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Abstract

Objectives: The lactase persistence/nonpersistence (LP/LNP) phenotypes follow a geographic
pattern that is rooted in the gene-culture coevolution observed throughout the history of human
migrations. The immense size and relatively open immigration policy have drawn migrants of diverse
ethnicities to Canada. Among the multicultural demographic, two-thirds of the population are derived
from the British Isles and northwestern France. A recent assessment of worldwide lactase distributions
found Canada to have an LNP rate of 59% (confidence interval [CI] 44%-74%). This estimate is rather
high compared with earlier reports that listed Canada as a country with a 10% LNP rate; the authors
had also noted that biases were likely because their calculations were based largely on Aboriginal studies.
We hereby present an alternate LNP prevalence estimate at the national, provincial and territorial level.
Methods: We applied the referenced LNP frequency distribution data to the 2016 population census
to account for the current multi-ethnic distributions in Canada. Prevalence rates for Canada, the prov-
inces and territories were calculated.

Results: The national LNP rate is estimated at 44% (CI1 41%-47%) after accounting for the 254 ethnic
groups, with the lowest rates found in the eastern provinces and the highest rates in the Northwest
Territories (57%) and Nunavut (66%), respectively.

Conclusion: Despite the heterogeneous nature of the referenced data and the inference measures
taken, evidently, the validity of our LNP estimate is anchored on the inclusion of multi-ethnic groups
representing the current Canadian demographic.

Keywords: Canadian census data; Demographic inference; Disease epidemiology; Lactase nonpersistent;
Lactase persistent; Lactose intolerance

Milk provides optimal nutrition for neonatal growth and devel-
opment. With lactose being the principal carbohydrate, its di-
gestion is indispensable and mediated by the intestinal brush
border enzyme lactase-phlorizin hydrolase (LPH) or lactase
(LCT). While the ability to metabolize lactose is conserved
among mammalian neonates, the vast majority loses such ability

soon after weaning, with humans being the notable exception
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(1, 2). This gain-of-function ‘mutation’ is an inheritable auto-
somal dominant trait, associated with noncoding variation in
the distal regulatory enhancer region ~14 kb upstream of the
LCT transcription site (3-5). The result is prolonged upregula-
tion of LCT gene expression throughout adulthood.

Many Northern Europeans carry the -13910C>T
(rs4988235) variant (TT), whereby a single T-allele change at
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position 13910 in intron 13 of the minichromosome mainte-
nance complex component 6 (MCM6) gene contributes to
their lactase persistence (LP) phenotype (3). Since then, four
other genetic variants have been identified to have co-emerged
across different geographical regions at various time points
during the Neolithic revolution. Such parallel increase in the
frequency of multiple alleles suggests strong cultural-historical
selection pressure because it coincided with the adoption of
pastoralism and milk consumption around 3000 to 7500 years
ago (2, 6-11). To date, this evolutionary adaptation dichoto-
mizes the global adult populations into one-third who are lac-
tose digesters and the rest as homozygous ‘wild-types’ who are
lactase nonpersistence (LNP) (1,2).

While positive selection affects particular genes, geographic
and demographic variables over time can exert a uniform effect
on the genome which may become important under conditions
ofstressand disease. Occurrences of chronicdisease, purportedly
the result of “Western’ lifestyles and industrialization, have been
described to follow a distinctive north-south gradient (12-17).
Certain cancer types, inflammatory bowel diseases (IBD) and
autoimmune disorders also correlate with the national LP/
LNP frequencies to some degree (18, 19). Although global LP/
LNP prevalence remains relatively stable, the distribution of
LP/LNP phenotypes can vary in response to human migratory
patterns. Along with the changing lifestyles and dietary habits,
it may be worthwhile to monitor the shifting dichotomy of LP/
LNP distributions, particularly in once LP-dominant Western
nations, and study the resulting health implications at the popu-
lation level (20, 21). This is especially relevant for Canada.

Due to the immense geographic size and open immigration
policy, present-day Canada is drawing migrants of diverse eth-
nic backgrounds, which, in variable numbers, reflects the global
population. Among the 254 ethnic origins reported in the 2016
census (22), two-thirds of Canadians still identified themselves
as being either British or French descendants of early colonial
settlers (23, 24). The rest are partitioned into various demo-
graphic groups consisting of European, Asian, and, to a lesser
extent, African and Middle Eastern, with a small percentage
derived from North American Aboriginal (i.e., First Nations,
Inuit and Métis). As such, the Canadian LP/LNP distribution
profile has likely changed, and the extent of this change war-
rants further evaluation.

In a recent publication by Storhaug et al. on the global dis-
tributions of LNP frequencies, Canada was reported as having
a 59% LNP prevalence (confidence interval [CI] 44%-74%)
(25). This estimate is markedly higher compared with earlier
studies listing Canadian LNP prevalence <10%, reflecting
origins from northern Europe (26, 27). According to a 2013
nationwide online survey on self-reported lactose intolerance
(LI) from 2251 responders, only 16% of the population con-
ferred to LNP status (28). Furthermore, Storhaug et al. noted
that an overestimation of LNP prevalence was likely because

their sample data were based on outdated studies of Aboriginal
populations (29, 30).

In an effort to obtain a more accurate LP/LNP distribution
profile at the national level, we incorporated all ethnic cate-
gories provided by the latest 2016 population census into our
sampled population. We then used Storhaug data of global LNP
prevalence to derive LNP estimation rates for our Canadian
demographic.

METHODS

Referenced Populations for Estimating National LNP
Prevalence

National LNP prevalence was ascertained from the latest sys-
tematic review and meta-analysis study by Storhaug et al (25).
Prevalence data from 178 studies were evaluated on lactose mal-
absorption (LM) or LP among adults and children age 10 years
or older by means of standardized methods (i.e., genotyping,
hydrogen breath tests or lactose tolerance tests). An 84% global
population coverage based on 450 population groups of 89
countries was achieved. Despite heterogeneity between studies
ofthe assessed countries, they reported a global LNP prevalence
of 68% (CI 64%-72%), with Canada at 59% (CI 44%—-74%).

Sampled Canadian Populations

Ethnic composition and total population of Canada were
derived from the 2016 Census (22). The overall imputation rate
for reported ethnic origin at the national level is 4.5%. With the
exception of Aboriginals, many can relate their ethnic origins
to the ancestral or cultural roots” independent of citizenship,
nationality, language or birthplace. For instance, a naturalized
Mauritian-born Canadian citizen, whose mother tongue is
Punjabi but communicates in English and French, may report
‘East Indian’ as their ethnic identity. For more information
on the collection, classification, dissemination and quality
assessment of the ethnic origin data, consult the Ethnic Origin
Reference Guide (31).

LNP Inference Measures

Because LNP prevalence was only available for 89 countries
while a total of 254 ethnic groups were reported in the 2016
Census, several strategies were employed to facilitate compar-
isons between the referenced and sampled populations. First,
similar ethnic groups were further combined into broader eth-
nic categories, such as the case of ‘Channel Islander, ‘Cornish,
‘English, ‘Manx, ‘Scottish’ and “Welsh. Together, they were cat-
egorized under ‘United Kingdom’ with an assigned 0.08 LNP
frequency (25). Similarly, for countries that were previously
assessed but were not a stand-alone ethnic group in the census
report, we included their corresponding prevalence data when
calculating the averaged LNP frequencies of broad regional cat-
egories such as ‘Other Southern and East African origins.
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Secondly, because LNP is a genotypic attribute, in the absence
of referenced data LNP frequencies were imputed according to
the predominant genomic contribution of ancestral donor pop-
ulations. Owing to past intercontinental admixture events, the
contemporary Caribbean populations exhibit a high degree of
parental lineages from West Central Africa and Northern Europe
regions (32). Thereby, we inferred that the LNP prevalence in
connection to the Caribbean heritage was the weighted arith-
metic mean of LNP frequencies for ‘United Kingdom, ‘Ireland,
‘France, ‘Spain’ and “West Central Africa, respectively.

Similar inference measures were taken for the contemporary
North American cohorts, many of which still share compara-
ble genetic signature with their parental European counterparts
(33-35). According to ancestral admixture analyses, nonco-
lonial immigrants of various origins had very limited genetic
impact on the French Canadian population (36), with ~90%
of the French Canadian gene pools still contributed to by the
original French settlers (37). We assigned the referenced 0.36
LNP estimate of France for ‘Québécois.’ The ‘Acadian’ pop-
ulations, despite being mostly of French origin, have inter-
bred to varying degrees with the Aboriginal people. Hence,
we estimated that the corresponding LNP frequency would
be equally contributed by those two groups. Consistent with
the population immigration history, the genetic substructure
within ‘Newfoundlanders’ resembles that of the British popu-
lation (i.e., ‘English, ‘Irish, ‘Scottish’) with other contributions
from ‘North American Aboriginal’ and ‘French’ (34). We per-
formed a weighted average of LNP rates in reference to those
five genetic contributions. For the broadly identified ‘Canadian’
and ‘Other North American origins’ groups, we simply inferred
that their LNP frequency be the weighted LNP rates for the
most frequently identified ‘founder origins’ (similar to that of
‘Newfoundlanders’).

Although the demographic and evolutionary complexity of
Native American populations is beyond our scope (38, 39),
our inference approach was consistent with the major genomic
signatures imprinted in contemporary ‘North American
Aboriginals’ living in Canada. These include present-day west-
ern Eurasians (i.e., West Central Asia/Middle East region and
to some extent Mongolia), English and French but not East
Asians (38).

Data Analyses

Before deriving an estimated LNP for Canada (and its territo-
ries/provinces), the total ethnic population (P ) was calculated
using census dataset

P=)E (1)

where E is the number of responses of a reported ethnicity at
the national or territorial/provincial level, and # represents the
number of ethnic groups.

Next, the total LNP prevalence (P, ) was determined by

LNP
P = Z(Ez 'LNPi) (2)
i=1

where LNP, corresponds to the referenced or inferred LNP fre-
quency for each ethnic origin.
Finally, the weighted LNP prevalence estimate (in percent-

age) was derived as follows:

p,
LNP Prevalence(%) = ;)NP (3)

It is important to note that P, and the total national popula-
tion are not equivalent, with P_surpassing the latter due to
individuals reporting multiple ethnic origins. We decided to
exclude those people who have multiple origins because it is
unknown whether a person is 50% Italian and 50% French, or
25% Italian and 75% French, if this person reported having
both Italian and French origins. Without this distribution, it
is impossible to accurately determine the LNP status of such
an individual. Moreover, in order to correspond with the age
cutoff of Storhaug study populations, we included only indi-
viduals age 15 years and above. Therefore, our study pop-
ulation consisted of Canadians 15 years old and above who
identified themselves with only one ethnic origin as reported
in the census. Estimated LNP prevalence for Canada and for
its provinces/territories were provided, along with their 95%
confidence intervals (P < 0.05). Confidence intervals were
calculated by incorporating LNP prevalence estimates in the
various ethnic subgroups. All data analyses were performed
using Microsoft Excel and statistical software package SAS 9.3
(SAS Institute, NC).

RESULTS

From the 2016 nationwide census, the total national popula-
tion was estimated at 35,151,728. After ethnic stratification
(31), the population count became 34,460,065, of which
there were 20,297,880 (59%) responders who reported only
one ethnic origin out of the 254 ethnic groups. Following
the age exclusion of those less than 15 years old, we final-
ized our study population to be 17,324,085 (Eq. 1). Table 1
shows the number and percentage of age-adjusted single
ethnic responders by geographic region in comparison with
the entire mono-ethnic population. After applying the appro-
priate LNP frequency to each ethnic origin (Eq. 2), we esti-
mated the national LNP prevalence as 44% (CI 41%-47%)
(Eq. 3). Estimated LNP prevalence for each province/terri-
tory is listed in Table 2. Figure 1 is a graphical representation
of the LNP distribution (per cent rate) across all territories
and provinces within Canada. For a complete list of the 254
ethnic groups within the single responders, see the supple-

mentary material.
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Table 1. Number and percentage of age-adjusted single ethnic responders (age >15) by geographic region versus the non-age-adjusted

population. Population counts were provided by Statistics Canada (23)

Single Ethnic Responders, Age >15

Single Ethnic Responders, All Age

Region Number (n) Percentage (%) Number (n) Percentage (%)
Yukon 12,340 0.07 14,355 0.07
Northwest Territories 19,385 0.11 23,945 0.12
Nunavut 18,930 0.11 28,115 0.14
British Columbia 2,076,255 11.98 2,371,215 11.68
Alberta 1,651,025 9.53 1,994,190 9.82
Saskatchewan 391,450 2.26 481,290 2.37
Manitoba 501,720 2.90 614,295 3.03
Ontario 6,483,555 37.43 7,534,635 37.12
Québec 5,073,910 29.29 5,976,810 29.45
Newfoundland and Labrador 300,035 1.73 344,185 1.70
New Brunswick 354,850 2.05 409,290 2.02
Prince Edward Island 58,115 0.34 67,610 0.33
Nova Scotia 382,515 2.21 437,945 2.16
Total 17,324,085 100.00 20,297,880 100.00

Table 2. Estimated LNP prevalence for Canada and for each ter-
ritory/province according to Storhaug data and inferred methods

(25)
Region LNP Lower  Upper
Prevalence  CI CI
Yukon 0.41 0.38 0.45
Northwest Territories 0.57 0.53 0.60
Nunavut 0.66 0.64 0.69
British Columbia 0.52 0.48 0.56
Alberta 0.46 0.43 0.50
Saskatchewan 0.42 0.39 0.46
Manitoba 0.49 0.45 0.52
Ontario 0.49 0.45 0.53
Québec 0.37 0.34 0.39
Newfoundland and 0.23 0.21 0.25
Labrador
New Brunswick 0.27 0.25 0.29
Prince Edward Island 0.25 0.22 0.27
Nova Scotia 0.26 0.24 0.29
Canada 0.44 0.41 0.47
DISCUSSION

This study is to put LNP prevalence of Canada in perspective
with the recent assessment that evaluated LNP frequencies for
89 countries (25). Although actual figures of LP/LNP distribu-
tions have never been systematically examined, the national LNP
rate should correlate inversely with the TT' genotype of colonial
European settlers from the British Isles and northwestern France
(23, 24). To date, their descendants, known as the ‘founder

populations, make up approximately two-thirds of the national
population (22). Nevertheless, a shift in migratory patterns in
the last two decades has slowly replaced natural increase as the
main source of population growth (40), owing to low fertility
and population aging (41). By including all major and minor
ethnic groups identified by the 2016 census, we expect that the
estimated national LNP prevalence will help further assess dairy
product nutrition in the population and track patterns of dis-
eases putatively linked with LCT trait distributions. While this
methodology has inherent inaccuracies, previous studies have
used polymorphic traits to estimate phenotypic status on a pop-
ulation basis. The most relevant to our study is the evaluation
of the drug-metabolizing enzyme CYP2D6 of the cytochrome
P450 gene superfamily (42). Here, the authors compiled global
CYP2D6 allele-frequency data, in a similar manner to the LCT
gene, for the estimation and comparison of drug metaboliz-
ing status within and among ethnic groups. Remarkably, both
CYP2D6 and LCT analyses highlight the challenges of deriving
phenotype status from genotype data. Allelic variants consid-
ered rare, less frequent or novel might elude detection, which
can lead to their miscategorization as the interrogated alleles by
default. Hence, the predicted prevalence and reported frequen-
cies of certain phenotypes might differ between populations of
similar ethnic backgrounds and within the major ethnic groups
(42). Other genetic factors such as distant enhancer SNP expres-
sion and sequence variations can also impact gene expression,
thus altering individual metabolic capacity, resulting in a pheno-
type that no longer corresponds to the expected genetic profile.
Lastly, the inclusion of phenotype studies not based on genotype
data can also account for the difference between predicted and
observed phenotypes, as is the case with CYP2D6 and LCT.
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Figure 1. Territorial/provincial distribution of age-adjusted LNP prevalence (per cent rate) in Canada. Per cent rates are derived from single-ethnic

responders rounded to the nearest 1000 persons for each province and territory.

In our study, the national LNP rate is estimated at 44% after
accounting for the 254 ethnic groups. The lowest rates are in
the eastern provinces, while the highest are in the Northwest
Territories (57%) and Nunavut (66%), respectively (Table 2;
Figure 1). Here the population is predominantly Aboriginal.
Genetic admixture analyses have confirmed that the North
American Aboriginal group consists of two population sub-
structures: one ancestral to East Asians and the other to western
Eurasians (38, 39), where admixture events had likely occurred
before their migration to the Americas during the Pleistocene
epoch (39). It is expected that at the individual level, those
coming from admixed lineage of different ancestral origins can
confound the accuracy in predicting present-day LNP status.
Mendelian distribution predicts that in intermarriage between
individuals of differing LP/LNP status, at least half or more off-
spring will possess an LP phenotype. While this is noted among
the Aboriginal populations like the Métis, the impact of inter-
marriage on LP/LNP status makes it difficult to determine the
phenotypic trait in other ethnic groups without conducting
LCT genetic tests.

There are two major consequences associated with LNP. First,
LNP individuals generally consume less dairy (18, 43-45), and
second, they may experience digestive symptoms due to peri-
odic consumption of lactose. Adult-onset LNP phenotype is
interchangeably defined with other terms such as adult hypo-
lactasia, primary acquired lactase deficiency (LD) and lactose
malabsorption (LM), with LM being most commonly used to
describe LNP (Table 3). According to the 2010 NIH Consensus
Conference, by definition, lactose intolerance (LI) refers to ‘the

onset of gastrointestinal symptoms (i.e., bloat, flatus, cramps,
nausea, diarrhea) (46, 47) following a blinded, single-dose
challenge of ingested lactose by an individual with lactose mal-
absorption, which are not observed when the person ingests an
indistinguishable placebo (48). In other words, LI can occur re-
gardless of LNP status. Unlike LI, in many cases LM does not
come to clinical attention because the development and degree
of symptoms are governed by multiple biological and individual
factors: (1) lactose load (46, 47), (2) oro-cecal transit time, (3)
net food intake (e.g., meals with higher fat content or osmolality
can delay gastric emptying, as opposed to an empty stomach)
(49-51), (4) composition and fermentation capacity of co-
lonic microbiota (52), (5) regular intake of dairy products (i.e.,
promote microbiota diversity including Bifidobacterium) (46,
53, 54), (6) sensitivity threshold to increased osmotic load of
unabsorbed lactose (i.e., gut distension due to excess fluid/gas-
eous secretion), (7) intermediate levels of LCT activity among
heterozygous (CT) individuals, and finally (8) psychological
perception (e.g, visceral hypersensitivity) (55).

False preconceptions and the general lack of public under-
standing in lactose-related disorders warrant discussion, as well.
From a clinical perspective, establishing individual LP/LNP
phenotype should correlate with lactose driven symptoms, in
which the primary goal is to determine tolerance rather than eti-
ology. This is highlighted in subjects with functional bowel dis-
eases who demonstrated abnormal lactose and lactulose breath
test results but were not true lactose malabsorbers (LNP) (56,
57). In this case, LI is not due to LCT deficiency but related
to small intestinal bacterial overgrowth (SIBO), whereby the
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Table 3. Definition of lactose- and lactase-related concepts

Term Definition

Lactase persistence (LP)

Persistence of high lactase expression activity at the jejunal brush border into adulthood,

resulting in individuals with the ability to digest lactose beyond weaning phase

Lactase nonpersistence (LNP)

The natural decline in lactase expression activity at the jejunal brush border post-

weaning, resulting in some individuals experiencing symptoms due to minimal ability

to digest lactose
Estimated lactase persistence (LP) and
lactase nonpersistence (LNP) rates

Percentages of population according to lactose digestion status as determined by
combined measurements of indirect (e.g., breath hydrogen, blood glucose, or urinary

galactose excretion following lactose challenge) and direct genotyping methods. The

latter evaluates the expression levels of lactase (LCT) polymorphic variants which can

be used to differentiate among homozygous digesters, maldigesters, and heterozygous

persons with intermediate LCT activity

Lactose malabsorption (LM)

Inefficient or incomplete digestion of lactose due to LNP (primary) or other intestinal

pathologies (secondary)

Lactose intolerance (LI)

Gastrointestinal symptoms presented in individuals with LM, including flatus, gas,

bloating, cramps, diarrhea, and vomiting (rarely)

Lactose sensitivity

Systemic symptoms (e.g., nausea, depression, headache, fatigue) with or without the

presence of LI symptoms

Lactase deficiency (LD)

Reduction of intestinal LCT expression activity due to either genetic or secondary

causes such as diseases or injury to the proximal small bowel mucosa

lactose substrate is prematurely exposed to excessive bacteria
otherwise not found in the small bowel before it can be prop-
erly digested and absorbed.

Avoidance of lactose ingestion can also be inherent to cultur-
ally based attitudes toward dairy products. This is of particular
concern among countries with a high prevalence of LNP, in
which the combination of cultural practices and fear of devel-
oping abdominal symptoms may be barriers to regular dairy in-
take (18). Among the ethnic minority groups living in North
America, the average dairy intakes are generally below that of
the daily requirements. Avoidance could put them at increased
risk for inadequate bone accrual, osteoporosis, and other ad-
verse health outcomes (21, 48, 58, 59). This is because restrict-
ing dairy also subsequently limits the intake of other essential
nutrients including calcium, potassium, phosphorus, vitamins
A, D and B12, riboflavin, niacin, and branched-chain amino
acids (BCAAs) (21, 48, 59). Over the past two decades, there
has been a steady decline of approximately 28% in fluid milk
consumption per capita among Canadians (60). Alternatively,
consumer interest in other dairy products has seen a dramatic
shift in recent years, reporting an overall increase of 109% in
yogurt alone (61). Several studies published in Canada have
shown improved nutritional outcomes in terms of calcium in-
take and bone health in connection with regular dairy intake
among school children and elderly adults (62, 63). In summary,
reduction of lactose intake rather than exclusion should be
encouraged because, regardless of actual or perceived LI, most
individuals demonstrate tolerance for at least one glass of milk

daily (12.5g lactose) (64), and threshold for lactose-induced
symptoms can be doubled (up to 24 g) if taken with a meal
(49-51). We previously conducted a nutrigenetic meta-anal-
ysis study where we examined national dairy intake and inci-
dence of colorectal cancer (65). According to our analysis, a
protective role of higher dairy intake was observed in both LP-
and LNP-prevalent populations. In other words, the potential
anticolorectal cancer benefits associated with dairy foods are in-
dependent of LP status and also extend to those who are lactose
maldigesters. Several studies have also supported the beneficial
impact of low-fat dairy consumption on reducing colorectal
cancer risk (66) and other chronic disease risks including hy-
pertension and cardiovascular-related complications (67, 68)
and the lesser-known association IBD (69).

Our study has several methodology limitations in relation
to the census data, which have undergone random rounding,
data suppression and other aspects of disclosure control (70).
Because of random rounding, counts and percentages may vary
slightly between different census datasets (i.e., total national
population counts differ between datasets). Furthermore, there
is a fundamental difference between census counts and popu-
lation estimates. While the population census was designed to
conduct a complete count of the population, inevitably some
individuals were not enumerated (undercoverage), whereas
others may be enumerated more than once (overcoverage).
Lastly, Storhaug data represent a combined meta-analysis of
genetic, biochemical and endoscopic research with variable
methodologies. Because the primary raw data and detailed



Journal of the Canadian Association of Gastroenterology, 2020, Vol. 3, No. 3

109

summary statistics were not provided, an additional sensitivity
analysis (i.e., forest plots) could not be performed on the refer-
enced populations to reassess and adjust for baseline character-
istic imbalance.

While our methods described here are theoretically sound
and the topic is broadly relevant, the presented research is—at
best—an understudy to existing population-based genetic asso-
ciation studies. We hope our updated LNP prevalence data will
provide a launching point for discussion and research interest
to gather more genetic, biochemical and endoscopic data across
the Canadian demographic. Until more thorough phenotypic
data become available, we are limited to infer the national LNP
status based on composite research investigations. Ideally, com-
binations of breath testing, lactose (glucose) blood tests and
lactase genotyping of different populations in Canadian regions
can more accurately reflect lactase distributions. Prospectively,
the ethnic background of persons undergoing testing could be
added to the clinical information. This knowledge would help
to build population data on ethnic groups living in Canada.
The value of this information can be used broadly for design-
ing treatment, specifically for lactose-induced digestive and
perhaps systemic symptoms. In addition, accurate lactase distri-
butions allow more precise epidemiological studies that could

relate diseases to lactase status.

Supplementary data

Supplementary data are available at Journal of the Canadian
Association of Gastroenterology online.
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