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Associations of the utilization of household water treatment
devices with mortality
Shuai-Wen Huang 1,2,3,4✉, Hong-Lian Zhou2,4,5, Rui Zeng 1,5✉ and Ying Yao 1,3,5,6✉

This study aimed to investigate the relationship between the utilization of household water treatment devices (UHWTD) and both
overall and cause-specific mortality, addressing the lack of comprehensive prospective research in this area. The study was a
population-based prospective cohort study using data from the US National Health and Nutrition Examination Survey (NHANES
1999–2010). Among the 30,322 participants included in the study, the group without UHWTD (No UHWTD) was younger but
reported worse baseline health compared to the UHWTD group. During an average follow-up period of 14.3 years, 6811 participants
died. After adjusting for age, sex, and other covariates, No UHWTD was significantly associated with a higher risk of overall (adjusted
hazard ratio [aHR]: 1.221, 95% Confidence Interval [CI]: 1.147–1.300), heart (aHR: 1.405, 95% CI: 1.241–1.589), cancer (aHR: 1.176, 95%
CI: 1.003–1.379), Alzheimer’s disease (aHR: 1.404, 95% CI: 1.027–1.919), and nephrosis (aHR: 1.613, 95% CI: 1.026–2.537) mortality
compared to UHWTD. Moreover, those main association almost remained after further adjustment for water source. Additionally,
we observed a lower detection rate of bromoform, chloroform, bromodichloromethane, and dibromochloromethane in tap water
when household water treatment devices was used compared to No UHWTD. The utilization of household water treatment devices
in this prospective cohort was associated with modest reductions in the risk of overall, heart, cancer, Alzheimer’s disease, and
nephrosis mortality. These findings suggest that the use of household water treatment devices may have the potential to influence
health outcomes and extend life expectancy.
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INTRODUCTION
Access to clean and safe drinking water is not only essential for
maintaining human health but also a basic human right
recognized by the United Nations1. Inadequate access to clean
water can lead to various waterborne diseases, particularly in
developing countries where sanitation infrastructure is limited2. In
developing countries, the transmission of bacteria, virus and other
waterborne pathogens plays a crucial role in the health
implications of drinking water3,4. In the absence of municipal
and piped water supply conditions, household water treatment
equipment plays a crucial role in preventing and controlling the
spread of these diseases, as it helps remove pathogens, bacteria,
and other contaminants from the water5. In low-income countries
and regions, inappropriate waste disposal and high levels of
pathogenicz microorganisms in water are major issues that affect
water security6. Studies have observed the preventive effect of
drinking water disinfection and household water treatment
equipment on diarrhea, especially in children7,8. Recently pub-
lished systematic reviews and meta- analyses have shown that the
use of water disinfection and treatment equipment brings about
substantial health and economic benefits in less developed
areas9,10. This has significant importance in improving the risk of
child mortality and addressing the challenges of water security in
these regions11.
Even in developed countries, drinking water safety is still widely

concerned, despite the presence of comprehensive municipal
piped water supply and national standards for safe drinking water.

While water treatment processes have been regulated to ensure
compliance with drinking water standards, concerns have been
raised about the potential health effects of certain chemicals and
disinfection by-products that may persist in treated water. For
example, chlorination, a commonly used disinfection method, can
result in the formation of disinfection by-products such as
trihalomethanes (THMs), which have been associated with adverse
health effects, including an increased risk of cancer12. Additionally,
emerging contaminants such as pharmaceuticals, pesticides, and
personal care products have been detected in drinking water
sources, raising concerns about their potential impacts on human
health13,14. Despite undergoing standardized treatment, tap water
or well water may still contain trace amounts of contaminants,
including per- and polyfluoroalkyl substances (PFAS) and other
persistent organic pollutants. PFAS are synthetic chemicals widely
used in various industrial and consumer products, and their
presence in drinking water has drawn significant attention due to
potential adverse health effects15. In addition to these concerns,
the excessive presence of heavy metals in water due to aging and
corroded water supply pipes has become a significant public
concern. A prominent example is the issue of lead contamination
in water, which is prevalent in the United States due to
deteriorating infrastructure and outdated housing with lead
pipes16. This problem has had severe implications for public
health, as demonstrated by cases like Flint, Michigan, and
numerous other locations16,17.
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Household water treatment equipment is the final stage of the
water supply network, such as activated carbon filters and reverse
osmosis systems, can effectively remove these contaminants,
providing an additional layer of protection for consumers14. In the
field of home water treatment equipment research and develop-
ment, a plethora of emerging technologies and methods are
being developed to address the crisis of water safety18–20.
However, it is important to consider the potential trade-offs
associated with water treatment. While the removal of contami-
nants is necessary for ensuring safe drinking water, the treatment
process may also remove beneficial minerals that are essential for
human health, such as calcium, magnesium, and potassium21. The
loss of these minerals from treated water can have implications for
overall mineral balance and potential health effects22. Therefore,
finding a balance between effective contaminant removal and the
preservation of essential minerals is crucial in the design and
utilization of domestic water treatment equipment.
Although research in developing countries without municipal

water supply suggests that the application of household water
treatment devices has shown positive efficacy in improving
reported cases of childhood diarrhea7,23, the self-reported
incidence rate may not reflect long-term or more severe impacts.
On the other hand, in the context of municipal and piped water
supply, the long-term health effects of household water treatment
devices are not sufficiently understood beyond infection and
diarrhea. Given the complexity of these issues and the lack of
conclusive evidence on the long-term health effects of domestic
water treatment equipment, further research is needed. Com-
pared to other measurement methods, reported mortality rates
are considered less susceptible to bias and are regarded as the
ultimate indicator of long-term health outcomes. This study aims
to address this research gap by investigating the relationship
between the utilization of household water treatment devices and
both overall and cause-specific mortality. By analyzing a
population-based prospective cohort, we aim to provide valuable
insights into the potential impact of such equipment on long-term
health outcomes.

RESULTS
Baseline characteristics
Out of the 62,160 participants involved in NHANES (National
Health and Nutrition Examination Survey) 1999–2010, a total of
30,322 participants, comprising 14,543 men (47.98%) and 15,779
women, fulfilled the inclusion criteria (Supplementary Fig. 1 in
Supplementary Material). Their mean ages were 46.50 (95% CI:
46.07–46.94) years.
Among those, 7677 subjects reported utilizing household water

treatment devices (UHWTD), while 22,645 did not. The adjusted
utilization rate of household water treatment equipment among
adults in the United States was 30.632%, showing significant
variation across different races and education levels. Additionally,
it is worth noting that the utilization rate of these devices has
remained consistently stable over time (Supplementary Table 1 in
Supplementary Material).
Table 1 presents the baseline characteristics of the study

participants according to use of household water treatment
devices or not. Compared to participants who did not use
household water treatment devices (NO UHWTD), those in the
UHWTD group were more likely to be elderly and engage in
higher levels of alcohol consumption. Interestingly, they were with
lower BMI, higher education, less likely to be current smokers, had
better eating and exercise habits, a lower self-reported history of
chronic disease, and better self-reported health.
Cohort characteristics by UHWTD and the source of tap water

are presented in Supplementary Table 2 in Supplementary
Material.

Relations of UHWTD with all-cause mortality
Among the 30,322 participants in NHANES 1999–2010, there were
6811 deaths during a mean follow-up of 14.3 years (391,638
person years). These deaths included 1745 from heart disease,
1501 from cancer, 389 from chronic lower respiratory diseases,
208 from injuries and accidents, 405 from cerebrovascular
diseases, 278 from Alzheimer’s disease, 257 from diabetes mellitus,
156 from influenza and pneumonia, 167 from nephritis, nephrotic
syndrome, and nephrosis, and 1705 from all other causes
combined.
Table 2 provides a summary of the association between UHWTD

and all-cause mortality. Participants in the NO UHWTD group had
higher rates of all-cause mortality compared to those in the
UHWTD group (adjusted hazard ratio [aHR]: 1.452, 95% confidence
interval [CI]: 1.348–1.564). Even after adjusting for various factors,
including age, sex, race/ethnicity, education, BMI, smoking, alcohol
consumption, leisure time physical activity level, healthy eating
index, family history of diabetes or heart attack, self-reported
health, and self-reported history of chronic diseases, the associa-
tions remained significant for overall mortality (aHR: 1.221, 95% CI:
1.147–1.300).
Further adjustment for the source of tap water did not affect

our primary findings. When we further categorized the exposure
based on UHWTD and the source of tap water, all other groups
demonstrated a significant reduction in mortality rates compared
to the “NO UHWTD & TAP from water company” group (Table 3).
Among these groups, the “UHWTD & TAP from well” group
exhibited the most substantial decrease in mortality rates (aHR:
0.756, 95% CI: 0.672–0.851).
The association between UHWTD and all-cause mortality

remained relatively consistent when analyzing the data stratified
by sex, educational level, and smoking status (Fig. 1). However,
age stratification may attenuate this link, especially among
younger individuals.
The results were almost unchanged when we removed

participants with missing values for covariates (Supplementary
Table 3 in Supplementary Material), or excluded participants with
prevalent diabetes, cardiovascular disease, or cancer (Supplemen-
tary Table 4 in Supplementary Material), or categorized partici-
pants based on different NHANES time periods (Supplementary
Table 5 in Supplementary Material). When stratified by age at
death to evaluate the effect on premature death, the associations
were similar to our main results (Supplementary Table 6 in
Supplementary Material).

Relations of UHWTD with cause--specific mortality
After comprehensive adjustment, participants in the NO UHWTD
group exhibited higher rates of mortality from heart disease (aHR:
1.405, 95% CI: 1.241–1.589), cancer (aHR: 1.176, 95% CI:
1.003–1.379), Alzheimer’s disease (aHR: 1.404, 95% CI:
1.027–1.919), nephritis (aHR: 1.613, 95% CI: 1.026–2.537), and
other causes (aHR: 1.231, 95% CI: 1.046–1.44) compared to those
in the UHWTD group. In contrast, although participants in the NO
UHWTD group showed higher rates of mortality from Chronic
lower respiratory diseases, Cerebrovascular diseases, and Influenza
and pneumonia compared to those in the UHWTD group in
models adjusted for age, sex, and race, in fully adjusted models,
this association was either not significant or only borderline
significant.
Except for mortality related to Alzheimer’s disease and

nephrosis, further considering the TAP water source did not
weaken the strength of the association, as shown in Table 3.
Consistent with the overall mortality trend, the “UHWTD & TAP
from well” group exhibited the most substantial decrease in
mortality rates from heart disease (aHR: 0.622, 95% CI:
0.478–0.811) and cancer (aHR: 0.791, 95% CI: 0.633–0.988).
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UHWTD and volatile organic compounds in home tap water
A subset of participants underwent testing for volatile organic
compounds (VOC) in their household tap water, with data
provided in Supplementary Table 7 in Supplementary Material.

In comparison to the non-UHWTD group, the UHWTD group
exhibited significantly lower detection rates of Bromoform (P
value:0.0120), Chloroform (P < 0.0001), Bromodichloromethane
(P < 0.0001), and Dibromochloromethane (P < 0.0001). However,

Table 1. Baseline characteristics of participants from US National Health and Nutrition Examination Surveya.

Characteristicsb Total UHWTD No UHWTD P value c

Participants 30322 7677 22645

Mean (95% CI) age, years 46.50(46.07–46.94) 47.18(46.49–47.88) 46.21(45.77–46.64) 0.0037*

Women 15779(52.02) 3960(51.48) 11819(52.25) 0.1138

Mean (95% CI) body mass index: 28.36(28.22–28.50) 27.98(27.75–28.22) 28.53(28.37–28.68) <0.0001*

Ethnicity: <0.0001*

Non-Hispanic white 14902(70.63) 4950(81.11) 9952(66.01)

Non-Hispanic black 6039(11.16) 726(4.33) 5313(14.18)

Mexican American 6128(7.77) 1090(4.52) 5038(9.24)

Others 3253(10.42) 911(10.10) 2342(10.56)

Education: <0.0001*

Less than high school 9322(19.85) 1436(11.18) 7886(23.68)

High school or equivalent 7202(25.19) 1709(22.37) 5493(26.44)

College or above 13741(54.95) 4523(66.43) 9218(49.87)

Alcohol drinking: <0.0001*

Non-drinker 8466(26.44) 1930(23.31) 6536(27.86)

Low to moderate drinker 16724(63.44) 4607(66.91) 12117(61.87)

Heavy drinker 2433(10.18) 606(9.76) 1827(10.265)

Smoking status: <0.0001*

Never smoker 15855(51.69) 4289(56.03) 11566(49.78)

Former smoker 7789(24.82) 2226(27.68) 5563(23.55)

Current smoker 6650(23.47) 1158(16.27) 5492(26.66)

Leisure time physical activity level: <0.0001*

0 times/week 14808(40.72) 2929(31.99) 11879(44.58)

1–2 times/week 4984(19.33) 1451(20.93) 3533(18.62)

≥3 times/week 10515(39.94) 3297(47.07) 7718(36.79)

Healthy eating index score: <0.0001*

Quarter 1 7188(26.77) 1577(23.39) 5611(28.29)

Quarter 2 7188(25.25) 1652(22.40) 5536(26.53)

Quarter 3 7188(24.29) 1906(25.54) 5282(23.73)

Quarter 4 7188(23.67) 2244(28.65) 4944(21.44)

Family history of diabetes or heart attack 14837(48.74) 3725(48.39) 11112(48.90) 0.5317

Self-reported health: <0.0001*

Very good to excellent 12807(50.27) 3945(58.05) 8862(46.83)

Good 10192(32.22) 2421(29.89) 7771(33.26)

Poor to fair 7304(17.49) 1305(12.05) 5999(19.89)

Self-reported chronic diseases:

Diabetes 3298(7.68) 674(6.42) 2624(8.24) <0.0001*

Hypertension 8267(23.61) 1941(21.98) 6326(24.33) 0.0024*

Cardiovascular diseases 3460(8.63) 793(7.453) 2667(9.152) 0.0007*

Chronic obstructive pulmonary diseases 2194(7.23) 506(5.91) 1688(7.81) <0.0001*

Cancerd 2295(6.89) 668(7.64) 1627(6.56) 0.0145*

*P < 0.05.
aAll estimates accounted for complex survey designs.
b57, 743, 2699, 28, 15,1570, and 19 participants had missing information for baseline education level, BMI, alcohol drinking, smoking status, leisure time
physical activity level, healthy eating index score, and self- reported health, respectively.
cFor categorical variables, P value was calculated by Rao-Scott χ2 test, which is design adjusted version of Pearson χ2 test. For continuous variables, analysis of
variance adjusting for sampling weights was used to calculate P value.
dSkin cancer was not included.
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there was no significant difference in the detection rate of MTBE
(methyl tertiary-butyl ether) (P value:0.7296) (Supplementary Fig. 2
in Supplementary Material).

UHWTD and lead exposure levels in NHANES
Although NHANES did not test for lead in tap water, some subjects
were tested for lead levels in their blood and urine. In NHANES,
subjects in the UHWTD group had significantly lower levels of lead
in their blood and urine compared to those in the No UHWTD
group (P < 0.0001). This trend still exists even after stratifying by
age and gender. (Supplementary Fig. 3 in Supplementary
Material).

DISCUSSION
The long-term effects of household water treatment devices on
health have not been adequately studied. In this context, we aim
to investigate the relationship between the utilization of housing
water treatment devices (UHWTD) and both overall and cause-
specific mortality, in order to address the long-term impact of
these devices on health.
Few prospective studies have examined the association

between UHWTD and overall mortality. Our results indicate that
individuals who did not utilize UHWTD (No UHWTD) had a higher
risk of overall mortality, as well as mortality related to heart
disease, cancer, Alzheimer’s disease, and nephrosis. These
associations remained significant even after adjusting for potential
confounding factors, including age, sex, and other covariates.
These results are consistent with previous studies that have
reported the potential benefits of water treatment devices in
improving water quality and reducing health risks24. For instance,
a population-based cohort study also reported a lower risk of
gastrointestinal illness associated with the use of water treatment
devices25. However, our study focuses on mortality outcomes and
benefits from a longer follow-up period, providing valuable
insights into the lasting impact of UHWTD utilization on overall
and cause-specific mortality.
The link between drinking water and health originated from the

recognition of pathogenic bacteria present in water. Water
disinfection has played a crucial role in controlling the transmis-
sion of diarrheal and infectious diseases caused by these
bacteria23,26. Furthermore, numerous previous studies have
focused on examining the health effects of potentially harmful
substances and disinfection by-products in water. For instance, the
presence of aluminum and lithium in water has been associated
with an increased risk of Alzheimer’s disease and mortality27,28,
while the presence of arsenic in water may be linked to the
development of ischemic heart disease and cancers29,30. Certain
disinfection by-products like THMs have been identified as
potential carcinogenic risks, and some PFAS have shown potential
reproductive toxicity31. Additionally, emerging compounds found
in water, such as microplastics and various novel organics, may
have unknown health effects32,33. The utilization of the UHWTD
can effectively reduce the presence of these toxic substances in
both drinking water and household water, thereby making a
significant contribution to overall health improvement. This
observation partly explains why patients in the group without
access to the UHWTD had poorer baseline health conditions.
Furthermore, our study uncovered a decreased detection rate of

bromoform, chloroform, bromodichloromethane, and dibromo-
chloromethane in tap water when UHWTD was employed,
compared to No UHWTD. These chemicals are well-known
disinfection by-products that can be found in water treated with
chlorine or other disinfectants. The lower detection rate of these
disinfection by-products in tap water when UHWTD was utilized
suggests that these devices may effectively remove or reduce the
levels of such contaminants, thus contributing to an overall
improvement in water quality. These findings align with previous
studies that have highlighted the potential benefits of water
treatment devices in enhancing water quality and mitigating
health risks. For instance, research has demonstrated that UHWTD
can effectively eliminate or reduce contaminants like disinfection
by-products, heavy metals, microplastics, and microbial pathogens
from drinking water18,32,34–36. The lower detection rate of bromo-
form, chloroform, bromodichloromethane, and dibromochloro-
methane in tap water when UHWTD was utilized further supports
the effectiveness of these devices in reducing the levels of
disinfection by-products. We also examined the relationship
between UHWTD and lead exposure. While NHANES did not
specifically test for lead in tap water, certain individuals were
tested for lead levels in their blood and urine. In the UHWTD

Table 2. Hazard ratios (95% CIs) of mortality with no UHWTD vs
UHWTD in NHANES 1999–2010a.

Cause of death HR 95% CI P value

Total mortality (No of deaths/ person years:6811/391638)

Model 1 1.452 1.348–1.564 <0.0001*

Model 2 1.221 1.147–1.300 <0.0001*

Heart (No of deaths:1745)

Model 1 1.691 1.489–1.920 <0.0001*

Model 2 1.405 1.241–1.589 <0.0001*

Malignant neoplasms (No of deaths:1501)

Model 1 1.365 1.169–1.595 0.0001*

Model 2 1.176 1.003–1.379 0.0458*

Chronic lower respiratory diseases (No of deaths:389)

Model 1 1.511 1.170–1.953 0.0019*

Model 2 1.105 0.856–1.425 0.4404

Accidents (No of deaths:208)

Model 1 0.909 0.618–1.339 0.6270

Model 2 0.737 0.493–1.101 0.1364

Cerebrovascular diseases (No of deaths:405)

Model 1 1.486 1.131–1.951 0.0049*

Model 2 1.292 0.999–1.671 0.0507

Alzheimer’s disease (No of deaths:278)

Model 1 1.543 1.109–2.147 0.0107*

Model 2 1.404 1.027–1.919 0.0330*

Diabetes mellitus (No of deaths: 257)

Model 1 0.980 0.663–1.447 0.9167

Model 2 0.762 0.508–1.143 0.1902

Influenza and pneumonia (No of deaths:156)

Model 1 1.843 1.183–2.871 0.0074*

Model 2 1.518 0.968–2.380 0.0684

Nephritis, nephrotic syndrome and nephrosis (No of deaths:167)

Model 1 2.055 1.312–3.220 0.0020*

Model 2 1.613 1.026–2.537 0.0381*

All other causes (No of deaths:1705)

Model 1 1.426 1.205–1.688 <0.0001*

Model 2 1.231 1.046–1.449 0.0123*

*P < 0.05.
aAll estimates accounted for complex survey designs. Model 1: Adjust for
age, sex and race/ethnicity; Model 2: Adjust for age, sex, race/ethnicity,
education, BMI, smoking, alcohol consumption, leisure time physical
activity level, healthy eating index, family history of diabetes or heart
attack, self- reported health and self-reported chronic diseases.
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group, lower levels of lead exposure were observed. This
observation could potentially be attributed to the filtration of
heavy metals, such as lead, in water by domestic water purification
equipment.
The observed associations between UHWTD and reduced

mortality risk may be attributed to several factors. Firstly, the
use of UHWTD can help prevent exposure to potentially harmful
contaminants present in the water supply. Disinfection by-
products, for example, have been associated with adverse health
effects such as increased cancer risk and reproductive issues12,37.
By reducing the levels of these contaminants, UHWTD may
contribute to improved health outcomes and reduced mortality.
Furthermore, the utilization of UHWTD may also lead to improved
water taste and odor, which can encourage individuals to
consume more water. Adequate hydration is essential for
maintaining overall health and preventing various health condi-
tions38. Increased water consumption has been linked to a lower

risk of cardiovascular disease, cancer, and kidney disease39,40.
Therefore, the use of UHWTD may indirectly contribute to
improved health outcomes through increased water intake.
Our research indicates that the utilization of domestic water

treatment devices holds potential health benefits. These findings
offer valuable insights and implications for integrating domestic
water treatment equipment into policies for public health,
sanitation, and water supply. Specifically, we have highlighted
that home water treatment devices can offer additional health
benefits beyond the prevention of diarrhea and infections, even
in areas with reliable municipal water supply. This finding
suggests that the evaluation of existing home water treatment
devices should encompass a broader assessment of their
hygienic and economic value, rather than solely focusing on
the elimination of waterborne microorganisms. Furthermore, it is
of utmost importance to emphasize the significance of adopting
a health-focused approach to water resource management. After

Table 3. Hazard ratios (95% CIs) of mortality with UHWTD and TAP source in NHANES 1999–2010a.

Cause of death NO UHWTD & TAP from water
company

NO UHWTD & TAP from well UHWTD & TAP from water company UHWTD & TAP from well

Total mortality (No of deaths:6736)

Model 1 1.0 (reference) 0.943 (0.851–1.405) 0.692(0.637–0.753) 0.642(0.556–0.741)

Model 2 1.0 (reference) 0.903(0.822–0.993) 0.818(0.757–0.885) 0.756(0.672–0.851)

Heart (No of deaths:1720)

Model 1 1.0 (reference) 0.989(0.825–1.209) 0.611(0.530–0.705) 0.502(0.381–0.661)

Model 2 1.0 (reference) 0.941(0.781–1.134) 0.719(0.618–0.835) 0.622(0.478–0.811)

Malignant neoplasms (No of deaths:1493)

Model 1 1.0 (reference) 0.992(0.786–1.252) 0.742(0.611–0.901) 0.720(0.574–0.902)

Model 2 1.0 (reference) 0.950(0.750–1.204) 0.875(0.717–1.068) 0.791(0.633–0.988)

Chronic lower respiratory diseases (No of deaths:384)

Model 1 1.0 (reference) 0.855(0.576–1.271) 0.636(0.467–0.865) 0.704(0.418–1.185)

Model 2 1.0 (reference) 0.944(0.637–1.399) 0.904(0.676–1.208) 0.909(0.504–1.639)

Accidents (No of deaths:207)

Model 1 1.0 (reference) 1.354(0.842–2.180) 0.974(0.621–1.529) 1.696(0.977–2.944)

Model 2 1.0 (reference) 1.313(0.807–2.134) 1.23(0.780–1.944) 1.872(1.087–3.223)

Cerebrovascular diseases (No of deaths:397)

Model 1 1.0 (reference) 1.102(0.719–1.689) 0.818(0.608–1.102) 0.337(0.197–0.577)

Model 2 1.0 (reference) 1.061(0.697–1.615) 0.920(0.685–1.235) 0.412(0.252–0.672)

Alzheimer’s disease (No of deaths:275)

Model 1 1.0 (reference) 0.798(0.439–1.452) 0.729(0.511–1.041) 0.409(0.202–0.830)

Model 2 1.0 (reference) 0.769(0.399–1.482) 0.744(0.529–1.046) 0.529(0.271–1.034)

Diabetes mellitus (No of deaths: 254)

Model 1 1.0 (reference) 0.756(0.295–1.937) 0.913(0.607–1.373) 1.059(0.463–2.421)

Model 2 1.0 (reference) 0.604(0.232–1.574) 1.164(0.797–1.699) 1.213(0.521–2.826)

Influenza and pneumonia (No of deaths:151)

Model 1 1.0 (reference) 0.974(0.492–1.931) 0.680(0.407–1.136) 0.281(0.106–0.743)

Model 2 1.0 (reference) 0.930(0.466–1.855) 0.806(0.487–1.332) 0.356(0.135–0.936)

Nephritis, nephrotic syndrome and nephrosis (No of deaths:166)

Model 1 1.0 (reference) 0.984(0.504–1.920) 0.453(0.235–0.873) 0.591(0.254–1.375)

Model 2 1.0 (reference) 0.884(0.456–1.712) 0.572(0.308–1.061) 0.727(0.307–1.723)

All other causes (No of deaths:1689)

Model 1 1.0 (reference) 0.818(0.647–1.034) 0.669(0.558–0.802) 0.658(0.482–0.899)

Model 2 1.0 (reference) 0.793(0.646–0.975) 0.773(0.643–0.930) 0.766(0.571–1.027)

aAll estimates accounted for complex survey designs. Model 1: Adjust for age, sex and race/ethnicity; Model 2: Adjust for age, sex, race/ethnicity, education,
BMI, smoking, alcohol consumption, leisure time physical activity level, healthy eating index, family history of diabetes or heart attack, self-reported health and
self-reported chronic diseases.
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conducting a comprehensive evaluation of the economic value
associated with household water treatment devices in terms of
hygiene, governments may consider incorporating these devices
into their public health strategies to better promote the health of
their citizens.

Strengths and limitations of this study
The advantages of this study lie in its large sample size, national
representativeness, high follow-up rate, and long-term mortality.
Moreover, various potential confounding factors were adjusted or
balanced to guarantee reliable results.
It is important to acknowledge some limitations of our study.

Firstly, the utilization of household water treatment devices was
self-reported, and we did not have detailed information on the
specific types or quality of the devices used. This may introduce
some measurement error and potential misclassification of
exposure. Secondly, although we adjusted for several covariates,
residual confounding cannot be completely ruled out. Other
unmeasured factors or lifestyle variables may still influence the

observed associations. Lastly, our study was conducted within the
US population, and the generalizability of the findings to other
populations or countries may be limited.
In conclusion, our study presents compelling evidence that the

utilization of household water treatment devices significantly
improved health outcomes. We observed a noteworthy reduction
in the overall mortality risk, as well as mortality associated with
specific causes such as heart disease, cancer, Alzheimer’s disease,
and nephrosis. These findings emphasize the critical importance
of considering water quality and highlight the potential benefits
of incorporating household water treatment devices into public
health strategies. However, further research is needed to validate
these findings, unravel the underlying mechanisms, and assess the
long-term effects on health. Collectively, our study contributes to
the growing body of evidence supporting the potential of
household water treatment devices in promoting public health
and enhancing longevity. These findings offer valuable insights
and have implications for future policies related to public health,
sanitation, and family water supply.

Fig. 1 Associations between UHWTD and risk of mortality stratified by baseline age, smoking status, sex and education in NHANES
1999–2010. All estimates accounted for complex survey designs and adjust for age (not when stratified by baseline age), sex (not when
stratified by baseline sex), race/ethnicity, education (not when stratified by baseline education), BMI, smoking (not when stratified by baseline
smoking status), alcohol consumption, leisure time physical activity level, healthy eating index, family history of diabetes or heart attack, self-
reported health and self-reported chronic diseases. The error bar is defined as the 95% Cl of aHR.
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METHODS
Study population
The National Health and Nutrition Examination Survey (NHANES),
conducted by the National Center for Health Statistics, is a
comprehensive program aimed at assessing the health and
nutritional status of individuals in the United States over a specific
time period41. NHANES employs a complex, multistage, probability
sampling method to gather nationally representative health-
related data on the US population41. For the NHANES 1999–2010
survey, a total of 32,464 adults aged 20 and over participated. In
this analysis, we excluded individuals who did not undergo a
physical examination (n= 1712), those with missing information
on housing water treatment devices (n= 359), and those with
missing mortality data (n= 41). This resulted in a cohort of 30,322
participants for analysis (see Supplementary Fig. 1 in Supplemen-
tary Material). The mortality follow-up was a prospective study
that assessed the vital status of all participants aged 20 and older
until December 201942.

Ethical approval
Approval of the study from the National Center of Health and
Statistics Research ethics review board was waived because the
research relied on publicly used, de-identified secondary data. All
participants signed informed consent forms before participated in
NHANES.

Assessment of utilization of housing water treatment devices
All participants were asked whether they used any of the water
treatment devices listed on the card (Supplementary Table 8 in
Supplementary Material) in their homes. Additionally, they were
asked to provide information about the source of tap water in
their homes. Specifically, they were asked whether the water was
supplied by a private or public water company, a private or public
well, or another source.
Based on the utilization of household water treatment devices

(UHWTD) and the source of tap water, we further categorized the
exposure into four distinct categories: NO UHWTD & TAP from
water company, NO UHWTD & TAP from well, UHWTD & TAP from
water company, and UHWTD & TAP from well.

Definition of covariates
Baseline questionnaires were used to gather information on
covariates, including age, sex, race/ethnicity, education level,
smoking status, drinking habits, level of leisure time physical
activity, and dietary intake. Additionally, family history of diabetes
or heart attack, self-reported health status, and baseline history of
diabetes, hypertension, cardiovascular disease, chronic obstructive
pulmonary disease, and cancer were recorded in baseline
questionnaires.

Volatile organic compounds in home tap water
Tap water samples collected from a subset of NHANES participants
were analyzed to assess the levels of volatile organic compounds
(VOCs). Specifically, the samples were tested for trihalomethanes
(THMs) and the fuel additive methyl tertiary-butyl ether (MTBE). An
automated analytical method employing headspace solid-phase
microextraction coupled with capillary gas chromatography and
mass spectrometry was utilized. This method enables the
quantification of trace levels of THMs (including chloroform,
bromodichloromethane, dibromochloromethane, and bromo-
form) and MTBE in tap water. For more comprehensive details
regarding the testing methods, please visit the NHANES website41.

Lead exposure levels in blood and urine
Whole blood and Urine specimens are processed, stored, and
shipped to the Division of Laboratory Sciences, National Center for
Environmental Health, and Centers for Disease Control and
Prevention for analysis. Whole blood lead concentrations and
Urine lead concentration are determined using inductively
coupled plasma mass spectrometry. For detailed testing details,
please refer to NHANES website41.

Ascertainment of deaths
Baseline was defined as the time when participants underwent a
physical examination, and our study examined two primary
outcomes: all-cause mortality and cause-specific mortality from
baseline until December 31st, 2019. To ascertain the death status
of participants, we employed a unique study identifier and cross-
referenced it with the National Death Index. For more detailed
information regarding the matching method, please consult the
resources provided by the National Center for Health Statistics43.

Statistical analysis
We accounted for the complex survey design factors of NHANES,
including sample weights, clustering, and stratification, as
specified in the instructions for utilizing NHANES data41. To
compare baseline characteristics, we employed the Rao-Scott χ2
test for categorical variables and analysis of variance adjusted for
sampling weights for continuous variables43.
Adjusted utilization rate estimates of a household water

treatment devices were calculated for NHANES 1999–2010. The
trend analysis was performed by combining data from three
4-year periods: 1999–2002, 2003–2006, and 2007–2010.
We defined baseline as the time when participants had their

physical examinations. We counted person years from baseline to
the date of death, loss to follow-up, or 31st December 2019,
whichever came first. We used Cox proportional hazards models
with time in study as the underlying time metric to calculate the
hazard ratios and corresponding 95% confidence intervals for
mortality in relation to UHWTD. In model 1, we included baseline
age (continuous, in years), sex, and race/ethnicity (non-Hispanic
white, non-Hispanic black, Mexican American, and others) as
covariates. In model 2, we further incorporated education level
(less than high school, high school or equivalent, and college or
above), smoking status (never, former, and current smoker),
drinking status (non-drinker, low to moderate drinker defined as
<1 drink/day in women and <2 drinks/day in men, and heavy
drinker defined as ≥1 drink/day in women and ≥2 drinks/day in
men)44, family history of diabetes or heart attack, leisure time
physical activity level (0, 1–2, or 3 times/week)45, dietary pattern
represented by the healthy eating index scores (HEI-2015 in
quarters)46, self-reported health status (very good to excellent,
good, and poor to fair), as well as self-reported histories of
diabetes, hypertension, cardiovascular disease, cancer (excluding
skin cancer), and chronic obstructive pulmonary disease. The
assumption of proportional hazards was assessed by creating a
cross product of follow-up time and UHWTD patterns. Likelihood
ratio tests comparing models with and without this variable did
not yield statistically significant results, indicating no violation of
the proportional hazards assumption.
Percentages of missing values of covariates were less than 5%

except for drinking status (8.9%) and healthy eating index score
(5.1%). We did multiple imputation for all missing values47. We
also did stratified analyses and potential effect modifications by
baseline age (<60 and ≥60 years), sex, educational level and
smoking status.
To evaluate the effect on premature death, we examined the

relations with deaths occurring before 65 years old, before 70
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years old, before 75 years old, and before 80 years old among
participants younger than 65 years old at baseline.
We conducted sensitivity analyses to assess the robustness of

our results. Firstly, we performed complete case analyses by
excluding participants with missing values for covariates. Addi-
tionally, we excluded patients with chronic diseases to account for
the potential mediating effect of disease on the association
between UHWTD utilization and mortality risk. Furthermore, we
categorized participants based on different NHANES time periods
to explore any potential variations over time.
We conducted all analyses using SAS 9.4, taking into account

the complex sampling design. A two-tailed P value of <0.05 was
considered statistically significant.

DATA AVAILABILITY
The data that support the findings of this study are available from NHANES, [https://
www.cdc.gov/nchs/nhanes]. Furthermore, the cleaned datasets that were analyzed in
the current study are also available from the corresponding author upon reasonable
request.
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