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Abstract: As body wall congenital anomalies (BWCAs) have a long history of being associated with
prenatal or community cannabis exposure (CCE), it was of interest to investigate these epidemiological
relationships in Europe given the recent increases in cannabis use prevalence, daily intensity, and ∆9-
tetrahydrocannabinol (THC) potency. Methods: This study makes use of BWCA data from Eurocat,
drug exposure data from the European Monitoring Centre for Drugs and Drug Addiction, and income
from the World Bank. Results: The mapping analysis showed that BWCARs increased in France,
Spain, and the Netherlands. The bivariate mapping analysis showed that the BWCA rates (BWCAR)
and the cannabis resin THC concentration rose simultaneously in France, the Netherlands, Bulgaria,
Sweden, and Norway. The bivariate ranking of the BWCARs by median minimum E-value (mEV)
was omphalocele > diaphragmatic hernia > abdominal wall defects > gastroschisis. With inverse
probability weighted multivariable panel regression, the series of BWCAs, including gastroschisis,
omphalocele, and diaphragmatic hernia, was positively related to various metrics of cannabis use
from p = 2.45 × 10−14, 4.77 × 10−7 and <2.2 × 10−16. With geospatial regression, the same series of
BWCAs was related to cannabis metrics from p = 0.0016, 5.28 × 10−6 and 4.88 × 10−9. Seventeen out
of twenty-eight (60.7%) of the E-value estimates were >9 (high range), as were 14/28 (50.0%) of the
mEVs. Conclusion: The data confirm the close relationship of the BWCARs with the metrics of CCE,
fulfill the quantitative criteria of causal inference, and underscore the salience of the public health
impacts of cannabinoid teratogenicity. Of major concern is the rising CCE impacting exponential
cannabinoid genotoxic dose-response relationships. CCE should be carefully restricted to protect the
food chain, the genome, and the epigenome of coming generations.

Keywords: cannabis; cannabinoid; genotoxicity; epigenotoxicity; transgenerational inheritance

1. Introduction

The relationship between body wall congenital anomalies (BWCAs) and cannabis
exposure has been documented by researchers over many years. The relationship between
omphalocele, a condition whereby the rapid elongation of the gut and increased liver size
in the early stage of gestation reduces intra-abdominal space and forces the intestinal loops
or other internal organs to protrude outside out of the abdominal cavity, and cannabis
exposure was initially identified in animals [1–3] and has since been noted in several human
studies [4–8]. Gastroschisis has been linked with cannabis use by many series [9–15], and
in several large national and state-level epidemiological series [4,6,7,11,16]. Diaphragmatic
hernia has been linked with cannabis exposure in the USA by researchers from the Center
for Disease Control [17] and more recently with patterns of US cannabidiol exposure [6].

Interestingly, based on the association of several vasoactive drugs with elevated
incidences of gastroschisis, this anomaly has been linked with vascular compromise as a
possible cause [15,18,19].
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Cannabinoid teratogenicity is a subset of cannabinoid genotoxicity, which also in-
cludes cannabinoid cancerogenicity and cannabinoid-induced accelerated aging. It is
therefore important to read the present report in the light of this wider epidemiological
and mechanistic literature.

Multiple pathways to cannabinoid genotoxicity have been described, some of them
for many decades, including the induction of severe dysmorphology of sperm [20,21];
the severe inhibition of oocyte division [22]; single- and double-stranded DNA breaks;
chromosomal breakages [23–25]; and end-to-end fusions, including ring and chain translo-
cations [21]; the oxidation of DNA bases [23]; interference with sperm histone-protamine
exchange [26]; the inhibition of oviduct function [27]; the inhibition of Sertoli cell func-
tion [27]; the reduction in DNA, RNA, and protein synthesis [28–33]; the alteration of
DNA methylation patterns [34–42]; the reduction in histone synthesis [26]; the reduction in
phospho- and acetylated-activated histone production [29,30,43]; and the heritable passage
of altered patterns of DNA and histone expression to subsequent generations [34–42,44].

Most recently, a series of fascinating epigenomic studies have been performed in rats
and humans on both cannabis dependence and cannabis withdrawal; these have returned
a very valuable and intriguing wealth of data in relation to the disruption of pathways in
embryonic morphogenesis and in cannabis-related tumorigenesis [40–42]. Some of these
fascinating and important data are considered further in Section 4.

Recent reports from Europe indicate a dramatic rise in community exposure to
cannabinoids in some European countries. In these jurisdictions, the three important
trends of increased prevalence of use, rising intensity of daily use, and the rising ∆9-
tetrahydrocannabinol (THC) potency of available cannabis products acting together have
dramatically increased the population exposed to cannabinoids [45,46], a feature impor-
tantly exacerbated by the very long half-life of lipid-soluble cannabinoids in adipose, brain,
and gonadal fat deposits.

Cannabinoids have a well-described exponential genotoxic dose-response curve,
which has been found both with direct mutagenic assays [23,47–53] and in relation to
mitochondrial intermediary metabolism [54–59], on which many genomic and epigenomic
reactions are based as they supply energy and substrates to key nuclear reactions [60].

Dramatically rising cannabinoid exposure, as observed in some European countries,
which takes the community exposure across the threshold of the higher-order genotoxicity
reactions, would be expected to manifest as a relatively abrupt rise in major genotoxic
outcomes. Indeed, there is some concern that this may be happening in parts of rural France
where in areas sown with large cannabis crops both calves and human babies are being
born limbless at sixty times the historical rate [61–63]. The possibility that cannabinoids
may have entered the food chain either through the water table or stock feed has not been
discounted. Similar reports have recently also come from parts of rural Germany [64].
Conversely, in nearby Switzerland, where cannabinoids are not permitted in the food chain,
no such outbreak is reported.

For all of these reasons, it was apparent that an epidemiological study of BWCA rates
(BWCARs) in modern Europe was timely, interesting, and of considerable public health
importance. The pre-determined analytical plan was to conduct bivariate analyses and
multivariable analysis in a causal inferential paradigm and also to consider the analysis in
the native space–time environment from which the data derive to allow optimal handling
of several technical analytical factors.

2. Methods
2.1. Data

The data on all the available congenital anomaly rates were downloaded by each
individual year for each of the 14 nations from the European Network of Population-Based
Registries for the Epidemiological Surveillance of Congenital Anomalies (EUROCAT)
website [65] and analyzed. The EUROCAT total congenital anomaly rate includes anomaly
rates amongst live births, stillbirths, and cases where early termination for anomaly was
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carried out; all of these are combined together so that they represent a total overall picture
across all classes of births. The nations selected were chosen on the basis of the availability
of their congenital anomaly data for most of the years from 2010–2019. National tobacco
(percentage of daily tobacco use prevalence) and alcohol (litres of pure alcohol consumed
per capita annually) use data were downloaded from the World Health Organization [66].
Drug use data for cannabis, amphetamines, and cocaine were taken from the European
Monitoring Centre for Drugs and Drug Addiction (EMCDDA) [67]. Last month’s cannabis
use data were also supplemented by the data on the tetrahydrocannabinol (THC) content
of cannabis herb and resin provided in the recently published reports [46]. Data on daily
cannabis use were also available from the EMCDDA and were collated in recent reports [46].
Median household income data (in USD) were taken from the World Bank [68].

2.1.1. Derived Data

The availability of several metrics of cannabis use, exposure, and consumption made it
possible to calculate various derived metrics. Hence, last month’s cannabis use prevalence
data were multiplied by the THC content of cannabis herb and resin in order to derive
compound metrics. These metrics were also multiplied by the imputed daily cannabis use
prevalence rates to derive further compound metrics for both cannabis herb and resin.

2.1.2. Data Imputation

The missing data were completed by linear interpolation. This was particularly the
case for daily cannabis use. Fifty-nine data points on daily cannabis use from the EMCDDA
were available for these 14 nations across this period. Linear interpolation expanded this
dataset to 129 datapoints (further details are provided in Section 3). Data on the cannabis
resin THC concentration were not available for Sweden. However, it was noted that the
resin-to-herb THC concentration was almost constant in nearby Norway at 17.7; so, this
ratio was applied to the Swedish cannabis herb THC concentration data to derive estimates
of the Swedish cannabis resin THC concentration. Similarly, data for the cannabis resin
THC concentration in Poland were not available. The resin-to-herb THC concentration ratio
of nearby Germany was used to estimate the resin THC content in Poland from the known
Polish herb THC concentrations. As geospatial analytical techniques do not tolerate missing
data, the dataset was completed by the last observation carried forwards or backwards for
Croatia in 2018 and 2019 and for the Netherlands in 2010. It was not appropriate to use
multiple imputation methods for this dataset as multiple imputation cannot be applied in
panel or spatial multivariable regression techniques.

2.2. Statistics

The data were processed in R Studio version 1.4.1717 (R Foundation for Statistical
Computing, R Core Development Team, Chicago, IL, USA) based on R version 4.1.1 from
the Comprehensive R Archive Network and the R Foundation for Statistical Computing [69].
The analysis was conducted in December 2021. The data were manipulated using dplyr
from the tidyverse [70]. The data were log transformed where appropriate to improve
compliance with normality assumptions based on the results of a Shapiro–Wilk test. The
graphs were drawn in ggplot2 from tidyverse. The maps were drawn using ggplot2, sf
(simple features) [71], and both the custom color palettes and the palettes were taken from
the viridis and viridisLite packages [72].

Bivariate maps were drawn with the package colorplaner [73]. All the illustrations
are original and have not been published before. Linear regression was conducted in
Base R. Mixed effects regression was performed using the package nlme [74]. In all the
multivariable models, the model reduction was by the classical technique of serial deletion
of the least significant term to yield a final reduced model, which is the model presented.
Multiple linear models were processed in a single pass using combined techniques from the
R packages purrr and broom [70,75,76]. The overall effect of the covariates in multivariable
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models may be quantified as the marginal effect. In this case, the overall marginal effect
was calculated using the R package margins [77].

2.3. Covariate Selection

The presence of multiple different metrics for cannabis consumption and exposure
created a problem for analysis as it was not clear which was the most appropriate metric
to employ for any particular model. Indiscriminate use of excessive covariates in a mul-
tivariable model would unnecessarily consume degrees of freedom and thereby restrict
the ability to assess interactions. This issue was formally addressed by the use of random
forest regression using the R package ranger [78], with variable importance being formally
assessed via the R package vip (variable importance plot) [79]. The most predictive covari-
ates from this process were entered into the regression modelling equations. The tables
from this analysis are presented in Section 3.

2.4. Panel and Geospatial Analysis

Panel analysis was conducted using R package plm [80] across both space and time
simultaneously, using the “twoways” effect. The spatial weights matrix was calculated
using the edge and corner “queen” relationships, the using R package spdep (spatial
dependency) [81]. Geospatial modelling was conducted using the spatial panel random
effects maximum likelihood (spreml) function from the package spml, which allows detailed
modelling and correction of model error structures [82,83]. Such models may produce
four model coefficients of interest, which are useful in determining the most appropriate
error structure for the model. These coefficients are phi, the random error effect; psi, the
serial correlation effect; rho, the spatial coefficient; and theta, the spatial autocorrelation
coefficient. In each case, the most appropriate error structure was chosen for each spatial
model, generally taking care to preserve the model error specification across related models.
The appropriate error structure was determined by the backwards methods, from the full
general model to the most specific model, as has been described [84]. Both the panel and
the geospatial models were temporally lagged as indicated by one to two years.

2.5. Causal Inference

The formal tools of causal inference were used in this analysis. Inverse probability
weighting (ipw) is the technique of choice to convert a purely observational study into
a pseudo-randomized study from which it is appropriate to make causal inference [85].
All the multivariable panel models presented herein were inverse probability weighted.
The inverse probability weighting was performed using the R package ipw. Similarly, the
E-values (expected values) quantify the correlation required of a hypothetical unmeasured
confounder covariate with both the exposure of concern and the outcome of interest in
order to explain away an apparently causal relationship [86–88]. It therefore provides
a quantitative measure of the robustness of the model to extraneous covariates which
have not been accounted for within the measured parameters. E-Values have a confidence
interval associated with them, and the 95% lower bound of this confidence interval is
reported herein. E-Value estimates greater than 1.25 are said to indicate causality [89], with
E-values greater than nine being described as high [90]. The E-values were calculated from
the R package E-Value [91]. Both the inverse probability weighting and the E-values are
foundational and pivotal techniques used in formal causal inferential methods in order to
allow causal relationships to be assessed from real-world observational studies.

2.6. Data Availability

Raw datasets, including 3800 lines of computation code in R, have been made freely
available through the Mendeley data repository at the following URLs: https://doi.org/10.1
7632/tysn37t426.1 and https://doi.org/10.17632/vd6mt5r5jm.1 (accessed on 10 January
2022).

https://doi.org/10.17632/tysn37t426.1
https://doi.org/10.17632/tysn37t426.1
https://doi.org/10.17632/vd6mt5r5jm.1
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3. Results

Supplementary Table S1 sets out the overall details of the fourteen European nations
and the four CAs contributing to this dataset. Overall, 488 data points were retrieved,
representing 122 datapoints in each of the four anomalies: abdominal wall defects, di-
aphragmatic hernia, gastroschisis, and omphalocele. Details for other drug exposures,
including compound metrics for cannabis exposure, and median household income are as
indicated in the table.

The raw data for the daily cannabis use are shown in Supplementary Table S2.
Many missing data points are apparent. For this reason, 70 additional points were
added to this collection by linear interpolation to allow analysis of this important dataset
(Supplementary Table S3).

Figure 1 illustrates the bivariate relationship between tobacco, alcohol, cannabis resin
THC concentration, amphetamine use, and cocaine exposures. Tobacco exposure is un-
related or negatively related to these CAs. Alcohol shows no particular relationship.
Amphetamine exposure is strongly related to abdominal wall defects and gastroschisis.
Cocaine is related to diaphragmatic hernia and omphalocele. Cannabis resin THC concen-
tration is strongly related to abdominal wall defects, gastroschisis, and omphalocele.

Figure 2 shows the relationship of these anomalies to the various metrics of cannabis
exposure. Cannabis resin THC concentration is the most strongly positively related of all of
these different parameters of cannabis exposure.

Figure 3 shows the spatiotemporal distribution of body wall defects across Europe
over the last decade. The rates are noted to have increased in Spain, Portugal, Bulgaria and
the Netherlands but decreased in Germany, Poland, and Norway.

The gastroschisis rate is noted to have declined in Germany and Norway but increased
in Spain, Croatia, and Bulgaria (Figure 4).

The rate of omphalocele has increased in Spain, France, and the Netherlands but
declined in Germany, Poland, and Norway (Figure 5).

The rate of diaphragmatic hernia increased in Spain and France across this period and
fluctuated elsewhere (Figure 6).

Figure 7 shows graphically the distribution of the compound cannabis metric of last
month’s cannabis use: cannabis resin THC concentration. Whilst it increased across the
continent, this rise was most pronounced in Spain, France, and the Netherlands.

Figure 8 is a bivariate map graph which illustrates the bivariate relationship of body
wall defects and cannabis resin THC concentration across Europe over the decade. One
reads the map by noting where the areas of purple and pink appear; these indicate simul-
taneously elevated rates. The emergence of these pink and purple areas in France and
Bulgaria, indicating increasing bivariate exposure, are notable in Figure 8. The area of
Norway was purple throughout most of this decadal period. The Netherlands is purple
from 2013–2019, and Belgium is shaded purple from 2016–2017.

When the gastroschisis rate is considered against the resin THC concentration, Bulgaria
is noted to turn from green to violet to purple to pink across the decade (Figure 9). Norway
is shaded purple in several years. The Netherlands is shaded purple in 2014 and 2016.

Consideration of the omphalocele rate against the cannabis resin THC concentration
reveals the pattern shown in Figure 10. France, the Netherlands, Bulgaria, and Norway
turn purple or pink towards the end of the decade.

When diaphragmatic hernia is considered, France, Norway, the Netherlands, and
Bulgaria are noted to turn purple across this period (Figure 11).
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Figure 1. Paneled scatterplots of body wall anomalies by anomaly and by substance. Figure 1. Paneled scatterplots of body wall anomalies by anomaly and by substance.
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Figure 2. Paneled scatterplots of body wall anomalies by anomaly and by cannabis metric. Figure 2. Paneled scatterplots of body wall anomalies by anomaly and by cannabis metric.
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Figure 3. Sequential map-graph of body wall anomalies across selected European nations for each year of 2010–2019. 
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Figure 4. Sequential map-graph of gastroschisis across selected European nations for each year of 2010–2019. 
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Figure 5. Sequential map-graph of omphalocele across selected European nations for each year of 2010–2019. 
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Figure 6. Sequential map-graph of diaphragmatic hernia across selected European nations for each year of 2010–2019. Figure 6. Sequential map-graph of diaphragmatic hernia across selected European nations for each year of 2010–2019.
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Figure 7. Sequential map-graph of last month’s cannabis use: cannabis resin THC concentration across selected European nations for each year of 2010–2019. 
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Figure 8. Bivariate colorplaner sequential map-graph of body wall anomalies by cannabis resin THC concentration across selected European nations for each year 
of 2010–2019. For explanation, please see text. 

Figure 8. Bivariate colorplaner sequential map-graph of body wall anomalies by cannabis resin THC concentration across selected European nations for each year of
2010–2019. For explanation, please see text.
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Figure 9. Bivariate colorplaner sequential map-graph of gastroschisis by cannabis resin THC concentration across selected European nations for each year of 2010–
2019. 
Figure 9. Bivariate colorplaner sequential map-graph of gastroschisis by cannabis resin THC concentration across selected European nations for each year of
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Figure 10. Bivariate colorplaner sequential map-graph of omphalocele by cannabis resin THC concentration across selected European nations for each year of 
2010–2019. 

Figure 10. Bivariate colorplaner sequential map-graph of omphalocele by cannabis resin THC concentration across selected European nations for each year of
2010–2019.
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Figure 11. Bivariate colorplaner sequential map-graph of diaphragmatic hernia by cannabis resin THC concentration across selected European nations for each 
year of 2010–2019. 

Figure 11. Bivariate colorplaner sequential map-graph of diaphragmatic hernia by cannabis resin THC concentration across selected European nations for each year
of 2010–2019.
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The 48 regression slopes illustrated in Figures 1 and 2 can be listed in serial linear
regression models (analyzed through a combined purrr-broom workflow), as shown in
Supplementary Table S4. From this group, 14 regression equations may be extracted as
having both positive regression coefficients and statistically significant p-values (Table 1).
The terms in the table are listed in descending order of their minimum E-Value. It is of
interest that the table is headed up by abdominal wall defects and omphalocele and terms
relating to cannabis resin.

Table 1. Significant Positive Slopes of Anomaly by Substance Regression Lines.

Anomaly Substance
Mean

Anomaly
Rate

Estimate Std.
Error Sigma t_Statistic p-Value

E-Value
Esti-
mate

E-Value
Lower
Bound

Abdominal
Wall Defx Resin 5.5353 2.7392 0.5709 0.5132 4.7978 5.33 × 10−6 256.74 35.01

Omphalocele Resin 2.7816 2.7388 0.7248 0.6516 3.7785 2.62 × 10−4 91.17 12.13

Omphalocele Herb 2.7816 4.7907 1.7523 0.6813 2.7340 0.0072 1201.30 11.83

Omphalocele LMCannabis_Resin 2.7816 1.6382 0.5575 0.6676 2.9384 0.0041 18.14 3.64

Abdominal
Wall Defx Herb 5.5353 3.3920 1.5215 0.5916 2.2294 0.0276 368.45 3.20

Gastroschisis Resin 2.2386 1.7497 0.7518 0.6759 2.3273 0.0219 20.58 2.27

Diaphragmatic
Hernia

LM.Cannabis
_x_Herb.THC_x
_Daily.Interpol.

2.4082 1.7433 0.7672 0.6550 2.2723 0.0250 22.03 2.15

Diaphragmatic
Hernia Daily.Interpol. 2.4082 0.9085 0.3604 0.6744 2.5208 0.0133 6.27 1.96

Abdominal
Wall Defx Log(Amphetamine) 5.5353 0.2919 0.0709 0.5651 4.1184 7.04 × 10−5 2.58 1.88

Omphalocele LMCannabis_Herb 2.7816 4.8916 2.4053 0.6905 2.0337 0.0442 1261.19 1.88

Gastroschisis Log(Amphetamine) 2.2386 0.3202 0.0795 0.6341 4.0274 9.93 × 10−5 2.54 1.85

Omphalocele Cocaine 2.7816 0.2500 0.0844 0.6779 2.9621 0.0037 2.15 1.49

Diaphragmatic
Hernia Cocaine 2.4082 0.2261 0.0790 0.6344 2.8624 0.0050 2.11 1.45

Abdominal
Wall Defx LMCannabis_Resin 5.5353 0.9464 0.4642 0.5558 2.0388 0.0440 8.89 1.33

The next logical step is to move to multiple regression. However, given the finite
size of the datasets and the large number of potential covariates for substance exposure, it
was not immediately clear which selection of independent variables would be the most
appropriate for each CA.

This matter was addressed by the use of random forest regression in tandem with
variable importance calculations to derive a table of the most significant covariates for each
CA. These tables are shown in Supplementary Tables S5–S7.

Supplementary Table S8 shows a series of inverse probability weighted panel re-
gression models, including additive, interactive, and lagged models. Inverse probability
weighting is important as it allows the analysis to move from a simply observational context
into a pseudo-randomized paradigm from which causal inferences may properly be drawn.
In all three models, the regression coefficients for the cannabis metrics are positive and
highly statistically significant and range from 2.45 × 10−14.

Similar observations can be made about the series of inverse probability weighted
panel regression models presented for omphalocele (Supplementary Table S9) and di-
aphragmatic hernia (Supplementary Table S10).
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The next issue relates to the multivariable analysis of these data in their native space–
time context, where one is able to formally and carefully control for important method-
ological issues, such as random effects, serial correlation, spatial correlation, and spatial
autocorrelation. Supplementary Figure S1 presents a graphical illustration of the derived,
edited, and final geospatial links between the nations for these data, from which the sparse
spatial weight matrix was derived for spatiotemporal regression.

Table 2 presents the results of the geospatial regression for gastroschisis for the additive,
interactive, and temporally lagged models. In each case, the terms including cannabis
exposure metrics are included in the final regression models, have positive regression
coefficients, and are statistically significant.

Table 2. Geospatiotemporal Models for Gastroschisis.

Parameter Values Model Parameters

Parameter Estimate (C.I.) p-Value Parameter Value Significance

Additive

Rate~Tobacco + Alcohol + LM.Cannabis_x_Resin.THC + Daily.Interpol. + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Amphetamines + Cocaine + Income

Tobacco 0.06 (0.03, 0.09) 0.0003 rho 0.4379 0.0111

Daily.Interpol. −37 (−55.44,
−18.56) 8.58 × 10−5 lambda −0.2487 0.141

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 1.26 (0.38, 2.14) 0.0052

Amphetamines 0.26 (0.1, 0.41) 0.0010

Income 0 (0, 0) 1.88 × 10−6

Interactive

Rate~Tobacco * Daily.Interpol. + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. + LM.Cannabis_x_Herb.THC_x_Daily.Interpol. +
LM.Cannabis_x_Resin.THC + Alcohol + Amphetamines + Cocaine + Income

Tobacco 0.08 (0.04, 0.11) 5.33 × 10−6 rho 0.4924 0.000429

LM.Cannabis_x_Herb.THC_x_Daily.Interpol. 4.36 (1.66, 7.06) 0.0016 lambda −0.3162 0.0265

Amphetamines 0.28 (0.13, 0.43) 0.0003

Income 0 (0, 0) 4.39 × 10−8

Tobacco: Daily.Interpol. −2.28 (−3.34,
−1.22) 2.51 × 10−5

2 Lags

Rate~Tobacco * Daily.Interpol. + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. + LM.Cannabis_x_Resin.THC +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Alcohol + Amphetamines + Cocaine + Income

Tobacco 0.16 (0.1, 0.23) 4.54 × 10−7 rho 0.01062 0.975

Daily.Interpol. 182 (35.2, 328.8) 0.0153 lambda −0.1374 0.642

Alcohol −0.12 (−0.21,
−0.03) 0.0078

Amphetamines 0.21 (0.02, 0.41) 0.0351

Cocaine −0.59 (−1.04,
−0.14) 0.0102

Income 0 (0, 0) 4.09 × 10−8

Tobacco: Daily. Interpol. −6.77 (−12.22,
−1.32) 0.0148

Similar observations apply to the series of geospatial models presented for omphalo-
cele (Table 3) and diaphragmatic hernia (Table 4).
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Table 3. Geospatiotemporal Models for Omphalocele.

Parameter Values Model Parameters

Parameter Estimate (C.I.) p-Value Parameter Value Significance

Additive

Rate~Tobacco + Alcohol + LM.Cannabis_x_Resin.THC + Resin + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Amphetamines + Cocaine + Income

Alcohol 0.1 (0.05, 0.15) 5.28 × 10−5 rho 0.71867 <2 × 10−16

LM.Cannabis_x_Resin.THC 2.74 (1.56, 3.92) 5.28 × 10−6 lambda −0.7124 2.51 × 10−16

LM.Cannabis_x_Herb.THC_x_Daily.Interpol. −2.58 (−4.31,
−0.85) 0.0034

Amphetamines −0.14 (−0.26,
−0.02) 0.0258

Cocaine 0.35 (0.16, 0.54) 0.0003

Income 0 (0, 0) 0.0001

Interactive

Rate~Tobacco + LM.Cannabis_x_Resin.THC * Resin + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Alcohol + Amphetamines + Cocaine + Income

Tobacco 0.06 (0.03, 0.09) 1.34 × 10−5 rho −0.69372 7.36 × 10−13

LM.Cannabis_x_Resin.THC 0.81 (0.29, 1.34) 0.0024 lambda 0.59539 1.32 × 10−9

Income 0 (0, 0) 1.92 × 10−12

2 Lags

Rate~Tobacco + Resin * LM.Cannabis_x_Resin.THC + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Alcohol + Amphetamines + Cocaine + Income

Tobacco 0.04 (0.01, 0.07) 0.0176 rho −0.75365 2.49 × 10−16

Resin −5.02 (−7.55,
−2.49) 9.96 × 10−5 lambda 0.5649 1.03 × 10−7

LM.Cannabis_x_Resin.THC 6.42 (3.66, 9.18) 5.36 × 10−6

LM.Cannabis_x_Herb.THC_x_Daily.Interpol. −5.34 (−8.44,
−2.24) 0.0007

Alcohol 0.07 (0.01, 0.13) 0.0164

Income 0 (0, 0) 5.50 × 10−11

Table 4. Geospatiotemporal Models for Diaphragmatic Hernia.

Parameter Values Model Parameters

Parameter Estimate (C.I.) p-Value Parameter Value Significance

Additive

Rate~Tobacco + Alcohol + LM.Cannabis + Resin + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Amphetamines + Cocaine + Income

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 0.89 (0.39, 1.4) 0.0006 rho 0.5077 0.000167

Income 0 (0, 0) 6.01 × 10−7 lambda −0.6497 2.38 × 10−8
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Table 4. Cont.

Parameter Values Model Parameters

Parameter Estimate (C.I.) p-Value Parameter Value Significance

Interactive

Rate~Tobacco + LM.Cannabis_x_Resin.THC * Resin + LM.Cannabis_x_Resin.THC_x_Daily.Interpol. +
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Alcohol + Amphetamines + Cocaine + Income

LM.Cannabis_x_Resin.THC 3.18 (2.12, 4.24) 4.88 × 10−9 rho 0.6876 <2.2 × 10−16

Resin −2.7 (−3.9, −1.5) 1.03 × 10−5 lambda −0.80139 <2.2 × 10−16

Amphetamines −0.13 (−0.23,
−0.03) 0.0086

Income 0 (0, 0) 1.41 × 10−8

2 Lags

Rate~Tobacco + Resin * LM.Cannabis_x_Resin.THC_x_Daily.Interpol. + Resin + LM.Cannabis_x_Herb.THC_x_Daily.Interpol. + Alcohol +
Amphetamines + Cocaine + Income

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 1.61 (0.72, 2.5) 0.0004 rho 0.391 0.103

Income 0 (0, 0) 7.32 × 10−5 lambda −0.4411 0.0539

The E-values are applicable to each of these regression terms and coefficients. They
are therefore extracted from the panel models (Table 5) and the geospatial models (Table 6).
Table 7 lists these 28 E-value pairs in descending order of minimum E-value (mEV). It
is noted that gastroschisis heads up this table, and the terms in the cannabis herb THC
concentration comprise most of the terms near the top of the table.

Table 5. E-Values from IPW Panel Models.

Anomaly Model and Term p-Value E-Value
Estimate

Lower Bound
E-Value

Gastroschisis Additive

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 2.45 × 10−14 34.18 17.78

Interactive
LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 0.0006 216.81 15.7

Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. 0.0043 1.78 1.35

Tobacco: LM.Cannabis_x_Resin.THC 2.01 × 10−6 4.51 2.92

LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC 7.50 × 10−5 2.11 × 1063 2.14 × 1060

1 Lag
Tobacco:

LM.Cannabis_x_Herb.THC_x_Daily.Interpol. 9.54 × 10−6 2.46 1.88

Tobacco: LM.Cannabis_x_Resin.THC 0.0002 1.91 1.53

LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC 9.28 × 10−6 7.52 × 1095 8.16 × 1055

2 Lags
Tobacco:

LM.Cannabis_x_Herb.THC_x_Daily.Interpol. 0.0097 1.7 1.27

Tobacco: LM.Cannabis_x_Resin.THC 0.0003 6.75 3.13

LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC 9.78 × 10−11 1.86 × 1016 9.25 × 1011
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Table 5. Cont.

Anomaly Model and Term p-Value E-Value
Estimate

Lower Bound
E-Value

Omphalocele Additive

LM.Cannabis_x_Resin.THC 4.77 × 10−7 5.77 3.56

Interactive

LM.Cannabis_x_Resin.THC 0.0059 4.10 × 105 80.95

2 Lags

LM.Cannabis_x_Resin.THC 2.30 × 10−6 7.04 3.95

Diaphragmatic
Hernia Additive

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 0.0162 3.38 1.55

LM.Cannabis 0.0044 7.92 × 107 600.88

Interactive

LM.Cannabis_x_Herb.THC 5.96 × 10−5 7.48 × 1021 5.55 × 1011

Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:

LM.Cannabis_x_Herb.THC
0.0281 3.67 1.41

2 Lags

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. <2.2 × 10−16 16.79 10.92

Table 6. E-Values from Geospatial Models.

Anomaly Model and Term p-Value E-Value
Estimate

Lower Bound
E-Value

Gastroschisis Additive

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 0.0052 17.08 3.24

Interactive

LM.Cannabis_x_Herb.THC_x_Daily.Interpol. 0.0016 4.07 × 103 35.65

2 Lags

Daily.Interpol. 0.0153 Infinity 9.23 × 1044

Omphalocele Additive

LM.Cannabis_x_Resin.THC 5.28 × 10−6 772.14 59.28

Interactive

LM.Cannabis_x_Resin.THC 0.0024 8.41 2.80

2 Lags

LM.Cannabis_x_Resin.THC 5.36 × 10−6 9.84 × 105 3.51 × 103

Diaphragmatic
Hernia Additive

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 0.0006 10.29 3.57

Interactive

LM.Cannabis_x_Resin.THC 4.88 × 10−9 2.54 × 103 232.68

2 Lags

LM.Cannabis_x_Resin.THC_x_Daily.Interpol. 0.0004 30.22 6.19
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Table 7. All E-Values.

No. Anomaly Regression Model Type Term Group p-Value E-Value
Estimate

Lower
Bound
E-Value

1 Gastroschisis Panel Interactive
LM.Cannabis_x_Herb.THC_x_

Daily.Interpol.:
LM.Cannabis_x_Resin.THC

Herb 7.50 × 10−5 2.11 × 1063 2.14 × 1060

2 Gastroschisis Panel 1 Lag
LM.Cannabis_x_Herb.THC_x_

Daily.Interpol.:
LM.Cannabis_x_Resin.THC

Herb 9.28 × 10−6 7.52 × 1095 8.16 × 1055

3 Gastroschisis Spatial 2 Lags Daily.Interpol. Daily 0.0153 Infinity 9.23 × 1044

4 Diaphragmatic
Hernia Panel Additive LM.Cannabis Herb 0.0044 7.92 × 107 600.88

5 Diaphragmatic
Hernia Panel Interactive LM.Cannabis_x_Herb.THC Herb 5.96 × 10−5 7.48 × 1021 5.55 × 1011

6 Gastroschisis Spatial Interactive LM.Cannabis_x_Herb.THC_x_
Daily.Interpol. Herb 0.0016 4.07 × 103 35.65

7 Gastroschisis Panel 2 Lags
LM.Cannabis_x_Herb.THC_x_
Daily.Interpol.: LM.Cannabis_

x_Resin.THC
Herb 9.78 × 10−11 1.86 × 1016 9.25 × 1011

8 Omphalocele Spatial 2 Lags LM.Cannabis_x_Resin.THC Resin 5.36 × 10−6 9.84 × 105 3.51 × 103

9 Diaphragmatic
Hernia Spatial Interactive LM.Cannabis_x_Resin.THC Resin 4.88 × 10−9 2.54 × 103 232.68

10 Omphalocele Panel Interactive LM.Cannabis_x_Resin.THC Resin 0.0059 4.10 × 105 80.95

11 Omphalocele Spatial Additive LM.Cannabis_x_Resin.THC Resin 5.28 × 10−6 772.14 59.28

12 Omphalocele Panel 2 Lags LM.Cannabis_x_Resin.THC Resin 2.30 × 10−6 7.04 3.95

13 Omphalocele Panel Additive LM.Cannabis_x_Resin.THC Resin 4.77 × 10−7 5.77 3.56

14 Omphalocele Spatial Interactive LM.Cannabis_x_Resin.THC Resin 0.0024 8.41 2.80
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Table 7. Cont.

No. Anomaly Regression Model Type Term Group p-Value E-Value
Estimate

Lower
Bound
E-Value

15 Gastroschisis Panel Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 2.45 × 10−14 34.18 17.78

16 Gastroschisis Panel Interactive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0006 216.81 15.7

17 Diaphragmatic
Hernia Panel 2 Lags LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin <2.2 × 10−16 16.79 10.92

18 Diaphragmatic
Hernia Spatial 2 Lags LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0004 30.22 6.19

19 Diaphragmatic
Hernia Spatial Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0006 10.29 3.57

20 Gastroschisis Spatial Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0052 17.08 3.24

21 Diaphragmatic
Hernia Panel Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0162 3.38 1.55

22 Gastroschisis Panel 1 Lag Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 9.54 × 10−6 2.46 1.88

23 Gastroschisis Panel Interactive Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0043 1.78 1.35

24 Gastroschisis Panel 2 Lags Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0097 1.7 1.27

25 Diaphragmatic
Hernia Panel Interactive

Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:

LM.Cannabis_x_Herb.THC
Herb 0.0281 3.67 1.41

26 Gastroschisis Panel 2 Lags Tobacco: LM.Cannabis_x_Resin.THC Resin 0.0003 6.75 3.13

27 Gastroschisis Panel Interactive Tobacco: LM.Cannabis_x_Resin.THC Resin 2.01 × 10−6 4.51 2.92

28 Gastroschisis Panel 1 Lag Tobacco: LM.Cannabis_x_Resin.THC Resin 0.0002 1.91 1.53
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These E-values may be listed sequentially, as shown in Table 8. From this list, it is
noted that 17 of the 28 (60.7%) E-value estimates exceed 9 and are therefore in the high
range [90], and all 28/28 (100%) exceed the threshold for causality of 1.25 [89]. For the
mEVs, 14/28 (50%) are greater than 9, and all 28 (100%) exceed the threshold for causality.
In each case, the media and interquartile ranges for the E-value estimates were (30.22, IQR
3.38–7.48 × 1021) and for mEV (10.92, IQR 1.55–9.25 × 1011), which show that most of the
E-value estimates were in the moderate to high range.

Table 8. Sequential List of E-Values.

No. E-Value Estimate Lower Bound E-Value

1 Infinity 2.14 × 1060

2 7.52 × 1095 8.16 × 1055

3 2.11 × 1063 9.23 × 1044

4 7.48 × 1021 9.25 × 1011

5 1.86 × 1016 5.55 × 1011

6 7.92 × 107 3.51 × 103

7 9.84 × 105 600.88

8 4.10 × 105 232.68

9 4.07 × 103 80.95

10 2.54 × 103 59.28

11 772.14 35.65

12 216.81 17.78

13 34.18 15.7

14 30.22 10.92

15 17.08 6.19

16 16.79 3.95

17 10.29 3.57

18 8.41 3.56

19 7.04 3.24

20 6.75 3.13

21 5.77 2.92

22 4.51 2.80

23 3.67 1.88

24 3.38 1.55

25 2.46 1.53

26 1.91 1.41

27 1.78 1.35

28 1.7 1.27

The E-value table may be listed by anomaly, as shown in Table 9. These may then be
summarized, as indicated in Table 10. The terms in this table are listed in descending order
of median minimum E-value. Omphalocele is noted for being at the head of this list.

Table 7 may also be ordered by the regression term. This has been conducted in
Table 11, and a new grouping variable has been introduced to indicate the main group to
which the variables were assigned; the group was either the cannabis herb or the resin THC
concentrations or daily cannabis use.
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Table 9. E-Values by Anomaly.

No. Anomaly Regression Model Type Term Group p-Value E-Value
Estimate

Lower Bound
E-Value

1 Diaphragmatic
Hernia Panel Additive LM.Cannabis Herb 0.0044 7.92 × 107 600.88

2 Diaphragmatic
Hernia Panel Interactive LM.Cannabis_x_Herb.THC Herb 5.96 × 10−5 7.48 × 1021 5.55 × 1011

3 Diaphragmatic
Hernia Spatial Interactive LM.Cannabis_x_Resin.THC Resin 4.88 × 10−9 2.54 × 103 232.68

4 Diaphragmatic
Hernia Panel 2 Lags LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin <2.2 × 10−16 16.79 10.92

5 Diaphragmatic
Hernia Spatial 2 Lags LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0004 30.22 6.19

6 Diaphragmatic
Hernia Spatial Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0006 10.29 3.57

7 Diaphragmatic
Hernia Panel Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0162 3.38 1.55

8 Diaphragmatic
Hernia Panel Interactive

Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:

LM.Cannabis_x_Herb.THC
Herb 0.0281 3.67 1.41

9 Gastroschisis Panel Interactive LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC Herb 7.50 × 10−5 2.11 × 1063 2.14 × 1060

10 Gastroschisis Panel 1 Lag LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC Herb 9.28 × 10−6 7.52 × 1095 8.16 × 1055

11 Gastroschisis Spatial 2 Lags Daily.Interpol. Daily 0.0153 Infinity 9.23 × 1044

12 Gastroschisis Spatial Interactive LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0016 4.07 × 103 35.65

13 Gastroschisis Panel 2 Lags LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC Herb 9.78 × 10−11 1.86 × 1016 9.25 × 1011

14 Gastroschisis Panel Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 2.45 × 10−14 34.18 17.78
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Table 9. Cont.

No. Anomaly Regression Model Type Term Group p-Value E-Value
Estimate

Lower Bound
E-Value

15 Gastroschisis Panel Interactive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0006 216.81 15.7

16 Gastroschisis Spatial Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0052 17.08 3.24

17 Gastroschisis Panel 1 Lag Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 9.54 × 10−6 2.46 1.88

18 Gastroschisis Panel Interactive Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0043 1.78 1.35

19 Gastroschisis Panel 2 Lags Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0097 1.7 1.27

20 Gastroschisis Panel 2 Lags Tobacco: LM.Cannabis_x_Resin.THC Resin 0.0003 6.75 3.13

21 Gastroschisis Panel Interactive Tobacco: LM.Cannabis_x_Resin.THC Resin 2.01 × 10−6 4.51 2.92

22 Gastroschisis Panel 1 Lag Tobacco: LM.Cannabis_x_Resin.THC Resin 0.0002 1.91 1.53

23 Omphalocele Spatial 2 Lags LM.Cannabis_x_Resin.THC Resin 5.36 × 10−6 9.84 × 105 3.51 × 103

24 Omphalocele Panel Interactive LM.Cannabis_x_Resin.THC Resin 0.0059 4.10 × 105 80.95

25 Omphalocele Spatial Additive LM.Cannabis_x_Resin.THC Resin 5.28 × 10−6 772.14 59.28

26 Omphalocele Panel 2 Lags LM.Cannabis_x_Resin.THC Resin 2.30 × 10−6 7.04 3.95

27 Omphalocele Panel Additive LM.Cannabis_x_Resin.THC Resin 4.77 × 10−7 5.77 3.56

28 Omphalocele Spatial Interactive LM.Cannabis_x_Resin.THC Resin 0.0024 8.41 2.80

Table 10. Summary of E-Values by Anomaly.

Anomaly Number
Mean

Minimum
E-Value

Median
Minimum

E-Value

Min Minimum
E-Value

Max Minimum
E-Value

Mean E-Value
Estimate

Median
E-Value
Estimate

Min E-Value
Estimate

Max E-Value
Estimate

Omphalocele 6 610.09 31.62 2.80 3510 2.32 × 105 390.28 5.77 9.84 × 105

Gastroschisis 14 1.53 × 1059 9.47 1.27 2.14 × 1060 1.07 × 10306 25.63 1.70 1.50 × 10307

Diaphragmatic
Hernia 8 6.94 × 1010 8.56 1.41 5.55 × 1011 9.35 × 1020 23.51 3.38 7.48 × 1021
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Table 11. E-Values by Group.

Anomaly Regression Model Type Term Group p-Value E-Value Estimate Lower Bound
E-Value

Gastroschisis Panel Interactive LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC Herb 7.50 × 10−5 2.11 × 1063 2.14 × 1060

Gastroschisis Panel 1 Lag LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC Herb 9.28 × 10−6 7.52 × 1095 8.16 × 1055

Gastroschisis Spatial 2 Lags Daily.Interpol. Daily 0.0153 Infinity 9.23 × 1044

Diaphragmatic
Hernia Panel Additive LM.Cannabis Herb 0.0044 7.92 × 107 600.88

Diaphragmatic
Hernia Panel Interactive LM.Cannabis_x_Herb.THC Herb 5.96 × 10−5 7.48 × 1021 5.55 × 1011

Gastroschisis Spatial Interactive LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0016 4.07 × 103 35.65

Gastroschisis Panel 2 Lags LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:
LM.Cannabis_x_Resin.THC Herb 9.78 × 10−11 1.86 × 1016 9.25 × 1011

Omphalocele Spatial 2 Lags LM.Cannabis_x_Resin.THC Resin 5.36 × 10−6 9.84 × 105 3.51 × 103

Diaphragmatic
Hernia Spatial Interactive LM.Cannabis_x_Resin.THC Resin 4.88 × 10−9 2.54 × 103 232.68

Omphalocele Panel Interactive LM.Cannabis_x_Resin.THC Resin 0.0059 4.10 × 105 80.95

Omphalocele Spatial Additive LM.Cannabis_x_Resin.THC Resin 5.28 × 10−6 772.14 59.28

Omphalocele Panel 2 Lags LM.Cannabis_x_Resin.THC Resin 2.30 × 10−6 7.04 3.95

Omphalocele Panel Additive LM.Cannabis_x_Resin.THC Resin 4.77 × 10−7 5.77 3.56

Omphalocele Spatial Interactive LM.Cannabis_x_Resin.THC Resin 0.0024 8.41 2.80

Gastroschisis Panel Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 2.45 × 10−14 34.18 17.78
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Table 11. Cont.

Anomaly Regression Model Type Term Group p-Value E-Value Estimate Lower Bound
E-Value

Gastroschisis Panel Interactive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0006 216.81 15.7

Diaphragmatic
Hernia Panel 2 Lags LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin <2.2 × 10−16 16.79 10.92

Diaphragmatic
Hernia Spatial 2 Lags LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0004 30.22 6.19

Diaphragmatic
Hernia Spatial Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0006 10.29 3.57

Gastroschisis Spatial Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0052 17.08 3.24

Diaphragmatic
Hernia Panel Additive LM.Cannabis_x_Resin.THC_x_Daily.Interpol. Resin 0.0162 3.38 1.55

Gastroschisis Panel 1 Lag Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 9.54 × 10−6 2.46 1.88

Gastroschisis Panel Interactive Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0043 1.78 1.35

Gastroschisis Panel 2 Lags Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol. Herb 0.0097 1.7 1.27

Diaphragmatic
Hernia Panel Interactive

Tobacco:
LM.Cannabis_x_Herb.THC_x_Daily.Interpol.:

LM.Cannabis_x_Herb.THC
Herb 0.0281 3.67 1.41

Gastroschisis Panel 2 Lags Tobacco: LM.Cannabis_x_Resin.THC Resin 0.0003 6.75 3.13

Gastroschisis Panel Interactive Tobacco: LM.Cannabis_x_Resin.THC Resin 2.01 × 10−6 4.51 2.92

Gastroschisis Panel 1 Lag Tobacco: LM.Cannabis_x_Resin.THC Resin 0.0002 1.91 1.53
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These three groups can then be summarized as indicated in Table 12, which has again
been listed in descending order of median mEV. Statistical tests between these different
groups using the Wilcoxson test (Supplementary Table S11) did not disclose any significant
inter-group differences.

Table 12. Summary of E-Values by Group.

Group Number
Mean
Mini-
mum

E-Value

Median
Mini-
mum

E-Value

Minimum
Mini-
mum

E-Value

Maximum
Mini-
mum

E-Value

Mean
E-Value
Estimate

Median
E-Value
Estimate

Minimum
E-Value
Estimate

Maximum
E-Value
Estimate

Daily 6 9.23 × 1044 9.23 × 1044 9.23 × 1044 9.23 × 1044 1.50 × 10307 1.50 × 10307 1.50 × 10307 1.50 × 10307

Herb 14 2.14 × 1059 318.265 1.27 2.14 × 1060 7.52 × 1094 3.96 × 107 1.7 7.52 × 1095

Resin 8 232.93 3.95 1.53 3510 82216.19 16.79 1.91 9.84 × 105

4. Discussion
4.1. Main Results

The main result of this study was the confirmation of the previously described close re-
lationship between the various BWCAs and the metrics of cannabis exposure [4,6,7,9–15,92]
in the modern European environment, which is characterized in many places by increasing
community cannabinoid penetration [45,46]. This was conducted in both bivariate and mul-
tivariate analysis in an analytical paradigm of formal quantitative causal inference, and it
also incorporated formal space–time analysis, which allows the consideration of parameters
such as random effects, serial correlation, spatial correlation, and spatial autocorrelation to
be formally included and accounted for in the model error structures.

4.2. Detailed Results

A mapping analysis showed that the incidence of body wall anomalies increased in
France, Spain, and the Netherlands. Gastroschisis incidence increased in Spain, Norway,
the Netherlands, and Bulgaria. Omphalocele incidence increased in Spain, the Netherlands,
Norway, and Hungary. Diaphragmatic hernia incidence increased in Spain, Norway,
Germany, France, and the Netherlands (Figures 3–6).

A bivariate mapping analysis showed that body wall anomalies and the THC con-
centration of cannabis resin were noted to rise simultaneously in France, the Netherlands,
Bulgaria, Sweden, and Norway. When the bivariate relationship of gastroschisis with
cannabis resin THC concentration was considered, the two covariates were noted to rise
simultaneously in Norway, Bulgaria, and the Netherlands. When the bivariate relationship
of omphalocele with cannabis resin THC concentration was considered, the two covariates
were noted to rise simultaneously in Norway, Sweden, France, Bulgaria, and the Nether-
lands. When the bivariate relationship of diaphragmatic hernia with cannabis resin THC
concentration was considered, the two covariates were noted to rise simultaneously in
Norway, Sweden, France, Bulgaria, and the Netherlands (Figures 8–11).

In the bivariate analysis, whilst alcohol and tobacco were not related to the incidence
of BWCAs, the amphetamine, cocaine, and cannabis resin THC content were strongly and
positively related to most of these anomalies: amphetamine to abdominal wall defects
and gastroschisis and cocaine to diaphragmatic hernia and omphalocele (Figures 1 and 2).
This effect of psychostimulants is consistent with their vasoconstrictive effects. The rank-
ing of the BWCAs in the bivariate analysis with the cannabis metrics by median mEV
was omphalocele (3.64) > diaphragmatic hernia (1.96) > abdominal wall defects (1.88) >
gastroschisis (1.85) (Table 1).

In the inverse probability weighted multivariable panel regression, the series of BW-
CAs, the gastroschisis, omphalocele, and diaphragmatic hernia, was positively related to
the various metrics of cannabis use from p = 2.45 × 10−14, 4.77 × 10−7 and <2.2 × 10−16. In
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the geospatial regression, the same series of BWCAs was related to cannabis metrics from
p = 0.0016, 5.28 × 10−6 and 4.88 × 10−9 (Tables 2–4).

Seventeen out of twenty-eight (60.7%) E-value estimates were in the high range [90],
as were 14/28 (50.0%) of the mEVs (Tables 5–8). All E-value estimates and mEVs exceeded
1.25, which is the usually quoted threshold for causality.

Judging by the median mEV, the degree of association of the BWCAs with the cannabis
metrics was omphalocele (31.62) > gastroschisis (9.47) > diaphragmatic hernia (8.56)
(Table 10). Based on the mEVs, the order of strength of association of primary cannabis co-
variates was daily > cannabis herb THC concentration > cannabis resin THC concentration
(Table 12), though these differences were not statistically significant.

4.3. Qualitative Causal Inference

The formal criteria for assigning a causal relationship to an association were set out by
Hill in 1965. His nine criteria were strength of association, consistency amongst studies,
specificity, temporality, coherence with known data, biological plausibility, a dose-response
curve, analogy with similar situations elsewhere, and experimental confirmation. Clearly,
the presently reported results elegantly fulfil these criteria.

4.4. Quantitative Causal Inference

One of the classical criticisms of observational studies is that the experimental groups
are not truly comparable. This issue is addressed in the present work by the use of
inverse probability weighting, which has the effect of transforming the analysis from an
observational series only into a pseudorandomized paradigm, from which it is indeed
appropriate to draw causal inferences.

The other major criticism relates to the possibility that some external and unidentified
confounding variable might explain away and obviate an association which looks appar-
ently causal on its face. This issue is addressed by the calculation of the E-value, which
estimates the degree of association required of some hypothetical covariate with both the
exposure of concern and the outcome of interest to obviate the observed effects. As the
E-values noted in this report are largely in the moderate to higher zone, this possibility can
be discounted. Confidence can additionally be drawn as the results are strongly concordant
with a robust pre-existing literature.

4.5. Mechanisms

As outlined in the introduction, the mechanisms of cannabis genotoxicity are many
and complex and have been reviewed elsewhere [4–7,16,34–42,93–108]. For our present
purposes, we wish to focus on two pathways of particular importance, these being the
disruption of key morphogen gradients and the epigenomic perturbations.

4.6. Cannabinoid Inhibition of Morphogens

Embryological morphogenesis is controlled to a large extent by the complex and inter-
woven patterning of key morphogens which control with great precision the cell movement
and specification and connection formation. Disruption of these morphogenic gradients can
therefore result in very serious outcomes for embryonic formation. Cannabis disrupts the
signaling of most of the major morphogen gradients involved in body pattern and organ
formation, including sonic hedgehog [109], retinoic acid signaling [110–112], notch signal-
ing [113–117], Wnt signaling [118–123], and fibroblast growth factor (FGF) [124,125], includ-
ing transactivation of the FGF1R by CB1R [126], bone morphogenetic proteins [127–129],
and the hippo pathway [41].

Cannabinoids can act on these pathways either directly [109] or epigenomically, as has
been demonstrated in several recent studies [40–42]. Epigenomic interference with hippo
signaling has been demonstrated [41], as has interference with the key morphogen sonic
hedgehog through at least four genes, BMP4, TMEM107, GLI3, and MEGF8 [40].
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4.7. Epigenomic Control of Genes Relevant to Body Wall Development

One fascinating and important recent study conducted a genome-wide screen of
both cannabis dependence and cannabis withdrawal and was able to provide functional
annotations from Ingenuity Pathway Analysis [40]. Many findings were relevant to the
present enquiry.

There was a functional annotation for body trunk development (50 genes, page
317, p = 0.00145 in cannabis dependence) and also in cannabis withdrawal (26 genes,
p = 0.000555, page 340).

Body axis development was identified and classed under embryonic and organismal
development (50 genes, page 302, p = 0.0000781, cannabis dependence).

Myogenesis was identified in this screen, including myogenesis of germ cell tumor
lines (2 genes, NKX2-5 and WNT3A, page 320, p = 0.00177, cannabis dependence) and
myogenesis of carcinoma cell lines (2 genes, NKX2-5 and WNT3A, page 320, p = 0.00177).

Morphogenesis of embryonic tissue was identified (page 300, 12 genes, cannabis
dependence, p = 0.000036).

Microtubular dynamics was identified (58 genes, page 300, cannabis dependence,
p = 0.0000333).

Cellular homeostasis was identified (73 genes, page 300, cannabis dependence,
p = 0.0000337).

Proliferation of epithelial cells was identified (123 genes, page 300, cannabis depen-
dence, p = 0.0000358).

Under the category of gene expression, DNA transcription was identified (60 genes,
page 341, p = 0.00765, cannabis dependence). DNA recombination was identified under
DNA replication, recombination, and repair (12 genes, p = 0.00153, page 317, cannabis
dependence). Indeed, there were 256 functional annotations for DNA metabolism identified
in the screen overall.

Vascular development is also highly relevant to the issue of gastroschisis as this
anomaly has been suggested to have a vasculogenic basis from the observation that many
vasoconstrictive drugs have been identified as causes of this anomaly [15,18,19]. It is
therefore highly relevant that under angiogenesis (54 genes, p = 1.73 × 10−6, page 289,
cannabis dependence) sprouting angiogenesis was identified (7 genes, page 324, cannabis
dependence), and abnormal morphology of the cardiovascular system (35 genes, page 324,
p = 0.00274) was identified.

Vasculogenesis was identified (42 genes, p = 0.0000665, page 302, cannabis depen-
dence), as was movement of the vascular endothelial cells (13 genes, page 316, p = 0.00121,
cannabis dependence; 19 genes, page 317, p = 0.00145; 12 genes, p = 0.00153, page 317).

4.8. Generalizability

As this study is based upon one of the world’s largest and most comprehensive
databases, it uses advanced analytical techniques, including the formal tools of causal
inference; it is in accordance with many other reported series, and has a strong mechanistic
underpinning, including recent epigenomic data, and we are confident that these results
are widely generalizable.

5. Strengths and Limitations

This study has a number of strengths and limitations. Its strengths include the use of
one of the largest databases in the world for the BWCARs from Eurocat and the availability
of the very rich EMCDDA database for drug use prevalence. The study used advanced
statistical analytical techniques, including the use of inverse probability weighting, formal
geospatial modelling, random forest regression for covariate selection, and the techniques
of formal quantitative causal inference to analyze the data. Multi-paneled maps and graphs
allowed the simultaneous presentation of time series data at a single glance. Bivariate maps
were also used. Moreover, the pathophysiological framework presented to underpin the
reported epidemiological results is relatively sophisticated. The limitations include those
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in common with many other epidemiological studies, the non-availability of individual
participant cannabis exposure or BWCAR data. These limitations are common to large
population epidemiological studies. Moreover, some of the covariates, especially for daily
cannabis use, were missing and had to be interpolated; so, this limitation should be borne
in mind when interpreting the results.

6. Conclusions

In summary, this study confirmed many earlier reports linking BWCARs with com-
munity cannabinoid exposure in bivariate analyses, in causal inferential multivariable
paradigms, and in formal space–time analyses. Particular concern is expressed as many
parts of Europe move into higher community cannabinoid penetration paradigms char-
acterized by increased prevalence and daily intensity of the use and THC potency of
the product used. The concern is that this relatively abrupt launching of parts of the
continent into higher cannabinoid exposure zones will continue to see an increasing num-
ber of severe genotoxic outcomes such as those described above for amelia. Particularly
when this report is read in conjunction with other reports on cannabinoid teratogenic-
ity [4–7,11,16,108,130,131], cannabinoid cancerogenicity [95–97,99,100,102–104,106,108],
cannabinoid accelerated aging [102,132,133], heritable mutagenic and carcinogenic dis-
ease [98–100,108,134–136], and heritable neurotoxicity [107,137–146], it becomes clear that
rational policies in this area would tightly restrict and control community exposure to
genotoxic and neurotoxic cannabinoids for multiple public health indications as has always
been the community’s response to known serious genotoxic xenobiotics. The prospect of
continued contamination of the food chain and increasing population exposure, incurring
avoidable genetic and epigenetic damage to the heritable material of the population for
multiple generations to come, is most serious indeed.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph19159027/s1, Figure S1: International geospatial links used for
computing the sparse spatial weights matrix for use in the geospatial regressions (A) edited and (B)
final links; Table S1: Overall Study Profile; Table S2: Daily Cannabis Use—Raw Data; Table S3: Daily
Cannabis Use—Interpolated Data; Table S4: All regression slopes and results from bivariate analyses;
Table S5: Variable Importance Tables from Ranger random forest regression—Gastroschisis; Table S6:
Variable Importance Tables from Ranger random forest regression—Omphalocele; Table S7: Variable
Importance Tables from Ranger random forest regression—Diaphragmatic Hernia; Table S8: Inverse
probability weighted panel regression results—Gastroschisis; Table S9: Inverse probability weighted
panel regression results—Omphalocele; Table S10: Inverse probability weighted panel regression
results—Diaphragmatic hernia; Table S11: Wilcoxson tests comparing main covariate groups.

Author Contributions: A.S.R. assembled the data, designed and conducted the analyses, and wrote
the first manuscript draft. G.K.H. provided technical and logistic support, co-wrote the paper, assisted
with gaining ethical approval, and provided advice on manuscript preparation and general guidance
on the study conduct. A.S.R. had the idea for the article, performed the literature search, wrote the
first draft, and is the guarantor for the article. All authors have read and agreed to the published
version of the manuscript.

Funding: No funding was provided for this study. No funding organization played any role in the
design and conduct of the study; the collection, management, analysis, and interpretation of the data;
the preparation, review, or approval of the manuscript; or the decision to submit the manuscript
for publication.

Institutional Review Board Statement: The Human Research Ethics Committee of the University
of Western Australia provided ethical approval for the study to be undertaken 24 September 2021
(No. RA/4/20/4724).

Informed Consent Statement: Patient consent was waived due to the data being de-identified,
aggregated and publicly available.

https://www.mdpi.com/article/10.3390/ijerph19159027/s1
https://www.mdpi.com/article/10.3390/ijerph19159027/s1


Int. J. Environ. Res. Public Health 2022, 19, 9027 33 of 38

Data Availability Statement: All data generated or analyzed during this study are included in this
published article and its Supplementary Information Files. Data along with the relevant R code
have been made publicly available on the Mendeley Database Repository and can be accessed from
these URLs: https://doi.org/10.17632/tysn37t426.1 and https://doi.org/10.17632/vd6mt5r5jm.1
(accessed on 10 January 2022).

Acknowledgments: All authors had full access to all the data in the study and take responsibility for
the integrity of the data and the accuracy of the data analysis.

Conflicts of Interest: The authors declare that they have no competing interest.

References
1. Geber, W.F.; Schramm, L.C. Teratogenicity of marihuana extract as influenced by plant origin and seasonal variation. Arch. Int.

Pharm. Ther. 1969, 177, 224–230.
2. Geber, W.F.; Schramm, L.C. Effect of marihuana extract on fetal hamsters and rabbits. Toxicol. Appl. Pharmacol. 1969, 14, 276–282.

[CrossRef]
3. Graham, J.D.P. Cannabis and Health. In Cannabis and Health. Volume 1, 1st ed.; Graham, J.D.P., Ed.; Academic Press: Cambridge,

MA, USA, 1976; pp. 271–320.
4. Reece, A.S.; Hulse, G.K. Cannabinoid- and Substance- Relationships of European Congenital Anomaly Patterns: A Space-Time

Panel Regression and Causal Inferential Study. Environ. Epigenetics 2022, 8, 1–40. [CrossRef] [PubMed]
5. Reece, A.S.; Hulse, G.K. Cannabinoid Genotoxicity and Congenital Anomalies: A Convergent Synthesis of European and USA

Datasets. In Cannabis, Cannabinoids and Endocannabinoids, Volume 1; Preedy, V., Patel, V., Eds.; Elsevier: London, UK, 2022; in press.
6. Reece, A.S.; Hulse, G.K. Geotemporospatial and causal inference epidemiological analysis of US survey and overview of cannabis,

cannabidiol and cannabinoid genotoxicity in relation to congenital anomalies 2001–2015. BMC Pediatr. 2022, 22, 47. [CrossRef]
7. Reece, A.S.; Hulse, G.K. Broad Spectrum epidemiological contribution of cannabis and other substances to the teratological

profile of northern New South Wales: Geospatial and causal inference analysis. BMC Pharm. Toxicol. 2020, 21, 75. [CrossRef]
8. Endo, T.; Johnston, T.; Ellerington, J.; Donovan, T. Gastroschisis in Queensland. In Queensland Health; Health Statistics Unit, Ed.;

Queensland Health: Brisbane, Australia, 2013; Volume StatBite #57.
9. David, A.L.; Holloway, A.; Thomasson, L.; Syngelaki, A.; Nicolaides, K.; Patel, R.R.; Sommerlad, B.; Wilson, A.; Martin, W.; Chitty,

L.S. A case-control study of maternal periconceptual and pregnancy recreational drug use and fetal malformation using hair
analysis. PLoS ONE 2014, 9, e111038. [CrossRef]

10. Draper, E.S.; Rankin, J.; Tonks, A.M.; Abrams, K.R.; Field, D.J.; Clarke, M.; Kurinczuk, J.J. Recreational drug use: A major risk
factor for gastroschisis? Am. J. Epidemiol. 2008, 167, 485–491. [CrossRef]

11. Forrester, M.B.; Merz, R.D. Risk of selected birth defects with prenatal illicit drug use, Hawaii, 1986–2002. J. Toxicol. Environ.
Health 2007, 70, 7–18. [CrossRef]

12. Skarsgard, E.D.; Meaney, C.; Bassil, K.; Brindle, M.; Arbour, L.; Moineddin, R. Canadian Pediatric Surgery N: Maternal risk factors
for gastroschisis in Canada. Birth. Defects Res. Part A Clin. Mol. Teratol. 2015, 103, 111–118. [CrossRef]

13. Torfs, C.P.; Velie, E.M.; Oechsli, F.W.; Bateson, T.F.; Curry, C.J. A population-based study of gastroschisis: Demographic, pregnancy,
and lifestyle risk factors. Teratology 1994, 50, 44–53. [CrossRef]

14. van Gelder, M.M.; Reefhuis, J.; Caton, A.R.; Werler, M.M.; Druschel, C.M.; Roeleveld, N. National Birth Defects Prevention S:
Maternal periconceptional illicit drug use and the risk of congenital malformations. Epidemiology 2009, 20, 60–66. [CrossRef]
[PubMed]

15. Werler, M.M.; Sheehan, J.E.; Mitchell, A.A. Association of vasoconstrictive exposures with risks of gastroschisis and small
intestinal atresia. Epidemiology 2003, 14, 349–354. [CrossRef]

16. Reece, A.S.; Hulse, G.K. Canadian Cannabis Consumption and Patterns of Congenital Anomalies: An Ecological Geospatial
Analysis. J. Addict. Med. 2020, 14, e195–e210. [CrossRef] [PubMed]

17. Van Gelder, M.M.H.J.; Donders, A.R.T.; Devine, O.; Roeleveld, N.; Reefhuis, J. Using bayesian models to assess the effects of
under-reporting of cannabis use on the association with birth defects, national birth defects prevention study, 1997–2005. Paediatr.
Perinat. Epidemiol. 2014, 28, 424–433. [CrossRef] [PubMed]

18. Weinsheimer, R.L.; Yanchar, N.L.; Canadian Pediatric Surgical Network. Impact of maternal substance abuse and smoking on
children with gastroschisis. J. Pediatr. Surg. 2008, 43, 879–883. [CrossRef]

19. Werler, M.M.; Mitchell, A.A.; Shapiro, S. First trimester maternal medication use in relation to gastroschisis. Teratology 1992, 45,
361–367. [CrossRef]

20. Zimmerman, A.M.; Zimmerman, S.; Raj, A.Y. Effects of Cannabinoids on Spermatogensis in Mice. In Marijuana and Medicine,
Volume 1, 1st ed.; Nahas, G.G., Sutin, K.M., Harvey, D.J., Agurell, S.T., Eds.; Humana Press: New York, NY, USA, 1999; pp.
347–358.

21. Huang, H.F.S.; Nahas, G.G.; Hembree, W.C. Effects of Marijuana Inhalation on Spermatogenesis of the Rat. In Marijuana in
Medicine, Volume 1; Nahas, G.G., Sutin, K.M., Harvey, D.J., Agurell, S.T., Eds.; Human Press: New York, NY, USA, 1999; pp.
359–366.

22. Morishima, A. Effects of cannabis and natural cannabinoids on chromosomes and ova. NIDA Res. Monogr. 1984, 44, 25–45.

https://doi.org/10.17632/tysn37t426.1
https://doi.org/10.17632/vd6mt5r5jm.1
http://doi.org/10.1016/0041-008X(69)90108-2
http://doi.org/10.1093/eep/dvab015
http://www.ncbi.nlm.nih.gov/pubmed/35145760
http://doi.org/10.1186/s12887-021-02996-3
http://doi.org/10.1186/s40360-020-00450-1
http://doi.org/10.1371/journal.pone.0111038
http://doi.org/10.1093/aje/kwm335
http://doi.org/10.1080/15287390600748799
http://doi.org/10.1002/bdra.23349
http://doi.org/10.1002/tera.1420500107
http://doi.org/10.1097/EDE.0b013e31818e5930
http://www.ncbi.nlm.nih.gov/pubmed/19057385
http://doi.org/10.1097/01.EDE.0000059226.36219.DE
http://doi.org/10.1097/ADM.0000000000000638
http://www.ncbi.nlm.nih.gov/pubmed/32187114
http://doi.org/10.1111/ppe.12140
http://www.ncbi.nlm.nih.gov/pubmed/25155701
http://doi.org/10.1016/j.jpedsurg.2007.12.032
http://doi.org/10.1002/tera.1420450407


Int. J. Environ. Res. Public Health 2022, 19, 9027 34 of 38

23. Russo, C.; Ferk, F.; Mišík, M.; Ropek, N.; Nersesyan, A.; Mejri, D.; Holzmann, K.; Lavorgna, M.; Isidori, M.; Knasmüller, S. Low
doses of widely consumed cannabinoids (cannabidiol and cannabidivarin) cause DNA damage and chromosomal aberrations in
human-derived cells. Arch. Toxicol. 2019, 93, 179–188. [CrossRef]

24. Leuchtenberger, C.; Leuchtenberger, R. Morphological and cytochemical effects of marijuana cigarette smoke on epithelioid cells
of lung explants from mice. Nature 1971, 234, 227–229. [CrossRef]

25. Stenchever, M.A.; Kunysz, T.J.; Allen, M.A. Chromosome breakage in users of marihuana. Am. J. Obstet. Gynecol. 1974, 118,
106–113. [CrossRef]

26. Chioccarelli, T.; Cacciola, G.; Altucci, L.; Lewis, S.E.; Simon, L.; Ricci, G.; Ledent, C.; Meccariello, R.; Fasano, S.; Pierantoni, R.;
et al. Cannabinoid receptor 1 influences chromatin remodeling in mouse spermatids by affecting content of transition protein 2
mRNA and histone displacement. Endocrinology 2010, 151, 5017–5029. [CrossRef] [PubMed]

27. Rossato, M.; Pagano, C.; Vettor, R. The cannabinoid system and male reproductive functions. J. Neuroendocrinol. 2008, 20 (Suppl.
1), 90–93. [CrossRef] [PubMed]

28. Blevins, R.D.; Regan, J.D. delta-9-Tetrahydrocannabinol: Effect on macromolecular synthesis in human and other mammalian
cells. Arch. Toxicol. 1976, 35, 127–135. [CrossRef] [PubMed]

29. Mon, M.J.; Haas, A.E.; Stein, J.L.; Stein, G.S. Influence of psychoactive and nonpsychoactive cannabinoids on cell proliferation
and macromolecular biosynthesis in human cells. Biochem. Pharmacol. 1981, 30, 31–43. [CrossRef]

30. Mon, M.J.; Jansing, R.L.; Doggett, S.; Stein, J.L.; Stein, G.S. Influence of delta9-tetrahydrocannabinol on cell proliferation and
macromolecular biosynthesis in human cells. Biochem. Pharmacol. 1978, 27, 1759–1765. [CrossRef]

31. Nahas, G.G.; Morishima, A.; Desoize, B. Effects of cannabinoids on macromolecular synthesis and replication of cultured
lymphocytes. Fed. Proc. 1977, 36, 1748–1752.

32. McClean, D.K.; Zimmerman, A.M. Action of delta 9-tetrahydrocannabinol on cell division and macromolecular synthesis in
division-synchronized protozoa. Pharmacology 1976, 14, 307–321. [CrossRef]

33. Wang, J.; Yuan, W.; Li, M.D. Genes and pathways co-associated with the exposure to multiple drugs of abuse, including alcohol,
amphetamine/methamphetamine, cocaine, marijuana, morphine, and/or nicotine: A review of proteomics analyses. Mol.
Neurobiol. 2011, 44, 269–286. [CrossRef]

34. DiNieri, J.A.; Wang, X.; Szutorisz, H.; Spano, S.M.; Kaur, J.; Casaccia, P.; Dow-Edwards, D.; Hurd, Y.L. Maternal cannabis use
alters ventral striatal dopamine D2 gene regulation in the offspring. Biol. Psychiatry 2011, 70, 763–769. [CrossRef]

35. Ellis, R.J.; Bara, A.; Vargas, C.A.; Frick, A.L.; Loh, E.; Landry, J.; Uzamere, T.O.; Callens, J.E.; Martin, Q.; Rajarajan, P.; et al. Prenatal
∆(9)-Tetrahydrocannabinol Exposure in Males Leads to Motivational Disturbances Related to Striatal Epigenetic Dysregulation.
Biol. Psychiatry 2022, 92, 127–138. [CrossRef]

36. Szutorisz, H.; Hurd, Y.L. Epigenetic Effects of Cannabis Exposure. Biol. Psychiatry 2016, 79, 586–594. [CrossRef] [PubMed]
37. Szutorisz, H.; DiNieri, J.A.; Sweet, E.; Egervari, G.; Michaelides, M.; Carter, J.M.; Ren, Y.; Miller, M.L.; Blitzer, R.D.; Hurd, Y.L.

Parental THC exposure leads to compulsive heroin-seeking and altered striatal synaptic plasticity in the subsequent generation.
Neuropsychopharmacology 2014, 39, 1315–1323. [CrossRef] [PubMed]

38. Watson, C.T.; Szutorisz, H.; Garg, P.; Martin, Q.; Landry, J.A.; Sharp, A.J.; Hurd, Y.L. Genome-Wide DNA Methylation Profiling
Reveals Epigenetic Changes in the Rat Nucleus Accumbens Associated With Cross-Generational Effects of Adolescent THC
Exposure. Neuropsychopharmacology 2015, 40, 2993–3005. [CrossRef] [PubMed]

39. Szutorisz, H.; Hurd, Y.L. High times for cannabis: Epigenetic imprint and its legacy on brain and behavior. Neurosci. Biobehav.
Rev. 2018, 85, 93–101. [CrossRef]

40. Schrott, R.; Murphy, S.K.; Modliszewski, J.L.; King, D.E.; Hill, B.; Itchon-Ramos, N.; Raburn, D.; Price, T.; Levin, E.D.; Vandrey,
R.; et al. Refraining from use diminishes cannabis-associated epigenetic changes in human sperm. Environ. Epigenetics 2021, 7,
dvab009. [CrossRef]

41. Murphy, S.K.; Itchon-Ramos, N.; Visco, Z.; Huang, Z.; Grenier, C.; Schrott, R.; Acharya, K.; Boudreau, M.H.; Price, T.M.; Raburn,
D.J.; et al. Cannabinoid exposure and altered DNA methylation in rat and human sperm. Epigenetics 2018, 13, 1208–1221.
[CrossRef]

42. Schrott, R.; Acharya, K.; Itchon-Ramos, N.; Hawkey, A.B.; Pippen, E.; Mitchell, J.T.; Kollins, S.H.; Levin, E.D.; Murphy, S.K.
Cannabis use is associated with potentially heritable widespread changes in autism candidate gene DLGAP2 DNA methylation
in sperm. Epigenetics 2020, 15, 161–173. [CrossRef]

43. Mon, M.J.; Haas, A.E.; Stein, J.L.; Stein, G.S. Influence of psychoactive and nonpsychoactive cannabinoids on chromatin structure
and function in human cells. Biochem. Pharmacol. 1981, 30, 45–58. [CrossRef]

44. Yang, X.; Hegde, V.L.; Rao, R.; Zhang, J.; Nagarkatti, P.S.; Nagarkatti, M. Histone modifications are associated with Delta9-
tetrahydrocannabinol-mediated alterations in antigen-specific T cell responses. J. Biol. Chem. 2014, 289, 18707–18718. [CrossRef]

45. Reece, A.S.; Hulse, G.K. Quadruple Convergence–Rising cannabis prevalence, intensity, concentration and use disorder treatment.
Lancet Reg. Health-Eur. 2021, 10, 100245–100246. [CrossRef]

46. Manthey, J.; Freeman, T.P.; Kilian, C.; Lopez-Pelayo, H.; Rehm, J. Public health monitoring of cannabis use in Europe: Prevalence
of use, cannabis potency, and treatment rates. Lancet Reg. Health-Eur. 2021, 10, 100227–200237. [CrossRef] [PubMed]

47. Tahir, S.K.; Trogadis, J.E.; Stevens, J.K.; Zimmerman, A.M. Cytoskeletal organization following cannabinoid treatment in
undifferentiated and differentiated PC12 cells. Biochem. Cell Biol. 1992, 70, 1159–1173. [CrossRef] [PubMed]

http://doi.org/10.1007/s00204-018-2322-9
http://doi.org/10.1038/234227a0
http://doi.org/10.1016/S0002-9378(16)33653-5
http://doi.org/10.1210/en.2010-0133
http://www.ncbi.nlm.nih.gov/pubmed/20810562
http://doi.org/10.1111/j.1365-2826.2008.01680.x
http://www.ncbi.nlm.nih.gov/pubmed/18426506
http://doi.org/10.1007/BF00372766
http://www.ncbi.nlm.nih.gov/pubmed/947311
http://doi.org/10.1016/0006-2952(81)90282-3
http://doi.org/10.1016/0006-2952(78)90553-1
http://doi.org/10.1159/000136610
http://doi.org/10.1007/s12035-011-8202-4
http://doi.org/10.1016/j.biopsych.2011.06.027
http://doi.org/10.1016/j.biopsych.2021.09.017
http://doi.org/10.1016/j.biopsych.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26546076
http://doi.org/10.1038/npp.2013.352
http://www.ncbi.nlm.nih.gov/pubmed/24385132
http://doi.org/10.1038/npp.2015.155
http://www.ncbi.nlm.nih.gov/pubmed/26044905
http://doi.org/10.1016/j.neubiorev.2017.05.011
http://doi.org/10.1093/eep/dvab009
http://doi.org/10.1080/15592294.2018.1554521
http://doi.org/10.1080/15592294.2019.1656158
http://doi.org/10.1016/0006-2952(81)90282-3
http://doi.org/10.1074/jbc.M113.545210
http://doi.org/10.1016/j.lanepe.2021.100245
http://doi.org/10.1016/j.lanepe.2021.100227
http://www.ncbi.nlm.nih.gov/pubmed/34806072
http://doi.org/10.1139/o92-162
http://www.ncbi.nlm.nih.gov/pubmed/1297339


Int. J. Environ. Res. Public Health 2022, 19, 9027 35 of 38

48. Vela, G.; Martin, S.; Garcia-Gil, L.; Crespo, J.A.; Ruiz-Gayo, M.; Fernandez-Ruiz, J.J.; Garcia-Lecumberri, C.; Pelaprat, D.; Fuentes,
J.A.; Ramos, J.A.; et al. Maternal exposure to delta9-tetrahydrocannabinol facilitates morphine self-administration behavior and
changes regional binding to central mu opioid receptors in adult offspring female rats. Brain Res. 1998, 807, 101–109. [CrossRef]

49. Busch, F.W.; Seid, D.A.; Wei, E.T. Mutagenic activity of marihuana smoke condensates. Cancer Lett. 1979, 6, 319–324. [CrossRef]
50. Koller, V.J.; Ferk, F.; Al-Serori, H.; Misik, M.; Nersesyan, A.; Auwarter, V.; Grummt, T.; Knasmuller, S. Genotoxic properties of

representatives of alkylindazoles and aminoalkyl-indoles which are consumed as synthetic cannabinoids. Food Chem. Toxicol.
2015, 80, 130–136. [CrossRef]

51. Tahir, S.K.; Zimmerman, A.M. Influence of marihuana on cellular structures and biochemical activities. Pharmacol. Biochem. Behav.
1991, 40, 617–623. [CrossRef]

52. Zimmerman, A.M.; Raj, A.Y. Influence of cannabinoids on somatic cells in vivo. Pharmacology 1980, 21, 277–287. [CrossRef]
53. Koller, V.J.; Auwarter, V.; Grummt, T.; Moosmann, B.; Misik, M.; Knasmuller, S. Investigation of the in vitro toxicological

properties of the synthetic cannabimimetic drug CP-47,497-C8. Toxicol. Appl. Pharmacol. 2014, 277, 164–171. [CrossRef]
54. Sarafian, T.A.; Habib, N.; Oldham, M.; Seeram, N.; Lee, R.P.; Lin, L.; Tashkin, D.P.; Roth, M.D. Inhaled marijuana smoke disrupts

mitochondrial energetics in pulmonary epithelial cells in vivo. Am. J. Physiol. 2006, 290, L1202–L1209. [CrossRef]
55. Sarafian, T.A.; Kouyoumjian, S.; Khoshaghideh, F.; Tashkin, D.P.; Roth, M.D. Delta 9-tetrahydrocannabinol disrupts mitochondrial

function and cell energetics. Am. J. Physiol. 2003, 284, L298–L306.
56. Hölzel, B.N.; Pfannkuche, K.; Allner, B.; Allner, H.T.; Hescheler, J.; Derichsweiler, D.; Hollert, H.; Schiwy, A.; Brendt, J.; Schaffeld,

M.; et al. Following the adverse outcome pathway from micronucleus to cancer using H2B-eGFP transgenic healthy stem cells.
Arch. Toxicol. 2020, 94, 3265–3280. [CrossRef] [PubMed]

57. Singh, N.; Hroudova, J.; Fisar, Z. Cannabinoid-Induced Changes in the Activity of Electron Transport Chain Complexes of Brain
Mitochondria. J. Mol. Neurosci. 2015, 56, 926–931. [CrossRef] [PubMed]

58. Fisar, Z.; Singh, N.; Hroudova, J. Cannabinoid-induced changes in respiration of brain mitochondria. Toxicol. Lett. 2014, 231,
62–71. [CrossRef] [PubMed]

59. Morimoto, S.; Tanaka, Y.; Sasaki, K.; Tanaka, H.; Fukamizu, T.; Shoyama, Y.; Shoyama, Y.; Taura, F. Identification and characteriza-
tion of cannabinoids that induce cell death through mitochondrial permeability transition in Cannabis leaf cells. J. Biol. Chem.
2007, 282, 20739–20751. [CrossRef]

60. Canto, C.; Menzies, K.J.; Auwerx, J. NAD(+) Metabolism and the Control of Energy Homeostasis: A Balancing Act between
Mitochondria and the Nucleus. Cell Metab. 2015, 22, 31–53. [CrossRef]

61. Gant, J. Scientists are baffled by spatter of babies born without hands or arms in France, as investigation fails to discover a cause.
In Daily Mail; Daily Mail: London, UK, 2019.

62. Agence France-Presse in Paris: France to investigate cause of upper limb defects in babies. In The Guardian; The Guardian:
London, UK, 2018.

63. Willsher, K. Baby arm defects prompt nationwide investigation in France. In Guardian; The Guardian: London, UK, 2018.
64. Babies Born with Deformed Hands Spark Investigation in Germany. Available online: https://edition.cnn.com/2019/09/16

/health/hand-deformities-babies-gelsenkirchen-germany-intl-scli-grm/index.html (accessed on 10 March 2022).
65. Eurocat Data: Prevalence Charts and Tables. Available online: https://eu-rd-platform.jrc.ec.europa.eu/eurocat/eurocat-data/

prevalence_en (accessed on 10 January 2022).
66. Global Health Observatory. Available online: https://www.who.int/data/gho/data/indicators/indicator-details/GHO/total-

(recorded-unrecorded)-alcohol-per-capita-(15-)-consumption (accessed on 10 January 2022).
67. European Monitoring Centre for Drugs and Drug Addiction (EMCDDA): Statistical Bulletin 2021—Prevalence of Drug Use.

Available online: https://www.emcdda.europa.eu/data/stats2021/gps_en (accessed on 10 January 2022).
68. The World Bank: Crude Data: Adjusted Net National Income per Capita (Current US$). Available online: https://data.worldbank.

org/indicator/NY.ADJ.NNTY.PC.CD (accessed on 10 January 2022).
69. R: A Language and Environment for Statistical Computing. Available online: https://cran.r-project.org/ (accessed on 10 January

2022).
70. Wickham, H.; Averick, M.; Bryan, J.; Chang, W.; McGowan, L.D.; Francios, R.; Groelmund, G.; Hayes, A.; Henry, L.; Hester, J.;

et al. Welcome to the Tidyverse. J. Open Source Softw. 2019, 4, 1686–1691. [CrossRef]
71. Pebesma, E. Simple Features for R: Standardized Support for Spatial Vector Data. R J. 2018, 10, 439–446. [CrossRef]
72. Viridis: Default Color Maps from ‘matplotlib’. Available online: https://CRAN.R-project.org/package=viridis (accessed on 10

January 2022).
73. Colorplaner: ggplot2 Extension to Visualize Two Variables Per Color Aesthetic through Colorspace Projection. Available online:

https://github.com/wmurphyrd/colorplaner (accessed on 10 January 2022).
74. Pinheiro, J.; Bates, D.; DebRoy, S.; Sarkar, D.; R Core Team. Nlme: Linear and Nonlinear Mixed Effects Models, vol. 1: R:

Comprehensive R Archive Network. Available online: https://cran.r-project.org/web/packages/nlme/index.html (accessed on
10 January 2022).

75. Broom.mixed: Tidying Methods for Mixed Models. Available online: http://github.com/bbolker/broom.mixed (accessed on 10
January 2022).

76. Broom: Convert Statistical Objects into Tidy Tibbles. Available online: https://CRAN.R-project.org/package=broom (accessed
on 10 January 2022).

http://doi.org/10.1016/S0006-8993(98)00766-5
http://doi.org/10.1016/S0304-3835(79)80088-9
http://doi.org/10.1016/j.fct.2015.03.004
http://doi.org/10.1016/0091-3057(91)90372-9
http://doi.org/10.1159/000137442
http://doi.org/10.1016/j.taap.2014.03.014
http://doi.org/10.1152/ajplung.00371.2005
http://doi.org/10.1007/s00204-020-02821-3
http://www.ncbi.nlm.nih.gov/pubmed/32700163
http://doi.org/10.1007/s12031-015-0545-2
http://www.ncbi.nlm.nih.gov/pubmed/25820672
http://doi.org/10.1016/j.toxlet.2014.09.002
http://www.ncbi.nlm.nih.gov/pubmed/25195527
http://doi.org/10.1074/jbc.M700133200
http://doi.org/10.1016/j.cmet.2015.05.023
https://edition.cnn.com/2019/09/16/health/hand-deformities-babies-gelsenkirchen-germany-intl-scli-grm/index.html
https://edition.cnn.com/2019/09/16/health/hand-deformities-babies-gelsenkirchen-germany-intl-scli-grm/index.html
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/eurocat-data/prevalence_en
https://eu-rd-platform.jrc.ec.europa.eu/eurocat/eurocat-data/prevalence_en
https://www.who.int/data/gho/data/indicators/indicator-details/GHO/total-(recorded-unrecorded)-alcohol-per-capita-(15-)-consumption
https://www.who.int/data/gho/data/indicators/indicator-details/GHO/total-(recorded-unrecorded)-alcohol-per-capita-(15-)-consumption
https://www.emcdda.europa.eu/data/stats2021/gps_en
https://data.worldbank.org/indicator/NY.ADJ.NNTY.PC.CD
https://data.worldbank.org/indicator/NY.ADJ.NNTY.PC.CD
https://cran.r-project.org/
http://doi.org/10.21105/joss.01686
http://doi.org/10.32614/RJ-2018-009
https://CRAN.R-project.org/package=viridis
https://github.com/wmurphyrd/colorplaner
https://cran.r-project.org/web/packages/nlme/index.html
http://github.com/bbolker/broom.mixed
https://CRAN.R-project.org/package=broom


Int. J. Environ. Res. Public Health 2022, 19, 9027 36 of 38

77. Leeper, T.J. Margins: Marginal Effects for Model Objects, R package version 0.3.26; Leeper, T.J., Ed.; Massachusetts Institute of
Technology: Cambridge, MA, USA, 2021; Volume 1, pp. 1–36. Available online: https://rdrr.io/cran/margins/ (accessed on 10
January 2022).

78. Wright, M.N.; Ziegler, A. Ranger: A Fast Implementation of Random Forests for High Dimensional Data in C++ and R. J. Stat.
Softw. 2017, 77, 1–17. [CrossRef]

79. Greenwell, B.M.; Boehmke, B.C. Variable Importance Plots—An Introduction to the vip Package. R J. 2021, 12, 343–366. [CrossRef]
80. Package ‘plm’. Available online: https://cran.r-project.org/web/packages/plm/plm.pdf (accessed on 10 January 2022).
81. Bivand, R.; Anselin, L.; Berke, O.; Bernat, A.; Carvalho, M.; Chun, Y.; Dormann, C.; Dray, S.; Halbersma, R.; Lewis-Koh, N.; et al.

The spdep Package. In CRAN; 2007; pp. 1–143. Available online: https://cran.r-project.org/web/packages/spdep/index.html
(accessed on 10 January 2022).

82. Millo, G.; Piras, G. Splm: Spatial Panel Data Models in R. J. Stastistical Softw. 2012, 47, 1–38.
83. Millo, G.; Piras, G. Package ‘splm’; CRAN (Central R-Archive Network): Trieste, Italy, 2018; pp. 1–27. Available online:

https://cran.r-project.org/web/packages/splm/splm.pdf (accessed on 10 January 2022).
84. Croissant, Y.; Millo, G. Panel Data Econometrics with R. John Wiley and Sons: Oxford, UK, 2019; Volume 1.
85. Wal, W.; Geskus, R. Ipw: An R Package for Inverse Probability Weighting. J. Stat. Softw. 2011, 43, 1–23. [CrossRef]
86. VanderWeele, T.J.; Ding, P. Sensitivity Analysis in Observational Research: Introducing the E-Value. Ann. Intern. Med. 2017, 167,

268–274. [CrossRef]
87. VanderWeele, T.J.; Martin, J.N.; Mathur, M.B. E-values and incidence density sampling. Epidemiology 2020, 31, e51–e52. [CrossRef]

[PubMed]
88. VanderWeele, T.J.; Mathur, M.B. Commentary: Developing best-practice guidelines for the reporting of E-values. Int. J. Epidemiol.

2020, 49, 1495–1497. [CrossRef] [PubMed]
89. VanderWeele, T.J.; Ding, P.; Mathur, M. Technical Considerations in the Use of the E-Value. J. Causal Inference 2019, 7, 1–11.

[CrossRef]
90. Pearl, J.; Mackaenzie, D. The Book of Why. In The New Science of Cause and Effect; Basic Books: New York, NY, USA, 2019; Volume

1.
91. Package ‘EValue’. Available online: https://cran.r-project.org/web/packages/EValue/EValue.pdf (accessed on 10 January 2022).
92. Howell, S.; Endo, T.; MacLeod, S.; Cornes, S. Congenital Anomalies in Queensland: 1 July 2007 to 30 June 2010. Stat. Anal. Rep.

2011, 1, 1–22.
93. Reece, A.S.; Hulse, G.K. Chromothripsis and epigenomics complete causality criteria for cannabis- and addiction-connected

carcinogenicity, congenital toxicity and heritable genotoxicity. Mutat. Res. 2016, 789, 15–25. [CrossRef]
94. Reece, A.S.; Hulse, G.K. Impacts of cannabinoid epigenetics on human development: Reflections on Murphy et. Al. ‘cannabinoid

exposure and altered DNA methylation in rat and human sperm.’ Epigenetics 2018; 13: 1208–1221. Epigenetics 2019, 14, 1041–1056.
[CrossRef]

95. Reece, A.S.; Hulse, G.K. Geotemporospatial and Causal Inferential Epidemiological Overview and Survey of USA Cannabis,
Cannabidiol and Cannabinoid Genotoxicity Expressed in Cancer Incidence 2003–2017: Part 1–Continuous Bivariate Analysis.
Arch. Public Health, 2022; in press.

96. Reece, A.S.; Hulse, G.K. Geotemporospatial and Causal Inferential Epidemiological Overview and Survey of USA Cannabis,
Cannabidiol and Cannabinoid Genotoxicity Expressed in Cancer Incidence 2003–2017: Part 2–Categorical Bivariate Analysis and
Attributable Fractions. Arch. Public Health, 2022; in press.

97. Reece, A.S.; Hulse, G.K. Geotemporospatial and Causal Inferential Epidemiological Overview and Survey of USA Cannabis,
Cannabidiol and Cannabinoid Genotoxicity Expressed in Cancer Incidence 2003–2017: Part 3–Spatiotemporal, Multivariable and
Causal Inferential Pathfinding and Exploratory Analyses of Prostate and Ovarian Cancers. Arch. Public Health, 2022; in press.

98. Reece, A.S.; Hulse, G.K. Cannabinoid exposure as a major driver of pediatric acute lymphoid Leukaemia rates across the USA:
Combined geospatial, multiple imputation and causal inference study. BMC Cancer 2021, 21, 984. [CrossRef]

99. Reece, A.S.; Hulse, G.K. A geospatiotemporal and causal inference epidemiological exploration of substance and cannabinoid
exposure as drivers of rising US pediatric cancer rates. BMC Cancer 2021, 21, 197. [CrossRef]

100. Reece, A.S.; Hulse, G.K. Causal inference multiple imputation investigation of the impact of cannabinoids and other substances
on ethnic differentials in US testicular cancer incidence. BMC Pharm. Toxicol. 2021, 22, 40. [CrossRef] [PubMed]

101. Reece, A.S. Rapid Response: Known Cannabis Teratogenicity Needs to be Carefully Considered. BMJ 2018, 362, k3357.
102. Reece, A.S. Rapid Response: Cannabinoid Genotoxic Trifecta-Cancerogenesis, Clinical Teratogenesis and Cellular Ageing. Br.

Med. J. 2022, 376, n3114.
103. Reece, A.S.; Hulse, G.K. Cannabis Genotoxicity Cancer Incidence: A Highly Concordant Synthesis of European and USA Datasets.

In Cannabis, Cannabinoids and Endocannabinoids, Volume 1; Preedy, V., Patel, V., Eds.; Elsevier: London, UK, 2022; in press.
104. Reece, A.S.; Hulse, G.K. Geospatiotemporal and Causal Inference Study of Cannabis and Other Drugs as Risk Factors for Female

Breast Cancer USA 2003–2017. Environ. Epigenetics, 2022; in press.
105. Reece, A.S.; Hulse, G.K. Epidemiological Overview of Cannabis- and Substance- Carcinogenesis in Europe: A Lagged Causal

Inferential Panel Regression Modelling and Marginal Effects Study. 2022; manuscript submitted.

https://rdrr.io/cran/margins/
http://doi.org/10.18637/jss.v077.i01
http://doi.org/10.32614/RJ-2020-013
https://cran.r-project.org/web/packages/plm/plm.pdf
https://cran.r-project.org/web/packages/spdep/index.html
https://cran.r-project.org/web/packages/splm/splm.pdf
http://doi.org/10.18637/jss.v043.i13
http://doi.org/10.7326/M16-2607
http://doi.org/10.1097/EDE.0000000000001238
http://www.ncbi.nlm.nih.gov/pubmed/32769478
http://doi.org/10.1093/ije/dyaa094
http://www.ncbi.nlm.nih.gov/pubmed/32743656
http://doi.org/10.1515/jci-2018-0007
https://cran.r-project.org/web/packages/EValue/EValue.pdf
http://doi.org/10.1016/j.mrfmmm.2016.05.002
http://doi.org/10.1080/15592294.2019.1633868
http://doi.org/10.1186/s12885-021-08598-7
http://doi.org/10.1186/s12885-021-07924-3
http://doi.org/10.1186/s40360-021-00505-x
http://www.ncbi.nlm.nih.gov/pubmed/34246312


Int. J. Environ. Res. Public Health 2022, 19, 9027 37 of 38

106. Reece, A.S.; Hulse, G.K. Novel Insights into Potential Cannabis-Related Cancerogenesis from Recent Key Whole Epigenome
Screen of Cannabis Dependence and Withdrawal: Epidemiological Comment and Explication of Schrott et al. 2022; manuscript
submitted.

107. Reece, A.S.; Hulse, G.K. Cannabis in Pregnancy–Rejoinder, Exposition and Cautionary Tales. Psychiatr. Times 2020, 37.
Available online: https://www.bing.com/search?q=Cannabis+in+Pregnancy+%E2%80%93+Rejoinder%82C+Exposition+and+
Cautionary+Tales&cvid=22538e20124c04711b92017489c92063214a&aqs=edge..92017469i92017457.92017439j92017480j9201748
1&pglt=92017443&FORM=ANSPA92017481&PC=U92017531 (accessed on 10 January 2022).

108. Reece, A.S.; Hulse, G.K. Epidemiological Overview of Multidimensional Chromosomal and Genome Toxicity of Cannabis
Exposure in Congenital Anomalies and Cancer Development. Sci. Rep. 2021, 11, 13892–13912.

109. Fish, E.W.; Murdaugh, L.B.; Zhang, C.; Boschen, K.E.; Boa-Amponsem, O.; Mendoza-Romero, H.N.; Tarpley, M.; Chdid, L.;
Mukhopadhyay, S.; Cole, G.J.; et al. Cannabinoids Exacerbate Alcohol Teratogenesis by a CB1-Hedgehog Interaction. Sci. Rep.
2019, 9, 16057–16075. [CrossRef]

110. Fraher, D.; Ellis, M.K.; Morrison, S.; McGee, S.L.; Ward, A.C.; Walder, K.; Gibert, Y. Lipid Abundance in Zebrafish Embryos Is
Regulated by Complementary Actions of the Endocannabinoid System and Retinoic Acid Pathway. Endocrinology 2015, 156,
3596–3609. [CrossRef]
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