temperature interaction 
has been run, and age appeared to make little difference in effects 
estimates; however, they did significantly increase uncertainty. Further, 
confounding by systematic presence of more than one risk factor needs 
more rigorous investigation in future studies to aid in the development of 
effective public health strategies. Such an analysis was done after the 1995 
heat wave in Chicago, when Semenza el al. estimated the most influential 
variables to predict deaths related to the heat wave in a stepwise regression 
approach (5). They found that the most important risk factors for death were 
related to air conditioning, access to transportation, living alone, and 
confinement to bed. 
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Methodological considerations 

In Paper I we used polynomial distributed lag models to estimate the 
impact of temperature on mortality (27). However, the polynomial distributed 
lags appear unstable; furthermore, they depend on the order of the 
polynomial and the number of lag days in the model. A more robust but less 
detailed alternative was used in our later studies (II-V) with running mean in 
lag strata. A general problem with lagged impacts is that they can be biased 
if the specification of the maximum lag length studied is incorrect. The 
estimates are only unbiased assuming the lag number and order is known 
beforehand (66). However, moving averages in pre-specified lag strata do 
not suffer from specification of the complexity of the lagged effects and 
appear more robust. An alternative argued more robust are surface plots of 
relative risk and lags based on smooth functions (29).  

We used smooth functions in Papers I, II, and III. Smooth functions 
require specification of the complexity of the relationship (e.g. df). A less 
appropriate df may induce bias from long-term time trends (63, 108). Since 
the appropriate df is impossible to know, we performed sensitivity analysis 
by varying the df of the smooth functions. However, in Paper IV we took a 
more basic approach adjusting for long-term time trends by factor levels of 
year and month. Other studies have shown that the more basic approach 
performs well with respect to using smooth functions to control for time 
trends (44). Moreover, as was demonstrated in Papers II and III, we stated 
the df explicitly for each smooth function, which allows for repetition in later 
studies. 

The conflicting result in winter persistent effect between Papers IV and V 
is likely due to the difference in reference times between the case-crossover 
and time series approach. Because of the complexity in assumptions, over-
dispersion, and model checking with the case-crossover approach (72, 109), 
the simple time series approach may be a better alternative. Although, the 
case-crossover method has been shown to be equivalent to the time series 
approach (71), and might still be a good candidate for studies of factors of 
individual susceptibility. However, in our case, with low power as a 
consequence of little variation in exposure differences between case and 
control days (73), the case-only approach may be a stronger candidate 
allowing greater probability to establish differences as effect-modification 
(68). 

Finally, the estimate of a threshold in Paper II (67) may be sensitive to 
the local maximum of the likelihood iterations. Armstrong stated that such 
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risks are more apparent in smaller and irregular data, and suggested a more 
computer intensive method (29).   

Adaptation 

The results of our studies provide valuable information for medical 
doctors, public health officers, and the public about the increasing risks 
associated with certain ambient conditions. However, more information is 
provided in other studies about effective advice supported by scientific 
evidence. In a literature review, Hajat & Kosatsky classified advice to better 
cope with heat waves according to whether or not it was evidence based 
(98).  

The suggested effective advices to reduce heat related deaths are: 

• To increase fluid intake during episodes of hot weather. Care 
personnel should spend extra attention to those not able to care for 
themselves.  

• People with susceptibilities should stay in a cool air conditioned 
environment during episode of hot weather. 

• Patients taking drugs with potential to interfere with thermoregulation 
(e.g, diuretics, anticholinergics and neuroleptics) should be given 
advice from their physician prior to the warm season on how to 
monitor themselves (e.g. loss in body weight indicate dehydration). 

 
 
The information from Paper V is useful in the development of a heat alert 

or heat-wave early warning system (37, 98, 110). However, some issues 
have been raised regarding how people perceive and act on information and 
warnings related to heat and health (111).  

Following the 2003 heat wave in France, large efforts were made to be 
prepared and as a result minimize consequences of future heat waves. This 
may have had a large beneficial impact on the number of deaths during the 
heat wave in 2006 (112); however, beyond this example, there has been 
little evidence that heat preparedness plans are efficient. It is likely that 
improved city planning, taking into account urban heat islands and impacts 
associated with heat waves, would be beneficial from a public health 
perspective, especially considering future climate change (113). Moreover, 
there are additional studies on protective factors for heat, as well as for cold-
related mortality, that may guide adaptive efforts (2, 5, 10, 53, 96).  
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The future burden of heat and cold 

During the past few decades, climatology researchers have stated that 
human interference with the climate system will cause a several degree 
Celsius increase in global temperatures within this century (114). Humans 
have a long history of adapting to the climate, and will likely continue to 
adapt; however, one of the questions that arises from a public health 
perspective is how to alleviate the health impact of warmer temperatures. 
There are estimates on the burden of climate change with regards to heat in 
many areas, while there is little discussion regarding whether death rates in 
winter will decrease. One study suggests that we will face similar risk with 
cold, because cold effects are homogeneous, which is not the case for heat 
(79). A paper by O´Neill & Ebi presents a summary of the impacts and 
complexities with regards to climate change and mortality and morbidity, as 
well as how ageing and prevalence of diseases in the population will 
influence future mortality and morbidity (115). Projections by Statistics 
Sweden and the Office of Regional Planning at Stockholm County Council 
suggest that there will be a massive shift towards an older population in 
many densely populated areas of Sweden within a couple of decades (see 
Table 3). This will likely attribute a larger number of deaths related to cold 
and heat. It is also believed that more heat extremes will occur with a 
changing climate, which will likely attribute to more deaths from heat waves.  

 
 

Table 3. Projected population (in thousands) in the Stockholm county area year 

2030 and % increase compared to year 2008 

 2030 Low scenario 2030 High scenario 

Age Men % Women % Men % Women % 

0-34 462 2.1 445 1.1 519 14.7 501 13.8 

35-64 428 6.2 417 4.3 482 19.6 467 16.8 

65-74 109 50.7 114 44.3 111 53.5 116 46.8 

75+ 100 100.2 130 54.2 100 100.2 129 53.0 
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To date, few studies have projected the impacts of heat and cold on 
mortality counts with the potential changing climatic conditions, with focus on 
the burden of deaths attributed to warm temperatures (115). These 
estimates have generally been made using relative risks per degree 
increase in temperature to project the mortality burden. However, the results 
from Paper IV may suggest that increasing temperatures only attributes 
additional deaths during heat waves, and that the impacts of heat waves are 
different from the average exposure-response relationship of mortality and 
temperature, which is particularly important to take into account in such 
projections. 
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 CONCLUSIONS 

Hot and cold temperatures have a large effect on mortality rates as well as 
on rates of hospitalization in Sweden. The choice of different temperature 
metrics for predicting daily mortality makes small difference on a population 
level. However, apparent temperature indexes incorporating humidity 
perform slightly better, and high relative humidity alone appears to contribute 
to additional deaths in summer.  

Cold-related deaths are generally cardiovascular in nature, while deaths 
as a result of warm temperatures are cardiovascular, respiratory as well as 
non-cardiorespiratory related. The risks associated with cold exposure 
appear to be distributed over one week following exposure, while heat 
effects occur on the same day or within the next day of exposure. 
Additionally, the effects following a heat wave appear to increase 
proportionally to the length of the heat event.  

The relative risks associated with heat and cold exposure are not 
homogeneous across the population; results suggest that the population 
aged 45 years and older is the main risk group. If the extent of winter 
mortality is low in respiratory and cardiovascular disease, the effect of 
moderate temperature on death rates increase the following summer, 
possibly because the pool of individuals that are in a more fragile health 
state is larger. For temperatures that are not persistent extreme, the results 
suggest that the effects are large in the beginning of the summer and winter 
season, but decrease at the end of the season. However, more extreme and 
persistent temperatures, in particular effects from heat, continue to have 
large relative risks on mortality independent of when they occur.  

While the effects are not extreme as compared to other countries, the 
health effects related to temperature are likely to increase in the future due 
to an ageing population with a larger prevalence of degenerative diseases, 
and possibly due to climate change. Not all impacts of temperature appear 
avoidable in the longer term; therefore, the focus should be on preventing 
health consequences from heat waves and from cold exposure by 
maintaining and further developing protective behaviour, increasing 
preparedness, and implementing measures to minimize health risk in long-
term planning. Factors associated with largely elevated risks at hot or cold 
weather need to be further validated; however, our results suggest specific 
factors, such as individuals with a mental disorder and individuals with a 
prior myocardial infarction may require special attention during certain 
ambient conditions. 
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