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Indoor residual spraying (IRS) is used to control visceral leishmaniasis
(VL) in India, but it is poorly quality assured. Quality assurance was
performed in eight VL endemic districts in Bihar State, India, in 2014.
Residual dichlorodiphenyltrichloroethane (DDT) was sampled from
walls using Bostik tape discs, and DDT concentrations [grams of active
ingredient per square meter (g ai/m2)] were determined using HPLC.
Pre-IRS surveys were performed in three districts, and post-IRS sur-
veys were performed in eight districts. A 20% threshold above and
below the target spray of 1.0 g ai/m2 was defined as “in range.” The
entomological assessments weremade in four districts in IRS and non-
IRS villages. Vector densities were measured: pre-IRS and 1 and 3 mo
post-IRS. Insecticide susceptibility to 4% DDT and 0.05% deltamethrin
WHO-impregnated papers was determined with wild-caught sand
flies. The majority (329 of 360, 91.3%) of pre-IRS samples had residual
DDT concentrations of <0.1 g ai/m2. The mean residual concentration
of DDT post-IRS was 0.37 g ai/m2; 84.9% of walls were undersprayed,
7.4% were sprayed in range, and 7.6% were oversprayed. The abun-
dance of sand flies in IRS and non-IRS villages was significantly dif-
ferent at 1 mo post-IRS only. Sand flies were highly resistant to DDT
but susceptible to deltamethrin. The Stockholm Convention, ratified
by India in 2006, calls for the complete phasing out of DDT as soon as
practical, with limited use in the interim where no viable IRS alterna-
tives exist. Given the poor quality of the DDT-based IRS, ready avail-
ability of pyrethroids, and susceptibility profile of Indian sand flies,
the continued use of DDT in this IRS program is questionable.
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Leishmaniases are diseases caused by protozoan parasites that
are transmitted to humans through the bites of infected fe-

male sand flies. The visceral form of leishmaniasis (VL) is en-
demic on the Indian subcontinent and in East Africa and Brazil,
and 90% of the estimated 200–400,000 annual cases come from
people living in these countries (1).
An estimated 200 million people are at risk for VL, of whom 65

million live in India (2). The majority of Indian VL cases occur in
the northeastern states, predominantly in Bihar (3, 4). The num-
bers of VL cases reported in India are based on passive case
reporting, and therefore may be an underestimation (2, 5); how-
ever, regardless, advances in VL diagnostic tests and improved
treatment modalities have ensured that the number of deaths due
to VL in India has gradually decreased over the past 5 y (6).
VL in India is caused by Leishmania donovani and is only

transmitted by the female sand fly, Phlebotomus argentipes; no
animal reservoir exists (2, 7). During the period of 1953–1962,
indoor residual spraying (IRS) undertaken by the Indian na-
tional malaria program using dichlorodiphenyltrichloroethane
(DDT) at 1 grams of active ingredient per square meter (g ai/m2)
for malaria control had the beneficial side effect of significantly
reducing the number of VL cases in India. A similar effect on VL
due to IRS for malaria control was also seen in Bangladesh from
1961–1970 (8). In India, VL did not reappear in areas such as
Assam until the late 1970s (9). This inadvertent control of VL led
to the adoption of IRS by the Indian VL elimination program as
the main focus for P. argentipes control, and two periods of IRS

using DDT at 1 g ai/m2 during 1977–1979 and 1992–1995 both saw
sharp decreases in the number of VL cases reported (6).
In India, IRS is performed by spraying houses and animal

shelters to control the endophilic and exophagic vector P. argentipes
(10). Although the effect of IRS on P. argentipes is based on limited
data (11–13), a cluster randomized trial performed in India, Ban-
gladesh, and Nepal demonstrated that IRS using DDT reduced the
indoor abundance of P. argentipes by 72.4% in intervention clusters
compared with controls; this effect was greater than the effect of
environmental modification or the use of long-lasting insecticide-
treated nets (42.0% and 43.7%, respectively) (14). Older models
also predict that IRS is capable of achieving VL elimination, pro-
vided that sand fly densities are reduced by 67% (15). Given that
effective prevention through vector control and rapid diagnosis and
treatment methodologies exist (7, 16), elimination of VL in this
region should therefore be technically feasible. However, in order
for the predicted outcomes of IRS to become a reality, the IRS
itself must be of sufficient quality to achieve an impact (17, 18).
Strong regional political support for VL elimination was estab-

lished through a tripartite agreement between Bangladesh, India,
and Nepal that was signed in 2005 with the aim of reducing the
annual incidence of VL and post–kala-azar dermal leishmaniasis
(PKDL) to less than one case per 10,000 population at the sub-
district level by 2015 (19). This program was a four-phase process
to interrupt transmission, enhance early diagnosis and treatment,
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and improve health education (20). The tripartite agreement also
aimed to standardize IRS in the region, as recommended by the
regional technical advisory group (RTAG) (21) (Table 1).
In India, the elimination effort is led by the Indian National

Vector Borne Disease Control Programme (NVBDCP) and sup-
ported by a range of national research institutes and nongovern-
mental organizations. Following the successful completion of all
four phases of the elimination plan, the WHO will be approached
to review the status and provide a certificate of elimination (22).
A range of insecticides could be used for IRS. DDT, malathion,

deltamethrin, cyfluthrin, alpha-cypermethrin, and lambda-cyhalo-
thrin are registered and have been used for malaria IRS-based
control activities in India (23). DDT is by far the most contro-
versial of these insecticides, belonging to a group of persistent
organic pollutants (POPs) that have received significant global
attention due to their bioaccumulation properties, high toxicity,
and ubiquitous exposure of humans and wildlife. Under the
Stockholm Convention, agreed on in 2000 for “Protecting human
health and the environment from POPs,” there is international
agreement that DDT, although maintained temporarily for IRS for
vector-borne disease control where other alternatives are not viable,
should be totally phased out as soon as practical (24). India ratified
the Stockholm Convention in 2006. Despite this fact, and the
availability of a range of alternative chemicals, the decision was
made to use DDT at 1.0 g ai/m2 for scaling up of VL elimination
activities.
In the attack phase of the program, two rounds of IRS should

be performed annually, the first in February/March and the
second in May/June (19, 20). However, the IRS implementation
was suboptimal in India and Nepal and did not start in Bangla-
desh until 2010 (25). Although Bangladesh and Nepal, where
transmission is lower, have subsequently made significant gains
(26), the Indian program remains in the attack phase.
The RTAG recommended that close monitoring of insecticide

resistance should be performed as part of the drive toward elim-
ination (21). Although the current data on sand fly resistance are
limited, a review of resistance in the region clearly shows that
DDT resistance in sand flies has been regularly reported in India
since the 1990s (8). There are also sporadic reports of low levels of
deltamethrin resistance in sand flies; however, because none of the
studies applied the same standardized protocol, it is difficult to
map overall trends in resistance prevalence.
Here, we present the first systematic analysis, to our knowledge, of

the quality of the delivery of insecticide to wall surfaces in the Indian
IRS program in eight districts in Bihar State and discuss the impli-
cations of the findings for the regional VL elimination program.

Results
Study Sites.Eight districts were selected for IRS quality assurance
(QA) surveys: Begusarai, Gopalganj, Khagaria, Paschim Cham-
paran, Patna, Purbi Champaran, Saharsa, and Samastipur. Four
of these districts, Gopalganj, Patna, Purbi Champaran, and
Samastipur, were chosen for entomological assessment (Fig. 1).
The post-IRS surveys covered 41 primary health centers (PHCs)
across the eight study districts.

IRS QA.
Pre-IRS surveys. In total, 360 IRS wall samples, corresponding to
90 households, were tested for DDT residue concentration. The
majority of households (73 of 90, 81.1%) were from villages
where the last IRS round had occurred within the year. The
median number of days between the last spray and the sample
collection date from these households was 108 d (interquartile
range: 103–158 d).
The vast majority of samples (329 of 360, 91.3%) had DDT

concentrations below 0.1 g ai/m2. The remainder had average
household DDT residue levels of 0.24 g ai/m2 [95% confidence
interval (CI): 0.15–0.32 g/m2].
Post-IRS surveys. Overall, 560 households were sampled for DDT
post-IRS, resulting in 2,228 samples. All samples were collected
between 0 and 45 d postspraying. The median number of days
between spraying and sample collection was 5 d. The vast ma-
jority of samples (90.1%) were collected 0–15 d postspraying.
The average level of DDT found on walls post-IRS was 0.37

g ai/m2 (95% CI: 0.35–0.40). Overall, 84.9% (1,892 of 2,228) of
walls were undersprayed (below 80% of target dose of 1 g ai/m2),
7.4% (166 of 2,228) of walls were within the target range (0.8–1.2
g/ai m2), and 7.6% (170 of 2,228) of walls were oversprayed
(above 1.2 g ai/m2). Average household results showed 489 of
560 (87.3%) undersprayed houses, 41 of 560 (7.3%) houses on
target, and 28 of 560 (5.0%) oversprayed houses (Fig. 2).
Four samples were taken from different positions in each

household to investigate whether DDT was evenly distributed on
the walls. Stratifying results by height showed almost identical
average concentrations of DDT (high = 0.406 g ai/m2, medium =
0.378 g ai/m2, very low = 0.360 g ai/m2, and low = 0.346 g ai/m2;
P = 0.16), indicating that the average quality of the IRS spraying
between households was consistent. ANOVA within each house-
hold confirmed there were no significant differences (P = 0.32) in
the amount of DDT distributed on walls.
When results were stratified by geographic location, it was

evident that none of the study districts had DDT concentrations
on the walls that were routinely within the target range set by the
IRS program. Only one of 41 (2.4%) PHCs had an average
concentration of DDT on walls that fell within the target range
of 0.8–1.2 g ai/m2 (details are provided in SI Appendix). Strati-
fying data by village showed 8 of 187 (4.3%) of villages were on
target, 5 of 187 (2.7%) villages were oversprayed, and 174 of 187
(93.0%) villages were undersprayed. The villages that were sprayed
within the target range were evenly distributed across the eight
study districts (Begusarai = 1, Purba Champaran = 1, Gopalganj = 1,
Khagaria = 2, Patna = 0, Saharsa = 0, Samastipur = 2, and Paschim
Champaran = 1, respectively).
When matched pre-IRS and post-IRS samples were compared

using the Wilcoxon signed rank test (matched for household,
wall position, and surface type), there was a 10-fold difference
between the mean pre-IRS and post-IRS concentrations of DDT
(P < 0.0001), although the concentrations of DDT were still well
below the target dose post-IRS. Using the pre-IRS values to adjust
the post-IRS values gave an average DDT residue on the walls
from the spray round of 0.2 g ai/m2 compared with 0.37 g ai/m2.

Historical Insecticide Resistance Data. India does not currently
conduct routine programmatic monitoring of insecticide suscep-
tibility levels in sand flies; therefore, comprehensive data were not
available. A literature survey resulted in a total of 11 studies that
met the inclusion criteria for basic resistance analysis, spanning
the years 1978–2014. Data were only available for the insecticides
DDT, deltamethrin, and malathion.
Analysis of combined data showed a decreasing trend in

P. argentipes susceptibility to DDT in Bihar State over the past
22 y (Fig. 3). Resistance to malathion was identified in one of
three studies, and decreased susceptibility to deltamethrin was
identified in one in four studies; however, the number of studies
identified overall was too low to draw broader conclusions re-
garding trends in resistance to these insecticides. Sand flies were
susceptible to DDT in 1980, and resistance was first detected in

Table 1. Schedule for the elimination of VL in India, Bangladesh,
and Nepal

Years Phase

2005–2007 Preparatory phase: Establish IRS and build capacity
2008–2013 Attack phase: Intensify IRS, increase vector

surveillance, improve early diagnosis and
treatment, and introduce case surveillance

2014–2016 Consolidation phase: Limited IRS and case surveillance
2016 onward Maintenance phase: Surveillance and rapid response

to prevent reintroduction

Data are from ref. 21.
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1993, a year after the third cycle of DDT use to prevent VL in
India had started.

Insecticide Susceptibility Assays. Susceptibility tests with wild-
caught P. argentipes sand flies against 4%DDTWHO- impregnated
papers in non-IRS and IRS villages showed corrected mortality
ranges of 24.6–37.5% in control villages and 30.0–37.8% in IRS
villages across the four districts sampled.
Due to the low numbers of sand flies collected, 0.05% delta-

methrin susceptibility tests were only conducted in the non-IRS
villages in Gopalganj and Patna districts. These results showed
corrected mortality rates of 98.3% and 100%, respectively, con-
sistent with previously published results (27).

Sand Fly Abundance. Due to adverse weather conditions, no sand
flies were collected during the pre-IRS surveys that were conducted
in 48 houses across four districts of Bihar in February 2014. In post-
IRS collections, a total of 1,073 sand flies [P. argentipes (n = 626),
Phlebotomus sergentomyia (n = 412), and Phlebotomus papatasi (n =
35)] were collected over the four entomology study districts in non-
IRS and IRS houses. In IRS villages, a total of 433 sand flies were
caught, whereas in non-IRS villages, a total of 640 sand flies
were collected.
P. argentipes abundance increased across all sentinel sites post-

IRS; however, there was a significance difference seen in the
number of sand flies collected in IRS and non-IRS villages
during the 1-mo post-IRS collections (Table 2; P = 0.001). This
difference was not observed in the 3-mo post-IRS collections
(P = 1.0), indicating that IRS affected sand fly abundance for up
to 4 wk immediately following spraying.
The highest per night/per trap abundance in 1-mo post-IRS

collections was seen in the non-IRS sites of Gopalganj and
Samastipur (5.5 and 5.0, respectively), and at 3 mo post-IRS, the
highest per night/per trap abundance was seen in the IRS sites of
Samastipur and Paschim Champaran (4.92 and 4.0, respectively).
The mean 1-mo abundance in non-IRS sites was 4.34, and the
mean 1-mo abundance in IRS sites was 2.02. The mean 3-mo
abundance in non-IRS sites was 2.93, and the mean 3-mo
abundance in IRS sites was 2.90. Aside from the 0.0 abundance

seen in all sentinel sites during the pre-IRS surveys, the lowest
abundance was seen in IRS sentinel sites in Patna, 3 mo post-IRS
(1). This pattern of abundance concurs with previously observed
seasonal sand fly distributions in Bihar, India, where the numbers
of sandflies is naturally low during the winter months, followed by
a peak in June through August, before naturally declining again
toward the winter months (28).

Discussion
In order for IRS-based vector control to have the desired impact,
an effective insecticide needs to be sprayed at a biologically effective
concentration on the right structures at the right time. Timing is
often driven by climate, which drives the annual changes in
abundance of the insect vector population (29). Insecticide choice
is a function of cost, formulation suitability, insecticide susceptibility
status of the vector, and international and national regulatory
approvals for use in public health (30, 31). Spray quality is mea-
sured by evenness of the spray coverage and proximity of the actual
dosage achieved on the wall surface to the specified target con-
centration (22, 30, 31). Good IRS programs should have an ap-
propriate monitoring and evaluation system in place that allows
evidence-based insecticide choice and QA of the implementation
of the spray program; guidelines from the WHO and WHO/
Tropical Disease Research (TDR) are published (22).
It has been demonstrated historically in Bangladesh, India,

and Nepal that IRS, but not long-lasting insecticide nets, is ef-
fective in reducing P. argentipes populations, and that this IRS
subsequently reduces the number of cases of VL (8, 9, 14). This
finding is also supported by recent collections of P. argentipes
outdoors and associated with cattle sheds using CDC light traps
(32), where a large proportion of the sand flies had fed on hu-
mans, suggesting endophilic and exophagic behaviors (32, 33).
Therefore, if IRS is performed correctly and supported by case
detection and treatment with effective drugs, such as miltefosine
and amphotericin B (34, 35), elimination is feasible.
The effectiveness of the IRS program is dependent on the

quality of the insecticide, formulation, and spray activities com-
bined with the susceptibility status of the local sand fly populations.

Nepal

Jharkhand

1

2 3

4 5

6 7

8

India

U�ar Pradesh

Fig. 1. Map of the Indian subcontinent showing
VL-endemic countries. VL-endemic countries are la-
beled. (Inset) Eight study districts in Bihar, where 1 =
Paschim Champaran, 2 = Gopalganj, 3 = Purbi Cham-
paran, 4 = Patna, 5 = Samastipur, 6 = Begusarai, 7 =
Khagaria, and 8 = Saharsa. Smaller divisions within
districts indicate study PHC boundaries; green indicates
PHCs where only IRS QA was performed, and red in-
dicates PHCs where IRS QA and entomological assess-
ments were performed.

0.000

1.000

2.000

3.000

4.000

5.000

B1
11

B3
12

B5
13

E1
51

E3
12

E4
23

E5
41

G2
12

G3
23

G4
41

G5
52

K2
13

K3
31

K4
42

K5
53

P2
21

P3
32

P4
43

S1
11

S2
23

S3
41

S4
52

SS
11

3
SS
27

1
SS
41

3
SS
53

1
W
14
2

W
31
1

W
42
2

W
53
3

D
D

T 
co

nc
en

tr
at

io
n 

us
in

g 
H

PL
C

 (g
/m

2)

Household Code

Fig. 2. Average DDT concentrations on walls, per
household, following the first round of IRS in 2014.
DDT concentrations on walls in 560 households, using
average household results. The orange line repre-
sents the upper limit of in-target quantification
(1.2 g ai/m2), and the red line represents the lower
limit of in-target quantification (0.8 g ai/m2). Bostik
tape discs were used to remove the insecticide from
walls, and all samples were measured using HPLC.

Coleman et al. PNAS | July 14, 2015 | vol. 112 | no. 28 | 8575

A
PP

LI
ED

BI
O
LO

G
IC
A
L

SC
IE
N
CE

S



Because malaria transmission also occurs across much of the VL
endemic region in India, a beneficial side effect of the VL activities
should be a reduction in malaria prevalence if the insecticide
chosen for VL control can also control the mosquito vectors.
However, the current program in India has issues with both the
quality of the IRS operations and the DDT susceptibility of both
the local VL and malaria vectors. Despite these issues, VL case
incidence has been falling, but whether this decline is linked to
the limited impact of IRS or is part of the natural VL disease cycle
in South Asia is unclear. However, the rate of decrease of VL cases
following initiation of IRS in this phase is less than during the
previous VL IRS campaigns (36–38), suggesting that the current
IRS campaign has had less impact than previous iterations.
This paper presents the first large-scale detailed QA analysis

of VL IRS undertaken by the established vector control pro-
gram. The study covered eight districts in Bihar State, India,
which has declared a target of VL elimination by 2015 (39). Our
data indicate that the concentration of DDT delivered to walls
during the most recent IRS spray round fell far short of the
target concentration of 1.0 g ai/m2, achieving an average of 0.37
g ai/m2 across all eight study districts. There was little variation in
DDT concentrations within households and across districts, in-
dicating that the consistent underspraying is due to factors other
than poorly performing individuals or spray teams. This finding is
consistent with previous reports, which noted that only 16% of
houses in Bihar showed uniform and complete spraying during
IRS and coverage of only 53% (24, 37). Factors reducing the
quality of the IRS included a sub-WHO specification formulation
or expired insecticide (37) and rapid settling of the formulation
compounded by the use of stirrup pumps. Previous operational
attempts at QA of spraying involved visual inspections of powder
residues on the walls. Although this information gives some in-
dication of the evenness of formulation application, it is not ad-
equate to assess the actual insecticide concentration delivered.

The length of residual action of DDT has been commonly
referred to as over 6 mo (24). However, the results from our pre-
IRS survey showed that after a median time of 3.5 mo, 91.3% of
walls had a residual DDT level of less than 0.1 g ai/m2. This
finding could be due to rapid degradation of the insecticide,
quicker absorption into the walls than is commonly assumed, or
low target concentrations being delivered to walls.
India is the only country that uses DDT at 1.0 g ai/m2, despite

the WHO recommendation and utilization in other malaria en-
demic countries of 2.0 g ai/m2 (40). Monitoring of sand fly abun-
dance in sprayed and unsprayed villages indicated that the current
IRS activities only had a positive impact on reducing sand fly
abundance for a period of ∼4 wk. Whether this poor efficacy is
due entirely to underspraying of houses or to a combination of
underspraying compounded by DDT-resistant vectors needs to
be determined. Three previous DDT-based IRS campaigns re-
duced the cases of VL in India after 2–3 y of spraying (6).
However, DDT resistance was only selected in the sand fly vector
of VL in the second year of the third campaign.
No diagnostic dose has been determined directly for sand flies

for DDT and deltamethrin insecticide susceptibility testing. The
WHO diagnostic dosages established for malaria vectors have
been used as a surrogate baseline for sand flies, but there is no
solid evidence base for their adoption (41). Using the anopheline
discriminating dosages, which are likely to be high for sand flies,
DDT resistance has been detected by several groups in P. argentipes
(27, 42–46); however, without established true diagnostic doses,
these data can only be taken as indicative of resistance frequencies.
It should also be noted that the WHO filter paper-based diagnostic
dosage assay is not an accurate predictor of operational insecticide
failure but should be used as an indicator that further assessment of
continued operational efficacy is required.
Although true diagnostic doses are needed for P. argentipes,

this assessment is problematic without a fully insecticide-sus-
ceptible strain. There is an urgent need to establish the suscepti-
bility status of the Indian vector to a range of insecticides that
could potentially be used as alternatives to DDT for IRS (47).
Susceptibility to deltamethrin and organophosphates has been
claimed (27); however, the numbers of insects tested in these
studies are low. Our data, in line with other studies based on
limited sand fly numbers, showed widespread resistance to DDT,
which has obviously increased significantly since the last successful
IRS campaign against VL in India, and susceptibility to delta-
methrin (27, 46, 48). The major mosquito vector of malaria,
Anopheles culicifacies, in the VL-endemic area is also highly
DDT resistant (0–36% mortality on 4% DDT WHO-impreg-
nated papers), although these mosquitos are susceptible or
only weakly resistant to deltamethrin (76–100% mortality on
0.025% deltamethrin WHO-impregnated papers) (23). Hence,

Table 2. Sand fly abundance in IRS and non-IRS villages in four
districts in Bihar State, India

Total sand flies collected

Time point Collection months IRS villages Non-IRS villages P

Pre-IRS February 0 0 1.0
1 mo post-IRS May–August 99 217 0.001
3 mo post-IRS July–October 122 123 1.0

Total numbers of sand flies collected in CDC light traps during entomol-
ogy collections at time points pre-IRS and at 1 and 3 mo post-IRS. Significant
differences between the IRS and non-IRS villages exist at 1 mo post-IRS only.

DDT 4%
R² = 0.2236

Deltamethrin 0.05%
R² = 0.0694

Malathion 5%
R² = 0.0063
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Fig. 3. Trends in insecticide resistance in Bihar State,
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thion, and 0.05% deltamethrin WHO-impregnated
papers in P. argentipes. Red diamonds represent DDT
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current VL IRS activities with DDT are likely to have a sub-
optimal impact on both VL and malaria control.
The Stockholm Convention limited the use of DDT as an

insecticide other than for the purposes of public health (40).
India is one of the few remaining countries that still uses DDT
for vector control, and it is the only DDT manufacturer (40).
The Government of India ratified the Stockholm Convention in
2006 and published its national implementation plan in 2011.
Although India registered specific exemptions on DDT for ac-
ceptable vector control purposes until viable alternatives are
found, the national plan underscores the commitment to phas-
ing out DDT. This plan includes short-term priorities, due to be
completed in 2011–2013, to improve the national policy and
regulatory framework pertaining to POPs such as DDT, and
then in the medium term (2012–2022) as the highest priorities to
develop and promote alternatives to DDT and assist in identi-
fying alternatives and formulating a strategy for phasing out
DDT. Against this backdrop, with both VL and malaria vectors
highly resistant to DDT, and alternatives such as pyrethroids
readily available, to which the vectors remain susceptible, the
continued use of DDT-based IRS is questionable.
Although this paper focuses on the quality of IRS and the

insecticide susceptibility of the vector P. argentipes, these issues
are not the only ones hindering the goal of elimination. In ad-
dition to issues with vector control, there may be a lack of di-
agnostic facilities at peripheral levels of the health system,
resulting in delay in the treatment of VL and PKDL, which may
act as human reservoirs. Drug stock-outs or drug quality may
also be an issue in effective treatment (16).
This paper highlights a number of issues faced by the VL pro-

gram in India. These issues must be addressed if India is to pro-
gress from the attack phase of the VL elimination plan to achieve
the goal of regional elimination of VL as a public health problem.

Materials and Methods
QA Surveillance. QA of IRS was performed in eight VL endemic districts in
Bihar State that were scheduled to receive IRS in 2014. Districts were matched
to those districts where external monitoring and evaluation of IRS were
performed. Within districts, NVBDCP VL case incidence data from 2012
were used to identify the five PHCs with the highest incidence; these PHCs
were duly selected for village and household sampling (38).

A modified version of the WHO TDR Monitoring and Evaluation Toolkit
(49) for IRS study design was implemented. Five villages in each PHC were
randomly selected using a random number generator in Microsoft Excel.
In each village, three households were randomly selected for sampling.
The sampling method was designed to ensure that isolated households
had the same chance of being selected for sampling as houses in the
center of a village.

Pre-IRS QA surveys to determine the level of residual DDT in houses in
three districts were conducted in February 2014. Six PHCs (two per district)
with the highest number of reported VL cases were chosen using 2012
NVBDCP case surveillance data to identify relevant PHCs as described above
(nvbdcp.gov.in/kal10.html). Within each PHC, 15 houses were chosen from
five randomly selected villages; 90 households were sampled in total.

Entomology Study Sites and Sample Collection. Entomology sampling was
conducted in four of eight (50%) of the study districts. Within each district,
two PHCs with high VL case incidence in 2012 were selected for determining
sand fly abundance and susceptibility data. A total of 96 sentinel sites were
established across 16 villages (six sentinel houses per village).

Protocols for measuring impact on vector densities and insecticide sus-
ceptibility from the WHO/TDR Monitoring and Evaluation Toolkit (49) were
used. Data were collected in February 2014 (pre-IRS), 1 mo post-IRS (May–
July 2014), and 3 mo post-IRS (July–September 2014).

Surveys were conducted in villages receiving and not receiving IRS, which
were randomly selected according to the 2014 Government of Bihar IRS
microplan (nvbdcp.gov.in/kal10.html). Abundance data were collected using
CDC light traps set up in six randomly selected houses over a period of one
night (6:00 PM to 6:00 AM). The light traps were attached in the corner of
the main bedroom and set up 15 cm away from the wall and 5 cm above
ground. All sand flies were identified taxonomically based on morphological
criteria from established taxonomic keys, where possible, to species level (50).
A subsample of sand flies identified as P. argentipeswas checked by PCR assay.

Sample Collection and Processing. Samples to determine the concentration of
DDT delivered to walls during IRS were collected from wall surfaces using
5-cm2 Bostik tape discs, as described by Russell et al. (51). Briefly, two discs
per sample (10 cm2 in total) were placed onto the wall surface and rubbed
firmly. Discs were removed from the wall surface using tweezers and placed
on Whatman no. 1 filter paper, labeled, and stored at 4 °C. Samples were
taken from each of the four walls in bedrooms at a different position per
wall: high (4–6 feet from ground level, one sample), medium (2–4 feet from
ground level, one sample), and low (0–2 feet from ground level, two samples).

The concentration of DDT present on wall surfaces was determined using
HPLC. Solvent extraction was performed by an in-house method that used
heptane. Samples equivalent to ∼10 cm2 were cut into pieces of ∼1 cm2. One
milliliter of a heptane/1-propoanol mixture (9:1) containing 100 μg of the
internal standard dicyclohexyl phthalate (DCP) was added, and samples were
vortex-mixed for 2–3 min to extract p,p′-DDT. Extract (0.5 mL) was trans-
ferred to a clean glass tube and evaporated to dryness under nitrogen at
40 °C. One milliliter of methanol was added, and the mixture was centri-
fuged at 22,865 × g for 15 min.

HPLC analysis was performed by injection of 10-μL aliquots of extract on a
reverse-phase Hypersil GOLD C18 column (75 Å, 250 × 4.6 mm, 5-μm particle
size; Thermo Scientific) at 23–25 °C. A mobile phase of acetonitrile/water
(93:7) was used at a flow rate of 1 mL·min−1 to separate DDT and DCP. The
quantities of DDT and DCP were calculated from standard curves established
by known concentrations of authenticated standards. Peaks were detected
at 232 nm with the Ultimate 3000 UV detector (Dionex) and were analyzed
with Dionex Chromeleon software. Final DDT content in grams per square
meter was estimated using the following equation:

A=
�
B× 2
500

�
×H×D,

where A is p,p′-DDT in grams per square meter, B is p,p′-DDT in micrograms
per milliliter obtained from HPLC, H is DDT extraction efficiency by heptane
equal to 83.4, and D is the internal standard correction factor calculated from
dividing the peak area of 100 μg/mL DCP by the DCP peak area obtained
for unknown.

HPLC results were compared with the intended IRS target DDT concen-
tration of 1.0 g ai/m2. A 20% cutoff threshold was used to classify results
whereby a concentration of less than 0.8 g ai/m2 was considered an under-
spray, a range of 0.8–1.2 g ai/m2 was considered within the target range, and
a concentration of greater than 1.2 g ai/m2 was considered an overspray.

Susceptibility Assays. P. argentipes samples were collected inside houses,
verandas, and cattle sheds, which are targeted for IRS, within IRS and non-
IRS villages. Collected sand flies were exposed to DDT (4%) or deltamethrin
(0.05%) WHO-impregnated papers (31, 41). Mortality was recorded after 24 h.
Controls were performed for each test using the appropriate papers, and
Abbott’s formula was applied where necessary.

Analysis of Historical Entomological Data. A literature search for P. argentipes,
insecticide resistance, and Bihar was conducted via the US National Library
of Medicine (www.ncbi.nlm.nih.gov) and Google search. Historical data
were collated using a decision support system database (52) adapted to VL.
All references are given in SI Appendix. Only studies that had conformed to
the standard WHO diagnostic assay protocol were included.

Statistical Analysis. Statistical analyses were performed using GraphPad Prism
version 6, Microsoft Excel 2010, and R version 3.1. A Fisher’s exact test was
used to evaluate statistical significance, with significance set at <0.05. One-
way ANOVA was used to analyze variance of DDT concentrations on walls
within individual households. Linear mixed effect modeling in R was used to
analyze differences in sampling heights. The Wilcoxon signed rank test was
used to compare pre-IRS and post-IRS concentrations of DDT recovered from
wall surfaces in matched households.
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