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ABSTRACT
Background Many home fires begin in the kitchen.
Kitchen smoke alarms are more likely to produce nuisance
alarms, but few previous studies have examined the role
of alarm sensor and battery types on the functionality of
smoke alarms located nearest to the kitchen.
Methods Data were analysed from a 232 factorial
randomised controlled trial conducted in rural Iowa
homes (n¼628). Enrolled households were randomly
assigned into one of four smoke alarm/battery
combinations: ionisation/zinc, ionisation/lithium,
photoelectric/zinc and photoelectric/lithium. Alarm
functionality was determined using a smoke test. Alarm
type and battery type were compared using an intent-to-
treat analysis. Logistic regression was used to identify
factors that might impact the functionality of smoke
alarms located nearest to the kitchen 42 months after
installation.
Results Photoelectric alarms with lithium batteries had
the highest rate of functionality (90.2%), whereas
ionisation alarms with carbon/zinc batteries had the
lowest (76.5%). Forty-two months following installation,
6.4% more of photoelectric alarms were functional than
ionisation alarms, and 7.9% more of alarms with lithium
batteries were functional than those with carbon/zinc
batteries. Logistic regression revealed that when the
indicator of nuisance alarms was included, the effect of
alarm type became statistically insignificant and
ionisation alarms were less likely to be functional at
42 months, partly due to increased nuisance alarms.
Conclusions Alarm type is an important consideration
for certain locations. Photoelectric alarms may be more
appropriate for installation nearest to the kitchen despite
their increased cost. These findings can help guide
consumer choices to increase protection against home
fire-related injuries and deaths.

From 2003 to 2006, 40% of home fire deaths in the
USA occurred in homes with no smoke alarms, and
23% of home fire deaths resulted from fires in
which smoke alarms were present but failed to
operate.1 Functional smoke alarms minimise prop-
erty damage, prevent injuries and reduce the risk of
dying in a fire by half by providing reliable early
warnings of fires and enabling residents to evacuate
quickly and safely.2e5 Having a working smoke
alarm is particularly important for rural residents,
because fire-related death rates per capita are
36% higher in rural than urban areas, and rural
homes also tend to be located farther away from
neighbours and emergency services.6 7

Many home fires begin in the kitchen. To increase
the validity of smoke alarm warnings, the National
Fire Protection Association (NFPA) in the USA has
authorised standards and codes on how smoke
alarms should be installed in a home. These codes
recommend that alarms be installed in an area of
egress from the kitchen to avoid false alarms from
cooking particulates. Kitchen alarms, in particular,
have been associated with improper alarm opera-
tion, but few previous studies have specifically
examined smoke alarm function by location.8e11

Ionisation and photoelectric alarms, the two
most common smoke alarms, have different
strengths.1 8 While ionising sensors generally react
more quickly to flaming fires (eg, kitchen stove
grease fires), photoelectric sensors often operate
faster in response to smouldering fires (eg, fires
caused by discarded cigarettes). Previous research
has suggested that smoke alarms located near
cooking areas are more likely than alarms in other
parts of the home to produce nuisance (false)
alarms.9e11 Smoke alarms with ionising sensors are
especially prone to nuisance alarms because they
are more sensitive than photoelectric alarms at
detecting small particles produced by hot and
flaming fires, including particulates created through
cooking. Nuisance alarms are the most common
reason that residents disable smoke alarms by
removing their batteries or the alarm itself.8 11 Such
actions to silence a nuisance alarm could result in
a non-functioning smoke alarm, which puts
a household at an increased risk of fire-related
injuries and deaths.11e14

The aim of this study was to investigate the
functionality of smoke alarms located in areas
nearest to the kitchen at 12 months and 42 months
after installation, the longest follow-up of any
smoke alarm study.11 13 14 In particular, in this
paper we examined how alarm type, battery type
and nuisance alarms affect functionality 42 months
after installation. We hypothesised that in alarms
located near the kitchen, ionisation alarms would
be more likely to have nuisance alarms than
photoelectric alarms, and that alarms reported to
have nuisance alarms would be less likely to func-
tion, due partly to residents’ improper actions of
removing batteries and/or the smoke alarms.

METHODS
Design and randomisation
A 232 factorial randomised controlled trial was
conducted between July 2003 and December 2007
in an existing cohort of rural Iowa homes to
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examine the effect of alarm sensor and battery type on the
functionality of smoke alarms at 12 months and 42 months
following installation.12 15 Of 1005 eligible households, 691
(68.8%) agreed to participate and were enrolled between July
2003 and June 2004. Household type was categorised as either
town, farm, or rural non-farm. Within each of these three strata,
the participating households were randomly assigned into one
of four smoke alarm sensor/battery combinations: ionisation/
zinc, ionisation/lithium, photoelectric/zinc and photoelectric/
lithium, using a computer-generated random numbers table.12

Intervention and data collection
Following randomisation, a research member, who was a volun-
teer fire fighter and trained in smoke alarm installation according
to the NFPA installation code and study protocols, visited study
homes, conducted the baseline surveys, removed all previously
existing smoke alarms regardless of the type or age of the
existing alarms, and installed free study smoke alarms manu-
factured by a major commercial brand that met all NFPA stan-
dards. All study smoke alarms were installed throughout the
home in accordance with the NFPA smoke alarm code.16 The
same alarm sensor/battery combination was used for all study
smoke alarms in the same household including the nearest
kitchen alarm. All study alarms were marked with indelible ink
to facilitate subsequent recognition. No mention of alarm or
battery type was made by the researcher, although the original
alarm packaging with owner ’s instructions was provided to each
participant.

Twelve and 42 months after smoke alarm installation, the
same research member revisited the home, tested the function-
ality of installed smoke alarms, and conducted a brief follow-up

survey regarding any troubles with the installed smoke alarms
(eg, nuisance alarms) and safety measures that were taken to
protect their homes. The study protocol and informed consent
were approved by the institutional review board where the
study was conducted.

Participation
As shown in figure 1, 691 households enrolled in the study with
completed baseline surveys. Three households with hardwired
smoke alarms were excluded due to ineligibility. Of the
remaining 688 eligible households, 672 households were
followed at 12 months, but only 654 were included in the
analysis at 12 months due to missing data on 18 kitchen alarms
at 12 months. At 42 months follow-up, an additional 44 alarms
were also excluded, including five that had missing data on
kitchen alarm indicators, two alarms whose homeowner died,
one alarm whose homeowner refused to participate and 36
alarms that did not have a scheduled follow-up visit to deter-
mine alarm functionality because of logistic reasons. A total of
628 households, each with a kitchen-area alarm, were thus
included in the analysis, yielding a follow-up rate of 91%
(figure 1). The allocation of the four combinations was evenly
distributed across household characteristics.12

Study outcome measures
Non-functional alarm, a dichotomous variable, was determined
using a smoke test, in which chemical smoke was sprayed into
the alarm at a distance of 3 in. The alarm was considered non-
functional if it failed to sound within 3 s, or if during a home
visit it was absent from the location originally installed or was
present but the battery was missing or disconnected.

Figure 1 Inclusion of smoke alarms
located nearest to the kitchen in
a randomised trial.

*18 kitchen alarms included at 42 months had missing data at 12 months, and thus were excluded from the analysis at 12 month. 

691 Enrolled

165 Photoelectric 
& Carbon-Zinc

184

Photoelectric & Lithium
171 Ionization
& Carbon-Zinc

168 Ionization 
& Lithium

3 Excluded (hardwired)

688 Assigned

153 Ionization 
& Carbon-Zinc

152 Ionization 
& Lithium

150

Photoelectric & 
Carbon-Zinc

173

Photoelectric & 
Lithium

672 Followed and 
654 included in the analysis 

at 12 months*

16 Lost to follow-up
- 1  Refused
- 3  Owner died
- 8  Could not contact 
- 4  No location indicator

628 Followed and included 
in the analysis at 42 

months

44 Lost to follow-up
- 1  Refused
- 2  Owner died
- 5  No location indicator
- 36  No smoke test data
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Nuisance alarm (false alarm), a dichotomous variable, was
defined as an alarm in which the owner reported any occurrence
of nuisance alarms during the past 12 months.

Nearest-kitchen smoke alarm, a dichotomous variable, was
defined as the smoke alarm that had the shortest physical
distance to the kitchen stove during the initial installation. We
focused on nearest-kitchen alarms because of the potential for
cooking-related nuisance alarms.

Household characteristics were measured at 12 months and
42 months, respectively, using three binary variables: (1)
whether the household had at least one adult who was 65 years
or older; (2) whether the household had at least one person who
was a current smoker; and (3) whether the household reported
using fire safety practices. A score for fire safety practices was
measured as the sum of six dichotomous items that included
purchasing a fire extinguisher, testing an existing fire extin-
guisher, purchasing a carbon monoxide detector, designing a fire
safety plan, discussing a new or existing safety plan with
household members and practising a new or existing safety plan.
One point was assigned for each of the six items reported during
the previous 12 months.

Statistical analysis
Alarm functionality and reported occurrences of nuisance alarms
at 12 months and 42 months after installation were described by
smoke alarm type, battery type and corresponding household
characteristics measured at the same time point. Two-sample
proportions tests were used as an intent-to-treat analysis for the
differences between alarm types and battery types on the
functionality of smoke alarms nearest to the kitchen at
42 months.

Because households were randomly assigned to alarm type
and battery type, there was no reason to expect selection bias to
play any role in nuisance alarm occurrence, other than the type
of smoke alarm actually installed. We built multivariable logistic
regression models in stages, guided by a directed acyclic graph
(DAG), to assess the role of nuisance alarms and other factors in
42-month alarm functionality. The DAG, representing assump-
tions about causal relations among variables, has been used
extensively to determine the variables on which it is necessary to
control for confounding in the estimation of causal effects.17e20

Figure 2 portrays a conceptualisation of the factors leading to
the functionality of smoke alarms nearest to the kitchen at
42 months and summarises the relationships between primary
exposures (eg, alarm type and battery type), covariates (eg,

nuisance alarm, household characteristics, alarm functionality at
12 months) and outcome (eg, alarm functionality at 42 months).

RESULTS
Functional alarms
Of the 628 alarms located nearest to the kitchen at 42 months,
153 (24.4%) were assigned to the ionisation/zinc combination,
152 (24.2%) to ionisation/lithium, 150 (23.9%) to photoelectric/
zinc and 173 (27.6%) to photoelectric/lithium (table 1). Twelve
months after installation, 94.1% of the alarms remained func-
tional, but only 83.3% of the alarms were functional 42 months
after installation. Households with at least one person aged
65 years or older, with no current smokers, or with residents
who had taken at least one of six fire safety measures during the
past 12 months were significantly more likely to have functional
smoke alarms located nearest to the kitchen compared with
their counterparts at 42 months follow-up. Photoelectric alarms
powered with lithium batteries had the highest rate of func-
tionality (90.2%), whereas ionisation alarms with carbon/zinc
batteries had the lowest rate of functionality (76.5%) (table 1).

Reported nuisance alarms
A total of 124 households (20.3%) at the 12 month follow-up
and 121 (19.3%) households at the 42 month follow-up reported
having at least one occurrence of a nuisance alarm in the smoke
alarm located nearest to the kitchen. There were no statistical
differences in the rate of reported occurrences of nuisance alarms
between 12 months and 42 months after installation. However,
photoelectric alarms had approximately half of the rate of
reported nuisance alarms as ionisation alarms, both at
12 months and 42 months after installation (p<0.0001).
Households with at least one current smoker were more likely to
report occurrences of nuisance alarms at 42 months follow-up
(table 2).

Reasons for non-functional alarms
Of the alarms located nearest to the kitchen, 36 (5.9%) were
non-functional at 12 months, while 105 (16.7%) were non-
functional 42 months after installation. The main reason for
non-functionality was a missing battery, both at 12 months
(n¼15, 41.7%) and 42 months (n¼40, 38.6%). Alarms with
a reported occurrence of nuisance alarms were more likely to be
non-functional because of missing batteries.

Effect of alarm type, battery type and nuisance alarms on
alarm functionality at 42 months
As summarised in table 1, the standard intent-to-treat analysis
showed a significant difference in alarm function at 42 months
between alarm type (p¼0.032) and battery type (p¼0.008).
There was no significant interaction between alarm and battery
types. In particular, 6.4% more of the photoelectric alarms were
functional at 42 months compared with ionisation alarms (95%
CI 0.5% to 12.2%) and 7.9% more of the alarms with lithium
batteries were functional at 42 months than alarms powered
with carbon/zinc batteries (95% CI 2.0% to 13.7%).
Table 3 presented the results from the multivariable logistic

regression models in stages guided by the DAG in figure 2. In
stage 1, the model included main effects of alarm type and
battery type and household characteristics at 42 months. The
results showed large positive effects on functionality from
households with an older person (>65 years), households prac-
tising fire safety and households without smokers, although this
last factor did not achieve statistical significance. In stage 2, the

Figure 2 Factors leading to functional alarms near the kitchen at
42 months.

162 Injury Prevention 2011;17:160e165. doi:10.1136/ip.2010.027805

Original article
copyright.

 on M
ay 25, 2021 at S

tephen B
. T

hacker C
D

C
 Library. P

rotected by
http://injuryprevention.bm

j.com
/

Inj P
rev: first published as 10.1136/ip.2010.027805 on 8 January 2011. D

ow
nloaded from

 

http://injuryprevention.bmj.com/


addition of a past history of alarm functionality (at 12 months)
showed a large effect on 42-month functionality.

In the next analytical stage (stage 3), a report of nuisance
alarms from 30 to 42 months was added. The addition of

nuisance alarms did affect the odds of functionality. Alarms
with reported nuisance alarms had 50e53% smaller odds of
remaining functional than those with no reported nuisance
alarms. The effect of alarm type on alarm functionality
decreased over 15% and became statistically insignificant. The
relationship of battery type remained largely unchanged.
Nuisance alarms thus (1) reduced the odds of functionality, (2)
reduced partly the effect of alarm type on 42-month function-
ality, becoming only marginally significant, and (3) did not alter
the effect of battery type on 42-month functionality.

DISCUSSION
This randomised trial investigated the role of alarm type, battery
type and nuisance alarms on the functionality of smoke alarms
located nearest to the kitchen. Lithium batteries had 7.9%
greater functioning at 42 months than the carbon/zinc batteries,
and the relationship remained basically unchanged with and
without the presence of a nuisance alarm. The effect of alarm
type on smoke alarm functionality, however, was more
complicated. Photoelectric alarms had 6.4% greater functioning
than ionisation alarms. The DAG approach divides this into
a direct effect and an indirect effect, with the difference due
primarily to the presence of nuisance alarms.
Previous work conducted in Alaskan villages and King County,

Washington, found smoke alarms located near the cooking area
with an ionising sensor to be more likely to have a nuisance
alarm compared with those with a photoelectric sensor.10 11

Kitchen detectors were twice as likely as other alarms to cause
nuisance alarms if they were ionisation alarms.11 Our study
further examined the relationship between the type and func-
tionality of smoke alarms located nearest to the kitchen. We
found that smoke alarms located nearest to the kitchen with
an ionising sensor were more than twice as likely to have
a nuisance alarm compared with those with a photoelectric

Table 1 Functional smoke alarms among those located nearest to the kitchen 12 months and 42 months
after installation

12 Months* 42 Months

N n (%) p Valuey N n (%) p Valuey
Total 610 574 (94.1) 628 523 (83.3)

Alarm type 0.5569 0.0323

Ionisation 293 274 (93.5) 305 244 (80.0)

Photoelectric 317 300 (94.6) 323 279 (86.4)

Battery type 0.3412 0.0083

Carbon/zinc 292 272 (93.2) 303 240 (79.2)

Lithium 318 302 (95.0) 325 283 (87.1)

Combination of alarm and battery type 0.3461 0.0108

Ionisation and carbon/zinc 148 135 (91.2) 153 117 (76.5)

Ionisation and lithium 145 139 (95.9) 152 127 (83.6)

Photoelectric and carbon/zinc 144 137 (95.1) 150 123 (82.0)

Photoelectric and lithium 173 163 (94.2) 173 156 (90.2)

Household characteristicsz
At least one person 65+ years 0.00842 0.0013

Yes 282 273 (96.8) 317 279 (88.0)

No 328 301 (91.8) 311 244 (78.5)

At least one current smoker 0.2754 0.0132

Yes 111 102 (91.9) 104 78 (75.0)

No 499 472 (94.6) 524 445 (84.9)

At least one fire safety practice 0.8076 0.0004

Yes 293 275 (93.9) 302 268 (88.7)

No 317 299 (94.3) 326 255 (78.2)

*Data were missing for 18 alarms at 12 months.
yp Values are based on c2 tests.
zMeasures were taken at respective follow-ups.

Table 2 Reported at least one nuisance alarms among those located
closest to the kitchen 12 months and 42 months after installation

12 Months* 42 Months

n (%) p Valuey n (%) p Valuey
Total 124 (20.3) 121 (19.3)

Alarm type <0.0001 <0.0001

Ionisation 81 (27.7) 78 (25.6)

Photoelectric 43 (13.6) 43 (13.3)

Battery type 0.4989 0.4636

Carbon/zinc 56 (19.2) 62 (20.5)

Lithium 68 (21.4) 59 (18.2)

Combination of alarm and
battery type

0.0002 0.0014

Ionisation and carbon/zinc 41 (27.7) 41 (26.8)

Ionisation and lithium 40 (27.6) 37 (24.3)

Photoelectric and carbon/zinc 15 (10.4) 21 (14.0)

Photoelectric and lithium 28 (16.2) 22 (12.7)

Household characteristicsz
At least one person 65+ years 0.3828 0.9874

Yes 53 (18.8) 61 (19.2)

No 71 (21.7) 60 (19.3)

At least one current smoker 0.5038 0.0147

Yes 20 (18.0) 29 (27.9)

No 104 (20.8) 92 (17.6)

At least one fire safety practice 0.3584 0.8099

Yes 55 (18.8) 57 (18.9)

No 69 (21.8) 64 (19.6)

*Data were missing for 18 alarms at 12 months.
yp Values are based on c2 tests.
zMeasures were taken at respective follow-ups.
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sensor. Nearest-kitchen alarms with a reported nuisance alarm
had approximately half the odds of remaining functional
42 months after installation compared with those with no
reported nuisance alarms. Our findings suggest that photoelec-
tric alarms, which are less likely to have nuisance alarms, have
better long-term function nearest to the kitchen. Approximately
41% of reported home fires begin in the kitchen or cooking area.1

Smoke alarms are one of the most effective fire safety devices, so
our findings have important implications for installing smoke
alarms in homes and maintaining their functionality. Under-
standing which type of smoke alarm is most appropriate for
installation in an area of egress from the kitchen will help guide
consumer choices to optimise protection from fires.8 10 11

Our findings revealed that 94.1% of installed alarms that were
located nearest to the kitchen remained functional 12 months
after installation, but only 83.3% were functional at 42 months.
Missing batteries were the most common reason for non-func-
tioning smoke alarms nearest to the kitchen 12 months and
42 months after installation. Alarms with a reported occurrence
of nuisance alarms were more likely to be non-functional
because of missing batteries. Our findings are supported by other
studies, which found that in more than half of the homes that
reported home fires, smoke alarms were present but did not
operate because batteries were missing or disconnected.1

Nuisance alarms were the leading reason for disconnected smoke
alarms.1 8 10e14

Currently, NFPA requires all new homes to have a smoke
alarm in every sleeping room, and all smoke alarms must be
installed using a new technology of interconnection.8 Inter-
connected smoke alarms are linked together, so that when one
alarm sounds, every alarm in the home sounds regardless of
the fire’s location. Such technology might reduce the risk of
non-functioning alarms due to missing batteries. However, this
technology could also trigger household-wide nuisance alarms,
which could lead to the increased disabling of smoke alarm
systems. Efforts to reduce nuisance alarms will thus be important
to maintain household-level protection.

Our findings suggest that alarm type has a direct effect, as
well as an indirect effect, on the functionality of smoke alarms
at 42 months. Compared with ionisation smoke alarms,
photoelectric alarms located near the kitchen were less likely to
experience nuisance alarms caused by cooking, and thus were
more likely to be functional at 42 months. One reason that
photoelectric alarms perform better is because they have fewer
nuisance alarms, and this finding is particularly relevant near the
kitchen where nuisance alarms are most frequent. Our findings
are supported by the results of our previous work as well as that
of others.10e14 The National Institute of Standards and Tech-
nology has conducted tests on a variety of scenarios associated
with nuisance alarms and found that ionisation smoke alarms

had a tendency to activate in response to aerosols produced
during normal cooking.21 A study conducted in rural Alaskan
homes found that only 81% of homes with ionisation alarms
had working alarms 6 months after installation compared with
96% of homes with photoelectric alarms.10 Therefore, photo-
electric alarms may be worth the increased cost in areas where
nuisance alarms are more likely, in order to maintain alarm
function.11 22 As homeowners cannot predict what type of fire
might occur in a home, the installation of both ionisation and
photoelectric alarms in the home or the installation of dual
ionisation and photoelectric sensor smoke alarms is recom-
mended to protect homes from fire-related property damage,
injuries and deaths.23

This study has a few limitations. First, the actual distance
from the alarm to the stove could vary by home size. Nuisance
alarms may thus be the function of alarm sensor type and
distance to the stove. Second, because the residents were aware
of the upcoming smoke alarm testing during the scheduled
home visit, our results on the overall rate of functional smoke
alarms might be overestimated. Nevertheless, such over-
estimation was likely to be randomly distributed among the four

Table 3 Adjusted OR of functional alarms 42 months after installation

Logistic regression models*

Stage 1 model
OR (95% CI)

Stage 2 model
OR (95% CI)

Stage 3 model
OR (95% CI)

Stage 3 model
OR (95% CI)

Alarm type (photoelectric vs ionisation) 1.75 (1.11 to 2.75) 1.73 (1.10 to 2.74) 1.59 (1.00 to 2.53) 1.58 (0.99 to 2.51)

Battery type (lithium vs carbon/zinc) 1.78 (1.13 to 2.81) 1.71 (1.08 to 2.70) 1.74 (1.10 to 2.74) 1.67 (1.06 to 2.65)

Reported nuisance alarms at 42 months (yes vs no) 0.50 (0.30 to 0.84) 0.53 (0.31 to 0.89)

Functional alarm at 12 months (yes vs no) 2.86 (1.34 to 6.12) 2.67 (1.23 to 5.77)

Having household member over 65 years of age (yes vs no) 2.41 (1.50 to 3.89) 2.24 (1.38 to 3.62) 2.46 (1.52 to 3.97) 2.29 (1.41 to 3.72)

Having at least one current smoker (yes vs no) 0.61 (0.35 to 1.06) 0.61 (0.35 to 1.06) 0.67 (0.38 to 1.16) 0.66 (0.38 to 1.16)

Taking at least one safety practice (yes vs no) 2.38 (1.48 to 3.83) 2.30 (1.42 to 3.72) 2.44 (1.51 to 3.95) 2.35 (1.45 to 3.81)

*Multivariable logistic regression models adjusted for the variables listed in the respective column.

What is already known on the subject

< Smoke alarms located near cooking areas are more likely to
produce nuisance alarms.

< Few studies have examined the role of various alarm sensor
and battery types on the functionality of smoke alarms located
nearest to the kitchen.

< Investigation of the smoke alarm functionality 42 months after
installation has the longest follow-up of any smoke alarm
study.

What this study adds

< Nearest-kitchen alarms with a reported nuisance alarm are
less likely to remain functional 42 months after installation
compared with those with no reported nuisance alarms.

< Alarm type has a direct effect, as well as an indirect effect, on
the functionality of nearest-kitchen smoke alarms at
42 months. The difference in the indirect effect is due
primarily to the presence of nuisance alarms.

< Photoelectric alarms have better long-term function and are
more appropriate for installation nearest to the kitchen despite
their increased cost.
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study groups. Third, 36 (5.9%) households with missing data on
the smoke test were excluded from the analysis. Although the
missing data may affect our results, we believe the effect would
not be substantial due to small numbers. Finally, our findings are
based on an existing cohort of households located in a rural area
in the USA, which may not be applicable to other populations.

In conclusion, this study examined alarms located nearest to
the kitchen and identified that those with nuisance alarms were
much more likely to be non-functional. Photoelectric alarms
thus appear to be more appropriate for installation in areas near
the kitchen despite their increased cost. Future designs should
incorporate these advantages into less expensive smoke alarms
so that residents could be better protected without prioritising
price over effectiveness.
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New blood test may detect concussion

A report on Itwire states that “A simple blood test that can reveal mild traumatic brain damage
(concussion) has been developed by the US Army. This test could be used to diagnose this
difficult-to-detect injury in combat troops, young athletes and infants with shaken baby
syndrome”. Apparently the test is based on finding proteins released by damaged brain cells.
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