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ABSTRACT  

While sleep is clearly a major risk factor for dying in a fire, in this review it is argued that 
in most fire fatalities during the sleeping period additional risk factors are also operating.  
This view is consistent with the data from empirical sleep studies and smoke alarms 
where most (but not all) adults tested will awaken to a signal reaching the pillow at 75 
dBA.  However, research suggests that significant ‘staying asleep’ risk factors include 
high levels of background noise, being a heavy sleeper, sleep deprivation, being a child, 
sleeping tablets, alcohol intoxication, hearing impairment and being over age 60 (for high 
frequency signals).  Recent sleep studies that have compared the waking effectiveness of 
different alarm signals  (using children, sober adults and alcohol intoxicated adults) 
suggest that the high frequency beeping signal (usually around 3000 Hz) currently used 
in smoke alarms is significantly less effective in waking ‘at risk’ groups than either a 
voice alarm (300-2500 Hz) or a low pitched beeping signal (500-2500 Hz).  Compared to 
the high pitched signal, the latter two signals required a 13 dBA lower volume to awaken 
sober adults and, when presented at 89 dBA to 6-10 year olds, were almost twice as likely 
to cause awakenings.  The findings suggest that alarm signals of a frequency below 2500 
Hz will reduce the likelihood of individuals sleeping through a smoke alarm and further 
research should seek to more narrowly define the most effective frequency band and 
signal for arousal from sleep.  
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INTRODUCTION  

In this review the issue of sleep and fire will be addressed from two different angles.  The 
first section will discuss who dies in fires under what circumstances and consider the 
extent to which sleep is a risk factor for dying in a fire.  The second section will review 
different empirical studies that have investigated whether people will awaken to different 
fire cues and different smoke alarm signals and under what circumstances.  The 



implications of these two research approaches for effective emergency alarms will then 
be discussed. 

 

SLEEP AND FIRE STATISTICS  

An analysis of apartment fires in the US that were attended by the fire brigade during the 
main sleeping period (1am - 4am) from 1983 to 1994 shows that for 98.5% of fires, 
residents were able to respond in sufficient time to avoid death [1].  Only 1.5% of the 
fires during this three hour sleeping period resulted in fatalities.  In some of these fire 
scenarios the victim may have been awake but died through their intimate involvement 
with the fire and/or inability to escape in time. Some people would have been awoken (by 
fire cues, alarms or another occupant) too late and been overcome by smoke or flames 
prior to escape or in attempting rescue or extinguishment. In other cases they were asleep 
and stayed asleep.  That is, they did not awaken to the fire cues (sound, smell, visual), 
other disturbances, or to a smoke alarm that may have sounded.  Estimates suggest that 
20.3% of US home fire deaths occurred in homes where the smoke alarms were present 
and operated [2, 1989-1998] and this translates to about 770 victims annually [3].   
 
There have been several studies categorising the characteristics of people who have died 
in fires, noting whether they have been asleep, bedridden, sick etc.  Fig. 1 shows a 
statistical analysis of the NFIRS database (1983-1994) that contains 420,315 fires 
attended by fire brigades in apartment buildings in the US that resulted in 3111 fatalities 
[4]. It reflects what is shown in numerous studies, that being asleep is clearly a risk factor 
for dying in a fire.  The graph shows that sleeping is a risk factor no matter which area is 
the room of fire origin.  Unfortunately, what is not known from this data is any more 
detail about those who died in their sleep from a fire.  For example, to what extent were 
they unimpaired, sober, able-bodied people who slept through fire cues and/or signals?  
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Fig 1. Percentage of fatalities according to fire origin in different rooms, by condition 
before death. [4] 

A breakdown of the fire fatality characteristics of over 3000 victims of residential fires in 
Japan [5] shows that across all the fatalities, 46.5% were asleep. Among the 6-64 yr olds 
65% had ingested alcohol at the time of their death and of these, 40% were asleep. 
Secondary analyses of this data [6], based on some assumptions, concluded that among 
those that were asleep perhaps only about a quarter were asleep, able bodied and 
unimpaired (see Fig. 2). 
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Fig 2. Fire fatalities when asleep: impaired and unimpaired. ([6], based on [5]) 

 
It is not known how many victims in the 24% “able bodied” category (shown in Fig. 2) 
were school aged children but as they are known to be heavy sleepers  (see below) they 
may be disproportionately represented within the group.  Using US incident reports 
where smoke alarms were said to have operated, the circumstances around the death of 
22 children aged 6 to 15 years who were apparently asleep at the time of the fire were 
examined [3].  The data suggest that 5 of these 22 children clearly slept through a smoke 
alarm, 1 awoke to smoke and 4 were awoken by a parent. For 12 of the child victims it 
was unknown whether they were awoken or not, and if so, what awoke them, but they did 
not succeed in escaping in time.  Although the numbers are small, it would seem that in 
most of the fatalities the children continued to sleep after other members of the household 
were alerted to the fire.  
 

 
 

An analysis of coronial reports of fire victims in Australia [7] breaks down information 
on whether the victim was awake or asleep by age (see Fig. 3).  Across all the fatalities 
(n=150), two thirds of the victims were asleep.  Between ages 5-64 years victims were 
much more likely to be asleep than awake at the time of the fire.  This difference was less 
for the very young and very old victims. Not surprisingly the vast majority (86%) of 
victims of night fires (8pm to 8am) were asleep. However, 31% of day fire fatalities were 
also asleep. Clearly being asleep is a more accurate indicator of risk than time of day. 



Alcohol often played a role, especially in young and middle aged male victims.  Overall, 
nearly half of all the 18-74 year old victims had blood alcohol readings over 0.05 (and 
this is likely to be an underestimate as only 70% in this age group were tested). 
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Fig 3.  Age of victim according to whether awake or asleep at time of fire. [7] 

 
Death from fire starting while asleep results from not responding, responding 
inappropriately, delayed response or an inability to escape. However, we know that in 
98.5% of fires occurring during the main sleeping period no one will die, so most people 
will wake and be able to escape.  Where people have died from a fire starting when they 
were asleep, it seems likely some additional risk factors may be operating (apart from 
being asleep), which increase the chance of becoming a fire fatality. Alcohol is known to 
be soporific, and from the discussions above and other studies [e.g. 8], alcohol 
consumption is clearly a risk factor for fire fatality.  Some school aged fire victims are 
documented to have slept through all cues, but the numbers are small.  In order to identify 
the “staying asleep risk factors” we cannot rely on fatality data from real fires because 
too often it is uncertain what key risk factors were operating.  In particular, it is often 
unclear to what extent multiple risk factors existed (e.g. asleep and drug impaired rather 
than just one risk factor). In the absence of more comprehensive real fire data an 
alternative approach is to consider what the empirical sleep studies tell us about which 
factors reduce the chance of waking up in a fire scenario.  Knowing this may lead to 
improvements in alerting systems. 
 

 
 



 
 

Prior to discussing the sleep studies it is useful to provide some context information about 
smoke detector signals and sound intensity levels.  Most residential smoke detectors 
currently sold emit beeps of a single high frequency which may be between 3000 Hz and 
5000 Hz [9, 10, 11] with a sound intensity in the vicinity of 85 dBA at 10 ft. Earlier 
smoke alarms sometimes combined two modulating signals peaking at 2000 Hz and 4000 
Hz. [12]. A smoke alarm located in the hallway will penetrate a closed bedroom door 
with a resulting bedside volume of 51-68 dBA, depending on the room configuration and 
materials [13].  A smoke alarm signal level of either 70 dBA (e.g. US) or 75 dBA (e.g. 
UK, Canada & Australia) at the bed head in sleeping areas is recommended or required in 
the regulations of many countries.  In the US most smoke detectors now emit the 
Temporal 3 (T-3) pattern. The T-3 is a temporal pattern of a signal being on and off for 
0.5 seconds three times in succession followed by a 1.5 second pause. The T-3 signal is 
set out in ISO 8201 [14] and is now required as the emergency fire evacuation signal by 
many regulatory authorities.  The ISO does not specify the frequency of the T-3, 
apparently so that the signal can be matched to any background noise to optimize its 
perception [15]. 
 

EMPIRICAL SLEEP STUDIES 

There is a considerable literature on sleep and arousal in different circumstances and 
studies in this area have been extensively reviewed previously [6, 16].  This paper will 
mainly focus on those studies that have used fire cues or alarm signals to investigate 
awakening.  These will be considered in three sections: adults (unimpaired), children, 
adults (impaired). 

Adults 

Table 1 (see following page) summarises the six empirical studies that have investigated 
the ability of adult participants to awaken to smoke alarm signals.  Inspection of the 
results in the various studies suggests that most adults would awaken to a 75 dBA high 
frequency signal.  However, it is not unusual to find heavy sleepers. The typical 
percentage that will not awaken is unknown but in one study [10] using self reported 
‘deep’ sleepers, 2 of the 12 young adults (sober) did not awaken to the high pitched alarm 
at 85 dBA and one of these did not awaken to three minutes of a 95 dBA alarm.  All of 
the studies used a high pitched beeping alarm of at least 2000Hz, except [10], where 
responsiveness to the high pitch alarm was contrasted to a female voice and a low pitched 
T-3 alarm. In this study a modified method of limits procedure was used (see footnote to 
Table 1), which allowed determination of the average sound threshold that would awaken 
participants.  Both low frequency signals (voice and T-3) resulted in an average threshold 
of 59 dBA, while the high pitched beeps needed a sound intensity 13 dBA higher to 
arouse the sleepers. 
  
The participants used in the studies summarised in Table 1 are sleeping in what we may 
consider “ideal” circumstances.  That is, they are not under the influence of alcohol or 
drugs, have normal hearing and are normally not sleep deprived.  The exception to this is 
the study by Bruck and Horasan [17] in which it was found post hoc that those 
participants who had slept through one or both of the 60 dBA alarm signals were sleep 
deprived, having stayed up most of the night before participating in the experiment in 
order to study for exams.   Thus they may be considered as “impaired”, although the 



 
 

sleep loss variable was not systematically manipulated.  Earlier studies have also shown 
that sleep deprivation reduces a person’s ability to respond to signals while asleep [18, 
19].  This factor may be important in an alarms context as recent research suggests that 
chronic sleep loss is widespread, both in day workers and shift workers [20, 21]. 



 
 

Table 1.  Summary of details from articles on arousal to smoke alarms in adults. 

Authors 
and Year  
 

Signal 
details 

dBA 
at 
pillow 

Back-
ground 
dBA 

Time 
of 
night/ 
sleep 
stage 

N Age: 
years 

Result:  
% 
awoke  

Result:  
latencies 
of those 
who 
awoke 

55 n/a 10 100% within 21 
sec 

70 n/a 10 100%  within 16 
sec 

85 n/a 10 100%  within 11 
sec 

70 53 10 100%  within 85 
sec 

Nober et 
al 1981 
[22]  
 

3000-
5000Hz 

55 53 

Vary-
ing 

10 

18-29 

100%  within 75 
sec 

44 12 25%  
54 12 50% 

Kahn 
1984 [12] 
 

2000-
4000 
Hz  

78 

44 2, 4 
and 6 
hrs 
after 
lights 
out 

12 

mean 
=21.3 

100% 

within 20 
minutes 

stage 
4 

8 87%a Mean = 
79 sec 

stage 
2 

8 75%a Mean = 
12 sec 

Bruck 
and 
Horasan 
1995 [17] 

2000-
4000 
Hz 

60  <30  

REM 8 

18-24  

75%a  Mean = 
20 sec 

Bruck 
1999 [23] 

2000-
4000Hz 

60 n/a 1 am-  
4.30 
am 

16 30-59 100% on 
both 
nights  

within 32 
sec 

Female 
voice 
300-
2500Hz 

59.6 
dBA 
(14.06)c

4000-
5000Hz 

72.5 
dBA 
(17.77)c

Ball and 
Bruck 
2004 [10] 

T-3 
500-
2500Hz 

b   n/a stage 
4  

12 18-25  

59.2 
dBA 
(15.64)c

 

stage 
4 
stage 
2 

Ashley et 
al 2005 
[11] 

3100 
Hz 

>75  n/a 

REM 

32 
 

adult 96% within 120 
sec 

                                                           
 a To two presentations 
 b Modified method of limits: Presented signals of increasing volume of 5 dBA every 30 seconds 
 c Mean (SD) dBA arousal threshold 



 
 

The ability of sleeping adults to respond to low level cues that mimic the early presence 
of fire was tested using auditory, visual and olfactory cues [24].  It was found that there 
was a relatively high rate of arousal to low level sound cues (received at 38-48 dBA), 
wherein 91% awoke to a crackling sound and 83% to a shuffling sound.  Only 49 % 
responded to a flickering light of less than 5 lux, while 59% awoke to the smoke odour.  
It was concluded that most adults who are unimpaired would be aroused from sleep by 
low level fire cues, particularly as in a real fire multiple cues occur.  Among low level 
fire cues, auditory signals are clearly the most successful. 

Children 

Most parents will readily agree that their children can be very difficult to wake up.  The 
reason for this is probably their hypothesised higher electroencephalogram (EEG) energy 
levels [25] but other factors relating to their immature brain development (e.g. the areas 
responsible for making judgments) may also play a role.  Some indication of how arousal 
thresholds change with age is given by the data in Table 2, which shows thresholds to a 3 
second 1,500 Hz tone delivered via an earphone insert (maximum administered was 120 
dB) [26]. Note especially the high threshold values for those aged below 16 and the large 
standard deviations across all age groups. 
 

Table 2. Auditory arousal thresholds in children and young adults. [26]  

 
 N Age (yrs) Average 

threshold (dB) 
Standard  
deviation 

children 6 5-7 111.6 12.5 
preadolescents 10 8-12 101.5 18.9 
adolescents 10 13-16   97.0 21.1 
young adults 10 20-24   67.8 21.9 

 
Figure 4 shows the results from a series of studies testing responsiveness to different 
alarm signals using sleeping children aged 6 to 10 years [27]. It was found that the 
children awoke to only 57% of the 89 dBA signal presentations of the high pitched 
smoke alarm (approx 4000 Hz –5000 Hz).  By contrast, arousal rates were 94% or more 
with the other 89 dBA signals, which were recordings of their mother’s voice (saying 
their name about once every 6 seconds), female actor’s voice alarm and low pitched T-3 
alarm.  All these more effective signals had dominant tones below 2,500 Hz.  The time 
taken for the child to wake up was also less with these latter three signals, with all 
awakenings within 60 seconds.  In contrast, nearly a third of the children who woke up 
with the high pitched signal required longer than 60 seconds. 
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Fig 4.  Number of children who did or did not awaken to different alarm signals. [27] 

 

Adults ‘Impaired’ 

In developed countries sleeping tablets are widely used, with approximately one in five 
adults using them frequently in the US [28]. In North America the elderly are 
approximately three times more likely to use hypnotics than younger individuals [29]. It 
is known that when hypnotics are exerting their maximum effects the chance of waking 
up to a 78 dBA high pitched alarm is effectively halved [30].  Alcohol is a more widely 
used soporific substance and statistical analyses of fire fatality data shows it greatly 
increases the probability of death from fire across all adolescent and adult age groups to 
the extent that it has emerged as the single most important risk factor for fire fatality [8].  
It is hypothesised that this increased mortality rate may result from a range of factors 
associated with alcohol intoxication, including sleeping through the alarm, not correctly 
interpreting the alarm, responding inappropriately and/or poor motor functioning.   What 
has been recently established is that responsiveness to alarms during sleep is significantly 
impaired by alcohol [10].  Using the same group of 12 young adult participants across 
different types of alarms and different levels of intoxication (see Fig. 5), MANOVA 
analyses showed significant main effects for both alcohol and different alarms (using the 
time taken to respond to the alarm in the method of limits procedure as the dependent 
variable). Thus the high pitched alarm performed significantly worse than the other two 
signals, and even moderate alcohol intake (0.05 Blood Alcohol Content, BAC) produced 
significant impairment in the ability to arouse.   For the high pitched alarm an average 
increase in sound volume of 12.5 dBA was required to arouse someone with 0.05 BAC 
compared to the sober condition.  Moreover, regardless of signal, 36 % of those with 0.05 
BAC either needed 95 dBA to wake up or did not wake up to 3 minutes of an alarm at 
this volume. With 0.08 BAC nearly half (47%) needed 95 dBA or did not awake at all. 
Further analyses of this data using sophisticated stochastic modeling [31], showed that 

 
 



females were significantly more sensitive to the alarms than males, across all levels of 
intoxication and signals. 
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Fig 5.  Comparison of the mean dBA levels of different alarms required to awaken young 

adults under different blood alcohol content conditions (n=12). [10] 

 
Impairment in the ability to hear high pitched sounds is usual with advancing age, 
although many people may be unaware of such impairment.    A US survey of over 3,700 
people aged 48-92 years [32] reported a prevalence of hearing loss (>25 dB) of 45.9%. 
Fig. 6 plots the mean hearing thresholds for 60-69 year old males and females for both a 
low and high pitched pure tone. From the age of 60 onwards a high pitched sound (3000 
Hz) needs to be at least 30 dB louder to be heard by a male person when awake than a 
500 Hz sound [32]. Standard deviations are large, especially at the higher pitch levels.  
The difference in hearing thresholds between when one is awake and asleep changes with 
age.  For the age group under consideration the threshold may be about 40 dBA or more 
higher when asleep than awake for an 800 Hz signal [33]. If this difference is 
generalisable to sounds at other frequency levels then the chances of a male in their 60s 
waking to a high frequency alarm that is compliant with the regulations become quite 
slim.  Responsiveness during sleep to a 75 dBA 3100 Hz alarm has recently been found 
to be significantly less among the hard of hearing compared to controls [11]. 
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Fig.6. Mean hearing thresholds (pure tones presented to right ear) by frequency for 60-69 

year old males and females (while awake). Standard deviations shown for males. [32] 

IMPLICATIONS AND CONCLUSIONS 

In terms of the question within the title of this paper –who is at risk?- it is argued that 
being asleep is normally not in itself a risk factor.  The empirical sleep studies suggest 
that most unimpaired adults will awaken to either low level fire cues or a smoke alarm 
that meets the requirements of many countries (i.e. 70 or 75 dBA at the bed head) and 
have sufficient time to escape.  Consistent with this is the data suggesting that there is 
little difference in the fatality rates of adults aged 17-64 as a function of whether their 
homes had an operating smoke alarm or not [34]. (Major differences emerge for the 
elderly and some differences for young people.)  Also consistent is the statistic that for 
98.5% of all apartment fires during the sleeping period there are no fire fatalities [1]. 
 
However, it is hypothesised that sleep becomes a substantial risk for fire death if 
additional risk factors are present.  Studies of smoke alarms and sleep tells us that 
significant “staying asleep” risk factors include; 
� having high levels of background noise,  
� being a heavy sleeper, 
� being sleep deprived,  
� being a child,  
� being under the influence of sleeping tablets,  
� being alcohol intoxicated (even moderate, 0.05 BAC),  
� hearing impairment (for high pitch signals this includes many people over 60) 

 
 



 
 

As these risk factors mean that on any one night a considerable section of the population 
have an increased chance of sleeping through fire cues or an alarm signal, the issue of 
what type of alarm signal is optimum must be addressed.   Fortunately, the studies that 
have compared the waking effectiveness of different alarms draw the same conclusions.  
The evidence from studies using young children, sober adults and alcohol intoxicated 
adults suggest that such individuals are more likely to awaken to low frequency signals at 
a lower volume compared to high frequency signals.  Both a low pitch T-3 beeping signal 
and the female voice alarm elicited a behavioural response in sober adults at around 13 
dBA less volume than a high pitched alarm [10]. Similarly, the likelihood of a 6 to 10 
year old waking to a low pitched T-3 or voice alarm is almost twice as great as 
awakening to a high pitch alarm at the same loud volume [27].  It is possible that the 
critical optimal frequencies are those within the same pitch range as the human voice 
(2500 Hz or less), although one study on the responsiveness of neonates during sleep [35] 
suggests lower frequencies (120-250 Hz) are optimal. People representing hard of hearing 
individuals advocate a tone between 100 and 700 Hz [36].   
 
There are several important research questions that still need to be addressed:  
� In order to be certain that the frequency of the signal is critical to waking 

effectiveness, comparison of the efficacy of the same signal (e.g. T-3) at a range 
of high and low pitches is needed.  Such studies will help to more narrowly 
define the most effective frequency band for beeping sounds.   

� A study using a larger sample needs to compare responsiveness to a voice alarm 
and a beeping signal in the frequency range found to be the most effective.  

� If a voice alarm is better than beeping, is a female voice better than a male 
voice? A female voice was chosen in the above studies because of research 
showing that a female voice was perceived as more urgent than a male voice by 
individuals when awake [37].  However, given that the low pitched T-3 was 
found to be as effective as the female voice [10] urgency may not be a critical 
factor in differential arousal from sleep. 

� Perhaps the best signal is one that incorporates a signal shift between a voice 
and beeping.  However, the one study that has considered a signal shift found 
that a 5 sec shift produced no advantage [38].   

� In most of the sleep studies the participants were expecting a smoke alarm or 
fire cue to be presented, although sometimes they only knew it would occur on 
one of several possible nights.  Thus, they were ‘primed’ to expect to be awoken 
and it is known from several early sleep studies that such priming can increase 
responsiveness during sleep.  Priming to respond to particular signals during 
sleep can increase awakenings from 25% to 90% [39].  Thus the data may 
overestimate of the real rate of responding to unanticipated signals and further 
research on this variable is required. 

� Data collection from attended fires should always seek a comprehensive 
recording of multiple risk factors (if they are evident). This would help reveal 
the possible contribution of additional risk factors in sleeping victims.  

 
The consistency of the findings in the empirical sleep studies using children, sober adults 
and intoxicated adults is encouraging.  Perhaps this consistency will also extend to 
similar differences in waking with different signals in other vulnerable populations, such 
as the sleep deprived and those on sleeping tablets.  If so, children may prove to be a 



 
 

convenient and useful “model” population to test some of the above research issues.  The 
applicability of the findings across different age groups also needs study, especially given 
the high rates of hearing loss with age within the population. 
 
If further research supports the current conclusions about the increased efficacy of lower 
frequencies then it will be important for the published standards for emergency signals 
(such as the ISO 8201) to include relevant recommendations about signal frequency that 
can then be adopted by different regulatory bodies internationally.  At this stage the 
benefits of suggesting a frequency range of below 2500 Hz include:  
� demonstrated increased waking effectiveness in selected populations (children, 

sober adults and alcohol intoxicated adults) 
� demonstrated superior ability of frequencies below 500 Hz to penetrate through 

walls and doors [13] 
� hypothesised increased waking effectiveness in those with high frequency 

hearing impairment, such as is associated with aging 
� hypothesised increased waking effectiveness in other currently vulnerable 

populations such as those who are sleep deprived or on sleeping tablets. 
Further investigation is also required to determine whether the most efficacious low 
frequency signals can be easily and cheaply emitted by an alarm unit of the current size 
of a smoke detector. 
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