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• This study presents the burden of leish-
maniasis attributable to time-varying
meteorological variables using DLNM.

• Temperature effects were immediate
and persistent, and highest at cold tem-
peratures.

• Disparity of risk was observed in sub-
group analysis.

• Extreme cold temperatures exerted in-
creased risk of leishmaniasis for males
and younger people (aged b60 years).

• Elderly people were the most sensitive
to high temperature.
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Background: Leishmaniasis remains one of the world's most neglected vector-borne diseases, affecting predom-
inantly poor communities mainly in developing countries. Previous studies have shown that the distribution and
dynamics of leishmaniasis infections are sensitive to environmental factors, however, there are no studies on the
burden of leishmaniasis attributable to time-varying meteorological variables.
Methods: This study used data from 3 major leishmaniosis afflicted provinces of Afghanistan, between 2003 and
2009, to provide empirical analysis of change in heat/cold-leishmaniosis association. Non-linear and delayed
exposure-lag-response relationship between meteorological variables and leishmaniasis were fitted with a dis-
tributed lag non-linear model applying a spline function which describes the dependency along the range of
valueswith a lag of up to 12months.We estimated the risk of leishmaniasis attributable to high and low temper-
ature.
Results: The median monthly mean temperature and rainfall were 16.1 °C and 0.6 in., respectively. Seasonal var-
iations of leishmaniasis were consistent between males and females, however significant differences were ob-
served among different age groups. Temperature effects were immediate and persistent (lag 0–12 months).
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The cumulative risks were highest at cold temperatures. The cumulative relative risks (logRR) for leishmaniasis
were 6.16 (95% CI: 5.74–6.58) and 1.15 (95% CI: 1.32–1.31) associated with the 10th percentile temperature
(2.16 °C) and the 90th percentile temperature (28.46 °C). The subgroup analysis showed increased risk for
males as well as young and middle aged people at cold temperatures, however, higher risk was observed for
the elderly in heat. The overall leishmaniasis-temperature attributable fractions was estimated to be 7.6% (95%
CI: 7.5%–7.7%) and mostly due to cold.
Conclusion: Findings in this study highlight the non-linearity, delay of effects andmagnitude of leishmaniasis risk
associated with temperature. The disparity of risk between different subgroups can hopefully advise policy
makers and assist in leishmaniasis control program.

© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Leishmaniasis is still one of the world's most neglected vector-borne
diseases, largely affecting poor communities (Kassi et al., 2008; Leslie
et al., 2006; Mubayi et al., 2010) in developing countries (Bailey et al.,
2017). Approximately, 350 million people are at risk of contracting
leishmaniasis, and some 2 million new cases occur every year
(Gradoni et al., 2017; World Health Organization, 2010). Leshmaniasis
infection causes significant health burdens and can have negative social
and psychological stigma which could lead to significant economic
losses (Adegboye and Kotze, 2012; Bern et al., 2008; Kassi et al.,
2008). Leishmaniasis is a parasitic disease caused by Leishmania para-
site, which is transmitted to human and animal hosts by the bite of
phlebotomine sandflies (Erguler et al., 2019; Leslie et al., 2006). The
geographical distribution of leishmaniasis is tied in to the abundance
of sandflies, their life cycle, and the presence of reservoirs (Erguler
et al., 2019; Koch et al., 2017; Mubayi et al., 2010).

Clinical manifestations of can cause Visceral Leishmaniasis (VL), also
called Kala-azar which is the most serious form of the disease; Cutane-
ous Leishmaniasis (CL), which is the most common; and Muco-
Cutaneous Leishmaniasis (MCL) or Diffuse-Cutaneous Leishmaniasis
(DCL), which rarely occurs (Adegboye and Adegboye, 2017; Bates,
2007; Casolari et al., 2005; Mubayi et al., 2010; Salah et al., 2007). The
coexistence of these clinical forms in the same patient is very rare
(Gradoni et al., 2017). VL is potentially fatal (Leslie et al., 2006; Ready,
2014), with a case fatality rate of about 10%. Jaundice, wasting severe
anaemia, and HIV co-infection are associated with increased risk of VL
lethality (Assunção et al., 2001; Bern et al., 2008) while malaria co-
infection increases the risk of CL in the endemic region (Adegboye and
Adegboye, 2017).

Based on global estimates, approximately 200,000 to 400,000 VL
cases and 700,000 to 1.2 million CL cases occur each year (Alvar et al.,
2012; Gradoni et al., 2017). Approximately, 90% of global VL cases
occur in just six countries: India, Bangladesh, Sudan, South Sudan,
Brazil and Ethiopia (Alvar et al., 2012). Similarly, ten countries account
for 70% to 75% of estimated global CL incidences (Afghanistan, Algeria,
Colombia, Brazil, Iran, Syria, Ethiopia, North Sudan, Costa Rica and
Peru) (Alvar et al., 2012; Bern et al., 2008) with Afghanistan having ap-
proximately 90% of these infections (Bern et al., 2008; Kassi et al., 2008).

Afghanistan has been plagued by leishmaniasis since the ninth cen-
tury when it was called the “Balkh Sore” named after the Afghan prov-
ince north of the capital Kabul (Hepburn, 2003; Reyburn et al., 2003;
Stewart and Brieger, 2009). The disease continued to expandwith num-
ber of infections growing across Afghanistan as endemics becamemore
prevalent (Ashford et al., 1992; Omar et al., 1969; Stewart and Brieger,
2009). The occurrence of leishmaniasis in Afghanistan varies widely
from year to year, showing an upward trend and repeating patterns re-
lated to the months of the years, thereby indicating of nonstationarity
and nonlinearity characteristics (Adegboye and Adegboye, 2017;
Faulde et al., 2008). Previous studies have suggested that Leishmania
parasite is sensitive to climatic variables such as temperature, rainfall,
relative humidity, and wind speed which could be used to explain the
increasing occurrence of the parasite in the region (Galgamuwa et al.,
2018; Koch et al., 2017). The strong association observed between
leishmaniasis and meteorological change is supported by the environ-
mental factors associated with the distribution of CL in West
Afghanistan. These include the Harirud River, farm irrigation,
Haplocalcids with Torriorthents and Torrifluvents soils types and an el-
evation range of 700–1200 m, which provides suitable humidity and
temperatures to support the breeding and ensure the survival of the
sandflies (Adegboye and Adegboye, 2017; Erguler et al., 2019; Fakhar
et al., 2017; Koch et al., 2017).

The close association of Leshmaniasis distribution with climate and
meteorological conditions may be used to predict Leshmaniasis epi-
demics in Afghanistan (Adegboye and Adegboye, 2017; Elnaiem et al.,
2003; Galgamuwa et al., 2018; Plourde et al., 2012). However, there is
no study on the burden of leishmaniasis attributable to time-varying
meteorological variables to inform a more understanding of the en-
demic disease. This study is aimed to fill this gap by investigating the
meteorological variables-leishmaniasis association among vulnerable
groups and assess the health burden of leishmaniasis attributable to
meteorological variables in Central Afghanistan.

2. Methods

2.1. Study area and leishmaniasis data

Leshmaniasis is endemic in Afghanistan. The data used in this study
were retrospective records of clinically-diagnosed leishmaniasis cases
in Afghanistan between 2003 and 2009 obtained from the Afghanistan
Health Management Information System (HMIS) under the National
Malaria and leishmaniasis Control Programme (NMLCP) of theMinistry
of Public Health (MoPH). Three neighbouring provinces (Kabul, Kapisa
and Logar) in the central region with high incidence of leishmaniasis
were considered in this study (Fig. 1). Kabul is regarded as having the
highest incidence of CL in the world, with an estimated share of
33.75% cases annually (Faulde et al., 2008; Jebran et al., 2014;
Reithinger and Coleman, 2007; Reithinger et al., 2010). Monthly counts
of leishmaniasis were disaggregated by age groups [b 15 years,
15–59 years and 60 years] and gender.

2.2. Meteorological data

Themeteorological variables used in this study weremean land sur-
face temperature (LST) and rainfall. Satellite-derived environmental-
LST was obtained from the Moderate Resolution Imaging
Spectroradiometer (MOD11 L2 version 6, USGS/Earth Resources Obser-
vation and Science (EROS) Center, Sioux Falls, South Dakota) at 1 km
spatial resolution while the monthly accumulated rainfall data mea-
sured by the Tropical Rainfall Measuring Mission (TRMM: TMPA/
3B43) jointly conducted by NASA and the Japan Aerospace Exploration
Agency (JAXA). The extraction techniques of these meteorological vari-
ables have been discussed elsewhere (Adegboye et al., 2018). In sum-
mary, the extracted satellite images were processed in DIVA-GIS
(Hijmans et al., 2012) and R geospatial packages (Bivand et al., 2013)



Fig. 1.Map of Afghanistan showing the study region (Kapisa, Kabul and Logar province).
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and re-projected to the georeferenced spatial frame to facilitate the ex-
traction of the image pixel values.

2.3. Statistical analysis

2.3.1. Descriptive analysis
First a preliminary analysis of monthly leishmaniasis cases was car-

ried out followed by a visualization of the seasonal patterns of climatic
variables in relation to leishmaniasis from 2003 to 2009. A two-way
analysis of variance was performed to assess the contribution of be-
tween monthly variability to the total variability while seasonal
Mann–Kendall trend test was applied to detect leishmaniasis monthly
trends over the study period. Additionally, chi-square test was used to
test if a variation in monthly leishmaniasis cases betweenmales and fe-
males, and across different age groups (b15 years, 15–59 years and 60
years) existed.



Table 2
Summary of weather variables, temperature, wind and counts of leishmaniasis in the
study region.

Variables Mean SD Min Percentile Max

25 50 75

Leishmaniasis 270.4 419.6 0 0 145.0 288.5 3047.0
Mean temperature (°C) 15.4 9.4 −2.5 7.1 16.1 25.0 29.6
Rainfall (in.) 1.3 2.8 0 0.2 0.6 2.0 9.7
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2.3.2. Meteorological variables-leishmaniasis associations
To assess the effect of climatic variables, we used a distributed lag

non-linear model (DLNM) (Gasparrini et al., 2010; Gasparrini, 2011,
2014; Gasparrini et al., 2017) with random intercept (Wu et al., 2017)
to modelled counts of leishmaniasis (Yit) at month t in province i via
Poisson regression adjusting for population, seasonality, long-term
trend with meteorological variables - temperature (°C) and rainfall
(in.),

Yit � Poisson μ itð Þ

log μ itð Þ ¼ α0i þ log Populationitð Þ þ
X12
l¼0

s xit−lβlð Þ þ
XJ

j¼1

f j uit; jγ j

� �

α0i � N α0;σ2
0

� �
ð1Þ

where α0i is a random intercept to capture provincial level dependen-
cies,α0 overall average intercept andσ2

0 is the province-level variability
around α0; Populationit represents the population of province i atmonth
t; The function, fj is used to specify the functional relationship between
variables uitj and the nonlinear exposure-response curve, defined by the
parameter vectors γj. Natural cubic spline with 3 degrees of freedom
was used to define smooth function, fj1(uit, 1γj) for rainfall.

The function, s(xit−lβl) described the dependency along the range of
exposure values and lag dimension (up to 12 months). Thus, we
modelled the non-linear and delayed exposure-lag-response relation-
ship between the temperature and leishmaniasis with a spline function.
The cross-basis parameterization for the exposure-lag-response is given
by:

s x; tð Þ ¼
Z 12

l0¼0
f ∙w xt−l; lð Þdl ≈

X12
l0¼0

f ∙w xt−l; lð Þ ¼ wT
x;tη ð2Þ

The bi-dimensional function f ∙w(xt−l, l) represents the exposure–lag–
response function, and model simultaneously the exposure–response f
(x) curve along temperature range and lag–response curve, ω(l)
(Gasparrini, 2014).

The predictions for the cumulative exposure–lag–response associa-
tion derived from the parameter estimates from the Poisson regression
model (1) for varying meteorological values and lags were then
displayed as exposure-lag-response curve of relative risk.

2.3.3. Attributable risk measure
The attributable fraction, which is an indicator of exposure-related

health burden, was calculated by using the effect summaries from the
DLNMmodels and treating the associations with exposures at different
lags as independent contributions to the risk (Gasparrini and Leone,
2014). We defined the optimum exposure as the value of meteorologi-
cal variable at which leishmaniasis risk is the lowest in the estimated
exposure-response curve. With the optimum exposure value as refer-
ence, for each lag of the series, in a province, we used the overall cumu-
lative relative risk corresponding to each lag's exposure to calculate the
Table 1
Summary characteristics of leishmaniasis in three provinces during the study period, 20

Characteristics N (%a)

Total p-Value

Overall 67,942 (100%)
Gender
Male 31,598 (46.5) 0.278
Female 36,344 (53.5)

Age group
b15 years 11,999 (17.7) b0.001
15–59 years 31,004 (45.6)
N59 years 24,939 (36.7)

a Percentage of the total cases, 67,942.
attributable number and fraction of attributable number in the next l-
lags.

2.3.4. Model selection and model assessment
To capture theflexibility of the exposure-lag-response relationship, f

∙ w(xt−l, l), we explored constant, linear and quadratic B-splines for the
temperature-lag-leishmaniasis functional relationship with a lag of up
to 12 months. Additionally, we explored different choices for the lag
number (3, 6, 9 and 12), the number of knots and position as well as
the dfs for seasonality and long-term trends (2–8) and rainfall (2–8).
The models were assessed with Akaike Information Criteria (AIC). All
analyses were done using the package dlnm (Gasparrini, 2011) in R
3.4.2 statistical software (R Core Team, 2017). The empirical confidence
intervals (eCIs) were obtained via Monte Carlo simulations.

3. Results

3.1. Summary of disease and meteorological variables

A total 67,942 cases of leishmaniasis were reported in the study re-
gion between 2003 and 2009. The baseline characteristics of infection
are presented in Table 1. Kabul province accounted for 67.2% of the
total cases, primarily in middle aged (15–59 years) population. Theme-
dian monthly mean temperature was 16.1 °C with an interquartile
range between 7.1 °C and 25.0 °C. The median monthly rainfall was
0.6 in. (Table 2). Fig. 2 displays the distributions of monthly leishmani-
asis cases by age and gender. The disease occurrence is characterized by
repeated ups and downs generallywith two peaks-March/April and July
(Fig. 2a). The seasonal Mann-Kendall trend test of the equality of
monthly occurrence was rejected (p b 0.001). Similarly, seasonal varia-
tions of leishmaniasis were consistent between males and females,
however, significant differences were observed among different age
groups (Fig. 2b–c).

3.2. Meteorological-leishmaniasis association

The relative risks (RRs) from the best fitted DLNMmodel described
by a quadratic B-splines for temperature-leishmaniasis relationship, lin-
ear function for lag-leishmaniasis, a natural cubic splines for rainfall
with 6 degrees of freedom (dfs) to capture seasonality and long-term
trend were presented in Fig. 3 and Table 3. The 3-D plot shows that
the temperature-leishmaniasis association was nonlinear, immediate
03–2009.

Kabul Kapisa Logar

45,631 (67.2%) 10,546 (15.5%) 11,765 (17.3%)

20,627 (45.2) 5308 (50.3) 5663 (47.3)
25,004 (54.8) 5238 (49.7) 6102 (52.7)

9763 (21.4) 1011 (9.6) 1225 (10.2)
22,399 (49.1) 4140 (39.3) 4465 (37.3)
13,469 (29.5) 5395 (51.2) 6075 (50.7)
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and persisted throughout the 12month lag period. The effectwas signif-
icantly higher at low temperatures and maximum at lag 0. Fig. 3 and
Table 3 show the overall effect, log Relative Risk (logRR) of temperature
on the risk of leishmaniasis for up to 12 months lag and at specific lags
and temperature values. The result indicates that the disease was asso-
ciated with temperature, was highest at lag 0 and declined over the en-
tire lag periods but remained significant. The increased risk of
leishmaniasis during the cold temperature was highest at moderate
cold temperature. For example, at 2.16 °C the cumulative risk (logRR)
was 6.16 (95% CI: 5.74–6.58).

The leishmaniasis-temperature curve revealed (not shown) differ-
ent optimum temperatures for the subgroup analysis, ranging from
21.4 °C for the elderly group (N59 years) to 26.0 °C for the middle age
group (15–59 years). Similarly, the magnitude of the association be-
tween temperature and incidence of leishmaniasis varied slightly
among different subgroups (Table 3). A general increased risk of leish-
maniasis during extreme cold and extreme heat among different sub-
groups was discovered. The increased risk of leishmaniasis during the
cold period was higher for males than females at temperatures lower
than 5 °C. However, the temperature-leishmaniasis effect was protec-
tive during the heat period at lower lags but increased at longer lags
(Table 3). There was an increased risk of cold weather among young
and middle age people. In contrast, the cumulative risk for heat (6.99,
95% CI: 6.40–7.58) was higher for the elderly (60 years) than for cold
(1.97, 95% CI: 1.19–2.74).

3.3. Attributable risk of leishmaniasis

Table 4 presents the leishmaniasis fraction (%) attributable to non-
optimum temperatures for the entire group as well as its subgroups.
The attributable fractions (AF) of the disease are much higher for cold
temperatures, especially formoderate cold temperatures (temperatures
below the optimum temperature but above 2.5th percentile). The over-
all estimated AFwas 7.6% (95% CI: 7.5%–7.7%) andmostly due to cold. In
the sub-group analysis, the total AF was lowest due to temperature in
elderly people (3.7%, 95% CI: 1.4%–5.0%) while the younger age group
had the highest AF (7.5%, 95% CI: 7.1%–7.7%). Generally, most of
leishmaniasis-temperature AF can be attributed to moderate tempera-
tures except in case of the older group (2.5%, 95% CI: 2.3%–2.9%).
Fig. 2. Time-series plots of monthly cases of leishmaniasis in the study region between 2003 an
gender (c).
4. Discussion

Several previous studies have shed light on the role of environmen-
tal factors such as temperature, rainfall and altitude on Leishmaniasis
and vector, sandflies (Adegboye et al., 2017; Bhunia et al., 2010;
Cardenas et al., 2006; Ford et al., 2016; Kassem et al., 2012; Lewnard
et al., 2014; Toumi et al., 2012). In fact, recently introduced forecasting
models heavily depend on weather and climate data as predictors, an
approach which has led to higher precision over longer time periods
(Chaves and Pascual, 2006; Erguler et al., 2019; Lewnard et al., 2014;
Talmoudi et al., 2017). Because of this dependency on environmental
factors, global warming is expected to continue shifting the geographi-
cal distribution of sandflies and leishmaniasis northward with the
first phlebotomine sandflies already being sighted in previously
leishmaniasis-free regions such as Germany and Belgium (Chalghaf
et al., 2018). Oneprevious study focuses on other risk factors for Anthro-
pological CL (ACL) in Kabul at the household level including things such
as sex, age, number of household, household constructionmaterials, etc.
(Reithinger et al., 2010).

Previous studies revealed that temperature had a significant effect
on the development and spread of leishmaniasis (Adegboye and
Adegboye, 2017; Chalghaf et al., 2018; Hlavacova et al., 2013). In the
present study, we examined the delay and nonlinear impact of temper-
ature on clinically-diagnosed cases of leishmaniasis in three major af-
fected Afghan provinces, Kabul, Kapisa and Logar, between 2003 and
2009, with Kabul having the highest CL cases world-wide. The almost
four-decade long civil war in Afghanistan has increased the number of
leishmaniasis cases significantly to an estimated 67,000 annual cases
nationwide (Reithinger et al., 2003). Unlike most previous studies, this
study applied distributed lag nonlinear model with random effect to
capture the spatial proximity of the three provinces.

Whereas temperature and rainfall were the environmental vari-
ables, temperature was themain dependable variable in this study. Fol-
lowing a first visualization of seasonal patterns, Mann-Kendall trend
and chi-square tests were conducted to analyze the monthly trends
and potential differences between monthly Leishmaniasis cases of dif-
ferent subgroups. The impact of climatic factors on leishmaniasis was
analyzed with a distributed lag non-linear model and Poisson regres-
sion. The exposure-lag-relationshipwas examinedwith constant, linear
d 2009 (a); monthly aggregated leishmaniasis cases from 2003 to 2009 by age groups (b),
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and quadratic B-splines for the temperature-lag-leishmaniasis relation-
ship. Our study findings and key implications are summarized below.

The first outcome of this study is that the impact of temperature on
leishmaniasis is observed immediately and could persist throughout the
entire year, indicating a crucial temperature dependency of the sandfly.
Thus, the aforementioned studies were correct to incorporate climate
dependencies in their models for forecasting leishmaniasis. The rela-
tively high accuracy of twelve-month CL prediction of 72%–77%, which
is significantly higher than models with no climate predictors, justifies
this approach as well (Chaves and Pascual, 2006). Our results showed
an increased risk of leishmaniasis during cold temperature (highest at
moderate temperature) which confirms the endophagic character of
the sandfly in Afghanistan (Reithinger et al., 2010). During this period
individuals are mostly indoors, a reason why the rate of infection was
at its peak. This result is in agreement with the sandfly vector dynamics
since leishmaniasis cases in Afghanistan are predominantly ACL cases.
ACL transmission starts in November with an incubation period of
4–6 weeks, climb to a peak in February–March and fall through August
with almost no cases fromSeptember to November (Faulde et al., 2008).
In the cold period people spendmore time inside the house, thus higher
vector exposure is expected between dusk and dawn which may result
in increased sandfly bites (Killick-Kendrick et al., 1995). Factors like
poor sanitation, bad housing conditions and bad nets gave access to
sandflies thereby providing breeding grounds and increasing the risk
of infection (Okwor and Uzonna, 2016). A case study between the Old
World (L. longipalpis, P. perniciosus) and New World (L. braziliensis,
L. peruviana) species reveals the impact of ambient temperature on
leishmaniasis vector's life cycle exposing the different species to a
temperature at 20 °C and 26 °C (Hlavacova et al., 2013). The experiment
revealed that at an early stage of infection the species thrived at 26 °C
and started to defecate at days 8–9 losing almost all of its infection. In
comparison, lower temperatures (20 °C) delayed its defecation
explaining a higher spread of the infection at 20 °C and not 26 °C.

The leishmaniasis-temperature association in this study has differ-
ent optimums for the subgroups, with relative risk being lowest for
the older subgroup (above 59 years) at 21.4 °C andhighest for the youn-
ger group (between 15 and 59 years) at 26.0 °C. Our results also show
that the relative risk during the cold period was higher for males than
females which is consistent with previous findings (Reithinger et al.,
2003). This could be explained by behavioral patterns of Afghans de-
fined by religion, tradition and low living standards. All ages and both
genders are susceptible to leishmaniasis, especially those in regular con-
tact with sandflies (Leta et al., 2014), however, the strict dress code for
Muslimwomen,which requires coveringmost of the skin, could explain
the lower vector exposure for women and higher vector exposure for
men. The subgroup analysis showed that the risk during cold periods
was higher for the age group younger than 60 years in accordance
with previous studies (Reithinger et al., 2010). Similarly, matured
male migrant agricultural/field workers as well as displaced women
and children are highly exposed to sandflies and at higher risk of leish-
maniasis (Leta et al., 2014).

Finally, in addition to the parasite favourable ecological and environ-
mental parameters in parts of Afghanistan, other factors such as armed
conflict, movement of large parts of the population, destructed infra-
structure, very low living standards, and an insufficient health-care sys-
tem have contributed to the fast spread of the disease (Desjeux, 2001;
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Nadim and Rostami, 1974; Reithinger et al., 2003). The latest epidemic
has been mainly caused by the almost four-decade long armed con-
flict with all of its disastrous implications. The war has led to millions
of casualties and an exodus of millions of Afghans and internally
displaced populations (Refugee Studies Centre, 2014). The markedly
increasing trend of leishmaniasis during these periods can be attrib-
uted to increased population around the capital, Kabul. Repatriation
of millions of returning Afghans, most of whom could not return to
their origins due to ongoing conflicts and economic constraints,
were forced to settle down in and around main cities (Refugee
Studies Centre, 2014). According to a prevalence study in Kabul
City in 2001, 2.7% persons have leishmaniasis lesion and 21.9% have
leishmaniasis scars (Reithinger et al., 2003). Kabul has been prone
to the disease since it has been suffering from a population explosion
in addition to low living standards, poor infrastructure and
healthcare services.

The firstmajor limitation of this study is that themeteorological var-
iables used were not measured at the individual level. Secondly, there
are potentially other leishmaniasis mediating risk factors other than
temperature and rainfall, whose inclusion could possibly affect the
overall effect sizes extent and interpretation. Thirdly, the aggregated
leishmaniasis surveillance data used in this study did not clearly
distinguish between ACL and Zoonotic CL (ZCL) cases. Lastly, the
smooth functions used to capture the exposure-lag-response relation-
ships are difficult to validate in DLNM (Gasparrini et al., 2017). Never-
theless, the assumptions made in this study are reasonable in the
absence of adequate information. This study presents an important ad-
dition to prior knowledge of leishmaniasis-temperature association in
Afghanistan.
5. Conclusions

This study on documented leishmaniasis cases in three Afghan prov-
inces has confirmed the importance of environmental and climatic fac-
tors for the spread of the disease, in particular its dependency on
temperature. The differentiation between different subgroups of af-
fected people led to a deeper insight into the infection process and
could contribute to new and more precise forecasting models as well
as assist in formulating new preventive initiatives.



Table 3
Association (logRR) between leishmaniasis and temperature at specific exposure-lag in different subgroups.

Subgroup Temperature logRR (95% CI)

Lag 0 Lag 3 Lag 6 Lag 9 Lag12 Lag 0–12

Overall 2.5th (−0.35 °C) 0.41 (0.38–0.45) 0.40 (0.37–0.42) 0.38 (0.35–0.41) 0.37 (0.33–0.40) 0.35 (0.31–0.39) 4.97 (4.57–5.37)
10th (2.16 °C) 0.55 (0.53–0.59) 0.52 (0.48–0.55) 0.47 (0.44–0.50) 0.43 (0.39–0.47) 0.39 (0.35–0.43) 6.16 (5.74–6.58)
90th (26.78 °C) −0.03 (−0.04 to −0.01) 0.03 (0.02–0.04) 0.09 (0.08–0.10) 0.15 (0.13–0.16) 0.21 (0.19–0.22) 1.15 (1.32–1.31)
97.5th (28.46 °C) −0.03 (−0.06 to −0.01) 0.08 (0.06–0.10) 0.18 (0.16–0.21) 0.29 (0.27–0.32) 0.40 (0.27–0.43) 2.40 (2.67–2.67)

Gender
Male 2.5th (−0.35 °C) 0.70 (0.64–0.76) 0.71 (0.65–0.76) 0.71 (0.66–0.77) 0.72 (0.66–0.78) 0.73 (0.67–0.79) 9.29 (8.60–9.99)

10th (2.16 °C) 0.57 (0.52–0.63) 0.59 (0.54–0.64) 0.61 (0.55–0.66) 0.62 (0.56–0.68) 0.63 (0.58–0.69) 7.89 (7.21–8.57)
90th (26.78 °C) −0.05 (−0.08 to −0.04) −0.01 (−0.03–0.01) 0.04 (0.03–0.07) 0.10 (0.08–0.12) 0.15 (0.13–0.18) 0.62 (0.39–0.84)
97.5th (28.46 °C) −0.08 (−0.12 to −0.04) 0.02 (−0.01–0.05) 0.12 (0.09–0.15) 0.22 (0.18–0.26) 0.32 (0.27–0.27) 1.58 (1.15–2.01)

Female 2.5th (−0.35 °C) 0.51 (0.45–0.57) 0.56 (0.52–0.61) 0.62 (0.56–0.67) 0.67 (0.62–0.73) 0.73 (0.66–0.78) 8.06 (7.40–8.72)
10th (2.16 °C) 0.54 (0.49–0.59) 0.56 (0.51–0.61) 0.57 (0.53–0.63) 0.59 (0.54–0.65) 0.61 (0.56–0.67) 7.48 (6.84–8.13)
90th (26.78 °C) −0.06(−0.07 to −0.04) −0.01 (−0.03–0.00) 0.04 (0.02–0.05) 0.08 (0.07–0.10) 0.13 (0.11–0.15) 0.46 (0.28–0.65)
97.5th (28.46 °C) −0.09 (−0.12 to −0.05) 0.01 (−0.02–0.04) 0.11 (0.08–0.14) 0.20 (0.17–0.24) 0.30 (0.26–0.35) 1.38 (1.01–1.76)

Age (years)
b15 2.5th (−0.35 °C) 0.82 (0.71–0.92) 0.81 (0.71–0.91) 0.80 (0.71–0.89) 0.80 (0.71–0.89) 0.79 (0.69–0.89) 10.45 (9.26–11.64)

10th (2.16 °C) 0.59 (0.51–0.68) 0.62 (0.53–0.71) 0.64 (0.55–0.73) 0.67 (0.57–0.76) 0.69 (0.59–0.79) 8.35 (7.17–9.54)
90th (26.78 °C) −0.01 (−0.05–0.04) 0.07 (0.03–0.11) 0.15 (0.10–0.19) 0.22 (0.11–0.27) 0.30 (0.24–0.36) 1.91 (1.36–2.45)
97.5th (28.46 °C) 0.02 (−0.05–0.11) 0.16 (0.09–0.23) 0.29 (0.22–0.36) 0.43 (0.22–0.51) 0.56 (0.46–0.67) 3.81 (2.89–1.72)

15–59 2.5th (−0.35 °C) 0.89 (0.83–0.95) 0.83 (0.77–0.88) 0.77 (0.71–0.82) 0.70 (0.64–0.76) 0.64 (0.57–0.70) 9.96 (9.21–10.70)
10th (2.16 °C) 0.74 (0.69–0.80) 0.68 (0.63–0.73) 0.62 (0.56–0.67) 0.55 (0.49–0.61) 0.49 (0.42–0.55) 8.02 (7.27–8.76)
90th (26.78 °C) −0.03 (−0.03 to −0.02) −0.01 (−0.02 to −0.01) 0.01 (−0.01–0.01) 0.02 (0.01–0.02) 0.03 (0.02–0.04) 0.03 (−0.04–0.11)
97.5th (28.46 °C) −0.07 (−0.10 to −0.04) −0.02 (−0.05–0.00) 0.03 (0.01–0.05) 0.08 (0.05–0.11) 0.13 (0.09–0.16) 0.35 (0.05–0.66)

60 2.5th (−0.35 °C) −0.24 (−0.31 to −0.17) −0.04 (−0.11–0.01) 0.15 (0.09–0.21) 0.35 (0.29–0.41) 0.55 (0.49–0.61) 1.97 (1.19–2.74)
10th (2.16 °C) −0.14 (−0.19 to −0.08) 0.01 (−0.04–0.07) 0.16 (0.11–0.22) 0.32 (0.26–0.37) 0.47 (0.40–0.53) 2.11 (1.39–2.83)
90th (26.78 °C) 0.08 (0.04–0.11) 0.19 (0.16–0.22) 0.31 (0.28–0.34) 0.43 (0.39–0.46) 0.55 (0.51–0.59) 4.07 (3.68–4.46)
97.5th (28.46 °C) 0.17 (0.11–0.23) 0.36 (0.31–0.40) 0.54 (0.49–0.58) 0.72 (0.67–0.77) 0.90 (0.84–0.97) 6.99 (6.40–7.58)

Fig. 3. 3Dplot of the association between temperature and leishmaniasis over a lag of 12weeks (left). The estimated cumulative effects of temperature on leishmaniasis cases. The red line
represents the estimated logRR from DLNM model and the shaded area indicates its 95% confidence interval (middle). Lag-specific association at 5 °C (right). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 4
Attributable fraction (%) of leishmaniasis due to temperature together with their 95% empirical confidence interval.

Total temperatures Extreme colda Moderate coldb Moderate heatb Extreme heata

Overall 7.6 (7.5–7.7) 0.4 (0.3–0.5) 5.5 (5.4–5.6) 1.5 (1.3–1.6) 1.7 (1.6–1.8)
Gender

Male 7.4 (7.2–7.6) 0.3 (0.2–0.4) 6.8 (5.9–6.2) 1.0 (0.7–1.2) 1.2 (0.9–1.4)
Female 7.4 (7.2–7.6) 0.3 (0.2–0.4) 5.8 (5.7–6.0) 0.8 (0.5–1.0) 1.0 (0.5–1.2)

Age (years)
b15 7.5 (7.1–7.7) 0.4 (0.2–0.5) 5.2 (4.7–5.6) 1.7 (1.5–1.9) 1.9 (1.7–2.1)
15–59 6.3 (5.6–7.0) 0.3 (0.3–0.5) 6.2 (6.1–6.3) −0.4 (−0.9–0.1) −0.3 (−1.1–0.3)
60 3.7 (1.4–5.0) 0.1 (−0.1–0.3) 1.2 (−0.9–2.4) 2.1 (2.0–2.2) 2.5 (2.5–2.9)

a Extreme-cold and -heat are temperatures lower than the 2.5th percentile (extreme cold) and higher than the 97.5th percentile (extreme heat), respectively.
b Moderate cold are temperatures from 2.5th percentile to the optimum temperature, and moderate heat is temperatures from the optimum temperature to the 97.5th percentile.
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