
CE: ; ADM/JAM-D-19-00175; Total nos of Pages: 16;

JAM-D-19-00175

Canadian Cannabis Consumption and Patterns of
Congenital Anomalies: An Ecological Geospatial Analysis

Albert Stuart Reece, MBBS(Hons), FRCS(Ed), FRCS(Glas), FRACGP, MD(UNSW),
and Gary Kenneth Hulse, BBSc(Hons), MBSc, PhD

Objectives: Cannabis is a known teratogen. Data availability

addressing both major congenital anomalies and cannabis use

allowed us to explore their geospatial relationships.

Methods: Data for the years 1998 to 2009 from Canada Health and

Statistics Canada was analyzed in R. Maps have been drawn and odds

ratios, principal component analysis, correlation matrices, least

squares regression and geospatial regression analyses have been

conducted using the R packages base, dplyr, epiR, psych, ggplot2,

colorplaner and the spml and spreml functions from package splm.

Results: Mapping showed cannabis use was more common in the

northern Territories of Canada in the Second National Survey of

Cannabis Use 2018. Total congenital anomalies, all cardiovascular

defects, orofacial clefts, Downs syndrome and gastroschisis were all

found to be more common in these same regions and rose as a function

of cannabis exposure. When Canada was dichotomized into high and

low cannabis use zones by Provinces v Territories the Territories had a

higher rate of total congenital anomalies 450.026 v 390.413

(O.R.¼ 1.16 95%C.I. 1.08-1.25, P¼ 0.000058; attributable fraction

in exposed 13.25%, 95%C.I. 7.04–19.04%). In geospatial analysis in a

spreml spatial error model cannabis was significant both alone as a

main effect (P< 2.0� 10�16) and in all its first and second order

interactions with both tobacco and opioids from P< 2.0� 10�16.

Conclusion: These results show that the northern Territories of

Canada share a higher rate of cannabis use together with elevated

rates of total congenital anomalies, all cardiovascular defects,

Down’s syndrome and gastroschisis. This is the second report of a

significant association between cannabis use and both total defects

and all cardiovascular anomalies and the fourth published report of a

link with Downs syndrome and thereby direct major genotoxicity.

The correlative relationships described in this paper are confounded

by many features of social disadvantage in Canada’s northern

territories. However, in the context of a similar broad spectrum of

defects described both in animals and in epidemiological reports

from Hawaii, Colorado, USA and Australia they are cause for

particular concern and indicate further research.
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C annabis is used by over 180 million people worldwide
(Degenhardt et al., 2013). Several national surveys in

Canada demonstrate that its use is concentrated mainly in
young adults 18 to 44 in the reproductive age group (Statistics
Canada, 2018; Statistics Canada, 2019a,b). Nationally repre-
sentative Canadian surveys show that cannabis use by females
has risen nationally from 78.5% from 7% to 12.5% in the
period 2013 to 2018 (Health Canada, 2016; Statistics Canada,
2019a,b). And in some parts of Canada, such as parts of
Nunavut, cannabis use is said to be largely holoendemic with
rates as high as 85% of males less than 45 years stating that
they had used cannabis in the past year, falling to 43%
thereafter, and 70% of females 15 to 19 years, falling to
50% for females 25 to 44 years (Nunavut Government, 2019).
Epidemiological evidence from other parts shows that 24% of
Californian teenagers recently tested positive to cannabinoids,
a trend which is rising with time (Young-Wolff et al., 2017).

Drugs of addiction were estimated to cost the
Canadian Government CAD$38billion in 2014 alone in a
recently released University of Victoria report of which
CAD$2,660,000,000 (7%) was attributed to cannabis (Canadian
Substance Use Costs and Harms Working Group et al., 2018).

Cannabis of course has a very benign public image
and the common perception is that it is relatively harmless
‘‘soft’’ drug (Murphy et al., 2018). As a result, cannabis was
recommended to 69% of pregnant patients by cannabis dis-
pensaries in Colorado, often to alleviate morning sickness
(Dickson et al., 2018).

In parallel research investigators have long had an inter-
est in the teratological actions of cannabis and cannabinoids.
Detailed cellular and animal studies date back to the 1960’s
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when many serious defects including spina bifida, phocomelia,
omphalocele and myelocoele were described in New Zealand
white rabbits and hamsters which are the experimental model
animals which most reliably model patterns of human teratol-
ogy (Geber and Schramm, 1969a, 1969b; Graham, 1976).

Canada presents an ideal opportunity to study the
teratological implications of prenatal cannabis exposure
(PCE) in human populations. Not only does it have an
advanced system of birth defects registries and detailed data
on birth numbers in their population, but it also has survey
data on cannabis use across Provinces and Territories on
several occasions now, all of which are in the public domain.

For these reasons we wished to investigate the extent to
which cannabis use in that nation explains the observed
patterns of teratology across several organ systems. The
primary resource for this work was the publication by Canada
Health (Public Health Agency of Canada and Health Canada,
2013). As data pertaining to neural tube defects is highly
affected by therapeutic practices such as termination for
defect and also impinged upon by universal folic acid sup-
plementation, Canadian neural tube defects have been treated
separately and are the subject of a separate report (Reece and
Hulse, 2019a, 2020a).

METHODS

Data
Congenital anomaly data was taken from tabulations

from the Canadian Congenital Anomalies Surveillance Sys-
tem (CCASS) covering the period 1998 to 2009 in (Public
Health Agency of Canada, 2013; Public Health Agency of
Canada and Health Canada, 2013). This sophisticated surveil-
lance system captures the majority of congenital anomalies
born across the country. It is standardized against all births
recorded in the National Register of Births. Gastroschisis
incidence data was supplemented with raw data unadjusted
for age and age-adjusted data from (Bassil et al., 2016) which
covered a similar period. The percent of the population which
acknowledged cannabis use in the previous 3 months was
taken from (Statistics Canada, 2018).

Regional Drug Use Data. Data on per capita drug costs
in 2007 by Canadian Province and Territory was taken from a
recent University of Victoria report (Canadian Substance Use
Costs and Harms Working Group et al., 2018). Missing data
for Quebec was estimated as described in the text. Higher
resolution spatial or temporal data for drug use and birth
defects data has not been made publicly available.

Median household income data for the year 2005 was
downloaded from Statistics Canada (2019a,b).

Statistics
Data was analyzed in ‘‘R’’ from Central R Archive

Network version 3.6.1 and R Studio 1.2.1335 2019. Param-
eters were scaled by z-transformation (subtracted from their
mean and divided by their standard deviation) to equalize the
scales and distributions of the different variables. Parameters
were also log transformed where appropriate as guided by the
Shapiro test in order to optimize normality assumptions. The
arcsinh hyperbolic transformation was used to log numeric

vectors which included zero and negative numbers. Graphs
and maps were drawn in ggplot2. The map projection
employed was the Lambert Conformal Conical Projection
(Environmental Systems Research Institute (ESRI) and Euro-
pean Petroleum Research Group (EPSG) No. 102002) which
is the projection most favored by Statistics Canada. The R
package ‘‘colorplaner’’ was used to plot bivariate colorplanes
mapping 2 variables onto a single field. Principal component
analysis was conducted using the psych package in R. The
number of principal components to use was decided using a
Scree plot also plotted in psych. Odds ratios, attributable
fractions in the exposed and attributable fractions in the
population were calculated using the epi.2by2 function from
the R package epiR. Geospatial analysis was conducted with
the spml and spreml functions in the R package splm by Millo
and Piras (2012). Spatial weights and neighbor connectivity
were derived originally from the poly2 nb function from the R
package spdep and subsequently corrected manually. All
initial regression models were reduced to the final models
which have been presented by the classical method of manual
deletion of the least significant term. P< 0.05 was considered
significant.

Ethics
Ethical approval was granted to this study from the

Human Ethics Research Committees of the Southcity Medical
Centre in Brisbane and the University of Western Australia
in Perth.

RESULTS
Figure 1 redraws the pediatric epidemiology data from

(Public Health Agency of Canada and Health Canada, 2013)
and presents data on total congenital anomalies, cardiovascu-
lar defects, orofacial defects, Downs Syndrome, gastroschisis,
age-unadjusted, age-adjusted gastroschisis data (from Bassil
et al., 2016) and limb deficiency data. In most cases the
incidence data obviously peaks in the northern Territories of
Nunavut and / or Northwest Territory.

Figure 2 presents this same data as a paneled bivariate
plot of the rates of various anomalies by the cannabis exposure
rate taken from a recent nationally representative survey of
Canadian cannabis use conducted by Statistics Canada (Statis-
tics Canada, 2018). This survey has been employed measuring
cannabis use as it was the first survey which we could identify
which covered the whole of Canada. Interpretation of these
map-graphs is straightforward in that provinces or Territories
which are pink and purple indicate regions where both cannabis
use and the various congenital anomalies are elevated. It is
readily apparent from inspection of these graphs that most of
the nominated defects are elevated in the northern Territories of
Canada with the exception of limb deficiencies where there is
no data for the Territories Yukon, Northwest and Nunavut.

Figure 3 presents a paneled plot of the major per capita
costs of various addictive drugs across Canada in 2007 and
includes median household income data derived from Statis-
tics Canada (2019a,b). Whist there are many surveys and
samples of drug use across Canada we were only able to
identify 1 medico-economic study which included data on all
Canadian Provinces and Territories (Canadian Substance Use
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Costs and Harms Working Group et al., 2018). Hence in the
present work the per capita cost to Government has been taken
as a proxy of drug use. Given that this study is constrained to a
sample size of only 13 Provinces and Territories it is important
from an analytical perspective that missing data be minimized
as far as possible.

Figure 4 presents bivariate choropleth maps of drug
use or median household income along the bivariate color-
plane ordinate as a function of cannabis exposure along
the abscissa.

Indeed if one groups the Provinces into a low risk group
and the three northern Territories as a high risk group, one

notes that 774 anomalous births occurred amongst 17,199
births (450.03 / 10,000) compared to 109,494 anomalies
amongst 2,821,764 births in the Provinces (390.41/10,000)
which is significantly elevated (O.R.¼ 1.16, 95%C.I. 1.08–
1.25; Chi Sq.¼ 16.019, df¼ 1, P¼ 0.0000577, attributable
fraction in exposed 13.25%, 95%C.I. 7.04–19.04%).

These data can be combined by principal component
analysis. Hence cardiovascular, orofacial, gastroschisis and
downs syndrome were combined into principal components.
Scree plot analysis showed that one principal component
(PC1) captured 78% of the variance between these four
defect classes.

FIGURE 1. Choropleth maps of various congenital anomaly rates across Canada.

FIGURE 2. Bivariate choropleth maps of cannabis use against various congenital anomaly rates as indicated.
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Figure 5 presents the various defects against the rate of
use of cannabis use in the last 3 months for each of the 9
congenital anomaly classes discussed above. One notes that in
8 of the 9 cases the slope of the regression line appears to be
positive. That is the incidence of the defect appears to be
positively correlated with the cannabis use incidence. The
single exception is the limb defects where the data is grossly
incomplete, as noted above.

Figure 6 shows (A) a quantitative correlogram including
correlation coefficients and confidence intervals, for the
various organ-specific defects and cannabis use together with

(B) a qualitative correlogram illustrating these relationships.
The correlogram is listed in order of its principal components.
This figure starkly highlights the close correlations of all the
defect classes with cannabis use, the sole exception being
limb deficiencies where the data is notably lacking.

Table 1 shows the ordinary least squares (ols) linear
regression of each of the defect classes against the cannabis
use rate. The first 7 lines of the table present the data as
discussed above. One notes that 5 of these lines are signifi-
cant. Two summary measures are presented in the last 2 lines
of this table. The first line applies to a multivariate model with

FIGURE 3. Choropleth maps of drug related health care costs across Canada including median household income.

FIGURE 4. Bivariate choropleth map of cannabis use rate against the use of various other addictive drugs and median household
income.

Reece and Hulse J Addict Med � Volume 00, Number 00, Month/Month 2020

4 � 2020 The Author(s). Published by Wolters Kluwer Health, Inc. on behalf of the American Society of Addiction Medicine.



CE: ; ADM/JAM-D-19-00175; Total nos of Pages: 16;

JAM-D-19-00175

a 4-way interaction between the 4 defects gastroschisis,
orofacial, cardiovascular and Down’s syndrome regressed
against cannabis use. The second line is the above described
Principal Component 1.

In addition to showing a bivariate correlation between
cannabis use and several classes of congenital anomalies it
was considered also of interest to explore the relative role of
cannabis in relation to the use of other addictive drugs and to
major socioeconomic covariates such as poverty as quantified
by the median household income.

The rate of total congenital defects for Quebec was not
reported in the major Health Canada Report on this subject
(Public Health Agency of Canada and Health Canada, 2013)
so it was estimated at 429 by mean substitution from the other
Provinces excluding Prince Edward Island (which is which is
atypical on many metrics).

As noted above the cost of drug use in Quebec was not
available to the authors at the time their report was compiled
(Canadian Substance Use Costs and Harms Working Group
et al., 2018). However, drug cost related to failure of produc-
tivity data was available. Since the ratio of lost productivity to
health costs lies in a narrow band for the Provinces (excluding
Prince Edward Island; 1.2567� 0.0502 mean� standard error

of the mean, ie, �4.00%) as do the per capita drug-related
health care costs (0.3263� 0.0086, ie, �2.65%) and produc-
tivity losses (0.4075� 0.0092. ie, �2.26%), it is possible to
estimate the health related costs and the total drug related
costs as shown in Supplementary Tables 1 and 2, http://
links.lww.com/JAM/A191. This data is the basis for
Figures 3 and 4 and for the regression studies which follow.

A correlation matrix of the various total drug-related
costs with the total congenital anomaly rate is presented in
Supplementary Table 3, http://links.lww.com/JAM/A191. In
this analysis the total congenital anomaly rate for Quebec
(404) was derived by mean substitution for the Provinces
omitting Newfoundland and Labrador which is an outlier. The
significance of these various correlations is shown in Supple-
mentary Table 4, http://links.lww.com/JAM/A191. Total per
capita cannabis cost is noted to relate significantly to total per
capita drug use costs, total per capita alcohol costs and total
per capita cocaine costs.

If one regresses the arcsinh of the total scaled defects
against the arcsinh scaled per capita costs of drug use for
tobacco, alcohol, cannabis, cocaine, amphetamines and also
median household income including interactive terms
between tobacco, cannabis and opioids by ordinary least

FIGURE 5. Scatterplot of the rate of various defects by cannabis use rates including regression lines.
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squares (ols) linear regression one obtains the highly signifi-
cant results reported in Table 2 in a final reduced model. In
this model cannabis is noted to be highly significant on its
own as a main effect (P¼ 0.01550) and in interaction with
opioids and tobacco from P¼ 0.00024. One notes from
Table 2 that the adjusted R-squared value is very high at
0.9160 and the value at which the log likelihood is optimized
is LogLik¼�3.5869.

However, the data in question are not independent and
identically normally distributed (iid) data as they exist in
geospatial proximity to each other in the nation of Canada.
This implies that this data is well suited to the modern
advanced techniques of geospatial analysis. Within the R
computing environment sophisticated software exists for
undertaking such analyses including the spdep, spatialreg,
and splm packages. To accomplish this one first needs to

FIGURE 6. Correlograms of cannabis use rates against various congenital anomalies.
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establish the geospatial relationships between the various
Provinces and Territories. These links have been identified
(Fig. 7A) and adjusted (Fig. 7B) so that the geospatial
neighbor links shown in Figure 7C are derived. When 2 areas
touch either their side or their corners they are said to share
‘‘Queen’’ contiguity by analogy with the moves of the queen
piece in Chess. Figure 7C illustrates the first order queen
relationships which have been identified and were employed
in the analysis.

When one runs a spatial panel maximum likelihood
(spml) analysis on the same model as in Table 2 using a
SARAR (spatial autocorrelation with spatial correlation on
the error terms, or combined spatial error and spatial lag
model) structure one notes the results shown in the upper part
of Table 3. Indeed in this remarkable model all the terms are
seen to be highly significant from very low P values
(P< 2� 10�16). The LogLik value of this model is
36.7754 as shown, or significantly greater than the first ols
model. Use of the spatial Hausman test confirms that the
SARAR model is the correct model structure specification
to employ.

One can then progress to the impressive new spreml
(spatial panel random effects maximum likelihood) function
in R recently described and implemented by Millo (2014)
which allows one to more accurately specify the error struc-
ture of the spatial model. Spatial Hausman tests indicate on
this occasion that the spatial error model with spatial random
errors (following Kapoor et al., 2007, autocorrelation and
spatial error correlation) is the most appropriate model to use.

The same model formula as previously is again
employed within this framework. As shown in the lower half
of Table 3 highly significant results are again obtained.
Cannabis is significant by itself as a main effect from
P< 2.0� 10�16 and also in all of its interactions with tobacco
and opioids from P¼ 2.0� 10�16. The LogLik parameter at
model optimization is now noted to be much higher at 155.095
and this model well out-performs the previous spml model
(spatial Hausman test: x2¼ 79,146, df¼ 11, P< 2� 10�16).

If the same model is run without using any arcsinh
transformations the same results are obtained but the overall
model LogLik parameter falls drastically to LogLik¼ 53.522
(data not shown).

DISCUSSION
This study presents the strikingly similar distribution of

many of the major congenital anomalies and the cannabis use
rate across Canada graphically using maps and quantifies this
relationship using regression analyses which shows that gas-
troschisis, age-adjusted gastroschisis data, age-unadjusted
gastroschisis data, cardiovascular defects, Downs syndrome,
an interactive term between these three defects and orofacial
defects and their first Principal Component, all show statisti-
cally significant correlational and associational relationships
with the amount of cannabis smoked in the last three months.
Hence many of the most common groups of congenital
anomalies demonstrate significant statistical relationships
with cannabis consumption in Canada. Geospatial regression
of total congenital defects showed that all drug exposure and

TABLE 1. Relationship of Various Defects to Cannabis Use

Parameter Analyses Model Parameters

Input Parameters Estimate Std. Error t value Pr(>jtj) Adj R-Squ’d F dF P

Defect Rate by Cannabis Use
Total_defects 0.2120 0.1788 1.186 0.2630 0.0356 1.406 1,10 0.2631
Oro-facial defects 0.3561 0.2384 1.494 0.1661 0.1007 2.232 1,10 0.1661
Gastroschisis 1.4452 0.4684 3.086 0.0130 0.4601 9.522 1,9 0.0130
Gastroschisis - Raw_Data 1.6063 0.2787 5.764 0.0001 0.7287 33.22 1,11 0.0001
Gastroschisis - Age-Adjusted 1.0927 0.3376 3.237 0.0079 0.4413 10.48 1,11 0.0079
Cardiovascular Defects 0.6130 0.2483 2.469 0.0332 0.3165 6.094 1,10 0.0332
Downs Syndrome 0.5249 0.1171 4.482 0.0012 0.6344 20.09 1,10 0.0012

Summary Measures
All Four Defects - Interactions 178.8300 62.8500 2.845 0.0216 0.4409 8.096 1,8 0.0216
Principal Component 1 1.6401 0.5699 2.878 0.0206 0.4472 8.281 1,10 0.0206

TABLE 2. Linear Regression of Total Defects Against Major Addictive Drugs

Parameter Model Parameters

Model Parameter Estimate Std. Error t value Pr(>jtj) logLik R-Squared F dF P

OLS lm(asinh(TotalSc)�asinh(Opd)�asinh(Can)�asinh(Tob)þasinh(Alc)þasinh(Coc)þasinh(Stm)þasinh(Inc))
lm asinh(Opd):asinh(Can) 6.1200 0.6570 9.32 0.00024 �3.5869 0.916 19.6 7,5 0.00236 ���

asinh(Can):asinh(Tob) �8.5010 1.3030 �6.52 0.00127 ��

asinh(Coc) 1.2230 0.1980 6.19 0.00161 ��

asinh(Opd) 3.9860 0.6540 6.10 0.00172 ��

asinh(Inc) 0.6590 0.1650 4.00 0.01034 �

asinh(Can) �1.0460 0.2900 �3.60 0.01550 �

�P< 0.05.
��P< 0.01.
���P< 0.001.
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