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Abstract

Background: Whole-body and thoracic ionizing radiation exposure are both associated with the
development of renal dysfunction. However, whether low-level environmental radiation from air
pollution affects renal function remains unknown.

Objectives: We investigated the association of particle radioactivity (PR) with renal function
defined by the estimated glomerular filtration rate (éGFR) and chronic kidney disease (CKD) in
the Normative Aging Study.

Methods: This longitudinal analysis included 2,491 medical visits from 809 white males enrolled
between 1999 and 2013. The eGFR was calculated using the CKD-EPI and MDRD equations, and
CKD cases were identified as those with an eGFR <60 mL/min/1.73 m2 Gross P activity measured
by five monitors of the U.S. Environmental Protection Agency’s RadNet monitoring network was
utilized to represent PR.

Results: Ambient PR levels from 1 to 28 days prior to clinical visit demonstrated robust negative
associations with both forms of eGFR, but not with the increased odds of CKD. An interquartile
range higher 28-day average ambient PR level was significantly associated with 0.83-mL/min/1.73
m? lower eGFR estimated by the CKD-EPI equation (95% confidence interval: —1.46, —0.20, p-
value=0.01). Controlling for PM, 5 or black carbon in the model slightly attenuated the PR effects
on eGFR. However, in individuals with the highest levels (3" tertile) of C-reactive protein (CRP)
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or fibrinogen, we observed robust associations of PR with eGFR and CKD, suggesting that
systemic inflammation may modify the PR-eGFR and PR-CKD relationships.

Conclusions: Our study reveals adverse health effects of short-term low-level ambient PR on
the renal function, providing evidence to guide further study of the interplay between PR,
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1.

Introduction

Ambient air pollution, especially fine particulate matter <2.5 um in aerodynamic diameter
(PM5 5), has been associated with reduced life expectancy and increased risks of
cardiovascular disease (CVD), stroke, and mortality (Brook et al. 2010). As previous studies
suggested that CVD is highly related to impaired renal function (Gansevoort et al. 2013),
several epidemiologic studies have further found that ambient PM levels, including PMqg
and PMy, 5, are associated with declined estimated glomerular filtration rate (eGFR) and
increased risk of incident chronic kidney disease (CKD) (Bowe et al. 2017, 2018; Chan et al.
2018; Mehta et al. 2016). Indeed, three recent studies indicated that long-term exposure to
PM5, 5 could significantly elevate the risk of CKD among 1,164,057 U.S. Medicare
population, 2,482,737 U.S. veterans, and 100,629 Asians (Bowe et al. 2018; Bragg-Gresham
et al. 2018; Chan et al. 2018). Further, a monotonic increasing association of PM1g, NO,,
and CO concentrations with the risk of adverse kidney outcomes was reported in the U.S.
veterans (Bowe et al. 2017).

Air pollution also releases low-level radiation, an attribute of the exposure that has been
largely neglected by studies of health effects of air pollution. Radiation may cause damage
to macromolecules (Kempner 2011) and thereby increase the risk of aging-related diseases
(Richardson and Schadt 2014). Exposures to ionizing radiation from an atomic bomb or
radiotherapy, i.e., high-level radiation, induce renal dysfunction and may increase CVD risk
(Adams et al. 2012; Valkema et al. 2005). However, whether low-level radiation from air
pollution affects renal function remains unknown. Particle radioactivity (PR) is a critical
component of PM5 5. A study on PR suggested that inhaled particulates could act as vectors
for radionuclides, which may emit radiation after inhalation and deposition in the respiratory
tract and promote an acute rise in blood pressure by changing the vascular structure or
function via inflammation (Nyhan et al. 2018). And a recent study further showed the robust
associations of PR with biomarkers of oxidative stress and inflammation (Li et al. 2018).
Because hypertension is a critical risk factor for eGFR decline and CKD progression, and
inflammation appears to increase kidney vulnerability and accelerate eGFR decline in older
individuals (Goicoechea et al. 2008; Gupta et al. 2012; Kugler et al. 2015), we hypothesized
that the level of PR from air pollution might also be related to renal function decline and risk
of CKD.

We investigated whether short-term (<28 days) low-level ambient PR is associated with an
acute decline in eGFR and increased odds of CKD in an ongoing prospective cohort study of
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older men living in the Boston metropolitan area. We further sought to clarify the role of
inflammation in the relationship between PR and renal function by exploring whether the
associations of PR with eGFR and CKD were stronger in participants with higher levels of
C-reactive protein (CRP) and fibrinogen, two plasma biomarkers of systemic inflammation.

Methods

2.1 Study design and population

The Normative Aging Study (NAS) is an ongoing longitudinal study on aging established by
the U.S. Department of Veterans Affairs in 1963. Details of the study are published
elsewhere (Mehta et al. 2016). Briefly, the NAS is a closed cohort of 2,280 male veterans
living in the Greater Boston area. Participants were enrolled after an initial health screening
to determine whether they were free of known chronic medical conditions. Most participants
were examined up to four times between 1999 and 2015, and have been reevaluated every
three to five years on a continuous rolling basis using detailed on-site physical examinations
and questionnaires. Participants eligible for this study had continued participation as of 1999
when the data on renal function, PR, air pollution, and inflammation biomarkers started
being collected, and kept living in the Greater Boston area. Because only a very small
number of non-white participants were enrolled in the NAS cohort (89 visits from 22
participants) and the heterogeneity of race, a total of 2,491 medical visits from 809 white
participants were used in the analysis. The NAS was approved by the Department of
Veterans Affairs Boston Healthcare System and written informed consent was obtained from
each participant.

2.2 Data collection

As previously described (Gao et al. 2019a; Mehta et al. 2016), participants were asked to
provide detailed information about their lifestyles, dietary habits, activity levels, and
demographic factors at each visit. Height and weight were used to calculate body mass index
(BMI, in kg/m?). Blood samples were collected at each visit after overnight fasting to assess
clinical biomarkers, such as total cholesterol (mg/dL), serum triglyceride (mg/dL), and high-
density lipoprotein (HDL, mg/dL). Serum creatinine concentration (mg/dL) for estimating
renal function was determined using Hitachi 747 analyzer (Boehringer-Mannheim Corp,
Indianapolis, IN). Two inflammatory markers, C-reactive protein (CRP, mg/L) and
fibrinogen (mg/dL), both highly related to the decline of eGFR and the development of CKD
(Goicoechea et al. 2008; Gupta et al. 2012; Kugler et al. 2015), were measured. We
determined plasma CRP concentrations with an immunoturbidimetric assay on the Hitachi
917 analyzer (Roche Diagnostics-Indianapolis, IN), and plasma fibrinogen was measured
using MDA Fibriquick method (Bind et al. 2012). Systolic and diastolic blood pressures
(SBP & DBP) were measured once in each arm while the subject was seated, using a
standard cuff. Major diseases were assessed based on participants’ medical history and prior
diagnoses (Nyhan et al. 2018).
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2.3 Assessments of particle radioactivity, air particulate pollution levels, and weather

variants

Short-term particle radioactivity, PMs s, black carbon (BC), temperature, and relative
humidity were measured on the day of the visit, and mean values were computed up to 28
days before the medical visit for each blood draw.

Methods for measurement of PR are detailed elsewhere (Nyhan et al. 2018). Gross f activity
(unit: becquerel; Bg/m3), a measurement of all particle-bound ambient B activity, was used
as a surrogate for PR. Gross P activity data were acquired from the U.S. Environmental
Protection Agency’s (USEPA) RadNet monitoring network (https://www.epa.gov/radnet).
The network comprises 139 stationary air monitor stations. Each air monitoring station is
equipped with a total suspended particle high-volume air sampler collecting particles on
filters (10-cm-diameter synthetic fiber). Filters are collected every 3-5 days and sent to the
National Analytical Radiation Environmental Laboratory (NAREL) for measurement of
gross B activity. The time between collection and measurement is approximately seven days,
which allows time for the decay of short-lived radon progenies (e.g., 214Pb and 214Bi) that
may be attached to the particles. Despite the decay of most of the short-lived radionuclides,
there is still radioactivity from the decay of relatively long-lived thoron progenies (e.g.,
210pp and 210Bi). In the absence of real-time B activity, we used these data as a qualitative
indicator of radiation activity of particles collected on the filter. All days within a sampling
period were assigned the B activity measured from the respective sample. Gross B activity
were measured at five monitors in the Greater Boston area (Boston, MA, Concord NH,
Hartford CT, Providence RI and Worcester MA), which were highly correlated with each
other (Table S1). We calculated a regional beta concentration for the study area by taking a
standardized mean of these five monitors. This method prevents missing days at a monitor
from adding false variability to the calculated mean daily value. In brief, we first calculated
daily deviations from each monitor’s overall mean, and standardized these daily deviations
by the monitor’s standard deviation. We then calculated the regional daily standardized
deviation as the average of all monitor’s standardized deviations. Finally, we transformed
this daily regional standardized deviation to daily p values by multiplying by the mean
deviation of all monitors and adding back the average of all monitors. Due to the log-normal
nature of the § measurements, all calculations were done on the log-transformed p values
before being exponentiated to attain the final daily values. The final daily regional beta
concentration was highly correlated with that from all five monitors in the Greater Boston
area (Pearson R >0.8). Our final daily B values represent the daily PR exposure for our study
population residing in the eastern Massachusetts area.

As previously described (Gao et al. 2019b; Mehta et al. 2015), concentrations of PM; 5
(ug/m3) and BC (ug/m?3) were measured at the Harvard University supersite located near
downtown Boston and approximately 1 km from the examination center. Since study
participants live in the Greater Boston area within a median distance of 20 km, we assumed
that these measurements could serve as surrogates of their exposure levels. Daily integrated
PM,, 5 concentrations were collected by the Harvard Impactor (Koutrakis et al. 1993), and
BC was measured continuously using an Aethalometer (Magee Scientific Co., Model
AE-16). We also obtained temperature and relative humidity data from the National Weather
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Service Station at Logan Airport (Boston, MA), located approximately 12 km from the
examination site. Since study participants lived throughout the metropolitan area, we
assumed that these temperature and humidity measurements could serve as surrogates of
their exposures.

2.4 Renal function assessment

As previously described, serum creatinine (Scr) concentration was determined at each visit.
We calculated eGFR (mL/min/1.73 m?) at each visit using the equation of Chronic Kidney
Disease Epidemiology Collaboration (CKD-EPI) [eGFR = 141 x min (Scr/0.9, 1)70-411 x
max (Scr/0.9, 1)71209 x 0.993A%] (Levey et al. 2009), and the equation of Modification of
Diet in Renal Disease (MDRD) Study [eGFR = 175 x (Scr)~1-154 x (Age)~0-203] (Levey et
al. 1999). The Pearson correlation coefficient between both estimates in our study was 0.96
and the intraclass Pearson correlation coefficients were ~0.7 for both forms of eGFR
indicating a high degree of stability over time. CKD cases were identified by either form of
eGFR of less than 60 mL/min/1.73 m2

2.5 Statistical analysis

Descriptive statistics were used to summarize socio-demographics and lifestyle factors for
the first visit and the total visits of the participants. We examined whether the same-day and
up to 28-day (7, 14, and 28 days before the study visit) average PR levels (as the exposures)
were associated with both forms of eGFR (as the outcomes). We used time-varying linear
mixed-effects regression models with random participant-specific intercepts (via PROC
MIXED), accounting for the correlation of repeated measures. We applied three models
increasingly adjusting for potential covariates. Model 1 adjusted for age (years), total
cholesterol, triglycerides, HDL, SBP, DBP, season of medical visits (spring/ summer/ fall/
winter), corresponding temperature, and relative humidity. Model 2 additionally adjusted for
BMI (underweight or normal weight/ overweight/ obese), smoking status (current/ former/
never smoker), alcohol intake (<2 drinks per day versus 2+ drinks per day). Model 3
additionally adjusted for hypertension, stroke, coronary heart disease (CHD), and diabetes
diagnosed by physicians (yes/no). Effect estimate was reported as the mean difference in
eGFR per interquartile range (IQR) increase in exposure, which was calculated separately
for each exposure window studied. The IQR reflects the distribution (25"-75! percentile) in
the observed data, while also enabling a comparison of the effects of different exposure
types measured with different units. Similar analyses on the association of PR with the levels
of CRP and fibrinogen were also performed using the same analysis models. Moreover, we
estimated the effects of PR on the odds of CKD occurring using logistic regression models
with generalized estimating equations adjusting for all potential covariates and the random
participant-specific intercepts accounting for the correlation of repeated measures.

We further explored how the independent PR-eGFR associations changed with and without
adjusting for other air pollutants. We included PM, 5 or BC in the fully-adjusted regression
models for the PR-eGFR relationship and compared the coefficients of PR with those from
the main analysis models. We also examined whether the potential interactions of PR with
PM, 5 or BC levels could affect the change of eGFR by adding interaction terms.
Additionally, to understand whether systemic inflammation modified the associations of PR
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with eGFR and the odds of CKD, we performed subgroup analyses by stratifying the PR-
eGFR and PR-CKD associations based on the tertiles of CRP and fibrinogen levels.

2.6 Sensitivity analysis

Healthier study participants may be more likely to participate in subsequent clinical
examinations over time (Seaman and White 2013). To evaluate the validity of missing at
random assumption and assess the impact of potential selection bias caused by non-random
unavailability for follow-up, we used inverse probability weighting (IPW) to correct for this
potential survival bias as a sensitivity analysis. We estimated the inverse probability of
coming to a subsequent clinical visit using logistic regressions given all relevant covariates
at the previous visit among eligible participants: age, BMI, smoking status and pack-years,
cholesterol level, hypertension, and medication use (diuretics and beta blockers). Rather than
a constant of ‘1’, the inverse probability of being included in the analysis was assigned to the
baseline visit. A weighted model simultaneously adjusted for the inverse probability and the
aforementioned potential covariates of the main analysis. Furthermore, we re-performed all
main analyses in the subset of participants who were free of CKD at the initial visit, to
remove possible confounding effects from the risk of CKD at the baseline (Levey et al.
2009).

SAS version 9.4 (SAS Institute Inc., Cary, NC, USA) was used to perform data cleaning and
all analyses. A two-sided p-value <0.05 was considered to be statistically significant.

3. Results

3.1 Characteristics of participants and distributions of environmental exposures

Table 1 describes the characteristics of the 809 study participants. At the first visit included
in the analysis, participants were on average 72 years old with an average CRP of 3.2 mg/L
and fibrinogen of 342 mg/dL. More than 60% of participants were former smokers and less
than 5% were current smokers. Most participants were overweight or obese and consumed
less than two drinks per day. Participants were healthier at the first visit than at the
subsequent visits in terms of the prevalence of major diseases. Most visits were conducted
between March and November. At the first visit, 178/809 participants (~22%) had CKD, and
746/2491 (~30%) of the total visits involved participants with CKD. Average values for
ambient PR and air particulate pollution levels over the course of follow-up remained stable
across 1 - 28 days (Table 2). The 28-day average level was 2.90+1.08 x10~4 Bg/m3
(IQR=1.43) for PR, 9.67+2.75 pug/m3 (IQR=3.55) for PM 5, and 5.39+2.71 x1071 pg/m3
(IQR=3.17) for BC. All mutual correlations between the above-listed air pollutants were
statistically significant (Table 3, p-value<0.05).

3.2 Associations of particle radioactivity with renal function and chronic kidney disease

PR demonstrated robust negative associations with both forms of eGFR even after adjusting
for all potential covariates (Table 4). Estimated magnitudes of the associations were the
strongest on the same day of visit and slightly attenuated in the next 28 days. An IQR higher
PR level on the same day was significantly associated with 0.84-mL/min/1.73 m2 lower
eGFR estimated by the CKD-EPI method [95% confidence interval (Cl): -1.41, —0.27] and
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1.03-mL/min/1.73 m2 lower eGFR estimated by the MDRD method (95% CI: —1.68, —0.37).
An IQR higher 28-day average PR level was significantly associated with 0.83-mL/min/1.73
m? lower eGFR estimated by the CKD-EPI method (95% CI: —1.46, —0.20) and 0.93-
mL/min/1.73 m? lower eGFR estimated by the MDRD method (95% Cl: —1.66, —0.20). The
14-day average PR level was marginally associated with both determinations of eGFR with
the same decreasing pattern. However, PR was not associated with the odds of CKD (Table
S2). The 28-day average PR level was marginally associated with the odds of CKD [Odds
ratio (OR) = 1.15; 95% CI: 0.99, 1.34; p-value = 0.06]. A fluctuation in PR impact on eGFR
was also observed, the coefficients of PR for both eGFR were the strongest for the same-day
PR level and were then slightly attenuated.

Figure 1 and Table S3 illustrate the coefficients of PR in the PR-eGFR associations with and
without mutually adjusting for PM, 5 or BC. Estimates of PR were slightly attenuated after
adjusting for other air pollutants, except for the 7-day average PR level for eGFR (CKD-
EPI). Although estimates of PR were slightly reduced for >7 days of ambient PR levels,
their magnitudes were in the same direction. Similarly, both PM 5 and BC showed negative
correlations with eGFR in the 28-day exposure window separately, while the estimates were
attenuated after adjusting for PR (Figure S1). We further tested whether the interactions of
PR with PM, 5 or BC in the models with two exposure variables, but did not observe any
statistically significant results (p-value <0.05).

PR was negatively correlated with levels of CRP and fibrinogen, though not statistically
significant (data not shown). However, after stratifying the observations based on the tertiles
of CRP and fibrinogen levels (Table 5), the PR-eGFR and PR-CKD risk associations showed
monotonic decreasing and increasing patterns, respectively, with the tertiles of both markers.
An IQR higher 28-day PR level was significantly associated with ~1.9-mL/min/1.73 m?
lower eGFR (CKD-EPI) and ~2.3-mL/min/1.73 m? lower eGFR (MDRD) among individuals
with the highest levels of CRP and fibrinogen (3™ tertile), respectively. Further, an IQR
higher 28-day average PR level was positively associated with the odds of CKD by ~34%
among individuals with the highest levels of CRP (OR = 1.34, 95% CI: 1.04, 1.72; p-value =
0.011) and fibrinogen (OR = 1.34, 95% ClI: 0.98, 1.83; p-value = 0.067). Similar decreasing/
increasing patterns were observed for same-day, 7-day, 14-day, and 21-day average PR
levels (Table S4).

3.3 Sensitivity analyses

Sensitivity analysis controlling for IPW yielded essentially unchanged estimates of PR at
each time point from those at base case analysis, suggesting that the results are not biased by
loss to follow-up. Another sensitivity analysis among participants without CKD at the first
visit also showed similar results to the main analyses, indicating that confounding effect
from the lack of normal renal function at initial visit on the identified PR-eGFR relationship
is limited (data not shown).

4. Discussion

We investigated the effect of short-term ambient PR level on renal function by assessing
eGFR using longitudinal data with repeated measurements among 809 older males. After
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fully adjusting for potential covariates, PR level (gross p activity) demonstrated strong
associations with two forms of eGFR, but not with the odds of CKD. Even though
controlling for PM5 5 or BC in the analysis model attenuated the effects of PR, the overall
magnitudes and directions of PR effects remained substantially unchanged. CRP and
fibrinogen modified the PR-eGFR and PR-CKD relationships with much stronger
associations at the highest levels of CRP and fibrinogen (3" tertile). Our findings indicate
that short-term PR levels are associated with renal function decline, which may be modified
by systemic inflammation.

Previous studies observed renal dysfunction caused by high-level radiation exposure among
patients who received radiation therapies or who survived whole-body irradiation (Adams et
al. 2012; Valkema et al. 2005). Our study expands the understanding of radiation by
providing evidence that low-level exposure to PR in daily activity could also significantly
affect renal function in the short-term. We further observed a fluctuation of PR impact on
eGFR,; the coefficients of PR for both eGFR estimations were strongest for the same-day PR
level and later became slightly attenuated. This might be explained by the short half-life (<1
day) of some radon progenies, such as 214Pb and 214Bi. Additionally, controlling for PM, 5
and BC attenuated the coefficients of PR effects, especially for the >7 days average PR
levels, indicating that not only the PR, but also other PM components may contribute to the
decline of renal function. More exposure error of PR than that of PM, 5 and BC might also
contribute to the changing coefficients after the mutual adjustment (Nyhan et al. 2018). As
the PR effects were higher in participants exposed to higher levels of PM or BC, Since low
eGFR has also been associated with the risk of CVD (Gansevoort et al. 2013), the identified
PR-eGFR relationship suggests a possible linkage of PR with the risk of CVD and indicates
that low-level exposure to environmental radiation is likely to be a neglected, yet crucial
environmental risk factor for CVD.

Since ambient PR levels were recently linked to elevated blood pressure (Nyhan et al. 2018),
a risk factor for renal dysfunction and CKD (Gansevoort et al. 2013), we adjusted for blood
pressure and hypertension in our analysis models to exclude any effect of blood pressure on
the PR-eGFR/CDK relationship. Our significant findings suggest that PR could lead to renal
function decline via mechanisms other than increasing blood pressure. Accordingly, we did
not observe an increasingly intensified negative association between PR and eGFR in
response to the increased exposure window. Previous studies have revealed associations
between air pollution and vascular/endothelial dysfunction, and the latter has been reported
to be associated with eGFR decline (Krishnan et al. 2012). We therefore hypothesize that the
pathways related to vascular/endothelial dysfunction may mediate the association between
ambient PR and eGFR decline. Nevertheless, we note that emerging evidence also suggests
that exposure to air pollutants including PR can cause oxidative stress, disorders of
metabolic traits, such as glucose intolerance, decreased insulin sensitivity, higher blood lipid
concentrations, weight gain, and increased risk of diabetes mellitus (Chen et al. 2016; Li et
al. 2018; Wei et al. 2016; Wolf et al. 2016). Such mechanistic pathways might also play
roles in the observed PR-eGFR relationship (Gansevoort et al. 2013). Thus, the
pathophysiological mechanisms linking PR to renal function decline and CKD remain
incompletely understood, necessitating further exploration of the mechanistic underpinnings.
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Mounting evidence points to systemic inflammation as a mechanism through which air
pollution could trigger vascular/endothelial dysfunction and promote renal dysfunction and
other cardiovascular outcomes (Bind et al. 2012; Delfino et al. 2008). But we observed a
non-significant negative associations between PR and the two biomarkers of systemic
inflammation, which is consistent with the findings of Li et al. in Framingham Heart Study
(Li et al. 2018). Given the direct associations of the two biomarkers with CKD described in
previous reports (Goicoechea et al. 2008; Gupta et al. 2012; Kugler et al. 2015) and their
modification of the PR-eGFR and PR-CKD relationships identified in our study, we suggest
that higher levels of systemic inflammation could make renal function more vulnerable to
PR. However, since Li et al. also reported robust associations between PR and other
inflammation biomarkers such as interleukin-6, 8-epi-prostaglandin Fo,, and ICAM-1 (Li et
al. 2018), this suggests that the adverse effects of low-dose radiation exposure might be
mediated by the inflammation-related pathways other than CRP and fibrinogen. Further
studies with larger population n are warranted to explore the role of inflammation in the PR-
renal function relationship.

Strengths of this study include the longitudinal study design, repeated measurements of
serum creatinine-derived eGFR and environmental exposures, and adjustment for multiple
potential confounders and individual-level risk factors. Several limitations should be noted,
however. First, both equations for determining eGFR did not account for non-GFR
determinants that could affect eGFR, such as muscle mass and diet, which may cause
overestimation of serum creatinine, particularly for participants with preserved renal
function. Future studies should consider using other methods to determine eGFR.
Furthermore, there may be unmeasured confounding from other factors associated with
eGFR that may be correlated with PR, such as the environmental noise from traffic, aircraft,
and railway, which is associated with markers of CVD (Munzel et al. 2014). Whether
environmental noise is associated with renal function is unknown. Additionally, we used PR
measurements acquired from the RadNet monitoring network. As per the U.S. EPA’s
protocol, integrated filter samples were collected over several days (typically from 5to 7
days). Since gross f activity is measured several days after the end of the multi-day
sampling period, a certain fraction of short-lived radionuclides may have partially decayed
and their contribution to PR may not be fully captured by the B value. Finally, participants in
this study were older white males, limiting the generalizability of our results to other racial/
ethnic groups and women.

5. Conclusions

In conclusion, our study demonstrates that low-level environmental radioactivity received
from air pollution is significantly associated with a decline in renal function and could be
modified by systemic inflammation. Due to the worldwide exposure to low levels of ionizing
radiation, our findings may be widely implemented into the evaluation and prevention of
CKD and other circulatory diseases in response to radiation exposure. To date, research on
the adverse effects of air-pollution PR is quite limited. Understanding the roles of chemical,
biological or physical particle properties may open new avenues to future preventive and
regulatory efforts. Future multidisciplinary studies are required to validate our findings in
larger cohorts and to determine the biological connections between PR and renal function.
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Abbreviations

PMy 5 fine particulate matter with diameter <2.5 pm
PR particle radioactivity

eGFR estimated glomerular filtration rate

CKD chronic kidney disease

CRP C-reactive protein

BMI body mass index

HDL high-density lipoprotein

SBP systolic blood pressure

DBP diastolic blood pressure

IPW inverse probability weighting

NAS Normative Aging Study

USEPA U.S. Environmental Protection Agency

BC black carbon

CKD-EPI Chronic Kidney Disease Epidemiology Collaboration
MDRD Modification of Diet in Renal Disease

IQOR interquartile range

SD standard deviation
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Highlights
. Particle radioactivity has been largely neglected by studies of health effects.
. Few studies examined association between particle radioactivity and renal
function.
. Short-term particle radioactivity is associated with the decline of renal
function.
. Systemic inflammation may modify this adverse effect of particle

radioactivity.
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b. eGFR (MDRD)
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Associations between particle radioactivity and kidney function in the exposure window of
28 days with and without controlling for air pollution
PR: particle radioactivity; BC: black carbon; eGFR: estimated glomerular filtration rate
Dots: Point estimates; Error bars: Confidence intervals;

Red: Model with particle radioactivity only;

Green: Model with particle radioactivity and PM> s;
Blue: Model with particle radioactivity and black carbon;
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Characteristics of participants reported upon first clinical examination and averaged across all examinations

Characteristics

First visit (N=809)

All visits (N=2491)

Age (years)

Total cholesterol (mg/dL)

Serum triglyceride (mg/dL)

HDL cholesterol (mg/dL)
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)

C-reactive protein (CRP, mg/L)
Fibrinogen (mg/dL) b

Smoking status ¢
Current smoker
Former smoker
Never smoker

Body mass index (BMI)

Underweight or normal weight (<25)

Overweight (=25 to <30)
Obese (=30)

Alcohol consumption (2+ drinks per day)

Major diseases
Hypertension
Stroke
Coronary heart disease (CHD)
Diabetes
Season of visit
Spring
Summer
Fall
Winter
Chronic kidney disease (CKD)

72.32 (6.65)
199.93 (38.04)
144,54 (93.60)
49.29 (12.87)
133.50 (16.88)

78.25 (9.21)

3.16 (5.90)

341.89 (87.65)

36 (4.5%)
527 (65.2%)
245 (30.3%)

157 (19.4%)
430 (53.2%)
222 (27.4%)
158 (19.5%)

574 (71.0%)
58 (7.2%)
236 (29.2%)
110 (13.6%)

194 (24.0%)
218 (26.9%)
243 (30.0%)
154 (19.1%)
178 (22.0%)

75.71 (7.07)
183.90 (38.22)
128.49 (76.18)
48.96 (13.02)
129.13 (17.53)
71.51 (10.65)

3.09 (7.74)

339.75 (80.96)

100 (4.0%)
1596 (64.2%)
792 (31.8%)

576 (23.1%)
1268 (50.9%)
647 (26.0%)
464 (18.6%)

1896 (76.1%)
204 (8.2%)
866 (34.8%)
392 (15.7%)

591 (23.7%)
707 (28.4%)
773 (31.0%)
420 (16.9%)
746 (29.9%)

a. . . - . .
Mean values (standard deviation) for continuous variables and n (%) for categorical variables;

b'Data missing for 460 visits;

D’Data missing for 64 visits
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