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Abstract. Long-lasting insecticide-treated bednets are widely used and promoted for malaria control. Limitations in
measurement methods have resulted in a poor understanding of how bednets are used in practice. We deployed a novel
remote monitoring tool in Uganda to obtain, for the first time, a comprehensive characterization of bednet use in
households at risk for malaria. Ten households each used one SmartNet adherence monitor over a commonly used
sleeping area for 6 weeks. SmartNet continuously measures and records bednet use every 15 minutes. Bednet use was
monitored for a total of 9,258 hours overall, with an average of 42 nights per household (SD: 3.5). Average duration of
bednet use was 9 hours 49 minutes per night (SD: 1 hour 56 minutes), and adherence was 85-90% from 2100 to 0600.
Bednets were not used at all on 4.5% (19/418) of observation nights. Overall, the average clock time that bednets were
unfurled was 2034 (SD: 1 hour 25 minutes) and they were folded up at 0743 (SD: 43 minutes). The rate of interruptions per
night observed in all households was 0.23 (86/369), with an average duration of 48 minutes (SD: 49 minutes). There was
substantial heterogeneity between households, and some households had consistently poorer adherence relative to
others. Variations in bednet use behaviors are a potentially important, and under-researched, component of long-lasting
insecticide-treated bednet effectiveness. Remote bednet use monitors can provide novel insights into how bednets are
used in practice, helping identify both households at risk of malaria due to poor adherence and also potentially novel

targets for improving malaria prevention.

INTRODUCTION

Malaria is a serious health concern throughout the world,
with an estimated 219 million cases and 435,000 deaths in
2017." Long-lasting insecticide-treated bednets (LLINs) have
been a fundamental component of malaria prevention for al-
most 30 years.2® Since 2007, the WHO has recommended
that every person at risk of malaria, 3.4 billion people world-
wide, has access to an LLIN.* Long-lasting insecticide-treated
bednets accounted for an estimated 68% of the 40% re-
duction in malaria incidence between 2000 and 2015.° Long-
lasting insecticide-treated bednets are widely available and
well understood by most people as an important tool for
protection against malaria.

Recent studies suggest, however, that LLINs may no longer
be as effective as previously thought.®® It is not clear why
there is a change in the apparent effectiveness of LLINs.
Leading explanations include changes in vector species
prevalence or biting behaviors (e.g., earlier in the night),% % the
development of insecticide resistance,'"? or poor net dura-
bility."® It is also possible that people are not using LLINs as
frequently as reported.'*' Addressing questions about the
effectiveness of this widely used tool is particularly important,
given recent evidence that progress in malaria control has
stalled.’

Accurately measuring how bednets are used is a crucial first
step in studying LLIN effectiveness, but measuring actual use
is challenging. The most commonly used measure—self-
reported bednet use the prior night—may be prone to social
desirability and other biases, resulting in potentially inaccurate
conclusions when characterizing bednet use.'® Other meth-
ods, such as surprise night visits, suffer from privacy and
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logistical issues. Furthermore, all current methods suffer from
imprecision, as they are unable to capture temporal variations
in hourly, nightly, or seasonal bednet use.'® These measure-
ment challenges contribute to a lack of understanding about
how bednets are used in practice. This may, in turn, lead
to missed opportunities in public health campaigns seeking
to promote bednet use and limit quality evidence available to
inform evaluations of the role bednets should play in malaria
prevention more broadly.

SmartNet is a novel electronic monitoring device designed
to provide continuous, accurate, and objective measurements
of bednet use. SmartNet uses conductive fabric sewn into a
standard WHO-approved LLIN to form three electrical circuits,
two on the sides and one on the top (Figure 1A and B). A
microcontroller sends a current through the conductive fabric
using insulated wires (Figure 1C). When the SmartNet is
unfurled, and therefore considered in use, none of the con-
ductive fabric touches any other and no circuit is detected.
Alternatively, when the SmartNet is folded up or knotted

Ficure 1.

SmartNet components: (A) Slide view of unfurled
SmartNet; (B) SmartNet battery-powered microcontroller; (C) Top
view of SmartNet. This figure appears in color at www.ajtmh.org.
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Ficure 2. Household SmartNet use by night of observation.

during the day, the conductive fabric patterns come into
contact and complete an electrical circuit which SmartNet
defines as not in use. The time-stamped data are stored on a
memory card for later retrieval. Laboratory tests show that
SmartNet is > 98% accurate in determining whether the
SmartNet is unfurled or folded up, and achieves 8 weeks of
monitoring with 2 AA batteries logging at 15-minute intervals.
SmartNet has been successfully deployed in feasibility trials in
the United States and an acceptability study in Uganda.'”"'8

In this study, we deployed SmartNet in 10 households for
6 weeks in western Uganda to obtain first-of-its-kind data,
characterizing the use of bednets in actual practice. The
overarching goal of this descriptive study was to explore how

more precise and granular data on bednet use could con-
tribute to answering important questions about LLIN effec-
tiveness and inform the design of improved interventions to
prevent malaria with this important public health tool.

MATERIALS AND METHODS

Ten households were recruited from the Kinoni Health Centre
IV in Mbarara district, western Uganda. Women who had at
least one child or who were pregnant were invited to participate.
Women who elected to participate were visited in their homes
for study consent and to install the SmartNet. At the initial home
visit, following the consent process, demographic data were

TABLE 2
Duration of SmartNet use

All monitoring (n = 418)

Nights with > 4 hours use (n = 369/418)

Overall, mean (SD)
By household

8 hours 45 minutes
8 hours 51 minutes
10 hours 51 minutes
12 hours 20 minutes
10 hours 52 minutes
7 hours 6 minutes

8 hours 34min

13 hours 30 minutes
7 hours 46 minutes
9 hours 35 minutes

QWO ~NOOThWN=

—

9 hours 49 minutes (1 hour 56 minutes)

10 hours 59 minutes (1 hour 42 minutes)

12 hours 39 minutes
9 hours 54 minutes
11 hours 29 minutes
12 hours 54 minutes
11 hours 14 minutes
9 hours 7 minutes

8 hours 46 minutes
13 hours 49 minutes
9 hours 57 minutes
10 hours 1 minute
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TaBLE 3
Proportion of SmartNets in use by select night hour intervals

Whole night (1800-0900) 1800-2100 2100-0000 0000-0300 0300-0600 0600-0900
Overall (%) 65 33 85 90 89 43
Household
1 53% 42% 63% 63% 63% 40%
2 59% 16% 80% 91% 88% 40%
3 75% 32% 100% 100% 100% 66%
4 82% 61% 97% 98% 98% 71%
5 73% 32% 93% 100% 100% 61%
6 46% 11% 70% 76% 7% 13%
7 55% 6% 80% 98% 99% 10%
8 92% 7% 94% 100% 100% 94%
9 51% 30% 78% 79% 71% 11%
10 63% 16% 96% 100% 98% 27%

gathered about the household and one SmartNet was installed
above a commonly used sleeping area. Households were
requested to use the SmartNet bednet just as they would use a
regular bednet/LLIN. Study personnel visited the household
weekly for the first 4 weeks to gather SmartNet data and per-
form acceptability and adherence surveys. After an additional
2 weeks (6th week), study personnel performed a final survey,
removed the SmartNet, and provided a new, standard, LLIN to
the household. At each household visit, the SmartNet data were
extracted from the embedded memory cards and compiled into
a data set for later analysis.

We present demographic data and household charac-
teristics such as main household occupation, number of
rooms and bednets, ratio of occupants to bednets, and
participant’s report of who used the SmartNet most fre-
quently. SmartNet measures the state of the bednet at 15-
minute intervals. We calculated the average duration of
use by converting the average number of 15-minute in-
tervals of use into minutes and subdividing this into hours
and minutes. We present average SmartNet use during
each hour and, separately, during 3-hour intervals from
1800 to 0900 by averaging the proportion of observations
when the SmartNet was unfurled at each hour. We count
nights during which the SmartNet was folded up (i.e.,
missed night of use) and unfurled for the entirety of
1800-0900. We report the average clock time that
households unfurl the SmartNet at night and fold it up in
the morning. We assume 0900 to be the time the bednet is
folded up if it is not yet folded up. We report the number of
interruptions, defined as folding up the SmartNet before
definitively folding it up in the morning, and the average
duration of interruptions per night in hours and minutes,
following the conversion described earlier. To avoid the
possibility that extremes (e.g., night with only 1 hour of
use) might skew the data on regular use behaviors, both
the analysis of the clock time that SmartNets are in use and
the analysis of interruptions in use were restricted to
nights with at least 4 cumulative hours of use between
1800 and 0900 (369/418).

All analyses were performed using Stata 14 (StataCorp.
2015. Stata Statistical Software: Release 14. College Station,
TX: StataCorp LP.). Consent for the installation of SmartNet
was obtained from the recruited mothers on behalf of the
household. Study procedures were approved by Institutional
Review Boards at the Mbarara University of Science and
Technology in Uganda and Partners Healthcare in the United

States. Additional approval was granted by the Uganda Na-
tional Council for Science and Technology.

RESULTS

The 10 households had an average of 4.9 members (SD:
1.8; range: 3-8), 1.3 children younger than 5 years (SD: 0.5;
range: 1-2), and 4 of the 10 households (40%) had one
pregnant woman each. Households owned 2.5 bednets
(SD: 0.8), with a ratio of occupants per bednet of 2.0 (SD:
0.3). Most bednets were obtained, presumably for free,
through government distribution (15/25) or the health
center (7/25). Six households reported that the SmartNet
was used by one child and one adult. In 2 households, the
SmartNet was used only by children (1 and 3), and in the
remaining two households only by adults (2 and 7).
(Table 1)

SmartNets were installed for an average of 42 nights (SD:
3.5; range: 33-45), and logged data for a total of 9,258 hours
with an average of 925.8 hours per household (SD: 102.4;
range: 742-1,024). An aggregate of the SmartNet records for
each household over the observation period is displayed in
Figure 2. From 1800 to 0900, the overall average duration of
use was 9 hours 45 minutes (SD: 1 hour 56 minutes), ranging
from 7 hours 6 minutes in household 6 to 13 hour 30 minutes in
household 8. The average duration of use on nights with at
least 4 hours total use (88.3% [360/418]) was 10 hours 59
minutes (SD: 1 hour 42 minutes) (Table 2).

100%
90%
80%
70%
60%
50%
40%

30%

20%
10%
0%
1800-2100 2100-0000 0000-0300 0300-0600 0600-0900

Ficure 3. Proportion of SmartNets in use by night intervals. This
figure appears in color at www.ajtmh.org.
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Proportion of SmartNets in use by night hour
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Ficure 4. Proportion of SmartNets in use by night hour. This figure appears in color at www.ajtmh.org.

The peak proportion of SmartNet use was 90% during the
late night (0000-0300), but use was similarly high in middle
night (2100-0000) and early morning (0300-0600), with 85%
and 89%, respectively (Table 3). Adherence during 3-hour
intervals for each household are plotted together in Figure 3.
There was substantial heterogeneity in use patterns between
households. Household 8, for example, demonstrated high
adherence beginning early in the night, whereas households 3,
7, and 10 unfurled their nets later, but still reached 95-100%
adherence during 0000-0600 (Figure 4).

Of a total of 418 nights of monitoring, the SmartNets were
unused on 4.5% (19/418) of nights between 1800 and 0900.
Missed nights were confined to households 1, 6, 9, and 4 who
had 7, 6, 5, and one missed nights, respectively. SmartNets
were unfurled continuously from 1800 to 0900 on 9.1%
(38/418) of nights, led by household 8 that kept its SmartNet
unfurled continuously on 18 nights (41% of total nights)
(Table 4).

Overall, the SmartNet was unfurled at an average time of
2034 (SD: 1 hour 25 minutes) and folded up in the morning at
0743 (43 minutes). Households 2 and 7 put their SmartNet
down relatively late, at an average time of 2152 and 2146,
respectively, compared with households 1, 4, and 8 who put
theirs down earlier between 1847 and 1927 (Table 5).

The analysis of interruptions in SmartNet use was restricted
to nights with at least 4 hours of use. Over 369 nights, we
detected a total of 86 interruptions for a nightly rate of 0.23
interruptions per night, with an average duration of 48 minutes
(SD: 49 minutes). Figure 5 depicts all interruptions over the
night, with the bubble size proportional to the duration.
Household 10 had zero interruptions detected, whereas
Households, 8, and 9 had significantly higher rates of inter-
ruptions. Despite a rate of only 0.12 interruptions per night
(3/26), household 1 tended to have prolonged interruptions

(2 hour 50 minutes; SD: 14 minutes). Meanwhile, household
8 had shorter average interruptions of 37 minutes (SD: 54
minutes), but had a more frequent rate of 0.4 interruptions per
night (Table 6).

DISCUSSION

In this study of 10 households using a remote and objective
bednet adherence monitor for 6 weeks in rural Uganda, we
were able to comprehensively characterize bednet use at high
temporal resolution, leading to multiple insights. We discov-
ered substantial heterogeneity in bednet adherence behaviors
between users along various metrics with relevance for
malaria prevention with LLINs.

Long-lasting insecticide-treated bednets are meant to be
unfurled when individuals sleep and then folded up on awak-
ening. Underlying differences in sleep timing and other
nighttime behaviors among the billions of LLIN users

TaBLE 4
Nights from 1800-0900 with missed or continuous SmartNet use

Continuous use

9.1% (38/418)

Missed nights of use

4.6% (19/418)

Overall, % (n)
By household, % (n)

1 18% (7/39) 189% (7/39)
2 0% (0/45) 2% (1/45)
3 0% (0/33) 3% (1/33)
4 2% (1/45) 20% (9/45)
5 0% (0/44) 2% (1/44)
6 14% (6/43) 0% (0/43)
7 0% (0/43) 0% (0/43)
8 0% (0/44) 41% (18/44)
9 12% (5/43) 2% (1/43)

10 0% (0/39) 0% (0/39)
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Average clock time SmartNet unfurled and folded up*

TABLE 5

409

Time unfurled at night

Time folded up in morning

Overall,
mean (SD)
By household, % (n)

20:34 (1 hour 25 minutes)

07:43 (0 hour 43 minutes)

1 19:14 (0 hour 59 minutes) 08:14 (0 hour 13 minutes)
2 21:46 (1hour 14 minutes) 07:43 (0 hour 46 minutes)
3 20:43 (0 hour 34 minutes) 08:10 (0 hour 31 minutes)
4 19:27 (1 hour 15 minutes) 08:19 (0 hour 26 minutes)
5 20:35 (1 hour 18 minutes) 08:06 (0 hour 21 minutes)
6 21:24 (0 hour 37 minutes) 07:03 (0 hour 19 minutes)
7 21:52 (0 hour 42 minutes) 06:49 (0 hour 23 minutes)
8 18:47 (1 hour 18 minutes) 08:40 (0 hour 3minutes)
9 20:29 (1 hour 13 minutes) 06:38 (0 hour 38 minutes)
10 21:13 (0 hour 23 minutes) 07:18 (0 hour 30 minutes)

* Restricted to nights with at least four total hours use between 1800 and 0900.

worldwide may represent important variations in how LLINs
are used in practice with potential relevance for malaria
prevention.’®2° Only one other published study to our
knowledge has used remote adherence monitors to assess
bednet use. That study found 81% nightly adherence in Cote
D’lvoire, but they did not attempt to characterize bednet usein
detail as we have done here.?" In our study, the average
duration of LLIN use over 418 days of monitoring was 9 hours
49 minutes. However, some households used their LLINs
substantially less, such as household 6 (average duration: 7
hours 6 minutes) and others, such as household 8, sub-
stantially longer (13 hours 30 minutes). It is reasonable to
expect that this nearly 2-fold difference in protection be-
tween these households will have implications for their rel-
ative risks of acquiring malaria. Overall use from 2100 to 0600
was 85-90%, suggesting that this was a relatively adherent
cohort. Besides the general emphasis on higher use that is
inherent in the WHO policy of universal access, however,
there is no consensus on what level of LLIN use is actually
achievable and/or desirable in at-risk households. Future
studies using electronic monitoring of LLIN use should correlate
malaria outcomes with quantified measures of bednet use to
determine what level of adherence is necessary to achieve
malaria control goals in various transmission settings.

Some households tended to have consistently poor ad-
herence. In particular, households 1, 6, and 9 had low ad-
herence between 2100 and 0600, hours that are of highest

risk for exposure to biting mosquitoes. Many studies have
attempted to identify characteristics associated with poor
bednet adherence.?223 Remote adherence monitors could help
identify poorly adherent users and facilitate deeper inquiries
into the circumstances, leading to poor adherence which can
then be used to improve malaria prevention programs.

Of 418 observation nights, we identified 4 households (1, 4,
6, and 9) that comprised all 19 instances when the SmartNet
was not used the entire night. These events are high risk,
because they expose individuals to many hours without pro-
tection. Anecdotal evidence suggests that some of these
events may have been due to travel away from home, which is
increasingly becoming recognized as a source of exposure
risk.242® Ways to predict these missed nights, and mitigate
their effects, should be explored in future studies.

Intra-night interruptions in use, for example, bathroom use,
could represent an important risk of exposure to malaria vectors
despite self-reported bednet adherence.® We discovered a
variety of different intra-night bednet use behaviors, including
no interruptions at all (household 10), many short interruptions
(household 8), and just a few long interruptions (household 1).
Studying these sorts of overnight behaviors is challenging if not
impossible using traditional methods. Remote adherence
monitors may provide a feasible and acceptable alternative that
reduces both the lack of reliability inherent in self-reports and
also the privacy/logistical problems associated with direct ob-
servations or video capture. Future studies should explore
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Ficure 5. Timing and duration of interruptions in bednet use by household. This figure appears in color at www.ajtmh.org.
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TaBLE 6
Interruptions in use after unfurled for night*

Interruption rate per night, rate (n)

Total nonuse due to interruptions (hour minutes)

Average duration of interruption (hour minutes [SD])

Overall 0.23 (86/369) 69 hours 15 minutes 0 hour 48 minutes (49 minutes)
By household
1 0.12 (3/26) 8 hours 30 minutes 2 hours 50 minutes (14 minutes)
2 0.28 (11/39) 4 hours 0 minutes 0 hour 22 minutes (12 minutes)
3 0.13 (4/31) 1 hour 0 minutes 0 hour 15 minutes (0 minutes)
4 0.21 (9/43) 3 hours 45 minutes 0 hour 25 minutes (23 minutes)
5 0.29 (12/42) 13 hours 15 minutes 1 hour 6 minutes (37 minutes)
6 0.36 (12/33) 13 hours 0 minutes 1 hour 5 minutes (42 minutes)
7 0.17 (7/42) 6 hours 0 minutes 0 hour 51 minutes (55 minutes)
8 0.4 (17/43) 10 hours 30 minutes 0 hour 37 minutes (54 minutes)
9 0.33 (11/33) 9 hours 15 minutes 0 hour 50 minutes (40 minutes)
10 0(0/37) 0 hour 0 minutes 0 hour 0 minutes (0 minutes)

* Restricted to nights with at least four-hour use between 1800 and 0900.

how the full range of human bednet use behaviors implicate
malaria risk.

The clock time bednets are unfurled has particular rele-
vance, given evidence of earlier vector biting in response to
control efforts.® An average overall unfurling time of 2034
seems reasonable, but sunset occurs somewhere between
1830 and 1930.2° In addition, some households put their
bednets down much later, nearer to 2200, likely exposing
them to a significant number of mosquito bites that could be
avoided with earlier use. Barriers to earlier bednet use should
be explored, as these could represent important sources of
residual risk despite apparent bednet coverage. Interestingly,
households 2 and 7 had only adults using the SmartNet and
also the latest unfurling times. Future studies will need to be
powered to identify differences in use depending on the age
and other characteristics of bednet users.

This study has important limitations. The small sample size
makes generalization outside this population difficult. In ad-
dition, each household received only one SmartNet, making it
difficult to identify differences in behaviors between house-
hold members. SmartNet detects bednet use based on the
state of the net materials (i.e., folded up or unfurled); thus, we
are unable to determine whether the unfurled bednet is pro-
viding actual protection to one or more individuals. Our re-
ported intra-night interruptions are likely an underestimate
because SmartNet cannot detect an individual simply slipping
out from under a bednet without folding it up. Finally, given the
appearance of the SmartNet, the monitoring itself may change
behaviors. Studies of monitors for medication adherence in
Uganda have found that this effect typically fades over time,?’
but findings in this study should be correlated with SmartNet
monitoring over longer time periods to look for evidence of a
potential Hawthorne effect.

In conclusion, insecticide-treated bednets are a crucial
pillar of malaria control. The main focus in studies of LLIN ef-
fectiveness has been on vector behaviors,'® insecticide
resistance,'"'%2® and durability of bednet materials.™ In addi-
tion, there are multiple new LLINs being developed and tested,
at significant cost.?**° Quantifying the human behaviors un-
derlying real-life bednet use is a potentially important, and
under-researched, component in understanding how these very
prevalent and critical public health tools function in malaria
control. New electronic adherence monitors can provide novel
insights into how bednets are used in practice and may also
provide novel targets for malaria prevention programs to help
regain the initiative in malaria control.
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