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Abstract

Background: Exposure to blacklegged ticks Ixodes scapularis that transmit pathogens is thought to occur peri-
domestically. However, the locations where people most frequently encounter infected ticks are not well
characterized, leading to mixed messages from public health officials about where risk is highest.

Methods: We conducted a systematic review and meta-analysis on spatial risk factors for tick-borne disease and
tick bites in eastern North America. We examined three scales: the residential yard, the neighborhood surrounding
(but not including) the yard, and outside the neighborhood. Nineteen eligible studies represented 2741 cases of
tick-borne illness and 1447 tick bites. Using random effects models, we derived pooled odds ratio (OR) estimates.

Results: The meta-analysis revealed significant disease risk factors at the scale of the yard (OR 2.60 95% CI 1.96 –
3.46), the neighborhood (OR 4.08 95% CI 2.49 – 6.68), and outside the neighborhood (OR 2.03 95% CI 1.59 – 2.59).
Although significant risk exists at each scale, neighborhood scale risk factors best explained disease exposure.
Analysis of variance revealed risk at the neighborhood scale was 57% greater than risk at the yard scale and 101%
greater than risk outside the neighborhood.

Conclusions: This analysis emphasizes the importance of understanding and reducing tick-borne disease risk at the
neighborhood scale. Risk-reducing interventions applied at each scale could be effective, but interventions applied
at the neighborhood scale are most likely to protect human health.

Trial registration: The study was registered with PROSPERO: CRD42017079169.

Keywords: Peri-domestic, Ixodes scapularis, Lyme disease, Babesiosis, Anaplasmosis, Tick bites, Spatial scale

Background
An estimated 300,000 cases of Lyme disease occur annu-
ally in the United States [1, 2], and the geographic range
of Lyme disease in North America is rapidly expanding
[3]. Throughout most of North America, the causative
agent of Lyme disease, the bacterium Borrelia burgdor-
feri sensu stricto, is transmitted by the blacklegged tick
Ixodes scapularis [1]. I. scapularis also transmits other
important zoonotic pathogens, including the bacterium
that causes anaplasmosis, the protozoan that causes
babesiosis, and Powassan virus.

Exposure to infected blacklegged ticks is thought to
occur primarily peri-domestically [4–7], which has led to
widespread interest in deploying methods for controlling
ticks and avoiding exposures in residential yards [8].
However, the evidence is equivocal for the assertion that
human-tick encounters responsible for zoonotic trans-
mission events occur predominantly around the home.
In one study of 70 people bitten by ticks in Westchester
County, NY, 69% reported acquiring the tick in their
backyard, with the remaining ticks being acquired at
school or camp (11%), in parks or recreational areas
(9%), at work (4%), while hunting (3%), or elsewhere
(4%) [9]. In Connecticut, ticks (N = 4717 records) sub-
mitted to the state health department included 74% self-
reported as being acquired outside at home, 5% acquired
in the neighborhood, and 21% away from home [10]. In
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one Rhode Island community, households with Lyme
disease cases had higher density of infected nymphal
ticks in their yards than did households without Lyme
disease cases, yet this “entomologic risk” was not a sig-
nificant predictor of Lyme disease over 2 years, suggest-
ing that additional factors such as human behavior
played a role [4]. A randomized, controlled study in
Connecticut, New York, and Maryland found that tick
abundance was lower in yards treated with the acaricide
bifenthrin, compared to yards sprayed with a placebo.
Nonetheless, there was no significant difference between
participants with bifenthrin-treated versus placebo-
treated yards in the frequency of tick bites or tick-borne
diseases [11]. Possible explanations for these results in-
clude participants having encountered ticks outside their
yards, or in parts of their yards that were not sprayed
(including the interior of wooded areas, vegetable gar-
dens, and flower beds) [11].
Quantifying the relative contribution of yard-level risk

factors, versus risks associated with factors at other
scales, is important for public health. Some public health
officials recommend landscaping yards [12] and using
acaricides in yards [13, 14] to reduce disease risk, at a
significant financial and possible environmental cost. In
a survey of 1200 residents in three Connecticut towns,
31% of respondents used acaricides in their yards [15].
People also invest in community-wide efforts to reduce
risk, including deer hunts and deployment of deer-
targeted acaricides such as “four-posters” [16]. In
addition to informing decisions by households and com-
munities about where to focus tick control efforts, un-
derstanding where people are at risk is also important in
deciding where to employ behaviors intended to prevent
tick bites, such as use of repellent, protective clothing, or
body checks after time spent outdoors.
Increases in the frequency of tick-borne diseases high-

light the importance of a systematic review and meta-
analysis of the spatial component to risk of tick-borne
disease in eastern North America, where Lyme disease
has been endemic for decades. We classified potential
risk factors spatially as relating to the yard (peri-domes-
tic) [5, 17, 18], the neighborhood surrounding but not
including the yard, and areas outside the neighborhood.
We compared the relative magnitudes of risk factors as-
sociated with these spatial scales. The scales are defined
to be mutually exclusive, to enable drawing conclusions
from the meta-analysis about the scale or scales at which
interventions are expected to be most effective. These
three spatial scales are relevant to decisions of individ-
uals and communities. Public health messages, interven-
tions, and decision-making processes may differ
depending on whether the aim is actions in individual
yards, across a neighborhood, or at the scale of a larger
region extending beyond the neighborhood.

Methods
Search strategy and selection criteria
We performed a systematic review and meta-analysis,
following Preferred Reporting Items for Systematic Re-
views and Meta-Analyses (PRISMA) guidelines (Add-
itional file 1). The study protocol was registered in the
PROSPERO Register CRD42017079169 (Prospective
International Register of Systematic Reviews; www.crd.
york.ac.uk/prospero) at the beginning of the study. We
found an initial set of six articles using a series of topic
searches in Web of Science, including the terms “perido-
mestic AND ticks”; “yard AND ticks AND bite”; “tick
AND encounter AND risk”; and “Lyme disease AND
case-control” [4, 17–21]. We identified risk factors in
those six articles (Additional file 2). We used these risk
factors as keywords in a more comprehensive Web of
Science search (Additional file 3). We added terms on
variables at neighborhood and greater scales. We re-
stricted search terms to articles on diseases caused by
pathogens transmitted by I. scapularis, in U.S. states and
Canadian provinces with recent Lyme disease incidence
of at least 1 per 100,000 [22, 23]. Due to resource con-
straints, we did not search other databases besides Web
of Science.
We defined the yard as the area within a household’s

property boundaries. We defined the neighborhood as
outside the yard but within 500 m of the boundary. This
distance is commonly used in defining neighborhoods,
and encompasses typical walking distances from home
to locations such as banks, supermarkets, and post of-
fices ([24]; [25]). Places further than 500 m from a prop-
erty were defined as outside the neighborhood. From the
perspective of a focal person living in a neighborhood,
the neighborhood will typically include other people’s
yards, which are peri-domestic for the people living in
those neighboring properties but not peri-domestic for
the focal person. When a person visits neighbors’ yards,
or other places in the neighborhood, risks from ticks
may be different than when the person is in their own
yard, for example due to differences in human behavior
around the home versus elsewhere. Neighborhood-scale
factors, such as habitat of areas adjacent to the yard or
vertebrate hosts that move across property boundaries,
may influence risk within the yard. We define each
spatial scale to exclude the other two, in order to enable
analyses that identify the spatial scales at which public
health interventions are likely to have greatest impact.
We assigned spatial scales to the risk factors in the ini-
tial set of six articles (Additional file 2: Table S1). In
many cases, although a study did not specify where an
activity took place, it was possible to make a reasonable
judgment, for example that camping or outdoor occupa-
tions typically took individuals away from their yard and
neighborhood. For certain activities, such as hunting and
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fishing, surveys indicate 79% of participants travel a dis-
tance greater than five miles (eight km) to reach their
recreational destination [26]. For other recreational ac-
tivities, such as hiking or camping, we are not aware of
direct sources of information on travel distances, how-
ever distances from towns to parks (common destina-
tions for these recreational activities) suggest hiking or
camping typically takes visitors outside the neighbor-
hood [27]. We incorporated data on self-protective be-
haviors, such as use of repellent or self-checks for ticks,
where studies specified where that activity took place.
Occupational exposure we assumed to be outside the
neighborhood. We excluded variables such as “hours
spent in vegetation”, “own a dog”, or “rural residence”
that we could not reliably assign to a spatial category.
We further excluded activities such as “walk or jog out-
doors” [21] in which people’s movements frequently
span the neighborhood to outside the neighborhood.
We performed the full search of Web of Science on

July 30, 2017. For an initial 50% of abstracts (619 ran-
domly selected among the total 1237), one author (IRF)
carried out full-text eligibility assessment for abstracts
relating spatial risk factors to disease incidence as well
as case-control data. Of the 619 abstracts screened, 20
concerned disease incidence (Additional file 4), and
these were subjected to detailed examination. Each inci-
dence article reported risk factors at spatial scales ap-
proximating a neighborhood (e.g., census block group
[28], ZIP code [29]), were at greater-than-neighborhood
scales (e.g., municipality [6], county [30]), or were at
variable scales (areas bounded by U.S. federal roads
[31]). As these incidence studies did not enable compari-
son of relative risks across the three spatial scales, we ex-
cluded incidence studies from the systematic review and
meta-analysis.
Following the initial assessment of incidence studies,

we screened each article’s title and abstract, without

seeing any other article information. We evaluated the
full articles for abstracts reporting on tick bites or tick-
borne disease case-control, longitudinal, controlled or
non-controlled trials, or survey studies including risk
factors at one or more relevant spatial scales. Two
people screened each abstract and title. If at least one
screener determined that an abstract was relevant, then
we assessed the article in full. If the article reported data
that we could code to spatial scale, in association with
disease case-control or odds ratio data, then we included
it in the systematic review and meta-analysis. In the case
of studies on tick bites or ticks found crawling on a per-
son, we included the study if it reported spatial data in
association with data on individuals who were bitten ver-
sus those who were not, or indices of exposure (e.g.,
anti-tick salivary antigen) [32]. Studies were included re-
gardless of the criteria by which studies defined cases of
tick-borne disease. In addition to excluding incidence ar-
ticles, we also excluded reviews, articles on ticks other
than I. scapularis, articles in which spatial data were dis-
sociated from case-control data, and articles lacking
spatial data, case or bite data, or controls. Figure 1 illus-
trates the screening and review steps, and the numbers
of articles at each step.
There are several aspects of meta-analyses that require

the results of our study to be interpreted with caution,
but that we do not expect to have introduced systematic
biases. As with all meta-analyses, ours can only include
effects measured in the original papers. We relied on
each paper’s descriptions of the spatial scale associated
with risk factors. While we recognize that factors re-
ported at one spatial scale may suggest conditions or be-
havior at other scales, we did not assume this to be the
case. If, for instance, a paper provided data on study par-
ticipants’ use of a self-protective measure, such as use of
repellent, while study participants were in the yard, we
classified this as a yard-scale data point but did not

Fig. 1 Preferred Reporting Items for Systematic Reviews and Meta-Analyses diagram
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assume that participants’ adherence to this measure ex-
tended to other spatial scales unless the paper specified
as much. Studies did not provide information on relative
exposure to ticks at each scale, thus it was not possible
to account for effects of potential differences in exposure
by scale. We are further unable to incorporate latent
spatial variables, such as landscape structure or verte-
brate host community, that may have effects on risk but
were not included across all the original papers at all
scales. We do not expect these limitations of meta-
analysis to present biases, because we expect researchers
have examined and reported on factors they consider to
be of importance.

Data analysis
Studies reported results in several ways, including num-
bers of individuals associated with a potential risk factor
or percent of individuals, numbers of cases and controls
or odds ratios computed from numbers of cases and
controls, and numbers of individuals associated with a
variable versus continuous variables measured for indi-
viduals. We converted this range of data types into uni-
form data types, log odds ratios and log standard errors
ratios, which we then used in meta-analyses. Figure 2
depicts a flow chart for the steps of processing a range
of data types for meta-analysis.
For studies that reported numbers of tick-borne dis-

ease or tick exposure cases and controls associated with
risk factors, we used these data to compute the log odds
ratio and log standard error for each risk factor. We
computed these values using the Mantel-Haenszel
method via function “rma.mh” in R package “metafor”
[33]. We conducted all analyses in R version 3.4.0 [34].
For the controlled trial studies, we analyzed the reported
frequency of cases and controls in relation to the risk
factors. If a study reported the percent of cases and con-
trols associated with a variable, we converted percent
values to numbers of individuals and then computed the
log odds values. Where a study provided odds ratios and
95% confidence intervals, we converted the odds ratio
into the log odds ratio and computed the log standard
error using the confidence intervals: logSE = (logCI(Up-
per Bound) − log (Odds Ratio)) /1.96 [35].
For studies that reported continuous variables, e.g.,

mean weekly outdoor work hours for cases and controls
[36], we first computed the standard mean difference d,
between cases and controls, and the standard error
around d, SEd using function “escalc” in package “meta-
for” [33]. Then we converted from d to the log odds ra-
tio: LogðOddsRatioÞ ¼ d π

ffiffi

3
p , and from SEd to the log

standard error: logðSEÞ ¼ SEðdÞ π
ffiffi

3
p [37].

Studies reported data for each risk factor separately,
without including raw, individual-level data or cross-

correlations among factors. We therefore analyze each
risk factor as independent of others within each study,
without including potential cross-correlations among
risk factors. Some studies reported odds ratios and

Fig. 2 Flow-chart of conversion of multiple data types into common
format and use in meta-analyses
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confidence intervals that had been adjusted for demog-
raphy or other variables [36]; in these cases we used
these adjusted values ratio to compute the log odds ratio
and log standard error. Considering studies that re-
ported case-control data for multiple levels of a variable
within the same spatial category, we used only the meas-
ure with the highest reported risk, to avoid
pseudoreplication.
Certain factors may increase risk while others decrease

risk. In order to compare the relative magnitudes of fac-
tors that increase risk across spatial scales, we converted
factors that reduce risk into the converse factors that in-
crease risk. We first reclassified for consistency near-
synonymous variables described using different terms
across studies (e.g., reclassifying as “hunting” studies that
described “hunt” vs. “hunting”). Using the “rma.uni”
function in package “metafor” [33], we constructed a lin-
ear mixed model to test for the effect of the specific vari-
ables measured in studies (e.g., “bird feeder”; “woods”;
“fishing”). Study was a random effect. Based on the fitted
model, we found the estimated mean log odds value for
each specific variable across all studies and spatial cat-
egories, including variables associated with both disease
and tick bites (see Additional file 5 for log odds ratio es-
timates for each specific variable). If the average log odds
ratio was negative for a variable, indicating that the vari-
able may reduce risk, then we used the converse variable
and multiplied the log odds ratio from each study for
that variable by negative one. For example, the estimated
log odds ratio for “use of repellent” was negative (indi-
cating reduced risk associated with repellent use), there-
fore we multiplied the reported values for this variable
by negative one in each study, and analyzed the converse
variable, “not using repellent”, in all further analyses.
Similarly, having a fence on one’s property was associ-
ated with negative log odds values, so we multiplied the
log odds ratio values for this variable by negative one
and analyzed the variable “not having a fence”. Out of 64
variables, we undertook this conversion for the 16 vari-
ables that had a negative pooled log odds ratio value.

Statistical modeling
Sample size was not adequate to permit accounting for
study location in the analysis of effects of spatial scale.
However, we evaluated whether study location corre-
lated with disease risk and therefore represented a po-
tential confound. We determined whether there was a
relationship between Lyme disease incidence in study
areas and the frequency of measures in each spatial
scale. For each study, we found the average Lyme disease
incidence over the period 2006 to 2016 for the state in
which the study was conducted [22]. For studies that
spanned multiple states we took the average incidence
across those states. For the study in Canada [38], we

assigned the mean Lyme disease incidence in Canada
over the period 2009-2016 [39]. Risk factors for disease
were assigned to one of four categories, corresponding
to the Lyme disease incidence of the study area relative
to the quartiles of the distribution of Lyme disease inci-
dence values for U.S. states and Canada. To evaluate the
potential relationship between Lyme disease incidence
quartile and the frequency of observations at each spatial
scale, we applied a Chi-square test. We used function
“chisq.test” in R “stats” package, with simulated P values
to accommodate low counts at the neighborhood scale.
To determine the appropriate model formulation for

testing for effects of spatial scale, we first constructed a
series of alternative linear mixed models using the fol-
lowing predictors: spatial scale, publication year (relative
to the year of the first study published), or both spatial
scale and publication year. We included publication year
as a predictor based on exploratory analysis that indi-
cated a potential decreasing trend in log odds ratios in
relation to publication year. Study was a random effect
in each model. We used the “rma.uni” function in R
package “metafor” (Viechtbauer, 2010). We compared
the fit of alternative models using the Akaike Informa-
tion Criterion for small samples, AICc, with the R pack-
age “AICcmodavg” [40, 41]. We considered models with
ΔAICc < 2 (the difference between a model’s AICc value
and the AICc value of the best-fitting model) to have a
similar level of support [40].
Based on the result (Table 1) that the best fitting

model included both spatial scale and publication year,
we proceeded to include both of these variables in our
analyses of disease risk. For tick bites, there was only
one measure at the neighborhood scale, below the mini-
mum of two observations for a meaningful pooled esti-
mate at this scale [42]; thus we limited the analysis to
the scales of the yard and outside the neighborhood.
There remained only 11 tick bite measures across all
studies, resulting in low statistical power to detect effects
of both spatial scale and publication year [43]; therefore,
we tested for effects of spatial scale only. We did not in-
corporate study quality in the meta-analysis, due to the
lack of objective criteria for weighting these studies by
quality.
For the best-fitting model of disease, we used analysis

of variance to compare pairs of means at the different

Table 1 Comparison of alternative models for risk of tick-borne
disease or tick bites. The best-fitting model included effects of
spatial scale and publication year

Model terms AICc delta AICc Likelihood AIC weight

Space + year 148.8 0 1 1

Space 166 17.2 0 0

Year 192.1 43.3 0 0
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spatial scales, using function “anova” in the R stats pack-
age. We analyzed log odds ratios, but present results as
odds ratios, as the linear scale is more readily interpret-
able. Data files are available [44].

Results
From 1237 citations, 19 studies met the criteria for in-
clusion; we also reviewed two additional studies that
were identified by reviewers, and included one of these
in the meta-analysis [45]. In all, the 20 studies provided
98 estimates of disease risk and 12 estimates of tick bite
risk (Additional file 6). The total study population in-
cluded 2741 individuals with tick-borne diseases and
1447 individuals who experienced tick bites or ticks
crawling on them.
The studies took place in 14 U.S. states and in Canada.

Based on the Chi-square test, we detected no significant
relationship (χ2 = 11.007, P = 0.0949; Additional file 7)
between Lyme disease incidence in the study location
(by quartile of the incidence distribution) and counts of
observations of disease risk factors across studies at each
spatial scale.
Model comparison indicated that the best-fitting

model included effects of spatial scale and publication
year (Table 1). For disease risk, there were significant ef-
fects of spatial scale, at each scale: the yard, neighbor-
hood, and outside the neighborhood (Table 2, Fig. 3). In
addition, there was an effect of publication year, with
risk declining modestly over time (odds ratio = 0.97, P <
0.0001). Risk at the neighborhood scale was 57% greater
than at the yard scale and 101% greater than outside the
neighborhood, while risk at the yard scale was 28%
greater than outside the neighborhood (Table 3). The I2

value for residual heterogeneity was 57%, indicating that
the model accounted for 43% of the variation in risk.
The test for residual heterogeneity was significant (QE =
216.0, df = 94, p < 0.0001), indicating that other factors
not included in the model may have affected risk.
For tick bites, we detected a significant effect of spatial

scale, at the scale of outside the neighborhood (Table 4,
Fig. 4). The I2 value was 82%, indicating that the model
accounted for 18% of the variation. The test for residual
heterogeneity was significant (QE = 40.94, df = 9, p <
0.0001), indicating that not all factors affecting risk were
captured by the model. The neighborhood scale was

excluded from the meta-analysis because there was only
one observation at this scale. The data point at the
neighborhood scale was time spent in someone else’s
yard (odds ratio = 1.1, 95% CI = [1.0, 1.3]) [45].

Discussion
Exposure to infected blacklegged ticks is thought to
occur peri-domestically, but rigorous assessment of this
hypothesis has been lacking. Indeed, the locations where
people encounter infected Ixodes scapularis ticks have
been identified as an important unresolved issue in un-
derstanding tick-borne disease risk [46]. Tick-bite self-
reports suggest the majority of encounters may be in the
yard [9, 10]. However, yard-level densities of infected
nymphs have not been predictive of tick-borne disease
[4]. Interventions that reduced ticks in residential yards
did not reduce tick encounters or disease, suggesting
that people who experienced disease may have encoun-
tered ticks outside the yard, or in areas of the yard where
pesticides were not applied [11].
Given the uncertainty about where people may en-

counter ticks, it is reasonable that public health officials
provide general advice in their communications about
how to reduce risk. The U.S. Centers for Disease Con-
trol, for example, have a web page on preventing ticks in
the yard [13], while a separate page advises avoiding
“wooded and brushy areas”, and walking “in the center
of trails”, recommendations that could apply to any
location [47]. Nevertheless, if some locations present
higher risk, then personal protection or environmental
interventions will likely be more effective when di-
rected specifically at those high-risk areas. Interven-
tions aimed at low-risk areas might not be as efficient
or cost effective.
Our meta-analysis used objective and transparent pro-

cedures to identify 20 studies in eastern North America,
spanning from 1981 to 2018, that identified the spatial
scale of risk. In the absence of direct information in
studies on the spatial scales of particular risk factors, we
assigned variables to spatial scale where possible based
on expectations about where activities typically take
place [26, 27]. The meta-analysis revealed significant risk
factors for exposure to infected blacklegged ticks at each
of the three spatial scales: the yard (individual residential
property), the neighborhood (area extending 500 m from

Table 2 Estimated odds ratio, standard error, 95% confidence interval, and P-values for effects of spatial scale and publication year
on tick-borne disease risk. There were significant effects of scale and year (Wald test statistic [df = 4] = 117.6, P < 0.0001)

Spatial scale Odds ratio SE CI P Number of studies Number of records

Yard 2.60 1.16 [1.96, 3.46] <0.0001 13 59

Neighborhood 4.08 1.29 [2.49, 6.68] <0.0001 4 5

Outside Neighborhood 2.03 1.13 [1.59, 2.59] <0.0001 9 34

Year 0.97 1.01 [0.96, 0.99] 0.0001 NA NA
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Fig. 3 Odds ratios with 95% confidence intervals for estimates of tick-borne disease risk associated with variables at the scale of the (a) yard; (b)
neighborhood; (c) outside the neighborhood; and (d) overall effects. Self-protective behaviors such as use of repellent were assigned to spatial
scale based on descriptions in the original articles of where individuals performed these activities (e.g. “before working or playing in yard: apply
insect repellents” [21]). Case (n/N) refers to the number of individuals with a risk factor (n) out of the total number with a tick-borne disease (N);
control (n/N) refers to the number with a risk factor out of the total without a tick-borne disease. NA typically indicates that the odds ratio was
used rather than the count. The pooled estimates included fixed effects of publication year and random effects of study. The overall effect is from
a model that included only the random effects. Filled squares indicates estimates from a single study; open diamonds are overall effects. Asterisks
denote estimates for which the 95% confidence interval around the odds ratio excluded one

Table 3 Pairwise comparisons of log odds ratios for yard, neighborhood and outside neighborhood spatial scales. The pairwise
comparisons result from analysis of variance of the fitted linear mixed effects model, which included fixed effects of spatial scale and
publication year and random effect of publication. Differences are the value for the first spatial scale, minus the value for the second
scale (e.g., neighborhood minus outside neighborhood). Ratios are the odds ratio for the first spatial scale, divided by the odds ratio
for the second spatial scale

Comparison Difference in log odds
ratios

Standard error of estimated
difference

Z
value

P
value

Ratio of odds
ratios

Neighborhood versus outside
neighborhood

0.7 0.22 −3.17 0.002 2.01

Neighborhood versus yard 0.45 0.21 −2.16 0.03 1.57

Yard versus outside neighborhood 0.25 0.1 2.61 0.009 1.28
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the property boundary, not including the yard), and out-
side the neighborhood. Thus the analysis points to the
need to attend to risk at each scale. However, risk was
greatest at the neighborhood scale, followed by the yard
and then outside the neighborhood.
One pathway by which factors in the neighborhood

may influence risk is through human movements
throughout the neighborhood, leading to exposure to
ticks in neighbors’ yards and public areas beyond the
yard. A second pathway by which neighborhood factors
may influence risk is through movements by vertebrate
hosts of ticks, as vertebrate hosts generally have home
ranges much larger than an individual property in many
residential settings [48–50]. Such movements could
regularly import and export ticks between individual
yards and the surrounding neighborhood, re-distributing
risk through time. In both cases, interventions applied to
individual yards would be less effective than those
applied to both the yard and the surrounding
neighborhood.

The movements of vertebrate hosts present a mechan-
ism by which neighborhood-scale factors may influence
yard-scale risk. Vertebrate hosts may thus contribute to
neighborhood-scale factors being associated with higher
odds ratios than yard-scale factors, yet people report ac-
quiring most ticks in the yard [9, 10]. An alternate ex-
planation for these patterns is that ticks may be
encountered in the neighborhood at greater frequency
than indicated by self-reports. The accuracy of self-
reports about tick encounter location is constrained, in
part, by people not immediately detecting ticks on them
[51, 52].
Our results underscore the need to better characterize

sources of variation in risk, through both the pathways
of human mobility and vertebrate host communities, at
the neighborhood scale [53]. The meta-analysis yielded
six measures of risk at the neighborhood scale, com-
pared to 104 measures at the other two spatial scales, in-
dicating that risk at the neighborhood spatial scale is
relatively under-studied. Presence of woods adjacent to

Table 4 Estimated odds ratio, standard error, 95% confidence interval, and P-values for effects of spatial scale on tick bite risk. The
linear model included a random effect of publication. There was a significant effect of spatial scale (Wald test statistic [df = 2] = 8.36,
P = 0.0152)

Spatial scale Odds ratio SE CI P Number of studies Number of records

Yard 1.35 1.19 [0.97, 1.88] 0.0799 2 8

Outside neighborhood 2.46 1.48 [1.14, 5.3] 0.0213 3 3

Fig. 4 Odds ratios with 95% confidence intervals for tick bite risk factors. The meta-analysis included fixed effects of spatial scale and random
effects of study. Case (n/N) refers to the number of individuals with a variable (n) out of the total number with a bite (N); control (n/N) refers to
the number with a risk factor out of the total without a tick-borne disease. Filled squares indicates estimates from a single study; open diamonds
are overall effects. Asterisks denote estimates for which the 95% confidence interval around the odds ratio excluded one
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or otherwise within 500m of the yard represented four
of six measures at the neighborhood scale, whereas there
was a greater diversity of factors measured at the scales
of the yard and outside the neighborhood. In the tick
bite meta-analysis, two of three observations at the out-
side neighborhood scale pertained to use of permethrin-
treated clothing, whereas there was a more varied set of
factors at the yard scale (Fig. 4). While it is possible that
differences between scales in the types of measures re-
ported may have affected the spatial patterns found, we
have no reason to expect a systematic bias in the litera-
ture toward more frequent selection of riskier variables
at the neighborhood scale. Although the residential yard
is physically situated within a neighborhood, which is
found within a larger region, our analysis explicitly
avoids nesting these three scales in order to identify the
scales at which interventions are most likely to be effect-
ive. A neighborhood-scale intervention could involve a
common action or set of actions being conducted in the
respective yards of multiple residents in the neighbor-
hood, as well as public spaces such as schools or parks.
Neighborhood definitions are commonly defined as

the area within 500 m from home, this distance being
based on walking accessibility [24, 54, 55]. Five hundred
meters encompasses average walking distances to com-
mon destinations such as bus stops, supermarkets, or
cemeteries [24]. We examined the effects of applying al-
ternate neighborhood definitions using the available data
from our meta-analysis. One study [56] presented data
on risk associated with presence of woods at varying dis-
tances from property boundaries. We redid the analyses
having categorized data from this study assuming either
a neighborhood definition of 250 m or of 750 m. The re-
sults from these analyses did not substantively differ
from those reached applying a neighborhood definition
based on 500 m (Additional file 8). Data on time spent
and tick encounters in the yard and at varying distances
from home would enable future analyses on the areas
where people are most at risk.
We found a modest decline in risk over time. We did

not discern trends in study methodology that would ex-
plain this pattern. One potential cause of this pattern
could be improvements in testing technology reducing the
rate of false-positive diagnoses [57]. Alternatively, a recent
decrease or stabilization in cases of Lyme disease reported
to the U.S. Centers for Disease Control in states with high
incidence may be due to local health departments redu-
cing the resources allocated to verifying Lyme disease
cases [2]. Another possibility is that over time, people have
become more aware of how to avoid contacts with ticks.
A cause for caution in interpreting the results of the

meta-analysis is the difficulty in inferring cause versus
effect with respect to risk factors in retrospective studies,
which look backwards to examine exposures to factors

expected to increase or decrease risk. In prospective
studies, in which cohorts are followed who differ in cer-
tain factors (e.g., a controlled trial of acaricide use in
yards [11]), this problem is reduced. In our meta-
analysis, 5 of 20 included studies were prospective [11,
18, 21, 58, 59]; the remaining studies were retrospective.
Our meta-analysis included studies from across east-

ern North America, but we did not incorporate potential
regional differences in the model due to inadequate sam-
ple size across regions. It is possible that regional vari-
ation in Lyme disease incidence or ecology may have
contributed to variation in results across studies. We
note a possible pattern of relatively increased attention
to yard-scale risk factors in locations in the highest quar-
tile of Lyme disease incidence, and increased frequency
of observations of factors outside the neighborhood in
locations with Lyme disease incidence in the second
quartile (Additional file 7: Table S5). However, the Chi-
square test detected no relationship between the fre-
quency of observations at each spatial scale and Lyme
disease incidence. Most available studies were in the
Northeast and Mid-Atlantic U.S., with one study in the
Midwest U.S. [60] and one study in Canada [38].
Research to improve the diagnosis and treatment of

Lyme disease and other tick-borne diseases is advancing
rapidly, but fewer resources are allocated to avoidance
and prevention of exposure. There were nearly five times
as many articles on diagnosis and treatment of Lyme dis-
ease, anaplasmosis, and babesiosis as there were articles
on prevention over the period 2005-2015 [61]. Efforts at
prevention require knowledge of the spatial components
of risk, specifically the locations used by both infected
ticks and humans. Our meta-analysis suggests that risk-
reducing interventions applied to any of the three spatial
scales could be effective, but that those applied to the
neighborhood scale are most likely to protect human
health.

Conclusions
Lyme disease and other tick-borne diseases are expand-
ing their ranges in North America and elsewhere. En-
hancing prevention requires understanding the spatial
components of risk, including where and how infected
ticks and humans come into contact. Our results high-
light the need to better characterize sources of variation
in risk at the neighborhood scale. We find that risk fac-
tors at the neighborhood scale are relatively under-
studied, as are risk factors for tick bites at all scales. The
meta-analyses suggest that risk-reducing interventions
applied at each scale could be effective, but interventions
applied at the neighborhood scale are most likely to pro-
tect human health. Interventions applied to individual
yards would be less effective than those applied to both
the yard and the surrounding neighborhood.
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for studies in areas with Lyme disease incidence less than the quartile
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