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ABSTRACT 27 

Rationale: Hawai’i has the highest prevalence of nontuberculous mycobacterial (NTM) 28 

pulmonary disease in the United States. Previous studies indicate that certain trace metals in 29 

surface water increase the risk of NTM infection.  30 

Objective: To identify whether trace metals influence the risk of NTM infection in O’ahu, 31 

Hawai’i. 32 

Methods: A population-based ecologic cohort study was conducted using NTM infection 33 

incidence data from patients enrolled at Kaiser Permanente Hawai’i (KPH) during 2005-2019. 34 

We obtained sociodemographic, microbiologic and geocoded residential data for all KPH 35 

beneficiaries. To estimate the risk of NTM pulmonary infection from exposure to groundwater 36 

constituents, we obtained groundwater data from three data sources: 1) Water Quality Portal, 2) 37 

the Hawai’i Department of Health, and 3) Brigham Young University, Department of Geological 38 

Science faculty. Data were aggregated by aquifer and were associated with corresponding 39 

beneficiary aquifer of residence. We used Poisson regression models with backward elimination 40 

to generate models for NTM infection risk as a function of groundwater constituents. We 41 

modeled two outcomes: Mycobacterium avium complex (MAC) species and Mycobacterium 42 

abscessus group species. 43 

Results: For every 1-unit increase in the log concentration of vanadium in groundwater at the 44 

aquifer level, infection risk increased by 22% among MAC patients. We did not observe 45 

significant associations between water-quality constituents and infection risk among M. 46 

abscessus patients.  47 

Conclusions:  Concentrations of vanadium in groundwater were associated with MAC 48 

pulmonary infection in O’ahu, Hawai’i. These findings provide evidence that naturally occurring 49 

trace metals influence the presence of NTM in water sources that supply municipal water 50 

systems.  51 

 52 

Abstract word count: 250 53 

Manuscript word count: 4,000  54 
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What this study adds 55 
 56 
This is the first study to examine the relationship between water-quality constituents in 57 

groundwater aquifers and NTM pulmonary infection among Hawai’i residents. Our findings 58 

suggest that specific characteristics of groundwater, which supplies the municipal drinking water 59 

systems, may influence NTM growth, thereby increasing the risk of NTM exposure and disease. 60 

Identification of environmental factors may provide insight into the influence of NTM growth 61 

and infection and is critical for the development of prevention strategies to minimize exposure 62 

and infection in high-risk regions. 63 

  64 
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1. INTRODUCTION 65 

Nontuberculous mycobacterial (NTM) pulmonary disease continues to increase in the United 66 

States (U.S.) 1  The disease is characterized by non-specific symptoms including chronic cough 67 

and fatigue; the incubation period is unknown, and many patients experience delays of up to 5 68 

years between onset of symptoms and disease diagnosis. 2  The NTM represent a diverse group 69 

of organisms, but recent studies indicate that 85% of clinical isolates are MAC or M. 70 

abscessus/M. chelonae.  NTM are ubiquitous in the environment, 3,4 although the distribution of 71 

NTM pulmonary infection (NTM PI) and disease (NTM PD) varies substantially by geographic 72 

region. 5-7 Host-related factors, e.g., cystic fibrosis and demographic characteristics, contribute to 73 

an individual’s susceptibility to NTM infection, but they do not explain the geographic variation 74 

of NTM infection, as a much higher prevalence of infection is still observed in certain 75 

geographic areas even after adjusting for these factors. 5  This geographic variation could be due 76 

to local environmental differences 6 placing humans at increased exposure, and in turn, increased 77 

risk. Our previous research demonstrated that increased vanadium concentrations in surface 78 

water in Oregon was associated with a higher risk of Mycobacterium avium complex (MAC) 79 

infections, and that increasing molybdenum concentrations in surface water in Colorado and 80 

Oregon was associated with a higher risk of Mycobacterium abscessus infection. 8,9 We 81 

hypothesize that in the environment, these trace metals are required for mycobacterial 82 

metabolism, as evidence exists that molybdenum serves as a cofactor for nitrate reductase.10-12 83 

Moreover, a significant correlation has been found between mycobacterial abundance and 84 

disease prevalence in the CF and non CF population. 13 Here, we investigated the relationship 85 

between water-quality constituents in groundwater and the risk of NTM infection in Hawai’i 86 

(HI), the state with the highest prevalence of NTM disease in the U.S.  14 We associated water-87 
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quality data from a combined dataset of three data sources on O’ahu with MAC and M. 88 

abscessus infection data from Kaiser Permanente beneficiaries residing in O’ahu, HI. 89 

2. METHODS 90 

2.1 Data Collection 91 

2.1.1 NTM Patient & Beneficiary Data 92 

This retrospective population-based cohort study utilized de-identified patient data from Kaiser 93 

Permanente Hawaii (KPH). Approval was obtained from the KPH Institutional Review Board 94 

(#00000402) and the National Jewish Health Institutional Review Board (HS-3479). We 95 

included KPH beneficiaries for the study period January 1, 2005 through December 31 2019, 96 

aged ≥18 years at study entry who resided in HI for at least one year prior to the year of sputum 97 

culture collection and who were residents of HI during the year in which the culture was 98 

collected. We extracted residential latitude and longitude coordinates rounded to two decimal 99 

places (±750 m precision) for the KPH beneficiary population, as well as age, sex, self-identified 100 

ethnicity, and neighborhood deprivation index (NDI) assigned to a person’s census tract. 101 

We calculated mean age, proportion male/female, proportion of White only, Asian only and 102 

Native Hawaiian or Pacific Islander (NHOPI) only for all beneficiaries within each aquifer. 103 

Groups were termed “only” when a participant identified with either Asian, White, or NHOPI 104 

groups exclusively. KPH assigned each beneficiary an NDI value for the census tract in which 105 

each beneficiary resided. We calculated the mean NDI value for each aquifer based on the 106 

beneficiaries who resided there; higher values indicated greater neighborhood deprivation, which 107 

ranged from -0.99 to 1.73. Using residential latitude and longitude coordinates, we geocoded 108 

each beneficiary to an aquifer, and aggregated the KPH beneficiary population by aquifer. This 109 

beneficiary population was used as the at-risk population (log offset) in our regression models.  110 
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 111 

We selected KPH patients with incident NTM pulmonary infections, based on ATS 112 

microbiologic criteria. 15 We combined probable and confirmed cases because we found their 113 

characteristics to be similar (Blakney et al. EID In Press). We defined incident cases as any 114 

patient over age 18 without any prior respiratory cultures positive for NTM in the year prior to at 115 

least one NTM-positive pulmonary culture. We included only cultures from beneficiaries who 116 

were residents of HI for at least one year prior to the year of culture collection and were residents 117 

of HI during the year in which the culture was collected. We included only patients with either 118 

MAC or M. abscessus infection.  119 

 120 

2.1.2 Environmental Exposure Data 121 

Aquifer boundaries were obtained from the Hawaii Geospatial Data Portal. 16 These aquifers are 122 

defined for both administrative purposes and for conceptualizing aquifer compartments which 123 

may have different properties or physical boundaries. A basal aquifer system extends across the 124 

entire island of O’ahu, where water flows from one “aquifer” to another; 17,18  however, the large 125 

number of defined aquifers for O’ahu provides a fine-scale subdivision of the groundwater 126 

system useful for our statistical approach. 127 

 128 

Groundwater data were extracted from the Water Quality Portal (WQP) 19 for the period January 129 

1, 1995 through December 31, 2019. Appendix 1 details the groundwater data extraction 130 

procedure and data cleaning steps that were taken to go from the raw data to the cleaned dataset 131 

used in the analysis. HI groundwater data also came from water sampling datasets collected 132 

through Dr. Stephen Nelson’s laboratory at Brigham Young University (BYU) between May 133 
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2007 and October 2008. Finally, we obtained a statewide water sampling dataset from the HI 134 

Department of Health (HI DOH) comprising raw groundwater and treated water measurements 135 

from January 1, 2010 to November 18, 2020. In this dataset, well water data were separated from 136 

treated water data. HI DOH well water data were combined with the WQP and the BYU datasets.  137 

2.2 Data Compilation 138 

2.2.1 Water Data 139 

We focused our analyses on the island of O’ahu due to insufficient water sampling on the 140 

remaining islands. Data were analyzed using various R packages (see Online Supplement). We 141 

excluded aquifers from the dataset for which no water samples were collected. Our water-quality 142 

constituent dataset contained water sampling data from 32 out of 77 aquifers on O’ahu 143 

(Supplementary Figure 1) that represent most of the population and a majority of the land area on 144 

O’ahu. A large fraction of the 45 remaining aquifers underlies mountainous areas or lands set 145 

aside from development as state, federal and private lands. 146 

 147 

On O’ahu, a total of 3,541 total water samples were tabulated from 128 unique sampling sites. 148 

We calculated aquifer-specific median values for each constituent from the combined water 149 

dataset (WQP, BYU, HI DOH) (see Online Supplement). Individual water-quality constituents 150 

were eliminated if data were not available for more than 50% of the 32 aquifers or if the median 151 

values for each aquifer were all zero for a given constituent (Supplementary Table 1, 152 

Supplementary Table 2). Following data curation steps (see Online Supplement), 20 water-153 

quality constituents remained for analysis (Supplementary Table 2 & Supplementary Figure 3). 154 

The aquifer-median values for these 20 constituents were first natural log transformed and then 155 
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standardized to have a mean of 0 and standard deviation of 1. Finally, we imputed the median 156 

value for aquifers with missing values (see Online Supplement).   157 

2.2.2 Principal Components Analysis (PCA) 158 

Principal Component Analysis (PCA) 20 was performed on the aquifer-level (Supplementary 159 

Figure 2). We retained the top three principal components, 21,22 which explained 78.5% of the 160 

data variability. We used the fviz_contrib function in the factoextra package to identify the most 161 

important variables in explaining variability of the top three principal components 22 (Online 162 

Supplement). Any constituent with a contribution above the reference line (red dashed line in 163 

Supplementary Figure 3) was considered important in contributing to the principal components. 164 

23,24  165 

2.3 Statistical Analysis  166 

2.3.1 Poisson Regression models with Individual Water-Quality Constituents from Top 3 167 

Principal Components. 168 

We used Poisson regression models with backward elimination to generate models for NTM PI 169 

risk as a function of water-quality constituents in groundwater. NTM infection risk, i.e., NTM 170 

incidence, was defined as the number of incident cases in a given aquifer during our study period 171 

as the numerator, and the number of KPH beneficiaries living in that aquifer as a denominator 172 

(modeled in R using the log of the beneficiary population as the offset). Because incidence is 173 

synonymous with risk, we use the term risk to express the exposure-disease association. Aquifer-174 

level median values of each water-quality constituent as well as age, sex, ethnic group, and NDI 175 

were included as predictor variables. We estimated the risk of NTM PI given exposure to water-176 

quality constituents in groundwater sources, with statistical significance assessed at p<0.05. We 177 

modeled two separate outcomes variables: NTM PI associated with MAC species, and M. 178 
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abscessus species, as a function of water-quality constituents and other covariates 179 

(Supplementary Table 1). We calculated the variance inflation factor (VIF) for each water-180 

quality constituent in each model and included only those water-quality constituents with VIFs 181 

less than 10 in a p-value-based backward elimination procedure to mitigate the potential effect of 182 

collinear predictors (Model 1). We then constructed separate single-constituent Poisson 183 

regression models (Models 2 & 3) for the metals that demonstrated statistical significance from 184 

Model 1 (p<0.05). To create Figure 1, we used the best-fit estimates of the aquifer-specific risks 185 

from the single-constituent Poisson model for vanadium and risk of MAC infection (Model 2). 186 

This approach has been described in our prior studies. 8,9,25 Additionally, we used a spatial 187 

variable selection (Spatial VS) approach proposed by Xie et al. 26 to estimate a spatial Poisson 188 

regression model that simultaneously selects important covariates while adjusting for possible 189 

spatial correlation and multicollinearity among the explanatory variables to further evaluate our 190 

results from the GLM with backward elimination (Online Supplement).  191 

3. RESULTS 192 

3.1 Study Population Characteristics 193 

Our at-risk population comprised 193,284 KPH beneficiaries who lived in O’ahu for at least 2 194 

years at any point during the years 2005 through 2019 and did not have any pulmonary cultures 195 

positive for pathogenic NTM infection. Among our cases, we had 402 patients with incident 196 

MAC infection and 136 patients with incident M. abscessus infection. Demographic 197 

characteristics of MAC and M. abscessus cases and beneficiaries are shown in Table 1. Overall, 198 

our groundwater dataset contained water samples collected from 32 out of 77 aquifers 199 

(Supplementary Figure 1), and our beneficiary population resided in 58 out of 77 aquifers. Only 200 

the 32 aquifers with water data were included in our regression analyses.  201 
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This restriction left 348 MAC patients, 122 M. abscessus patients, and 163,560 202 

beneficiaries available for analysis. Thus, 13% of all MAC patients and 10% of all M. abscessus 203 

patients on O’ahu were excluded from the analysis (see Online Supplement, section 3.1, for 204 

greater detail).  205 

3.2 Regression Models with Individual Water-Quality Constituents from Top 3 Principal 206 

Components 207 

We identified 14 out of 20 constituents that were important contributors to the top three principal 208 

components (see Online Supplement): aluminum, bromide, cadmium, calcium, chloride, 209 

chromium, lead, magnesium, nitrate, potassium, sodium, strontium, sulfate and vanadium 210 

(Supplementary Figure 3). We modeled the risk of NTM PI as a function of these 14 water-211 

quality constituents in a Poisson regression model and selected water-quality constituents whose 212 

variance inflation factors (VIF) were below 10 to mitigate the potential impact of collinear 213 

covariate constituents. In each model, we sequentially removed the constituent with the highest 214 

VIF and reran the model until all constituents had VIFs less than 10. Bromide, calcium, lead, 215 

magnesium, and sodium had VIF values greater than 10, and were thus omitted from the final 216 

model (Table 2; Model 1). The correlation matrix for water-quality constituents is available in 217 

Supplementary Table 3. 218 

 For MAC, we found that vanadium and sulfate were significantly positively associated 219 

with infection risk (Table 2; Model 1). For M. abscessus, chloride, and sulfate were significantly 220 

positively associated with infection risk, whereas potassium was negatively associated with 221 

infection risk (Table 2; Model 1). We then modeled the risk of MAC infection (Table 3; Model 222 

2) as a function of each significant metal from Model 1 in separate single-constituent models (p 223 

< 0.05); vanadium and sulfate remained statistically significant, although the strength of 224 
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association was much stronger for vanadium than for sulfate. For every 1-log unit increase in 225 

sulfate and vanadium concentrations in groundwater at the aquifer-level, the risk of MAC 226 

infection increased by 12% and 22%, respectively. The effect of increasing vanadium 227 

concentration (ranging from 10.9 µg/L to 50.5 µg/L) on infection risk remained statistically 228 

significant (p = 0.0003) after controlling for multiple comparisons using the Bonferroni method 229 

(7 models; adjusted significance level is p = 0.05/7 = 0.007) but increasing sulfate concentration 230 

did not remain significant after controlling for multiple testing (p = 0.043). When modeling M. 231 

abscessus infection as a function of each significant metal from Model 1 in single-constituent 232 

models (p < 0.05), none of the water-quality constituents remained statistically significant (Table 233 

3; Model 3).  234 

In a Poisson model with backward elimination, we also performed a sensitivity analysis 235 

by including only aquifers with beneficiary populations > 150. Here sulfate was no longer 236 

statistically significant, while the significant effect of vanadium on NTM risk for MAC infection 237 

became greater (Supplementary Table 4). Spatial models presented in the Online Supplement 238 

confirmed our results for vanadium. Other constituents were also deemed significant by this 239 

approach, therefore we conducted post hoc GLM analyses on these individual constituents. Only 240 

aluminum and boron remained statistically significant, although these estimates were not 241 

consistent across the spatial and GLM approaches (Online Supplement). 242 

3.3 MAC Risk by Aquifer 243 

 We estimated risk of NTM PI by aquifer for MAC using a Poisson model adjusted for 244 

sex. Figure 1 shows the risk estimates per aquifer based on an adjusted Poisson model for MAC 245 

infection with vanadium included as an independent predictor. We observed the lowest risk 246 

estimates to the north and the south of the island, whereas the highest risk estimates were 247 
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observed in the center of the island. Supplementary Figures 4 & 5 show MAC rates and 248 

vanadium concentrations per aquifer on O’ahu, respectively. 249 

4. DISCUSSION  250 

We found that increasing concentrations of vanadium in groundwater were significantly 251 

associated with an increased risk of MAC infection on O’ahu. As groundwater is the sole source 252 

of HI’s public drinking water supplies, 27-29 we used groundwater samples from within aquifer 253 

boundaries as the main source of water exposure in this study.  254 

Vanadium is a naturally occurring element; 30 it is found in soil, water, and air, as well as 255 

in over 150 different minerals, iron ores and crude petroleum deposits. 30,31 The primary 256 

industrial use of vanadium is in the steel industry where it is used as an alloy to strengthen steel. 257 

30 Vanadium is released into the environment from both natural sources and anthropogenic 258 

activity. The natural release of vanadium into water and soil occurs primarily from the 259 

weathering of rocks and soil erosion. The concentration of vanadium in soil depends on the type 260 

of soil found within a geographic region. 30 The Hawaiian Islands are predominantly composed 261 

of basalt. 32,33 Basalts generally contain high concentrations of vanadium compared with other 262 

common rock types and the process of weathering determines the distribution of vanadium 263 

throughout the soil on the islands. 33 Vanadium will largely reside in magnetite and ilmenite in 264 

fresh volcanic rock. 34 As previously reported, 9 we observed a strong significant association 265 

between vanadium and MAC infection in Oregon; in the Pacific Northwest, where basalt is also 266 

a common rock type, including the Columbia River Basalts of eastern Washington and Oregon, 267 

35 as well as younger and older mafic (i.e., Fe- and Mg-rich) rocks distributed throughout these 268 

states. 36-38 269 
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 The concentration of vanadium found in groundwater depends primarily on geographical 270 

location and the type of surrounding soil in the region. 39 In a U.S. Geological Survey (USGS) 271 

assessment of water-quality on O’ahu, the presence of vanadium in streams and groundwater was 272 

due to natural abundance in volcanic rocks and soil and varied little by land use or because of 273 

human activities. 29 In HI, the presence of vanadium in drinking water is so well known that the 274 

Hawai’i State Department of Health issued a statement in 2014 indicating that vanadium is 275 

naturally occurring in its drinking water and is not considered to be harmful. 40 The EPA is 276 

examining the prevalence and concentrations of vanadium in the U.S. drinking water supplies. 41 277 

Currently, no federal drinking water regulations for vanadium exists in the U.S. 30  278 

Vanadium could influence either host susceptibility or mycobacterial metabolism; we 279 

have no evidence related to host susceptibility, rather we postulate that vanadium is influencing 280 

NTM abundance or metabolism (e.g., virulence 10,42) in natural water sources. In regions where 281 

vanadium concentrations are high, NTM abundance (or more pathogenic species) is likely 282 

increased in the water supply, thereby increasing overall risk of exposure and infection. In a 283 

previous study in HI, Nelson et al. 43 examined possible routes that NTM may take from the 284 

environment into groundwater, subsequently into the public water supplies, and ultimately into 285 

homes. The authors demonstrated through aquifer flow models that NTM may survive within the 286 

water supply over the course of months via interconnected fractured basalt networks before 287 

entering domestic water supplies. Specific aquifer networks may have higher vanadium 288 

concentrations, which may influence greater NTM growth as the flow of water moves through 289 

the network of aquifers and water wells.  290 

While there is a considerable amount of vanadium in Hawaiian soils, these weathered 291 

materials are not likely to be the primary source of this element in groundwater.  As a trace 292 
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metal, vanadium will reside primarily in titanium-rich minerals in basalt, 34 including magnetite, 293 

ilmenite, and clinopyroxene.  However, magnetite and ilmenite do not weather readily, 44,45 so 294 

vanadium is retained in refractory minerals in soil and within fresh basalt. Clinopyroxene, on the 295 

other hand, weathers readily 46 and over the last ~2 Ma (million years) this mineral has leached 296 

to form Fe-oxides/hydroxides and clay. Although largely eliminated from soil, clinopyroxene 297 

will persist in the relatively fresh basalts that comprise the aquifers. In fact, Hawaiian 298 

clinopyroxenes may contain ~1 wt. % TiO2 and ~200 ppm vanadium. 47 Thus, water-299 

clinopyroxene reactions within the aquifer are the likely source of vanadium in water supplies.  300 

Water-rock contact time is also a primary factor in determining the solute content of 301 

waters in HI 46 as older waters have had more time to overcome kinetic barriers and leach solutes 302 

from host basalt.  Patterns of vanadium concentration as a function of water table elevation show 303 

some interesting patterns (Fig. 2). Waters with low to intermediate abundances tend to occur in 304 

wells adjacent to the base of the Koolau and Waianae Mountains where recharge occurs, 305 

consistent with short flow paths and residence times. Wells with intermediate to high vanadium 306 

concentrations tend to occur where longer residence times are produced by longer flow paths, 307 

supporting the hypothesis that a primary control on vanadium is the length of time that 308 

groundwater is in contact with basalt in the aquifer. 309 

To test this hypothesis, we correlated mean groundwater elevation with median vanadium 310 

concentrations by aquifer and found a statistically significant negative correlation ( = -0.44, 311 

95% CI [-0.68, -0.10], p = 0.014). Concentrations of vanadium were lower at high water table 312 

elevations, whereas vanadium concentrations were higher at low water table elevations. This 313 

suggests that groundwater age may be an effect modifier in the relationship between vanadium in 314 

groundwater and MAC infection. The longer the duration that groundwater travels within the 315 
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basalt aquifers, vanadium concentrations will increase in groundwater, resulting in higher growth 316 

of MAC, and ultimately increasing risk of infection. 317 

Vanadium in domestic water may be just one risk factor for opportunistic NTM infection. 318 

For example, previous work has shown a relationship between different types of soil and NTM 319 

presence and growth. Glickman et al. 48 demonstrated that M. avium growth was observed when 320 

the bacteria were incubated with various iron-rich minerals, including hematite, maghemite and 321 

magnetite. According to a USGS vanadium report, 30 these iron-rich minerals contain elevated 322 

concentrations of vanadium. It is possible, however, that the contact between vanadium and 323 

NTM is not a result of soil directly, but rather from the fractured basalt where the magnetite and 324 

ilmenite minerals are already weathered. In addition, NTM have been isolated from volcanic ash 325 

samples in HI; 49 it should be noted basaltic volcanic ash is inherently vanadium-rich. 33  326 

 We hypothesize that these metals stimulate NTM growth, metabolism, and numbers. The 327 

waters sampled on O’ahu may be nitrogen-deficient and scavenging for nitrogen is required for 328 

survival and growth of the microbial flora; some NTM species, notably M. avium can grow on 329 

nitrate or nitrite as a sole source of nitrogen. 12 The enzyme responsible for growth on nitrate or 330 

nitrite as a sole nitrogen source is nitrate reductase. 12,50 Nitrate reductases contain either 331 

molybdenum or vanadium as essential co-factors. 42,51,52 We note the correlation between nitrate 332 

and vanadium concentrations (Supplementary Table 3) to support our hypothesis that vanadium 333 

is functioning as a cofactor for nitrate utilization. Experiments to document the role of trace 334 

metals in microbial growth are difficult, as increases or decreases would be expected to have 335 

minimal impacts. Thus, to overcome any limited response of NTM to trace metals, the role of 336 

molybdenum and vanadium as co-factors for the enzyme nitrate reductase in supporting nitrate- 337 

or nitrite-dependent growth of M. avium can be measured.  338 
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This study has confirmed our previous finding of the role of vanadium 9 in NTM 339 

infection, using an independent patient population in a separate geographic region of the U.S. 340 

We previously reported that increasing vanadium concentrations in surface water were 341 

associated with increased risk of MAC infection in Oregon. 9 We also found that molybdenum in 342 

surface water was significantly associated with increased risk of M. abscessus infection in 343 

Colorado and Oregon. 8,9,25 In this study, we could not assess the effect of molybdenum in 344 

groundwater on M. abscessus infection risk because of insufficient molybdenum measurements 345 

across aquifers on O’ahu, However, we did not observe any significant findings among other 346 

water-quality constituents in our M. abscessus models (Model 3). Further studies in other 347 

geographic regions are necessary to confirm the molybdenum and M. abscessus infection 348 

hypothesis.  349 

Our study has several limitations. The water sampling dataset included measurements 350 

from only 42% of the total number of aquifers on O’ahu, although these aquifers cover a 351 

majority of the land area on the island and its population (Supplementary Figure 1). In addition, 352 

the frequency of water sampling was not extensive. For all constituents in the dataset, often only 353 

one sample was collected per aquifer, which may limit the generalizability of water exposure 354 

from that particular constituent. Finally using a separate spatial approach, we also identified that 355 

aluminum and boron were significantly associated with MAC infection (Online Supplement). 356 

However, their estimates were not consistent across spatial and GLM approaches, and aluminum 357 

did not remain significant after adjusting for multiple testing. Additionally, boron is rarely found 358 

in basalt; it is probably derived from sea spray aerosols as boron occurs in seawater in 359 

concentrations of 5-6 mg/L. 53 360 
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Despite limitations inherent to our water dataset, we have observed positive robust 361 

associations between vanadium and MAC infection in both Oregon 9 and Hawai’i. This study’s 362 

main question relates to whether naturally occurring trace metals influence NTM abundance or 363 

metabolism in natural water sources. In the case of O’ahu, increased vanadium content is likely 364 

associated with longer water-basalt contact times at low water table elevations. Elevated 365 

vanadium concentrations may promote NTM growth. These natural water sources supply water 366 

to municipal water systems, which in turn may increase the risk of exposure and infection for 367 

MAC or M. abscessus for the populations served by those water utilities.  368 

5. CONCLUSION 369 

We anticipate that these findings will generate new research questions. For example: Do 370 

trace metals influence NTM growth in vitro? Is there a dose-response relationship between 371 

certain trace metals and NTM growth? Do these trace metals influence host susceptibility to 372 

infection and/or disease progression? While many in the NTM patient community inquire about 373 

exposure-reduction strategies to prevent reinfection, little consensus and scant evidence exists in 374 

the medical and scientific communities on how to prevent infection and reinfection, leaving 375 

clinicians with only anecdotal strategies to impart to patients. We hope that this line of research 376 

will establish a more comprehensive and systematic framework of the environmental factors that 377 

predict NTM exposure and infection, with the ultimate goal of informing prevention strategies.  378 
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 522 

Figure Legend. 523 

 524 

Figure 1. MAC infection risk estimates for aquifers where MAC patients resided based on a 525 

vanadium regression model (Model 2; Table 3). Grey lines represent aquifer boundaries in 526 

O’ahu, HI. 527 

  528 
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 529 

Figure 2. A) Graph of modeled water table elevation above sea level (asl). B) Hillshade map of 530 

O’ahu with the modeled elevation of the water table (control points from Rotzoll and El Kadi, 531 

2007 54) superimposed. Circles indicate the concentration of vanadium in parts per billion (ppb). 532 

Also included are aquifer boundaries as shown in Figure 1. Waters with short flow paths down 533 

the flanks of the Koolau and Waianae Mountains to sampling wells tend to have lower vanadium 534 

concentrations due to shorter residence times. The low apparent water table elevations beneath 535 

the northern Koolau and southern Waianae Mountains are due to a lack of control points for 536 

these areas in the model. UTM coordinates, NAD83, Zone 4.   537 
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Supplementary Information 538 

Supplementary Table 1. Water-quality constituents extracted from the Water Quality Portal (WQP) 539 
included in the cleaned dataset [12]. https://www.waterqualitydata.us/portal/ 540 
 541 

Metals Nonmetals 

Aluminum Alkalinity 

Barium Antimony 

Beryllium Arsenic 

Bromide Bicarbonate 

Cadmium Boron 

Calcium Carbonate 

Chromium Chloride 

Cobalt Fluoride 

Copper Fluorine 

Cyanide Nitrate 

Iron Nitrite 

Lead Selenium 

Magnesium Sulfate 

Manganese  

Mercury  

Molybdenum  

Nickel  

Potassium  

Sodium  

Strontium  

Thallium  

Vanadium  

Zinc  

*Italicized variables were included in principal component analysis. 542 
  543 

https://www.waterqualitydata.us/portal/
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Supplementary Table 2. Median and standard deviation (SD) values of water-quality 544 
constituents obtained from 3 datasets, the Water Quality Portal (WQP), the HI 545 
Department of Health (HI DOH), and Brigham Young University (BYU), used in principal 546 
component analysis (PCA) (µg/L = micrograms per liter).  547 

 548 

Water-quality constituents Median ± IQR (µg/L) 

Aluminum 9.85 ± 28.4 
Barium 2.36 ± 3.6 
Boron 

Bromide 
Cadmium 

44 ± 36.3 
190 ± 185.5 

0 ± 0 
Calcium 10300 ± 7710 
Chloride 

Chromium 
Copper 

49800 ± 99400 
10 ± 6.9 

2.75 ± 5.9 
Lead 14 ± 43.4 

Magnesium 9440 ± 7930 
Nickel 
Nitrate 

0 ± 0.33 
4100 ± 2075 

Potassium 2100 ± 1800 
Selenium 0 ± 0.3 
Sodium 

Strontium 
29400 ± 26300 

72.8 ± 67.8 
Sulfate 

Vanadium 
Zinc 

11500 ± 9980 
30.2 ± 22.6 

7.8 ± 9.5 

 549 
 550 
  551 
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Supplementary Table 3.  Correlation matrix (Pearson’s Correlation Coefficient, ) for the water-552 
quality constituents contributing to Principal Components 1 - 3. 553 
 554 

Constituent Al Br Cd Ca Cl Cr Pb Mg NO3- K Na Sr SO4
2- V 

Aluminum 
(Al) 

1.00              

Bromide 
(Br) 

-0.19 1.00             

Cadmium 
(Cd) 

0.75 -0.20 1.00            

Calcium 
(Ca) 

0.23 0.78 0.22 1.00           

Chloride 
(Cl) 

-0.20 0.42 -0.17 0.16 1.00          

Chromium 
(Cr) 

0.85 -0.23 0.83 0.15 -0.13 1.00         

Lead 
(Pb) 

0.87 -0.15 0.84 0.21 0.01 0.95 1.00        

Magnesium 
(Mg) 

0.19 0.81 0.27 0.88 0.30 0.24 0.28 1.00       

Nitrate 
(NO3-) 

-0.73 0.25 -0.77 -0.04 0.08 -0.82 -0.84 -0.16 1.00      

Potassium 
(K) 

-0.08 0.79 -0.02 0.59 0.60 -0.10 0.07 0.71 0.05 1.00     

Sodium 
(Na) 

-0.36 0.91 -0.39 0.56 0.55 -0.31 -0.25 0.64 0.37 0.76 1.00    

Strontium 
(Sr) 

0.23 0.82 0.19 0.96 0.21 0.13 0.21 0.89 -0.09 0.69 0.63 1.00   

Sulfate 
(SO4

2-) 
-0.07 -0.93 -0.23 0.75 0.34 -0.16 -0.11 0.75 0.27 0.69 0.89 0.80 1.00  

Vanadium 
(V) 

-0.80 0.08 -0.83 -0.27 0.00 -0.84 -0.87 -0.37 0.88 -0.08 0.27 -0.29 0.13 1.00 

 555 
Bolded estimates are statistically significant (p<0.05)  556 
  557 
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Supplementary Table 4. Poisson regression model with backward elimination examining water-558 
quality constituents (with VIF values less than 10) associated with NTM infection risk for 559 
aquifer populations greater than 150 in Oahu, HI.  560 
Bolded estimates are statistically significant (p < 0.05). CI = Confidence Interval 561 

  562 

MAC species 
 

Variable                                                           Relative Risk 
                                                                        (95% CI) 
                                                                        p-value 

Sex: 
Female 

1.38 
1.18, 1.62 
(5.9x10-5) 

Mean Neighborhood 
deprivation index 

1.27 
0.96, 1.66 

(0.090) 

Sulfate 
(1-log unit) 

1.10 
0.99, 1.23 

(0.075) 

Vanadium 
(1-log unit) 

1.22 
1.10, 1.36 
(0.0003) 
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Supplementary Table 5. 563 
Penalized Quasi-Likelihood method (PQL).  564 
Bolded estimates are statistically significant. 565 
 566 

Characteristic Coefficient* Bias-corrected 95% CI* 

Age -0.301 -10.8, 1.47 

Gender: Female 0.137 -1.52, 15.4 

Ethnicity: White 0.00 -3.74, 9.92 

Ethnicity: Native Hawaiian or Pacific Islander 0.00 -3.68, 21.2 

Neighborhood Deprivation 0.00 -2.39, 6.39 

Aluminum 3.75 0.425, 11.2 

Barium -1.0 -14.3, 7.65 

Boron -0.663 -9.95, 0.364 

Bromide -4.10 -9.85, -3.00 

Cadmium 0.651 -0.545, 10.6 

Calcium -3.02 -9.19, -0.688 

Chloride -0.298 -8.60, 5.34 

Chromium -0.191 -7.52, 6.18 

Copper 0.00 -2.64, 8.26 

Lead -1.86 -16.1, 0.00 

Magnesium 3.79 1.43, 17.7 

Nickel -0.481 -26.4, 1.55 

Nitrate -0.620 -10.7, 1.03 

Potassium 0.00 -3.03, 8.02 

Selenium -0.209 -11.1, 6.17 

Sodium 3.39 2.26, 11.0 

Strontium 2.91 0.0256, 12.6 

Sulfate -1.01 -18.8, 5.35 

Vanadium 2.47 0.0314, 10.5 

Zinc -1.71 -8.97, -0.205 

 567 
*Estimates are in the log scale  568 
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Supplementary Table 6. 569 
Approximate penalized Loglikelihood method (APL).  570 
Bolded estimates are statistically significant. 571 
 572 

Characteristic Coefficient* Bias-corrected 95% CI* 

Age -0.236 -5.48, 0.00 

Gender: Female 0.085 -0.032, 3.28 

Ethnicity: White 0.00 -0.836, 19.2 

Ethnicity: Native Hawaiian or Pacific Islander 0.00 -0.887, 14.1 

Neighborhood Deprivation 0.00 -0.370, 9.39 

Aluminum 0.396 0.00, 7.64 

Barium 0.00 -0.409, 7.81 

Boron -0.772 -9.61, -0.015 

Bromide -0.782 -9.41, -0.010 

Cadmium 0.00 -0.467, 11.5 

Calcium -0.169 -7.47, 0.00 

Chloride 0.289 -0.224, 11.6 

Chromium 0.00 -0.388, 4.09 

Copper 0.00 -0.712, 12.5 

Lead 0.00 -0.479, 11.7 

Magnesium 0.423 0.00, 9.56 

Nickel 0.234 0.00, 4.47 

Nitrate 0.102 -0.043, 7.96 

Potassium 0.00 -0.363, 11.8 

Selenium -0.224 -16.4, 0.00 

Sodium 0.00 -0.363, 11.8 

Strontium 0.00 -0.323, 30.0 

Sulfate 1.17 0.983, 3.74 

Vanadium 0.653 0.00, 10.4 

Zinc 0.00 -0.268, 15.5 

 573 
*Estimates are in the log scale  574 
  575 
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Supplementary Table 7.  576 
Post hoc Poisson regression models examining water-quality constituents (significant in the Spatial VS 577 
methods) associated with NTM infection risk in Oahu, HI.  578 
Bolded estimates are statistically significant (p < 0.05). CI = Confidence Interval 579 
 580 
 581 

 582 
 583 
 584 
 585 
 586 
 587 
 588 
 589 
 590 
 591 
 592 
 593 
 594 
 595 
 596 
 597 
 598 
 599 
 600 
 601 
 602 
 603 
 604 
 605 
 606 
 607 
 608 
 609 

*Each row indicates a separate single-constituent Poisson model. All models are controlled for sex.  610 
  611 

MAC species 

Variable*                                                            Relative Risk                                                                      
(95% CI)                                                              
p-value 

Aluminum 
(1-log unit) 

0.85 
0.73, 0.99 

(0.033) 

Boron 
(1-log unit) 

1.22 
1.09, 1.36 
(0.0004) 

Bromide 
(1-log unit) 

1.08 
0.98, 1.19 

(0.104) 

Calcium 
(1-log unit) 

1.06 
0.97, 1.17 

(0.176) 

Magnesium 
(1-log unit) 

1.06 
0.95, 1.18 

(0.299) 

Sodium 
(1-log unit) 

1.11 
0.99, 1.26 

(0.262) 

Strontium 
(1-log unit) 

1.06 
0.96, 1.16 

(0.081) 

Zinc 
(1-log unit) 

0.98 
0.87, 1.12 

(0.807) 



 31 

Supplementary Figure 1. Aquifers* with and without water samples in Oahu, HI. 612 

 613 
 614 
*Numbers refer to “objectid” for each aquifer (https://geoportal.hawaii.gov/datasets/doh-615 
aquifers-polygons/).  616 
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Supplementary Figure 2. 617 
Principal Components Analysis (PCA) graph of variables 618 
 619 
 620 

  621 



 33 

Supplementary Figure 3.  622 
Contribution of water-quality constituents to principal components 1-3. 623 
 624 

 625 
  626 
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Supplementary Figure 4.  627 
MAC incidence/100,000 per aquifer* in Oahu, HI. 628 
 629 

 630 
 631 
*Numbers refer to “objectid” for each aquifer (https://geoportal.hawaii.gov/datasets/doh-632 
aquifers-polygons/). 633 
 634 
  635 

https://geoportal.hawaii.gov/datasets/doh-aquifers-polygons/
https://geoportal.hawaii.gov/datasets/doh-aquifers-polygons/
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Supplementary Figure 5.  636 
Vanadium concentrations* per aquifer# in Oahu, HI. 637 
 638 

 639 
 640 
*Median concentrations are natural log transformed, standardized, and imputed (if missing). 641 
#Numbers refer to “objectid” for each aquifer (https://geoportal.hawaii.gov/datasets/doh-642 
aquifers-polygons/). 643 


