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Abstract

Objective: The purpose of the investigation is to determine if a relationship
exists between heart rate and urinary biomarkers of chronic, subacute chlor-
pyrifos pesticide exposure in youth. Methods: Using 2001-2002 NHANES
data, a sample of 1233 children ages 6 - 18 was grouped based on detection
status of 3,5,6-trichloropyridinol (TCPy) in urine. Radial pulse and brachial
pulse were recorded as measures of heart rate by physicians. 7-tests and li-
near regression analyses were performed to test for associations between TC-
Py concentrations and heart rate. Results: None of the associations between
TCPy levels and heart rate outcomes were found to be significant. Nonsigni-
ficant effects in the TCPy-detected groups included a slightly reduced heart
rate in girls, as well as a slightly elevated heart rate in boys when compared to
the undetected controls. Neither was there any significant observable differ-
ence in heart rate due to detection status in the sample overall. Conclusions:
At this time, an effect on heart rate attributable to chronic, low-level chlorpy-
rifos exposure in youth cannot be determined. Children and adolescents de-
tected did not demonstrate a substantial change in pulse measures when
compared to controls. It is recommended that subsequent studies examine
chlorpyrifos biomarkers as they may relate to other indicators of cardiovas-
cular health.
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1. Introduction

Organophosphates (OP) are pervasive globally due to their utility in pest control
and farming [1] [2]. Potential bystander exposures may occur by inhaling spray
drift from agricultural applications, or ingesting drinking water and plant foods
bearing OP residues [3]. Dermal and inhalation exposure may also occur in
workers during pesticide mixing, loading and application, as well as during
reentry (e.g., harvesting) activities) [3]. Although chlorpyrifos is one of the most
commonly applied organophosphates in agriculture, residential use was banned
by the US Environmental Protection Agency (US EPA) in 2001 [2] [4] [5]. Fleas,
termites, mosquitos, and roaches are vulnerable to the actions of chlorpyrifos,
and its effectiveness has allowed it to remain in use despite the controversy re-
garding its safety [6] [7]. Current agricultural applications of chlorpyrifos in-
clude corn, broccoli, soybeans, Brussels sprouts, and fruit trees [8]. The use of
chlorpyrifos also extends to non-agricultural settings including the maintenance
of grassy lawns within golf courses, application on wood constructs including
fencing, and mosquito control for public health [8].

Chlorpyrifos is lipophilic, in that it may be stored in fatty tissues if not eliminated
from the body [7]. Oral and inhalation exposures tend to produce the highest
concentrations of internalized chlorpyrifos, with dermal exposure representing a
lower fraction of absorption [7]. Once absorbed, chlorpyrifos exerts an acetyl-
cholinesterase-inhibitory effect following its conversion to the chlorpyrifos-oxon
by cytochrome P450 [7] [9]. This transformation confers its ability to bind and
inhibit cholinesterases [7] [10]. Chlorpyrifos-oxon can undergo hydrolysis by
phosphotriesterase paraoxonasel (PON1) converting it into a dialkyl phosphate
and 3,5,6-trichloro-2-pyridinol (TCPy) destined for elimination in urine [2]
[11]. Thus, TCPy is the metabolite which is commonly used as a biomarker to
establish exposure to chlorpyrifos [7] [11].

There is some concern that children and fetuses in ufero are vulnerable to
harm from organophosphate pesticides [12]. This is owing to the lower expres-
sion of the detoxifying PON1 enzymes in young children which at insufficient
levels may impair the ability to transform chlorpyrifos-oxon into an innocuous
metabolite [7]. It has been asserted that a mother’s PON1 genotype may afford
her offspring either a degree of resistance to OP associated toxicity, or decreased
resilience to OP [4] [13]. Prenatally, chlorpyrifos and chlorpyrifos-oxon have
also been shown to move through the placenta to cause placental cell death [14].
Indeed, maternal blood and placental concentrations of chlorpyrifos have been
found to be highly correlated [15]. Thus, an interplay between an individual’s
age during exposure and genetic composition is critical as it may influence a
child’s susceptibility to the actions of chlorpyrifos [16].

The primary mechanism of chlorpyrifos toxicity is the irreversible binding of
chlorpyrifos-oxon to acetylcholinesterases (AChE) [7]. Acetylcholine is a neuro-
transmitter which is capable of binding to M2 muscarinic receptors in cardiac

tissue [17]. AChE disable the reunion of acetylcholine and the associated recep-
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tor [17]. Thus, the potential for AChE inhibition by chlorpyrifos may permit in-
creased binding between acetylcholine and its receptors, leading to the alteration
in heart rate at toxic doses. In cases of acute chlorpyrifos poisoning, cardiac ab-
normalities can manifest as both bradycardia and tachycardia depending upon a
variety of factors including dosage [18] [19]. Arrhythmias have also been pro-
duced in rats, particularly bradycardia at dosages of 25 mg/kg chlorpyrifos [20].
However, less is known regarding the effects of chlorpyrifos specifically on heart
rate for chronic, low-level exposure in the general population. The purpose of
the current analysis is to determine the effect that chlorpyrifos exposure may
have on the heart rate of children and adolescents using a cross-sectional study

design.

2. Methods

Data from the 2001 to 2002 National Health and Nutrition Examination Survey
was used in the analysis. These years were selected because they mark the time-
point when the residential use of chlorpyrifos was banned due to health con-
cerns. Since the 1960’s, NHANES has been collecting surveys and performing
examinations of US citizens to illustrate the overall health of the nation’s people
[21]. NHANES includes variables representing dietary intake, physical exams,
laboratory reports, dental health, illnesses, medications, and sociodemographic
data.

In total, there were 1252 children between the ages of 6 to 18 inclusive with
TCPy data available in NHANES. This number was further reduced with the ex-
clusion of missing heart rate data, and the removal of one outlier (2 = 1233). In-
clusion in this study was primarily based on urinary evaluation for pesticides
available in the 2001-2002 NHANES Current Use Pesticide data subset. Other
inclusion criteria focused on availability of data for either brachial or radial pulse
rate, as well as associated covariates such as age, gender, and ethnicity.

The outlier was a six-year-old with a heart rate of 156 BPM which was 6 stan-
dard deviations above the recorded mean for that age in the sample (M = 87.57
BPM, SD = 11.28 BPM). This subject was excluded from the primary analysis
with the assumption that the heart rate was recorded incorrectly. A post hoc
sensitivity analysis was also performed to determine the influence of this outlier.

Heart rate was measured by a physician as radial pulse for children ages 6 and
7, whereas for subjects 8 and older, brachial pulse was assessed [22]. The pulse
rate was measured over 30 seconds and doubled to obtain the number of beats
per minute. Because the pulse rate approximates the heart rate, both pulse
measures were combined in a single, complete variable for ease of analysis.

Chlorpyrifos can be metabolized into urinary 3,5,6-trichloropyridinol (TCPy)
and excreted in urine, serving as an indicator of chlorpyrifos exposure [7]. TCPy
concentrations were measured using capillary gas chromatography with tandem
mass spectrometry (GC-MS/MS) [22]. The limit of detection was defined as 0.4
pg/L. For levels below the limit of detection (LOD), values were assigned by tak-
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ing the LOD divided by the square root of two (LOD/ V2 ) [22]. Thus, the im-
puted TCPy value under the LOD was given as 0.28 pg/L. TCPy concentrations
were reported in pg/L units.

The NHANES 2001-2002 dataset was downloaded from the Centers for Dis-
ease Control website. The available subject data was matched on pulse, TCPy,
age, gender, and ethnicity variables. A dichotomous TCPy variable was included
in the dataset to denote if a child tested above the LOD or below it. Normality of
data was assessed using the Shapiro-Wilk test. Because the data was not normal-
ly distributed, the pulse rate was natural log-transformed to improve normality
of the distributions. Independent samples #-tests were performed to determine if
there was a significant difference in pulse between subjects above or below the
detection limit.

The t-test sample was stratified by age and gender due to a priori expectations
that these variables could differentially affect heart rate outcomes. Because of
diminished sample sizes when stratified by age, the sample was split into age
groupings of 6 - 11 years old children (2= 539) and 12 - 18 years old adolescents
(1 = 694). Participants were grouped based on NHANES examination age which
varied depending on when they were initially interviewed versus when samples
were collected for laboratory analysis. The numbers of participants varied be-
cause of the size and the non-normal age distribution included in the 2001-2002
NHANES Current Use Pesticide data subset. Using these groupings, a #test was
performed to test equality of means for pulse based on TCPy detection status.
The geometric mean was evaluated for the continuous pulse rate and TCPy va-
riables, as has been done in other studies.

Ordinary least squares regression was performed by regressing pulse rate onto
natural log-transformed TCPy concentration. Age, gender, and ethnicity were
input as covariates, with numerically coded values assigned to gender and eth-
nicity categorical variables. Separate regression models stratified by age group-
ings and gender were also created. Since previous studies indicated a differential
effect with males and females, a regression model with an interaction term was
constructed. Natural log-transformed TCPy concentrations below the LOD were
centered at 0 for testing the interaction. Unstandardized regression coefficients
were back-transformed through exponentiation. All analyses were conducted

using SAS (version 9.4).

3. Results

3.1. Descriptive Statistics

There were 1233 total participants in the sample. The average age of the subjects
was 12 years (M= 12.14, SD = 3.70). The mean pulse was recorded as 79.69 BPM
(8D = 12.59) for the entirety of the sample. For the 6 - 11 years grouping, the
mean pulse was 83.64 BPM (8D = 11.27), and for 12 - 18 years it was 76.63 BPM
(8D = 12.71). 47% (1 = 579) of the sample was male and 53% (2 = 654) was fe-

male. 401 (33%) individuals were non-Hispanic black, 362 (29%) were Mexican
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American, 358 (29%) were non-Hispanic white, 59 (5%) were other Hispanic,
and 53 (4%) were other.

TCPy values ranged from the imputed nondetectable level of 0.28 pg/L to the
maximum detected level of 79.59 ug /L (M = 5.15, SD = 6.86). The mean TCPy
value for detected subjects was 5.90 ug/L (8D = 7.08). The majority of the sample
tested positive for the TCPy biomarker 1068 (87%), whereas only 165 (13%) in-

dividuals were nondetects.

3.2. Analysis

After performing all analyses, no significant relationship between detection sta-
tus and heart rate was found. The #tests performed on these data indicated that
the difference in pulse rate between detects and nondetects was nonsignificant
overall and within each stratification (Table 1). Girls with urinary TCPy detec-
tions displayed a nonsignificant slower average heart rate than girls under the
LOD (Figure 1). While nonsignificant, boys with urinary TCPy detections con-
sistently demonstrated slightly elevated pulse rates compared to boys under the
LOD (Figure 2). For adolescents ages 12 - 18 (GMyyeo, = 7544, GM,gpgerect =
76.57) and in the entire sample overall (GM,,.... = 78.63, GM,_ 4eecc = 79.05) the
pulse rate was slightly and nonsignificantly slower (p = 0.42 and p = 0.69, re-
spectively). Equality of means was also tested at each age level; however, when
subdivided by each individual age based on the condition of detection, small
samples limited the analysis (Figure 3).

The adjusted multiple regression models did not demonstrate any remarkable
effect of TCPy concentration on pulse rate (Table 2). In girls, there was a non-
significant positive association between pulse rate and TCPy concentrations (£ =
0.54, 95% CI, 0.27 to 1.09, p = 0.09). Similarly, in boys a nonsignificant positive

Table 1. Results of #test comparing TCPy concentration detects and nondetects on geo-
metric means of pulse rate.

Detect Nondetect
N GM (95% CI) N GM (95% CI) t P

Overall pulse rate 1068  78.63 (77.88,79.39) 165 79.05 (77.10,81.06) -0.40 0.69

Boys 510 76.33 (75.20,77.47) 69 7535 (72.26,78.57) 0.59 0.56
Girls 558 80.80 (79.84,81.77) 96 81.83 (79.45,84.28) —0.79 0.43
Children 467 82.95 (81.95,83.96) 72 8239 (79.48,85.40) 0.39 0.69
Boys 220 80.86 (79.34,82.41) 35 77.71 (73.57,82.09) 1.50 0.13
Girls 247 84.85 (83.58,86.15) 37 87.07 (83.52,90.77) -1.21 0.23
Adolescents 601 7544 (74.44,76.45) 93  76.57 (74.02,79.20) -0.80 0.42
Boys 290 73.06 (71.57,74.58) 34 7299 (68.43,77.86) 0.03 0.98
Girls 311 77.72 (76.43,79.03) 59 78.70 (75.78,81.74) —0.60 0.55

Note. N = sample size. GM = geometric mean. CI = confidence interval. ¢ = ttest statistic. p = p-value.
Pulse rate is given in beats per minute (BPM). Overall includes entire sample ages 6 - 18; Children are in
ages 6 - 11; Adolescents are in ages 12 - 18.
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Table 2. Adjusted linear regression coefficients of the association between transformed
TCPy concentrations and pulse rate.

All youth® (n=1233) Boys® (n=579) Girls® (n= 654)

ﬂ(95% CI) P Pinteraction 5(95% CI) P ﬂ(95% CI) P

Overall pulse 1.13 (0.51,2.51) 0.76  0.21 1.21 (0.52,2.83) 0.65 0.54 (0.27,1.09) 0.09
Children 1.35 (0.46,3.97) 0.59 044 1.46 (0.47,4.53) 0.51 0.64 (0.23,1.80) 0.40

Adolescents 1.01 (0.32,3.19) 0.98 038 1.10 (0.33,3.71) 0.88 0.47 (0.18,1.25) 0.13

Note. CI = confidence interval. Overall includes ages 6 - 18; Children are in ages 6 - 11; Adolescents are in
ages 12 - 18. Regression coefficients represent unstandardized values. *Models were adjusted for ethnicity,
gender, age, interaction term [sex*In (TCPy concentration)]. *Models were adjusted for ethnicity, gender,

age.

Total Girls Girls ages 6-11 Girls ages 12-18

95.00

90.00

85.00

80.00

Pulse Rate (BPM)

75.00

70.00

HTCPy detected = TCPy<LOD

Figure 1. Comparison of mean pulse rates for detect versus nondetect in girls. Results of
t-tests for equality of means among females who were either above or below the detection
threshold. GM = geometric mean; BPM = beats per minute; LOD = limit of detection.

90.00
85.00
80.00
75.00 ﬁ i
70.00

Total Boys Boys ages 6-11 Boys ages 12-18

Pulse Rate (BPM)

ETCPy detected ®=TCPy<LOD

Figure 2. Comparison of mean pulse rates for detect versus nondetect in boys. Results of
t-tests for equality of means among males who were either above or below the detection
threshold. GM = geometric mean; BPM = beats per minute; LOD = limit of detection.
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Figure 3. Comparison of mean pulse rates (GM) for detect versus nondetect by age. Results of #tests for equality of
means for the entire sample (22 = 1,233) who were either above or below the detection threshold. Pulse rate in beats per
minute is plotted against age. GM = geometric mean; BPM = beats per minute; LOD = limit of detection.

relationship between pulse and increasing TCPy metabolite levels was depicted
(f =121, 95% CI, 0.52 to 2.83, p = 0.65). When stratified by age groupings,
coefficients for boys and girls maintained this trend, representing a nonsignifi-
cant but positive trend.

Although there appeared to be differences in pulse rate between boys and
girls, the subject’s sex did not significantly impact the relationship between TC-
Py concentrations and pulse rate in the regression models. In Table 2, the sex
and TCPy interaction term failed to demonstrate significance in the overall sam-
ple (p = 0.21), and when stratified by age groupings for children (p = 0.44) and
adolescents (p = 0.38).

A post hoc sensitivity analysis was conducted to determine the impact of an
extreme outlier which had a recorded heart rate of 156 BPM. The analysis was
robust to the exclusion of the outlier, as the results of the OLS and #tests did not
reveal any apparent relationship between heart rate and TCPy metabolite con-

centrations.

4. Discussion

In this study, it was hypothesized that children with detectable concentrations of
urinary TCPy metabolite would exhibit slower than average pulse rate. However,
no significant effects on heart rate were discovered. Although there were subtle
trends worth exploring: for example, the decreased heart rate in girls who de-
tected as compared to girls below the LOD, and increased heart rate in boys who
detected as compared to boys under the LOD.

Controlled laboratory studies on animal models and acute chlorpyrifos poi-
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soning events in humans have demonstrated mixed findings. In studies of acute
chlorpyrifos poisoning in rats, doses of 25 mg/kg and 30 mg/kg have demon-
strated bradycardia [20] [23]. However, doses of 10 mg/kg chlorpyrifos in the
same rat strain did not elicit significant changes in heart rate [20]. A one-month
duration of intraperitoneal chlorpyrifos injection of 7 mg/kg three times weekly
in Wistar rats was sufficient to impair brainstem AChE levels significantly more
than control values, although heart rate was unaltered [24]. Similarly, it was re-
ported that post-natal day 1 rat pups heart rate was assessed as an indicator for
chlorpyrifos-induced neurological effects [25]. The authors found that the PND1
pups in the treatment group received either 1 mg/kg chlorpyrifos or 2 mg/kg
chlorpyrifos, but neither group displayed the anticipated bradycardic effects
within two hours of chlorpyrifos injection [25].

In an attempt to evaluate the impact of probable OP exposure, researchers of
the “ESPINA” study examined 4 - 9 years old children of floricultural workers.
At the conclusion of the study, it was determined that there was no significant
alteration in heart rate associated with AChE inactivation from OP pesticides
[26]. However, it should be taken into account that environmental sampling was
not conducted to determine if the timing of the study coincided with high or low
periods of field pesticide application, or to identify the specific pesticides; rather,
the investigators used educated assumptions on seasonal OP use. Furthermore, a
surrogate measure of OP toxicity, AChE inhibition, was utilized to assess the
exposure. Even with suspected exposure to AChE inhibitors, the lack of effect on
heart rate from observational studies on humans and laboratory data is consis-
tent with the findings in this paper.

The rationale of investigating child cardiovascular outcomes with chronic
chlorpyrifos exposure is due to the reported neurological effects in children that
chlorpyrifos may induce even at low levels. Through the same mechanism of
AChE inhibition, chlorpyrifos has been implicated in inducing neurotoxicity
within the central nervous system (CNS); however, regarding everyday expo-
sures within the general population, this action is more controversial. A com-
monly-cited prospective study [27] reported that chlorpyrifos detected in moth-
er’s umbilical cord was inversely related to offspring Working Memory and Full
Scale IQ when assessed at age 7. However, this has been disputed in a re-analysis
of the data in which the results were not able to be replicated [28]. The author
asserts that such low, subacute levels of chlorpyrifos would be incapable of
causing neurological impairment because brain AChE would be unaffected [29].
However, other literature suggests that the manifestation of chlorpyrifos toxicity
may be a result of other physiological mechanisms independent of chlorpyri-
fos-oxon binding to AChE [30]. Other studies have reported possible genotoxic-
ity and oxidative damage at subtoxic doses administered either orally or subcu-
taneously in Wistar and SD rats [31] [32].

Unraveling the putative effects of subacute chlorpyrifos exposure as it relates
to the CNS and cardiac functionality will require more in depth, longitudinal

investigations. Furthermore, whether AChE inhibition is the sole mechanism
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behind chlorpyrifos toxicity or not remains to be determined. Future studies
looking at chlorpyrifos and blood pressure are warranted, as the literature indi-
cated a possible relationship between OP exposure and blood pressure, even at
subacute levels. Mixed findings of both increases [33] and decreases [26] in sys-
tolic blood pressure have been reported due to usual, subtoxic exposure to gen-
eral OP in humans.

Strengths of this analysis include the examination of real-life exposures to a
common pesticide. However, it should be noted that due to NHANES sampling
methods to increase minority representation, the proportions of ethnic groups in
this sample may not be representative of the US population overall. Availability
of data also substantially diminished sample sizes when stratifying by age. De-
spite these factors, there were still no significant findings.

With only TCPy metabolite data available, providing indisputable evidence of
a correlation between chlorpyrifos exposure and associated cardiac outcomes is
not possible. Furthermore, it was not ideal that two different methods of mon-
itoring the pulse were used, depending upon the age of the child. Although
these measures are used interchangeably, consistency would have been pre-
ferred. Due to the nature of cross-sectional studies, the variability in TCPy
concentrations over time was not able to be captured. There was no way of de-
termining the timing and fluctuations in exposure and if that was associated

with any heart-related outcomes.

5. Conclusion

Findings in the current study were unable to demonstrate a significant effect of
chlorpyrifos exposure on heart rate. No significant relationships between the
TCPy biomarker and heart rate were observed on the sample overall, nor in the
stratified groupings for age. There were still no significant findings when strati-
fying for sex and no indication that any differences between pulse rate among
the sexes could be attributed to TCPy exposure. Neither was any effect modifica-
tion of sex observable in the linear regression. The nonsignificant regression
coefficient for TCPy indicates that chlorpyrifos exposure did not contribute to
any of the explained variation in pulse rate in the model. Differential pulse rates
in the population at the given chlorpyrifos exposure levels could not be demon-
strated.
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