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Abstract
Background & Aims—The historical prevalence and long-term outcome of undiagnosed celiac
disease (CD) are unknown. We investigated the long-term outcome of undiagnosed CD and whether
the prevalence of undiagnosed CD has changed during the past 50 years.

Methods—This study included 9,133 healthy young adults at Warren Air Force Base (sera were
collected between 1948 and 1954) and 12,768 sex-matched subjects from 2 recent cohorts from
Olmsted County, Minnesota, with either similar years of birth (n=5,558) or age at sampling (n=7,210)
to that of the Air Force cohort. Sera were tested for tissue transglutaminase and, if abnormal, for
endomysial antibodies. Survival was measured during a follow-up period of 45 years in the Air Force
cohort. The prevalence of undiagnosed CD between the Air Force cohort and recent cohorts was
compared.

Results—Of 9,133 persons from the Air Force cohort, 14 (0.2%) had undiagnosed CD. In this
cohort, during 45 years of follow-up, all-cause mortality was greater in persons with undiagnosed
CD than among those who were seronegative (hazard ratio=3.9; 95% CI, 2.0–7.5; P<.001).
Undiagnosed CD was found in 68 (0.9%) persons with similar age at sampling and 46 (0.8%) persons
with similar years of birth. The rate of undiagnosed CD was 4.5-fold and 4-fold greater in the recent
cohorts (respectively) than in the Air Force cohort (both P ≤ .0001).
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Conclusions—During 45 years of follow-up, undiagnosed CD was associated with a nearly 4-fold
increased risk of death. The prevalence of undiagnosed CD appears to have increased dramatically
in the United States during the past 50 years.
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Celiac disease (CD) is one of the most common chronic inflammatory conditions of the
digestive system and is treatable with exclusion of dietary gluten (1). Clinical presentations in
CD have been related to the iceberg model of disease; in which classic malabsorption represents
the tip of the iceberg and less typical forms are invisible below the waterline (2). Thus, earlier
estimates of the prevalence of CD relying on only the presence of the florid malabsorption
syndrome with subsequent confirmation by intestinal biopsy are unreliable because many
subjects with more subtle manifestations were unrecognized (3,4). Noninvasive screening
based on serologic testing within diverse populations has found that CD often remained
undiagnosed, and it is currently widely accepted that CD affects about 1% of the American
population (5–7). However, the prevalence of undiagnosed CD 50 years ago is unknown
because modern serologic testing was not available.

Although currently available data are limited to clinically diagnosed disease, CD seems to be
associated with a doubling of mortality and substantial morbidity compared with that in the
general population (8–10). Symptomatic CD can be a devastating illness, but many of its effects
are preventable or reversible with strict adherence to a gluten-free diet (1,11). In the absence
of treatment of symptomatic CD, complications may develop and mortality may increase, but
it is unclear whether adverse outcomes occur in all patients with CD or only the small proportion
in whom CD becomes clinically obvious. Thus, the natural history of undiagnosed CD remains
unclear.

We sought to determine the prevalence of CD in the United States 50 years ago, and the outcome
of undiagnosed CD, by testing frozen sera obtained from 1948 to 1954 in a large historical
cohort of healthy young persons. The study was designed specifically to test the following
hypotheses: 1) undiagnosed CD is associated with excess mortality and 2) the prevalence of
CD has dramatically increased in the United States during the past 50 years.

Material and Methods
Subjects

We concurrently tested serum samples for CD antibodies in 3 cohorts (Table 1). The first
cohort, the Warren Air Force Base (WAFB) cohort, was a large sample of healthy young men
whose serum was collected from 1948 to 1954 and stored frozen as part of a series of studies
and surveillance activities related to streptococcal infection (12,13). The cohort was
subsequently used successfully to study the prevalence and outcomes of hepatitis C infection.
The repository and construction of the study cohort have been described previously (14). To
assess a group of persons with years of birth comparable to those in the WAFB cohort, we
included a second cohort that was an essentially complete sampling of the older (≥50 years
old) population in Olmsted County, Minnesota, during the years 1995 to 2003; the cohort was
originally assembled for studies on monoclonal gammopathy of undetermined significance
(15). To assess persons whose ages were similar to those of the WAFB cohort at sampling, we
included a third cohort that was a convenient sampling of younger men in the general population
(18–49 years old) from Olmsted County, Minnesota, during the years 2006 to 2008. Because
the purpose for testing present-day cohorts was to compare the prevalence of undiagnosed CD
with that in the historical WAFB cohort (>98% males), only male subjects were analyzed.
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Study Protocol
Sera were evaluated for tissue transglutaminase antibodies (tTGA) by enzyme-linked
immunosorbent assay. Samples with abnormal tTGA results (titers ≥4 U/mL) were tested for
endomysial antibodies (EMA) by indirect immunofluorescence. Sera were blindly and
simultaneously tested at Mayo Clinic between July 2006 and May 2008.

Feasibility of Testing in 50-Year-Old Sera
When the WAFB cohort serum was used to identify hepatitis C infection (14), the serologic
tests used immunoglobulin G isotype. The tests for CD, however, used immunoglobulin A.
We expected immunoglobulin A to be very stable when frozen undisturbed. To evaluate its
stability after long storage, we assayed 104 random WAFB cohort samples with nephelometry
(Minineph; The Binding Site Limited, Birmingham, United Kingdom) and found levels to be
in the normal range and comparable (P=.84) to those in a random sample of the present-day
cohorts (n=253).

Tissue Transglutaminase Antibodies
Tissue transglutaminase immunoglobulin A antibodies were measured using human
recombinant antigen (Bindazyme; The Binding Site Limited, Birmingham, United Kingdom).
Result interpretation was as follows: negative, less than 4.0 U/mL; weakly positive, 4 to 10 U/
mL; and positive, more than 10 U/mL.

Endomysial Antibody
Endomysial antibody was determined in serum using monkey esophagus (Bindazyme) and
visualized by indirect immunofluorescence (16). The result was positive if fluorescence was
present at titers of 1:5 or more.

Diagnostic Categories
Diagnostic categories were defined by composite result of the 2 autoantibodies. The
retrospective diagnosis of CD was established if both tTGA and subsequent EMA were
positive. Celiac disease was ruled out if tTGA was negative. A result was equivocal if tTGA
was weakly positive or positive and EMA was negative. This sequential testing paradigm,
using subsequent EMA testing for every positive tTGA result, had a sensitivity of 97% and
specificity of 100% for the diagnosis of CD by testing 1,000 serum samples from the adult
Swedish general population with intestinal biopsies in the Kalixanda study of gastrointestinal
symptoms (17).

Outcomes
Survival from the date a serum sample was collected in the historical WAFB cohort was the
principal outcome of interest. Vital status records through March 30, 1997, were obtained from
the US Department of Veterans Affairs and the US Social Security Administration. Causes of
death were obtained from the National Death Index of the National Center for Health Statistics
and also from death certificates in the Department of Veterans Affairs claim folder (18). The
causes of death were coded by a qualified nosologist using the International Classification of
Diseases, ninth revision.

Statistical Analysis
Data were summarized with descriptive statistics. The Kaplan-Meier method was used to
estimate survival rates from time of serum collection in the WAFB cohort, and the log-rank
test was used to assess the association of survival with serology. A multivariate Cox
proportional hazards regression model further estimated this association adjusted for potential
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confounders such as age, sex, and enlistment status. To include all subjects, age and sex were
each categorized, including a category for unknown values. An adjusted hazard ratio and 95%
confidence interval (CI) are reported to summarize the risk of death in subjects with
undiagnosed CD relative to those with seronegative results.

The Cochran-Mantel-Haenszel test was used to compare the prevalence of CD between the
WAFB cohort and both present-day cohorts, stratifying on age at serum draw in comparison
to the younger present-day cohort and, separately, year of birth in comparison with the older
present-day cohort. A P value less than .05 was considered statistically significant.

Ethical Considerations
This study was approved by the institutional review boards of Mayo Clinic, the University of
Minnesota, and the National Academies.

Results
The WAFB Cohort

Demographic Data—The cohort total was 9,133 persons. Of 7,950 whose date of birth was
known, 7,511 (94.5%) were younger than 25 years, 426 (5.4%) were 25 to 40 years old, and
13 (0.2%) were older than 40 years at sampling. Of 6,676 persons whose sex was known, 6,579
(98.6%) were men. Among 6,465 persons whose ethnicity was known, 5,774 (89.3%) were
white, 668 (10.3%) were African American, and 23 (0.4%) were others.

Serologic Data—Among 9,133 persons tested, the tTGA titer was negative in 9,090 (99.5%),
weakly positive in 30 (0.4%), and positive in 13 (0.1%). EMA was positive in 14 (32.6%) of
the 43 subjects with positive or weakly positive tTGA results. Undiagnosed CD was found in
14 (0.2%; 95% CI, 0.1%–0.3%), or 1 in 652, persons. The median titer of tTGA in the 14
persons with undiagnosed CD was 17.1 U/mL (range, 5.2–78.8 U/mL). Among subjects with
known birth dates, the median age of the group with undiagnosed CD at the time of sampling
was 19.7 years (range, 17.4–22.6 years), and the median age of the seronegative group was
20.0 years (range, 14.3–46.4 years). Among persons with undiagnosed CD with known
ethnicity (n=9), all were white. No subjects with undiagnosed CD received a clinical diagnosis
of CD within the 45-year follow-up period and, therefore, likely remained untreated.

Survival Analysis—Through March 1997, the Kaplan-Meier all-cause mortality rate for the
entire cohort was 23.4% (95% CI, 22.5%–24.3%). The mortality rate was higher among
subjects with undiagnosed CD (64.3%; 95% CI, 40.6%–88.6%) than among seronegative
persons (24.3%; 95% CI, 22.5%–24.3%). Fourteen (of 9,090) seronegative persons in the
WAFB cohort lacked valid follow-up data and were thus excluded from the Kaplan-Meier
analysis (Figure). During 45 years of follow-up, the hazard ratio for mortality was nearly 4-
fold higher for subjects with undiagnosed CD than for seronegative persons (3.9, 95% CI, 2.0–
7.5, P<.001), adjusted for age, sex, and enlistment status. Mortality rates were similar among
persons with equivocal serologic results and those with seronegative results (data not
provided).

Cause of death was available for 6 of the 9 patients with undiagnosed CD who died during
follow-up (Table 2). Cause-specific death data were available for 1,912 (88.1%) of the 2,169
seronegative persons who died during follow-up and reflected expected causes of death starting
in early adulthood for men: cardiovascular diseases (38.5%), cancer (26.6%), and accidents
(14.4%) were the most common. Only 4 persons died because of war-related injuries.
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Present-Day Cohort With Similar Years of Birth (Older)
Demographic Data—Among 16,887 older adults (≥50 years of age) from Olmsted County,
Minnesota, only the 7,690 (45.5%) men were considered for inclusion. Among these, 5,558
(72.3%) men with years of birth comparable to those in the WAFB cohort were included in
this analysis. Among 4,919 (89.0%) persons whose ethnicity was known, 4,804 (97.7%) were
white, 35 (0.7%) were African American, and 80 (1.6%) were other.

Serologic Data—Among the 5,558 persons tested, the tTGA titer was negative in 5,501
(99.0%), weakly positive in 19 (0.3%), and positive in 38 (0.7%). EMA was positive in 46
(80.7%) of the 57 subjects with positive or weakly positive tTGA results. Undiagnosed CD
was therefore found in 46 (0.8%; 95% CI, 0.6%–1.1%), or 1 in 121, persons. The median tTGA
titer in the 46 persons with undiagnosed CD was 20.5 U/mL (range, 5.2–112.3 U/mL). The
median age of the undiagnosed CD group at sampling was 65.3 years (range, 58.2–87.7), and
the median age of the seronegative group was 68.8 years (range, 56.8–93.4). Among persons
with undiagnosed CD whose ethnicity was known (n=41), all were white.

Present-Day Cohort With Similar Age at Sampling (Young)
Demographic Data—Among 17,758 young adults from convenient sampling of community
residents 18 to 49 years old, only the 7,210 (40.6%) men were included. Among 5,578 persons
whose ethnicity was known, 4,793 (85.9%) were white, 296 (5.3%) were African American,
and 489 (8.8%) were other.

Serologic Data—Among the 7,210 persons tested, the tTGA was negative in 7,128 (98.9%),
weakly positive in 28 (0.4%), and positive in 54 (0.8%). EMA was positive in 68 (82.9%) of
the 82 subjects with positive or weakly positive tTGA results. Undiagnosed CD was found in
68 (0.9%; 95% CI, 0.7%–1.2%), or 1 in 106, persons. The median titer of tTGA in the 68
persons with undiagnosed CD was 21.8 U/mL (range, 4.1–151.7). The median age at sampling
was 39.2 years (range, 18.4–49.9) for the undiagnosed CD group, and 21.8 years (range, 18.0–
50.0) for the seronegative group. Among the 49 persons with undiagnosed CD whose ethnicity
was known, 47 (95.9%) were white.

Comparative Prevalence of CD Over Time
The prevalence of undiagnosed CD was 4 times higher in the older present-day cohort and 4.5
times higher in the younger present-day cohort than in the WAFB cohort (P≤.0001 for both by
Cochran-Mantel-Haenszel test) (Table 3). There was a higher percentage, among those who
had EMA testing, of weakly positive tTGA results (as compared to positive) in the WAFB
cohort (30/43, 69.8%) than in the older present-day cohort (19/57, 33.3%) and the young
present-day cohort (28/54, 34.2%) (P<.001 for both).

Discussion
This study yielded 2 major findings. First, undiagnosed CD was associated with a nearly 4-
fold increased risk of death compared with subjects without serologic evidence of CD. Second,
the prevalence of CD appears to have increased dramatically in the United States during the
past 50 years.

These results are important because, by testing a unique collection of sera obtained from 1948
to 1954, we were able to study the long-term natural history of CD. Our results confirm recent
data (19) showing that undiagnosed CD is associated with a significant excess mortality over
time. Thus, early detection and treatment of presymptomatic CD appear logical if we assume
that strict adherence to a gluten-free diet has the same positive effect in undiagnosed CD as
previously shown in symptomatic CD (11). Exploring the potential benefits of early detection
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and intervention with a gluten-free diet is also important because undiagnosed CD results in
excess mortality during middle age. However, both the low number of cases with undiagnosed
CD and the missing data render specific comparison unreliable on cause of death between
subjects with seronegative results and subjects with undiagnosed CD. Whether treatment
actually improves survival in patients with clinically silent CD remains unknown. The benefits,
if any and cost-effectiveness of treatment should be prospectively assessed, including any
influences on cumulative morbidity, quality of life, and mortality in silent CD (20). For ethical
reasons, it is unlikely that a subject found to have CD, albeit silent, can be randomized to no
treatment.

This study suggests that the prevalence of CD has dramatically increased more than 4-fold in
the United States during the past 50 years, consistent with the finding in a recent study from
Europe (21). Reasons for the increased prevalence of CD over time are unknown. However,
because human genetic changes in response to environmental challenges are extremely slow,
the most likely explanation may be environmental, such as a change in quantity, quality, or
processing of cereal. Several major changes in wheat genetics, bread processing, and enzymatic
modification of wheat prolamins as a result of industry food processing have occurred in the
past 40 years (22,23). Changing patterns of early childhood infection may also affect the
prevalence of autoimmune diseases (“hygiene hypothesis”) (24,25), but the host immune
system-microbial interactions are complex and some infections (ie, rotavirus) may increase the
risk of CD autoimmunity in genetically predisposed children (26). The hygiene hypothesis is
likely only a partial explanation for the increasing prevalence because CD is a global health
problem that affects both developed and developing countries (5).

For the cohort of subjects with a similar year of birth (older present-day cohort), the higher
prevalence of CD compared with that in the historical WAFB cohort cannot be solely explained
by a higher detection rate as a result of using modern serologic testing (27), because the same
modern serologic tests were used for diagnosis in both. This finding further supports our theory
that an unidentified environmental factor or factors are responsible for the changing prevalence
of CD in the United States over time. The potential role of highly processed nutrients as
modifiers of gene expression (nutrigenomics) that may alter the risk for development of CD
in genetically susceptible individuals is intriguing but difficult to prove experimentally (28).
Because our data are cross-sectional, the exact point in time when the change in prevalence
occurred and the actual trend over time are unknown.

Particular strengths of our study included use of a unique collection of 50-year-old sera,
availability of 45-year follow-up data, and overall large sample size. Several potential
limitations of this study should also be considered, including the lack of diagnostic
confirmation of CD by intestinal biopsy. However, the very high specificity of the sequential
testing paradigm strongly supports the serologic-based diagnosis of CD and makes false-
positive results due to disorders associated with single-antibody positivity (especially tTGA)
very unlikely (19,29). Survival estimates should be interpreted cautiously because they are
based on a limited number of cases of undiagnosed CD and because the deaths are known
through only March 1997. Moreover, potential confounders were not systematically evaluated
(especially smoking habits, in that some deaths in persons with undiagnosed CD could be
smoking-related); thus, the effect of those factors in risk of death in persons with undiagnosed
CD is unknown. However, most studies have reported an inverse association between cigarette
smoking and CD (30–33).

The major limitation of this study is that the historical WAFB cohort and the present-day
cohorts are heterogeneous, although every effort was made to make the cohorts comparable in
terms of sex and age. Clinically diagnosed CD is more common in women (female:male ratio,
2–3:1) (1), but screening-detected CD was equally prevalent in men and women (7). Although
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our analysis is limited to male subjects, it is therefore unlikely that our results are biased by
sex selection. In addition, the WAFB cohort is composed of male subjects from various parts
of the United States, and the present-day cohorts are from the Upper Midwest. The incidence
of clinically detected CD has increased recently in Olmsted County, Minnesota (27), but
serologic evidence of CD in the present-day cohorts (~1%) was similar to that in other settings
in the United States and Europe (5,7). Thus, the difference in the prevalence of undiagnosed
CD between the WAFB cohort and present-day cohorts is not explained by a higher risk for
CD in the Olmsted County cohorts. African American participation was also higher in the
WAFB cohort than in both present-day cohorts, but none of the WAFB subjects with
undiagnosed CD were known to be African American, and only 1 subject with undiagnosed
CD was known to be African American in both present-day cohorts combined. Therefore, we
believe that this imbalance is not confounding the prevalence rate comparisons. In fact,
excluding known African Americans in a post-hoc analysis, we found that the rate of
undiagnosed CD among WAFB subjects was still substantially less than in the present-day
cohorts (data not provided). Finally, we cannot assess the impact that a potential shift in age
at onset of CD during the past 50 years may have had on the observed differences in prevalence
because all subjects were adults at the time of sampling in the WAFB cohort and the present-
day cohorts. However, this possibility seems unlikely as the rate of diagnosis of CD during
childhood in Olmsted County has been consistently low for the past 50 years (27).

Thus, using a unique collection of sera with the longest follow-up to date, we showed that
undiagnosed CD was associated with a nearly 4-fold increased risk of death compared with
that in subjects without serologic evidence of CD. This result is clinically relevant. Moreover,
our finding that the prevalence of CD seems to have increased dramatically during the past 50
years suggests that CD is emerging as a substantial public health concern in the United States.
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Figure.
Survival during 45 years of follow-up in 14 subjects with undiagnosed celiac disease (CD) and
9,076 seronegative persons in the Warren Air Force Base cohort.
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Table 1
Demographics of Study Cohorts

Cohort

Present-day

Variable Historical WAFB (n=9,133) Younga (n=7,210) Olderb (n=5,558)

Mean age (SD) at collection of
sample, y

20.5±2.8 37.0±8.8 69.9±7.9

Sex, no. (%)

 Male 6,579 (72.0%) 7,210 (100%) 5,558 (100%)

 Female 97 (1.1%) - -

 Unknown 2,457 (26.9%) - -

Race, no. (%)

 White 5,774 (63.2%) 4,793 (66.5%) 4,804 (86.4%)

 African American 668 (7.3%) 296 (4.1%) 35 (0.6%)

 Others 23 (0.3%) 489 (6.8%) 80 (1.4%)

 Unknown 2,668 (29.2%) 1,632 (22.6%) 639 (11.5%)

Abbreviation: WAFB, Warren Air Force Base.

a
Age at sample collection was similar to that of the WAFB cohort.

b
Years of birth were similar to those of the WAFB cohort.
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Table 3
Summary of Diagnostic Categories According to Cohort

Cohort

Present-day

Diagnostic Category Historical WAFB (n=9,133) Younga (n=7,210) Olderb (n=5,558)

Celiac disease, no. (%) 14 (0.2%) 68 (0.9%)c 46 (0.8%)c

Equivocal serology, no. (%) 29 (0.3%) 14 (0.2%) 11 (0.2%)

No celiac disease, no. (%) 9,090 (99.5%) 7,128 (98.9%) 5,501 (99.0%)

Abbreviation: WAFB, Warren Air Force Base.

a
Age at sample collection was similar to that of the WAFB cohort.

b
Years of birth were similar to those of the WAFB cohort.

c
P≤.0001 (Cochran-Mantel-Haenszel test) compared with the historical cohort, stratifying on age at sample drawa or year of birthb.
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