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Abstract

Rationale: Nontuberculous mycobacteria (NTM) are ubiquitous
environmental microorganisms. Infection is thought to result
primarily from exposure to soil and/or water sources. NTM disease
prevalence varies greatly by geographic region, but the geospatial
factors influencing this variation remain unclear.

Objectives: To identify sociodemographic and environmental
ecological risk factors associated with NTM infection and disease in
Colorado.

Methods:We conducted an ecological study, combining data
from patients with a diagnosis of NTM disease from National
Jewish Health’s electronic medical record database and ZIP
code–level sociodemographic and environmental exposure data
obtained from the U.S. Geological Survey, the U.S. Department of
Agriculture, and the U.S. Census Bureau. We used spatial scan
methods to identify high-risk clusters of NTM disease in Colorado.
Ecological risk factors for disease were assessed using Bayesian
generalized linear models assuming Poisson-distributed discrete
responses (case counts by ZIP code) with the log link function.

Results:We identified two statistically significant high-risk clusters
of disease. Theprimary cluster includedZIP codes in urban regions of

Denver and Aurora, as well as regions south of Denver, on
the east side of the Continental Divide. The secondary cluster was
located on the west side of the Continental Divide in rural and
mountainous regions. After adjustment for sociodemographic,
drive time, and soil variables, we identified three watershed areas
with relative risks of 12.2, 4.6, and 4.2 for slowly growing
NTM infections compared with the mean disease risk for all
watersheds in Colorado. This study population carries with it
inherent limitations that may introduce bias. The lack of
complete capture of NTM cases in Colorado may be related to
factors such as disease severity, education and income levels, and
insurance status.

Conclusions: Our findings provide evidence that water
derived from particular watersheds may be an important
source of NTM exposure in Colorado. The watershed with
the greatest risk of NTM disease contains the Dillon Reservoir.
This reservoir is also the main water supply for major cities
located in the two watersheds with the second and third highest
disease risk in the state, suggesting an important possible source
of infection.
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Nontuberculous mycobacteria (NTM)
disease has become increasingly prevalent
across North America, especially among
older adults (1–4). NTM are ubiquitous
environmental organisms (5). Beyond
previously described immunosuppressive
conditions, host genetic factors, and
environmental factors important to the
epidemiology of NTM disease (6–8),
infection is thought to result primarily from
exposure to soil and/or water sources (9).
Although disease prevalence varies greatly
by geographic region (10, 11), the
geospatial factors influencing this variation
are poorly understood. Researchers in
previous studies have identified geographic
regions with increased disease rates
(10, 11), as well as regions with high
numbers of mycobacteria isolated from
environmental samples, as compared with
other surveyed regions (12, 13). Few studies
have involved systematic assessments of
the influence of environmental factors on
NTM disease prevalence. Statistical
analysis can be used to identify regions of
high risk, enabling subsequent study of
associated factors. Researchers in two
previous studies employed spatial analytic
techniques to identify high-risk regions and
identify factors associated with disease
distribution (14, 15). Their findings warrant
further investigation into the spatial
patterns and environmental predictors of
NTM disease.

Our study uses the concept of
“watershed epidemiology,” whereby
connections between ecosystems and
human health are explored over broad
spatial scales (16). A watershed is “the area
of land where all of the water under it or
draining off of it goes to the same place and
includes both surface and ground water”
(17, p. 1). Consequently, two individuals
living far from one another within the same
watershed may have more similar
exposures than two individuals living near
one another but in different watersheds.
The use of watersheds can place cases into a
construct with defined natural boundaries
and environmental relevance (17). From a
population-level perspective, data related to
geophysical, pollutant sources, and
physicochemical properties of water, to
name a few, can be applied across
watersheds to estimate associations between
ecosystems and human health (16). To
systematically explore the role of water
exposure on NTM infection risk in
Colorado, we used watersheds as our main

variable of interest while controlling for
other known risk factors.

With over 150 NTM species identified
(18), NTM represent a genetically diverse
group of environmental organisms (19, 20).
Previous literature indicates that the genetic
diversity of some NTM species differs by
geographic region, implying that
environmental sources and routes of
transmission may differ by species (21).
Mycobacteria are defined by growth rate as
either slowly growing or rapidly growing.
These groups are phylogenetically distinct
(22, 23), and it is logical to explore whether
different environmental sources are
involved. Our data enabled examination of
slowly growing and rapidly growing NTM
species from patient isolates, both together
and separately.

A better understanding of the regional
ecology and environmental sources of NTM
is crucial because patients undergo lengthy
and complex treatment regimens and are
often reinfected despite initial cure. Regional
factors may provide insight into the
characterization of optimal growth
environments, which ultimately influence
disease prevalence in different geographic
settings (24). Using an ecological design
with data from patients with NTM disease
resident in the State of Colorado who were
treated at National Jewish Health (NJH), a
leading respiratory hospital in Denver, we
aimed to identify geospatial patterns of
NTM disease and to identify
sociodemographic and environmental
variables associated with NTM infection
risk in Colorado.

Methods

Patient data were obtained from the NJH
electronic medical record database. Our
study population included patients with a
diagnosis of NTM treated at NJH who were
resident in Colorado during the study
period that spanned from February 2008
through June 2015. Patients with NTM
disease diagnosed with cystic fibrosis were
excluded from the study to ensure that we
had a homogeneous patient population.
This study was approved by the NJH
Institutional Review Board (HS-2901).

Data Collection

NTM species categories. NTM species from
patient isolates were grouped by (1) all

NTM species, (2) slowly growing NTM
species, and (3) rapidly growing NTM
species. Individual species in categories 2
and 3 are listed in Table E1 in the online
supplement. Outcome variables in the
regression models were case counts per ZIP
code for each category.

Sociodemographic and environmental
exposure data
U.S. CENSUS BUREAU. U.S. ZIP Code
Tabulation Areas (ZCTAs) and state base
layers, ZCTA land areas, and ZCTA-level
sociodemographic data were obtained from
the U.S. Census Bureau American
FactFinder online portal (25, 26).

U.S. DEPARTMENT OF AGRICULTURE. Soil
data (pH; salinity; cation exchange capacity;
calcium carbonate; permeability; bulk
density; water infiltration rates; and soil
texture, e.g., clay, sand, silt) were obtained
from the State Soil Geographic
database (27).

U.S. GEOLOGICAL SURVEY. Geochemical
soil properties were obtained from the U.S.
Geological Survey National Geochemical
Survey database (mrdata.usgs.gov/geochem/)
(28). Data on the U.S. population served by
ground and surface water was obtained
from the U.S. Geological Survey National
Water Use Information Program (29).
Watershed boundaries were obtained from
the U.S. Geological Survey Watershed
Boundary Dataset (30).

WATERSHED DELINEATION. The U.S.
Geological Survey partitions the U.S. land
surface into a hierarchical system of
watershed polygons.We used the hydrologic
unit code level 8 watersheds (30) as an
independent variable, which includes 92
watersheds throughout Colorado.

Statistical Analysis
Our initial analyses, using SaTScan software,
were focused on identifying clusters of ZIP
codes that had unusually large NTM risk
relative to ZIP codes outside the cluster. Our
second analyses, involving Bayesian
regression, were focused on explaining why
the clusters may have greater risk.

SaTScan. Statistical analyses were
performed using spatial scan methods
implemented in SaTScan (version 9.4.1;
Kulldorff M. and Information Management
Services, Inc., Rockville, MD). All ZIP codes
with a population of at least 1 were used to
represent the at-risk population. Given the
ubiquitous nature of NTM, the maximum
at-risk population was set to include up
to 50% of the population (the maximum
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geographical cluster size allowable in the
SaTScan software) across all ZIP codes. We
sought to identify high-risk clusters of NTM
disease. A high-risk cluster is defined as a
collection of ZIP codes where the total
number of observed cases is greater than
what would be expected under the null
hypothesis of constant risk across all
regions. We estimated the relative risk (RR)
for each cluster. This is the ratio of the risk of
NTM for of all ZIP codes in the cluster to the
risk of NTM in all ZIP codes outside the
cluster. A discrete Poisson distribution was
selected to model the case counts using
the “purely spatial” analysis option. In
Figures 1A–1C, red dots indicate centroid
centers of ZIP codes that were included
in the cluster.

Bayesian Poisson regression
analyses. Analysis of data was performed
using the R (version 3.2.2) statistical
software packages “spdep” (31), “arm” (32),
“ggmap” (33), and “geoRglm” (34). Our
model included the log of the population
for each ZIP code as an offset term to
account for the differing population in each
region. We ran Bayesian generalized linear
models assuming overdispersed, Poisson-
distributed discrete responses (case
counts by ZIP code) with the log link
function (32).

In all regression models, ZIP code was
the unit of analysis. Exposure variables (all
soil, sociodemographic covariates, and
population proportion served by ground
water) were averaged by ZIP code in ArcGIS
10.2 (Esri, Redlands, CA) and then entered
as explanatory variables in our regression
models. Drive time between ZIP code
centroids and NJH were calculated using the
ggmap package (33). We categorized ZIP
codes on the basis of whether they were
within a 30-minute drive to NJH. For ZIP
codes that intersected multiple watersheds,
we calculated the fraction of the ZIP code

land area overlapping each watershed. In
our regression models, the RR of an NTM
diagnosis in a given watershed was
estimated by comparing the risk of each
watershed relative to the weighted mean
risk of disease of all watersheds throughout
Colorado. Sociodemographic and drive-
time variables were included to control for
potential confounding induced by using a
hospital-based population. Any soil variable
that changed watershed estimates by more
than 10% or that was statistically significant
in an analysis of deviance test was retained
in the final model. We tested whether
residual spatial autocorrelation remained
by using a populated-adjusted version of
Moran’s I test (35). If residual spatial
autocorrelation remained, we replaced our
Bayesian generalized linear model with a
Bayesian Poisson kriging model (34).

Some variables, such as soil pH, soil
bulk density, soil permeability, geochemical
soil properties, age, sex, race, income,
education, and population density, were
selected to replicate and confirm prior
findings reported in the literature (14, 15).
Other soil- and water-related variables,
including soil texture (clay, sand, or silt),
proportion of the population served by
ground water versus surface water, and
watershed boundaries, were selected to
explore hypotheses related to the
exposure of soil or water or a combination
of the two.

Results

Our dataset included 479 patients with
NTM disease with Colorado ZIP codes who
sought treatment at NJH, a respiratory
hospital in Denver, from February 2008
through June 2015. The characteristics of
our study population are summarized
in Table 1.

SaTScan
SaTScan identified two significant (P,
0.05) clusters for the all NTM species group
and the slowly growing NTM group
(Figures 1A and 1B), as well as one
significant cluster for the rapidly growing
group (Figure 1C). The RR of having an
NTM infection diagnosis with any NTM
species was 2.4 for ZIP codes within the
primary cluster (P = 0.00001; radius, 42
km), including regions in Denver, Aurora,
and south of Denver, compared with all ZIP
codes outside this cluster. The risk of
having NTM disease for ZIP codes inside
the cluster was almost 2.5 times greater
than the risk of having NTM disease in ZIP
codes outside the cluster. The second
highest statistically significant cluster had
an RR of 2.2 (P = 0.032; radius, 72 km).
When we examined the spatial scan
statistics for slowly growing NTM species,
we observed similarly significant clusters as
those in the all NTM species group. This is
intuitive because slowly growing NTM
infections comprised the majority of the
all NTM species group. The RRs of
the primary and secondary clusters
for the slowly growing group were 2.3
(P = 0.00001; radius, 41.9 km) and 2.2
(P = 0.011; radius, 79.5 km), respectively. For
the rapidly growing group, we observed one
significant cluster (at approximately the same
location as the small cluster of the all NTM
species and slowly growing NTM groups) with
an RR of 3.1 (P = 0.00004; radius, 41.8 km).

Bayesian Poisson Regression
Analyses
Having identified spatial clusters where the
risk of NTM appeared to be greater than
what could be expected under a hypothesis
of constant NTM risk in all regions, we then
sought to identify factors that could explain
the higher risk in these clusters. To this end,

Table 1. Descriptive statistics of the Colorado state resident nontuberculous mycobacteria patient population treated at National
Jewish Health

Characteristic All NTM Species
(n = 479)

Slowly Growing NTM
Species (n = 399)

Rapidly Growing
NTM Species (n = 115)

Slowly 1 Rapidly Growing
NTM Species (n = 35)

Age*, yr, mean6 SD 70.146 12.27 70.416 11.93 69.876 12.14 72.426 9.51
Female sex, n (%) 351 (73.28) 304 (76.2) 74 (64.4) 27 (77.1)
Married, n (%) 289 (60.33) 244 (61.2) 69 (60.0) 24 (68.6)
White race*, n (%)a 304 (84.44) 262 (85.6) 69 (83.1) 27 (93.1)

Definition of abbreviation: NTM= nontuberculous mycobacteria.
*Missing data (48 patients did not report age; 119 patients did not report race).
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a Bayesian Poisson regression model was
constructed to model disease risk as a
function of various environmental and
sociodemographic variables.

All NTM species and slowly growing
NTM species. Older age was a significant
risk factor for all NTM species and slowly
growing NTM; higher education was
significant only for infections caused by
slowly growing NTM species. Low soil pH
was a significant risk factor for infections
caused by slowly growing NTM species
(Table 2). For all NTM species, the
inclusion of soil texture (clay, sand, or silt)
significantly improved the model fit. For
each 1% increase in sand at the expense of
silt, each 1% increase in clay at the expense
of silt, and each 1% increase in sand at the
expense of clay, the RRs were 0.15, 0.02,
and 8.1, respectively. These findings
implicate increasing silt concentrations as a
risk factor for disease and increasing clay
concentrations as protective against disease.
In analyses using patient infections caused
by slowly growing NTM, for every 1 SD
increase of manganese soil concentration,
the RR was 0.72, and for every 1 SD
increase of phosphorus soil concentration,
the RR was 1.3.

Multiple watersheds were significantly
associated with disease. For all NTM species,
the Blue watershed had an RR of 10.2
compared with the mean risk of all 92
watersheds, whereas the Upper South Platte
(USP) and the Middle South Platte Cherry
Creek (MSPCC) watersheds had RRs of 3.8
and 4.1, respectively. The Eagle and St.
Vrain watersheds yielded statistically
significant risk increases similar in
magnitude to those of the Blue, USP, and
MSPCC watersheds, though with higher P
values (Figures 2A and 2B). After
controlling for multiple testing using a
Bonferroni correction (3 models), we
observed that the Eagle and St. Vrain
watersheds did not retain statistical
significance.

For infections caused by slowly
growing NTM species, the RR of the Blue
watershed was 12.2 compared with the
mean risk of all watersheds. Consistent with
the all NTM species group, it was the most
significant watershed in the state, followed
by the USP and MSPCC watersheds that
had RRs of 4.2 and 4.6, respectively,
compared with the mean risk of all 92
watersheds (Figures 3A and 3B). After
controlling for multiple testing (three
models), we found that the USP watershed

Period Prevalence per 10,000

0.000000

0.000001 – 2.000000

2.000001 – 5.000000

5.000001 – 15.000000

15.000001 – 100.000000

Period Prevalence per 10,000

0.000000

0.000001 – 2.000000

2.000001 – 5.000000

5.000001 – 15.000000

15.000001 – 100.000000

Period Prevalence per 10,000

0.000000

0.000001 – 2.000000

2.000001 – 5.000000

5.000001 – 15.000000

15.000001 – 100.000000

A

B

C

Figure 1. Period prevalence per 10,000 population and significant high-risk clusters of
nontuberculous mycobacteria (NTM) disease in Colorado. Gray lines delineate ZIP code boundaries
throughout the state. Red circles indicate significant clusters. Red dots indicate centroid center of
each ZIP code included in the significant cluster. (A) All NTM species. (B) Slowly growing NTM
species. (C) Rapidly growing NTM species.
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Table 2. Multivariable Bayesian Poisson regression models of ecological risk factors significantly associated with all nontuberculous
mycobacteria species, slowly growing nontuberculous mycobacteria species, and rapidly growing nontuberculous mycobacteria
species

All NTM Species Relative Risk
95% CI (P Value)

Slowly Growing
NTM Species

Relative Risk
95% CI (P Value)

Rapidly Growing NTM
Species

Relative Risk
95% CI (P Value)

Watershed Significant* Watershed Significant* Watershed NS
Education: bachelor’s

degree (%)
1.72 Education:

bachelor’s degree
(%)

2.66 Education: bachelor’s
degree (%)

1.05
0.92–3.24 1.39–5.07 0.25–4.49
(0.09) (0.0031) (0.95)

Age: >65 yr (%) 1.09 Age: >65 yr (%) 1.12 Age: >65 yr (%) 1.06
1.05–1.13 1.07–1.16 0.99–1.14
(1.43 1026) (3.83 1028) (0.11)

Median income
(per $1,000)

1.004 Median income
(per $1,000)

1.01 Median income (per
$1,000)

1.01
0.996–1.02 0.999–1.02 0.99–1.03

(0.27) (0.093) (0.53)

Population
(per 1,000)/square
mile

1.14 Population (per
1,000)/square mile

1.12 Population (per 1,000)/
square mile

1.68
0.92–1.40 0.88–1.42 1.15–2.46
(0.23) (0.37) (0.0078)

Uninsured (%) 0.98 Uninsured (%) 0.99 Uninsured (%) 1.01
0.96–1.008 0.96–1.02 0.95–1.06

(0.17) (0.58) (0.84)

Female sex (%) 0.99 Female sex (%) 0.97 Female sex (%) 1.03
0.94–1.06 0.92–1.04 0.89–1.19
(0.93) (0.43) (0.66)

Drive time .30 min
from NJH

1.11 Drive time .30 min
from NJH

0.99 Drive time .30 min from
NJH

1.78
0.78–1.56 0.68–1.46 0.86–3.67
(0.57) (0.99) (0.12)

Soil pH (1 unit) 0.75 Soil pH (1 unit) 0.69 Population (per 1,000)
served by ground water

1.02
0.57–1.008 0.51–0.95 0.99–1.03
(0.057) (0.022) (0.05)

Soil bulk density
(1 unit)

0.99 Soil bulk density
(1 unit)

0.99 Soil manganese† (1 SD) 1.23
0.992–1.006 0.992–1.007 1.01–1.49

(0.82) (0.93) (0.038)

Soil permeability
(1 unit)

1.00 Soil permeability
(1 unit)

1.00 Soil phosphorus‡ (1 SD) 0.99
0.99–1.001 0.99–1.001 0.62–1.27

(0.79) (0.69) (0.50)

Soil calcium carbonate
(1 unit)

1.07 Soil calcium
carbonate (1 unit)

1.06
0.98–1.17 0.96–1.16
(0.12) (0.23)

Soil texture 8.1 Soil manganese†

(1 SD)
0.72

Sand–clayx (%) 1.29–50.5 0.56–0.94
(0.025) (0.0136)

Sand–siltx (%) 0.15 Soil phosphorus‡

(1 SD)
1.25

0.026–0.90 1.01–1.55
(0.037) (0.0396)

Clay–siltx (%) 0.02
0.0009–0.36
(0.0086)

Definition of abbreviations: CI = confidence interval; NJH =National Jewish Health; NS = not significant; NTM= nontuberculous mycobacteria.
Boldface estimates are statistically significant. Watershed refers to all 92 watershed boundaries as defined by the hydrologic unit code level 8 watersheds.
*Significant watershed effects are detailed in Figures 2B and 3B.
†One SD in manganese soil concentration is equivalent to 466.5 ppm.
‡One SD in phosphorus soil concentration is equivalent to 0.052 percent by weight.
xHolding the third soil variable constant.
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did not exceed the threshold for
significance.

Rapidly growing NTM species. For
rapidly growing species, every 1-SD increase
in manganese soil concentration was
associated with an RR of 1.2. For a

1,000-person increase in the average ZIP
code–level population per square mile, the
RR was 1.7 while all other variables were
held constant.

Moran’s I test and Bayesian kriging
model. After modeling the infections caused

by all NTM species and slowly growing
NTM species using the previously described
environmental and sociodemographic
variables, Moran’s I tests of residual spatial
autocorrelation yielded nonsignificant P
values, so the null hypothesis of no residual
spatial autocorrelation could not be
rejected. In other words, we could not
detect evidence of additional clustering of
NTM infections after accounting for the
previously discussed risk factors, which
suggests that the covariates in our model
explain most of the variation in the
inhomogeneous risk pattern of NTM cases
in our study area. However, the model
using patient infections caused by rapidly
growing NTM species was significant.
Consequently, we ran a Bayesian kriging
model to control for the residual spatial
autocorrelation present in these data. This
model did not demonstrate statistical
significance for any risk variable. Thus, no
conclusions could be drawn regarding
covariates related to infections caused by
rapidly growing NTM species.

Discussion

NTM are opportunistic human pathogens
that normally inhabit drinking water,
natural water, and soils (36). However,
epidemiological researchers have only
begun to systematically assess the relative
importance of these different habitats in the
risk of infection and disease (14, 15). By
using watersheds as a proxy for general
water exposure, a statistically significant
watershed effect could theoretically imply
that exposure to water is a source of NTM
infection in Colorado.

We found significant spatial variability
in the prevalence of NTM disease using NJH
patient data spanning from February 2008
through June 2015. Our SaTScan results
revealed two statistically significant high-
risk clusters. The primary cluster contained
ZIP codes located in urban regions such as
Denver, Aurora, and locations south of
Denver. The risk of having NTM disease for
people in ZIP codes inside the primary
cluster was almost 2.5 times greater than the
risk of people having NTM disease in ZIP
codes outside the cluster. The secondary
cluster included ZIP codes located within
mountainous, rural, and more sparsely
populated regions. The disease risk for
individuals in ZIP codes located within the
secondary cluster was over two times that of

RR=3.5
p-value=0.042

RR=3.8
p-value=0.0123

RR=7.3
p-value=0.039

RR=10.2
p-value=0.0005

RR=4.1
p-value=0.006

A

B

Figure 2. Significant watersheds for all nontuberculous mycobacteria (NTM) species. The four major
watersheds in Colorado are represented by four colors: Missouri (beige), Upper Colorado (brown),
Arkansas-White-Red (purple), and Rio Grande (green). Black lines represent watershed boundaries of
the four major watersheds. Black line separating the Upper Colorado watershed (brown) from the
remaining three watersheds represents the Continental Divide. Statistically significant watersheds are
shown in white. (A) Four major watersheds are divided into 92 watersheds (boundaries delineated by
gray lines) in Colorado. Watershed names are printed in boldface type. (B) Watersheds narrowed into
region of interest. Watershed names are printed in boldface type. Major city names are in printed in
gray. Red circles indicate significant clusters of disease caused by all NTM infections. Red dots

indicate centroid center of each ZIP code included in the significant cluster. Blue areas indicate lakes,
reservoirs, and rivers. RR = risk ratio.
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people in ZIP codes located outside the
cluster.

SaTScan results can be used to assess
possible disease transmission factors.
Specifically, one can model the relationship
between exposure variables and disease risk

to see if the variables can adequately explain
the pattern of disease distribution observed
in the study area. The decision to use
watersheds as an exposure variable was
determined by having observed significant
disease clusters on both sides of the

Continental Divide, with the knowledge that
water is pumped from west to east across the
Continental Divide.

Our regression results indicated that
soil acidity was significantly associated with
increased disease risk, specifically for
infections caused by the slowly growing
NTM species. This finding is consistent with
previous literature indicating that NTM
preferentially grows in acidic soil (36, 37).
Our findings also indicated that soil with
low manganese concentrations was
positively associated with infections caused
by slowly growing infections. Adjemian and
colleagues (14) reported a protective odds
ratio for pulmonary NTM disease with
increasing manganese soil concentrations.
Our results for infections caused by the
slowly growing species are consistent with
their findings. Although their data could
not separate infections caused by slowly
growing from rapidly growing NTM
species, the majority of their cases likely
comprised infections caused by the slowly
growing NTM species.

We also explored the role of soil texture
(sand, silt, or clay) as a predictor of disease
risk. Clay was significantly protective against
disease for all NTM species, whereas silt was
a significant risk factor. Clay and silt soils
differ in their particle size and associated
physical properties. The coarser-textured
silt soils would be expected to be more
permeable than clay soils and to have higher
infiltration rates. These data suggest that
perhaps NTM growth conditions are
enhanced in regions where the interaction
between soil and water can occur. The
association of silt with infections caused by
slowly growing species was only marginally
significant. Because this variable did not
influence the model for rapidly growing
infections, the lower number of infections
caused by slowly growing species (and
therefore lower sample size) compared with
all NTM species may in part explain the
marginal significance.

Sociodemographic variables, as a
combined set of variables, consistently
demonstrated statistical significance in all
models. Higher education and older age
were significantly associated with disease
risk at the ZIP code level, consistent with
previous literature (14, 15, 38). Whereas
education may simply be a proxy for access
to medical care, older age may in fact
represent a biological correlate of disease,
where older age is a predisposing factor
to illness.

RR=12.2
p-value=0.002

RR=4.6
p-value=0.016

RR=4.2
p-value=0.022

A

B

Figure 3. Significant watersheds for slowly growing nontuberculous mycobacteria (NTM) species.
The four major watersheds in Colorado are represented by four colors: Missouri (beige), Upper
Colorado (brown), Arkansas-White-Red (purple), and Rio Grande (green). Black lines represent
watershed boundaries of the four major watersheds. Black line separating the Upper Colorado
watershed (brown) from the remaining three watersheds represents the Continental Divide.
Statistically significant watersheds are shown in white. (A) Four major watersheds are divided into 92
watersheds (boundaries delineated by gray lines) in Colorado. (B) Watersheds narrowed into region of
interest. Watershed names are printed in boldface type. Major city names are printed in gray. Red
circles indicate significant clusters of disease caused by slowly growing NTM infections. Red dots

indicate centroid center of each ZIP code included in the significant cluster. Blue areas indicate lakes,
reservoirs, and rivers. RR = risk ratio.
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Watershed Effect
For infections caused by slowly growing
NTM species, the Blue watershed had an RR
of 12.2 compared with the mean risk of all
92 watersheds in Colorado. In the USP and
MSPCC watersheds, we observed RRs over 3
for all NTM species and over 4 for infections
caused by slowly growing NTM species
(Figures 2A and 2B).

Over 80% of all NTM species of patient
isolates were slowly growing NTM species.
Therefore, with a more homogeneous
phenotype, the watershed estimates for
infections caused by slowly growing species
were more pronounced than what we
observed for all NTM species. The Blue
watershed consistently demonstrated the
greatest increased risk of NTM disease in
Colorado. After adjusting for
sociodemographic, drive time, and soil
variables, we observed that the Blue
watershed effect increased further. The USP
and MSPCC watersheds demonstrated the
second and third highest significance levels
in the state. Curiously, the Blue watershed
contains rural and more sparely populated
regions. Furthermore, it is mountainous and
at higher elevation, with more precipitation
and cooler temperatures. In contrast, the
USP and MSPCC watersheds include more
urban and densely populated regions. They
are at lower elevation, and as a result these
regions are dryer, with hotter temperatures
and less precipitation.

The Dillon Reservoir (the main water
supply for Denver) is located in the Blue
watershed, and it is connected by a system of
water tunnels to the USP and MSPCC
watersheds, where the cities of Denver and
Aurora are located (39, 40). Dillon
Reservoir water is pumped across the
Continental Divide through the Roberts
Tunnel and enters the South Platte River.
Water then gets diverted to purification
facilities along the South Platte River before
being delivered to the Denver area (Figure
E1). Whereas the city of Aurora does not
receive water directly from the Dillon
Reservoir, Aurora water is mixed with
Dillon Reservoir water in the South Platte
River, effectively leading Aurora to receive
the same water as Denver. Both the USP
and MSPCC watersheds receive South
Platte River water, which in large part
originates from the Dillon Reservoir.

The Eagle and St. Vrain watersheds
were also associated with increased disease
risk for all NTM species. The St. Vrain

watershed is connected to the Denver water
supply via the Moffat Tunnel, where water is
pumped from the west side of the
Continental Divide at Winter Park into
South Boulder Creek (Figure E2). The Eagle
watershed association could be explained by
easy travel and accessibility to the Blue
watershed. A more heterogeneous
phenotype (mixed infections caused by
slowly growing and rapidly growing NTM
species) makes the results from the all NTM
species group less reliable than our findings
for the slowly growing NTM species.

The association of the Blue, USP, and
MSPCC watersheds with increased disease
risk suggests that water pumped from the
west side of the Continental Divide, possibly
originating in the Dillon Reservoir, may be
transporting NTM organisms into Denver
and Aurora drinking-water treatment
facilities. Denver Water and Aurora Water
use chlorine, chlorine dioxide, and
chloramines as microbe disinfectants. The
literature confirms that slowly growing
NTM species, specifically Mycobacterium
avium and Mycobacterium intracellulare
(over 90% of our slowly growing NTM
population), have been recovered from
drinking water distribution systems (41–44)
and are highly resistant to chlorine,
chloramine, and chlorine dioxide (42, 45–
47). Taylor and coworkers (46) reported the
disinfectant concentration and time to
99.9% inactivation of water-grown M.
avium strains using chlorine dioxide and
chlorine to be 100-fold greater and 580–
2,300 times greater, respectively, than that
of Escherichia coli. The use of these
disinfectants, which kill other bacterial
competitors, allows for NTM persistence in
drinking-water distribution systems by
creating an unoccupied niche where NTM
are free to use any nutrients for their
growth (36).

Because NTM are commonly found in
water, especially in drinking-water
distribution systems (24, 47–53) and tap
water (54, 55), municipal water supplies
may be viewed as a potential source of
infection. Colorado represents a unique
geographic and hydrologic system where, to
a large extent, we can separate the potential
effect of source water from that of
municipal water by using watersheds as a
unit of exposure. In contrast to most of the
United States, where water is infrequently
pumped across watersheds, the Front
Range cities (Fort Collins, Boulder, Denver,
Aurora, Colorado Springs, and Pueblo)

receive a proportion of their water supply
from different locations and different
watersheds along the western slope of the
Continental Divide. In other words, cities’
municipal water systems collect water from
multiple watersheds, some of which are far
from city limits.

The various municipal systems along
the Front Range are similar with respect to
types of disinfectants used, as well as the
time period for which each of these systems
was developed (J. Oropoza Fort Collins,
email communication, April 2017. M.Wind,
Boulder, email communication, April 2017,
P. Benskin, Aurora, email communication,
April 2017. Colorado springs utility website,
https://www.csu.org/CSUDocuments/
waterqualityreport2016.pdf. https://www.
csu.org/CSUDocuments/watertour.pdf
Denver Water utility website, https://www.
denverwater.org/sites/default/files/2017-05/
treated-water-quality-summary-report-
2015_0.pdf. Pueblo utility website, https://
www.pueblowater.org/images/pdfs/
CCR2017.pdf). Despite these similarities,
we did not observe disease clusters in other
Front Range cities, except Denver and
Aurora.

The Blue watershed contains a water
source that is common to all watersheds that
have demonstrated a statistically significant
increased risk of disease in Colorado (Blue,
USP, and MSPCC watersheds). Ultimately,
if the belief is that individuals are exposed to
NTM because these organisms exist in the
water pipes, this study suggests that an
environmental source is initiating the
presence of NTM in the pipes, resulting in
subsequent exposure.

Limitations
NTM is not a reportable condition in most
U.S. states (56), and, as such, it is difficult to
obtain a true population-based sample. Our
referral hospital-based study population
carries with it inherent limitations that
may introduce bias. Because we do not
have complete capture of cases, we
underestimate the true risk of disease in
Colorado. Patients with NTM disease who
were resident in Colorado and were not
referred to NJH for treatment may differ in
factors related to disease severity, education
and income levels, and insurance status. In
an attempt to control for these differential
referral biases across ZIP codes, we adjusted
for sociodemographic variables in our
models. Additionally, referral patterns
between healthcare institutions are
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unknown because they depend strongly on
medical specialties and the clinician social
networks (C. Daley, oral communication,
March 2017). Therefore, the NTM
patient population at NJH may not be
representative of the general NTM
patient population in Colorado. These
limitations should be acknowledged when
interpreting our findings.

Because NJH is a national referral
hospital for NTM treatment, our study
population likely reflects the majority of
severe and hard-to-treat cases that arise in
Colorado, though we would not a priori
expect the distribution of these cases to
differ by watershed. Additionally, we did
not use other NJH patients treated for a
different disease as an offset in our
Poisson model, because the at-risk
population for NTM may be quite different
from the at-risk population for another
disease. We also included a drive-time
variable to control for potential
oversampling of patients residing in the

Denver region. Last, we lacked information
on duration of residence in ZIP codes.
As a result, we could not exclude patients
who moved to Colorado after diagnosis.
This number of patients is small (G. Huitt,
email communication, April 2017)
and likely did not qualitatively affect our
results.

Conclusions
Ecological risk factors for environmentally
transmitted infections often receive little
attention, despite the fact that they can be
major predictors for disease (57). We
identified two high-risk clusters of disease
and high-risk watersheds located within the
same geographic regions. These clusters
and watersheds were identified via two
separate analytic approaches.

Our regression findings implicate
watersheds. That being said, we cannot infer
on the basis of our data whether the Dillon
Reservoir is a source of infection, whether
rivers feeding into the reservoir carry an

abundance of these organisms, or whether a
source of infection exists at all. However, our
data suggest that some unknown set of
environmental conditions may be
promoting NTM growth on the west side of
the Continental Divide. Exploring
watershed effects is the first step in
determining whether exposure to water is a
predictor of NTM disease. Further research
is required to identify NTM in the
water supply and to elucidate the specific
water characteristics that may promote
NTM growth, persistence, and
subsequent infection. n
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