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erythematosus, fractures, type 2 diabetes, and multiple sclerosis showed poor diagnostic
ability. A sensitivity analysis revealed a 3-fold higher risk of CD in first-degree relatives of
CD patients.

Conclusions

Targeted testing of individuals with dermatitis herpetiformis, migraine, family history of CD,
HLA DQ2/8 risk genotype, anaemia, type 1 diabetes, osteoporosis, or chronic liver disease
could improve case-finding for CD, therefore expediting appropriate treatment and reducing
adverse consequences. Migraine and chronic liver disease are not yet included as a risk fac-
torin all CD guidelines, but it may be appropriate for these to be added. Future research
should establish the diagnostic value of combining indicators.

Introduction

Coeliac disease (CD) is underdiagnosed: the prevalence is estimated to be as high as 1%, but
only around one in four cases are diagnosed [1,2]. CD is a chronic immune-mediated enterop-
athy occurring in genetically predisposed individuals and precipitated by exposure to dietary
gluten from wheat, rye and barley, causing a variable degree of intestinal damage. In most
patients, this will reverse on a gluten-free diet. However, due to the varied presentation of
non-specific clinical signs and symptoms, recognising CD is difficult. Many CD patients expe-
rience a delay in diagnosis, especially when having non-specific symptoms, which can take sev-
eral years [3]. If unrecognised and untreated, the accumulating damage in the small intestines
impairs nutrient absorption which can lead to osteoporosis and anaemia, and increases the
risk of developing pregnancy-related complications and certain types of cancer [4,5].

The first step in the diagnostic pathway is a serological test that measures immunoglobulin
A (IgA) against tissue transglutaminase (tTG), endomysial (EMA), or deaminated gliadin pep-
tide. In IgA deficient patients, IgG based tests such as tTG-IgG or EMA-IgA should be mea-
sured instead. Patients who are seropositive are usually required to have a confirmation
biopsy, in which the histopathology of duodenal tissues is investigated for villous atrophy [6].
The European Society Paediatric Gastroenterology, Hepatology and Nutrition (ESPGHAN)
guidelines [7] and European Society for the Study of Coeliac Disease (ESsCD) guidelines [8]
suggest that biopsies can be avoided in children who have high tTG-IgA levels and a confirma-
tory EMA-IgA test with or without human leukocyte antigen (HLA) genotyping. Evidence
supporting a biopsy avoidance strategy in adults is also accumulating.

CD can be treated effectively by lifelong elimination of gluten from the diet, which can
reverse intestinal damage and prevent long-term consequences [9]. Because an effective treat-
ment is available, clinical detection is difficult, and CD has a relatively high prevalence, it fulfils
several WHO criteria for population screening [10,11]. However, mass testing may have asso-
ciated harms such as medicalisation, patient anxiety, and unnecessary invasive biopsy. Screen-
ing “at risk” groups, on the other hand, appears to be a promising active case finding strategy
to tackle underdiagnosis of CD [12] and is recommended by current guidelines [6-8].
Improved case finding will enable patients to start the diet as early as possible. However, the
list of symptoms and risk conditions that should prompt serological testing varies between
guidelines. In this systematic review we assess the relevance of various symptoms and risk
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factors in “diagnosing” CD, considering the potential of these as initial screening tools prior to
serological testing. We will refer to these as “diagnostic indicators”.

Methods
Protocol and registration

The review was registered with at PROSPERO (CRD42020170766) and a protocol has been
published [13]. We followed recommendations from the Centre for Reviews and Dissemina-
tion [14], the Cochrane Handbook for Systematic Reviews of Diagnostic Test Accuracy [15],
and reported according to the PRISMA DTA statement [16].

Eligibility criteria

Studies including adults and/or children with or without a potential diagnostic indicator who
were all tested for CD with serological tests (tTG, EMA, or deaminated gliadin peptide IgA/
IgG) and/or duodenal biopsy using a “single-gate” [17] (such as cross-sectional or cohort) or
“multi-gate” (such as case control) design were eligible for inclusion. Studies were treated as
diagnostic test accuracy studies, where the diagnostic indicator was treated as the index test
and CD serological tests and/or biopsy as the reference standard. Studies were included if all
participants were tested for CD, the control group was representative of the general popula-
tion, and sufficient data could be extracted to construct cross-tabulations of the number of
people with and without the diagnostic indicator against the number of people with and with-
out CD (2x2 data). We excluded studies published before 1997 (the year in which tTG was
developed), to reduce the variation in CD diagnostic tests. Prediction modelling studies were
also eligible for inclusion. We did not apply restrictions on age or publication language.

We defined diagnostic indicators as signs, symptoms, or risk factors that may help clini-
cians identify patients in whom further testing for CD is warranted. We did not consider fac-
tors that are difficult to determine at an initial consultation, such as perinatal risk factors, age
at gluten introduction, or experimental factors that are not measured in clinical practice (i.e.
tests for susceptibility genes other than HLA-DQ status, which are currently not widely avail-
able to clinicians and therefore not (yet) useful in aiding diagnosis).

Information sources

MEDLINE, Embase, Cochrane Library, and Web of Science were searched from 1997 until
April 2021. Ongoing and completed studies were identified using the WHO International
Clinical Trials Registry and the NIH Clinical Trials database.

Search strategy

The search strategy incorporated three main elements: (1) conditions (CD) + prognostic/pre-
dictive research filter [18,19], (2) conditions (CD) + all physical diseases/signs/symptoms
(based on MeSH, EMTREE) + ‘CD’ diagnosis, (3) terms for high risk populations (see Supple-
mentary methods) [13]. Animal studies, case reports, letters, editorials, and coeliac artery/
trunk research were filtered out and a sensitive study design filter was applied. We also
screened reference lists of the latest guidelines on CD and recent systematic reviews.

Study selection

We followed a two-staged study selection: (1) abstract screening stage, in which clearly irrele-
vant papers were excluded, (2) full text assessment, in which possibly relevant records identi-
fied in the initial screening were assessed in detail and reasons for exclusion were documented.
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Both stages were performed independently by two reviewers with disagreements resolved
through discussion or referral to a third reviewer.

Data collection process

Data extraction was performed using standardized forms by one reviewer and checked by a
second with disagreements resolved through discussion or referral to a third reviewer. We
extracted the following data where reported: study and participant characteristics, details on
the diagnostic indicator and CD diagnosis, and 2x2 data. Study populations were categorised
as “children” if the majority were children and none of the participants were older than 21;
and as “adults” if the majority were adults with no participant younger than 15. All other popu-
lations were categorised as a mixed age group. Diagnostic indicators were grouped based on
discussion with clinical team members; for example, acid reflux symptoms included heartburn,
dyspepsia, and gastroesophageal reflux symptoms. If more than one outcome was reported in
one study, e.g. heartburn and dyspepsia, only one was included in the meta-analysis to avoid
including the same individuals twice. In those cases, the broader term (e.g. dyspepsia over
heartburn) or more prevalent diagnostic indicator (e.g. HLA-DQ2 over HLA-DQ8) was
selected.

Risk of bias

Risk of bias was assessed separately for each diagnostic indicator reported in a study, using the
QUADAS-2 tool [20], which includes domains covering participants, index test, reference
standard and flow and timing. If at least one of the domains was rated as “high risk” the study
results were considered at high risk of bias; if all domains were judged as “low risk” the study
was considered at low risk of bias, otherwise the study was considered at “unclear” risk of bias.
The content of the tool was tailored to the review by making the following modifications to the
QUADAS-2 risk of bias signalling questions: Due to the broad research question and the
expected heterogeneity between included studies, the signalling questions about concerns
regarding applicability were left out. We also took out two signalling questions for the index
test and one for the reference standard (“Were the index test results interpreted without
knowledge of the results of the reference standard?”, “If a threshold was used, was it pre-speci-
fied?”, “Were the reference standard results interpreted without knowledge of the results of the
index test?”), which were considered not relevant because in this review the index test is not a
test but diagnostic indicator and the reference standard is a diagnosis of CD. These index test
questions were replaced by “Was the aim of the study to investigate this diagnostic indicator?”.
Risk of bias was assessed by one reviewer and checked by a second.

Synthesis of results

For each diagnostic indicator, we fitted a bivariate random effects meta-analysis, assuming
binomial likelihoods for numbers of true positives and true negatives in each study [21,22].
We reported summary estimates of sensitivity and specificity and their estimates of the
between-study standard deviation on the logit scale (“tau”). Study-specific and summary esti-
mates of sensitivity and specificity were presented per diagnostic indicator in coupled forest
plots and summary receiver operating characteristic (ROC) plots with 95% confidence ellipses
and summary ROC curves.

Summary results from each meta-analysis were also used to estimate positive predictive val-
ues (PPVs), i.e. the probability of CD given that an individual has each diagnostic indicator.
To calculate these values, we assumed a prevalence of 1% of CD in the general population
[23,24]. 95% confidence intervals (Cls) around PPVs were computed using Monte Carlo
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simulation, simulating from a bivariate normal distribution for summary sensitivity and speci-
ficity on the logit scale. Negative predictive values are not informative in this context, because
a sign, symptom, or risk condition cannot be used in clinical practice to exclude CD; these are
therefore not reported.

Sensitivity analyses and subgroup analyses

Because we expected heterogeneity across studies in sensitivity and specificity due to vari-
ability in age groups (children vs adults), method of CD diagnosis (biopsy and/or serology
versus serology only), and study design (single-gate versus multi-gate), we performed sub-
group and sensitivity analyses on these study characteristics if subgroups contained at least
5 studies.

All statistical analyses were performed in R version 4.0.2 [25].

Deviations from the protocol

Due to the size of the review and time constraints, it was decided to not extract data on
additional diagnostic indicators which were reported by fewer than 5 studies. We provide
full references for all studies reporting on indicators for which we did not extract data. A
post-hoc sensitivity analysis was performed on the diagnostic indicator ‘family history of
CD’.

Patient and public involvement

The study was designed with two patient co-applicants who are ’experts by experience’ being
affected day to day by CD. As co-applicants for the project they contributed to provide input
during the project proposal stage, attending project meetings to provide context from a patient
viewpoint, and providing feedback on research materials to ensure relevance to patient
interests.

Results

The literature searches and reference lists of 22 systematic reviews and four recent guidelines
on CD [7-9,26,27] identified 12,027 records after deduplication. We selected 709 records for
full text assessment. 241 studies fulfilled the inclusion criteria containing 387 reports of 91 dis-
tinct diagnostic indicators. S1 Table provides a list of diagnostic indicators and references for
which we did not extract data (due to fewer than five studies reporting on the indicator). In
total, 191 studies reporting on 26 distinct indicators were included in our meta-analyses

(Fig 1).

Study characteristics

The included diagnostic indicators consisted of 7 symptoms, 17 risk conditions, and 2 genetic
predispositions (see Table 1 for summary study characteristics; S2 Table for study-level
details). Among symptoms, abdominal pain (n = 12) and diarrhoea (n = 12) were reported on
by the highest number of studies; among risk conditions, most reported on were type 1 diabe-
tes (n = 31) and thyroid disease (n = 23). Studies investigating symptoms associated with CD
predominantly used a cohort or cross-sectional design, using a serological test to detect CD.
Studies looking at risk conditions mainly used case-control designs, where people with CD
were compared to a healthy control group. Most studies included adult participants, although
many diagnostic indicators were also studied in a population of children or a mixed popula-
tion. Although sample sizes for each meta-analysis ranged between 1,004 and 55,500
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Fig 1. PRISMA flow diagram. Abbreviations: BSG: Guidelines from the British Society of Gastroenterology [9]; NICE: National Institute for Health and Care Excellence;
ESsCD: European Society for the Study of Coeliac Disease guideline [8]; ESPGHAN: European Society Paediatric Gastroenterology, Hepatology and Nutrition Guidelines

(7].
https://doi.org/10.1371/journal.pone.0258501.g001

participants, some meta-analyses were based on a small number of CD patients, as prevalence
was often low. For instance, for multiple sclerosis and systemic lupus erythematosus estimates
of sensitivity are based on only 12 and 9 people with CD, respectively.
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Table 1. Summary table of study characteristics.

Diagnostic indicator | Diagnostic indicator details Studies | Total CD Age groups | Study Designs Control groups Reference standards
sample | patients (CD diagnosis
strategy)
Symptoms
Abdominal pain (Recurrent or acute) abdominal or 12 48,451 1,014 Adults, Case-control (DI),' n=3 | Healthy controls,n=3 | Serology only,n =8
stomach pain n=6 Nested case-control (CD), | Population sample Biopsy +/- serology,
Children, n=2 without diagnostic n=4
n=06 Cohort/cross-sectional, indicator,n =9
n=7
Acid reflux symptoms | Dyspepsia, functional dyspepsia, 10 12,192 534 Adults, Case-control (DI)',n =3 | Healthy controls,n =3 | Serology only, n = 6
GERS, heartburn n=9 Nested case-control (DI)', | Population sample Biopsy +/- serology,
Mixed, n=2 without diagnostic n=4
n=1 Nested case-control (CD), | indicator,n=7
n=1
Cohort/cross-sectional,
n=4
Bloating or Bloating, abdominal distension 6 32,694 624 Adults, Nested case-control (CD), | Population sample Serology only, n = 4
abdominal distension n=4 n=1 without diagnostic Biopsy +/- serology,
Children, Cohort/cross-sectional, indicator,n=6 n=2
n=2 n=>5
Constipation (Chronic) constipation 12 54,286 943 Adults, Case-control (DI)', n =1 | Healthy controls,n=1 | Serology only, n = 8
n=5 Nested case-control (DI)", | Population sample Biopsy +/- serology,
Children, |n=1 without diagnostic n=4
n=7 Nested case-control indicator,n = 11
(CD)4,n=1
Cohort/cross-sectional,
n=9
Diarrhoea Diarrhoea 13 55,500 1126 Adults, Case-control (DI)', n =1 Healthy controls,n=1 | Serology only, n =10
n=7 Nested case-control Population sample Biopsy +/- serology,
Children, (CD)%,n=2 without diagnostic n=3
n=6 Cohort/cross-sectional, indicator, n = 12
n=10
Vomiting and nausea | Vomiting, nausea, nausea after eating | 7 44,937 435 Adults, Cohort/cross-sectional, Population sample Serology only, n = 6
n=3 n=7 without diagnostic Biopsy +/- serology,
Children, indicator,n=7 n=1
n=4
Weight loss Weight loss 5 31,739 Adults, Nested case-control (CD), | Population sample Serology only, n = 4
n=3 n=2 without diagnostic Biopsy +/- serology,
Children, Cohort/cross-sectional, indicator,n =5 n=1
n=2 n=3
Risk conditions
Anaemia IDA, low haemoglobin levels, 17 13,477 715 Adults, Case-control (DI),' n=9 | Healthy controls,n =8 | Serology only,n =9
pernicious anaemia, of obscure origin n=13 Nested case-control Population sample Biopsy +/- serology,
or unspecified Children, (CD)?n=2 without diagnostic n=8
n=4 Cohort/cross-sectional, indicator,n=9
n=6
Arthritis RA, AS, juvenile idiopathic arthritis, 15 10,745 542 Adults, Case-control (DI)', n = 11 | Healthy controls, n = 13 | Serology only, n = 7
PsA, juvenile rheumatic diseases n=38 Nested case-control (CD) | Population sample Biopsy +/- serology,
Children, |*n=1 without diagnostic n=8
n=>5 Cohort/cross-sectional, indicator, n = 2
Mixed, n=3
n=2
Chronic liver disease | Hepatic disease, hepatitis, PBC, 15 8,682 448 Adults, Case-control (DI)', n = 12 | Healthy controls, n = 12 | Serology only, n = 7
(unexplained) abnormal liver enzymes, n=9 Nested case-control (CD) | Population sample Biopsy +/- serology,
ALD, chronic hepatitis C Children, 2n=1 without diagnostic n=8
n=2 Cohort/cross-sectional, indicator,n = 3
Mixed, n=2
n=4
Dermatitis Dermatitis herpetiformis 5 1,429 579 Adults, Case-control (DI)', n=3 | Healthy controls,n =3 | Serology only, n = 4
herpetiformis n=4 Nested case-control (CD) | Population sample Biopsy +/- serology,
Mixed, Zn=2 without diagnostic n=1
n=1 indicator, n = 2
(Continued)
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Table 1. (Continued)

Diagnostic indicator | Diagnostic indicator details Studies | Total CD Age groups | Study Designs Control groups Reference standards
sample | patients (CD diagnosis
strategy)
Epilepsy Epilepsy, ataxia 12 10,717 505 Adults, Case-control (DI)', n = 11 | Healthy controls, n = 11 | Serology only, n = 5
n=2 Nested case-control (CD) | Population sample Biopsy +/- serology,
Children, |%n=1 without diagnostic n=7
n=9 indicator,n = 1
Mixed,
n=1
Fracture Vertebra fracture, wrist fracture, 8 24741 549 Adults, Case-control (DI)', n =3 | Healthy controls,n=3 | Serology only, n =7
fractures (unspecified) n=38 Nested case-control Population sample Biopsy +/- serology,
(CD,n=1 without diagnostic n=1
Cohort/cross-sectional, indicator,n =5
n=4
Inflammatory bowel | Ulcerative colitis, Crohn’s disease 6 2,886 32 Adults, Case-control (DI)', n=6 | Healthy controls,n=6 | Serology only,n =3
disease n=4 Biopsy +/- serology,
Children, n=3
n=1
Mixed,
n=1
Irritable bowel Irritable bowel syndrome, functional 18 18,446 842 Adults, Case-control (DI)', n =12 Healthy controls, n = 12 | Serology only, n = 11
syndrome gastrointestinal disorder n=17 Nested case-control (DI)', | Population sample Biopsy +/- serology,
Children, n=1 without diagnostic n=7
n=1 Nested case-control indicator,n = 6
(CDY’,n=2
Cohort/cross-sectional,
n=3
Migraine Migraine 5 2,478 42 Adults, Case-control (DI)', n =5 | Healthy controls,n=5 | Serology only, n =2
n=1 Biopsy +/- serology,
Children, n=3
n=4
Multiple sclerosis Multiple sclerosis 5 1,086 12 Adults, Case-control (DI)', n=5 | Healthy controls,n=5 | Serology only, n = 4
n=4 Biopsy +/- serology,
Mixed, n=1
n=1
Osteoporosis Osteoporosis 9 20,218 962 Adults, Case-control (DI)I, n=4 | Healthy controls,n=4 | Serology only,n=6
n=38 Case-control (CD)%, n=1 Population sample Biopsy +/- serology,
Mixed, Nested case-control without diagnostic n=3
n=1 (CD)%,n=2 indicator,n =5
Cohort/cross-sectional,
n=2
Psoriasis Psoriasis 6 1,127 44 Adults, Case-control (DI)', n =6 | Healthy controls,n =5 | Serology only, n = 4
n=3 Population sample Biopsy +/- serology,
Mixed, without diagnostic n=2
n=3 indicator,n =1
Subfertility or Idiopathic or immunologic infertility; 16 12,690 808 Adults, Case-control (DI)', n =12 Healthy controls, n = 13 | Serology only, n = 12
recurrent pregnancy | previous or recurrent miscarriages, or n=16 Nested case-control (DI)", | Population sample Biopsy +/- serology,
loss implantation failure n=1 without diagnostic n=4
Nested case-control indicator, n = 4
(CD)’,n=2
Cohort/cross-sectional,
n=1
Systemic lupus Systemic lupus erythematosus 6 1,004 9 Adults, Case-control (DI)', n=5 | Healthy controls,n=6 | Serology only, n =2
erythematosus n=5 Cohort/cross-sectional, Biopsy +/- serology,
Children, n=1 n=4
n=1
Thyroid disease Autoimmune thyroid disease, Graves’ | 23 2,7031 1083 Adults, Case-control (DI)", Healthy controls, n = 15 | Serology only, n = 13
disease, Hashimoto’s thyroiditis, n=16 n = 15Nested case-control | Population sample Biopsy +/- serology,
Children, (DD, n=2 without diagnostic n=10
n=>5 Nested case-control indicator,n = 8
Mixed, (CD)*,,n=2
n=2 Cohort/cross-sectional,
n=4
(Continued)
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Table 1. (Continued)

Diagnostic indicator

Type 1 Diabetes

Type 2 Diabetes

Genetic
predisposition

Family history of CD

HLA DQ2/DQ8

Diagnostic indicator details Studies
Type 1 Diabetes 31
Type 2 Diabetes 6
Relatives with CD (first- or second- 13
degree or unspecified)

HLA DQ2 and/or HLA DQ8 9

Total
sample

26,635

8,199

31,827

19,466

CD
patients

1349

110

672

513

Age groups

Adults,
n=11
Children,
n=12
Mixed,
n=3§8
Adults,
n=4
Mixed,
n=2

Adults,
n=>5
Children,
n=4
Mixed,
n=4
Adults,
n=1
Children,
n==6
Mixed,
n=2

Study Designs

Case-control (DI)!, n = 28
Nested case-control
(CD)%n=1
Cohort/cross-sectional,
n=2

Case-control (DI)!, n=5
Cohort/cross-sectional,
n=1

Case-control (D), n=6
Case-control (CD)%, n =1
Nested case-control (DI)},
n=1
Cohort/cross-sectional,
n=>5

Case-control (DI)', n =1
Case-control (CD) n =2
Nested case-control (DI)?,
n=1

Nested case-control
(CD)%,n=1
Cohort/cross-sectional,
n=4

Control groups

Healthy controls, n = 27
Population sample
without diagnostic
indicator, n = 4

Healthy controls,n =5
Population sample
without diagnostic
indicator,n =1

Healthy controls, n = 6
Population sample
without diagnostic
indicator,n=7

Healthy controls, n = 3
Population sample
without diagnostic
indicator,n = 6

Reference standards
(CD diagnosis
strategy)

Serology only, n =17
Biopsy +/- serology,
n=14

Serology only, n =5
Biopsy +/- serology,
n=1

Serology only, n = 12
Biopsy +/- serology,
n=1

Serology only, n =5
Biopsy +/- serology,
n=4

Abbreviations: DI: Diagnostic indicator; CD: Coeliac disease; GERS: Gastroesophageal reflux symptoms; IDA: Iron deficiency anaemia; RA: Rheumatoid arthritis; AS:

Ankylosing spondylitis; PsA: Psoriatic arthritis; PBC: Primary biliary cirrhosis; ALD: Alcoholic liver disease.

1. (Nested) case-control (DI): (nested) case-control studies where cases were recruited based on having the diagnostic indicator. ‘Nested’ case-control studies are nested

within a cohort, where cases and controls are selected from the same cohort.

2. (Nested) case-control (CD): (nested) case-control studies where cases were recruited based on having coeliac disease.

https://doi.org/10.1371/journal.pone.0258501.t001

Risk of bias

Several studies reported more than one diagnostic indicator, resulting in 290 risk of bias judge-
ments. Most studies had methodological issues, and none were judged at low overall risk of
bias (Fig 2; S1 Fig for risk of bias judgments per diagnostic indicator). In total, only 15 study
reports were judged at a low risk of bias regarding patient selection. The main source of poten-
tial bias in patient selection was the use of a case-control study design. The index test domain
was judged at low risk of bias if it was the study’s main aim to investigate the diagnostic indica-
tor of interest, which was the case for most studies. In total, 172 study reports on diagnostic
indicators were judged at high risk of bias for reference standard. This was mainly driven by

studies using serology tests without a confirmation biopsy to determine CD, which are there-
fore at risk of misallocating participants as CD patients or healthy controls. Flow and timing
was judged at high risk of bias in studies that did not use the same combination of diagnostic
tests for CD in all patients (reference standard); for example, in studies where biopsy was only
performed in patients who had a positive serology test result.

Accuracy of diagnostic indicators to detect coeliac disease

We found large variation in sensitivity, specificity, and PPV estimates between studies for
most diagnostic indicators (Figs 3, S2 and S3, and S3 Table). Estimates of sensitivity were
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Fig 2. Summary graph of risk of bias.
https://doi.org/10.1371/journal.pone.0258501.g002

particularly variable, often ranging from 0% to almost 100%, due to very small numbers of CD
patients for some indicators.

The PPVs for the symptoms included in this review are similar to the baseline CD preva-
lence, suggesting that none of these symptoms provides additional diagnostic information (Fig
3, S3 Table). S3 Fig shows meta-analysis results in ROC space. A diagnostic indicator with a
summary ROC curve closely following the diagonal line is no better at predicting CD than a
coin toss, which is approximately the case for all symptoms.

Amongst risk conditions, dermatitis herpetiformis had the highest estimated sensitivity,
specificity, and PPV (estimated PPV at 1% prevalence of CD = 29%, 95% ClIs 3 to 72%). How-
ever, the uncertainty around these estimates was substantial, as is shown by the wide 95% Cls.
We estimated PPV's above 2% for migraine, family history of CD, HLA DQ2/8, anaemia, type
1 diabetes, osteoporosis, and chronic liver disease. These estimates were relatively precise for
HLA DQ2/8, anaemia, type 1 diabetes, osteoporosis, and chronic liver disease but there was
considerable uncertainty for migraine and a family history of CD. People with thyroid disease,
subfertility or recurrent pregnancy loss, or irritable bowel syndrome were 1.5-2 times more
likely to have CD than the general population with 95% ClIs lying entirely above the population
prevalence of 1%. Although the estimated PPV of psoriasis, epilepsy, inflammatory bowel dis-
ease, systematic lupus erythematosus, fracture, arthritis, and type 2 diabetes suggest an
increased likelihood of CD in people with these conditions, there was considerable uncertainty
in these estimates. The 95% ClIs crossed or touched the line of population prevalence, indicat-
ing that the likelihood of CD may be similar to that in the general population. We found no
evidence of an increased likelihood of CD in people with multiple sclerosis (Fig 3).

Similarly, arthritis, fracture, and type 2 diabetes appear to have no diagnostic ability when
judging sensitivity and specificity in ROC space (53 Fig). For multiple sclerosis, systemic lupus
erythematosus, psoriasis, and inflammatory bowel disease there was not enough evidence to
estimate a reliable summary ROC curve. For chronic liver diseases, epilepsy, migraine, irritable
bowel syndrome, and dermatitis herpetiformis there was substantial uncertainty in summary
estimates due to high variation between the study estimates. The summary ROC plots for type
1 diabetes, anaemia, subfertility or recurrent pregnancy loss, thyroid disease, and osteoporosis
suggest a higher accuracy in predicting a CD diagnosis than a coin toss.

The HLA DQ?2/8 risk genotype also had estimated PPVs above 2% (estimated PPV at 1%
prevalence of CD = 2.6%, 95% Cls 2.2 to 3.1%). People with a family history of CD were not
more likely to have CD than the general population and the summary ROC curve showed no
diagnostic ability.
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Diagnostic indicator Sensitivity Specificity PPV
Symptoms ;
Abdominal pain —i— —il- ~l—
Diarrhoea Hll— -l *:'.——‘
Constipation L3 ] il
Acid reflux symptoms — —a— '-Ii-‘
Bloating or abdominal distension —— —— Hil~
Weight loss - Hl il
Vomiting and nausea il —i -
Risk conditions :
Dermatitis herpetiformis e 1 —"
Migraine . : s
Anaemia — —a— : ——
Type 1 Diabetes —il— —_— 1
Osteoporosis —a— —a : ——
Chronic liver disease e ) : —
Psoriasis 1 ! 1:—0-1
Thyroid disease —— —il— (.
Epilepsy s —a— i—I—i
Inflammatory bowel disease PN g =" i ’:—"'
Systemic lupus erythematosus = — =
Irritable bowel syndrome —— — : Hil
Subfertility or recurrent pregnancy loss f—t—tll——} —a— :'—l—‘
Fracture —— —— :—l—4
Arthritis T ] —=—
Type 2 Diabetes ' i 1 —=a— '—:'—'
Multiple sclerosis ’ i L) '—°:—-‘
Genetic predisposition :
Family history of CD ' il i —— | ———
HLA DQ2/DQ8 —. i S
T T T T 1 T T T T 1 T T T T T 1
0 Dh: Oh' OTH- 1 0 925 b 0TH 2 0 1 2. :3 & B
Sensitivity Specificity PPV (%)

Fig 3. Sensitivity, specificity, and positive predictive values. Meta-analysis results are shown per diagnostic indicator. Positive predictive values (PPVs) were
calculated for a population with a CD prevalence of 1% (red dotted line) using the estimated sensitivities and specificities from the meta-analyses. Diagnostic indicators
are ordered from high to low PPV per diagnostic indicator group. The area of the box size is proportional to the total number of participants.

https://doi.org/10.1371/journal.pone.0258501.9003

Subgroup and sensitivity analyses

There were sufficient data on five diagnostic indicators to stratify the meta-analyses by age
group (Fig 4, S4 Table). Estimated PPV's were similarly low and around 1% for abdominal

pain, arthritis, constipation, and diarrhoea for adults and children. The results suggest that
arthritis may be more predictive of CD in children than in adults, and abdominal pain and
constipation may be more predictive for CD in adults that in children. The PPV of type 1
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Diagnostic indicator ~ Subgroup  Sensitivity Specificity PPV
Age groups
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Abdominal pain Children — i L || _NIRR
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Atils . Cweren | T o e S
Constipation Adults —— i *:—l—‘
Constipation Children & il [
Diarhoea Adus vm— —. _——
Diarhoea ___ Chiden Mb—— oS
Type 1 Diabetes Adults e —a : ——
Type 1 Diabetes Children s —— | re
Type 1 Diabetes Mixed —-— —— ! _—
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Anaemia Serology only —— —— | —a—
Anaemia Serology +/- biopsy — - . e : ___‘—'__—: ________
Ahits Serologyonly = +——=——rt —_— -
Arthritis Serology +/- biopsy =t e I O R :'_—_ﬂ_ ___________
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ol oot s . el cc. TN Btey s possts Wit (TS [ LR ¢y SR RS G5 O O IO RO
Epilepsy Serologyonly ~ +—%— e -
Epilepsy ______ Serlogybiopsy b————————t 5 T O o IR
Irritable bowel syndrome Serology only i —a— ‘Irl‘
Irritable bowel syndrome Serology +/- biopsy T T T A I : _"_'_f ____________
Thyoid disease Serologyonly = —®—— — i
e SO === S S s o4 (R R . i O R i o M
Type 1 Diabetes Serology only =t —a— : ——
Type 1 Diabetes Serology +/- biopsy 2 = 1 .
I T T T 1 T T T T 1 F=r o de =l s
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Fig 4. Subgroup analysis stratified by age group and CD diagnosis. Stratified meta-analysis results are shown per diagnostic indicator. Positive predictive values
(PPVs) were calculated for a population with a CD prevalence of 1% (red dotted line) using the estimated sensitivities and specificities from the meta-analyses. The area
of the box size is proportional to the total number of participants.

https://doi.org/10.1371/journal.pone.0258501.9g004

diabetes appeared higher for adults, estimated at 3.4% (95% Cls 1.9 to 5.6%), compared to chil-
dren or mixed populations, at 1.8% (1.4 to 2.3%) and 2.1% (1.6 to 2.9%). However, each of
these differences should be interpreted with caution since CIs overlap.

There were sufficient data on seven diagnostic indicators to stratify the analysis on CD diag-
nosis, comparing studies that used a serology-only approach and studies that included a con-
formation duodenal biopsy (Fig 4, S4 Table). Estimated PPV's were similar between the
subgroups.
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Diagnostic indicator Study design Sensitivity Specificity PPV
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Fig 5. Sensitivity analysis restricting to cohort studies. Sensitivity meta-analysis on study design. Positive predictive values (PPVs) were calculated for a population
with a CD prevalence of 1% (red dotted line) using the estimated sensitivities and specificities from the meta-analyses. The area of the box size is proportional to the

total number of participants.

https://doi.org/10.1371/journal.pone.0258501.9005

A sensitivity analysis was performed restricting to studies using a cohort or cross-section
design for abdominal pain, anaemia, bloating or abdominal distension, constipation, and diar-
rhoea (Fig 5, S5 Table). Although case-control studies are more prone to bias than cohort stud-
ies, removing case control studies did not affect the sensitivity, specificity, or PPV estimates
among these diagnostic indicators. It was not possible to perform a sensitivity analysis restrict-
ing to studies of low risk of bias, because all included studies were judged at overall high risk of
bias.

Finally, a sensitivity analysis was performed on the diagnostic indicator ‘family history of
CD’ restricting to studies that only included first-degree relatives. This increased the estimated
PPV from 2.7% (95% Cls 1.2 to 3.9%) to 3.0% (1.6 to 3.7%), although note that CIs overlap.

Discussion
Principal findings

This systematic review summarises the accuracy of diagnostic indicators, such as symptoms
and risk factors, to detect CD. Although none of the diagnostic indicators are accurate in
“diagnosing” CD, some show promise in helping to identify patients who should be offered
further testing. The estimated PPV for migraine, family history of CD, HLA DQ2/8, anaemia,
type 1 diabetes, osteoporosis, and chronic liver disease were all above 2%, with 95% ClIs lying
entirely above the population prevalence of 1%. In other words, people with these conditions
are estimated to be more than twice as likely to have CD than the general population. How-
ever, for many indicators there was either little evidence or the studies were too heterogeneous
to reliably estimate diagnostic accuracy. Dermatitis herpetiformis showed the highest diagnos-
tic accuracy. However, because dermatitis herpetiformis is rare and treatment is a gluten-free
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diet even in the absence of a CD diagnosis [28], it is unlikely to be helpful as a diagnostic indi-
cator. Gastrointestinal symptoms showed poor diagnostic ability. The largest cohort studies
included in our review found no significant differences in CD seroprevalence among individu-
als with and without specific gastrointestinal symptoms [29-31]. However, one cohort study
found a higher prevalence of CD when multiple gastrointestinal symptoms were combined
[30]. This suggests that, although any single symptom may not be useful in case finding it may
be worth investigating the usefulness of combinations of symptoms.

All studies were judged at a high risk of bias, mainly due to use of serological tests to diag-
nose CD without a confirmatory biopsy, which may lead to an underestimation of the associa-
tion between CD and a diagnostic indicator, or due to the use of a case control design, which
may lead to an overestimation of the association. However, subgroup and sensitivity analyses
showed no evidence of study design or method of CD diagnosis leading to an over- or under-
estimation of sensitivity, specificity, or PPV. A post hoc sensitivity analysis suggested that peo-
ple with first-degree relatives with CD had a three times higher risk of CD than the general
population.

Strengths and limitations

We applied a robust methodological approach following internationally recognised systematic
review guidance. We used a sensitive literature search strategy, and study selection was per-
formed in duplicate. We applied stringent inclusion criteria to minimise bias. For instance, we
only included studies where all participants had been tested for CD, which is important since
CD is underdiagnosed.

The interpretation of the meta-analyses results is, nonetheless, limited by the substantial
variability between studies. Although we investigated sources of variability by also performing
stratified meta-analyses by age group, CD diagnosis, and study design, only a small minority of
diagnostic indicators was reported by enough studies to perform these analyses. Another limi-
tation is that our results, which are estimates of the accuracy of diagnostic indicators when
used in isolation, cannot be used to estimate how predictive these indicators are in combina-
tion. Finally, we limited our review to diagnostic indicators that were reported by at least 5
studies; therefore, we may have missed other promising diagnostic indicators which are less
often reported.

Comparison with other studies

Our estimates of the probability of CD for people with certain risk conditions compared to the
general population are in agreement with prevalence estimates of CD among individuals with
those conditions. Meta-analyses estimated the prevalence of CD between 3-16% in people
with type 1 diabetes [32], 1.6-3.8% (95% Cls) according to serology studies and 2.3-4.5%
biopsy-proven CD in people with IBS [33], 2.6-3.9 among people with iron-deficiency anae-
mia [34], 1.6-2.6% in people with epilepsy [35], 1.3-1.9% in people with autoimmune thyroid
disease [36], 1-7% in people with raised liver enzymes [37], and 1.1-2.0% in people with osteo-
porosis [38]. The odds of having CD was 1.7-2.7 higher in individuals with versus without pso-
riasis [39] and the risk of CD was 2.2-7.0 higher in patients with inflammatory bowel disease
compared to controls [40]. The prevalence of CD in children with migraine-like headaches
was estimated to be 1.5-3.7 times higher than in the general population, but no evidence was
reported on adults populations [41]. Our analysis showed a similar increased risk of 2.8 fold,
including one study with an adult population which showed similar results [42]. A population-
based retrospective cohort study reported that among 160,000 patients headache-related visits,
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including migraine, occurred 1.6 to 1.8 times more frequently in CD patients than in controls
[43].

Recent data have suggested that infertility and CD are not associated [44,45], although most
guidelines still name infertility as one of the risk factors for CD. Also, recent meta-analyses
have shown conflicting results regarding the association between infertility and CD. Singh
et al. (2016), Castano et al. (2019), and Glimberg et al. (2021) reported a pooled prevalence of
biopsy-proven CD in women with infertility between 1.4-3.5%, 0.6-2.8%, and 0.2-1.2%, respec-
tively [46-48]. Glimberg et al. meta-analysed 11 studies and found a prevalence of CD among
women with infertility similar to that of the general population [48]. Our results also suggest
that women with subfertility have a 1.2 to 2-fold higher risk of CD. We used a broader defini-
tion of subfertility including recurrent pregnancy loss, whereas pregnancy loss was excluded
by Glimberg et al., and we only included studies with control groups, which may explain the
discrepancies in our and Glimberg’s findings. Large scale prospective cohort studies, such as
birth cohorts, are needed to address this question, where all participants are tested for CD and
information on infertility is collected.

A meta-analysis of 6 studies investigated the accuracy of HLA-DQ2/DQS8 typing for the
detection of CD and found a pooled sensitivity of 97-99% and specificity of 41-48% [49], com-
pared to 86-99% and 56-71% in this review, respectively. Although almost 100% of individuals
with CD are carriers of the HLA DQ2/DQ8 risk alleles, they only account for a small propor-
tion of the heritability of CD [50]. We found a lower risk of CD in people with a family history
of CD compared to other studies. A meta-analysis showed that the prevalence of CD is 6.3-8.8
times higher in first-degree relatives and 1.3-3.8 times higher in second degree relatives com-
pared to the general population [51], whereas we found a risk of 1.3 times higher in people
with a family history of CD. Only six of our included studies focussed specifically on first-
degree relatives, whereas the other six included second-degree relatives or did not specify,
which can partly explain our lower estimate. When restricting our analysis to first-degree rela-
tives, we estimated the PPV at 1.3-7.2%. Finally, some studies included as few as 2 individuals
with a family history of CD and 6 individuals with CD in their study population [52,53], which
has likely attenuated the estimated association as well.

Small differences between our estimates of PPV and estimates from meta-analyses of preva-
lence may be explained by us only including studies that allowed estimation of both sensitivity
and specificity (which requires some study participants to not have the diagnostic indicator).

Implications for practice

Most of the promising indicators from our review, such as type 1 diabetes, thyroid disease, and
osteoporosis, are recommended to prompt testing for CD by current guidelines. However,
migraine, which had one of the higher estimated PPVs for CD, and chronic liver disease are
not mentioned in most current guidelines. Future guidelines may want to recommend GPs to
consider CD testing in patients with migraine or chronic liver disease.

There is a need for large cohort studies where all participants have received an accurate test
for CD to reduce bias in estimates of the diagnostic ability of indicators such as symptoms or
risk conditions. Accurate testing strategies that do not rely on invasive tests such as a duodenal
biopsy would make this more feasible. Future research should investigate the accuracy of com-
binations of diagnostic indicators because single indicators with limited accuracy or low PPV
may still be valuable when used in combination. It is important that diagnostic prediction
models use data in which all patients have been tested for CD to reduce bias as a result of
underdiagnosis.
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Conclusion

Despite recent improvements in case finding, CD still represents a clinical iceberg with most
cases yet to be detected. People with dermatitis herpetiformis, migraine, family history of CD,
HLA DQ2/8 risk genotype, anaemia, type 1 diabetes, osteoporosis, or chronic liver disease
have a higher risk of having CD than the general population and should be offered testing for
CD. Migraine and chronic liver disease are not yet included as a CD risk factor in all testing
guidelines, but it may be appropriate for this to be added. Symptoms showed limited predictive
ability for CD. Future research should establish the diagnostic value of combining indicators.
Combining multiple diagnostic indicators into prediction rules, especially if automated within
electronic health records, may further improve case finding.

Supporting information

S1 PRISMA DTA checklist.
(DOC)

S1 Fig. Summary graph of risk of bias.
(DOCX)

S2 Fig. Forest plots of sensitivity and specificity.
(DOCX)

$3 Fig. Summary ROC plots per diagnostic indicators.
(DOCX)

S1 Table. List of diagnostic indicators not included in the meta-analysis.
(DOCX)

S2 Table. Study characteristics per indictor.
(DOCX)

$3 Table. Summary estimates of sensitivity, specificity, and prediction values.
(DOCX)

S$4 Table. Summary estimates of sensitivity, specificity, and prediction values of subgroup
analyses.
(DOCX)

S5 Table. Summary estimates of sensitivity, specificity, and prediction values of sensitivity
analyses.
(DOCX)

S1 Search strategy.
(DOCX)

Acknowledgments

We would like to thank Jo Stubbs for her feedback from a patient perspective at the study
design stage.

Author Contributions

Conceptualization: Hazel Everitt, Peter Gillett, Alastair D. Hay, Deborah L. Lane, Susan Mal-
lett, Gerry Robins, Jessica C. Watson, Hayley E. Jones, Penny Whiting.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258501 October 25, 2021 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0258501.s010
https://doi.org/10.1371/journal.pone.0258501

PLOS ONE

Accuracy of diagnostic indicators for coeliac disease

Data curation: Martha M. C. Elwenspoek, Sarah Dawson.
Formal analysis: Martha M. C. Elwenspoek, Hayley E. Jones.

Funding acquisition: Martha M. C. Elwenspoek, Hazel Everitt, Peter Gillett, Alastair D. Hay,
Deborah L. Lane, Susan Mallett, Gerry Robins, Jessica C. Watson, Hayley E. Jones, Penny
Whiting.

Investigation: Martha M. C. Elwenspoek, Joni Jackson, Rachel O’Donnell, Anthony Sinobas,
Hayley E. Jones, Penny Whiting.

Methodology: Sarah Dawson, Susan Mallett, Hayley E. Jones, Penny Whiting.
Project administration: Martha M. C. Elwenspoek, Joni Jackson.

Resources: Joni Jackson, Penny Whiting.

Software: Joni Jackson, Sarah Dawson.

Supervision: Martha M. C. Elwenspoek, Hayley E. Jones, Penny Whiting.

Validation: Martha M. C. Elwenspoek, Joni Jackson, Rachel O’'Donnell, Hazel Everitt, Peter
Gillett, Alastair D. Hay, Deborah L. Lane, Gerry Robins, Jessica C. Watson, Hayley E. Jones,
Penny Whiting.

Visualization: Martha M. C. Elwenspoek, Hayley E. Jones.
Writing - original draft: Martha M. C. Elwenspoek.

Writing - review & editing: Joni Jackson, Rachel O’Donnell, Anthony Sinobas, Sarah Daw-
son, Hazel Everitt, Peter Gillett, Alastair D. Hay, Deborah L. Lane, Susan Mallett, Gerry
Robins, Jessica C. Watson, Hayley E. Jones, Penny Whiting.

References

1. Ludvigsson JF, Murray JA. Epidemiology of Celiac Disease. Gastroenterol Clin North Am. 2019; 48
(1):1-18. Epub 2019/02/04. https://doi.org/10.1016/j.gtc.2018.09.004 PMID: 30711202.

2. CatassiC, Gatti S, Fasano A. The new epidemiology of celiac disease. J Pediatr Gastroenterol Nutr.
2014; 59 Suppl 1:S7-9. Epub 2014/07/01. https://doi.org/10.1097/01.mpg.0000450393.23156.59
PMID: 24979197.

3. Paez MA, Gramelspacher AM, Sinacore J, Winterfield L, Venu M. Delay in Diagnosis of Celiac Disease
in Patients Without Gastrointestinal Complaints. American Journal of Medicine. 2017; 130(11):1318—
23. https://doi.org/10.1016/j.amjmed.2017.05.027 PMID: 28623177

4. Caio G, Volta U, Sapone A, Leffler DA, De Giorgio R, Catassi C, et al. Celiac disease: a comprehensive
current review. BMC Med. 2019; 17(1):142. Epub 2019/07/25. https://doi.org/10.1186/s12916-019-
1380-z PMID: 31331324; PubMed Central PMCID: PMC6647104.

5. Saccone G, Berghella V, Sarno L, Maruotti GM, Cetin |, Greco L, et al. Celiac disease and obstetric
complications: A systematic review and metaanalysis. American Journal of Obstetrics and Gynecology.
2016; 214(2):225-34. https://doi.org/10.1016/j.ajog.2015.09.080 PMID: 26432464

6. Downey L, Houten R, Murch S, Longson D, Guideline Development G. Recognition, assessment, and
management of coeliac disease: summary of updated NICE guidance. BMJ. 2015; 351:h4513. Epub
2015/09/04. https://doi.org/10.1136/bmj.h4513 PMID: 26333593.

7. Husby S, Koletzko S, Korponay-Szabo I, Kurppa K, Mearin ML, Ribes-Koninckx C, et al. European
Society Paediatric Gastroenterology, Hepatology and Nutrition Guidelines for Diagnosing Coeliac Dis-
ease 2020. J Pediatr Gastroenterol Nutr. 2020; 70(1):141-56. Epub 2019/10/01. https://doi.org/10.
1097/MPG.0000000000002497 PMID: 31568151.

8. Al-TomaA, Volta U, Auricchio R, Castillejo G, Sanders DS, Cellier C, et al. European Society for the
Study of Coeliac Disease (ESsCD) guideline for coeliac disease and other gluten-related disorders.
United European Gastroenterol J. 2019; 7(5):583—613. Epub 2019/06/19. https://doi.org/10.1177/
2050640619844125 PMID: 31210940; PubMed Central PMCID: PMC6545713.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258501 October 25, 2021 17/20


https://doi.org/10.1016/j.gtc.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30711202
https://doi.org/10.1097/01.mpg.0000450393.23156.59
http://www.ncbi.nlm.nih.gov/pubmed/24979197
https://doi.org/10.1016/j.amjmed.2017.05.027
http://www.ncbi.nlm.nih.gov/pubmed/28623177
https://doi.org/10.1186/s12916-019-1380-z
https://doi.org/10.1186/s12916-019-1380-z
http://www.ncbi.nlm.nih.gov/pubmed/31331324
https://doi.org/10.1016/j.ajog.2015.09.080
http://www.ncbi.nlm.nih.gov/pubmed/26432464
https://doi.org/10.1136/bmj.h4513
http://www.ncbi.nlm.nih.gov/pubmed/26333593
https://doi.org/10.1097/MPG.0000000000002497
https://doi.org/10.1097/MPG.0000000000002497
http://www.ncbi.nlm.nih.gov/pubmed/31568151
https://doi.org/10.1177/2050640619844125
https://doi.org/10.1177/2050640619844125
http://www.ncbi.nlm.nih.gov/pubmed/31210940
https://doi.org/10.1371/journal.pone.0258501

PLOS ONE

Accuracy of diagnostic indicators for coeliac disease

10.
11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

Ludvigsson JF, Bai JC, Biagi F, Card TR, Ciacci C, Ciclitira PJ, et al. Diagnosis and management of
adult coeliac disease: guidelines from the British Society of Gastroenterology. Gut. 2014; 63(8):1210—
28. Epub 2014/06/12. https://doi.org/10.1136/gutjnl-2013-306578 PMID: 24917550; PubMed Central
PMCID: PMC4112432.

Wilson JMG, G J. Principles and practice of screening for disease. Geneva: WHO. 1968.

Ludvigsson JF, Card TR, Kaukinen K, Bai J, Zingone F, Sanders DS, et al. Screening for celiac disease
in the general population and in high-risk groups. United European Gastroenterology Journal. 2015; 3
(2):106—20. https://doi.org/10.1177/2050640614561668 PMID: 25922671

Virta LJ, Kaukinen K, Collin P. Incidence and prevalence of diagnosed coeliac disease in Finland:
Results of effective case finding in adults. Scandinavian Journal of Gastroenterology. 2009; 44(8):933—
8. https://doi.org/10.1080/00365520903030795 PMID: 19492246

Elwenspoek MMC, Jackson J, Dawson S, Everitt H, Gillett P, Hay AD, et al. Accuracy of potential diag-
nostic indicators for coeliac disease: a systematic review protocol. BMJ Open. 2020; 10(10):e038994.
Epub 2020/10/07. https://doi.org/10.1136/bmjopen-2020-038994 PMID: 33020103; PubMed Central
PMCID: PMC7537462.

Centre for Reviews and Dissemination (CRD). Systematic Reviews. CRD’s guidance for undertaking
reviews in health care. University of York. 2009.

Cochrane Diagnostic Test Accuracy Working Group. Cochrane Handbook for Systematic Reviews of
Diagnostic Test Accuracy. The Cochrane Collaboration. 2010.

Mclnnes MDF, Moher D, Thombs BD, McGrath TA, Bossuyt PM, and the P-DTAG, et al. Preferred
Reporting Items for a Systematic Review and Meta-analysis of Diagnostic Test Accuracy Studies: The
PRISMA-DTA Statement. JAMA. 2018; 319(4):388-96. Epub 2018/01/25. https://doi.org/10.1001/
jama.2017.19163 PMID: 29362800.

Rutjes AW, Reitsma JB, Vandenbroucke JP, Glas AS, Bossuyt PM. Case-control and two-gate designs
in diagnostic accuracy studies. Clin Chem. 2005; 51(8):1335—41. Epub 2005/06/18. https://doi.org/10.
1373/clinchem.2005.048595 PMID: 15961549.

Geersing GJ, Bouwmeester W, Zuithoff P, Spijker R, Leeflang M, Moons KG. Search filters for finding
prognostic and diagnostic prediction studies in Medline to enhance systematic reviews. PLoS One.
2012; 7(2):32844. Epub 2012/03/07. https://doi.org/10.1371/journal.pone.0032844 PMID: 22393453;
PubMed Central PMCID: PMC3290602.

Ingui BJ, Rogers MA. Searching for clinical prediction rules in MEDLINE. J Am Med Inform Assoc.
2001; 8(4):391-7. Epub 2001/06/22. https://doi.org/10.1136/jamia.2001.0080391 PMID: 11418546;
PubMed Central PMCID: PMC130084.

Whiting PF, Rutjes AW, Westwood ME, Mallett S, Deeks JJ, Reitsma JB, et al. QUADAS-2: a revised
tool for the quality assessment of diagnostic accuracy studies. Ann Intern Med. 2011; 155(8):529-36.
Epub 2011/10/19. https://doi.org/10.7326/0003-4819-155-8-201110180-00009 PMID: 22007046.

Reitsma JB, Glas AS, Rutjes AW, Scholten RJ, Bossuyt PM, Zwinderman AH. Bivariate analysis of sen-
sitivity and specificity produces informative summary measures in diagnostic reviews. J Clin Epidemiol.
2005; 58(10):982—90. Epub 2005/09/20. https://doi.org/10.1016/j.jclinepi.2005.02.022 PMID:
16168343.

Chu H, Cole SR. Bivariate meta-analysis of sensitivity and specificity with sparse data: a generalized lin-
ear mixed model approach. J Clin Epidemiol. 2006; 59(12):1331-2; author reply 2—-3. Epub 2006/11/14.
https://doi.org/10.1016/j.jclinepi.2006.06.011 PMID: 17098577.

Ludvigsson JF, Leffler DA, Bai JC, Biagi F, Fasano A, Green PH, et al. The Oslo definitions for coeliac
disease and related terms. Gut. 2013; 62(1):43-52. Epub 2012/02/22. https://doi.org/10.1136/gutjnl-
2011-301346 PMID: 22345659; PubMed Central PMCID: PMC3440559.

Singh P, Arora A, Strand TA, Leffler DA, Catassi C, Green PH, et al. Global Prevalence of Celiac Dis-
ease: Systematic Review and Meta-analysis. Clin Gastroenterol Hepatol. 2018; 16(6):823-36 e2. Epub
2018/03/20. https://doi.org/10.1016/j.cgh.2017.06.037 PMID: 29551598.

R Core Team. R: A Language and Environment for Statistical Computing. R Foundation for Statistical
Computing. 2020;( Vienna, Austria).

National Health Institute for Health and Care Excellence (NICE). Coeliac disease: recognition, assess-
ment and management (NICE guideline 20). Available at: https://wwwniceorguk/guidance/ng20 [last
acessed 19/01/2021]. 2015.

(NICE) NIfHaCE. 2019 surveillance of coeliac disease: recognition, assessment and management
(NICE guideline NG20). Available at: https://wwwniceorguk/guidance/ng20 [last acessed 19/01/2021].
2019.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258501 October 25, 2021 18/20


https://doi.org/10.1136/gutjnl-2013-306578
http://www.ncbi.nlm.nih.gov/pubmed/24917550
https://doi.org/10.1177/2050640614561668
http://www.ncbi.nlm.nih.gov/pubmed/25922671
https://doi.org/10.1080/00365520903030795
http://www.ncbi.nlm.nih.gov/pubmed/19492246
https://doi.org/10.1136/bmjopen-2020-038994
http://www.ncbi.nlm.nih.gov/pubmed/33020103
https://doi.org/10.1001/jama.2017.19163
https://doi.org/10.1001/jama.2017.19163
http://www.ncbi.nlm.nih.gov/pubmed/29362800
https://doi.org/10.1373/clinchem.2005.048595
https://doi.org/10.1373/clinchem.2005.048595
http://www.ncbi.nlm.nih.gov/pubmed/15961549
https://doi.org/10.1371/journal.pone.0032844
http://www.ncbi.nlm.nih.gov/pubmed/22393453
https://doi.org/10.1136/jamia.2001.0080391
http://www.ncbi.nlm.nih.gov/pubmed/11418546
https://doi.org/10.7326/0003-4819-155-8-201110180-00009
http://www.ncbi.nlm.nih.gov/pubmed/22007046
https://doi.org/10.1016/j.jclinepi.2005.02.022
http://www.ncbi.nlm.nih.gov/pubmed/16168343
https://doi.org/10.1016/j.jclinepi.2006.06.011
http://www.ncbi.nlm.nih.gov/pubmed/17098577
https://doi.org/10.1136/gutjnl-2011-301346
https://doi.org/10.1136/gutjnl-2011-301346
http://www.ncbi.nlm.nih.gov/pubmed/22345659
https://doi.org/10.1016/j.cgh.2017.06.037
http://www.ncbi.nlm.nih.gov/pubmed/29551598
https://wwwniceorguk/guidance/ng20
https://wwwniceorguk/guidance/ng20
https://doi.org/10.1371/journal.pone.0258501

PLOS ONE

Accuracy of diagnostic indicators for coeliac disease

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

Antiga E, Caproni M. The diagnosis and treatment of dermatitis herpetiformis. Clin Cosmet Investig Der-
matol. 2015; 8:257—65. Epub 2015/05/23. https://doi.org/10.2147/CCID.S69127 PMID: 25999753;
PubMed Central PMCID: PMC4435051.

Choung RS, Rubio-Tapia A, Lahr BD, Kyle RA, Camilleri MJ, Locke GR, et al. Evidence Against Routine
Testing of Patients With Functional Gastrointestinal Disorders for Celiac Disease: A Population-based
Study. Clinical Gastroenterology and Hepatology. 2015; 13(11):1937—-43. https://doi.org/10.1016/j.cgh.
2015.05.014 PMID: 25987301

Bingley PJ, Williams AJK, Norcross AJ, Unsworth DJ, Lock RJ, Ness AR, et al. Undiagnosed coeliac
disease at age seven: Population based prospective birth cohort study. British Medical Journal. 2004;
328(7435):322-3. https://doi.org/10.1136/bm|.328.7435.322 PMID: 14764493

Wahab RJ, Beth SA, Derks IPM, Jansen PW, Moll HA, Kiefte-De Jong JC. Celiac disease autoimmunity
and emotional and behavioral problems in childhood. Pediatrics. 2019; 144(4):e20183933. https://doi.
org/10.1542/peds.2018-3933 PMID: 31492765

Cohn A, Sofia AM, Kupfer SS. Type 1 diabetes and celiac disease: Clinical overlap and new insights
into disease pathogenesis. Current Diabetes Reports. 2014; 14(8):517. https://doi.org/10.1007/s11892-
014-0517-x PMID: 24952108

Irvine AJ, Chey WD, Ford AC. Screening for Celiac Disease in Irritable Bowel Syndrome: An Updated
Systematic Review and Meta-analysis. American Journal of Gastroenterology. 2017; 112(1):65-76.
https://doi.org/10.1038/ajg.2016.466 PMID: 27753436

Mahadev S, Laszkowska M, Sundstrom J, Bjorkholm M, Lebwohl B, Green PHR, et al. Prevalence of
Celiac Disease in Patients With Iron Deficiency Anemia-A Systematic Review With Meta-analysis.
Gastroenterology. 2018; 155(2):374-82 e1. Epub 2018/04/25. https://doi.org/10.1053/j.gastro.2018.04.
016 PMID: 29689265; PubMed Central PMCID: PMC7057414.

Julian T, Hadjivassiliou M, Zis P. Gluten sensitivity and epilepsy: a systematic review. Journal of Neurol-
ogy. 2019; 266(7):1557-65. https://doi.org/10.1007/s00415-018-9025-2 WOS:000472527900001.
PMID: 30167878

Roy A, Laszkowska M, Sundstrom J, Lebwohl B, Green PHR, Kampe O, et al. Prevalence of Celiac Dis-
ease in Patients with Autoimmune Thyroid Disease: A Meta-Analysis. Thyroid. 2016; 26(7):880—-90.
https://doi.org/10.1089/thy.2016.0108 PMID: 27256300

Sainsbury A, Sanders DS, Ford AC. Meta-analysis: Coeliac disease and hypertransaminasaemia. Ali-
mentary Pharmacology and Therapeutics. 2011; 34(1):33-40. https://doi.org/10.1111/j.1365-2036.
2011.04685.x PMID: 21545472

Laszkowska M, Mahadev S, Sundstrom J, Lebwohl B, Green PHR, Michaelsson K, et al. Systematic
review with meta-analysis: the prevalence of coeliac disease in patients with osteoporosis. Alimentary
Pharmacology and Therapeutics. 2018; 48(6):590—7. https://doi.org/10.1111/apt.14911 PMID:
29984519

Acharya P, Mathur M. Association between psoriasis and celiac disease: A systematic review and
meta-analysis. J Am Acad Dermatol. 2020; 82(6):1376—85. Epub 2019/12/07. https://doi.org/10.1016/j.
jaad.2019.11.039 PMID: 31809817.

Pinto-Sanchez MI, Seiler CL, Santesso N, Alaedini A, Semrad C, Lee AR, et al. Association Between
Inflammatory Bowel Diseases and Celiac Disease: A Systematic Review and Meta-Analysis. Gastroen-
terology. 2020; 159(3):884—-903 e31. Epub 2020/05/18. https://doi.org/10.1053/j.gastro.2020.05.016
PMID: 32416141.

Zis P, Julian T, Hadjivassiliou M. Headache Associated with Coeliac Disease: A Systematic Review
and Meta-Analysis. Nutrients. 2018; 10(10). Epub 2018/10/12. https://doi.org/10.3390/nu10101445
PMID: 30301194; PubMed Central PMCID: PMC6213149.

Gabrielli M, Cremonini F, Fiore G, Addolorato G, Padalino C, Candelli M, et al. Association between
migraine and Celiac disease: results from a preliminary case-control and therapeutic study. The Ameri-
can journal of gastroenterology. 2003; 98(3):625-9. https://doi.org/10.1111/j.1572-0241.2003.07300.x
PMID: 12650798

Lebwohl B, Roy A, Alaedini A, Green PHR, Ludvigsson JF. Risk of headache-related healthcare visits
in patients with celiac disease: A population-based observational study. Headache. 2016; 56(5):849—
58. https://doi.org/10.1111/head. 12784 PMID: 26972425

Grode LB, Agerholm IE, Humaidan P, Parkner T, Bech BH, Ramlau-Hansen CH, et al. Unrecognised
coeliac disease among men and women undergoing fertility treatment: A screening study. United Euro-
pean Gastroenterology Journal. 2018; 6(10):1477-84. https://doi.org/10.1177/2050640618796750
PMID: 30574318

Hogen Esch CE, Van Rijssen MJ, Roos A, Koning F, Dekker FW, Mearin ML, et al. Screening for unrec-
ognized coeliac disease in subfertile couples. Scand J Gastroenterol. 2011; 46(12):1423-8. Epub 2011/
09/13. https://doi.org/10.3109/00365521.2011.615858 PMID: 21905980.

PLOS ONE | https://doi.org/10.1371/journal.pone.0258501 October 25, 2021 19/20


https://doi.org/10.2147/CCID.S69127
http://www.ncbi.nlm.nih.gov/pubmed/25999753
https://doi.org/10.1016/j.cgh.2015.05.014
https://doi.org/10.1016/j.cgh.2015.05.014
http://www.ncbi.nlm.nih.gov/pubmed/25987301
https://doi.org/10.1136/bmj.328.7435.322
http://www.ncbi.nlm.nih.gov/pubmed/14764493
https://doi.org/10.1542/peds.2018-3933
https://doi.org/10.1542/peds.2018-3933
http://www.ncbi.nlm.nih.gov/pubmed/31492765
https://doi.org/10.1007/s11892-014-0517-x
https://doi.org/10.1007/s11892-014-0517-x
http://www.ncbi.nlm.nih.gov/pubmed/24952108
https://doi.org/10.1038/ajg.2016.466
http://www.ncbi.nlm.nih.gov/pubmed/27753436
https://doi.org/10.1053/j.gastro.2018.04.016
https://doi.org/10.1053/j.gastro.2018.04.016
http://www.ncbi.nlm.nih.gov/pubmed/29689265
https://doi.org/10.1007/s00415-018-9025-2
http://www.ncbi.nlm.nih.gov/pubmed/30167878
https://doi.org/10.1089/thy.2016.0108
http://www.ncbi.nlm.nih.gov/pubmed/27256300
https://doi.org/10.1111/j.1365-2036.2011.04685.x
https://doi.org/10.1111/j.1365-2036.2011.04685.x
http://www.ncbi.nlm.nih.gov/pubmed/21545472
https://doi.org/10.1111/apt.14911
http://www.ncbi.nlm.nih.gov/pubmed/29984519
https://doi.org/10.1016/j.jaad.2019.11.039
https://doi.org/10.1016/j.jaad.2019.11.039
http://www.ncbi.nlm.nih.gov/pubmed/31809817
https://doi.org/10.1053/j.gastro.2020.05.016
http://www.ncbi.nlm.nih.gov/pubmed/32416141
https://doi.org/10.3390/nu10101445
http://www.ncbi.nlm.nih.gov/pubmed/30301194
https://doi.org/10.1111/j.1572-0241.2003.07300.x
http://www.ncbi.nlm.nih.gov/pubmed/12650798
https://doi.org/10.1111/head.12784
http://www.ncbi.nlm.nih.gov/pubmed/26972425
https://doi.org/10.1177/2050640618796750
http://www.ncbi.nlm.nih.gov/pubmed/30574318
https://doi.org/10.3109/00365521.2011.615858
http://www.ncbi.nlm.nih.gov/pubmed/21905980
https://doi.org/10.1371/journal.pone.0258501

PLOS ONE

Accuracy of diagnostic indicators for coeliac disease

46.

47.

48.

49.

50.

51.

52.

53.

Singh P, Arora S, Lal S, Strand TA, Makharia GK. Celiac Disease in Women with Infertility: A Meta-
Analysis. Journal of Clinical Gastroenterology. 2016; 50(1):33-9. https://doi.org/10.1097/MCG.
0000000000000285 PMID: 25564410

Castano M, Gomez-Gordo R, Cuevas D, Nunez C. Systematic review and meta-analysis of prevalence
of coeliac disease in women with infertility. Nutrients. 2019; 11(8):1950. https://doi.org/10.3390/
nu11081950 PMID: 31434238

Glimberg |, Haggard L, Lebwohl B, Green PHR, Ludvigsson JF. The prevalence of celiac disease in
women with infertility-A systematic review with meta-analysis. Reproductive Medicine and Biology.
2021; 20(2):224-33. https://doi.org/10.1002/rmb2.12374 PMID: 33850456.

Diaz-Redondo A, Miranda-Bautista J, Garcia-Lledo J, Gisbert JP, Menchen L. The potential usefulness
of human leukocyte antigen typing for celiac disease screening: A systematic review and meta-analysis.
Rev Esp Enferm Dig. 2015; 107(7):423-9. Epub 2015/07/04. https://doi.org/10.17235/reed.2015.3758/
2015 PMID: 26140635.

Kuja-Halkola R, Lebwohl B, Halfvarson J, Wijmenga C, Magnusson PK, Ludvigsson JF. Heritability of
non-HLA genetics in coeliac disease: a population-based study in 107 000 twins. Gut. 2016; 65
(11):1793-8. Epub 2016/05/22. https://doi.org/10.1136/gutjnl-2016-311713 PMID: 27207974.

Singh P, Arora S, Lal S, Strand TA, Makharia GK. Risk of Celiac Disease in the First- and Second-
Degree Relatives of Patients With Celiac Disease: A Systematic Review and Meta-Analysis. Am J Gas-
troenterol. 2015; 110(11):1539-48. Epub 2015/09/30. https://doi.org/10.1038/ajg.2015.296 PMID:
26416192.

Yap TWC, Chan WK, Leow AHR, Azmi AN, Loke MF, Vadivelu J, et al. Prevalence of serum celiac anti-
bodies in a multiracial asian population—A first study in the Young Asian adult population of Malaysia.
PLoS ONE. 2015; 10(3):e0121908. https://doi.org/10.1371/journal.pone.0121908 PMID: 25799401

Abu-Zeid YA, Jasem WS, Lebwohl B, Green PH, EIGhazali G. Seroprevalence of celiac disease among
United Arab Emirates healthy adult nationals: A gender disparity. World Journal of Gastroenterology.
2014; 20(42):15830-6. https://doi.org/10.3748/wjg.v20.i42.15830 PMID: 25400469

PLOS ONE | https://doi.org/10.1371/journal.pone.0258501 October 25, 2021 20/20


https://doi.org/10.1097/MCG.0000000000000285
https://doi.org/10.1097/MCG.0000000000000285
http://www.ncbi.nlm.nih.gov/pubmed/25564410
https://doi.org/10.3390/nu11081950
https://doi.org/10.3390/nu11081950
http://www.ncbi.nlm.nih.gov/pubmed/31434238
https://doi.org/10.1002/rmb2.12374
http://www.ncbi.nlm.nih.gov/pubmed/33850456
https://doi.org/10.17235/reed.2015.3758/2015
https://doi.org/10.17235/reed.2015.3758/2015
http://www.ncbi.nlm.nih.gov/pubmed/26140635
https://doi.org/10.1136/gutjnl-2016-311713
http://www.ncbi.nlm.nih.gov/pubmed/27207974
https://doi.org/10.1038/ajg.2015.296
http://www.ncbi.nlm.nih.gov/pubmed/26416192
https://doi.org/10.1371/journal.pone.0121908
http://www.ncbi.nlm.nih.gov/pubmed/25799401
https://doi.org/10.3748/wjg.v20.i42.15830
http://www.ncbi.nlm.nih.gov/pubmed/25400469
https://doi.org/10.1371/journal.pone.0258501

