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Abstract

Background & Aims: The association between prevalence of celiac disease and geographic
region is incompletely understood, but the occurrence of several autoimmune disorders has been
found to vary along a North—South gradient. We examined geographic, demographic, and clinical
factors associated with prevalence of celiac disease and gluten-free diet (GFD) in the United States
(US).

Methods: In a population-based study, we analyzed data on gluten-related conditions from the
US National Health and Nutrition Examination Survey, from 2009 through 2014, on 22,277
participants 6 years and older. We identified persons with celiac disease, based on results of serum
tests for immunoglobulin A against tissue transglutaminase and endomysium or on both a health
care provider diagnosis and adherence to a GFD. Gluten-avoidance without celiac disease was
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defined as adherence to a GFD without a diagnosis of celiac disease. We compared mean serum
levels of biochemical and nutritional markers based on status of gluten-related conditions.

Results: We found 0.7% of participants to have celiac disease and 1.1% of participants to avoid
gluten without celiac disease. Celiac disease was more common among individuals who lived at
latitudes of 35—-39° North (odds ratio, 3.2; 95% CI, 1.4-7.1) or at latitudes of 40° North or more
(odds ratio, 5.4; 95% ClI, 2.6-11.3) than individuals who lived at latitudes below 35° North
independent of race or ethnicity, socioeconomic status, and body mass index. Gluten-avoidance
without celiac disease was more common among individuals who lived at latitudes of 40° North or
more, independent of demographic factors and body mass index. Participants with undiagnosed
celiac disease (identified by positive results from serologic tests) had lower mean levels of B12
and folate (data collected from 2009 through 2012) than persons without celiac disease.
Participants with a health-care provider diagnosis of celiac disease had a lower mean level of
hemoglobin than persons without celiac disease. Mean levels of aloumin, calcium, iron, ferritin,
cholesterol, vitamin B6, and vitamin D (data collected from 2009 through 2010) did not differ
between participants with gluten-related conditions and those without.

Conclusions: In the US population, a higher proportion of persons living at latitudes of 35°
North or greater have celiac disease and/or avoid gluten than persons living south of this latitude,
independent of race or ethnicity, socioeconomic status, or body mass index. Mean levels of B12
and folate are lower in individuals with undiagnosed celiac disease, and levels of hemoglobin are
lower in participants with a diagnosis of celiac disease, compared to individuals without celiac
disease.
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Celiac disease is a chronic small intestinal immune-mediated enteropathy caused by
intolerance to dietary glutens in genetically susceptible individuals.! The prevalence of
celiac disease varies widely across and within different countries.? It is common in Europe,
the United States, North Africa, the Middle East, and India and believed to be uncommon in
Sub-Saharan Africa and East Asia.3 4 These differences may be related to variation in
human leukocyte antigens (HLA) or other genetic factors, dietary factors, infant feeding
practices, gastrointestinal infections, socioeconomic status, hygiene, or other unknown
factors.> & Moreover, several studies in autoimmune diseases showed North-South gradients
in disease occurrence in genetically similar populations, including inflammatory bowel
disease, multiple sclerosis, and rheumatoid arthritis.”-10 It is possible that similar geographic
variation exists for celiac disease as an autoimmune condition based on differential impact
of environmental factors on susceptible individuals. A leading explanation for this ‘North—
South’ gradient in the risk of autoimmune diseases may be differences in exposure to
sunlight or UVB radiation, which is generally lower in northern latitudes predisposing to
vitamin D deficiency. There is evidence that vitamin D plays an important role in
immunomodulation in celiac disease and other autoimmune diseases.!! The availability of
and adherence to a gluten-free diet, the treatment for celiac disease, may also vary by
geographic location.
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Following an NIH Consensus Conference on celiac disease in June 2004, a population-based
study to estimate prevalence of celiac disease across ethnic groups in the United States was
initiated.13 In the first report using data from the National Health and Nutrition Examination
Survey (NHANES) 2009-2010 celiac disease components, the prevalence of celiac disease
was 0.71% and most cases were undiagnosed.14 Celiac disease was more common among
non-Hispanic whites (1%) than among minorities in whom it was rare. The prevalence of
persons who reported following a gluten-free diet was 0.63% and most did not have a
diagnosis of celiac disease. A more recent report using data from NHANES 2009-2012
celiac disease components, as well as earlier NHANES, suggested more than doubling of
celiac disease prevalence between 1988 and 2012.1% A higher prevalence of persons
maintaining a gluten-free diet in the absence of a diagnosis of celiac disease was found in
blacks (1.2%). In a recently published report from our group using NHANES celiac disease
components through 2014, the prevalence of celiac disease was 0.7% overall and was higher
among non-Hispanic whites (1.0%) than among other race-ethnicities (0.2%).16 The
prevalence of gluten-avoidance among persons without celiac disease was 1.1% overall and
did not differ among racial-ethnic groups.

Celiac disease and gluten-related disorders along with the gluten-free diet are receiving
increasing attention in the United States; however, their clinical significance and public
health impact are incompletely understood. NHANES is the only nationally representative
survey that has measured celiac disease serology coupled with medical condition questions.
Six years of serology data integrated with geocoding and other health measures are now
available and provide the opportunity to explore relationships with potential risk
stratification or identification of protective factors. We examined geographic, demographic,
and clinical factors associated with celiac disease and the gluten-free diet in this U.S.
national population-based study.

METHODS

The NHANES is conducted in the United States by the National Center for Health Statistics
(NCHS) of the Centers for Disease Control and Prevention (CDC) and since 1999, has been
a continuous survey in 2-year cycles.1” The survey consists of cross-sectional interview,
examination, and laboratory data collected from a complex multistage, stratified, clustered
probability sample representative of the civilian, noninstitutionalized population with
oversampling of non-Hispanic blacks, Hispanics, Asians (2011-2014), low income whites,
and persons age 80 years or older. The survey was approved by the CDC ethics review
board, and all participants provided written informed consent to participate. The current
analysis utilized survey data collected from 2009 through 2014, the years during which
gluten-related disorders were assessed by interview and serology for participants 6 years or
older nation-wide.

Of 35,189 sampled persons age 6 years and older in NHANES 2009-2014, 24,703 (70%)
attended a study visit at a mobile examination center. We excluded participants who were
missing celiac disease serology (n=2,425) or celiac disease questionnaire responses (n=1)
resulting in an analysis sample of 22,277, including 6,454 children and adolescents age 6-19
years and 15,823 adults age 20 years or older.
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Participants were asked the following 2 interview questions: 1) Has a doctor or other health
professional ever told you that you have celiac disease, also called sprue? and 2) Are you on
a gluten-free diet?18 Serum specimens were shipped to the Celiac Disease Research
Laboratory at Mayo Clinic, Rochester, MN, for sequential serological testing. Serum was
tested for tissue transglutaminase immunoglobulin A (tTG IgA) as a screening test
(sensitivity, ~98%) with an enzyme-linked immunosorbent assay that uses human
recombinant tTG (Inova Diagnostics, San Diego, CA), and results were categorized as
positive (>10 U/ml), weakly positive (4-10 U/ml), or negative (<4.0 U/ml).14 19 Persons
with a positive or weakly positive tTG IgA were tested for endomysial antibody (EMA 1gA)
as a confirmatory test (specificity, 99-100%) by indirect immunofluorescence using the
reticulin component of the endomysium of the smooth muscle in monkey esophagus tissue
(Inova Diagnostics, San Diego, CA), and results were considered positive if fluorescence
was observed at a dilution of 1:25. Sequential serology has been shown by one of the
authors (JAM) to be effective at detecting undiagnosed celiac disease cases in the general
population,20: 21

We identified participants as having celiac disease if they met at least one of the following
two criteria: 1) double positive (or weakly positive) serology for tTG IgA followed by EMA
IgA, or 2) both a self-reported health care provider diagnosis of celiac disease and adherence
to a gluten-free diet. Participants were considered to have diagnosed celiac disease if they
had a clinical (provider) diagnosis and either positive serology or adherence to a gluten-free
diet, and undiagnosed celiac disease if they had positive serology without a clinical
diagnosis. Gluten-avoidance without celiac disease was defined as adherence to a gluten-free
diet without a diagnosis of celiac disease. These definitions are diagramed in Figure 1 for
reference. tTG IgA titers (U/mL) were also analyzed as a continuous measure for this study
through the NCHS Research Data Center.22

Data were collected on demographic and clinical characteristics and examined in relation to
gluten-related disorders:23: 24 age (years), sex, race-ethnicity (non-Hispanic white, non-
Hispanic black, Hispanic, other), education, income, latitude, region, and body mass index
(BMI). Latitude (° North) was geocoded by NCHS from the participant’s residential address
and categorized for this analysis as <35, 35-<40, and >40 (Figure 2).25 Region was
categorized based on the 4 census regions: Northeast, Midwest, South, and West (Figure 3).
Geocoding data were used through the NCHS Research Data Center.22 For adults, the
highest grade or level of school completed, or the highest degree received, was reported and
categorized as less than high school graduation, a high school degree or GED or equivalent,
or education beyond high school. For participants 6-19 years, a household education level
was calculated as the higher of the education level of a *household reference person’ or
household reference person’s spouse. The household reference person was defined as the
first household member 18 years of age or older listed on the household member roster that
owns or rents the residence where household members reside.23 Income was measured by
the poverty income ratio (PIR; ratio of family income to poverty threshold) and categorized
as tertiles (cut-points, <1.7, 1.7-<4.0, 24.0). PIRs of 1.7 and 4.0 represent family incomes of
1.7 times and 4 times, respectively, the poverty threshold for a given family size and year.
BMI was categorized for adults in kg/m? as normal weight (<25), overweight (25-<30), or
obese (=30) and for children/adolescents using the 2000 CDC sex-specific BMI-for-age
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growth chart percentiles as normal weight (<85™), overweight (85th-<95th), or obese
(=95th).28: 27 Serum was tested for hemoglobin, albumin, calcium, iron, ferritin, total
cholesterol, vitamin B6, vitamin B12, folate and vitamin D as previously described.28

Statistical analysis

Characteristics of participants were compared by latitude using a chi-square (Xz) test and
linear regression. The prevalence of celiac disease and gluten-avoidance without celiac
disease was compared by demographic and BMI subgroups using a chi-square (XZ) test and
linear regression. Odds ratio (OR) estimates and 95% CI for celiac disease and gluten-
avoidance without celiac disease were calculated using logistic regression analysis
(SUDAAN PROC MULTILOG) to control for the effects of age, sex, race-ethnicity,
education, income, latitude or region, and BMI.

Unadjusted mean (standard deviation (SD)) tTG IgA titers were compared by demographic
and BMI subgroups using analysis of variance. The relationship of demographic
characteristics and BMI with tTG IgA titers was further examined using linear regression
analysis (SUDAAN PROC REGRESS) to calculate (least squares) mean estimates adjusted
for all other factors and for use of a gluten-free diet by survey participants. Finally, means of
hemoglobin and serum concentrations of albumin, calcium, iron, ferritin, cholesterol,
vitamin B6, vitamin B12, folate, and vitamin D were compared among gluten-related
conditions using analysis of variance to better understand the impact of gluten-related
disorders on these clinical markers. Multivariate analyses excluded persons with missing
values for any factor included in the model. P-values were two-sided, and a P-value of <0.05
was considered to indicate statistical significance. All analyses utilized sample weights that
accounted for unequal selection probabilities and nonresponse. All variance calculations
accounted for the design effects of the survey using Taylor series linearization.2°

RESULTS

The contiguous United States is encompassed by latitudes of approximately 25 to 50° North
(Figure 2). Among 22,277 participants 6 years of age or older with celiac disease serology,
the percentage residing within latitudes (° North) <35, 35-<40, and =40, was 27%, 31%, and
42%, respectively. Compared with persons living at <35° North, those residing at 35-<40°
North or >40° North were older, more likely to be non-Hispanic white, had more education
and a higher income, were less likely to be obese, and were more likely to be on a gluten-
free diet (Table 1).

Celiac disease was present in 0.7% (95% ClI, 0.6%-0.9%; N=109) of the sampled U.S.
population. Celiac disease was more common among participants residing at higher latitude.
Prevalence increased from 0.2% to 0.6% to 1.2% as latitude (° North) increased from <35 to
35-<40 to =40 (Table 2). After adjustment for demographic factors and BMI, celiac disease
remained associated with higher latitude. Compared with <35° North, the odds of celiac
disease were over 3 times higher at 35-<40° North and over 5 times higher at >40° North
(Table 2). Celiac disease prevalence was higher with education beyond high school and the
association remained significant after adjustment for persons with 12 years of education
(Table 2). Normal-weight individuals had a higher celiac disease prevalence compared with
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overweight or obese persons and this association remained with adjustment for multiple
factors (Table 2). Non-Hispanic black race was independently associated with a lower celiac
disease prevalence; there was no relationship with age or sex (Table 2). When adults 20+
years were analyzed separately, the directions of relationships with celiac disease were
similar to those for all participants and associations with celiac disease were stronger for
higher latitude and higher education (Supplemental Table 1). Children and adolescents 6-19
years were not analyzed separately due to the smaller number of celiac disease cases.

We also conducted analyses substituting region for latitude (Figure 3). The percentage of
participants residing within the Northeast, Midwest, South, and West was 18%, 24%, 34%,
and 24%, respectively. When region was substituted for latitude, the prevalence of celiac
disease was higher in the Northeast (1.11%) and Midwest (0.94%) compared with the South
(0.37%) and did not differ in the West (0.70%) from other regions. With multivariate-
adjustment, the celiac disease odds remained over twice as high for the Northeast compared
with the South (OR, 2.3; 95% CI, 1.1-4.7, p=0.026), but were not statistically significantly
different for the Midwest and West compared with the South (Supplemental Table 2).
Similar to analyses that included latitude, non-Hispanic black race and overweight and
obesity were independently associated with a lower celiac disease prevalence; more
education was non-significantly associated with a higher celiac disease prevalence.

Gluten-avoidance without celiac disease was present in 1.1% (95% Cl, 0.8%-1.4%; N=213)
of the sampled U.S. population. Gluten-avoidance without celiac disease was twice as
common among participants living at a latitude (° North) of 240 (1.6%), compared with
those residing at latitudes of <35 (0.8%) or 35-<40 (0.7%) (Table 2). After adjustment for
demographic factors and BMI, gluten-avoidance without celiac disease remained associated
with higher latitude. The odds of gluten-avoidance without celiac disease were over 80%
higher at =240° North compared with <35° North (Table 2). Gluten-avoidance without celiac
disease prevalence was higher with education beyond high school and among the highest
family income tertile; however, these relationships were no longer statistically significant
after adjustment for multiple factors (Table 2). Gluten-avoidance without celiac disease was
independently associated with female sex and was less common among children and
adolescents; there was no relationship with race-ethnicity (Table 2). When adults 20+ years
were analyzed separately, the directions of relationships with gluten-avoidance without
celiac disease were similar to those for all participants and associations with gluten-
avoidance without celiac disease were similar for latitude and stronger for higher income
and lower BMI (Supplemental Table 1). Children and adolescents 6-19 years were not
analyzed separately due to the smaller number of gluten-avoidance without celiac disease
cases.

When region was substituted for latitude, the prevalence of gluten-avoidance without celiac
disease was higher in the Northeast (1.88%) compared with the South (0.63%) and did not
differ in the Midwest (0.97%) or West (1.36%) from other regions. With multivariate-
adjustment, the gluten-avoidance without celiac disease odds remained almost 3 times as
high for the Northeast compared with the South (OR, 2.9; 95% ClI, 1.6-5.1, p<0.001), and a
higher odds of gluten-avoidance without celiac disease emerged in the West compared with
the South (OR, 2.5; 95% Cl, 1.3-4.8, p=0.008) (Supplemental Table 2). Similar to analyses
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that included latitude, female sex was independently associated with a higher gluten-
avoidance without celiac disease prevalence and age 6-19 years was independently
associated with a lower prevalence.

We also conducted analyses of tTG IgA titers. The median (interquartile range) tTG IgA
titer (U/mL) in the total population was 0.74 (0.62, 0.86) and the range from the 15t
percentile to 99" percentile was 0.41-2.66. The unadjusted mean (SD) titer (U/mL) was
higher at a latitude (° North) of 35-<40 [1.2 (6.8)] or 240 [1.2 (7.0)], compared with <35
[0.8 (2.3)] (Table 3). The association of higher latitude with higher titers remained after
adjustment for age, sex, race-ethnicity, education, income, BMI, and use of a gluten-free diet
(Table 3). Age 60 years or older and non-Hispanic black race were independently associated
with a lower tTG IgA titer.

Lastly, we examined the relationships of diagnosed and undiagnosed celiac disease and of
gluten-avoidance without celiac disease with serum concentrations of nutrition-related
factors. Mean albumin, calcium, iron, ferritin, total cholesterol, vitamin B6, and vitamin D
did not differ with either celiac disease or gluten-avoidance without celiac disease compared
with participants without either condition (Table 4). Based on currently available data,
participants with undiagnosed celiac disease had lower vitamin B12 and folate (2009-2012)
levels and those with diagnosed celiac disease had lower hemoglobin levels compared with
persons with neither condition. Folate and vitamin D data from the most recent surveys will
be released pending completion of laboratory quality control checks.

DISCUSSION

In the U.S. population, both celiac disease and gluten-avoidance without celiac disease were
associated with higher northern latitude which was not completely explained by differences
in age, sex, race-ethnicity, socio-economic status, and BMI. We are not aware of other
reports of the relationship of celiac disease with latitude of residence in the U.S. population.
The prevalence of celiac disease varies widely across and within different countries.3 4
These differences are likely related to both genetic and environmental factors. Celiac disease
is characterized by a high heritability.30 Genetic variation in the major histocompatibility
complex (MHC) region at the HLA-DQA1 and HLA-DQB1 genes, specifically the common
haplotypes DQ2.5, DQ2.2, and DQ8, is well established as the major risk factor for celiac
disease.3! Altogether, 43 predisposing loci have been implicated in celiac disease and
collectively explain approximately 50% of the genetic variation.31: 32 Recently, fine mapping
in the MHC region identified 5 new loci, independent of the HLA-DQA1 and HLA-DQB1
alleles, which account for an additional 18% of heritability.33 These HLA class | genes
could provide the genetic link to intraepithelial lymphocytes which have been shown to
exacerbate celiac disease and are restricted to MHC class | recognition.33 In addition, studies
of gene function at celiac disease loci have confirmed the regulatory nature of autoimmune
disease-associated SNPs and the well-established role for T cells, while also suggesting that
B cells play a role in celiac disease.3* 35 These studies also identified 4 genes in relation to
defective intestinal barrier function in celiac disease and a genetic network involved in
interferon-gamma signaling and linked to celiac disease.3*
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Environmental factors other than gluten may also modulate celiac disease risk. A North—
South gradient in disease occurrence in genetically similar populations has been shown in
studies of autoimmune diseases, including inflammatory bowel disease, multiple sclerosis,
and rheumatoid arthritis.”-10 Differences in exposure to sunlight or UVB radiation, which
are generally lower in northern latitudes and predispose to vitamin D deficiency, could
explain this ‘North-South’ gradient in the frequency of autoimmune diseases.11
Susceptibility to latitude-dependent autoimmune diseases may be mediated by the vitamin D
receptor.3® The vitamin D receptor is activated by binding of 1,25-dihydroxy vitamin D3 and
functions as a transcription factor that regulates gene expression in many cell types,
including immune cells. The molecular pathways controlled by the vitamin D receptor
appear to be important in maintaining immune tolerance. Serum vitamin D was measured in
NHANES 2009-2014, but is currently available only for 2009-2010 which did not provide
sufficient numbers for analyses.

A few studies have examined geographic region in relation to celiac disease prevalence. In a
study from India, celiac disease was more prevalent in the north compared with the south
and correlated with greater wheat intake, but not with genetic background.3” In the current
study, there were no data on HLA-DQ 2/8 genotype. While we could speculate that there
may be latitude-dependent differences in gluten intake, dietary data collection instruments
were not designed to quantify gluten intake. In contrast to our findings, a recent large
Swedish study reported a higher celiac disease incidence among children born in southern
Sweden compared with the north.38 However, these ‘opposite’ latitude gradients may result
from important differences between the two studies. Sweden lies between latitudes of 55 and
69° North and the southern border is approximately 350 miles north of the contiguous
United States which lies below 50° North. In addition, the two populations differ with regard
to racial-ethnic composition and the Swedish study was restricted to children and examined
latitude of birth region (versus latitude of residence at the time of the study) in relation to
incident biopsy-verified celiac disease (versus prevalent clinically- or serologically-
diagnosed celiac disease). Further studies are needed of lifestyle and environmental factors
that mediate the association of celiac disease with latitude, as well as integration with
genetic data to account for potential interaction with genetic risk factors.

Celiac disease was independently associated with a higher education level. A relationship of
celiac disease with socio-economic status has been suggested. Celiac disease prevalence was
lower in Russian Karelia compared with Finland, 2 adjacent regions with partially shared
genetic ancestry and equal exposure to grain products. This suggested that the lower
economic status and less hygienic environment in Russian Karelia may protect against celiac
disease.> 6 Variation in hygiene standards, frequency of microbial infections, and early
childhood feeding practices among socioeconomic environments may lead to differences in
programming of the immune system in young children. Socioeconomic status may also
influence health-seeking behavior and access to health care that increase the opportunity for
a diagnosis; however, this would not completely explain the association we found with total
celiac disease cases, the majority of which were serologically diagnosed.

A higher prevalence of gluten-avoidance without celiac disease among non-Hispanic blacks
compared with non-Hispanic whites was suggested by a previous report based on four years
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of NHANES celiac disease data;1> however, no racial-ethnic differences were seen with two
additional years of data (Table 2). This fluctuation in frequency was within the expected
range given the small numbers with gluten-related conditions within the nationally
representative survey cycles and the population-based sampling strategy dictated by the
study design. Among adults, gluten-avoidance without celiac disease was independently
associated with a higher income level. This was not unexpected, considering the higher cost
and lesser availability of gluten-free foods. In one study conducted in 5 regions of the U.S.,
gluten-free products cost 240% more, on average, than their wheat-based counterparts
(p<0.05).39 Availability of gluten-free products varied between venues; 36% of products
studied were found at regular grocery stores compared to 41% at upscale markets, 94% at
health food stores, and 100% on the internet.

Inflammation and destruction of the small intestinal mucosa that occurs in celiac disease
lead to loss of absorptive surface and malabsorption of nutrients. Decreased serum levels of
vitamins and minerals are common in untreated celiac disease patients. Removal of gluten
from the diet leads to histological recovery in most patients with normalization of serum
micronutrient levels. We found decreased serum vitamin B12 and folate levels among
persons with undiagnosed celiac disease celiac disease celiac disease. Dietary B12 binds
with intrinsic factor in the duodenum and the complex is absorbed in the terminal ileum.
Although the terminal ileum is relatively spared in celiac disease, inadequate vitamin B12
levels are not uncommon among untreated celiac disease patients and were reported in
5-41% in a recent review.0 Folate is absorbed mostly in the duodenum and upper jejunum.
Folate deficiency has been reported in 8%-85% of adult celiac disease patients and
10%-40% of children with celiac disease.*? Vitamin B12 and folate deficiencies can lead to
megaloblastic anemia and to neurological symptoms. Among persons with diagnosed celiac
disease in our study, vitamin B12 and folate levels did not differ from those of healthy
participants. In contrast to our findings among participants with undiagnosed celiac disease,
community-based studies in Olmsted County, Minnesota found no difference in vitamin B12
or folate levels among persons 50 years and over or under 50 years with serology-positive
celiac disease compared with seronegative controls.#1: 42 However, total cholesterol and
ferritin levels were lower with undiagnosed celiac disease in both of these studies. We did
not find significant differences in either total cholesterol or ferritin in the NHANES
population, though ferritin was measured only in a select subset, so numbers with gluten-
related conditions were small. Iron-deficiency anemia is the most common extra-intestinal
manifestation of celiac disease and usually resolves with adherence to a gluten-free diet.40
We did not find lower iron or hemoglobin levels among participants with undiagnosed celiac
disease compared to persons with neither celiac disease or gluten-avoidance without celiac
disease. Mean hemoglobin level was, however, lower with diagnosed celiac disease. This
may have been due to the low amounts of iron contained in gluten-free cereal products
which are generally not enriched or fortified and are frequently made from refined flour
and/or starch.*3 The lower serum vitamin B12 and folate levels among participants with
undiagnosed celiac disease, while statistically significant, are of unclear clinical
significance. However, they are concerning because the majority of celiac disease cases in
the United States are undiagnosed. Potential nutritional deficiencies associated with a
gluten-free diet are also of concern, especially because the majority of persons following a
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gluten-free diet do not have a clinical diagnosis. These population-based survey findings
warrant further study in larger samples with longitudinal follow-up.

A limitation of using NHANES to study celiac disease is the inability to confirm the
diagnosis by small intestinal histology. However, upper endoscopy with small intestinal
biopsy would be difficult to perform on the general U.S. population. We defined celiac
disease based on a self-reported health care provider diagnosis and adherence to a gluten-
free diet or on positive sequential serology. Sequential serology to detect undiagnosed celiac
disease has been validated by one of the authors (JAM) and others.20: 21, 44 The accuracy of
a clinical diagnosis among participants with negative serology is unknown. An additional
limitation of the celiac disease definition is that serology may not detect celiac disease in
persons with 1gA deficiency. However, the prevalence of selective 1gA deficiency is low, so
few individuals with undiagnosed celiac disease should have been missed. Another
limitation of the study was the small number of cases with gluten-related disorders despite 6
years of NHANES testing. However, NHANES is the first nationally representative survey
to collect celiac disease serology. Thirdly, latitude was geocoded based on a participant’s
address at the time of the survey, and data were unavailable on residential history. Finally, it
is possible that the association we found between latitude and celiac disease and gluten-
avoidance without celiac disease may be attributable to some factor(s) not measured in
NHANES. These limitations are balanced by the benefits of a large, national, population-
based sample, particularly avoidance of ascertainment bias found in clinical studies of
selected patients and the ability to generalize the results to the U.S. population.

In conclusion in the U.S. population, both celiac disease and gluten-avoidance without celiac
disease were associated with higher northern latitude, and with higher socioeconomic status,
which was not completely explained by differences in race-ethnicity or BMI. BMI was lower
among participants with celiac disease, serum vitamin B12 and folate levels were decreased
with undiagnosed celiac disease, and hemoglobin was decreased with diagnosed celiac
disease; there was no difference with regard to serum albumin, calcium, iron, ferritin,
cholesterol, vitamin B6, or vitamin D concentrations from participants without either
condition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

BMI body mass index

CD celiac disease

CDC Centers for Disease Control and Prevention

Cl confidence interval

EMA endomysial antibodies

GFD gluten-free diet

HLA human leukocyte antigens

IgA immunoglobulin A

MHC major histocompatibility complex

NCHS National Center for Health Statistics

NHANES National Health and Nutrition Examination Survey

OR odds ratio

PIR poverty income ratio

SD standard deviation

tTG tissue transglutaminase
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| tTG IgA |
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without CD CD

Figure 1.
Celiac disease and gluten-avoidance without celiac disease definitions

tTG IgA, tissue transglutaminase immunoglobulin A; EMA, endomysial antibodies; CD,
celiac disease; GFD, gluten-free diet.
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Table 1.

Characteristics “ of NHANES examination participants 6+ years by latitude (°N), United States, 2009-2014

<35 35-<40 >40
(N=7,476) (N=6,624) (N=8,175)

Age (years)

6-19 20.5 18.6 17.81

20-39 32.0 28.21 28.91

40-59 28.7 31_41 31_71

260 18.9 21.81 21.51
Sex

Male 48.8 48.0 49.6

Female 51.2 52.0 50'42
Race-ethnicity

Non-Hispanic white 43.2 67.51 77_31,2

Non-Hispanic black 16.1 13.6 6 71,2

Hispanic 32.0 10.61 9.61

Other 8.7 8.3 6.5
Education (years) 7

<12 23.2 16.31 13.21

12 20.9 21.3 20.8

>12 56.0 62.51 65.91
Income?

PIR 0-<1.7 41.8 32.91 29.31

PIR 1.7-4.0 33.6 33.0 328

PIR 24.0 24.6 34_11 37_91
BMIS

Normal weight 343 37.3 37.4

Overweight 28.8 30.0 31'41

Obese 36.9 32.71 31.21
Gluten-free diet 0.9 0.8 2 01,2

NHANES, National Health and Nutrition Examination Survey; PIR, poverty income ratio; BMI, body mass index.
1 .
p<0.05 compared with <35 °N.
2 .
p<0.05 compared with 35-<40 °N.
*
Statistics are percentages.
fFor persons 6-19 years, education level was the higher of the household reference person or that person’s spouse.

JtPIR is family income to poverty threshold ratio. Cut-points were tertiles.
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§For persons 6-19 years, BMI was defined in age- and sex-specific percentiles as normal weight, <85th, overweight, 85th—<95th, and obese, 295th;
for persons 20+ years, BMI was defined in kg/m2 as normal weight, <25, overweight, 25-<30, and obese, =30.
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