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Abstract

Household spraying is a commonly implemented, yet an under-researched, cholera

response intervention where a response team sprays surfaces in cholera patients’ houses

with chlorine. We conducted mixed-methods evaluations of three household spraying pro-

grams in the Democratic Republic of Congo and Haiti, including 18 key informant interviews,

14 household surveys and observations, and 418 surface samples collected before spray-

ing, 30 minutes and 24 hours after spraying. The surfaces consistently most contaminated

with Vibrio cholerae were food preparation areas, near the patient’s bed and the latrine.

Effectiveness varied between programs, with statistically significant reductions in V. cho-

lerae concentrations 30 minutes after spraying in two programs. Surface contamination

after 24 hours was variable between households and programs. Program challenges

included difficulty locating households, transportation and funding limitations, and reaching

households quickly after case presentation (disinfection occurred 2–6 days after reported

cholera onset). Program advantages included the concurrent deployment of hygiene promo-

tion activities. Further research is indicated on perception, recontamination, cost-effective-

ness, viable but nonculturable V. cholerae, and epidemiological coverage. We recommend

that, if spraying is implemented, spraying agents should: disinfect surfaces systematically

until wet using 0.2/2.0% chlorine solution, including kitchen spaces, patients’ beds, and

latrines; arrive at households quickly; and, concurrently deploy hygiene promotion activities.

Author summary

Cholera remains a global health concern, with an estimated 2.9 million cases and 95,000

deaths per year. Household spraying is an outbreak response activity where the houses of

cholera patients are disinfected by spraying chlorine to interrupt cholera transmission

within households. The effectiveness and appropriateness of this intervention have been

questioned but it remains widely implemented. We conducted three mixed-methods eval-

uations of household spraying programs in the Democratic Republic of the Congo and in
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Haiti. By sampling surfaces before, 30 minutes and 24 hours after spraying, we were able

to identify household surfaces that were consistently the most contaminated at baseline

(namely food preparation areas, patients’ beds, and latrines). We also found that spraying

chlorine could inactivate bacteria on household surfaces but that effectiveness was incon-

sistent, likely due to differences in spraying protocols between programs such as the

amount of chlorine applied onto surfaces. Through key informant interviews, structured

observations and household surveys, we also gained insights into the advantages and chal-

lenges of each program. This work contributes to the scientific evidence base necessary to

optimize cholera response strategies; the combination of microbiological and qualitative

information allowed us to formulate concrete recommendations for outbreak response

programs.

Introduction

Infection with toxigenic Vibrio cholerae O1/O139 bacteria can cause profuse watery stool and

vomiting and, if untreated, can result in severe dehydration and death within hours [1,2].

Cholera outbreaks primarily occur in regions lacking access to adequate water, sanitation and

hygiene (WASH) services [3]. Population displacements and conflicts enhance vulnerability to

cholera [4–9]. In 2018, 34 countries reported cholera [10] and the global cholera burden is esti-

mated to 2.9 million cases and 95,000 deaths per year [11]. The Global Task Force on Cholera

Control (GTFCC) aims to reduce cholera deaths by 90% by 2030, with timely outbreak detec-

tion and response as the first step towards cholera elimination [12].

Cholera has traditionally been considered as waterborne; however, there is a growing body

of evidence suggesting that person-to-person transmission within households (via contami-

nated food, objects, or direct contact) is important [13,14]. For example, individuals living

within 50 meters of a cholera case are 23–56 times as likely to contract cholera as those further

away [15]; person-to-person transmission has been estimated to account for 41–95% of trans-

mission in modelling studies [15–18] and, mean infection risks of 3.7–8.2% were associated

with fecal shedding of V. cholerae among household contacts of cases, compared to infection

risks of 2.0–3.4% from community water sources over 11 days [19]. Among the potential chol-

era transmission pathways, it is thus plausible that contaminated surfaces or objects

(“fomites”) contribute to transmission, particularly for household contacts of cholera cases.

The likelihood of disease transmission via fomites depends on the: 1) number of pathogens

shed by infected individuals; 2) number of pathogens required to cause disease (infectious

dose); 3) persistence of pathogens on surfaces; and, 4) resistance of pathogens to disinfection

[20]. For cholera specifically, stool from infected individuals can contain up to 109 V. cholerae/
mL; stool from asymptomatic individuals (who may represent up to 80% of infected individu-

als) can contain up to 103 V. cholerae/mL [1,2]. The infectious dose for cholera is typically esti-

mated between 105 and 108 bacteria [21], however transmission risk via fomites may be

enhanced during the hyperinfectious V. cholerae stage (observed for at least 5 hours after shed-

ding by an infected individual), where the infectious dose could be<100 bacteria [22].

To our knowledge, V. cholerae persistence on household surfaces has not been evaluated. In

laboratory tests, V. cholerae bacteria lose culturability on surfaces within 1.5–4 hours but can

persist for a week on dry surfaces in a “viable but nonculturable” (VBNC) stage [23]. VBNC

cells cannot be detected using culture-based methods, however they may remain infectious

[24,25]. Lastly, regarding surface disinfection efficacy, only one relevant laboratory study was

identified, where >6 log inactivation in V. cholerae on glass and aluminum surfaces was
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measured after spraying 0.6% (6,000 mg/L) sodium hypochlorite with a 15-minute exposure

time; and, on wood surfaces, two disinfectant applications and 30 minutes were required to

achieve the same efficacy [26].

In cholera outbreaks, household spraying is a commonly implemented intervention where

cholera patients’ homes are disinfected with chlorine, with the aim to reduce the immediate

risk of cholera transmission to other household members via surfaces and/or objects contami-

nated with V. cholerae. To our knowledge, the first record of household spraying was in Tai-

wan in 1962 [27]. Recently, household spraying has been questioned and in a recent review of

international cholera guidelines, it was identified as one of few interventions explicitly not rec-

ommended by four agencies [28]. Concerns related to household spraying included [29,30]: 1)

lack of evidence of effectiveness of a one-off chlorine spraying process at reducing V. cholerae,
as chlorine can be rapidly inactivated by organic matter present on household surfaces; 2) lack

of evidence on epidemiological impact; 3) logistical constraints, as infection could spread

before teams are able to disinfect; 4) that asymptomatic individuals are not identified and thus

not targeted; 5) risk of stigmatization of the patient and family; 6) potential damage to house-

hold belongings by chlorine; and, 7) the amount of time and resources required to implement

programs. Despite these concerns, and that no evidence was found supporting the effectiveness

of household spraying in a systematic review of WASH interventions in response to outbreaks

[31], household spraying is still recommended in several national guidelines and remains

widely implemented in outbreak response [32–37], sometimes included as part of case-area

targeted response interventions (CATI) [38,39].

To inform the ongoing discussion on household spraying, we evaluated household spraying

programs in cholera outbreaks, specifically seeking to: 1) determine where V. cholerae is found

on surfaces in cholera patient houses; 2) assess the immediate effectiveness of household spray-

ing at inactivating V. cholerae on surfaces; 3) observe surface recontamination patterns within

24 hours following the intervention; and, 4) document program advantages and challenges.

Methods

A mixed-methods protocol was developed, which included key informant interviews, struc-

tured observation of spraying with chlorine measurement, household surveys, and surface

sampling. All tools including key interview and observation guides, and the survey question-

naire are provided in S1 File.

Ethics statement

This protocol was approved by the Tufts Social, Behavioral, and Educational Research (SBER)

Institutional Review Board (#1712002). In Haiti, approval was granted by the National Bioeth-

ics Committee (#1819–7). In the Democratic Republic of the Congo (DRC), in the absence of

an SBER process, ethical and cultural appropriateness were confirmed by a certified, indepen-

dent medical researcher. Written consent was obtained from all participants prior to starting

study activities.

Site selection

Solicitations for program participation in the research were sent via the Global WASH Cluster

and Cholera Platform e-lists, followed by regular communication with humanitarian WASH

partners, including personal contacts. Potential evaluation sites had ongoing outbreaks with

spraying expected to continue for 4 weeks. After a spraying program was identified for poten-

tial inclusion, approvals were obtained from: implementation partners, local and Tufts ethics
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boards, and Tufts Global Operations before Tufts staff deployment to complete the

evaluations.

Key informant interviews

Key informant interviews (KII) were conducted in the local language with program coordina-

tors and spraying agents. Semi-structured interview guides consisted of 35 and 49 questions

for coordinators and spraying agents, respectively. Coordinators were asked questions about

their experience in cholera outbreaks; program organization and logistics; household spraying

protocols; staff selection and training; and, perception of spraying interventions. Program staff

interviews addressed participants’ professional background; cholera prevention knowledge;

training; household spraying protocol; daily activities, opportunities and challenges; and,

reception of the intervention by beneficiaries. Interviews were audio-recorded with participant

consent, and transcribed in Microsoft Word to extract information.

Structured observations with chlorine measurement

Beginning at the spraying team base, study team members accompanied spraying agents to

houses. Activities, including chlorine solution preparation and spraying, were observed at each

house; structured guides were used to record observations. Chlorine solution pH and concen-

tration were measured immediately before spraying using a pH-meter (Apera EC60, Switzer-

land) and an iodometric titration test kit (Hach method #8209, USA), respectively. For ethical

reasons, if solutions were <70% of the expected concentration, the study team requested chlo-

rine be added to obtain the target concentration. As such, sampling results reflect the effective-

ness of spraying with a chlorine solution that is within 10% of the target concentration.

Household surveys

Participants were enrolled if an adult was present when the spraying team arrived and con-

sented to participate. A household survey questionnaire with 75 questions addressing demo-

graphic information, hygiene habits, and cholera information was administered in the

appropriate local language by a trained enumerator. Responses were recorded on paper forms,

and data entered into Microsoft Excel 2016 (Redmond, WA, USA) for analysis.

Surface sampling

At each house, a sampling floor plan was drawn and 10 surfaces representative of daily activi-

ties (e.g. kitchen floor, furniture, latrine) and materials (e.g. plastic, wood, dirt) were identified.

Surface selection was standardized (to the extent possible) across houses. Samples were col-

lected from the 10 selected surfaces at three time points (for a total 30 samples/house): imme-

diately before spraying; 30 minutes after spraying was completed; and, 20–24 hours after

spraying. A 10 cm × 10 cm stencil was used to delineate the sampling area and placed on an

adjacent area of the same surface at each sampling point. Samples were collected using Sanicult

swabs (Starplex Scientific, ON, Canada) in 5 mL of buffer solution, kept on ice, and trans-

ported to the field laboratory for analyses to be performed within 8 hours of collection.

Microbiological analysis

Surface samples were analyzed for Escherichia coli (E. coli) and total coliforms, and V. cholerae.
For simultaneous detection of E. coli and total coliforms, one milliliter of sample (Sanicult

swab buffer) was added to a PetriFilm (3M, MN, USA) and incubated at 35˚C for 24 hours.

The theoretical detection limit was 5 CFU/100 cm2. For V. cholerae detection, 250 μL of sample
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was spread onto thiosulfate-citrate-bile salts-sucrose (TCBS) agar (BD, NJ, USA) and incu-

bated at 35˚C for 24 hours. Round, smooth, yellow colonies were recorded as presumptive

toxigenic V. cholerae O1/O139 (hereafter termed V. cholerae); due to field testing limitations,

the identification of V. cholerae was not confirmed by other means, as further detailed in Dis-

cussion. The theoretical detection limit was 20 CFU/100 cm2. Field laboratory results were

recorded in a notebook and entered into Excel for concentration calculation and graphical

analysis. MATLAB R2017a (MathWorks, MA, USA) was used for statistical tests. Friedman’s

test was used to compare bacterial counts obtained before, 30 minutes, and 24 hours after

spraying. If statistically significant differences between time points were detected (p<0.05),

Wilcoxon’s signed rank test was performed with Bonferroni correction for multiple compari-

sons (p<0.017 considered significant).

Results

Household spraying programs were evaluated in June and July 2018 in two locations in DRC,

and in October 2018 in Haiti. In total, 18 key informant interviews were conducted, 14 house-

holds were enrolled, and 418 surface samples were collected (Table 1).

Key informant interviews & structured observations

Information collected during interviews and observation was consolidated to describe pro-

gram structure, agent training, protocols for chlorine solution preparation and spraying, and

challenges, as described below.

Program structure

Program A was implemented in an urban endemic cholera setting. Household spraying had

been initiated in 2008 by the local public health authorities. The ongoing outbreak was

declared in June 2016 (two years before the evaluation). The spraying team was based at the

Table 1. Key characteristics of spraying programs evaluated.

Program A Program B Program C

Evaluation date June 2018 July 2018 October 2018

Environment Urban Urban / semi-urban Urban

Cholera context Endemic Epidemic Endemic

Start of spraying

activities

2008 April 2018 2014

Spraying agents 3 (+6 “back-up”) 9 11

Supervision Local health authorities NGO NGO

Spraying agents’

base

Diarrheal disease treatment center

at the general hospital

Cholera treatment centers, units, and oral

rehydration points

NGO office

Mode of transport On foot or motorcycle Motorcycle (with driver) 4x4 vehicle (with driver)

Coverage

objectives

Patient house

+ 5 latrines around

Patient house

+ 20 neighbors

Patient house

+ 20–30 neighbors

Other activities Basic hygiene promotion to case

household and neighbors by

spraying agents

Hygiene promotion & kit distribution to 5

neighbors by spraying agents or supervisor

with support from 4x4 vehicle

Hygiene promotion (neighbors included), water treatment

products and/or antibiotic prophylaxis (case household),

and 2 follow-up visits by other agents

Chlorine type Calcium hypochlorite Calcium hypochlorite Calcium hypochlorite

Chlorine

concentrations

0.2% for general surfaces;

2% for latrines/soiled areas

0.2% for general surfaces;

2% for latrines/soiled areas

0.2% for general surfaces;

2% for latrines/soiled areas

Solution

preparation

At house At base At base

https://doi.org/10.1371/journal.pntd.0008661.t001
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diarrheal disease treatment center and reached households located within 15 km of their base,

using motorcycles or walking. The team was composed of 12 people: 3 agents for household

spraying, 2 agents for healthcare facility disinfection, 1 administrative assistant, and 6 back-up

agents who were not active during the evaluation. Household spraying activities were super-

vised by local public health authorities and funded over time by different non-governmental

organizations (NGOs) participating in cholera response, in coordination with the WASH

Cluster.

Program B was implemented in a large urban/semi-urban epidemic cholera context. The

outbreak began in February 2018, the first in >10 years. Household spraying was initiated in

April 2018, interrupted in June, and resumed in July, following a resurgence of cases, with a

45-day funding window. Nine program agents were split into four teams. Teams were based at

cholera treatment centers (2), a cholera treatment unit, and an oral rehydration point. All

spraying agents were paired with a motorcycle and driver.

Program C was located in a large city where spraying activities began in 2014. The eleven

spraying teams (each composed of a spraying agent and a hygiene promotion agent, some-

times accompanied by a Ministry of Health representative to distribute antibiotic prophylaxis

to household members of suspected cholera cases) were based at an NGO office as part of a

Rapid Response Team program. Each team was paired with a vehicle and driver. Six sentinel

agents were stationed at cholera and diarrhea treatment centers and reported new cases to

spraying teams via WhatsApp.

Spraying teams had similar schedules in all programs. Each day began with the identifica-

tion of new patients and documenting their addresses, either via healthcare staff (Programs A,

B) or the sentinel system (Program C). Spraying agents then gathered their protective clothing

(goggles, boots, gloves), calcium hypochlorite, spoon, and spraying equipment. Spraying solu-

tions were prepared at the house (Program A) or at the base (Programs B and C). Programs

differed in their coverage objectives. In Programs A and B, households of suspected cholera

cases received the intervention, but cases were not confirmed before deployment of the spray-

ing teams; in Program C, all households of patients with acute watery diarrhea were targeted

with household spraying. Furthermore, in Program A, the cholera patient’s house and five

neighboring latrines were sprayed; in Programs B and C the patient’s house and latrine, and

20–30 neighboring houses and latrines, were sprayed.

Upon arrival at a house, agents in all programs delivered a hygiene promotion session to

the cholera patient’s household members and available neighbors. In Program B, hygiene kits

(a safe water storage bucket, chlorine tablets, soap bars, and oral rehydration kits) were distrib-

uted to five neighboring households. Program C’s protocol included two follow-up visits, 1

and 2 weeks after spraying, to reinforce hygiene promotion messages and measure free chlo-

rine residual concentrations in stored household water. These follow-up visits were not

observed during the timeframe of the evaluation.

Spraying agents’ training and cholera knowledge

In Program A, agents reported working as spraying agents for 3–9 years and receiving spraying

training several years before the evaluation. When asked about ways to prevent cholera, all

interviewed agents (n = 4) mentioned handwashing; two also mentioned water treatment and

using latrines.

In Program B, only one respondent had had prior experience as a spraying agent. Spraying

agents reported attending a half-day training provided by the NGO running the spraying pro-

gram. Five of six respondents mentioned at least three methods of preventing cholera, includ-

ing handwashing, water treatment, latrine use, and cooking/heating food.
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In Program C, interviewed agents all had university degrees and had experience in the

humanitarian sector before joining the spraying program. They received a 1-day training pro-

vided by the NGO running the spraying program. All interviewees mentioned at least three

cholera prevention methods, including handwashing, water treatment, and latrine use.

Chlorine solutions

In all programs, high-test calcium hypochlorite powder (HTH) was used to make 0.2% solution

(for household surfaces) and 2.0% solution (for latrines and soiled surfaces [e.g. where the patient

vomited]). Across programs, spoons were used to dose chlorine and a wooden stick or spraying

nozzle was used to mix solutions. No program had a written protocol available for chlorine solu-

tion preparation. In Program A, agents asked for “clean” water from a household member, mea-

sured the required volume using their graduated 12-L spraying equipment, and mixed the

solution on site for immediate use. In Program B, agents prepared the HTH solution at the chol-

era treatment center (CTC) by estimating the required volume of tap water using a container of

known capacity such as a 20-L bucket; the 0.2% solution was transported in the sprayer tank (5

L) and used within 24 hours, and the 2.0% solution was kept in a 2-L opaque jerrycan, transferred

into the spraying equipment as needed, and kept for up to 5–7 days. In Program C, solutions

were prepared at the NGO office with tap water measured in the graduated sprayer tank (5 L);

solutions were stored and transported in the equipment for use within 24 hours.

Measured chlorine concentration in Program A ranged from 0.10–0.29% and 1.03–2.30%

for the targeted 0.2% and 2.0% solutions, respectively; 0.16–0.23% and 0.89–1.69% in Program

B; and, 0.05–0.25% and 0.16–1.10% in Program C (Fig 1). Please note, before spraying chlorine

was added to meet the lowest target concentration (0.2%) in households #3, 11, 12, and 13, as

per protocol. pH ranged from 8.3–8.7 and 11.4–11.7 for the 0.2% and 2.0% solutions, respec-

tively, in Program A; 7.9–11.4 and 11.8–12.1 in Program B; and, 11.1–12.0 and 12.4–12.6 in

Program C.

Spraying protocols

Spraying agents in Program A sprayed surfaces in a systematic manner for disinfection, start-

ing where the cholera case slept, proceeding through each room in the same direction, and

spraying until surfaces were visibly wet. Spraying was completed in 5–10 minutes, using

approximately 5–10 L of 0.2% chlorine solution per patient house; additional time was taken

to spray five neighboring latrines using approximately 5 L of 2.0% solution in total.

Fig 1. Measured chlorine concentrations (%) in spraying solutions by Program and household (#1 to #14); red line denotes target concentrations of

0.2% (left) and 2.0% (right).

https://doi.org/10.1371/journal.pntd.0008661.g001
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Spraying agents in programs B and C did not appear to target specific areas or follow a

defined protocol for household spraying. In Program B, 2–5 minutes was spent at each patient’s

house using an average of 4 L total of 0.2% chlorine solution to spray 21 houses (~0.2 L per

house) and 0.5–2 L of 2.0% chlorine solution was used to spray the latrines (~0.02–0.1 L per

latrine). In Program C, 2–5 L of 0.2% chlorine solution were sprayed in each patient’s house

over approximately 5 minutes; the volume of 2.0% chlorine solution used was not recorded.

Identified challenges

Three concerns were raised during interviews: identification of target households, transporta-

tion, and rejection and security issues.

During the six days the study team followed Program A spraying agents, three houses listed

for disinfection could not be located. Three spraying agents from Program A (50%) stated they

felt patients sometimes provide incorrect addresses due to fear of stigmatization. Additionally,

the study team found household identification was particularly challenging in camp settings,

due to population movements and high density. During the Program B evaluation, all houses

were found by spraying teams, sometimes with the help of a patient’s relative. Three interview-

ees (43%) from Program B still reported locating houses was difficult and time-consuming,

mentioning the lack of precise addresses as an issue. They suggested the use of cell phones as a

means to contact their base for guidance on locating houses.

Transportation, in particular, availability of motorcycles and fuel, was mentioned as a chal-

lenge in 5 (83%) and 3 (43%) interviews with spraying agents from Programs A and B, respec-

tively. These concerns were linked to funding (or funding continuity) issues, explicitly

mentioned by 4 interviewees (67%) in Program A and 2 interviewees (29%) in Program B.

In Program C, logistics appeared to function smoothly for the 11 cholera response teams.

Concerns raised by spraying agents during interviews included security in some neighbor-

hoods and, in three instances (60%), refusal of household spraying. The latter was attributed to

fear of stigmatization or lack of trust in response team motives.

Household surveys

The number of household members ranged from 2–13, with a mean of 6, 8.5, and 5 in Pro-

grams A, B, and C, respectively (Table 2). In Programs A and B, dirt walls (90%) and floors

(100%) with metal roofs (100%) were the most common building materials; concrete walls

(75%) and floors (100%) were common in Program C. Two enrolled households (20%) had

electricity in Programs A and B, compared to 3 out of 4 households (75%) in Program C.

Shared latrines were the most commonly available sanitation facility across programs (57%).

All households (100%) had soap and water for handwashing in Program A compared to half

(50%) in Program C; in Program B, only soap was observed at one house (20%). Floor cleaning

frequencies were variable in Program A, from several times a day (40%) to daily (20%) or less

(20%), while daily cleaning was most commonly reported in Programs B (80%) and C (75%).

In Program A, laundry was washed in a nearby river or lake (80%), which was not possible at

the other study sites. Reported laundry frequencies were variable, with 50–60% of all respon-

dents laundering at least every 2–3 days.

Survey respondents estimated they were 1–3 and 0.2–1.5 hours away from the closest CTC

in Programs A and B, respectively. In Program C, no respondent knew the closest CTC. No

household deaths due to cholera were reported by study participants. Overall, 2–6 days had

elapsed between reported cholera/diarrhea symptom onset and spraying team arrival. Having

a clean house was the most common reason why survey respondents reported appreciating

household spraying (71%), followed by feeling safe (21%). When asked about what they did
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Table 2. Selected household survey results.

Program A

n = 5

Program B

n = 5

Program C

n = 4

Demographics & context

N(%) Female respondent 5 (100%) 4 (80%) 4 (100%)

N(%) Respondent went to school 3 (60%) 5 (100%) 4 (100%)

Mean number of household members (range) 6 (2–13) 8.5 (7–10) 5 (3–8)

Mean number of beds (range) 1.8 (0–4) 0.2 (0–1) 2.2 (1–5)

N(%) Walls

- Dirt 4 (80%) 5 (100%) 0 (0%)

- Concrete 0 (0%) 0 (0%) 3 (75%)

N(%) Floor

- Dirt 5 (100%) 5 (100%) 0 (0%)

- Concrete 0 (0%) 0 (0%) 4 (100%)

N(%) Metal roof 5 (100%) 5 (100%) 3 (75%)

N(%) Electricity 1 (20%) 1 (20%) 3 (75%)

Sanitation and reported hygiene practices

N(%) Latrines

- Private 1 (20%) 0 (0%) 2 (50%)

- Shared 2 (40%) 4 (80%) 2 (50%)

- None 2 (40%) 1 (20%) 0 (0%)

N(%) Soap available for handwashing 5 (100%) 1 (20%) 2 (50%)

N(%) Water available for handwashing 5 (100%) 0 (0%) 3 (75%)

N(%) Dishwashing frequency

- After each meal 3 (60%) 0 (0%) 3 (75%)

- Daily 1 (20%) 4 (80%) 0 (0%)

- Every 2–3 days 1 (20%) 1 (20%) 1 (25%)

N(%) Drying dishes

- Outside 2 (40%) 4 (80%) 1 (25%)

- Inside 2 (40%) 1 (20%) 1 (25%)

- Not done 1 (20%) 0 (0%) 2 (50%)

N(%) Floor cleaning frequency

- Several times a day 2 (40%) 1 (20%) 0 (0%)

- Daily 1 (20%) 4 (80%) 3 (75%)

- Every 2–3 days 1 (20%) 0 (0%) 0 (0%)

- No cleaning 0 (0%) 0 (0%) 1 (25%)

N(%) Laundry at river or lake 4 (80%) 0 (0%) 0 (0%)

N(%) Laundry frequency

- Daily 2 (40%) 0 (0%) 0 (0%)

- Every 2–3 days 1 (20%) 3 (60%) 2 (50%)

- Weekly 1 (20%) 1 (20%) 2 (50%)

- Every other week or less 1 (20%) 1 (20%) 0 (0%)

Cholera

Mean (range) distance from CTC [minutes] 105 (60–180) 34.5 (10–90) - (a)

Mean (range) time since last reported onset of cholera symptoms [days] 3.4 (2–5) 3.2 (2–4) 5.5 (5–6, n = 2)

N(%) First time having household spraying 4 (100%) 4 (80%) 3 (75%)

N(%) Appreciated about household spraying

- Feeling safe 3 (60%) 0 (0%) 0 (0%)

- Clean house 2 (40%) 5 (100%) 3 (75%)

(Continued)
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not like, all respondents reported “everything was good” (Programs A and B) or they did not

know (Program C). Please note that, due to programmatic response protocol, two of four

patients in Program C were acute watery diarrhea cases and not suspected cholera cases.

Surface sampling: Vibrio cholerae

Before spraying, the highest V. cholerae concentrations were consistently found around food

preparation spaces/floors, latrine floors, and near the patients’ sleeping areas (Fig 2A).

Overall, the number of surfaces that tested positive for V. cholerae decreased between before

and 30 minutes after spraying in 13 out of 14 (93%) households. Between 30 minutes and 24

hours after spraying, an increase in the number of surfaces contaminated with V. cholerae was

seen in 10 out of 14 (71%) households (Fig 2B). Results from each program are detailed below.

In Program A, before spraying, 25 surfaces across 5 houses were positive for V. cholerae
(range 2–9 surfaces/household, Fig 2B). Thirty minutes after spraying, eight surfaces in three

houses (range 1–6) were positive; 24 hours after spraying, 16 surfaces in four houses (range

1–6) were positive. Overall, nine surfaces had high contamination (>5,000 CFU/cm2) before

spraying, compared to four and five surfaces 30 minutes and 24 hours after spraying, respec-

tively. Statistically, there was decreased contamination 30 minutes (p<0.001) and 24 hours

(p = 0.007) after spraying as compared to before spraying, and no statistical difference between

30 minutes and 24 hours (p = 0.064).

In Program B, 40 surfaces (5 households, range 5–10 surfaces/house) were positive for V.

cholerae before spraying, compared to 25 surfaces (range 3–7) and 39 surfaces (range 5–9) 30

minutes and 24 hours after spraying, respectively (Fig 2B). Overall, 16 surfaces had high con-

tamination (>5,000 CFU/cm2) before spraying, compared to 10 and 13 surfaces 30 minutes

and 24 hours after spraying, respectively. Statistically, there was decreased contamination 30

minutes after spraying (p = 0.014), but not 24 hours after spraying (p = 0.804), as compared to

before spraying, and a statistical difference was seen in bacterial counts between 30 minutes

and 24 hours (p = 0.008). Specifically, between 30 minutes and 24 hours after spraying,

observed contamination levels increased on 25 surfaces, including water containers (3), latrine

floors (2), latrine walls (2), and patient’s bed (2). A decrease in contamination levels was noted

on 6 surfaces, including inside walls (2).

In Program C, 22 surfaces (4 households, range 4–7 surfaces/house) were positive for V.

cholerae before spraying, compared to 11 surfaces (range 2–5) and 33 surfaces (range 2–7) 30

minutes and 24 hours after spraying, respectively (Fig 2B). Overall, 13 surfaces had high con-

tamination (>5,000 CFU/cm2) before spraying, compared to 5 and 10 surfaces 30 minutes and

24 hours after spraying, respectively. Statistically, no difference in bacterial counts was seen

between sampling points before, 30 minutes, and 24 hours after spraying (p = 0.062).

Table 2. (Continued)

Program A

n = 5

Program B

n = 5

Program C

n = 4

- Air purification 1 (20%) 0 (0%) 1 (25%)

N(%) Did not appreciate about household spraying

- "Everything was good" 5 (100%) 5 (100%) 0 (0%)

- Doesn’t know 0 (0%) 0 (0%) 4 (100%)

(a) None of 4 respondents knew where the cholera treatment facility was located.

https://doi.org/10.1371/journal.pntd.0008661.t002
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Surface sampling: Escherichia coli

Across programs, the highest E. coli concentrations before spraying were detected on kitchen

and latrine floors, and near the patients’ sleeping areas (S1 Fig).

Overall, the number of surfaces testing positive for E. coli decreased between before and 30

minutes after spraying in 10 out of 14 (71%) households. Between 30 minutes and 24 hours

after spraying, an increase in the number of surfaces contaminated with E. coli was also seen in

10 out of 14 (71%) households (S1 Fig). Results from each program are detailed below.

In Program A, before spraying, 20 surfaces (5 households, range 3–5 surfaces/house) were

positive for E. coli, compared to 8 surfaces (range 0–3) and 18 surfaces (range 2–5), 30 minutes

and 24 hours after spraying, respectively (S1 Fig). Statistically, there was decreased contamina-

tion 30 minutes after spraying (p<0.001), but not 24 hours after spraying (p = 0.879) as com-

pared to before spraying, and a statistical difference was seen between 30 minutes and 24

hours (p<0.001). Specifically, between 30 minutes and 24 hours after spraying, observed

Fig 2. (a) V. cholerae concentrations on selected surfaces before, 30 minutes and 24 hours after household spraying.

(b) Number of surfaces where V. cholerae were detected (>25 CFU/100 cm2), by program and household.

https://doi.org/10.1371/journal.pntd.0008661.g002
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contamination levels increased on 13 surfaces, most commonly on kitchen floors (4) and

patient’s bed (2). A decrease in contamination levels was noted on two surfaces, including a

kitchen floor and a table.

In Program B, 35 surfaces (5 households, range 5–9 surfaces/house) were positive for E. coli
before spraying, compared to 23 surfaces (range 2–7) and 31 surfaces (range 5–7), 30 minutes

and 24 hours after spraying, respectively (S1 Fig). Statistically, there was decreased contamina-

tion 30 minutes after spraying (p = 0.005) compared to before spraying; differences were nei-

ther significant between before spraying and 24 hours later (p = 0.018) nor between 30

minutes and 24 hours (p = 0.132). Please note p<0.017 was considered significant in post-hoc

tests for multiple comparisons.

In Program C, 16 surfaces (4 households, range 3–6 surfaces/house) were positive for E. coli
before spraying, compared to 10 surfaces (range 2–3) and 12 surfaces (range 2–4) 30 minutes

and 24 hours after spraying, respectively (S1 Fig). Statistically, there was decreased contamina-

tion 30 minutes after spraying (p = 0.010), but not 24 hours after spraying (p = 0.515) as com-

pared to before spraying, and a statistical difference was seen between 30 minutes and 24

hours (p = 0.008). Specifically, between 30 minutes and 24 hours after spraying, observed con-

tamination levels increase on nine surfaces, including kitchen floors (2) and water containers

(2). A decrease in contamination levels was noted on four surfaces, including floors near

patient’s beds (2).

Although total coliforms were detected more often and in higher concentrations, results

were similar to E. coli results (S2 Fig).

Discussion

We conducted mixed-methods evaluations of three household spraying programs imple-

mented in cholera response. Our results indicate that: 1) before disinfection, the highest con-

centrations of V. cholerae and indicator bacteria were consistently found on surfaces in food

preparation areas, near the patients’ sleeping areas, and around latrine floors; 2) household

spraying with chlorine can reduce bacterial contamination on household surfaces, however,

effectiveness was not consistent across programs and recontamination within 24 hours was

seen in the majority of households; 3) spraying programs provide opportunities for the con-

current deployment of hygiene promotion activities; and, 4) programs face challenges in locat-

ing houses as well as context-specific challenges.

The first study objective was to determine where V. cholerae were found on surfaces in chol-

era patient houses. The locations identified in this study as the most contaminated (food prep-

aration areas, near the patients’ beds, and latrines) are consistent with known cholera

transmission pathways [40,41] and previous evaluations of indicator bacteria and pathogens

on household surfaces in England, the United States, and Tanzania [42–44]. We did not

observe consistent differences in surface contamination levels prior to disinfection between

private and shared latrines.

In terms of effectiveness, this study is the first we know of to provide evidence suggesting

that household spraying can inactivate culturable V. cholerae and indicator bacteria on sur-

faces, and thus reduce cholera transmission risk. These results are in line with previous labora-

tory-based evaluations of chlorine spraying [26]. However, effectiveness was variable between

programs. A statistically significant reduction in V. cholerae and E. coli over 24 hours was only

observed in Program A. In Program B, spraying resulted in a statistically significant reduction

in V. cholerae and E. coli but surfaces that were highly contaminated before spraying remained

highly contaminated and reductions were not sustained over 24 hours. In Program C, no sta-

tistically significant difference was seen before/after spraying. Differences in effectiveness can
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be attributed to different spraying procedures. In Program A, agents were observed to system-

atically apply a larger volume of relatively accurately dosed 0.2 and 2.0% chlorine solution,

compared to Programs B and C, where ambitious coverage objectives (20–30 houses in addi-

tion to that of the case) may have led sprayers to spend less time–and chlorine solution–at

each house. Based on these differences, and a recent laboratory study where spraying chlorine

was observed to achieve incomplete surface coverage [45], we hypothesize that our microbio-

logical results reflect insufficient chlorine coverage in Programs B and C. More simply, house-

hold spraying can reduce surface contamination if chlorine solutions of appropriate

concentrations are applied until surfaces are wet (i.e. contact between bacteria on surfaces and

disinfectant is ensured), as reported by spraying agents and observed in Program A.

Sampling 24 hours after spraying indicated that recontamination could occur. Differences

between households in observed recontamination with V. cholerae may be influenced by the

presence/absence of infected individuals, which was not assessed in this evaluation. It is

unclear from this evaluation whether spraying program characteristics or variable household

cleaning habits are linked to recontamination with V. cholerae and indicator bacteria. Given

that surfaces are typically soiled with organic matter, which inactivates chlorine [46], and

recontamination is a known occurrence during water storage in houses [47], recontamination

of household surfaces with indicator bacteria over time was expected.

The following (expected [29,30]) program challenges were noted: 1) spraying teams only

disinfected houses of cases who reached healthcare facilities, with disinfection occurring 2–6

days following symptom onset; 2) transportation and funding were mentioned and echo inter-

national concerns about household spraying being resource-intensive; 3) locating houses was

noted as difficult in Programs A and B, with agents suggesting the use of communication units

(e.g. cell phones) and/or that traveling with relatives could assist in household identification;

4) context-specific challenges related to perception of the intervention noted by spraying

agents, including fear of stigmatization and/or lack of trust that could lead to refusals. In com-

paring programs from an implementation perspective, it appeared that using spraying as a

platform to deploy hygiene promotion activities at the household level was an efficient

approach, as previously noted [48]. However, we were not able to assess specifically whether

hygiene promotion activities responded to the needs of targeted households. Among identified

program strengths, all programs used spoon-based HTH dosages that were simple and pro-

vided reasonably accurate 0.2% chlorine solutions.

Our work had several limitations, including: 1) small sample size which restricts the gener-

alizability of observations and ability to detect associations between contamination and house-

hold variables; 2) sampling of adjacent surfaces before, 30 minutes, and 24 hours after

spraying, which may have had different initial bacterial concentrations, to assess effectiveness;

3) not integrating bacterial recovery rates from surfaces into sample concentration calculations

due to uncertainty, which may lead to differential underestimates of concentration levels

between surface materials; and, 4) potential biases in qualitative responses and/or behaviors

from household respondents (social desirability) and program staff (Hawthorne effect), nei-

ther of which impact our main results from microbiological surface sampling.

Three other study considerations are important to note: speed of deployment to carry out

an evaluation in a humanitarian context, the question of V. cholerae identification and VBNC

cells, and the preliminary nature of this research. Each is described further below.

In addition to results presented herein, we also deployed to Mozambique after Cyclone

Idai, but arrived after spraying programs ended due to delays in securing approvals. This high-

lights a challenge of conducting research in some humanitarian contexts. Interviews con-

ducted in Mozambique after the program ended support and expand upon our other results

herein. Retrospective key informant interviews were conducted with three spraying program
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staff and five recipients of household spraying. In this program, a team of four visited patient

households to carry out spraying (with different chlorine concentrations, spraying protocols,

and target surfaces reported by each respondent), conduct a short survey, and test drinking

water for chlorine residual. Both case and neighboring households received a hygiene kit and

hygiene promotion messages, and latrines were sprayed. Spraying agents appreciated that

transportation was provided. Households indicated this was their first interaction with a

household spraying program, and the most commonly reported household appreciation for

spraying was because it was effective against pests such as mosquitos, ants, and mice. Our

experience in this and other evaluations highlights the importance of rapid research team

deployment, although challenges in securing relevant approvals can delay evaluations.

The second consideration is that we intended to test surface samples for V. cholerae using

viability-qPCR (with propidium monoazide pre-treatment, followed by an assay targeting the

ctxA gene [49]) to confirm the identification of toxigenic V. cholerae O1/O139 by culture on

TCBS agar and potentially detect VBNC cells. Unfortunately, viability-qPCR results were

inconclusive, possibly due to inadequate preparation and/or storage of samples, undetectable

concentrations, and/or detection of bacteria other than V. cholerae on TCBS agar. The use of

TCBS agar for isolation of V. cholerae from clinical and environmental samples is a standard

method but growth of other bacteria on that medium is possible [50,51]. In particular,

sucrose-fermenting bacteria including some non-pathogenic Vibrio spp. and Proteus spp. may

form yellow colonies that, despite different phenotypes, could potentially be confounded with

V. cholerae if present in the tested samples [52,53]. Our evaluation results would undoubtedly

have been strengthened by qPCR (or another) confirmation. We cannot exclude that our

results reflect surface contamination with bacteria other than toxigenic V. cholerae O1/O139,

particularly in settings such as Program C, where two patients were not considered suspected

cholera cases. However, we believe that the likelihood of incorrect V. cholerae identification on

TCBS agar remains low for surface samples collected in households of cholera cases in con-

firmed outbreak settings.

The third consideration is that this study was preliminary and not designed to answer ques-

tions of stigma, recontamination, cost-effectiveness, spraying efficacy, and epidemiological

coverage. Thus, further research is needed to: 1) complete behavioral research to understand

perceptions of household spraying; 2) in well-implemented programs, understand when and

how recontamination occurs and if spraying should be repeated; 3) compare effectiveness,

cost-effectiveness, and acceptability of household spraying and alternative interventions such

as the distribution of household cleaning supplies to support decision-making; 4) complete

further laboratory research with known recovery rates to assess chlorine efficacy–potentially

including chlorine compounds other than HTH that might be used for spraying solutions,

such as sodium dichlorosisocyanurate (NaDCC)–at inactivating V. cholerae from representa-

tive household surfaces; and, 5) refine methods to test and analyze VBNC cells, and to deter-

mine the environmental and epidemiological relevance of VBNC V. cholerae on surfaces. If

future evaluations with larger sample sizes establish that household spraying is acceptable,

cost-effective, and can reliably inactivate V. cholerae on household surfaces, health impact eval-

uations could be considered.

Overall, our results suggest that household spraying may be effective at reducing the risk of

cholera transmission via fomites. While many questions remain, if responders choose to

implement household spraying, our results support the following recommendations: 1) spray-

ing agents should be trained to disinfect households systematically, including kitchen spaces,

patient’s sleeping area, and latrines; 2) 0.2% chlorine should be used on household surfaces

and 2.0% chlorine in latrines, soiled surfaces and, if acceptable, kitchen spaces; 3) sufficient

time and resources should be available for spraying agents to meet program coverage
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objectives in terms of number of houses to disinfect, while performing disinfection carefully

and spraying surfaces until visibly wet; 4) spraying agents should arrive at households as

quickly as possible, with the assistance of communication units or patient relatives; and, 5)

hygiene promotion activities should be concurrently deployed with household spraying and

agents trained accordingly.
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S1 Fig. (Top) E. coli concentrations on selected surfaces before, 30 minutes and 24 hours after
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