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Abstract: Objective: The increasing rate of thyroid cancer diagnoses in the U.S. reflects the increasing
use of ultrasonography and of specialist medical care. North Dakota is a rural state with limited
access to specialist care, yet its incidence of thyroid cancer is significantly greater than that of the U.S.
overall. We sought to identify factors responsible for the high incidence of thyroid cancer in North
Dakota. Methods: We examined county-specific incidence rates for thyroid cancer in North Dakota
in relation to demographic and geographic factors, including median household income, percent
of land fertilized, cattle density per capita, and source of drinking water (city or well water), using
structural equation modeling. We included county level data on residential radon levels and estimates
of radioactive iodine in milk following nuclear weapons testing in the 1950s. Results: Thyroid cancer
incidence rates were significantly associated with median income (p < 0.05); percent of land fertilized
(p < 0.05); the use of city water (p < 0.01), and cattle density per capita (p < 0.001). Conclusions: The
risk of thyroid cancer in North Dakota is positively associated with income and with factors related
to land and water use. Our finding that thyroid cancer incidence rates are associated with the use
of city water was unexpected and merits examination in other locations with a mix of city and well
water use.
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1. Introduction

Thyroid cancer (TC) represents approximately 1% of all new cancers in men and 4% of new
cancers among women. It is the cancer with the fastest increasing incidence rate in the U.S. [1]. During
1975–2009, the incidence of TC in the U.S. nearly tripled; from 4.9 to 14.3 cases per 100,000 per year.
Most of the increase in TC diagnoses reflects the increased use of medical imaging, resulting in a higher
detection of small, subclinical, papillary tumors that have an excellent prognosis [2]. However, not
all of the increase in TC is due to detection bias as there also has been an increase in the incidence of
larger, clinically-detected tumors as well as an increase in fatal tumors [3,4].

There are few established risk factors for TC. The best-known factor is exposure to ionizing
radiation, especially radiation during childhood [5]. A possible role for ionizing radiation in TC in the
U.S. involves nuclear tests conducted by the government during the mid-1950s. Fallout from these tests
included radioactive iodine (iodine I-131). The fallout was carried thousands of miles by wind from
the Nevada and New Mexico Test Sites and settled on Midwestern pastures. Cattle grazing on these
pastures produced radioactive milk and children who consumed that milk incorporated iodine-131
into their thyroids [6]. These children would be expected to have an increased risk of TC as adults, as
was reported for a cohort of schoolchildren who lived near the Nevada Test Site in the 1950s [7,8].

It is likely that thyroid-specific carcinogens other than radiation exist in the environment but have
not yet been identified [3]. For example, high TC incidence rates observed in some volcanic regions
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(e.g., Mt. Etna, Iceland, and Hawaii) led to the hypothesis that heavy metals and/or minerals present in
water may cause TC [9]. With regard to geography, a map of cancer incidence in the continental U.S.
shows a significantly elevated incidence of TC in North Dakota (ND) (see Figure 1) [10]. For example,
the TC incidence rate for White non-Hispanics during 2011–2015 in ND was 17.4 (95% C.I. 15.9–18.9)
vs. 15.6 (15.5–15.7) for White non-Hispanics in the U.S. overall.
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ND is predominantly rural and has limited access to health care [11]. Thus, the high incidence of
TC in ND seems unlikely to reflect detection bias and invites hypotheses as to its cause. We conducted
a hypothesis-generating study to gain insight into factors related to TC incidence rates in ND. Because
ND is largely agricultural—more than 90% of its area is farmland, we were especially interested in
variables associated with agriculture, such as fertilizer use and cattle density [12]. The availability
of estimates of the consumption of I-131 milk by county, published by the National Cancer Institute
(NCI), provided an opportunity to evaluate a possible role of nuclear fallout.

2. Materials and Methods

2.1. Data

Data on county-specific incidence rates for thyroid cancer were obtained from the North Dakota
Statewide Cancer Registry (NDSCR) for the period 1997–2014. The NDSCR is certified by the American
Association of Central Cancer Registries from which it has received awards for data quality and
completeness [13]. We used county-specific incidence rates for non-White Hispanics for males and
females combined. All rates were age-adjusted to the 2000 Census. In order to prevent disclosure of
potentially identifying information, the NDSCR suppresses rates for counties with fewer than 10 cases.

We examined candidate environmental and socioeconomic factors at the county level, including
median household income, poverty rate, fertilizer application rates, size of the cattle population, source
of drinking water (municipal or self-supplied [i.e., well water]), and sources of radioactivity: uranium
levels in soil, indoor radon concentrations, and I-131 levels in milk. The NCI estimated the per capita
average radiation does to the thyroid (in rads) per county in the U.S based on the amount of I-131 in
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milk consumed. Their model is based on wind and weather patterns following the totality of nuclear
weapons tests.

Environmental data were extracted from the U.S. Census [14,15]. Data on fertilizer use were
obtained from the U.S. Geographic Information Survey [16]. Water use data are from the U.S. Geological
Survey [17]. Data on uranium levels in soil are from the U.S. Department of Energy [18]. Radon levels
per county are from the state radon monitoring research program conducted in the 1980s, as described
previously [19]. Data for I-131 levels for individuals in ND counties were obtained from the NCI
website [20]. Because the data for this study came from groups, IRB approval was not required.

2.2. Statistical Analysis

We used an approach similar to that of Schwartz et al. in their analysis of colorectal cancer
rates [21]. Multivariate linear regression identified relationships between independent variables with
TC incidence rates. Structural equation models (SEMs) were then developed using Proc Calis in SAS v
9.4. Briefly, structural equation modeling is an analytic technique that combines multiple regression
analysis with factor analysis. SEM models describe the interdependence of a set of variables with the
aim of providing a quantitate test of different theoretical models [22]. County specific data were used
to estimate covariances between independent variables and paths (prediction estimations) from the
independent variables to TC incidence rates.

3. Results

During the period 1997 to 2014 (i.e., dating from the inception of the NDSCR), the TC incidence
rate for ND overall was 12/100,000 per year (95% C.I. = 11.4–12.6). Incidence rates for approximately
half (27) of ND’s 53 counties were suppressed due to < 10 cases/county. Among the 26 counties with
reported data, incidence rates varied 3-fold, from a low of 7.5/100,000 (C.I. = 3.7–13.9) in Bottineau
County, in north central ND to a high of 22.3/100,000 (C.I. = 10.9–40.8) in Eddy County, in the center of
the state.

The SEM depicts covariances between the geographic and demographic variables and between
these variables and TC incidence rates. Thus, more populous (i.e., less rural) counties were significantly
associated with higher median income and the use of city water and were negatively associated with
cattle per capita. The percent of land fertilized was negatively associated with cattle density, reflecting
the fact that land devoted to agriculture, located largely in the central and eastern part of the state,
differs from the land devoted to ranching, located in the western part of the state. Similarly, levels of
I-131 in milk were negatively associated with the percentage of land fertilized and were positively
associated with cattle density.

Structural equation modeling identified four variables that were significantly associated with TC
rates: median income (p < 0.05), percentage of area fertilized (p < 0.05), percent of the population using
city water (p < 0.01), and the density of cattle per capita (p < 0.001). Factors such as population density,
uranium levels in soil, and I-131 in milk were related to TC indirectly, via their interdependence, and/or
through their correlation with income, water source, cattle, and percent acreage fertilized (see Figure 2).
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4. Discussion

We used SEM as a tool to understand factors that predict county-specific incidence rates of TC
within ND. Structural equation modeling captured expected demographic relationships, e.g., that
population density is positively associated with median income levels and is negatively associated
with cattle density (p < 0.001). The model also identified factors with potential causal effects on TC
incidence rates: income, cattle per capita, land area exposed to fertilizers, and the use of city water.
The model did not identify a significant role for residential radon, a finding in agreement with studies
of radon and TC in other U.S. states [23,24].

Our observation of a significant positive effect for income is consistent with a substantial literature
indicating that a major contributor to the increasing incidence rates of TC is detection bias [2]. Detection
bias would be expected to be more influential in more affluent counties whose residents have greater
access to physicians and to screening technologies [25]. In 2015, there were 609 active primary care
physicians in ND (population 754,022), yielding ~ 81 primary care physicians per 100,000 residents (vs.
127 per 100,000 for the U.S. overall) [26,27]. Most of these physicians are located in urban areas in ND,
areas associated with a higher median income [26].

In the U.S., the detection of TC often begins when a primary care physician observes thyroid
nodules in a patient’s neck during a routine physical examination or after X-ray studies performed
for other reasons. The nodules typically are evaluated by an endocrinologist via ultrasound and/or
biopsy [28]. A recent analysis concluded that half of the interstate variability in incidence rates of TC
in the U.S. is explicable by the use of ultrasonography and the number of endocrinologists and general
surgeons per capita [29]. In this regard, ND has one of the nation’s lowest numbers of endocrinologists
per capita [30]. The low density of primary care and of specialist physicians underscores the view that
the high rate of TC in ND is unlikely to result from over-diagnosis.

We found a significant association between TC and counties with a high density of cattle. The
“cattle” variable could be a proxy for agricultural exposures that have been reported to be associated
with TC, e.g., the use of biocides and/or pesticides [31]. Conversely, it is conceivable that the association
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of TC with cattle reflects the contamination of pastureland with radioactive I-131 during the Cold War.
This interpretation is supported by the significant covariation between cattle density and I-131 doses.
A risk from milk consumption would be restricted to individual counties due to the consumption
of milk from local cows. This is because the half-life of I-131 is approximately 8 days and the time
associated with the processing and shipping of milk would markedly reduce its radioactivity [2,32].

Our analysis identified the percentage of acres fertilized as a significant predictor of TC. Nitrates,
which are a major component of fertilizers and of animal manure, have been identified as a risk factor
for several cancers, including TC [33,34]. Nitrates in food are converted endogenously to N-nitroso
compounds, which are highly carcinogenic [35]. Because nitrates from nitrate-containing fertilizers
often contaminate wells, our expectation was that counties with a high proportion of well water use
would be positively associated with TC risk [36]. Conversely, we found a significant association
with the use of city water. The effect for city water was not due to the association of city water with
population density. Population density was included in the SEM model because it is associated with
TC risk indirectly (via income, cattle density, and use of city water). Indeed, if population density were
allowed in the model as a direct predictor of TC, it would not produce a significant path (t = 0.16, p =

0.87).
Our finding for city water use raises questions about factors associated with city water that

could influence TC risk. City water differs from well water in several respects; the most obvious
are that city water is chlorinated and fluoridated. Data on the effects of chlorine on the thyroid are
limited. However, studies with human volunteers indicate a lack of significant changes in thyroid
hormone levels in adults consuming chlorinated water at a concentrations of 2 and 20 parts per
million (mg/L) [37,38]. Conversely, there is evidence that fluoride may cause thyroid dysfunction [39].
Specifically, experimental studies in animals and observational studies in humans have reported
alterations in thyroid hormone levels (e.g., T4, T3) and/or an increase in thyroid stimulating hormone
(TSH) in individuals consuming fluoridated water [40–42]. Increases in TSH thus could promote the
growth of latent TCs [43,44]. During the time period 1992–2006, the percentage of North Dakotans
receiving city water that was “optimally fluoridated” (defined by the CDC as fluoride levels of 0.7–1.2
ppm) was > 96% (vs. 69.2% for the U.S. overall) [45]. In this regard, significant upregulation of TSH
was reported among consumers of fluoridated water with levels as low as 0.5 mg/L [0.5 ppm] [46].

Our study has several limitations. First, this is an ecologic study in which associations were
studied at the level of the county. Thus, one cannot conclude that the exposures studied pertain to
individuals living in those counties. Secondly, we had no information on possible confounding factors
that may modify risk of TC, such as family history or (non-radioactive) iodine intake [47]. Thirdly,
the small population size of many ND counties resulted in the suppression of incidence rates for
many counties. Excluded counties differ from included counties in several respects, e.g., they have
significantly more cattle per capita and a smaller percent of their area fertilized (p < 0.05). Conversely,
there were no significant differences between included and excluded counties in factors such as the
uranium content of soil or in residential radon levels. Although the exclusions may have introduced
some bias, the fact that our analyses confirmed established associations with TC, e.g., between TC and
income, as well as commonly reported ones, e.g., between TC and exposure to fertilizers, suggests that
any bias is unlikely to have distorted the study’s central findings.

Conversely, this study has several strengths. To our knowledge, this is the first report to use
data on historic levels of I-131 in milk to explore patterns in TC incidence. The incidence data are
population-based, as are the exposure data, which are from the U.S. Census, the U.S. Geological
Survey, and other governmental agencies. Data that are of special interest, i.e., on the type of water
use (municipal vs. well), likely was determined with high accuracy, as water use is documented by
multiple means, including well permits, aerial photography, and real estate and tax records [48]. Our
finding that city water use is associated with higher TC risk was unexpected and should be interpreted
cautiously. However, it is consistent with several reports implicating fluoride as a cause of thyroid
dysfunction and thus merits further investigation.
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5. Conclusions

TC is the cancer with the most rapidly increasing incidence rate in the U.S. Little is known about
its environmental causes. Our structural equation model identified factors relevant to land and water
use as significant predictors of TC risk in ND. The positive association observed between TC incidence
and the use of city water is a potentially important (albeit provisional) clue that should be examined in
other locations that have a mix of city and well water use.

Author Contributions: Conceptualization, G.G.S. and M.G.K.; methodology, M.G.K.; software, M.G.K.; validation,
M.G.K and G.G.S.; resources, G.G.S.; data M.G.K.; writing—original draft preparation, G.G.S. and M.G.K.;
writing—review and editing, G.G.S.; supervision, G.G.S.

Funding: Research reported in this publication was supported by the National Institute of General Medical
Sciences of the National Institutes of Health under Award Number U54GM128729.

Acknowledgments: We thank Cristina Oancea, of the NDSCR for assistance with cancer incidence rates and
Bradley Rundquist, of the University of North Dakota College of Arts & Sciences, for help with mapping.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
2. Davies, L.; Welch, G. Current thyroid cancer trends in the United States. JAMA Otolaryngol. Head Neck Surg.

2014, 140, 317–322. [CrossRef]
3. Vigneri, R.; Maladrino, P.; Vigneri, P. The changing epidemiology of thyroid cancer: Why is incidence

increasing? Curr. Opin. Oncol. 2015, 27, 1–7. [CrossRef]
4. Lim, H.; Devesa, S.S.; Sosa, J.A.; Check, D.; Kitahara, C.M. Trends in thyroid cancer incidence and mortality

in the United States, 1974–2013. JAMA 2017, 317, 1338–1348. [CrossRef]
5. Wartofsky, L. Increasing world incidence of thyroid cancer: Increased detection or higher radiation exposure?

Hormones 2010, 9, 103–108. [CrossRef]
6. Hundahl, S.A. Perspective: National Cancer Institute Summary Report about estimated exposures and

thyroid doses received from Iodine 131 in fallout after Nevada atmospheric nuclear bomb tests. CA Cancer J.
Clin. 1998, 48, 285–298. [CrossRef]

7. Kerber, R.A.; Till, J.E.; Lyon, J.L.; Thomas, D.C.; Preston-Martin, S.; Ralliston, M.L.; Lloyd, R.D.; Stevens, W. A
cohort study of thyroid disease in relation to fallout from nuclear weapons testing. JAMA 1993, 17, 2076–2082.
[CrossRef]

8. Lyon, J.L.; Alder, S.C.; Stone, M.B.; Scholl, A.; Reading, J.C.; Holubkov, R.; Hegmann, K.T.; Anspaugh, L.;
Hoffman, F.O.; Thomas, B.; et al. Thyroid disease associated with exposure to the Nevada Nuclear Weapons
Test Site Radiation. A Reevaluation based on corrected dosimetry and examination data. Epidemiology 2006,
17, 604–614. [CrossRef]

9. Maladrino, P.; Scollo, C.; Mearturano, I.; Russo, M.; Tavarelli, M.; Attard, M.; Richiusa, P.; Violi, M.A.;
Dardanoni, G.; Vigneri, R.; et al. Descriptive epidemiology of human thyroid cancer: Experience from a
regional registry and the “volcanic factor”. Front. Endocrinol. 2013, 4, 65.

10. State Cancer Profiles. Available online: https://statecancerprofiles.cancer.gov/map/ms.ap.noimage.php
(accessed on 9 October 2019).

11. Health Resources & Services Administration. Health Professional Shortage Areas (HPSAs). Available online:
https://bhw.hrsa.gov/shortage-designation/hpsas (accessed on 6 September 2019).

12. States by Percentage of Farmland. Available online: www.stuffaboutstates.com (accessed on 9 October 2019).
13. About the North Dakota Statewide Cancer Registry. Available online: https://ndcancer.org/aboutmain.html

(accessed on 9 October 2019).
14. U.S. Census. 2010. Available online: https://www.census.gov/2010census/ (accessed on 9 October 2019).
15. U.S. Census of Agriculture. 2012. Available online: https://www.agcensus.usda.gov/Publications/2012/

(accessed on 9 October 2019).
16. County-Level Estimates of Nitrogen and Phosphorus from Commercial Fertilizer for the Coterminous

U.S., 1987–2006. Available online: https://water.usgs.gov/GIS/metadata/usgswrd/XML/sir2012-5207_county_
fertilizer.xml (accessed on 9 October 2019).

http://dx.doi.org/10.3322/caac.21551
http://dx.doi.org/10.1001/jamaoto.2014.1
http://dx.doi.org/10.1097/CCO.0000000000000148
http://dx.doi.org/10.1001/jama.2017.2719
http://dx.doi.org/10.14310/horm.2002.1260
http://dx.doi.org/10.3322/canjclin.48.5.285
http://dx.doi.org/10.1001/jama.1993.03510170066032
http://dx.doi.org/10.1097/01.ede.0000240540.79983.7f
https://statecancerprofiles.cancer.gov/map/ms.ap.noimage.php
https://bhw.hrsa.gov/shortage-designation/hpsas
www.stuffaboutstates.com
https://ndcancer.org/aboutmain.html
https://www.census.gov/2010census/
https://www.agcensus.usda.gov/Publications/2012/
https://water.usgs.gov/GIS/metadata/usgswrd/XML/sir2012-5207_county_fertilizer.xml
https://water.usgs.gov/GIS/metadata/usgswrd/XML/sir2012-5207_county_fertilizer.xml


Int. J. Environ. Res. Public Health 2019, 16, 3805 7 of 8

17. Water Use for the Nation. Available online: http://waterdata.usgs.gov/nwis (accessed on 9 October 2019).
18. Aeromagnetic and Aeroradiometric Data for the Conterminous U.S. and Alaska, National Uranium Resource

Evaluation (NURE), U.S. Department of Energy. Available online: https://pubs.usgs.gov/of/2009/1129/NURE.
html (accessed on 9 October 2019).

19. Oancea, S.C.; Rundquist, B.C.; Simon, I.; Swartz, S.; Zheng, Y.; Zhou, X.; Sens, M.A.; Schwartz, G.G. County
level incidence rates of chronic lymphocytic leukemia are associated with residential radon levels. Future
Oncol. 2017, 21, 1873–1881. [CrossRef]

20. State and County Exposure Levels to I-131. Available online: https://www.cancer.gov/about-cancer/causes-
prevention/risk/radiation/stateandcountyexposure (accessed on 9 October 2019).

21. Schwartz, G.G.; Klug, M.G.; Rundquist, B.C. An exploration of colorectal cancer incidence rates in North
Dakota, USA, via structural equation modeling. Int. J. Colorectal Dis. 2019. [CrossRef]

22. Schumaker, R.E.; Lomax, R.G. A Beginner’s Guide to Structural Equation Modeling, 2nd ed.; Lawrence Erlbaum:
Mahwah, NJ, USA, 2004.

23. Goyal, N.; Camacho, C.; Mangano, J.; Goldenberg, D. Evaluating for a geospatial relationship between radon
levels and thyroid cancer in Pennsylvania. Laryngoscope 2015, 125, E45–E49. [CrossRef]

24. Oakland, C.; Meliker, J.R. County-level radon and incidence of female thyroid cancer in Iowa, New Jersey
and Wisconsin, USA. Toxics 2018, 16, 17. [CrossRef]

25. McDow, A.D.; Zahnd, W.E.; Angelos, P.; Mellinger, J.D.; Ganai, S. Impact of rurality on national trends in
thyroid cancer incidence and long-term survival. J. Rural Health 2019. [CrossRef]

26. Center for Rural Health, University of North Dakota School of Medicine & Health Sciences. Availability of
Primary Care Physicians in North Dakota. Available online: https://ruralhealth.und.edu/assets/622-2136/

availability-of-nd-primary-care-physicians.pdf (accessed on 27 September 2019).
27. America’s Health Rankings. Available online: https://www.americashealthrankings.org/explore/annual/

measure/PCP/state/ALL (accessed on 27 September 2019).
28. Clayman, G. Thyroid Cancer: Diagnosis, Treatment and Prognosis. Available online: www.endocrineweb.

com/conditions/thyroid-cancer/thyroid-cancer (accessed on 27 September 2019).
29. Udelsman, R.; Zhang, Y. The epidemic of thyroid cancer in the United States: The role of endocrinologists

and ultrasounds. Thyroid 2014, 24, 472–479. [CrossRef]
30. Lu, H.; Holt, J.B.; Cheng, Y.J.; Zhang, X.; Onufrak, S.; Croft, J.B. Population-based geographic access to

endocrinologists in the United States, 2012. BMC Health Serv. Res. 2015, 15, 541. [CrossRef]
31. Zeng, F.; Lerro, C.; Lavoué, J.; Huang, H.; Semiatycki, J.; Zhao, N.; Ma, S.; Deziel, N.C.; Friesen, M.C.;

Udelsman, R.; et al. Occupational exposure to pesticides and other biocides and risk of thyroid cancer. Occup.
Environ. Med. 2017, 74, 502–510. [CrossRef]

32. National Cancer Institute. Get the Facts about Exposure to I-131 Radiation. Available online: https:
//www.cancer.gov/about-cancer/causes-prevention/risk/radiation/i-131 (accessed on 1 May 2019).

33. Xie, L.; Mo, M.; Jia, H.-X.; Liang, F.; Yuan, J.; Zhu, J. Association between dietary nitrate and nitrite intake and
site-specific cancer risk: Evidence from observational studies. Oncotarget 2016, 7, 56915–56932. [CrossRef]

34. Ward, M.H.; Jones, R.R.; Brender, J.D.; de KoK, T.M.; Weyer, P.J.; Nolan, B.T.; Villanueva, C.M.; van Breda, S.G.
Drinking water nitrate and human health: An updated review. Int. J. Environ. Res. Public Health 2018, 15,
1557. [CrossRef]

35. Ward, M.H. Too much of a good thing? Nitrate from nitrogen fertilizers and cancer. Rev. Environ. Health
2009, 24, 357–363. [CrossRef]

36. Nolan, B.T.; Hitt, K.J. Vulnerability of shallow groundwater and drinking-water wells to nitrate in the United
States. Environ. Sci. Technol. 2006, 40, 7834–7840. [CrossRef] [PubMed]

37. Wones, R.G.; Deck, C.C.; Stadler, B.; Roark, S.; Hogg, E.; Frohman, L.A. Effects of drinking water
monochloramine on lipid and thyroid metabolism in healthy men. Environ. Health Perspect. 1993, 99,
369–374. [CrossRef] [PubMed]

38. Wones, R.G.; Deck, C.C.; Stadler, B.; Roark, S.; Hogg, E.; Frohman, L.A. Lack of effect of drinking water
chlorine on lipid and thyroid metabolism in healthy humans. Environ. Health Perspect. 1993, 99, 375–381.
[CrossRef] [PubMed]

39. National Research Council. Fluoride in Drinking Water. A Scientific Review of EPA’s Standards; The National
Academies Press: Washington, DC, USA, 2006.

http://waterdata.usgs.gov/nwis
https://pubs.usgs.gov/of/2009/1129/NURE.html
https://pubs.usgs.gov/of/2009/1129/NURE.html
http://dx.doi.org/10.2217/fon-2017-0165
https://www.cancer.gov/about-cancer/causes-prevention/risk/radiation/stateandcountyexposure
https://www.cancer.gov/about-cancer/causes-prevention/risk/radiation/stateandcountyexposure
http://dx.doi.org/10.1007/s00384-019-03352-9
http://dx.doi.org/10.1002/lary.24815
http://dx.doi.org/10.3390/toxics6010017
http://dx.doi.org/10.1111/jrh.12374
https://ruralhealth.und.edu/assets/622-2136/availability-of-nd-primary-care-physicians.pdf
https://ruralhealth.und.edu/assets/622-2136/availability-of-nd-primary-care-physicians.pdf
https://www.americashealthrankings.org/explore/annual/measure/PCP/state/ALL
https://www.americashealthrankings.org/explore/annual/measure/PCP/state/ALL
www.endocrineweb.com/conditions/thyroid-cancer/thyroid-cancer
www.endocrineweb.com/conditions/thyroid-cancer/thyroid-cancer
http://dx.doi.org/10.1089/thy.2013.0257
http://dx.doi.org/10.1186/s12913-015-1185-5
http://dx.doi.org/10.1136/oemed-2016-103931
https://www.cancer.gov/about-cancer/causes-prevention/risk/radiation/i-131
https://www.cancer.gov/about-cancer/causes-prevention/risk/radiation/i-131
http://dx.doi.org/10.18632/oncotarget.10917
http://dx.doi.org/10.3390/ijerph15071557
http://dx.doi.org/10.1515/REVEH.2009.24.4.357
http://dx.doi.org/10.1021/es060911u
http://www.ncbi.nlm.nih.gov/pubmed/17256535
http://dx.doi.org/10.1289/ehp.9399369
http://www.ncbi.nlm.nih.gov/pubmed/8319653
http://dx.doi.org/10.1289/ehp.9399375
http://www.ncbi.nlm.nih.gov/pubmed/8319654


Int. J. Environ. Res. Public Health 2019, 16, 3805 8 of 8

40. Malin, A.J.; Riddell, J.; McCague, H.; Till, C. Fluoride exposure and thyroid function among adults living in
Canada: Effect modification by iodine status. Environ. Int. 2018, 121, 667–674. [CrossRef] [PubMed]

41. Kumar, V.; Chahar, P.; Kajjari, S.; Rahman, F.; Bansal, D.K.; Kapadia, J.M. Fluoride, thyroid hormone
derangements and its correlation with tooth eruption pattern among the pediatric population from endemic
and non-endemic fluorosis areas. J. Contemp. Dent. Pract. 2018, 19, 1512–1516. [CrossRef] [PubMed]

42. Hu, M.J.; Zhang, C.; Liang, L.; Wang, S.Y.; Zheng, S.C.; Zhang, Q.; Jiang, C.X.; Zhong, Q.; Huang, F. Fasting
serum glucose, thyroid-stimulating hormone, and thyroid hormones and risk of papillary thyroid cancer: A
case-control study. Head Neck 2019. [CrossRef] [PubMed]

43. Fiore, E.; Vitti, P. Serum TSH and risk of papillary thyroid cancer in nodular thyroid disease. J. Clin. Endocrinol.
Metab. 2012, 97, 1134–1145. [CrossRef] [PubMed]

44. Nieto, H.; Boelaert, K. Thyroid-stimulating hormone in thyroid cancer: Does it matter? Endocr. Relat. Cancer
2016, 23, T109–T121. [CrossRef]

45. Bailey, W.; Barker, L.; Durham, K.; Maas, W. Populations receiving optimally fluoridated public drinking
water—United States—1992, 2006. MMWR Morb. Mortal. Wkly. Rep. 2008, 57, 737–741.

46. Kheradpisheh, Z.; Mirzaei, M.; Mahvi, M.; Moktari, M.; Azizi, R.; Fallahzadeh, H.; Ehrampoush, M.H.
Impact of drinking water fluoride on human thyroid hormones: A case-control study. Sci. Rep. 2018, 8, 2674.
[CrossRef]

47. Pellegritis, G.; Frasca, F.; Regalbuto, C.; Squatrito, S.; Vigneri, R. Worldwide increasing incidence of thyroid
cancer: Update on epidemiology and risk factors. J. Cancer Epidemiol. 2013. [CrossRef] [PubMed]

48. Hutton, S.S. Guidelines for Preparation of State Water Use Estimates For 2005; U.S. Department of the Interior:
Washington, DC, USA; U.S. Geological Survey: Reston, VA, USA, 2007.

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.envint.2018.09.026
http://www.ncbi.nlm.nih.gov/pubmed/30316182
http://dx.doi.org/10.5005/jp-journals-10024-2458
http://www.ncbi.nlm.nih.gov/pubmed/30713182
http://dx.doi.org/10.1002/hed.25691
http://www.ncbi.nlm.nih.gov/pubmed/30759328
http://dx.doi.org/10.1210/jc.2011-2735
http://www.ncbi.nlm.nih.gov/pubmed/22278420
http://dx.doi.org/10.1530/ERC-16-0328
http://dx.doi.org/10.1038/s41598-018-20696-4
http://dx.doi.org/10.1155/2013/965212
http://www.ncbi.nlm.nih.gov/pubmed/23737785
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Data 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

