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Abstract

Although extensive animal and human studies on chlorpyrifos (CPF) point to changes in
a blood enzyme as its first biological effect, Rauh et al. (2011), one of the published
studies from the Columbia Center for Children’s Environmental Health (CCCEH),
reported evidence of deficits in Working Memory Index1 and Full-Scale IQ in children at
7 years old as a function of prenatal CPF exposure at much lower levels. Since the raw
data on which Rauh et. al. (2011) findings were based have not been made available, we
extracted the data in Figures 1A and 1E of Rauh et al. (2011), and plotted these extracted
data as response versus log dose, a typical toxicological and risk assessment approach. A
significant portion of the data stated to be available in Rauh et al. (2011) were not found
in these published figures, perhaps due to data overlay. However, the reported
associations of chlorpyrifos levels with Working Memory and Full Scale IQ were also
not replicated in our analysis. Multiple requests were made to Rauh et al. (2011) for
access to data from this, in part, publicly funded study, so that confirmation could be
attempted. This general lack of data and inconsistency with cholinergic responses in other
research raises concerns about the usefulness of the CCCEH findings.

Highlights:
•

Epidemiology findings suggest that the critical effect of chlorpyrifos is
neurological deficits, rather than cholinesterase inhibition.

1

Working Memory Index assesses children’s ability to memorize new information, hold it in
short-term memory, concentrate, and manipulate information.

2

•

These epidemiology findings are not replicable.

•

Science transparency is needed in any significant set of data so that risk
management decisions can be made with reasonable confidence.

Keywords: Chlorpyrifos, Chlorpyrifos-oxon, cholinesterase inhibition, Working
Memory Index, Full-Scale IQ scores, science transparency

1. Introduction

3

Scores of studies (United States Environmental Protection Agency (EPA), 2016) on
chlorpyrifos (CPF) suggest that its sentinel2 effect, that is, the first biological effect (or
marker of exposure) or its known precursor, is cholinesterase inhibition, and that this
inhibition occurs at roughly the same dose and time course in experimental animals and
humans (Zhao et al., 2006). This finding is so well accepted that health agencies across
the world have focused on cholinesterase inhibition as the basis for determining
chlorpyrifos’ safe dose. However, a publication by Rauh et al. (2011), one of several
studies from the Columbia Center for Children’s Environmental Health (CCCEH),
claimed neurological effects in children associated with prenatal levels of CPF that were
much lower that than those that showed cholinesterase inhibition. The claims reported by
Rauh et al. (2011) are important to consider, since they are in contrast to the weigh-ofevidence of decades of accepted studies on chlorpyrifos and can be used to suggest an
alternative hypothesis, specifically, that the critical effect for chlorpyrifos should be
based on human neurological effects rather than cholinesterase inhibition.

Specifically, Rauh et al. (2011) show statistically significant, negative associations of
Working Memory and Full Scale IQ scores3 after adjustment by the natural logarithm
with dose shown in normal units. This adjustment of the IQ scores compresses the top of
the y-axis in relationship to the bottom. This compression of top IQ scores and stretching
out of the lower IQ scores gives the subtle appearance of a downward shift, which lessens
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This is also referred to as the chemical’s critical effect.

3

Each of the measurements in the Rauh et al. (2011) study are a "standardized scale has [with] a
mean of 100 and SD of 15.” (See Rauh et al. page 1197, column 3, line 16-17.). This means that
the y-axis is expected to be a normal bell-shaped distribution.
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when IQ scores on the y-axis are not mathematically so adjusted.

From a risk assessment perspective, a more typical data display would be to show
unadjusted IQ scores, which are already expected to be normally distributed, as a
function of dose that is in either normal units or itself adjusted by logarithm (base
10). Note that the dose x-axis when adjusted into log units will also stretch out the lower
part of the axis in relationship to the higher part of the axis. In this case the logarithm
adjustment is appropriate, however, because most of the exposure data lie in the lower
part of the dose x-axis.

The purpose of this brief technical report is to summarize points to consider when
contemplating whether or not this alternative hypothesis suggested by Rauh et al. (2011)
is supportable by analysis of the available data from these epidemiology findings, and in
light of the more extensive CPF human/animal database.

2.

Methods

Figures 1A (Working Memory) and 1E (Full Scale IQ) of Rauh et al. (2011) were
reviewed and the data from the plots were extracted both manually and using DigitizeIt
Software v2.3 (https://www.digitizeit.de). The results for chlorpyrifos levels and test
scores were entered into an excel spreadsheet for further analysis. For Figure 1A of Rauh
et al. (2011), 33 data points were shown by Rauh et al. as zero or non-detectable. For
Figure 1E, 60 points were shown as zero or non-detectable. Consistent with the approach
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of Raul et al. (2011, page 1198), ~80% of these values were assigned a chlorpyrifos level
of 0.5 picograms per gram (pg/g) and ~20% of them were assigned a level of 1.0 pg/g.
The results were then plotted as natural logarithm-adjusted response versus reported dose
(as per Rauh et al., 2011), and as un-adjusted response versus log10 dose. Linear
regressions were developed using excel spreadsheet software.

During this reanalysis, we discovered that approximately 35% of the data, as stated to be
available in the publication in Rauh et al. (2011, page 1197), were not found in Figure 1A
and approximately 15% of the data were not found in Figure 1E. These missing data
could be due in part to data point overlay. However, at least two high dose data points
were not found in either graph, which would not be a data-overlay problem. US EPA
staff also notice these missing high dose data points. The CCCEH response to EPA staff
stated that 4 high dose data points were actually not plotted, and further stated that the
inclusion of at least one of these four, unplotted data points would have attenuated or
perhaps even eliminated the statistical significance of their findings.4 Our further
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Memo to: Carrol Christensen, Ph.D; From: Robin M. Whyatt, DrPH; Date: April 9, 2015
Re: July 2011 letter to Deborah Smegal, M.P.H.: [Full memo available as Appendix A]
EPA comment: In Figure 1 page 29, the upper bound of the x axis (chlorpyrifos) is
shown to be 25 pg/gm. However, in the second paragraph of page 11 it was reported that
the maximum CPF exposure is 63 pg/g. It was not clear to us why in Figure 1 the range
of CPF was truncated.
CCCEH response: The maximum CPF exposure in the sample was indeed 63 pg/g. The
number of children with CPF levels above 25 pg/g were 4. The x-axis was truncated at 25
pg/gm for the following reasons:
1) One of the subjects did not have the outcomes measured.
2) The subject with 63 pg/g was a highly influential observation (outlier) and
drastically impacts inference. This was confirmed based on residual analysis in
most analyses. Where appropriate, this observation was removed from the
analysis. This influence was observed in the spline plots as well and this lone
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examination of Figure 1A in Rauh et al. (2011) revealed a tremendous amount of scatter
at CPF blood concentrations of 5 pg/g or less, but little scatter at higher blood
levels. Consequently, it would seem reasonable to include one or more of these 4 data
points in the higher blood concentration range in any calculation, or explain more fully
why these data were excluded.

3. Results
Figure 1 attempts to replicate Figure 1A from the Rauh et al. (2011) publication,
specifically Working Memory. This replication seems reasonable from a comparison of
where the regression lines lie in relationship to the high dose points in either figure,
despite the fact that we are missing approximately 35% of the data stated to be available
in Rauh et al. (2011) (see Appendix B for our raw data and Appendix C for a comparison
between data sets). However, and importantly, Rauh et al. also do not include high dose
data on their charts (e.g., see reference to 63 pg/g on Rauh et al. page 1198, column 2,
which is not found on Figure 1A). Apparently also missing is one child with a value of
32 pg/g (see stated CPF range in Rauh et al., Table 1).

outlier at the extreme end of the exposure made the plot unstable and
uninformative.
3) With just two observation left in this range, the data were too sparse and the
splines too unstable in this region.
Moreover, being exploratory in nature, the spline plots were constructed to assess the
adequacy of a linear relationship between log-transformed CPF and WISC scores. We
therefore restricted the splines to the range of CPF values where the data were not sparse,
and the curves were stable.
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Figure 2 reflects the data from Figure 1 plotted with the response unadjusted and the dose
in logarithmic units (log10). Figure 2 shows a reduced effect on Working Memory Index
when compared with Figure 1, found by comparing where the regression lines lie
in relationship to high dose data points. This indicates that the way Rauh et al. (2011)
presented the data may have had an effect on interpretation. Moreover, the response yaxis is not compressed in Figure 2, eliminating the subtle visual effect of downward trend
due to this compression of the y-axis found in Figure 1. The R2 for both regression lines
are very small, which indicates that chlorpyrifos does not well explain the data variability
(i.e. the scatter in the data).

Figure 3 attempts to replicate the findings of Rauh et al. (2011), specifically their Figure
1E (Full Scale IQ). This replication is not as close as Figures 1 and 2. Again, compare
where the regression lines lie in relationship to high dose points in either Figure 3 or
Rauh et al. (2011) Figure 1E. As in the previous comparison of Figures 1-2, some of the
data stated to be available in Rauh et al. (2011) Figure 1E are missing (in this case
approximately 15%; see Appendix B for our raw data).

Figure 4 reflects the data from Figure 3 plotted with the response unadjusted and the dose
in logarithmic units (log10). Figure 4 shows no effect on Full Scale Composite score
when compared with Figure 3. As before, the y-axis is not compressed in Figure 4,
eliminating the subtle visual effect of downward trend due to this compression in the yaxis of Figure 3. The R2 is for Full Scale IQ is even smaller than for Working Memory,
suggesting that chlorpyrifos is a poor predictor of the outcome.
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The bottom line of this simple reanalysis is that evidence of effect for Full-Scale IQ does
not exist when the study data are presented in another manner (Figure 4). Working
Memory shows evidence of a negative statistical association with dose (Figure 2), but this
evidence is problematic due to missing data, including data for the highest exposed
individual that Rauh et al. (2011) state “was a highly influential observation (outlier) and
drastically impacts inference.”

Overall, the lack of raw data from this study makes statistical analysis and confirmation
of the authors’ data and results, a hallmark of scientific inquiry, impossible.

4. Discussion

The most significant challenge, by far, in any reanalysis of the Rauh et al. (2011) study is
the absence of data to conduct a credible replication to confirm their data analysis. For
example, Rauh et al. (2011) state that:

“Of 725 consenting women, 535 were active participants in the ongoing cohort
study at the time of this report, and 265 of their children had reached the age of 7
years with complete data on the following: a) prenatal maternal interview data, b)
biomarkers of prenatal CPF exposure level from maternal and/or cord blood
samples at delivery, c) postnatal covariates, and d) neurodevelopmental outcomes.”

9

However, the Results section of Rauh et al. (2011) show a series of 5 graphs, each of
which would be expected to offer a more or less complete picture of effects based on 265
children (as suggested from the quotation above). Yet, our analysis of two of these
graphs (Figures 1A and 1E) show ~35% or ~15% missing data points, respectively, and
neither of these graphs include the data points from the highest cord blood CPF exposures
of 63 pg/g, or another higher dose data point of 32 pg/g, as stated by Rauh et al. (2011,
Table 1) (see Appendix B for our raw data).

Despite these missing data, what do our analyses show? Although negative neurological
associations are reported in the Rauh et al. (2011) with CPF exposure when a plot of
Working Memory Composite Scores are normalized by their natural logarithm, and
plotted against dose, this manner of data display is not the only one possible. A standard
risk assessment approach would be to plot the unadjusted scores, which are already
expected to be normally distributed in the human population (as per Rauh et al., 2011
Experimental Design), against the logarithm of dose.

When the results of Rauh et al. (2011) are plotted using logarithmic scales in this way, a
reduced association is found. For example, Figure 1 is a representation of Rauh et al.’s
Figure 1A plotted as the natural logarithm of response versus dose. Figure 2 shows these
same data, but where the response, Working Memory, is plotted as unadjusted response
versus log10 dose. A comparison of Figures 1 and 2 will show that the negative trend of
Figure 1 for the Working Memory is less in Figure 2. When a similar analysis is
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performed for Full Scale IQ (or Composite Score), the slight negative trend of Figure 3,
which is a representation of Rauh et al. (2011) Figure 1E, disappears; compare Figures 3
and 4.5

Whether one method of plotting these data is superior to another may be important, but a
strong true association should not be affected by the method of data plotting. A more
appropriate, scientific approach to confirm our findings would be to have access to the
underlying raw data. For example, access to the raw data would enable us to discuss our
results in more statistical terms, by comparing the differences in the slopes of the
regressions and the low R2 values. This would allow a stronger statement on whether a
statistically significant association is found (or not). Further, access to the raw data
would allow us and others to adjust for confounding factors as was performed by Rauh et
al. (2011) in their regression. Moreover, we might be able to refine our analysis from a
simple linear approach to an alternate approach in a manner similar to that shown by
Rauh et al. (2011) who presented a smooth cubic spine curve.

We acknowledge that our analysis from published graphs is a rudimentary way to obtain
the raw data of Rauh et al. (2011), because data points may often overlay one another in
published figures.6 Still, such an analysis of the Rauh et al. (2011) data shows that no

5

What about including the missing high dose data? Adding the two high dose data points
described in Rauh et al. (2011) to figures 2 and 4 and supposing only average responses further
decrease the negative slopes, but only slightly (data not shown). This indicates even less of an
effect, if any, from chlorpyrifos exposure.
6

Are all of the missing data points in the Rauh et al. (2011) Figures 1A and 1E are underneath the
other points? One point is ~0.01% of the graph area and all data points combined covers less than
~2% of the graph area. There are 265 children in the study, but only approximately 170 data
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CPF exposures greater than 25 pg/g are plotted.

Not surprisingly, as co-sponsors of the study, scientists with the EPA have asked for the
raw data from Rauh et al. (2011) and earlier publications (EPA, 2016). Such a request
would seem reasonable, because as described by Rauh and coworkers:

“This study was supported by the National Institute of Environmental Health
Sciences (grants 5P01ES09600, P50ES015905, and 5R01ES08977), the U.S.
Environmental Protection Agency (grants R827027, 8260901, and RR00645), the
Educational Foundation of America, the John and Wendy Neu Family Foundation,
the New York Community Trust, and the Trustees of the Blanchette Hooker
Rockefeller Fund.”

As EPA has noted in its request for the raw data, its scientists are familiar with rules for
handling confidential data. Moreover, personal information of the subjects can be
redacted while maintaining the ability to replicate findings. Scientists with our
organization have also asked for these raw data.

Obtaining the raw data would be helpful, but a number of additional questions or
comments can be raised with regard to this epidemiology study. For example:

points observable in Figure 1A. Thus, the chance that all of the missing data points are hidden
below other data points appears to be nil. Rather it appears that many of these data points were
not added to these figures.
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•

How is it that the full scale composite score graph of Rauh et al. (2011; Figure 1
E) has more data points than Rauh et al. (2011) graph of working memory
composite score (Figure 1A), if the former depends on the latter?

•

According to Rauh et al. (2011), umbilical cord blood samples were not collected
at birth in 12% of the study population. Nor were prenatal blood lead levels, a
known neurological risk for children, collected for 66% of the maternal study
population. In addition, blood lead samples were only collected in 89 out of 265
children, or 34%.

•

Epidemiologists often study associations among a plethora of effects versus
exposures to multiple chemicals. This is a good strategy since associations can
lead to further, more definitive, investigations, based on a more clearly defined
hypothesis. The hypothesis developed from the Rauh et al. (2011) study, in
particular, would be that neurological effects occur at doses lower than
cholinesterase inhibition. This hypothesis can be tested…

•

…And it has been tested with CPF in a number of experimental animals and
found not to be supported. Specifically, neurological effects do occur in
experimental animals, but only at doses that exceed those which cause
cholinesterase inhibition in the experimental animals (EPA, 2016). Although it
may be that these experimental animal studies are not able to monitor for the
types of neurological effects associated with increasing CPF dose in Rauh et al.
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(2011) and related studies, the observed neurological effects in experimental
animals are more than 100-fold greater on the dose scale than the purported
epidemiology associations. This disparity in dose makes it difficult to accept the
epidemiological associations as credible, especially when human and
experimental animal studies are similar in dose with respect to cholinesterase
inhibition, the current sentinel or critical effect for CPF as demonstrated by Zhao
et al. (2006). Should one expect that neurological effects would differ in the dose
scale between experimental animals and humans, when the critical effect,
cholinesterase inhibition, does not?

•

The metabolite responsible for the toxicity of cholinesterase inhibition, CPF-oxon,
is formed in the liver and 99% of this oxon derivative irreversibly binds to
cholinesterase in the blood (EPA, 2014). Since it is so bound, it would not be
expected to reach the brain to affect neurological development of the fetus at
levels much lower than levels that do not otherwise show any effect on the
sentinel blood enzyme. In fact, an analysis by Marty et al. (2012) showed no
systemic bioavailability, nor any brain cholinesterase inhibition with the CPFoxon at doses comparable to the established safe doses.

•

A number of other factors are known to affect neurodevelopmental effects in
infants and children. These other documented, potential causes of the effects
reported need to be fully evaluated.
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•

The specific results described by Rauh et al. (2011) are not reproduced in other
epidemiology studies, which challenge the claim of a link between
neurodevelopment effects and chlorpyrifos exposures. In fact, Burns (2018)
shows that consideration of the findings in total across these studies does not
support and even counters such a claim.

5. Conclusion

One of the papers from the CCCEH, specifically Rauh et al. (2011), shows a statistical
association between CPF exposure and measures of intelligence. This study appears to
have significant scientific shortcomings. An analysis of the published figures shows that
up to 35% of the data appear to be missing, and that the data adjustment used was not
typical from a risk assessment perspective. The associations are lessened or no longer
apparent when different logarithmic assumptions were used in the reanalysis. Moreover,
the data, generated in part by public funds, have not been made available for independent
review. These shortcomings make it difficult to confirm this study’s findings and raise
scientific doubt about the validity of the published results.
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Figures
Figure 1. Ln Working Memory Index Versus Dose Based of Rauh et al. (2011,
Figure 1A)
Figure 2. Working Memory Index Versus Log10 Dose
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Figure 3. Ln Full Scale IQ Versus Dose Based on Rauh et al. (2011, Figure 1E)
Figure 4. Full Scale IQ Versus Log10 Dose
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