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ABSTRACT

BACKGROUND. Conventional residential tone smoke alarms fail to awaken the major-
ity of children during slow wave sleep. With the objective of identifying a more
effective smoke alarm for children, we compared a personalized parent voice
smoke alarm with a conventional residential tone smoke alarm, both presented at
100 dB, with respect to their ability to awaken children 6- to 12-years-old from
stage 4 sleep and prompt their performance of a simulated self-rescue escape
procedure.

METHODS. Using a randomized, nonblinded, clinical research design, a volunteer
sample of healthy children 6- to 12-years-old was enrolled in the study. Children
were trained how to perform a simulated self-rescue escape procedure when they
heard a smoke alarm. Each child’s mother recorded a voice alarm message, “First
name! First name! Wake up! Get out of bed! Leave the room!” For each child,
either the voice or tone smoke alarm was randomly selected and triggered during
the first cycle of stage 4 sleep, and then the other alarm was triggered during the
second cycle of stage 4 sleep. Children’s sleep stage was monitored by electroen-
cephalography, electro-oculography, and chin electromyography. The 4 main
outcome measures included the number of children who awakened, the number
of children who escaped, the time to awakening, and the time to escape.

RESULTS. Twenty-four children were enrolled. The median age was 9 years, and 11
(46%) were boys. One half of the children received the parent voice alarm first,
and one half received the tone alarm first; however, the order that the alarm
stimuli were presented was not statistically associated with awakening or escaping.
Twenty-three (96%) of the 24 subjects awakened to the parent voice alarm
compared with 14 (58%) to the tone alarm. One child did not awaken to either
stimulus. Nine children awakened to their parent’s voice but not to the tone,
whereas none awakened to only the tone and not the voice. Twenty (83%) of the
subjects in the parent voice alarm group successfully performed the escape pro-
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cedure within 5 minutes of alarm onset compared with
9 (38%) in the tone alarm group. The median time to
awaken was 20 seconds in the voice alarm group com-
pared with 3 minutes in the tone alarm group. The
median time to escape was 38 seconds in the voice alarm
group compared with the maximum allowed 5 minutes
in the tone alarm group. When exposed to the tone
alarm, older children were more likely to awaken and
were more likely to escape than younger children. There
was no association between child’s age and awakening
or escaping for children exposed to the parent voice
alarm. There was no association between child’s gender
and awakening or escaping for either alarm type.

CONCLUSIONS. To our knowledge, this study is the first to
compare the ability of different types of smoke alarms to
awaken children while monitoring sleep stage. The per-
sonalized parent voice smoke alarm at 100 dB success-
tully awakened 96% of children 6- to 12-years-old from
stage 4 sleep with 83% successfully performing a simu-
lated self-rescue escape procedure, significantly outper-
forming the 100-dB conventional residential tone smoke
alarm. These findings suggest a clear direction for future
research, as well as important fundamental changes in
smoke alarm design, that address the unique develop-
mental needs of children. The development of a more
effective smoke alarm for use in homes and other loca-
tions where children sleep provides an opportunity to
reduce fire-related morbidity and mortality among chil-
dren.

B EING ASLEEP AT the time of a residential fire is an
important risk factor for fire-related death. Approx-
imately half of residential fire deaths occur at night, with
the victims asleep at the time of the fire.! Even in day-
time fires, many deaths occur as a result of the victim
being asleep at the time of the emergency.? Indeed, being
asleep at the time of a residential fire is a greater risk
factor for fire-related mortality than time of day.> An
important factor contributing to fire-related death and
disability among children is that children usually do not
awaken to conventional residential smoke alarms.*> Au-
ditory smoke alarms are a core component of the current
national public health strategy to prevent residential
fire-related mortality and morbidity. To be effective,
smoke alarms must be capable of consistently awakening
sleeping individuals and signaling the existence of a
fire/smoke emergency to them, requiring rapid escape.
However, auditory arousal thresholds are age depen-
dent, and children can be remarkably resistant to awak-
ening by sound when asleep.> Although home fire safety
professionals have expressed significant concerns re-
garding the ineffectiveness of conventional smoke
alarms for sleeping children, relatively little research has
been done on this important issue.® Moreover, the re-
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search that has been completed has not considered im-
portant information, such as stage of sleep.”

Previous studies suggest that mother’s voice!*-'* and
the sound of one’s own first name!>-2° elicit a differential
human response as early as infancy and, therefore, may
be more effective than other sounds at awakening chil-
dren. We compared a personalized parent voice smoke
alarm with a conventional residential tone smoke alarm,
with respect to their ability to awaken children 6- to
12-years-old from stage 4 sleep (S4) and prompt perfor-
mance of a simulated self-rescue escape procedure. We
compared these smoke alarm stimuli while monitoring
children’s sleep stage, which is a critically important
methodologic approach that no other research team, to
our knowledge, has attempted. The findings of this study
will contribute to the development of a more effective
smoke alarm for use in homes and other locations where
children sleep, which will provide an opportunity to
reduce fire-related morbidity and mortality among chil-
dren.

METHODS

The comparative effectiveness of a personalized parent
voice smoke alarm and a conventional residential tone
smoke alarm to awaken children 6- to 12-years-old from
S4 and prompt their escape was evaluated using a ran-
domized, nonblinded, clinical research design. Children
6- to 12-years-old, who were sons or daughters of Co-
lumbus Children’s Hospital employees or who were pa-
tients receiving primary care in 1 of the 9 primary care
clinics of Children’s Hospital, were eligible for enroll-
ment in this study. One e-mail to hospital employees
and word-of-mouth yielded the 24 children, who served
as subjects in this study, without the need for other
methods of recruitment. Complete eligibility criteria are
found in Table 1.

The children were trained how to perform a simu-
lated self-rescue escape procedure when they heard ei-
ther of the 2 types of smoke alarms. This procedure was
to get out of bed, walk to the door of the room, open the

TABLE 1 Study Subject Eligibility Criteria

Child is =6 years of age and has not yet had his/her 13th birthday.

Child is son or daughter of a Columbus Children’s Hospital employee or receives
primary care in a Columbus Children’s Hospital primary care clinic.

Child does not have a clinical diagnosis that may affect sleep, arousal or ability to
perform the escape procedure.

Child does not have a hearing impairment.

Child is not taking medication that may affect sleep, arousal, or ability to perform
the escape procedure.

Child does not have an acute illness at the time of the sleep study.

Child and child's caretaker speak English (2000 US Census data indicate that <5%
of the population >5 years of age in Franklin County speaks English less than
“very well").

Family is able to be contacted by telephone (to obtain prestudy information, to
remind family about study appointment, and to confirm that the child is in
normal state of health on day of study).
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door, and exit. Children then practiced this procedure
until they demonstrated that they could do it correctly
twice in a row. Each child’s mother recorded a voice
alarm message using the child’s first name (ie, “First
name! First name! Wake up! Get out of bed! Leave the
room!”). The tone alarm stimulus was a recording of a
smoke alarm meeting current National Fire Protection
Association (NFPA 72-11, National Fire Alarm Code,
chapter 11) smoke alarm standards.2¢ Children slept in 1
of 4 comfortably furnished hospital rooms that were
wired for the study and set up with 2 beds. The second
bed was for the parent’s use if having the parent in the
same room allowed the child to fall asleep more easily.
Parents were provided with earplugs and were in-
structed not to interact with the child after an alarm was
triggered. Parents were told ahead of time that the child
could bring a favorite pillow, stuffed animal, or other
transitional object to the sleep study if he/she desired.
Families arrived at the sleep laboratory at 7 pm, and
“lights out” typically occurred at 9 to 10 pm, depending
on the child’s sleepiness and normal bedtime. Electro-
encephalography (EEG), electro-oculography, and chin
electromyography electrodes were applied to each sub-
ject by an EEG technician to monitor the child’s stage of
sleep, and once “lights out” occurred, continuous mon-
itoring was conducted. The EEG montage included the
C3, C4, 01, 02, Al, and A2 electrodes.

Children were allowed to go to sleep and be in S4 for
5 minutes before an alarm was triggered. S4 is defined as
high voltage (>75 wV), slow wave (<2 cycles/second)
EEG activity accounting for >50% of a 30-second EEG
epoch. For each child, 1 of the 2 smoke alarm stimuli
was randomly selected and triggered during the first
cycle of S4. After awakening, the child was resettled in
bed and allowed to fall asleep again, and then the other
alarm stimulus was triggered during the second cycle of
S4. Both alarms were sounded at 100 dB until the child
escaped from the room or for a maximum of 5 minutes
if the child did not complete the escape procedure. Any
child who did not awaken after 5 minutes of the alarm
was manually awakened by a study staff member and
the parent. A child was defined as awake based on the
EEG tracing.

When the alarm was triggered, a stopwatch was
started, which was then stopped when the child opened
the bedroom door to exit. This time was recorded as the
child’s “time to escape.” The EEG technician also marked
the onset of the alarm on the EEG recording, which was
used to calculate the time from alarm initiation to EEG-
defined awakening. This time was recorded as the child’s
“time to awaken.” The 4 study outcome measures were:
whether a child awakened (yes or no), whether the child
escaped (yes or no), the time to awaken, and the time to
escape.

When the family arrived at the sleep laboratory on
the night of the study, health and hearing screens were

completed on each child by study personnel. Historical
information was collected from the parent and child
regarding the absence of exclusion criteria (Table 1) and
factors that could influence the likelihood of arousal
from S4, including confirmation that no caffeine or
other stimulants had been taken after 2 pm that day. Pure
tone hearing screening included the frequencies 500,
1000, 2000, and 4000 Hz using a Beltone model 120
portable audiometer (Beltone Electronics Corp, Chicago,
IL) calibrated to American National Standards Institute
standards. Subjects passed the hearing screening if they
responded to all of the tested frequencies at 20 dB in
both ears. These frequencies encompass those of con-
ventional residential tone smoke alarms and human
speech.

Alarm stimuli were generated by a sound system
designed in consultation with a professional sound com-
pany. The system included a recording station, using an
Alesis Adat XT 8-track digital recorder (Alesis, Cumber-
land, RI), where the child’s mother recorded her person-
alized voice alarm message. A Crown CTs 1200 amplifier
(Crown Audio, Inc, Elkhart, IN) and Mackie 1604 VLZ
mixer (LOUD Technologies, Inc, Woodinville, WA) were
used to play back this message and the tone alarm
through an ElectroVoice Sx300 speaker (Telex Commu-
nications, Inc, Burnsville, MN) placed in the child’s bed-
room, which provided a consistent sound intensity of
100 dB measured at the study subject’s pillow. At the
time of playback, the voice message or tone alarm was
repeated for 60 seconds, then there was a 10-second
pause, and then the alarm was repeated for another 60
seconds. These cycles were continued until the child
awakened and exited the room or =5 minutes maxi-
mum.

All of the study data forms were carefully inspected
by research staff at the time of collection and testing,
allowing for immediate correction and/or clarification of
recorded data. All of the data were reexamined at the
time of data coding and entry to detect any problems not
noticed at the time of testing. EEG recordings were re-
viewed by 1 of the authors (M.S.), who is board-certified
in sleep medicine, while blinded to the type of alarm
used. The EEG readings were scored in a standard man-
ner for sleep stage at 30-second intervals. The EEG re-
viewer documented the subject’s EEG response to the
alarm and verified that the sleep study was conducted by
study personnel according to protocol, including that the
alarm was triggered at the appropriate time during the
sleep cycle.

A x? test was used to assess whether the order that
alarm stimuli were presented was associated with awak-
ening or escaping. Somer’s D was used to assess the
effect of age on awakening and escaping to the tone
alarm or parent voice alarm. A 2-sided McNemar’s test
based on the binomial distribution was used to calculate
an exact P value when testing the difference in success
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between the 2 alarm stimuli for awakening and escap-
ing. Median times to awakening with 15th and 85th
percentile intervals were calculated, and time to awak-
ening was compared for the 2-alarm groups using a
Wilcoxon signed rank test. Survival analysis was used to
assess the time from alarm activation to EEG-defined
awakening. Kaplan-Meier curves demonstrated the dif-
ferent responses to the 2 alarm stimuli with respect to
the probability of awakening. Survival analysis was also
used to assess the time from alarm activation to comple-
tion of the escape procedure. Median escape times with
15th and 85th percentile intervals were calculated, and
escape times were compared for the 2 alarm groups
using a Wilcoxon signed rank test. Kaplan-Meier curves
were also used to illustrate the different responses to the
2-alarm stimuli with respect to the probability of escap-
ing.

SPSS version 13.0 statistical software (SPSS Inc, Chi-
cago, IL) was used to perform statistical analyses.2” This
study was approved by the Columbus Children’s Hospi-
tal Institutional Review Board. Written informed con-
sent for participation in the study was obtained from the
parent. Written informed assent was also obtained from
the child if the child was =9 years of age, which is the
policy of the Columbus Children’s Hospital Institutional
Review Board. Each participant family received $100 on
completion of the study to reimburse them for their time
participating in the study.

RESULTS

Twenty-four children 6 to 12 years old were enrolled.
The median age was 9 years, and 11 (46%) were boys.
One half of the children received the parent voice alarm
first, and one half received the tone alarm first; however,
the order that the 2 alarm stimuli were presented was
not statistically associated with awakening or escaping
(x3, P = .73 and P = .77, respectively). Twenty-three
(96%) of the 24 subjects awakened to the parent voice
alarm compared with 14 (58%) who awakened to the
tone alarm. One child did not awaken to either stimulus.
Nine children awakened to their parent’s voice but not
to the tone, whereas none awakened to only the tone
and not the voice (McNemar, P = .004). Twenty (83 %)
of the subjects in the parent voice alarm group success-
tully performed the escape procedure within 5 minutes
of alarm onset, compared with 9 (38%) in the tone
alarm group (McNemar, P = .001). The median time to
awaken was 20 seconds (15th to 85th percentile inter-
val: 12 to 86 seconds) in the voice alarm group compared
with 180 seconds (15th to 85th percentile interval: 26 to
300 seconds) in the tone alarm group (Wilcoxon signed
rank, P < .001). The median time to escape was 38
seconds (15th to 85th percentile interval: 16 to 300
seconds) in the voice alarm group compared with the
maximum allowed 300 seconds (15th to 85th percentile
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interval: 40 to 300 seconds) in the tone alarm group
(Wilcoxon signed rank, P < .001).

Because many authorities in the fire safety commu-
nity consider 3 minutes as the desired escape time in the
event of a residential fire, the 2 alarm stimuli were also
compared with respect to their ability to prompt escape
within this shortened time frame. Two children in the
tone alarm group had escape times between 3 and 5
minutes, but all of the children who escaped in the
parent voice alarm group had escape times <3 minutes.
Therefore, when 3 minutes was used as the cutoff time
defining successful completion of the escape procedure,
2 children were recategorized as unsuccessful in the tone
alarm group. This made the relative superiority in per-
formance of the parent voice alarm compared with the
tone alarm even greater (McNemar, P < .001). Using 3
minutes as the cutoff did not affect the comparison of
median escape times between the 2 alarm groups. Sur-
vival analysis comparing the 2 alarm types was per-
formed on awakening and escape times, and Figs 1 and
2 illustrate the resulting Kaplan-Meier curves.

The association between age and awakening and be-
tween age and escape for the 2 alarm types was assessed
(Table 2). There was an increased likelihood of awaken-
ing with increasing age for the tone alarm (Somer’s D, P
< .001). Few (2 of 10) children <9 years awakened to
the tone alarm compared with almost all (12 of 14) of
the children =9 years. There was no association between
age and awakening for the parent voice alarm (Somer’s
D, P = .29), because children of all ages consistently
awakened to the parent voice alarm, with the exception
of 1 child. The only child who did not awaken to the
parent’s voice was a 6-year-old boy, who remained in S4
through both alarm episodes. He was difficult to manu-
ally arouse after each alarm trial, and exhibited marked

1.0+
]
2 0.8
c
2
o
s
5 0.6 g
Z g
=} =
8 H
[ -4 sEsnesnennnni®
3 0.4~ =uuuuuuui
g *
a 85 TR
1
-3
(11 4 :
H Parent Voice
H aa
004 ~* & slone
I I I I I |
0 1 2 3 4 5
Time to EEG awakening, min
FIGURE 1

Cumulative probability of awakening by time to awakening for parent voice smoke alarm
and tone smoke alarm stimuli.

Downloaded from www.pediatrics.org by guest on October 2, 2006


http://pediatrics.aappublications.org

1.0

o
0
|

=)
o
|

o
N
|

sennnnnnnnnnd
JUEEEEEEEEERERREEER®
]

Cumulative probability of escape

ol

0.2

-
SAEEEEREE

7
. Parent voice
0.0— mf L& ETone

I I | I I I
0 1 2 3 4 5

Time to escape, min

FIGURE 2
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sleep inertia after awakening. When the association be-
tween age and escape was assessed, a strong association
was observed for the tone alarm (Somer’s D, P < .001)
but not for the parent voice alarm (Somer’s D, P = .053).
None (0 of 10) of the children <9 years escaped to the
tone alarm compared with most (9 of 14) of the children
=9 years. Most (20 of 24) children of all ages escaped to
the parent voice alarm; the 4 children who did not
escape included two 6-year-olds, one 8-year-old, and
one 9-year-old. There were no statistically significant
associations between gender and awakening and be-
tween gender and escape for either of the 2 alarm types
(Table 2).

DISCUSSION

According to data from the WISQARS database of the
Centers for Disease Control and Prevention, during the
decade 1991-2000, there were >33 000 deaths from
residential fires in the United States, of which ~8000, or
24%, were children <15 years of age.* About half of the
residential fire deaths occur at night, with the victims
asleep at the time of the fire.! Even in daytime fires,
many deaths occur as a result of the victim being asleep
at the time of the emergency.? To be effective, smoke
alarms must be capable of consistently awakening sleep-
ing individuals and signaling to them the existence of a
fire/smoke emergency requiring rapid escape. Conven-
tional residential smoke alarms generally produce a tone
of 85 dB, which will awaken most sleeping adults.282°
However, children often do not awaken to conventional
smoke alarms, because children have much higher au-

ditory arousal thresholds than adults.> Despite recogni-
tion of the magnitude and importance of this problem,
there has been a critical gap in knowledge regarding
whether a smoke alarm can be designed that will effec-
tively and consistently awaken children and prompt
their escape.

Sleep consists of several stages that cycle throughout
the night. One complete sleep cycle lasts ~90 to 100
minutes; therefore, during an average sleep period, a
person will experience 4 to 5 complete sleep cycles. The
sleep cycle begins with 4 stages of nonrapid eye move-
ment (non-REM) sleep, with each consecutive stage
(stages 1-4) characterized by increased slowing of the
frequency of EEG wave patterns. Stages 3 and 4 sleep are
collectively referred to as slow wave sleep (SWS). Stages
of sleep can be identified by EEG, electro-oculography,
and chin electromyography monitoring.

Several factors associated with sleep place children at
greater risk for fire-related injury and death. First, chil-
dren sleep longer than adults and are, therefore, more
likely to be sleeping when a fire occurs. Furthermore,
during each stage of sleep, the average auditory stimulus
intensity required to elicit an arousal in children is much
higher than in adults. Children also have disproportion-
ately more SWS than adults, which has a higher arousal
threshold than other stages of sleep. Most SWS occurs
during the early sleep cycles, and, unfortunately, house
fires also are more common during the early hours of the
night. Hence, children are more likely than adults to be
in a stage of sleep that is refractory to arousal at the time
of a nocturnal residential fire.*

Many children do not awaken even to extremely loud
sounds. In 1 study of boys 8 to 12 years of age, the
frequency of awakenings was only 4.5% during SWS,
34% during stage 2 sleep, and 50% during REM sleep,
even at intensities =123 dB, that is, 90 to 100 dB above
normal background noise.*® It is important to note that
decibels are measured on a logarithmic scale. Normal
speech is in the 40- to 60-dB range; loud sounds are
considered to be 80 to 100 dB; jet engines are 125 dB;
and danger of acute acoustic trauma occurs at levels
>140 dB, although hearing damage depends on the
duration of exposure in addition to the intensity of
sound.

Findings of enhanced sleep-sustaining processes dur-
ing the first sleep cycle in children are expected because
of a general absence of cortical or behavioral arousals
associated with various parasomnias, such as sleepwalk-
ing, that may occur during this time. The intensity of
the sleep-protective process is such that it is difficult to
affect behavioral or EEG arousals during the first sleep
cycle in children. Arousals from SWS are very difficult
to elicit during the first, as well as subsequent, sleep
cycles.

This difficulty awakening sleeping children with
sound can lead to tragedy when children do not respond
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TABLE2 Percentage of Children Who Awakened and Escaped by Type of Smoke Alarm, Child Age, and

Child Gender
Child Age, y N Percent Awakened Percent Escaped
Tone, Parent Voice, Tone, Parent Voice,
n (%) n (%) n (%) n (%)
6 5 1(20) 4(80) 0(0) 3(60)
7 2 1(50) 2(100) 0(0) 2(100)
8 3 0(0) 3(100) 0(0) 2(67)
9 5 4(80) 5(100) 1(20) 4(80)
10 2 2(100) 2(100) 2(100) 2(100)
11 4 3(75) 4(100) 3(75) 4(100)
12 3 3(100) 3(100) 3(100) 3(100)
Somer's D P <.001 .29 <.001 053
Younger (<10vy) vs older (=10y) P 02 30 <.001 02
Child gender
Female 13 7(54) 13(100) 4(31) 12(92)
Male 11 7(64) 10(91) 5 (45) 8(73)
X’ P 63 27 46 20

to residential smoke alarms. This has created significant
concern in the home fire safety industry.® However,
despite this concern, relatively little research has been
done on this important issue. To our knowledge, besides
our research team, only 1 investigator has evaluated
arousals from sleep to actual smoke alarms among chil-
dren. Bruck’ used actigraphy to document arousal in
response to a 3-minute exposure to 60-dB alarms among
20 children 6 to 17 years old and compared the re-
sponses of these children to the responses of their par-
ents, who were 30 to 59 years of age. All of the adults
awakened compared with 31% of children who awak-
ened at least once and only 15% who awakened consis-
tently in response to the alarms. Importantly, because
EEG monitoring was not performed, the author was not
able to comment on the effect of sleep stage, which is a
critically influential factor in determining arousal from
sleep among children. In a second study, Bruck and
Bliss® reported that only 29% of children age 6 to 10
years awakened consistently to the alarm compared
with 71% of children age 11 to 15 years. Again, EEG
monitoring was not done, and, therefore, the influence
of sleep stage was unknown.

In 2004, Bruck et al® published results of 3 studies
involving children 6 to 10 years old. They compared
mother’s and a female actor’s voice (study 1, N = 20), a
low-pitch (500-2500 Hz) tone smoke alarm (study 2, N
= 14), and an Australian standard (high pitch, ~4000
Hz) smoke alarm (study 3, N = 14), all presented at 89
dB = 3dB. In these studies, 100% of children awakened
to mother’s voice, 94% to the female actor’s voice, 96%
to the low-pitch alarm, and 57% to the standard alarm.
Because the low-pitch tone alarm was as effective as the
voice alarms, the authors concluded that the lower fre-
quency of the alarm signal was the important factor in
successfully arousing the children and not the use of a
voice or the message urgency or content. There were
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several important limitations to these studies, including
that they were 3 separate studies done at different times
with variation in methods. The lack of a repeated-mea-
sures design is a critical weakness because of the poten-
tial large variation in auditory arousal thresholds known
to exist among individuals.>>! Alarms were triggered at 1
aM or 1 am and 3 am without monitoring sleep stage,
and, in fact, 2 patients were excluded from study 1,
because they were awake at the time that the alarm
sounded. In addition, actigraphy was used to determine
awakening rather than EEG-defined awakening. This
can be an issue, because partial arousals may mimic
wakeful behavior. Indeed, in our study, 1 child sat up in
bed in response to an alarm, whereas his EEG showed
him to still be in stage 2 sleep. Escape completion and
time to escape were also not addressed in these 3 studies
by Bruck and colleagues.®

A second problem inherent in relying on smoke
alarms to save lives is that on awakening from sleep,
many adults have been found to have difficulty with
sleep inertia, which is a performance impairment in
decision-making that occurs immediately after awaken-
ing. In a study of 12 adults monitored in a sleep labora-
tory for 1 night and twice awakened by fire alarms,
Bruck?? found that decision-making performance was as
little as 51% of optimum (ie, baseline) during the first
few minutes after awakening. The initial effects of sleep
inertia were significantly greater after SWS arousal than
after REM arousal. To survive an actual house fire using
self-rescue, children not only need to awaken but also
must be able to perform escape behaviors that require
decision-making and action. For this reason, this study
evaluated not only children’s awakening to smoke
alarms but also their ability to perform a simulated es-
cape procedure on awakening from S4, which evaluates
the effect of sleep inertia.
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Response to Mother’s Voice

A child may respond differently to a smoke alarm using
his/her mother’s voice than one using an unfamiliar
voice. Using this strategy, a new, but unproven, parent
voice alarm (KidSmart) recently became available on the
market. The scientific literature on maternal voice rec-
ognition is limited and focuses on infancy. A child’s
recognition of mother’s voice occurs early in life. Indeed,
evidence suggests that this recognition begins in the
womb as a fetus. An elegant study of newborns 1 to 3
days old demonstrated their ability to discriminate
mother’s voice from other unfamiliar female voices, as
well as their preference for mother’s voice. Infants, who
had been operantly trained, altered their nonnutritive
sucking patterns to gain exposure to their mother’s voic-
es.!o In another study, newborns tested with this same
operant choice procedure did not display any preference
for their father’s voice over the voice of an unfamiliar
male.?> Querleu et al'' showed that neonates <2 hours
old and without postnatal auditory exposure preferred
their mother’s voice compared with other female voices.
Hepper et al'? conducted experiments at 36 weeks’ ges-
tation that examined fetal movements in the womb in
response to mother’s voice. These third-trimester fetuses
showed a differential response to their mother speaking
compared with tape recordings of the voice of their
mother or of a female stranger played through a speaker
at the abdomen. Another study demonstrated an in-
crease in heart rate among term fetuses in response to
mother’s voice compared with a decrease in fetal heart
rate in response to a stranger’s voice.!> These studies and
others conclude that there is a unique prenatal priming
of maternal recognition by the newborn and that a
child’s preference for his/her mother’s voice is based on
exposure to her voice in the womb.

In a study of 4-month-old infants, Purhonen et al'4
demonstrated a differential change in the amplitude of
auditory event-related potentials among infants exposed
to mother’s voice compared with infants exposed to the
voice of a female stranger, suggesting a different cerebral
processing of maternal voice stimuli than other voice
stimuli. These findings support the existence of neuro-
physiologic mechanisms associated with a child’s prefer-
ence for his/her mother’s voice.

Response to One’s Own First Name

The “cocktail party” phenomenon is a common experi-
ence, where a person’s attention is suddenly drawn by
the sound of his/her name from across a noisy room. It
takes a powerful stimulus to capture one’s attention and
elevate that stimulus into awareness. Moray" first stud-
ied this phenomenon, showing that approximately one
third of those tested reported hearing their name in an
unattended auditory channel but did not remember de-
tails of what was said in that unattended channel. These
findings were corroborated by Howarth and Ellis,'® who

demonstrated a differential threshold of intelligibility for
one’s own name compared with other names. Infants 4
to 5 months old are capable of recognizing their own
name, as demonstrated by Mandel et al'” using a modi-
fied version of the head-turn preference procedure. Re-
sponse to one’s own name is so potent that it persists
during altered states of consciousness, even when reac-
tivity to other powerful stimuli has disappeared. For
example, reactivity to one’s name occurs before reactiv-
ity to pain or noise after general anesthesia.'® Individuals
with severe dementia, who have lost recognition of time
and place, continue to respond to their name.! Impor-
tantly, the sound of one’s own name also remains a
potent stimulus during sleep.

Although a functional disconnection between the ex-
ternal world and the cerebral cortex of a sleeping person
is supported by a lack of behavioral response and mem-
ory of stimuli presented during sleep, detection and dis-
crimination of important stimuli do persist during sleep.
Event-related potential studies have demonstrated a dif-
ferential response to one’s own first name, compared
with response to other names, during stage 2 sleep and
REM sleep.20-22 Using combined EEG and functional MRI
monitoring during non-REM sleep, the left amygdala
and the left prefrontal cortex were more activated by the
sound of a subject’s own first name than by a pure tone
beep matched for intensity and duration.?> The sound of
one’s name has also been shown to evoke behavioral
responses during sleep.>* Langford et al*® demonstrated
that young adults awaken more quickly to the sound of
a tape recording of their own name than to that of
nonsensical speech. These studies argue that one’s own
first name is an intrinsically significant stimulus, eliciting
a differential human response as early as infancy, and is
so potent that it persists during sleep, even when reac-
tivity to other stimuli has disappeared.

Current smoke alarm technology (installed per cur-
rent NFPA 72-11, National Fire Alarm Code, chapter 11)
consists of an 85-dB tone alarm at 500 to 4000 Hz with
a 3-pulse repeating temporal pattern.#2¢ However, 100
dB was chosen as the intensity of the alarms in our
study, because existing literature, although limited, in-
dicated that <5% of children would be expected to
awaken during S4 to a conventional tone alarm at the
standard 85 dB.** We did not want to conduct a “straw
man” comparison when testing the new voice alarm. We
wanted to compare the parent voice alarm to a louder
tone alarm stimulus that would have the potential for a
higher success rate.

The study population was restricted to children 6 to
12 years of age for several reasons. Adolescents do not
experience the same difficulty in awakening from SWS
as do younger children. Therefore, adolescents are more
similar to adults in their response to smoke alarm stimuli
than they are to younger children. Children =5 years of
age are generally regarded by the fire safety community
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as being too developmentally immature to reliably be
able to perform self-rescue in a house fire.* For this age
group, the only logical escape plan in the case of a
residential fire is based on an adult rescuing the child.
The choice of the 6- to 12-year-old age group as the
study population permitted study of a more homoge-
neous group at high risk of failure to respond to smoke
alarm stimuli. A smoke alarm stimulus identified as ca-
pable of awakening and prompting escape among this
age group would be expected to be at least as effective in
less alarm-resistant age groups.

Alarm stimuli were tested during S4 in this study,
because this is the deepest stage of sleep and is when an
individual is the most refractory to arousal.* If an alarm
stimulus is successful in awakening children from S4 and
prompting them to escape, then this stimulus would be
expected to be at least as successful during other stages
of sleep. An effective smoke alarm should provide an
adequate stimulus for sleeping children, who are at
highest risk of nonresponse.

Not only did the parent voice smoke alarm signifi-
cantly outperform the conventional residential tone
smoke alarm, but the results were dramatic. The person-
alized parent voice alarm using the mother’s voice at 100
dB successfully awakened 96% of children from S4 and
prompted 83% of them to perform a simulated self-
rescue escape procedure. Directly witnessing the re-
sponses to the 2 types of alarms was revealing. Many of
the children who slept through 5 minutes of the tone
alarm bolted upright in bed almost immediately when
the mother’s voice alarm was used.

The high (100-dB) intensity of the alarm stimuli also
seemed to have an effect. The conventional residential
tone alarm at 100 dB awakened 58% of children from S4
and prompted 38% of them to perform the simulated
self-rescue escape procedure. Although the scientific lit-
erature is limited, these are higher success rates than
would be expected based on previous studies. There was
also a statistically significant association between child’s
age and escaping for the tone alarm, manifested by a
lower success rate among younger children, especially
children <9 years. A similar trend was noted for the
association between child’s age and awakening to the
tone alarm, but this did not achieve statistical signifi-
cance. Child’s gender was not associated with awaken-
ing or escaping for either type of alarm.

To survive an actual house fire using self-rescue, chil-
dren not only need to awaken but also must be able to
perform behaviors that require decision-making and ac-
tion. The behavior commands included in the message
content of the parent voice smoke alarm (ie, “Wake up!
Get out of bed! Leave the room!”) may be important for
prompting children to perform predetermined, prere-
hearsed, appropriate, life-saving, escape behaviors. The
commands and behaviors used in this study are not
necessarily the same as those that parents would choose
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in the real world. The voice alarm message could include
other instructions, such as to feel the bedroom door and
open it only if it is not hot.

Various factors may have been important to the suc-
cess of the parent voice smoke alarm, including the
stimulus intensity, the characteristics of the sound sys-
tem used (ie, use of a large speaker with wide dynamic
range), the use of the child’s first name in the alarm
message, and the child’s recognition of his/her mother’s
voice. However, the relative contribution of each of
these factors is unknown.

Although this study demonstrated the success of the
parent voice smoke alarm, several factors may limit its
adoption for general use. For example, the 100-dB stim-
ulus used in this study is much louder than a standard
85-dB smoke alarm, and, therefore, it may not be ac-
ceptable to the general public for household use. Cur-
rently, a major cause of nonoperational residential
smoke alarms in the United States is intentional deacti-
vation because of nuisance alarms. Nuisance alarms are
false alarms triggered by cooking smoke, steam, or other
causes. A nuisance alarm at 100 dB may be more likely
to result in intentional alarm deactivation than a stan-
dard 85-dB alarm because of the human discomfort that
its much higher sound intensity would cause. The
100-dB level also may be unnecessary for the voice
alarm to be effective. In addition, the influence of the
use of a large speaker on study results is uncertain, but
clearly, a speaker of this size is not feasible for a residen-
tial smoke alarm. Finally and importantly, requiring the
parent to record an alarm message before installing a
smoke alarm will increase the parental effort involved
and, therefore, will likely be a deterrent to its use, based
on established injury prevention theory.** A generic,
prerecorded voice message may be just as effective as a
personalized parent voice message.

Research on smoke alarm stimuli that will awaken
children and prompt their escape has several potential
future directions. In addition to auditory stimuli, stimuli
based on other senses may be effective in awakening
children. Various types and combinations of tactile/vi-
bratory, temperature, and light stimuli await investiga-
tion. In real life, when we attempt to awaken a sleeping
child, we use multiple stimulus modalities. We generally
turn on the light in the child’s room, gently shake or
rock a shoulder or leg, call the child’s name, and ask
him/her to wake up. Ideally, we would like to recreate
these stimulus conditions, which are known to work, in
a smoke alarm. In addition, a smoke alarm that incor-
porates effective nonauditory stimuli would have clear
application in preventing fire-related mortality and mor-
bidity among the deaf and hard-of-hearing population.

A couple of factors may potentially limit the number
of children’s lives saved by a more effective smoke
alarm. Fire play is an important cause of residential
fire-related deaths to children, especially among chil-
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dren <5 years.?* In addition, a study by Fahy and Molis*®
evaluated fatalities in residential fires where smoke
alarms operated and concluded that children 6 to 15
years old did not represent a disproportionate share of
these deaths. Those considerations notwithstanding, our
research findings may contribute to Objective 15-25 of
Healthy People 2010 to reduce residential fire-related
deaths in the United States from 1.2 deaths per 100 000
in 1998 to 0.2 deaths per 100 000 by 2010.37

CONCLUSIONS

To our knowledge, this study is the first to compare the
ability of different types of smoke alarms to awaken
children while monitoring sleep stage. The personalized
parent voice smoke alarm at 100 dB successfully awak-
ened 96% of children 6 to 12 years old from S4 with
83% successfully performing a simulated escape proce-
dure, significantly outperforming the 100-dB conven-
tional residential tone smoke alarm.

These findings suggest a clear direction for future
research, as well as important fundamental changes in
smoke alarm design, that address the unique develop-
mental needs of children. The development of a more
effective smoke alarm for use in homes and other loca-
tions where children sleep provides an opportunity to
reduce fire-related morbidity and mortality among chil-
dren.
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