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Abstract

There has been considerable international study on the etiology of rising mental disorders, such as
ADHD, in human populations. As glyphosate is the most commonly used herbicide in the world, we sought
to test the hypothesis that glyphosate use in agriculture may be a contributing environmental factor to the
increase in healthcare utilization among individuals with diagnosed ADHD.

State estimates for glyphosate use and nitrogen fertilizer use were obtained from the USGS. We queried
the Healthcare Cost and Utilization Project net (HCUPNET) for state-level hospitalization discharge
diagnosis data on all patients for all-listed ADHD cases from 2007 to 2010. The least squares dummy
variable (LSDV) method and within the method using two-way fixed effects was used to elucidate the
relationship between glyphosate use and all-listed ADHD hospital discharge diagnoses.

A 1-kg increase in glyphosate use in one year positively predicts state-level all-listed ADHD discharge
diagnoses the following year (coefficient = 5.54E-08, p<.01). A study of the effects of urbanization on the
relationship between glyphosate use and ADHD indicates that the relationship is marginally significantly
positive in urban U.S. counties (p<.025). Furthermore, total glyphosate use is strongly associated with total
farm use of nitrogen fertilizers from 1992 to 2006 (p<.001).

Glyphosate use is a significant predictor of state healthcare utilization for ADHD, with the effect
concentrated in urban U.S. counties. We draw upon the econometric results to propose unique and exploratory
mechanisms, borrowing principles from soil and atmospheric sciences, for how glyphosate-based herbicides
may be contributing to the rise of ADHD in all populations.
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Introduction

Attention deficit hyperactivity disorder (ADHD) is a
neurodevelopmental disorder whose incidence worldwide
has increased substantially in recent decades. The Centers
for Disease Control (CDC) parent report data on ADHD
among U.S. children indicates a sharp rise beginning in
2007 [1]. According to the CDC, symptoms of ADHD
include “a persistent pattern of inattention and/or
hyperactivity-impulsivity that interferes with functioning
or development” [2]. Empirical evidence suggests that
symptoms of ADHD are often associated with autism [3],
further complicating and expanding the disorder profile.
Yerys et al. [4] reported that ADHD symptoms in children
with autism spectrum disorders (ASD) resulted in a greater
autistic trait with more significant impairments in working
memory and adaptive behavior. It was shown that deficits
in executive function were more severe and persistent in
patients with ADHD than with ASD [5]. Similarly, Nydén
et al. [6] found adults with ADHD, in comparison to ASD
and ADHD/ASD groups, experienced more significant
neuropsychological impairments in exercises designed
to measure intellectual ability along with attention and
executive function.

Much focus has been devoted to identifying etiological
factors underlying the disorder. Emerging genetic links
to ADHD are promising [7, 8] but require replication in
diverse populations. Xu et al. [9] have suggested that ADHD
is associated with epigenetic aberrations among dopamine
receptor and histone-modifying genes, suggesting the
possible influence of external causes like secondhand
smoke [10, 11] on disorder etiology. However, current
cigarette smoking among U.S. adults has been declining
in both genders between 2005 and 2013 [12], suggesting
the existence of other external influences. We hypothesized
that there may be a link between the rise in ADHD and the
parallel rise in glyphosate exposure from agricultural use,
whether through air, water, or food sources.

Glyphosate (N-phosphonomethylglycine) has become
the most commonly used herbicide in U.S. industrial
agriculture [13]. Its use has grown significantly with the
development of crops genetically engineered to tolerate
the herbicide [14] in part because of the appearance of
glyphosate-resistant weeds. “Triple-stacked” corn is a
hybrid corn variety that expresses three transgenic events
simultaneously in the same plant, including the following:
1) the CP4 EPSPS (5-enolpyruvulshikimate-3-phosphate
synthase) protein that adds resistance to the herbicide
glyphosate, 2) Cry1Ab protein to protect against European
corn borer (Ostrinia nubilalis), and 3) Cry3Bbl protein
to protect against corn rootworm (Diabrotica spp.) [15].
Given the functional intimacy of these two variables, we
surmise that genetically modified corn and glyphosate
could be external factors contributing to the increase in
ADHD worldwide.

In their work, Ohno et al. [16] found that certain
Bacillus thuringiensis (BT) proteins, specifically the
CrylAa and CrylAb, when digested and thus fragmented
in simulated gastric fluid, induced histamine release from

rat mast cells. With CrylAa this effect was noted to be
most pronounced in a low-pH environment. Enhanced
enteric histamine release could begin the neural-enteric
crosstalk cascade that could eventually adversely impact
dopaminergic activity [17], and dopamine has been
implicated in attention-related neural networking [18]. In
addition to Bt protein, glyphosate itself could also be a
contributing factor to the increasing prevalence of ADHD.

Glyphosate has been shown to disrupt cytochrome
P450 (CYP) enzymes [19], which, among many other
effects, can inhibit activation of vitamin D3, which
depends on CYP enzymes in both the liver and kidneys
[20]. Vitamin D regulates serotonin synthesis in the brain
[21], and reduced central nervous system serotonergic
activity has been implicated as a risk factor in ADHD [22].

Our preliminary investigations led us to consider the
complicit role of nitrogen cycling as an effect modifier
explaining the potential relationship between glyphosate
use and ADHD. We became aware that glyphosate use on
crops such as maize necessitates an increased application
rate of nitrogen fertilizers, because glyphosate disrupts the
uptake of nitrogen by plants [23]. We also propose that
glyphosate disrupts the soil bacteria, leading to changes
in the way nitrogen is handled in the soil. The action of
microbes in the soil and water can cause the release of
nitrous oxide (N,O) into the air, which may lead to toxic
effects on human physiology. The dopaminergic system
was shown to mediate the antinociceptive effects of N,O
[24], and levels of central neurotransmitters, dopamine
(DA), and norepinephrine (NE) were significantly
elevated after repeated N,O exposure in CD-1 mice [25].
Dysregulation of both catecholamine systems has been
implicated in ADHD [26].

Our analysis has focused on state-level data for
ADHD hospital discharge diagnoses and corresponding
information about glyphosate use, nitrogen fertilizer use,
and industrial and food use of maize, plus associated N,O
emissions. We use herbicide-resistant weed event statistics
for further clarification on glyphosate use. Our objectives
are shown as an empirical schematic in Fig. 1.

We have uncovered a pattern that is challenging to
explain: glyphosate use significantly positively predicts
glyphosate resistance events in weeds prior to 2007, but
not subsequently. We suspect that a modification in the
formulation and the use of maize as a residual cover crop
in agriculture caused a widespread suppression of weed
resistance development, while at the same time preceding

MODEL 2

MODEL 1 MODEL 3

* Does « If yes, does « If yes, how is
glyphosate the the land
predict relationship altered in such
ADHD? depend on a way that

ADHD rates

(Yes/No) land use?
(Yes/No) are impacted?

Fig. 1. The empirical schematic for studying the association
between glyphosate use and ADHD.
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an increase in ADHD in the population. We expect that the
two are related, and we propose hypotheses to explain this
relationship.

Methodology
Herbicide Use

Pesticide use was determined using data from the
United States Geological Survey [27]. The USGS uses
the estimated pesticide use rate (known as EPest rate) to
determine pesticide usage rates for 39 pesticides among
76 crops and in 304 crop-reporting districts (CRD) in
the United States from 1992-2009. Pesticide usage was
defined as pounds applied per harvested-crop acre in
the CRD. The proprietary pesticide use survey data for
each CRD was obtained from GfK Kynetec, Inc. These
data were normalized to the harvested acreage in nearby
counties to arrive at county estimates of pesticide use
rate. Harvested acreage is non-specific and includes the
crops themselves, the soil on which the crops were grown,
and the air above the acreage. In our analysis we have
summarized EPest high county estimates (we also use low
county estimates for purposes of replication) to generate
state-level pesticide use for each year in 2006-09 — a
practice recommended by the USGS [28]. The difference
between high and low county estimates is that high county
estimates include more counties. We have also included
use of other herbicides — arbitrarily selecting atrazine,
halosulfuron, and clethodim — as referent herbicides
from the most prevalent groups of herbicide resistance,
including Photosystem II inhibitors, acetolactate synthase
(Als) inhibitors, and acetyl-Coenzyme A carboxylase
(ACCase) inhibitors, respectively.

Nitrogen Inputs

We used county-level estimates of nitrogen fertilizer
use to compile state statistics for farm use of nitrogen
fertilizer between the years 1992 and 2006. The selection
protocol can be found in [29].

State-level estimates of total food and industrial
use of maize were gathered from data published by the
University of Nebraska-Lincoln [30]. The data was
derived from the “Feed Grain Database: Yearbook Tables,
Corn: Food, Seed, and Industrial Use,” Table 31 from the
Economic Research Service at the USDA [31]. State data
were expressed as a percentage of total food and industrial
use of maize grain in the U.S.

Nitrous Oxide (N,O) Emissions

Agricultural N,O emissions were obtained from the
U.S. Energy Information Administration [32]. Emissions
are expressed as million metric tons carbon dioxide
equivalent. The EIA classifies emissions according to the
following sources: agriculture, energy, industry, and waste
management. To account for all sources, we expressed

agricultural emissions as a percentage of total N,O
emissions.

Herbicide Resistance Events

Statewide data for herbicide-resistant weeds was
obtained from the International Survey of Herbicide
Resistant Weeds (ISHRW) in August 2014 and replicated
in April 2015 [33]. We used four herbicide-resistant
categories, according to the sites of action resisted. To
measure the effect of weeds resistant to EPSP synthase
inhibitors (which account for 9.6%, or 14 out of 146, of
total herbicide-tolerant weeds in the United States at the
time of this publication), we chose to include in our model
the herbicides that accounted for at least 10 percent of the
total cumulative resistant weeds in the United States at the
time of this publication as reported by ISHRW. Therefore,
we included the following herbicide groups, showing the
percent of the total resistant weeds in the United States
in parentheses: ALS inhibitors (31.5%, or 46 out of 146),
Photosystem II inhibitors (17.8%, or 26 out of 146), and
ACCase inhibitors (10.3%, or 15 out of 146). However,
given that one weed can possess multiple sites of resisted
action, we used the number of resisted sites of action for
each of these groups in each state. To account for groups
with less than 10 percent of the total cumulative resistant
weeds, we expressed data for herbicide weed resistance
in each group of interest as a percentage of the total
cumulative weed resistance events in each state for the
period 2000-12. Data before 2000 was incorporated into
the cumulative analysis.

Hospitalization Data

We queried the Healthcare Cost and Utilization Project
(HCUPNET) State Inpatient Database to identify state-
level hospital discharge data trends for all-listed diagnoses
of mental disorders [34]. The number of states reporting
such data to HCUPNET was 37, although not all states
reporting provided data for every year. The time period of
interest was 2007 to 2010. Records for attention-deficit,
conduct, and disruptive behavior disorders in HCUPNET
began in 2007. For the all-listed diagnostic category we
searched for the number of discharges that received a
diagnosis of attention-deficit, conduct, and disruptive
behavior disorders (ADHD). HCUPNET defines all
diagnoses as being “... the principal diagnosis plus
additional conditions that coexist at the time of admission,
or that develop during the stay, and which have an effect
on the treatment or length of stay in the hospital.” All
diagnoses that patients receive while admitted to the
hospital are assigned to an International Classification
of Disease, 9" Revision — Clinical Modification (ICD-9)
code. The ICD-9 codes that are included in the clinical
classification software (CCS) diagnosis of attention-deficit,
conduct, and disruptive behavior disorders are shown
in Table S1 (data not shown) along with a translation to
respective codes in the Diagnostic and Statistical Manual
for Mental Disorders IV, Text Revision.
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Importantly, since children and adults with ADHD have
significantly higher rates of healthcare utilization [35-37]
(including hospitalizations), hospital discharge diagnoses
may be an important discriminatory marker of ADHD
in diverse populations, potentially screening out “pure”
or less severe ADHD, which are said to be a minority of
cases [37] and even “highly atypical” [38]. It was our goal
to test whether herbicide use predicts healthcare utilization
for ADHD (i.e., likely significant ADHD impairment).
We were not seeking to establish or utilize state-based
prevalence of ADHD, as community prevalence rates
employ differing methodologies and would, therefore, be
unreliable [39]. To control for the central nervous system
comorbidities that are often associated with an ADHD
diagnosis [35-37], we have normalized the number of
all-listed ADHD hospital discharges to a percentage of
total discharges for all-listed mental disorders recorded in
HCUPNET.

Hospitalization discharge data for all-listed ADHD
diagnoses were also categorized according to the location
of the patients’ residence, as a percentage of the total all-
listed ADHD hospital discharges. HCUPNET provided
four categories in this respect: large central metro,
large fringe metro (suburbs), medium and small metro,
micropolitan and noncore (rural). We have created four
categories, called metropolitan, fringe metropolitan,
urban, and rural, to mirror the glyphosate and nitrogen
fertilizer usage urbanization coding system mentioned
previously (Table 2). We also gathered data on age and
gender of patients with an all-listed ADHD discharge.

Least Squares Dummy Variable
(LSDV) Regression

Panel regressions were performed using the LSDV in
plm package in R, version 3.1.3 [40]. Two-ways within
estimation was also used to confirm the LSDV estimations
and all model diagnostics and was used solely when time
(T) for each subject was greater than four years. The
LSDV method creates dummy variables for both state and
time, while the two-ways within effect estimations used
deviations from group means. Fixed effects data were
checked for heteroskedasticity in R using the Breusch-
Pagan (BP) test (package /mtest) [41]. Data were also
tested for serial correlation using the Durbin-Watson
(DW) statistic [40, 41]. We chose the Fisher-type test in
Stata 11.1 [42] to check for unit roots in unbalanced panels
for each model since the test uses Newey-West standard
errors to account for any serial correlation present among
the residuals in each model. To our knowledge, an
equivalent test was not available in R.

The Augmented Dickey-Fuller (ADF) test (package
tseries) [43] was used to test for unit roots in Model 3
panel sets. We used the Arellano variance covariance
(veov) HC function covariance estimator [44] to control
for heteroskedasticity and serial correlation in all
models. We used student’s paired t-test when making
comparisons between age and urban subsets of ADHD
hospital discharge among available HCUPNET states

during our study period (2007-10). Data were first tested
for normality using Shapiro-Wilk test. Unless otherwise
specified, we define significance at the .05 level for all
statistical testing performed, while a .10 level was used for
model diagnostic testing (i.e., BP, DW, ADF, Fisher test).
Graphical output was performed using R and GraphPad
Prism 6 Demo for Windows, GraphPad Software, La Jolla
California USA (www.graphpad.com).

Model 1

Our first model tested our hypothesis that glyphosate
use in one year predicts all-listed ADHD hospital
discharge diagnoses the following year. In addition to
glyphosate and maize use, we have identified four time-
variant covariates, or regressors, including other societal
and health care-related variables that have been associated
with the disorder and could explain the increase in ADHD
diagnoses. Furthermore, we have included glyphosate
resistance to clarify the herbicide’s effect on human health.
We subjected each covariate, excluding our variables of
interest, glyphosate use, and food/industrial maize use,
to a single linear ordinary least squares model for each
year from 2007 to 2010, inclusive. If a significant
relationship was noted in any year at the .05 alpha level,
we included the covariate in the final fixed effects model.
Model 1 is:

M
),it - C1 + ai + vt + Z ﬁm—lXﬂ—l +

m=3

P
+ ) BRXP + 2
p=1 (D

...where Y is the proportion of all mental disorders for
which ADHD was a discharging condition in state i and
year ¢, ¢, is a constant, o, represents a state fixed effect
to control for permanent differences between states, and
v, denotes a time fixed effect, X :Ll is a (N, x 1) column
vector representing an individual lagged covariate m, with
m =1, .., M, and N, is the total number of state-time
observations, X f" , isa (N, x 1) column vector representing
an individual contemporaneous covariate p, with p = 1, .
.., P, and ¢, captures unobserved heterogeneity in state i
and year 7. The parameters to be estimated and reported
include ﬂ:ﬁl and ﬁf .- The states of Nevada and Hawaii
were excluded in this model since there were no weed
resistance or glyphosate use data, respectively, for the
years of interest. All covariates in model 1 are explained
in Table 1.

Model 2

Our second model — an ad hoc analysis — sought to
test the hypothesis that if glyphosate is significantly
contributing to ADHD, there would be regional influences
underpinning this relationship. Thatis to say that glyphosate
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Table 1. Identification, justification, and description of the covariates included in Model 1.
Model . - o
Notation Covariate Description Citation
Contemporaneous
_ defined by the number of hospitals in each state, expressed as a
p=1 Health care access [43] percentage of total hospitals in the United States [46]
p=2 Economic [47] defined by the annual ‘home price index in each state, expressed as an [48]
average of the index over the four quarters of each year
=3 Population [49] defined by the per(.:ent Qf the total Uplted States population that [50]
resides in each state in each year
Lagged
defined as the deviation from the average annual precipitation in
each state. For example, a reading of .88 would indicate that the
_ N precipitation in a given state during a given year was 88% of its
m=1 Precipitation Lag [31] average precipitation, with the average being defined by the base [52]
period, 1901-2000; (Parameter: Precipitation, Time Scale = 12
months, Month= December)
- Herbicide resistance See Text [33]
m =_ 2, Herbicide use/Maize See Text 27, 30]
m=3 Use

is a main input in the agricultural industry, which largely
has existed in rural (i.e., less populated) parts of the
country, although inroads have been made in sustaining
and expanding adaptive metropolitan agriculture systems
[53]. To study this, we have categorized all counties from
the USGS glyphosate use estimates into four codes from

Table 2. The coding system that was used in Models 2 and 3.

the USDA Economic Research Service Rural-Urban
Continuum Codes [54] to generate four data points for
each HCUPNET state in each year. The state of Hawaii
was excluded since no estimates of glyphosate use were
available. These data were then matched to the ADHD
data in HCUPNET, according to the model specifications

USDA Economic Research Service Rural-Urban Continuum Codes (RUCC)? HCUPNET ADHD (patient
Model Set Code Description residence)
Jj=0 Central counties in metro areas of 1 million population or more
Large central metro
j=0 (1993 only)
k=1 —
J (Fringe, only 1993) counties in metro areas of 1 million population Large central metro
j=1 or more
j=2 Counties in metro areas of 250,000 to 1 million population Large fringe metro
k=2
j=3 Counties in metro areas of fewer than 250,000 population Large fringe metro
j=4 : . .
— Urban population of 20,000 or more, adjacent to a metro area Medium/Small metro
j=
J=3 . . .
—_ Urban population of 20,000 or more, not adjacent to a metro area Medium/Small metro
k=3 J p
j' p Urban population of 2,500 to 19,999, adjacent to a metro area Medium/Small metro
j=
Jj=1 . , .
—_ Urban population of 2,500 to 19,999, not adjacent to a metro area Medium/Small Metro
j=
i=8§ . .
J Completely rural or less than 2,500 urban population, adjacent to a Micropolitan and noncore (rural)
j=8 metro area
k=4 —
J Completely rural or less than 2,500 urban population, not adjacent Micropolitan and noncore (rural)
j=9 to a metro area

*Continuum codes changed from 1993 to 2003.
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in Table 2. The other three predictors were unchanged
from Model 1. Hospitalization data by location of patient
residence and patient age was masked (*) in HCUPNET
if less than or equal to 10 discharges or fewer than two
hospitals were reported, and these data were removed
from the analysis. Beginning in 2007, HCUPNET
began revising data on location of patient residences to
accommodate the specifications provided by the Economic
Research Service at the USDA. Our four models were:

Y —c2 +a +vt + thXlt+

E k
+ Vlntl 1X1"g 1+th 1G1t 1+5i]§
()

..where each model corresponds to one of four unique
k values; Y, is the proportion of total all-listed ADHD
disorders in state i and year ¢ that occurred among patients
residing in a particular county classification code (k= 1, 2,
3,4);c,,a,and v, are as defined in the previous sub-section
for each model k; X, is a contemporaneous continuous
variable (i.e., population percent, hence the p superscript
equals 1 and is therefore omitted for simplicity) in state i
and year ¢ as in model 1; X , denotes one of two lagged
variables predicting ADHD dlscharges and ¢} captures
unobserved heterogeneity in state i and year ¢ for model
k. Our main predictor of interest, glyphosate use (G )
is expressed in kilograms as the previous year’s total
use in counties categorized only by urbanization code
k in state i The 16 parameters to be estimated include
Vs VA v and BE ) for k=1, 2, 3, and 4. The study
51gn1ﬁcance was adjusted for multiple comparisons across
model categories; the revised p-value of 0.0125 was used
to determine significance.

Model 3

Third, we tested our hypothesis that glyphosate
use could be indirectly altering the land biota to impact
the rise of ADHD. We assessed the influence of county
level estimates of glyphosate application on county level
estimates of farm nitrogen fertilizer use between 1992
and 2006. The hypothesis is that increasing amounts of
glyphosate use would perturb soil such that greater farm
use of nitrogen fertilizer would be needed. We summed
glyphosate and farm nitrogen use for all USDA county
continuum codes between 1992 and 2006. We then
organized our panel sets by study categories set forth in
Table 2. We focused our attention to glyphosate use in
urban counties given our results with the Model 2 set.
For comparison, we also analyzed results for fringe metro
counties. Our two models were:

k _ k
Ziy = c3 +a +vt +ﬁ]tX t 3)
...where each model corresponds to one of two unique &
values, Z/.[; is a (N, x 1) column vector (n is the number

of RUCC, and N, is represented by (n*#)) and denotes the
farm use of nitrogen-based fertilizers (in kilograms) in the
RUCC county code j with classification category k in year
t, ¢} is a constant that varies by model, aj" is a RUCC
fixed effect, v * denotes a time fixed effect, X/’; indicates
glyphosate use estimate (in kilograms) in the RUCC
county code j with category k in year ¢, and e/.f captures
unobserved heterogeneity in county code j in year f.
The two parameters to be estimated and reported include

/ﬁ, where & = 2 and 3. These estimates generate a
comparison of the effect of glyphosate use in fringe metro
and urban counties upon the application of nitrogen-
based fertilizers. The study significance was adjusted for
two comparisons across model categories; the revised
p-value of 0.025 was used to determine significance for
the glyphosate estimates.

Results
Herbicide Use

Estimated national glyphosate use increased 36.2%, or
26,795,398 kg from 2006 to 2009, whereas use increased
59.6%, or 26,668,369.50 kg in all available HCUPNET
states reporting data on ADHD hospital discharges for
available years between 2007 and 2010. The average
estimated glyphosate use over the HCUPNET reporting
states is shown in Fig. 2a. Some HCUPNET states did
not have data for all years of interest (2007-10), including
Illinois and New Mexico (2009, 2010) and New Hampshire
(2007-09).

Nitrogen Inputs

USGS county sums of farm use of nitrogen fertilizer
show that the greatest relative percentage increase occurred
in those counties with a USDA rural-urban continuum
code of either 3 or 4 (64 and 49%, respectively). Total
U.S. food and industrial use of maize grain increased by 2
billion bushels between 2006 and 2009.

Agricultural N,O Emissions

According to the U.S. Environmental Protection
Agency, nitrous oxide (N,O) accounted for 5% of all
U.S. greenhouse gas emissions. Man-made sources of
N,O include agriculture, energy, industry, and waste
management practices, with agricultural soil management
accounting for 75% of U.S. N O emissions. Because of its
long half-life, N,O is thought to be a source with a global
warming potential of approximately 300 times that of
other greenhouse gases, e.g., carbon dioxide [55].

Total N,O agricultural emissions have been increasing
since 1990. Total agricultural emissions have increased as
a percentage of total N O emissions by 9.20%, or about
12.3 million metric tons from the period 1990-2009 [32].

Direct agricultural soil N,O emissions increased 9.1%
as a percentage of total N,O emissions, or about 9 million
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Fig. 2. Glyphosate use and all-listed ADHD hospital discharge diagnoses. (A) Average glyphosate use (in kilograms) in the HCUPNET
states in Model 1 (Nevada and Hawaii excluded). Data are presented as average percentages with 95% confidence interval across all
reporting states for each year indicated (2006-09). (B) Average all-listed hospital discharges for ADHD, as a percentage of total all-listed
mental health discharges in HCUPNET reporting states (excluding Nevada and Hawaii) for 2007-10 used in Model 1. Data are presented

as average percentages with 95% confidence interval across all reporting states for each year indicated.

metric tons carbon dioxide equivalent, from 1990-2009.
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Herbicide Resistance Events Patient Age (years)

Using two-way fixed effects we can validate that the

use of herbicides with contact modalities of action does 50-
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2010 (data not shown). However, during our study period paRdus

from 2006 to 2009, glyphosate use does not significantly X

predict EPSP synthase inhibitor resistance events the € S

following year in states (N = 188) (unadjusted estimate: g 20-

4.29¢-09+7.04e-09, p-value: 0.54), or in HCUPNET o

states (adjusted estimate: 7.55e-09+1.24e-08, p-value: 104

0.54). Therefore, the development of herbicide resistance

(i.e., herbicide application on vegetation) among contact 0-
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to any link between use and disorders of interest between ‘°Q° & S

2007 and 2010, and this data is confirmed by other reports @0\ Qi‘o

[57].
Hospitalization Data

Fig. 2b shows the increase in ADHD discharges
across HCUPNET reporting states (excluding Nevada
and Hawaii, as these states had no weed statistics or
glyphosate use data) from 2007-10. Data are expressed as
ADHD discharges as a percent of all-listed hospitalization
discharge for all mental disorders.

Location of Patient Residence

Fig. 3. Hospital discharges for ADHD (CCS diagnostic category
652) by (A) patient age and (B) location of patient residence.
Data are presented as the average percentage for available
HCUPNET reporting states for each year indicated and may
therefore not add to 100%. Masked data (*) in HCUPNET — or
data for which there were 10 or fewer patient discharges or fewer
than two hospitals — were excluded from analysis. The state of
Hawaii is excluded from the descriptive statistics reported for the
ADHD population.
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Table 3. Effect of herbicide use and other covariates on ADHD hospital discharges for the identified years.
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*N, is the total number of state-time observations.

% p<0.01, * p<0.05.

We found distinct trends emerging from a breakdown
of all-listed ADHD discharges by patient age in
HCUPNET reporting states from 2007 to 2010. Persons
aged 1-17 years accounted for an average of 48.8% of the
all-listed ADHD discharges in 2007, but that percentage
decreased to 40.9% by 2010 — a statistically significant
drop (p-value = 0.01, 95% CI: 1.67-14.01), while adults
aged 18-44 gained as a percentage of total all-listed
ADHD discharges, climbing from 32.7% to 38.0% across
all HCUPNET reporting states (p-value < 0.05, 95% CI:
-9.90- -0.74) (Fig. 3).

Hospital ADHD discharge diagnoses by gender
revealed that the majority were males (data not shown).
Urbanization data among both HCUPNET reporting
states and national HCUPNET statistics indicate that the
greatest percentage of all-listed ADHD diagnoses occur
among persons living in medium and small metro (urban
populations) areas (Fig. 3).

Fixed Effects
Model 1

Theresults from the simple ordinary least squares model
screening process are presented in Table 3. Population
was correlated with all-listed ADHD in both 2008 and
2010. Precipitation as a lagged indicator was correlated
with all-listed ADHD in 2008. Therefore, population and
precipitation were added to the two-way fixed effects final
model. Specifically, P=1 and M = 3 given these screening
results. None of the arbitrarily selected herbicides passed
the initial screening at either USGS estimate.

The Durbin-Watson test for panel data indicates
marginal serial correlation (DW = 1.721, p-value = 0.067)
among the residuals. The Breusch-Pagan test shows the
presence of marked heteroskedasticity in this model
(BP=51.95, df = 4, p-value = 1.41e-10). The Fisher-type
test indicated the presence of stationarity in at least one
panel for all covariates.

For every kilogram increase in glyphosate use (high
estimate) the prior year, there is a 5.54E-08% increase
(p<0.01) in all-listed ADHD hospital discharges as a
percent of all mental health disorder discharges in each
HCUPNET reporting state the next year (2007-10),
and this effect is seen in the absence of glyphosate use
significantly predicting EPSP synthase inhibitor resistance
events (Table 3). Fig. 4 shows the heteroskedastic trends
in this model. These findings were replicated when low
USGS herbicide estimates were used for this model as
well as when only the hyperactivity subtype (ICD-9
code 314.01) was used, again normalized to a percentage
of total mental health discharge diagnoses (data not
shown).

For every percentage increase in maize for food and/
or industrial use in the prior year, as a percentage of total
U.S. maize for food and/or industrial use, there is a 0.027%
increase (p<0.05) in all-listed ADHD hospital discharges
as a percent of all mental health disorder discharges



Glyphosate Use Predicts Healthcare Utilization...

1497

25- 0.3
. B
ol - 0.2" * .
g 20 & ! o
E L wn .
Q g 0.1 e 2o . L
o | . e . . s
% 19 }:03.'0. % 0.0 1 S FC 3 .- 2t a0t * .
" . — : - CLES ] 1 - 1 1

o R tef¥ %, 435 2.0 2.5
g 1'0_ .0 1 i - L] ., -
= ’ . . '. e *

0-5 = ’ 1 1 1 1 -0-2- )

0.5 1.0 1.5 2.0 25

observed ADHD percent

Fitted ADHD percent

Fig. 4. Diagnostic plots for Model 1. Model diagnostics show marked heteroskedasticity within the center of distribution. (A) Observed
all-listed ADHD percent discharges (N1 = 127) plotted against predicted percentages (B) Model residuals were plotted against fitted
values. Fitted values were tabulated in R by subtracting residuals from observed values.

in each HCUPNET reporting state the following year
(2007-10).

To further help inform our analysis on glyphosate
as a single predictor for other mental disorders, we
used a two-way fixed effects with the same HCUPNET
states and years and found that glyphosate use does not
significantly predict schizophrenia and other psychotic
disorders during the earlier period in the decade when use
predicts resistance (adjusted estimate: 2.00e-08+5.65¢-08,
p-value: 0.72), but does strongly predict them in the
latter period when use does not predict resistance
(2007-10) (unadjusted estimate: 9.18e-08+3.12¢-08,
p-value < 0.01).

Model 2

The urbanization data suggests that glyphosate’s
significantly positive relationship with all-listed ADHD
hospital discharges is marginally significant in urban
counties. As shown in Table 4, for every kilogram increase
in glyphosate used in urban counties, the model predicts
a 2.40e-06 percent increase in the percentage of all-listed
ADHD hospital discharges that are attributable to patients
living in these areas. The Durbin-Watson test indicated
no serial correlation among the residuals in this sample
(DW =2.30, p-value = 0.96), and the data was determined
to be heteroskedastic using the Breusch-Pagan test

(BP =9.90, df = 4, p-value = 0.042). The Fisher-type test
indicated the presence of stationarity in at least one panel
for all covariates.

We have performed additional iterations of this model
to accommodate the flexible interpretations of the rural
and urban continuum codes among government agencies
(data not shown). The same results were noted. These
results confirm the first model design and suggest that the
model is robust to flexible continuum interpretations.

Model 3

The two-way within model fixed effects indicates
that glyphosate use is associated with farm use of
nitrogen fertilizers. In fringe metropolitan counties, the
association is significantly positive (unadjusted estimate:
188.38+£16.52, p-value < .001). Serial correlation
was not present among the residuals (DW = 2.78,
p-value=0.99), and the data was homoskedastic (BP=0.25,
df =1, p-value = 0.62). We used second-order differencing
of both variables and confirmed no unit roots with the
ADEF test in this longer time series.

In the urban counties as we defined them, the
association was significantly positive. (adjusted estimate:
150.53424.91, p-value < .001). Serial correlation was
not present (DW = 3.41, p-value = 1) and data were
homoskedastic (BP = 0.21, df = 1, p-value = 0.64).

Table 4. Effect of urbanization on the relationship between glyphosate use and ADHD hospital discharges.

Glyphosate use (2006-2009) and ADHD discharges (2007-2010)
Category N* r Estimate Standard Error
Metropolitan (k= 1) 88 0.01 -1.92e-06 4.00e-06
Fringe Metro (k = 2) 104 0.02 -6.94e-07 2.52e-06
Urban (k = 3) 123 0.08 2.40e-06 9.95e-07*
Rural (k= 4) 111 0.12 -4.17e-06 2.40e-06

§ corrected p<0.025
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We differenced both variables twice to ensure stationarity
in the urban time series.

Discussion

The current exploratory study suggests that glyphosate
use may be contributing to all-listed ADHD hospital
discharges in the United States. The main findings of the
study include the following:

1. Lagged glyphosate use significantly positively
predicts healthcare utilization among patients with an
all-listed ADHD hospital discharge diagnosis in the 33
HCUPNET reporting states from 2007-10.

2. Glyphosate use strongly positively predicts glyphosate
weed resistance events in states from 2001 to 2010,
but not in the 33 HCUPNET reporting states or all
available states (N = 47) from 2007 to 2010.

3. Our urbanization coding system revealed that
glyphosate’s positive association with ADHD
remained marginally significant only in urban counties
between 2007 and 2010, suggesting that urbanization
may be a factor in the relationship.

4. Glyphosate use is significantly positively associated
with farm use of nitrogen fertilizers between 1992 and
2006 in urban and fringe metro counties, suggesting
that farm use of nitrogen fertilizers may be contributing
significantly to the association between glyphosate
use and all-listed ADHD hospital discharge diagnoses
prior to 2007. There may be other land interactions
that could be contributing to an increase in healthcare
utilization among patients with an all-listed ADHD
hospital discharge diagnosis after 2006.

The Link between Glyphosate, Nitrogen Inputs,
and Soil Microbiota

Glyphosate’s role as a mineral chelator in soil [58]
could cumulatively dampen manganese bioavailability
in soil. Manganese is important for nitrogen assimilation
in plants. If less manganese is available, less nitrogen
assimilation occurs. This would explain the strong
positive association we have found between glyphosate
and nitrogen-based fertilizers. This strong association
could contribute to indirect agricultural N,O emissions
from leached anthropogenic nitrogen into urban drainage
networks [59, 60].

The present findings suggest some kind of modification
in the use of glyphosate around 2006. The ability for
estimated glyphosate use alone to predict mental health
disorders changed significantly from 2001 to 2010.
Moreover, the inability of estimated glyphosate use to
predict EPSP synthase inhibitor resistance events in the
latter part of the decade, whereas it had in the earlier part of
the decade, is evidence of a formulaic inconsistency [61].

Egamberdiyeva et al. [62] have shown that adding
nitrification inhibitors such as oxalates inhibits net
nitrification in calcareous soils. Furthermore, Wan et al.
[63] demonstrated that ammonia-oxidizing archaea (AOA)

were more responsive to a simazine herbicide application
to agricultural soils. Denitrifying bacterial populations
play a critical role in N,O emissions from amended soil
[64]. Therefore, increasing use of herbicides and adding
nitrification inhibitors like oxalates to fertilization
programs in the United States would theoretically result
in an attenuation of the nitrification process that is the
conventionally regarded rate-limiting reaction contributing
to N,O release from agricultural soils [65].

However, this inhibition of nitrification could
potentially lead to nitrogen mismanagement in the soil,
including an accumulation and potential release of soil
ammonia (NH,) after urea-based fertilizer application
[66]. Compared to ammonia-oxidizing (AO) bacteria
(AOB), AOA strains have a much higher substrate affinity
for ammonia and oxygen and can therefore thrive in the
crust of low-nutrient microaerophilic soils with varying
ammonia concentrations [67-69]. The growth of archaeca
in agricultural soils could, therefore, reasonably serve to
remediate soil from intensive agricultural herbicide and
fertilization programs worldwide. Microbes, including
the documented emergence of archaeal strains in 2007,
have been shown to be integral decomposers of residual
inputs and biosolids in corn agroecosystems [70-72].
In this process, these archaeal strains are also known to
be potent contributors to soil N,O emissions and may
be able to contribute even amid the presence of any
nitrification inhibition [73], indicating a widespread
genomic adaptability distinct from AOB populations, [74-
76]. It has also been suggested that N,O is emitted as a
spontaneous metabolic AO intermediate [73]. Recent
research reveals that ammonia-oxidizing archaea are
underestimated contributors to N,O emissions in soil [77],
and this discovery is consistent with changing glyphosate
dynamics.

N,O and ADHD

N,O has been used as an anesthetic agent in health
care settings, primarily dentistry. However, there is a
growing reappraisal of the compound’s potential adverse
health effects. We propose that N,O may be a potential
nexus between estimated glyphosate use and increasing
healthcare utilization among patients with an all-listed
ADHD hospital discharge diagnosis.

Yagiela [78] explains that many of the adverse effects
seen with N,O inhalation are attributable to its reaction
with the reduced form of vitamin B12 in the body [79].
Vitamin B12, or cobalamin, is a critical co-factor for
methionine synthase, an enzyme necessary for nucleic acid
synthesis and methylation reactions. Exposure of infants
to N,O during surgery resulted in a significant increase in
plasma levels of homocysteine, due to an impaired ability
to convert it to methionine [80].

Methionine synthase inactivity interferes with
methylation of the homocysteine subunit of the dopamine
receptor 4 [81], leading to an inactivation of dopamine-
induced phospholipid methylation (PLM) through
dopamine receptor 4 (DR4). NE has been shown to activate
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DR4 in rat lateral habenula [82], so it is plausible for there
to be excess NE amid DR4 inactivation. Another mode
of action of N,O is thought to be inhibition of N-methyl-
D-aspartate (NMDA) receptors [83, 84], which has been
implicated in ADHD [85].

Available clinical evidence is suggestive of cognitive
impairment in working memory, a core deficiency of
ADHD [86], from exposure to trace amounts of N,O
in human male dental and medical students [87] as
well as psychosis from significant acute inhalational
exposure [88]. We, therefore, are the first to propose that
environmental exposure to N,O may be the mechanism
behind the positive association between glyphosate use
and all-listed ADHD hospital discharge diagnoses and
associated comorbidities during the period 2007 to 2010.

Study Strengths and Limitations

There exist several limitations to the conclusions made
from our exploratory investigation. These limitations
include, principally, the data itself. We were limited in
the number of states we could include due to HCUPNET
availability and the availability of regressor data.
Furthermore, the USGS data on estimated glyphosate use
is normalized according to harvested agricultural acreage
within a county and does not overtly account for non-farm
use. It is possible that non-farm use of glyphosate and
nitrogen fertilizers could account for some of the increase
in ADHD hospital discharges, as our data cannot exclude
this as a possibility. The USGS report indicates that the
ratio of non-farm to total nitrogen input estimates from
1987 to 2006 was higher in several states reporting large
increases in all-listed ADHD hospital discharges from
2007 to 2010 (i.e., New Hampshire, Massachusetts, and
Rhode Island).

A second limitation of our study is the lack of genetic
markers in our model. Genetic risk factors are being
studied for ADHD disorders, in addition to other mental
disorders. More specifically, LaHoste et al. [89] have
implicated genetic polymorphisms within the DR4 gene
as a potential contributor to ADHD, and there are many
other studies that point to a genetic predisposition for
substance and alcohol addiction [90, 91]. In our analysis
of national HCUPNET hospitalization data, we find that,
as a percentage of total discharges for all mental disorders,
discharges for substance/alcohol abuse have actually
plateaued, suggesting that genetic polymorphisms
contributing to these conditions have remained static
in the health care-seeking population. A significant
increase in genetic polymorphisms associated with the
mental conditions under study is therefore probably not a
plausible explanation for the results obtained, although we
cannot say unequivocally that this is the case.

A third limitation is that we have not fully considered
the interaction of other variables. For example, we have
included maize grain in the current study and found
that it is a significant predictor of all-listed ADHD
hospital discharges even after controlling for glyphosate,
suggesting the mechanism could be related to the genetic

composition of the corn as discussed earlier, its use as an
agricultural residual cover crop, or another interaction yet
to be identified. There are other environmental toxicants
that have been associated with ADHD as well, and we
have not accounted for these variables in our models [92,
93], principally because we were unable to obtain reliable
annual state-level estimates for the years of interest.
Furthermore, our study period was subject to influence by
the worldwide economic recession.

As socioeconomic status has been implicated in ADHD
[47], it is possible that our variables of interest (i.e., home
price index) were not adequate for capturing the potential
effect of the economic recession, and we find this to be a
limitation. It should also be mentioned that, while the ADHD
population in this study was based on ICD-9 diagnoses, there
have been significant diagnostic improvements and greater
awareness of mental conditions like ADHD in recent years.
It is therefore difficult to know for certain whether such
conditions are actually increasing or are the result of major
diagnostic advancements and greater public awareness
[94]. This is a significant quandary, especially in light of the
economic difficulty of the period [95]. Therefore, attempts
should be made to replicate these results using a diverse
set of patient populations, diagnostic environments, and
economic conditions.

A few strengths of our investigation include the use
of a fixed effects design, which reduces the likelihood for
omitted variable bias. We have also employed health care
utilization as an outcome for ADHD, and this decision
may successfully screen out “pure” and over-diagnosed
cases of ADHD, which may be potential confounders
to the true prevalence of the disorder. Additionally, we
controlled for the co-occurring nature of other mental
disorders with ADHD. To counter the ecological fallacy
inherent in studies like ours, we present results that
suggest that glyphosate may be acting as an instrumental
variable and not as the primary individual exposure [96].
The use of glyphosate may predict health care utilization
for ADHD and associated comorbidities only through
the herbicide’s close association with nitrogen fertilizers
and via individual exposure to pollutants emanating from
fertilizer use, like N,O emissions.

Conclusions

We have shown that estimated agricultural glyphosate
use and total food and industrial use of maize grain are
significant lagged predictors of all-listed ADHD hospital
discharges in HCUPNET reporting states from 2007
to 2010 after controlling for state fixed effects, strong
correlations over time, and other documented associations
with ADHD in the literature. The association appears to
be most significant in urban counties. Fig. 5 is a global
schematic that demonstrates the indirect mechanism that
may underlie the increase in healthcare utilization for
patients with ADHD seen during our study period.

These significant associations occur amid the absence
of estimated glyphosate use predicting resistance events
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Fig. 5. A global schematic of an indirect mechanism for how
glyphosate-based herbicides may be contributing to the rise of
ADHD during 2007 to 2010.

and changes in the ability of estimated glyphosate use to
predict other mental health discharges. We propose that a
patented reformulation in glyphosate could be enhancing
both its herbicidal and bactericidal properties, enabling
the dominance of the more genetically adaptable archaea
in agricultural soils. Maize residuals may also be used
as an herbicide control, and this may be contributing to
the increase in direct agricultural N,O emissions — most
especially given the changing soil dynamics possibly
induced by glyphosate use. Impairment of several
physiological mechanisms, including NMDA receptors
and methionine synthase, is a likely explanation for how
glyphosate may significantly contribute to an increase
in healthcare utilization for patients with ADHD. The
mechanisms mentioned here require further empirical
support to verify these conclusions, and this ought
to include a systematic reevaluation of the crucial
intermediates involved.

Acknowledgements

Author Kyle Fluegge was supported by HL007567-29
(T32) from the National Heart, Lung, and Blood Institute.

List of Abbreviations

ADHD Attention-deficit hyperactivity disorder
USGS United States Geological Survey
HCUPNET Healthcare Cost and Utilization Project net

USDA United States Department of Agriculture

LSDV Least squares dummy variable

CDC Centers for Disease Control and Prevention

ASD Autism spectrum disorder

EPSPS S-enolpyruvulshikimate-3-phosphate
synthase

BT Bacillus thuringiensis

CYP  Cytochrome P450
N,O  nitrous oxide

DA dopamine

NE norepinephrine

CRD  crop reporting districts

Als Acetolactate synthase

ACCase Acetyl-coenzyme A carboxylase

EIA Energy Information Administration

ISHRW International Survey on Herbicide Resistant
Weeds

ICD-9 International Classification of Disease, 9" Edition

CCS  Clinical Classification Software

BP Breusch-Pagan

DW Durbin-Watson

ADF  Augmented Dickey Fuller

Vcov  variance covariance

RUCC Rural Urban Continuum Code

AOA  ammonia-oxidizing archaea

AO ammonia oxidation

AOB  ammonia-oxidizing bacteria

PLM  phospholipid methylation

DR4  dopamine receptor 4

NMDA N-methyl-D-aspartate

GnG  greenhouse gassing

References

1. VISSER S.N., BITSKO R.H., DANIELSON M.L., PEROU
R., BLUMBERG S.J. Increasing Prevalence of Parent-
Reported Attention-Deficit/Hyperactivity Disorder Among
Children — United States, 2003 and 2007. 59, 1439, 2010.

2. CDC. Attention-Deficit/Hyperactivity Disorder: Symptoms
and Diagnosis. http://www.cdc.gov/ncbddd/adhd/diagnosis.
html, 2014.

3. SINZIG J., WALTER D., DOEPENER M. Attention deficit/
hyperactivity disorder in children and adolescents with
autism spectrum disorder: symptom or syndrome? J Atten
Disord. 13 (2), 117, 2009.

4. YERYS B.E., WALLACE G.L., SOKOLOFF J.L., SHOOK
D.A., JAMES J.D., KENWORTHY L. Attention deficit/
hyperactivity disorder symptoms moderate cognition and
behavior in children with autism spectrum disorders. Autism
Res. 2 (6), 322, 2009.

5. HAPPE F., BOOTH R., CHARLTON R., HUGHES C.
Executive function deficits in autism spectrum disorders and
attention-deficit/hyperactivity disorder: examining profiles
across domains and ages. Brain Cogn. 61 (1), 25, 2006.

6. NYDEN A., NIKLASSON L. STAHLBERG O,
ANCKARSATER H., WENTZ E., RASTAM M,
GILLBERG C. Adults with autism spectrum disorders and
ADHD neuropsychological aspects. Res Dev Disabil. 31 (6),
1659, 2010.

7. STERGIAKOULI E., MARTIN J.,, HAMSHERE M.L.,
LANGLEY K., EVANS D.M., ST POURCAIN B.,
TIMPSON N.J., OWEN M.J., O'DONOVAN M., THAPAR
A., DAVEY SMITH G. Shared genetic influences between
attention-deficit/hyperactivity disorder (ADHD) traits in
children and clinical ADHD. J Am Acad Child Adolesc
Psychiatry. 54 (4), 322, 2015.

8. SOKOLOVA E., HOOGMAN M., GROOT P., CLAASSEN
T., VASQUEZ A.A., BUITELAAR J.K., FRANKE B.,
HESKES T. Causal discovery in an adult ADHD data set
suggests indirect link between DAT1 genetic variants and



Glyphosate Use Predicts Healthcare Utilization...

1501

10.

I1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

striatal brain activation during reward processing. Am J Med
Genet B Neuropsychiatr Genet. 168 (6), 508, 2015.

XU Y., CHEN X.T., LUO M., TANG Y., ZHANG G., WU
D., YANG B., RUAN D.Y., WANG H.L. Multiple epigenetic
factors predict the attention deficit/hyperactivity disorder
among the Chinese Han children. J Psychiatr Res. 64, 40,
2015.

PADRON A., GALAN I, GARCIA-ESQUINAS E.,
FERNANDEZ E., BALLBE M., RODRIGUEZ-ARTALEJO
F. Exposure to secondhand smoke in the home and mental
health in children: a population-based study. Tob Control.
doi: 10.1136/tobaccocontrol-2014-052077, 2015.

MAX W., SUNG H.Y., SHI Y. Attention deficit hyperactivity
disorder among children exposed to secondhand smoke: a
logistic regression analysis of secondary data. Int J Nurs
Stud. 50 (6), 797, 2013.

AHMED J., AGAKU L.T., O'CONNOR E., KING B.A.,
KENEMER J.B., NEFF L. Current Cigarette Smoking
Among Adults — United States, 2005-2013. Morbidity and
Mortality Weekly Report (MMWR). 63, 1108, 2014.

U.S. EPA. CADDIS Volume 2: Sources, Stressors &
Responses.  Herbicides.  http://www.epa.gov/caddis/ssr_
herb int.html 2012.

BOHN T., CUHRA M., TRAAVIK T., SANDEN M.,
FAGAN J., PRIMICERIO R. Compositional differences in
soybeans on the market: glyphosate accumulates in Roundup
Ready GM soybeans. Food Chem. 153, 207, 2014.

COX W.J., HANCHAR J., SHIELDS E. Stacked corn
hybrids show inconsistent yield and economic responses in
New York. Agron J. 101 (6), 1530, 2009.

OHNO M., SUGANUMA M., EGAWAY., TOMIMOTO K.,
HARA T., HAYAKAWA T., HORI H. A comparative study
of histamine release from rat mast cells by CrylAa, CrylAb
and CrylAc fragmented with simulated gastric fluid (SGF).
6th Pacific Rim Conference on the Biotechnology of Bacillus
Thuringiensis and its Environmental Impact, 64, 2005.
MORENO E., MORENO-DELGADO D., NAVARRO G.,
HOFFMANN H.M., FUENTES S., ROSELL-VILAR S.,
GASPERINI P., RODRIGUEZ-RUIZ M., MEDRANO M.,
MALLOL J., CORTES A., CASADO V., LLUIS C., FERRE
S, ORTIZ J., CANELA E., MCCORMICK P.J. Cocaine
disrupts histamine H3 receptor modulation of dopamine D1
receptor signaling: o1-D1-H3 receptor complexes as key
targets for reducing cocaine’s effects. J Neurosci. 34 (10),
3545, 2014.

DANG L.C., O’NEILJ.P., JAGUST W.J. Dopamine supports
coupling of attention-related networks. J Neurosci. 32 (28),
9582, 2012.

HIETANEN E., LINNAINMAA K., VAINIOK H. Effects
of phenoxyherbicides and glyphosate on the hepatic and
intestinal biotransformation activities in the rat. Acta
Pharmacol Toxicol (Copenh). 53 (2), 103, 1983.
TIEUE.W.,LIW.,CHENJ.,KIM T.K.,MAD., SLOMINSKI
A.T., TUCKEY R.C. Metabolism of 20-hydroxyvitamin
D3 and 20,23-dihydroxyvitamin D3 by rat and human
CYP24A1. J Steroid Biochem Mol Biol. 149, 153, 2015.
QUIST J.F., BARR C.L., SCHACHAR R., ROBERTS W.,
MALONE M., TANNOCK R., BASILE V.S., BEITCHMAN
J., KENNEDY J.L. Evidence for the serotonin HTR2A
receptor gene as a susceptibility factor in attention deficit
hyperactivity disorder (ADHD). Mol Psychiatry. 5 (5), 537,
2000.

KENT L., DOERRY U., HARDY E., PARMAR R,
GINGELL K., HAWI Z., KIRLEY A., LOWE N,
FITZGERALD M., GILL M., CRADDOCK N. Evidence
that variation at the serotonin transporter gene influences

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

susceptibility to attention deficit hyperactivity disorder
(ADHD): analysis and pooled analysis. Mol Psychiatry. 7
(8), 908, 2002.

KREMER R.J., MEANS N.E. Glyphosate and glyphosate-
resistant crop interactions with rhizosphere microorganisms.
Eur J Agron. 31 (3), 153, 2009.

KOYANAGI S., HIMUKASHI S., MUKAIDA K.
SHICHINO T., FUKUDA K. Dopamine D2-like receptor
in the nucleus accumbens is involved in the antinociceptive
effect of nitrous oxide. Anesth Analg. 106 (6), 1904, 2008.
ABDUL-KAREEM H.S., SHARMA R.P., DROWN D.B.
Effects of repeated intermittent exposures to nitrous oxide on
central neurotransmitters and hepatic methionine synthetase
activity in CD-1 mice. Toxicol Ind Health. 7 (1-2), 97, 1991.
JENSON D., YANG K., ACEVEDO-RODRIGUEZ A.,
LEVINE A., BROUSSARD J.I.,, TANG J., DANI J.A.
Dopamine and norepinephrine receptors participate in
methylphenidate enhancement of in vivo hippocampal
synaptic plasticity. Neuropharmacology. 90, 23, 2015.
STONE W.W. Estimated Annual Agricultural Pesticide Use
for Counties of the Conterminous United States, 1992-2009.
http://pubs.usgs.gov/ds/752/, 2013 Accessed September
2014.

THELIN G.P., STONE W.W. Estimation of annual
agricultural pesticide use for counties of the conterminous
United States, 1992-2009: U.S. Geological Survey Scientific
Investigations Report. 5009, 54, 2013.

GRONBERG J.M., SPAHR N.E. County-level estimates of
nitrogen and phosphorus from commercial fertilizer for the
Conterminous United States, 1987-2006: U.S. Geological
Survey Scientific Investigations Report. 5207, 20, 2012.
CONLEY D.M., NAGESH R.G.A., SALAME E.J. Supply
and Utilization of Corn in the United States, by State, 2004-
2010.  http://ianrpubs.unl.edu/epublic/pages/publicationD.
jsp?publicationld=1523, 2012 Accessed October 2014.

U.S. DOA. Feed Grain Database: Yearbook Tables, Corn:
Food, Seed, and Industrial Use, Table 31, Economic
Research Service. http://www.ers.usda.gov/datafiles/
Feed Grains Yearbook Tables/All tables in one file/
fgyearbooktablesrecent.pdf , 2014 Accessed October 2014.
U.S. EIA. Emissions of greenhouse gases in the United
States 2009. http://www.eia.gov/environment/emissions/
ghg report/pdf/0573%282009%29.pdf, 2011  Accessed
December 3, 2014.

HEAP 1. International Survey of Herbicide Resistance
Weeds (ISHRW). http://www.weedscience.org/Summary/
home.aspx, 2014 Accessed October 2014.

AGENCY FOR HEALTHCARE RESEARCH AND
QUALITY. Healthcare Cost and Utilization Project
(HCUPNET): State Inpatient Database. http://hcupnet.ahrq.
gov/, 2014 Accessed October 2014.

KIRINO E., IMAGAWA H., GOTO T., MONTGOMERY W.
Sociodemographics, Comorbidities, Healthcare Utilization
and Work Productivity in Japanese Patients with Adult
ADHD. PLoS ONE. 10, ¢0132233, doi:10.1371/journal.
pone.0132233, 2015.

ABLE S.L., HAYNES V., VIETRI J., KOPENHAFER L.,
UPADHYAYA H., DEBERDT W. ADHD among adults
in Europe and the United States: socio-demographics,
comorbidities, health care resource use and work
productivity. Value Health. 16 (3), A65, 2013.

LARSON K., RUSS S.A., KAHN R.S., HALFON N.
Patterns of Comorbidity, Functioning, and Service Use for US
Children With ADHD, 2007. Pediatrics. 127 (3), 462, 2011.
KADESJO B., GILLBERG C. The comorbidity of ADHD
in the general population of Swedish school-age children. J



1502

Fluegge K., Fluegge K.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Child Psychol Psychiatry. 42 (4), 487, 2001.

GETAHUN D., JACOBSEN S.J., FASSETT M.J., CHEN
W., DEMISSIE K., RHOADS G.G. Recent trends in
childhood attention-deficit/hyperactivity disorder. JAMA
Pediatr. 167 (3), 282, 2013.

R Core Team. R: A language and environment for statistical
computing. R Foundation for Statistical Computing, http://
www.R-project.org/, 2014.

HOTHORN T., ZEILEIS A., FAREBROTHER R.W.,
CUMMINS C., MILLO G., MITCHELL D. Testing Linear
Regression Models. Version 0.9-33, 2014.

Stata Corp LP. xtunitroot — Panel-data unit-root tests. http://
www.stata.com/manuals13/xtxtunitroot.pdf, 2014.
TRAPLETTI A., HORNIK K., LEBARON B. Time Series
Analysis and Computational Finance. Version 0.10-34, 2015.
ARELLANO M. Computing robust standard errors for
within-groups estimators. Oxford B Econ Stat. 49 (4), 431,
1987.

BIHLAR MULD B., JOKINEN J., BOLTE S., HIRVIKOSKI
T. Long-term outcomes of pharmacologically treated versus
non-treated adults with ADHD and substance use disorder: a
naturalistic study. J Subst Abuse Treat. 51, 82, 2014.

H.J. KAISER FAMILY FOUNDATION. http://kff.org/other/
state-indicator/total-hospitals/, 2014  Accessed October
2014.

RUSSELL G., FORD T., ROSENBERG R., KELLY S. The
association of attention deficit hyperactivity disorder with
socioeconomic disadvantage: alternative explanations and
evidence. J Child Psychol Psychiatry. 55 (5), 436, 2014.
DAVIS M.A., HEATHCOTE J. The Price and Quantity of
Residential Land in the United States. J Monetary Econ. 54
(8), 2595, 2007.

BAUMGARDNER D.J., SCHREIBER A.L., HAVLENA
J.A., BRIDGEWATER FE.D., STEBER D.L., LEMKE M.A.
Geographic analysis of diagnosis of Attention-Deficit/
Hyperactivity Disorder in children: Eastern Wisconsin,
USA. Int J Psychiatry Med. 40 (4), 363, 2010.

U.S. CENSUS BUREAU, POPULATION DIVISION. Table
1. Intercensal Estimates of the Resident Population for the
United States, Regions, States, and Puerto Rico: April 1,
2000 to July 1, 2010, http://www.census.gov/popest/data/
historical/2000s/index.html, Accessed October 2014.

KUO E.E., TAYLOR A.F. A potential natural treatment for
attention-deficit/hyperactivity disorder: evidence from a
national study. Am J Public Health. 94 (9),1580, 2004.

U.S. NOAA. Climate at a Glance. http://www.ncdc.noaa.
gov/cag/, Accessed October 2014.

HEIMLICH R.E., BARNARD C.H. Agricultural adaptation
to urbanization: farm types in northeast metropolitan
areas. Northeastern Journal of Agricultural and Resource
Economics. 21 (1), 50, 1992.

PARKER T. Rural Urban Continuum Codes: documentation.
U.S. Department of Agriculture. http://www.ers.usda.gov/
data-products/rural-urban-continuum-codes/documentation.
aspx, 2013 Accessed November 2014

U.S. EPA. Overview of greenhouse gases: nitrous oxide
emissions. http://epa.gov/climatechange/ghgemissions/
gases/n20.html, 2014 Accessed October 2014.
HOFSTRAND D. Crop residue — a valuable resource.
AgMRC Renewable Energy Newsletter. http://www.agmrc.
org/renewable energy/ethanol/crop-residue-a-valuable-
resource/, 2009 Accessed November 2014.

HAHN R.R. Glyphosate-Resistant Weeds Likely in NY.
http://blogs.cornell.edu/whatscroppingup/2014/12/05/
glyphosate-resistant-weeds-likely-in-ny/, 2014, Accessed
December 17, 2014.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

EKER S., OZTURK L., YAZICI A., ERENOGLU B.,
ROMHELD V., CAKMAK 1. Foliar-applied glyphosate
substantially reduced uptake and transport of iron and
manganese in sunflower (Helianthus annuus L.) plants. J
Agric Food Chem. 54 (26),10019, 2006.

OUTRAM F.N., HISCOCK K.M. Indirect nitrous oxide
emissions from surface water bodies in a lowland arable
catchment: A significant contribution to agricultural
greenhouse gas budgets? Environ Sci Technol. 46 (15),
8156, 2012.

BEAULIEU JJ.,, TANK JL., HAMILTON S.K.,
WOLLHEIM WM., HALL R.O. Jr, MULHOLLAND
P.J., PETERSON B.J., ASHKENAS L.R., COOPER L.W.,
DAHM C.N., DODDS W.K., GRIMM N.B., JOHNSON
S.L., MCDOWELL W.H., POOLE G.C., VALETT H.M,,
ARANGO C.P,BERNOTM.J.,BURGINA.J., CRENSHAW
C.L., HELTON AM., JOHNSON L.T., O’BRIEN J.M.,
POTTER J.D., SHEIBLEY R.W., SOBOTA D.J., THOMAS
S.M. Nitrous oxide emission from denitrification in stream
and river networks. Proc Natl Acad Sci U S A. 108 (1), 214,
2011.

ABRAHAM W. Glyphosate Formulations and Their Use
for the Inhibition of 5-enolpyruvylshikimate-3-phosphate
Synthase. Monsanto Technology Llc, assignee. Patent
US7771736 B2, 2010.

EGAMBERDIYEVA D., MAMIEV M., POBEREJSKAYA
S.K. The influence of mineral fertilizer combined with a
nitrification inhibitor on microbial populations and activities
in calcareous Uzbekistanian soil under cotton cultivation.
Scientific World Journal. 1, 108, 2001.

WAN R., WANG Z., XIE S. Dynamics of communities
of bacteria and ammonia-oxidizing microorganisms in
response to simazine attenuation in agricultural soil. Sci
Total Environ. 472, 502, 2014.

MAEDA K., TOYODA S., HANAJIMA D., YOSHIDA N.
Denitrifiers in the surface zone are primarily responsible
for the nitrous oxide emission of dairy manure compost. J
Hazard Mater. 248-49, 329, 2013.

KYAW K.M., TOYOTA K. Suppression of nitrous oxide
production by the herbicides glyphosate and propanil in soils
supplied with organic matter. Soil Sci Plant Nutr. 53 (4), 441,
2007.

KIM D.G., SAGGAR S., ROUDIER P. The effect of
nitrification inhibitors on soil ammonia emissions in nitrogen
managed soils: a meta-analysis. Nutr Cycl Agroecosys. 93
(1), 51, 2012.

STIEGLMEIER M., MOOSHAMMER M., KITZLER
B., WANEK W, ZECHMEISTER-BOLTENSTERN
S., RICHTER A., SCHLEPER C. Aerobic nitrous oxide
production through N-nitrosating hybrid formation in
ammonia-oxidizing archaea. ISME J. 8 (5), 1135, 2014.
KIM J.G., JUNG M.Y.,, PARK S.J.,, RIJPSTRA W.I.,
SINNINGHE DAMSTE J.S., MADSEN E.L., MIN D., KIM
J.S., KIM G.J., RHEE S.K. Cultivation of a highly enriched
ammonia-oxidizing archaeon of thaumarchaeotal group I.1b
from an agricultural soil. Environ Microbiol. 14 (6), 1528,
2012.

VERHAMME D.T., PROSSER J.I., NICOL G.W. Ammonia
concentration determines differential growth of ammonia-
oxidising archaea and bacteria in soil microcosms. ISME J.
5(6), 1067, 2011.

Segal L. Ammonia-oxidizing bacteria and archaea under
continuous maize: the influence of tillage, N input and
aggregation on abundance and community composition.
Dissertation. The Graduate College at the University of
Nebraska — Lincoln. http:/digitalcommons.unl.edu/cgi/



Glyphosate Use Predicts Healthcare Utilization...

1503

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

viewcontent.cgi?article=1079&context=agronhortdiss,
2014.

SHEIBANI S., YANNI S.F., WILHEM R., WHALEN J.K.,
WHYTE L.G., GREER C.W., MADRAMOOTOO C.A. Soil
bacteria and archaea found in long-term corn ( Zea mays L.)
agroecosystems in Quebec, Canada. Can J Soil Sci. 93 (1),
45,2013.

KELLY J.J.,POLICHT K., GRANCHAROVAT., HUNDAL
L.S. Distinct responses in ammonia-oxidizing archaea and
bacteria after addition of biosolids to an agricultural soil.
Appl Environ Microbiol. 77 (18), 6551, 2011.
HATZENPICHLER R. Diversity, physiology, and niche
differentiation of ammonia-oxidizing archaea. Appl Environ
Microbiol. 78 (21), 7501, 2012.

QIN W, AMIN S.A,, MARTENS-HABBENA W,
WALKER C.B., URAKAWA H., DEVOL A.H., INGALLS
A.E., MOFFETT J.W., ARMBRUST E.V., STAHL D.A.
Marine ammonia-oxidizing archaeal isolates display obligate
mixotrophy and wide ecotypic variation. Proc Natl Acad Sci
U S A. 111 (34), 12504, 2014.

LU L., JIA, Z. Urease gene-containing Archaea dominate
autotrophic ammonia oxidation in two acid soils. Environ
Microbiol. 15 (6), 1795, 2013.

DAUGHERTY M., VONSTEIN V., OVERBEEK R.,
OSTERMAN A. Archaeal shikimate kinase, a new member
of the GHMP-kinase family. J Bacteriol. 183 (1), 292, 2001.
JUNG M.Y., WELL R., MIN D., GIESEMANN A., PARK
S.J., KIM J.G., KIM S.J., RHEE S.K. Isotopic signatures of
N,O produced by ammonia-oxidizing archaea from soils.
ISME J. 8 (5), 1115, 2014.

YAGIELA J.A. Health hazards and nitrous oxide: a time for
reappraisal. Anesth Prog. 38 (1), 1, 1991.

CHRISTENSEN B., UELAND P.M. Methionine synthase
inactivation by nitrous oxide during methionine loading
of normal human fibroblasts. Homocysteine remethylation
as determinant of enzyme inactivation and homocysteine
export. J Pharmacol Exp Ther. 267 (3), 1298, 1993.
PICHARDO D., LUGINBUEHL I.A., SHAKUR Y.,
WALES P.W., EL-SOHEMY A., O’CONNOR D.L. Effect of
nitrous oxide exposure during surgery on the homocysteine
concentrations of children. Anesthesiology. 117 (1), 15,
2012.

SHARMA A., KRAMER M.L., WICK P.F,, LIU D., CHARI
S., SHIM S., TAN W., OUELLETTE D., NAGATA M.,
DURAND C.J.,, KOTB M., DETH R.C. D4 dopamine
receptor-mediated  phospholipid methylation and its
implications for mental illnesses such as schizophrenia. Mol
Psychiatry. 4 (3), 235, 1999.

ROOT D.H., HOFFMAN A.F., GOOD C.H., ZHANG
S., GIGANTE E., LUPICA C.R., MORALES M.
Norepinephrine activates dopamine D4 receptors in the rat
lateral habenula. J Neurosci. 35 (8), 3460, 2015.

NAGELE P., METZ L.B., CROWDER C.M. Nitrous oxide
(N,O) requires the N-methyl-D aspartate receptor for its
action in Caenorhabditis elegans. Proc Natl Acad Sci U S A.
101 (23), 8791, 2004.

MENNERICK S,  JEVTOVIC-TODOROVIC V,
TODOROVIC S.M., SHEN W., OLNEY J.W., ZORUMSKI

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

C.F. Effect of nitrous oxide on excitatory and inhibitory
synaptic transmission in hippocampal cultures. J Neurosci.
18 (23), 9716, 1998.

LEHOHLA M., KELLAWAY L., RUSSELL V.A. NMDA
receptor function in the prefrontal cortex of a rat model for
attention-deficit hyperactivity disorder. Metab Brain Dis. 19
(1-2), 35, 2004.

WILLCUTT E.G., DOYLE A.E., NIGG J.T., FARAONE
S.V., PENNINGTON BL.F. Validity of the executive function
theory of attention-deficit/hyperactivity disorder: a meta-
analytic review. Biol Psychiatry. 57 (11), 1336, 2005.
BRUCED.L.,BACH M.J., ARBIT J. Trace anesthetic effects
on perceptual, cognitive, and motor skills. Anesthesiology.
40 (5), 453, 1974.

WONG S.L., HARRISON R., MATTMAN A., HSIUNG
G.Y.R. Nitrous Oxide (N,0)-induced acute psychosis. Can J
Neurol Sci. 41 (5), 672, 2014.

LAHOSTE G.J.,, SWANSON J.M., WIGAL S.B., GLABE
C., WIGAL T., KING N., KENNEDY J.L. Dopamine D4
receptor gene polymorphism is associated with attention
deficit hyperactivity disorder. Mol Psychiatry. 1 (2), 121,
1996.

PALMER R.H., BRICK L., NUGENT N.R., BIDWELL
L.C., MCGEARY J.E., KNOPIK V.S., KELLER M.C.
Examining the role of common genetic variants on alcohol,
tobacco, cannabis, and illicit drug dependence. Addiction.
110 (3), 530, 2014.

DESRIVIERES S., LOURDUSAMY A., MULLER C.,
DUCCI F., WONG C.P, KAAKINEN M., POUTA A.,
HARTIKAINEN A.L., ISOHANNI M., CHAROEN P,
PELTONEN L., FREIMER N., ELLIOT P., JARVELIN
M.R., SCHUMANN G. Glucocorticoid receptor (NR3C1)
gene polymorphisms and onset of alcohol abuse in
adolescents Addict Biol. 16 (3), 510, 2011.

LIU W., HUO X, LIU D., ZENG X., ZHANG Y., XU
X. S100B in heavy metal-related child attention-deficit
hyperactivity disorder in an informal e-waste recycling area.
Neurotoxicology. 45, 185, 2014.

KIM B.N., CHO S.C., KIM Y., SHIN M.S., YOO H.J,,
KIM J.W., YANG Y.H., KIM H.W.,, BHANG S.Y., HONG
Y.C. Phthalates exposure and attention-deficit/hyperactivity
disorder in school-age children. Biol Psychiatry. 66 (10),
958, 2009.

GELTMAN PL., FRIED L.E., ARSENAULT L.N.,
KNOWLESE A.M., LINK D.A., GOLDSTEIN J.N.,
PERRIN J.M., HACKER K.A. A Planned Care Approach
and Patient Registry to Improve Adherence to Clinical
Guidelines for the Diagnosis and Management of Attention-
Deficit/Hyperactivity Disorder. Acad Pediatr. 15 (3), 289,
2015.

SIMOU E., KOUTSOGEORGOU E. Effects of the economic
crisis on health and healthcare in Greece in the literature
from 2009 to 2013: a systematic review. Health Policy. 115
(2-3), 111, 2014.

LONEY T., NAGELKERKE N.J. The individualistic fallacy,
ecological studies and instrumental variables: a causal
interpretation. Emerg Themes Epidemiol. 11, 18, 2014.



