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2. List of abbreviations 

The list comprises only abbreviations used in the main text of the thesis (chapters 

4−10). Abbreviations used in the Synoptics (chapter 3) are spelt out within the chapter, 

those used in tables and figures are spelt out in the corresponding footnotes. 

 

AI: aggregation index  

CeD: coeliac disease 

CI: 95% confidence interval 

CV: cardiovascular 

EA: erythrocyte aggregation 

ED: erythrocyte deformability 

EI: elongation index 

EMA: anti-endomysial antibody 

GFD: gluten-free diet 

GIP: gluten immunogenic peptide 

HDL: high-density lipoprotein 

HLA: human leukocyte antigen 

LDL: low-density lipoprotein 

LORCA: Laser-assisted Optical Rotational Cell Analyzer 

PV: plasma viscosity 

RBC: red blood cell 

SMR: standardized mortality rate 

TGA: anti-tissue transglutaminase antibody 

VTE: venous thromboembolism 

WBV: whole blood viscosity 
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3. Synoptics 

Coeliac disease (CeD) is a systemic immune-mediated disease, which develops 

upon gluten ingestion in genetically predisposed individuals, and affects about 1% of the 

population worldwide. The overall mortality of CeD patients is two-fold compared to the 

global average. The excess mortality stems from a higher risk of lymphoproliferative and 

cardiovascular diseases, including acute arterial and venous thrombotic events. The 

pathophysiology of the promoted thrombus formation in CeD is multifaceted. The main 

suspected factors include hyperhomocysteinaemia, reduced activity of natural anti-

coagulant proteins, endothelial injury, subclinical chronic inflammation, thrombophilic 

antibody formation, immune- and non-immune-mediated comorbid conditions and 

accelerated atherosclerosis. Besides, as seen in many immune-mediated diseases, 

alterations in rheological properties of blood and its cellular elements, i.e. 

haemorheological alterations, are presumed to be potential contributors of thrombus 

formation in CeD. In this study, we aimed to assess the haemorheological, natural anti-

coagulant and homocysteine profiles of CeD patients to explore the background of the 

elevated cardiovascular risk and to suggest potential targets for prevention. 

This study is a case-control study (registered under registration number 

ISRCTN49677481), in which we recruited patients from a gastroenterology outpatient 

clinic. Cases were adult, biopsy-verified CeD patients, controls were subjects in whom 

CeD was excluded based on clinical and laboratory assessment. All participants were free 

from acute and advanced chronic diseases.  

After obtaining written consent, we recorded clinical characteristics, including risk 

factors of arterial and venous thrombus formation. In addition to a routine set of 

laboratory investigations, we measured haemorheological parameters, the activity of 

natural anticoagulants (protein C, protein S and antithrombin) and the level of homo-

cysteine. As primary outcomes, the haemorheological profile included haematocrit, 

whole blood viscosity (WBV), plasma viscosity, fibrinogen, erythrocyte aggregation 

(EA, described with the aggregation index, aggregation half-time and threshold shear 

rate) and erythrocyte deformability (ED, described with the elongation index at high 

[between 3–30 Pa] and low shear stresses [0.3–1.69 Pa]). We compared CeD patients to 

control subjects in univariate analysis and performed multivariate analysis with the ran-

dom forest model to identify independent predictors of the outcomes. In CeD patients, we 

estimated adherence to a gluten-free diet with CeD-specific serology (seronegative vs 
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seropositive), urine-gluten immunogenic peptide detection (positive vs negative) and with 

dietary review through interview (poor vs good). We divided CeD patients by dietary 

adherence and compared them to each other and to the control group.  

After matching by age and sex, we included 50 CeD patients—47 of which were 

on a gluten-free diet ≥1 year—and 50 control subjects in analysis.  

Elongation index was lower at all shear stresses in CeD compared to the control 

group, but the level of significance was attained only at high shear stresses; suggesting an 

impaired ED in CeD. In line with this, CeD proved to be an independent predictor of 

elongation index only at high shear stresses. Besides, CeD patients had a significantly 

higher level of fasting homocysteine compared to the control group (median 9.0 vs 8.7 

µmol/L, respectively; p=0.040). The other outcome parameters were similar between the 

groups. 

Seronegative CeD patients showed similar ED to seropositive ones and to control 

subjects, but a poor dietary review was associated with an impaired ED compared to a 

good dietary review. Consequently, the impairment in ED at high shear stresses seemed 

to be only partly dependent on dietary adherence. Parameters describing EA and WBV 

were consistently shifted towards a prothrombotic direction in CeD patients with a poor 

dietary review compared to those with a good dietary review; highlighting the importance 

of a strict gluten-free diet regarding EA and WBV. The other outcomes were independent 

of dietary adherence. 

In summary, ED at high shear stresses is impaired (mainly independently of dietary 

adherence) and the level of homocysteine is higher (irrespective of dietary adherence) in 

CeD compared to the control group. In contrast, CeD patients with poor dietary review 

have impaired EA and WBV, which seems to restore on a strict gluten-free diet. The other 

outcome parameters seem not to be altered in CeD. These diet-dependent and diet-

independent prothrombotic changes can contribute the elevated cardiovascular risk in 

CeD, and raise the need for the introduction of preventive measures (e.g. weight control, 

dietary education, statins or polyphenols). 
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4. Introduction 

Coeliac disease (CeD) is a systemic immune-mediated disease, which develops 

upon gluten ingestion in genetically predisposed individuals. Disease burden results from 

deterioration of quality of life with symptoms as well as from complications and co-

morbid conditions. The treatment of CeD is the complete, lifelong exclusion of dietary 

gluten. 

4.1 Prevalence and incidence of coeliac disease 

The pooled global prevalence of biopsy-confirmed CeD is 0.7% (95% confidence 

interval [CI]: 0.5–⁠0.9%), whereas the pooled global seroprevalence of CeD is 1.4% (CI: 

1.1–1.7%)1. The prevalence varies across geographical regions: in contrast to 3% in 

Sweden2, CeD is extremely rare, e.g., in Japan (0.05–0.19%)3. In Hungary, the prevalence 

of CeD is around the global average: 1.17–1.38%4,5. 

The incidence of CeD is increasing over time: the average annual increment was 

7.5% (CI: 5.8–9.3%) over the past decades in a meta-analysis (Fig 1)6. The rise can be 

explained by improved diagnostics and better awareness of CeD and CeD-associated co-

morbid conditions as well as by pathophysiological reasons6 (e.g. the hygiene-

hypothesis7). 

  

Fig 1. Incidence of coeliac 

disease over time per 

country. Each horizontal bar 

represents a study, the length 

of the bar covers the 

recruitment period. Reprinted 

from ‘Incidence of Celiac 

Disease Is Increasing Over 

Time: A Systematic Review 

and Meta-analysis’ by King et 

al., 2020, Am J Gastroenterol. 
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4.2 Pathomechanism of coeliac disease 

Environmental triggers (alimentary gluten) and genetic predispositions (human 

leukocyte antigen [HLA]) are both essential in the pathogenesis of CeD. 

4.2.1 Gluten 

  The protein content of wheat kernel 

(Fig 2) is 8–15%, the majority (85–90%) of 

which is given by gluten, a mixture of storage 

proteins8. Wheat gluten proteins can be 

divided into fractions by solubility: prola-

mines (α, β, γ, and ω gliadin) are ethanol-

soluble whereas glutenins are water-soluble. 

Other grains synthesize other types of stor-

age proteins (referred to as gluten as well in 

the everyday language). The gluten content 

of the grains is a critical determinant of the dough quality of bread and other bakery 

products as gluten strings retain carbon-dioxide during leavening8. The chemical 

composition and quantity of gluten vary across plants, even within the same species 

depending on environmental factors (e.g. temperature during maturity)8.  

Wheat gliadin and the storage proteins of other plants have proline- and glutamine-

rich sequences, resilient to cleavage by the repertoire of human enzymes, so that their 

complete degradation to amino acids is impossible in the gut. A broad set of these 

peptides—the so-called gluten immunogenic peptides (GIP)—contains epitopes capable 

for triggering an immune response in genetically susceptible individuals. Among GIPs, 

the 33-mer GIP (amino acid sequence: LQLQPFP(QPQLPYP)3QPQPF) is considered to 

have the most potent immune-stimulatory property. Derivatives of gliadin (wheat), 

hordein (barley), secalin (rye) and, maybe, avenin (oats) are immunogenic, unlike the 

storage proteins of other plants being non-immunogenic in CeD patients9. In the 

followings of the thesis, the word, ‘gluten’ is used only for storage proteins containing 

immunogenic sequences.  

Other grain proteins (e.g. glutenins, amylase-trypsin inhibitor, wheat germ 

agglutinins) were implicated to have immune- and non-immune-mediated harmful effects 

as well8,10.  

Fig 2. The anatomy of a grain of wheat. The 

endosperm contains gluten and starch. 

Downloaded from https://corehealthstl.com/. 
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4.2.2 Genetics 

Concordance of CeD reaches 75–

86% among monozygotic twins11, 

whereas first-degree relatives are at 10–

15% risk of developing CeD12. The role 

of HLA class II heterodimers in the 

pathomechanism is extensively stud-

ied. Either HLA-DQ2 or -DQ8 has to 

be present in nearly all CeD patients13. 

HLA heterodimers comprise an α and a 

β subunit, the alleles of which are 

encoded on chromosome 6 (Fig 3)14. 

Depending on the allele constitution, serotypes (i.e. HLA-DQ2 or -DQ8) comprise several 

HLA haplotypes (e.g. HLA-DQ2.5 homozygote), each carries a different risk of CeD on 

a continuum ranging from low to high risk15. The alleles determine peptide-binding 

properties of a haplotype, those encoding the β chain seems to be the decisive ones over 

those encoding the α chain. Based on experimental data, the HLA-DQ2.5 homozygote 

haplotype—the most common one in CeD, which contains a double dose of HLA 

DQB1*0201 allele—is the most effective in antigen presentation16. The number of copies 

of B1*0201 strongly affects peptide-binding properties (the more copies, the higher the 

affinity), thereby modulating the risk of CeD15 and, maybe, clinical phenotype17,18. 

CeD patients carry HLA-DQ2 in 90–95% and -DQ8 in 5–10%19. Contrasting the 

approximately 1% worldwide prevalence of CeD1, one or both serotype occurs in 20–

40% in the general population20. This one-magnitude difference means that other factors 

than HLA (and gluten) are required to elicit CeD. The missing chain(s) in disease devel-

opment can be non-HLA-related genetic factors21, but environmental exposures (e.g. 

rotavirus infection in childhood) were implicated as well22. 

4.2.3 Immunological response 

Fig 4 displays a model for the immune-mediated pathogenesis of CeD, in which 

both the innate and the adaptive (Th1-dominant) immune systems are involved. (The 

numbers in circles referenced in the following paragraph correspond to the numbers in 

Fig 4.) The model explains how alimentary gluten leads to intestinal mucosal damage and 

antibody formation in genetically susceptible individuals10. 

Fig 3. Model for the presentation of gluten 

immunogenic peptides on human leukocyte 

antigen. Reprinted and adapted from ’Genetic 

susceptibility for celiac disease is highly prevalent in 

the Saudi population’ by Al-Hussaini, 2018, Saudi J 

Gastroenterol. 
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After degradation of gluten by human digestive enzymes and the gut flora to 

GIPs, the peptides cross the small intestinal epithelium and enter the lamina propria. 

Raised expression of zonulin, a protein increasing the permeability of the gut barrier, 

can be observed in CeD and facilitates the paracellular transport23. GIPs activate local 

antigen-presenting cells in the lamina propria and trigger interleukin synthesis, leading 

to further cellular activation. Meanwhile, GIPs gain negative charges through 

deamidation by tissue transglutaminase enzyme type 2, so that their affinity to bind HLA 

increases. Deamidated GIPs are presented on HLA-DQ2 or -DQ8 heterodimers by the 

activated dendritic cells to CD4+ T-cells, starting to produce a set of cytokines (e.g. 

interferon-γ, tumour necrosis factor-α, interleukin-21), which activate cytotoxic T-, 

NK- and plasma cells. Intraepithelial lymphocytes—mainly the T-cells— and activated 

fibroblasts cause local mucosal damage, ending up in total villous atrophy, clinically 

manifesting in malabsorption. Besides, plasma cells start forming IgA-, IgG- and IgM-

type antibodies—most importantly, anti-tissue transglutaminase antibody (TGA) and 

anti-endomysial antibody (EMA)—and release them into the circulation, triggering con-

sequences throughout the entire human body10. 

Fig 4. Model for the immune pathogenesis of coeliac disease. The numbers in circles are referenced in 

the text. DC: dendritic cell; IEL: intraepithelial lymphocyte; IL-15: interleukin-15; IL-15R: interleukin-15 

receptor; IFN-γ: interferon-γ; LPMC: lamina propria mononuclear cell; tTG: tissue transglutaminase. 

Reprinted and adapted from ‘The immune recognition of gluten in coeliac disease’ by Ciccocioppo et al., 

2005, Clin Exp Immunol. 
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4.3 Clinical characteristics and diagnosis of coeliac disease 

The diagnosis of CeD relies on four pillars: signs and symptoms, serology, histol-

ogy and genetic testing. 

4.3.1 Signs and symptoms 

Symptoms can be classified as gastrointestinal and extraintestinal or as ‘typical’ 

and ‘atypical’. The 2012 Oslo consensus conference aimed to standardize the terminology 

used to describe clinical phenotype, based on which we differentiate classical, non-

classical and asymptomatic CeD24. Patients with classical CeD present with signs and 

symptoms of malabsorption (diarrhoea, steatorrhoea, weight loss, growth failure, oedema 

due to hypalbuminaemia). In contrast, patients with non-classical CeD do not have mal-

absorption but have other symptoms or CeD-specific conditions (e.g. abdominal pain, 

constipation, vomiting, fatigue, dermatitis herpetiformis, vitamin or mineral deficiencies, 

infertility, osteoporosis, coeliac hepatitis). Patients with asymptomatic (in other words, 

silent) CeD are completely symptom-free even upon detailed questioning. The clinical 

phenotype has changed over the past 50 years: classical CeD prevailed earlier, whereas 

non-classical and asymptomatic CeD prevail today25. 

4.3.2 Serology 

The introduction of CeD-specific serology was a breakthrough in diagnostics as it, 

unlike the intestinal biopsy, is suitable for quick and non-invasive mass screening. Today, 

the enzyme-linked immunosorbent assay-based measurement of TGA and the 

immunohistochemistry-based measurement of EMA are the gold standards. In untreated 

CeD, the sensitivity and specificity of serum TGA-IgA vs duodenal biopsy are both 98%, 

those of serum EMA-IgA vs duodenal biopsy are 95 and 99%, respectively19. In CeD 

patients with IgA deficiency (1.9% of all cases26), IgA-based antibodies can be false 

negative. Here, TGA-IgG and EMA-IgG are useful markers, although their sensitivity is 

much humbler compared to their IgA-based counterparts19. Since commercial tests use 

various cut-off values for TGA, measurements >10 times of the upper limit of normal are 

considered strongly positive.   

4.3.3 Endoscopy and histology 

Although scalloping, mosaic pattern and fissures are often seen, one-third of 

patients with a final diagnosis of CeD have a normal duodenal mucosal appearance on 

upper endoscopy27. Duodenal mucosal lesions can be patchy28 so that at least four 
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biopsies from the distal duodenum plus at least another sample from the first part should 

be taken19,29. 

Villous atrophy, which develops as the direct consequence of local Th1 immune 

response, is considered a pathognomonic histological feature of CeD. In 1992, Marsh had 

proposed a simple histopathological classification: Marsh 0–normal, Marsh 1–

intraepithelial lymphocytosis, Marsh 2–crypt hyperplasia and Marsh 3–villous atrophy 

(Marsh 4 is no longer in use in clinical practice)30. In 1999, Oberhuber et al. fine-tuned 

this system and divided Marsh 3 into partial (3A), subtotal (3B) and total villous atrophy 

(3C) based on villous height to crypt depth ratio31, in which 2:1 is considered normal in 

the bulb, and 3:1 to 5:1 is considered normal elsewhere in the duodenum19. The propaga-

tion of intraepithelial lymphocytes—mostly αβ- and γδ-T-cells—is not specific to CeD, 

>25 intraepithelial lymphocytes/100 epithelial cells are considered abnormal19. 

4.3.4 Genetic testing 

HLA-DQ2 or -DQ8 is present in nearly all CeD patients13 (for details, see sub-

chapter 4.2.2). Since the allele constitution of the DQ heterodimer—particularly the 

number of copies of HLA DQB1*0201 allele—may be predictive of disease course17,18, 

the high-resolution polymerase chain reaction is recommended for HLA-typing. Of note, 

HLA-typing can be used primarily for ruling-out purposes19,29 because many people are 

positive for these haplotypes in the general population, but less than one-tenth of them 

develop CeD20. 

4.3.5 Diagnostic algorithm 

In 1969, the European Society of Paediatric Gastroenterology and Nutrition had 

proposed the Interlaken criteria which defined CeD based on jejunal histological 

abnormalities, response to gluten withdrawal and gluten challenge32. Since then, serology 

has revolutionized diagnostics. In the past 50 years, the European Society for Paediatric 

Gastroenterology, Hepatology and Nutrition released multiple evidence-based guidelines, 

the last two updates in 201233 and 202029. Nevertheless, CeD is no longer known to be a 

paediatric disease. For diagnosis in adulthood, the American College of 

Gastroenterology34 and the European Society for the Study of Coeliac Disease19 released 

the most widely used guidelines in 2013 and 2019, respectively. The following para-

graphs rely on the recommendations of these guidelines. 
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In adults, CeD is suspected based on clinical clues (e.g. characteristic signs and 

symptoms, laboratory abnormalities, high-risk co-morbid conditions, positive family his-

tory for CeD). Duodenal histological sampling is mandatory to confirm the diagnosis. 

The most common scenario is a positive serology followed by endoscopic sampling and 

histological assessment confirming duodenal villous atrophy (>80% of the cases in our 

clinic). Seronegative CeD can be diagnosed based on histological evaluation and HLA-

typing, while potential CeD can be diagnosed in seropositive and HLA-DQ2 or -DQ8 

positive patients without villous atrophy. If the patient is already following a gluten-free 

diet (GFD), the re-introduction of gluten (i.e. re-challenge) is required before serological 

testing and histological assessment, both of which can be false negative otherwise. If the 

patient is negative for HLA-DQ2 and -DQ8, no further diagnostic work-up is necessary 

to rule out CeD (even during a GFD, the negative predictive value of HLA-typing 

approaches 100%). 

In children, practice tends to implement non-invasive diagnostic strategies (referred 

to as ‘no-biopsy approach’) as the duodenal biopsy can be omitted if certain conditions 

are satisfied (TGA-IgA>10 times of the upper limit of normal with an appropriate test 

and unequivocally positive EMA from a second serum sample). 

As a future perspective, the identification of gluten-reactive T-cells with HLA-DQ-

gluten tetramer-based assay is a highly accurate, non-invasive diagnostic tool35. 

4.4 Treatment of coeliac disease: the gluten-free diet 

Although having an effective pharmacological treatment is an appealing possibility 

(for review, see the paper of Singh et al.36); today, the only evidence-based treatment 

option is the complete exclusion of alimentary gluten. The initiation of a lifelong GFD is 

recommended immediately after the confirmation of the diagnosis of CeD19,29. The com-

plete exclusion of dietary gluten results in a vast improvement in gastrointestinal 

symptoms in the majority of CeD patients within weeks37. 

4.4.1 Definition 

As part of a GFD, products containing wheat, barley and rye should be avoided, 

whereas, proven by a meta-analysis of randomized controlled trials38, the intake of oats 

can be considered safe for the majority of CeD patients. Even 50–100 mg daily intake of 

gluten can be harmful (for reference, this is the amount of gluten in about a dozen of 

crumbs of bread)39. As per the recommendation of the Codex Alimentarius revised in 

2008, a product that is labelled gluten-free should contain <20 ppm gluten (20 mg/kg or 
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mg/l based on measurement with the enzyme-linked immunosorbent assay R5 Mendez 

Method)40. 

4.4.2 Dietary adherence 

Regular assessment of dietary adherence and dietary education are of utmost 

importance in CeD. A systematic review identified multiple facilitators and barriers 

which play a role in maintaining a strict GFD lifelong. These include education and 

knowledge, health status, motivation, membership in a coeliac association, availability 

and affordability of gluten-free foods, clear labelling of products, communication with 

the physician after diagnosis, social awareness and income41. Besides, the better the taste, 

the better the adherence42. There is a set of instruments proposed for dietary assessment, 

though none is perfect (for an excellent review, see the paper of Moreno et al.43). The 

current gold standards for evaluation of dietary adherence include histology, serology and 

dietary review through interview19,34. 

Repeated duodenal biopsy at 6–24-month on a GFD used to be the gold standard to 

monitor dietary adherence for decades because mucosal status reflects the inflammatory 

activity. However, neither a strict GFD44 nor a clinical response45 guarantees mucosal 

recovery. Currently, in adults, a follow-up biopsy is only recommended if symptoms per-

sist despite a strict GFD19,34.  

Serological tests (TGA, EMA, antibodies against deamidated gliadin peptides) are 

used pervasively to assess dietary adherence. The level of antibodies is expected to 

decline months after the initiation of a GFD46, intake of gluten is strongly suspected 

otherwise19. TGA-IgA and EMA-IgA are highly specific (83 and 91%, respectively) but 

not sensitive indicators (50 and 45%, respectively) of persistent villous atrophy: every 

second CeD patient with persistent villous atrophy has normal levels of these antibodies47. 

The variability in test performance of the numerous kits at the market limits the 

comparability of test results48. 

Dietary review through interview executed by a skilled dietician is an effective tool 

for estimating dietary adherence and, at the same time, for improving patient education. 

Structured tools, e.g. the Biagi Score49, the Celiac Dietary Adherence Test50 or the Gluten-

Free Eating Assessment Tool51, have been proposed to complement (or substitute for) the 

in-depth interview. However, these suffer from the limitation of reduction of an 

exhaustive, 10–15-minute, face-to-face interview into a few questions and numbers, 
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which, more or less, correlate with the results of serological tests and histological assess-

ment. Nevertheless, both the interview and the assessment tools can be biased by relying 

on patient-reported data. 

A promising ancillary instrument is the measurement of GIPs (for further details, 

see subchapters 4.2.1 and 4.2.3). Peptides resilient to further digestion can be detected 

from faecal52 or—as GIPs cross the gut barrier and are excreted by the kidney—from 

urine samples53. Since the amino acid sequences occur in gluten exclusively9, a positive 

test is highly suggestive of gluten intake. Urine-GIP detection seems to outperform sero-

logical tests in the prediction of intestinal histology at follow-up53. Apart from the costs, 

a drawback of GIP detection is the high individual variability in the clearance and the 

quick elimination of the peptides (urine-GIPs are detectable for 1–2 days after gluten 

intake53). The routine clinical use of GIP detection is yet to come. 

4.4.3 Nutritional implications 

At the time of diagnosis, macro- and micronutrient deficiency are common in CeD, 

tending to improve after the introduction of a GFD. Although a GFD is the only effective 

therapeutic option, the nutrient profile of gluten-free products falls far from the optimal. 

As a result, nutritional deficiency, as well as nutritional excess, can develop or persist in 

some patients following a strict GFD (for an exhaustive systematic review, see the paper 

of Vici et al.54 and that of Sue et al.55). 

Analysing the macronutrient profile of gluten-free products, we can realize poor 

dietary fibre content56,57, as fibre derives mainly from the outer layer of the kernel 

removed and substituted with starch or refined flour during processing. Generally, gluten-

free products are rich in carbohydrates with high glycaemic index (e.g. added sugar) and 

in fat (saturated fatty acids prevail)56-58. In line with these, studies reported a higher intake 

of these nutrients among CeD patients59,60. All in all, a GFD is a low-fibre, high-carb and 

high-fat diet compared to the average gluten-containing diet. The easy access to gluten-

free foods and the improving absorption readily lead to weight gain61,62, which is desirable 

in the underweight but undesirable with a normal body mass. If we take into account 

patients with the increasingly common non-classical phenotype25, who usually have 

normal body weight, obesity and metabolic syndrome developing during a GFD is—and 

will continue to be—a serious and common problem in the twenty-first century62. 
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4.5 Co-morbid conditions and complications of coeliac disease 

Several conditions are the direct consequence of or linked indirectly to CeD; the 

recognition of these might indicate concomitant screening for CeD19. Anaemia, metabolic 

bone disease and infertility develop on the bases of both malabsorption and chronic 

inflammation, whereas dermatitis herpetiformis and IgA nephropathy are immune-

mediated organ manifestations. Other accompanying pathologies include but are not 

limited to IgA deficiency, Down’s and Turner’s syndromes, autoimmune or immune-

mediated conditions (e.g. type I diabetes mellitus, autoimmune thyroiditis, Graves’ 

disease, psoriasis), microscopic colitis and ataxia. In the long-term, the increased risk of 

malignant tumours should be highlighted. In a Dutch study, the crude incidence of 

enteropathy-associated T-cell lymphoma was 2.08 cases per 100,000 patients >50 years 

of age63. A Swedish study observed a 5.9-fold (CI: 4.3–7.9) increase in the risk of 

lymphoproliferative malignancies in CeD; in the same time, other malignant tumours, 

such as colorectal carcinoma and small-bowel adenocarcinoma, were more common as 

well64. The other side of the coin is the slightly reduced risk of breast cancer among 

women with CeD64,65. A feared but seldom (1% lifetime prevalence) complication is 

refractory CeD (per definition, persistent malabsorption after a 1-year strict GFD), which 

can be divided to type I (non-malignant, 5-year survival is 80–96%) and type II refractory 

CeD (pre-malignant, 5-year survival is 43–58%)66-68. Besides, acute and chronic cardio-

vascular (CV) comorbid conditions have to be listed. 

4.6 Mortality and cardiovascular diseases in coeliac disease 

In 1999, a study suggested a 3.8 times increase in standardized mortality rate (SMR) 

among Italian adults with CeD69. Many others followed this report65,70-80, 10 of which 

established a significantly increased mortality in CeD (Table 1). 

The excess mortality mainly results from lymphoproliferative malignancies80; 

however, the role of CV diseases was implicated as well. To date, in CeD, nine studies 

reported on CV mortality65,70,71,74-77,79,80, with divergent results (Table 2). A potential cause 

of this diversity is the β-type error, as four of five studies recruiting a vast number of CeD 

patients (>10,000) detected a significant increase in CV mortality. In a Swedish study, 

risk of stroke of any type was significantly higher in CeD (adjusted hazard ratio: 1.10, CI: 

1.01–1.19, based on 28,000 cases)81. In a UK study, cerebrovascular mortality was higher 

in CeD patients diagnosed in childhood (SMR: 10.03, CI: 1.21–36)73; in contrast, in a 

Finnish study recruiting patients diagnosed in childhood and adulthood, the risk of 
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cerebrovascular diseases was lower in CeD (SMR: 0.15, CI: 0.00–0.83)65. These 

studies65,73 should be interpreted very cautiously due to their limited sample size (340 and 

781 cases, respectively). Another small study from Northern Ireland found major adverse 

cardiac events more frequent in CeD (adjusted hazard ratio: 2.5, CI: 1.22–5.01, based on 

349 cases)82. A study from the United States of America reported an elevated risk of 

myocardial infarction (unadjusted odds ratio: 1.73, CI: 1.65–1.82) and coronary artery 

disease (unadjusted odds ratio: 2.09, CI: 2.03–2.15) in CeD, but—in the absence of 

controlling for co-variates—these results should be taken as limited evidence83. 

Regarding the risk of venous thromboembolism (VTE), inconsistent findings are 

available from comparative studies, some of which lack adequate control for covariates 

(Table 3). Of note, all but one study reporting on the association between CeD and CV 

diseases investigated cases from European peoples. 

Table 1. Adjusted overall mortality in coeliac patients 

Studies in chronological order Country Age 

group 

N0 of 

CeD 

patients 

Relative measure 

(95% CI) 

Cottone et al. 199969 Italy Adults 216 SMR: 3.8 (2.0–7.0) 

Corrao et al. 200170 Italy Adults 1,072 SMR: 2.0 (1.5–2.7) 

Peters et al. 200371 Sweden Mixed 10,032 SMR: 2.0 (1.8–2.1) 

West et al. 200472 UK Mixed 4,732 HR: 1.3 (1.0–1.6) 

Viljamaa et al. 200665 Finland Mixed 781 SMR: 1.3 (1.0–1.6) 

Solaymani-Dodaran et al. 200773 UK Adults 340 SMR: 1.6 (1.3–1.8) 

Ludvigsson et al. 200974 Sweden Mixed 29,096 HR: 1.4 (1.3–1.5) 

Grainge et al. 201175 UK Mixed 1,092 SMR: 1.4 (1.2–1.6) 

Abdul Sultan et al. 201576 UK Mixed 10,825 HR: 0.9 (0.8–1.0) 

Holmes and Muirhead 201877 UK Adults 2,174 SMR: 1.6 (1.4–1.8) 

Quarpong et al. 201978 Scotland Mixed 602 SMR: 2.1 (1.4–3.0) 

Lebwohl et al. 202079 Sweden Mixed 49,829 HR: 1.2 (1.2–1.3) 

Koskinen et al. 202080 Finland Adults 12,803 HR: 1.0 (0.9–1.1) 

Regarding relative measures, boldface type indicates a statistically significant association. All studies 

controlled for potential confounding factors. CeD: coeliac disease; CI: confidence interval; HR: hazard 

ratio; SMR: standardized mortality rate. 
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Table 2. Adjusted cardiovascular mortality in coeliac disease  

Studies in chronological order Country Age 

group 

N0 of 

CeD 

patients 

Relative measure 

(95% CI) 

Corrao et al. 200170 Italy Adults 1,072 SMR: 0.7 (0.3–1.5) 

Peters et al. 200371 Sweden Mixed 10,032 SMR: 1.6 (1.4–1.8) 

Viljamaa et al. 200665 Finland Mixed 781 SMR: 1.2 (0.83–1.68) 

Ludvigsson et al. 200974 Sweden Mixed 29,096 HR: 1.19 (1.11–1.28) 

Grainge et al. 201175 UK Mixed 1,092 SMR: 1.12 (0.82–1.50) 

Abdul Sultan et al. 201576 UK Mixed 10,825 
CIF:  –1.4% (–1.9 to 

–0.9%) 

Holmes and Muirhead 201877 UK Adults 2,174 SMR: 1.23 (0.98–1.51) 

Lebwohl et al. 202079 Sweden Mixed 49,829 HR: 1.08 (1.02–1.13) 

Koskinen et al. 202080 Finland Adults 12,803 HR: 0.91 (0.77–1.07) 

Regarding relative measures, boldface type indicates a statistically significant association. All studies 

controlled for potential confounding factors. CeD: coeliac disease; CI: confidence interval; CIF: cumulative 

incidence function; HR: hazard ratio; SMR: standardized mortality rate. 

Table 3. Risk of venous thromboembolism in coeliac disease 

Studies in chronological order Country N0 of 

CeD 

patients 

Type Relative measure 

(95% CI) 

Miehsler et al. 200484 Austria 207 VTE RR: 0.4 (0.06–2.50) 

Ludvigsson et al. 200785 Sweden 14,207 VTE HR: 1.86 (1.54–2.24) 

Ramagopalan et al. 201186 UK 

1,722 

VTE 

RR: 1.35 (0.89–1.97) 

2,324 RR: 1.36 (0.87–2.03) 

48,239 RR: 1.21 (1.11–1.33) 

Zöller et al. 201287 Sweden 13,940 PE SMR: 1.53 (1.30–1.78) 

Johannesdottir et al. 201288 Denmark 136,176 

VTE OR: 1.0 (0.8–1.4) 

DVT OR: 0.9 (0.6–1.3) 

PE OR: 1.4 (0.9–2.3) 

Regarding relative measures, boldface type indicates a statistically significant association. CeD: coeliac 

disease; CI: confidence interval; DVT: deep vein thrombosis; HR: hazard ratio; OR: odds ratio; PE: 

pulmonary embolism; RR: risk rate; SMR: standardized mortality rate; VTE: venous thromboembolism. 
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4.7 Prothrombotic alterations in coeliac disease 

Virchow had proposed that main events needed for thrombus formation include 

endothelial injury, hypercoagulability and blood flow abnormalities89. In CeD, 

theoretically, the fragile balance of pro- and antithrombotic factors can be disturbed in 

many ways (Fig 5). 

 

Fig 5. Model for the interplay of pro-thrombotic alterations in coeliac disease. CV: cardiovascular; 

MTHFR: methylene tetrahydrofolate reductase; NO: nitrogen oxide; PAI: plasminogen activator inhibitor; 

PLT: platelet. The figure is the author’s own work. 
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Resulting from malabsorption, 

vitamin B12, folic acid and vitamin B6 

deficiency lead to hyper-

homocysteinaemia90,91 (Fig 692). Loss-

of-function mutations of methylene tetrahydrofolate reductase enzyme were proposed to 

contribute to the elevated homocysteine level in CeD93; however, a following controlled 

study did not confirm the accumulation of mutant alleles in CeD patients compared to the 

control group94. Hyperhomocysteinaemia (>15 µmol/L) has a variety of untoward effects 

including but not restricted to endothelial damage, oxidative stress, impaired nitrogen 

oxide production, increased activity of pro-coagulant and suppressed activity of anti-

coagulant coagulation factors, lipid peroxidation and low-density lipoprotein (LDL) 

oxidation (for review, see the paper of Djuric et al.95). 

Natural anticoagulants, such as protein C, protein S and antithrombin, serve as 

physiological inhibitors of the coagulation cascade. Protein C, activated by thrombin, and 

protein S, the co-factor of protein C, provide a negative feedback mechanism to limit 

coagulation (Fig 7)96. These factors are produced in the liver in vitamin K-dependent 

reactions. As a result of fat malabsorption, vitamin K deficiency is expected to develop 

in CeD. Protein C and protein S deficiency were identified when investigating the 

aetiology of thrombotic events in CeD97-99. Antithrombin, a glycoprotein, is a serine pro-

tease inhibitor in the feedback system of the coagulation cascade, neutralizing thrombin, 

factors IXa, Xa, XIa and XIIa. Although antithrombin is produced in the liver 

Fig 6. Metabolism of homocysteine. 

Hyperhomocysteinaemia occurs if 

homocysteine is not converted to cysteine in 

the B6-dependent transsulfuration pathway or 

to methionine in the B12- and folic acid-

dependent methionine-synthase reaction. CβS: 

cystathionine beta synthase; CγL: 

cystathionine gamma-lyase; MTHF: 

methylene tetrahydrofolate; MTHFR: 

methylene tetrahydrofolate reductase; MTR: 

methionine synthase reductase; THF: 

tetrahydrofolate. Reprinted and adapted from 

‘Three Main Causes of Homocystinuria: CBS, 

cblC and MTHFR Deficiency. What do they 

Have in Common?’ by Hoss et al., 2019, J 

Inborn Errors Metab Screen. 
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independently of vitamin K, malnutrition and 

inflammation can reduce its activity100. 

Despite our efforts, we could not identify any 

study that measured the activity of 

antithrombin in CeD. 

Oxidative stress is substantial in CeD 

and correlates with the severity of intestinal 

mucosal damage101. 

Endothelial injury in CeD is of multifactorial aetiology, in which the interplay of 

hyperhomocysteinaemia, increased oxidative stress, subclinical chronic inflammation 

and nutritional causes is implicated102. The dysfunctional endothelium is no longer 

protective against thrombus formation; in fact, it promotes the adhesion of circulating 

cellular elements and thrombus formation, mainly via the regulation of vascular tone by 

nitrogen oxide and endothelin95,103,104. Altered serotonin metabolism in platelets can pro-

mote cellular activation and adhesion as well105.  

Not only the endothelial injury but also the inflammation activates the coagulation 

cascade via several mechanisms, such as by the inhibition of plasminogen activator 

inhibitor-1, antithrombin, tissue factor pathway inhibitor, by the release of tissue factor 

and by the activation of platelets (for review, see the paper of Aksu et al.106). Thrombo-

philic antibodies—mainly antiphospholipid antibodies, e.g. cardiolipin IgG and IgM, 

prothrombin IgG, anti-β2 glycoprotein I, antiphosphatidylserine-prothrombin IgM and 

IgG, but an interplay between TGA and factor XIII is implicated as well107—are potential 

contributors of hypercoagulability in CeD108. Besides, autoimmune diseases, being 

associated with hypercoagulability (e.g. antiphospholipid syndrome, systemic lupus 

erythematosus or inflammatory bowel diseases), often co-occur with CeD109. 

Atherosclerosis accelerates in CeD, which is well reflected by the increased carotid 

intima-media thickness104,110. Plaque formation is promoted by subclinical chronic 

inflammation (active CD8+ T-cells and circulating interferon-γ)111 and endothelial 

Fig 7. Mechanism of action of natural 

anticoagulants. Activated protein C is the co-factor of 

protein S, which inhibits factors Va and VIIIa. APC: 

activated protein C; C4b: complement-4b. Reprinted 

from ’Hypercoagulability: a new cofactor in the protein 

C anticoagulant pathway’ by Bauer et al., 1994, N Eng 

J Med.  



21 

 

injury112. Atherosclerotic plaques, vasoactive mediators and endothelial injury can 

change blood flow: either stasis or turbulent flow can occur. To our best knowledge, 

properties of blood flow have never been investigated in CeD. 

We have little information whether prothrombotic alterations persist or disappear 

during a GFD. If malabsorption recovers, the level of vitamin K113, thereby the activity 

of protein C and protein S are expected to restore. On the contrary, reports indicated that 

hyperhomocysteinaemia90,104,114 and thrombophilic antibodies108 could persist in the long-

term. Chronic inflammation can also persist, as indicated by mucosal damage despite 

being gluten-free for years44. Data on the preventive effect of a GFD on autoimmune co-

morbid conditions are seldom and very limited. Obesity and non-alcoholic fatty liver—

singly or as part of the metabolic syndrome—can develop due to the suboptimal nutrient 

profile of a GFD (for details, see subchapter 4.4.3). Taken together, we have no solid 

evidence if hypercoagulability, endothelial injury and impaired blood flow persist during 

a GFD. 

4.8 Haemorheology 

The definition of rheology reads as “Rheology is the scientific field that deals with 

the flow and deformation behavior of materials,…” in the paper of Baskurt and 

Meiselman115. Within the scope of rheology, haemorheology deals with the rheological 

properties of blood and its cellular elements. The following sections rely on the content 

of the review papers of Baskurt and Meiselman (2003)115, Késmárky et al. (2008)116 and 

Pretorius (2018)117. 

4.8.1 Blood from a rheological point of view 

In medicine, blood is a liquid tissue comprising formed elements (that is, red blood 

cells [RBC], white blood cells and platelets) and intercellular material (that is, plasma). 

In rheology, blood is a two-phase liquid or a solid-liquid suspension, where the formed 

elements serve as solid components. At a given temperature and shear rate, the fluidity of 

the blood is determined by the rheological properties of plasma and the cellular phase, 

and by the fraction of the cellular phase (i.e. haematocrit). An essential term in rheology 

is viscosity, defined as the intrinsic property of fluids that indicates resistance to flow (by 

the equation, shear stress divided by shear rate). Whole blood viscosity (WBV) is the 

most important in vivo rheological parameter. 
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4.8.2 Viscosity 

Blood is a non-Newtonian fluid, 

meaning that its viscosity is not constant 

across varying shear stresses. Blood 

shows a shear-thinning behaviour: the 

apparent viscosity is relatively high at 

low shear stresses, whereas it becomes 

low at high shear stresses. WBV is 

always higher than plasma viscosity (PV) 

because plasma does not contain the cel-

lular elements.  

A unit change in haematocrit—the primary determinant of WBV (Fig 8)—increases 

WBV by 4% at medium to high shear rates. In haematocrit, both relative and absolute 

elevation (haemoconcentration and polyglobulia, respectively) matter. Besides, an 

increase in PV elevates WBV as well. 

Plasma is a Newtonian fluid, meaning that PV is independent of the shear stress. At 

37°C, PV falls between 1.10–1.35 mPa·sec (for reference, the viscosity of water is 1.00 

mPa·sec), which can rise to 5–6 mPa·sec under pathological circumstances. PV is mainly 

determined by the macromolecule content of the plasma, of which fibrinogen (an acute-

phase protein) is the primary determinant (others include albumin, immunoglobulins and 

paraproteins). PV increases in many conditions, such as acute and chronic inflammation 

and myeloproliferative neoplasms.  

4.8.3 Erythrocytes 

RBCs, the most abundant cells in the blood (the normal range is 4.5–5.5 T/L), give 

the majority of haematocrit, thereby being the primary determinants of WBV. Not only 

the quantitative but also the qualitative properties of RBCs are important in 

haemorheology. RBCs tend to deform and aggregate, described with erythrocyte 

deformability (ED) and erythrocyte aggregation (EA), respectively. 

The unique structure (biconcave in shape; on average, 8 μm in diameter and 2 μm 

in thickness) attributes unique mechanical properties to the cells. RBCs act like fluid 

droplets in the bloodstream, behave as elastic bodies and respond with reversible defor-

mation to forces. ED is influenced by the properties of the cell membrane with the 

attached cytoskeletal protein frame underneath and by the intracytoplasmic viscosity. The 

Fig 8. Association between whole blood viscosity 

and haematocrit. The higher the haematocrit, the 

higher the viscosity. Reprinted from ‘Blood 

rheology and haemodynamics’ by Baskurt and 

Meiselman, 2003, Semin Thromb Haemost. 
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properties of the membrane can be altered in hereditary (e.g. 

spherocytosis) and acquired conditions (e.g. liver cirrhosis, 

uraemia), and are strongly determined by protein and lipid (e.g. 

cholesterol, phospholipid) content. In addition to structural fac-

tors, energy-dependent processes, e.g. the transmembrane 

osmotic gradient and the intracellular Ca2+ concentration, affect 

mechanical properties as well. Intracytoplasmic viscosity is 

determined by haemoglobin, of which both the quality and the 

quantity can be altered. 

RBCs tend to arrange like a stack of coins, termed as 

rouleaux, in autologous plasma at rest (Fig 9). Aggregates 

readily dissolve to forces. Two, not mutually exclusive models 

have been proposed to explain the phenomenon of EA. The 

“Bridging Model” says that aggregating forces derived from 

macromolecules in between the nearby RBCs overcome dis-

aggregating forces. According to the “Depletion Model”, the 

repellent effect of surface macromolecules to plasma macro-

molecules causes an osmotic gradient and consequent water 

current from the intercellular gaps, resulting in a drop in cell-

solvent affinity. In both theories, macromolecules of the plasma 

and that of RBCs’ surface are involved. Since macromolecules 

are essential regarding PV, determinants of EA partly overlap 

that of PV. Fibrinogen plays a critical role; other macro-

molecules promoting RBC-RBC interactions also affect EA.   

Both ED and EA are essential in determining WBV. ED is important in large vessels 

as RBCs take parachute-like shape in the mainstream to reduce flow resistance. Likewise, 

the higher haematocrit in the mainstream promotes rouleaux formation, which has to dis-

aggregate to allow RBCs to enter smaller vessels quickly. In the microcirculation, 

deformation is a must to pass through narrow capillaries quickly enough (Fig 10); besides, 

aggregates can plug capillaries so that resistance to flow increases. 

Fig 10. Erythrocyte 

deformability in the 

microcirculation. 

Reprinted from ‘Blood 

rheology and 

haemodynamics’ by 

Baskurt and Meiselman, 

2003, Semin Thromb 

Haemost. 

Fig 9. Rouleaux 

formation. Reprinted 

from ‘Blood rheology and 

haemodynamics’ by 

Baskurt and Meiselman, 

2003, Semin Thromb 

Haemost. 
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4.8.4 White blood cells and platelets 

Under physiological circumstances, white blood cells and platelets account for the 

minority of haematocrit and, therefore, play a little part in determining WBV. They can 

cause hyperviscosity in leukocytosis or thrombocytosis. 

4.8.5 Haemorheological alterations in immune-mediated disorders 

Haemorheological alterations are present in many immune-mediated disorders 

including systemic lupus erythematosus118, rheumatoid arthritis118,119, Raynaud 

syndrome120 and systemic sclerosis121.  

In gastroenterology, studies extensively investigated haemorheology in inflam-

matory bowel disease and reported prominent—sometimes, activity-dependent—

prothrombotic alterations of fibrinogen, PV, ED and EA122-127. ED is impaired in both 

active and inactive inflammatory bowel disease compared to a control group122, and the 

strength of aggregation increases significantly with the disease compared to a control 

group123. In two studies124,125, Crohn’s disease, compared to a control group, was 

accompanied with a lower level of haematocrit, a higher level of fibrinogen, and increased 

EA and PV. The level of fibrinogen, EA125 and PV126 are increased in active disease 

compared to inactive disease, and the level of fibrinogen124 and PV126 significantly 

correlate with the Crohn’s Disease Activity Index. In ulcerative colitis, the level of 

fibrinogen, EA and PV increase with the disease compared to a control group as well as 

with active disease compared to inactive disease125,127. PV correlates with clinical, endo-

scopic and histological severity scores of ulcerative colitis127. 

To our knowledge, no studies investigated haemorheological parameters in CeD. 
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5. Objectives and hypotheses 

We designed this study to test if prothrombotic alterations characterize CeD patients 

compared to control subjects. Hypothesis testing aimed to add pieces to or subtract pieces 

from the puzzle of the complex system determining thrombus formation in CeD (see, Fig 

5). Findings can explain, at least partly, the elevated CV risk and, in theory, can contribute 

to the excess in mortality of CeD. Besides, they can serve as the basis of future CV pre-

vention studies by identifying or excluding potential pharmacological targets. 

5.1 Primary objective and hypothesis 

We aimed to test if alterations in haemorheological profile characterize CeD 

patients compared to non-CeD control subjects. Based on the literature data on multi-

ple immune-mediated disorders, we hypothesize that haemorheological alterations are 

present in CeD patients. 

5.2 Secondary objectives and hypotheses 

• We aimed to test if alterations in natural anticoagulant profile characterize 

CeD patients compared to non-CeD control subjects. Based on case reports and 

the reasonable pathophysiological consequences of vitamin K deficiency, we 

expect lower natural anticoagulant activity in CeD patients compared to control 

subjects. 

• We aimed to assess if adherence to a GFD is associated with prothrombotic 

haemorheological alterations and altered natural anticoagulant activity in 

CeD. As a GFD mitigates chronic inflammation and improves malabsorption, we 

expect less prominent (or no) alterations in CeD patients with strict adherence 

compared to those with poor adherence. We also hypothesize that the 

haemorheological and natural anticoagulant profiles of CeD patients with strict 

adherence are similar to those of control subjects so that the recovery on an adequate 

GFD is complete. 

• We aimed to test if the level of homocysteine is altered in CeD patients 

compared to non-CeD control subjects and to assess if dietary adherence 

affects the level of homocysteine. Based on the literature data, we expect a higher 

level of homocysteine in CeD patients compared to control subjects, and in CeD 

patients with poor dietary adherence compared to those with good dietary 

adherence.  
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6. Methods 

Reporting the study, we adhered to the STrengthening the Reporting of 

OBservational studies in Epidemiology (STROBE) Statement (2007)128. The study 

investigated patients with CeD or inflammatory bowel disease compared to control sub-

jects, but here, I report only CeD-related parts as per the objectives of the thesis. (Findings 

on inflammatory bowel disease will be published later.) 

6.1 Ethics and pre-study protocol 

The protocol of the study was permitted by the Regional and Local Research Ethics 

Committee (University of Pécs, Pécs, Hungary) under Reference Number 6917. To avoid 

reporting bias from occurring, we registered the study protocol onto the ISRCTN Registry 

(available online under registration number ISRCTN49677481 at 

https://www.isrctn.com/) and published it in the BMJ Open129 before starting the 

recruitment. 

6.2 Study design, setting 

This study is a single-centre, observational study with case-control design, which 

recruited CeD patients and non-CeD control subjects prospectively. After providing 

standard care, we screened all patients attending the outpatient clinic of a tertiary centre, 

the Division of Gastroenterology, First Department of Medicine, University of Pécs 

(Pécs, Hungary) for eligibility over 12 months from Jun 2018 to May 2019. Recruitment 

did not change regular care. 

My supervisor, dr Judit Bajor, was the Principal Investigator of the study; and I was 

the Trial Coordinator. For the roles and duties, see the pre-study protocol.     

6.3 Eligibility criteria 

Inclusion criteria for all participants: 

• Age had to be ≥18 years. 

• Blood collection had to be indicated independently of the study. 

• Signed informed consent had to be provided. 

Inclusion criteria specifically for CeD patients: 

• The newly diagnosed or followed cases, regardless the age and date of 

diagnosis, had to be histology-confirmed; otherwise, the diagnostic criteria of 

the European Society for Paediatric Gastroenterology, Hepatology and 

Nutrition (2012) for confirming CeD in children33 or those of the American 
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College of Gastroenterology (2013) for confirming CeD in adults34 had to be 

fulfilled. 

Inclusion criteria specifically for control subjects: 

• CeD had to be excluded based on the recommendation of the guidelines33,34. 

Subjects had to be on a gluten-containing diet. 

• Inflammatory bowel disease had to be excluded based on the recommendation 

of the European Crohn’s and Colitis Organisation (available online at 

https://www.ecco-ibd.eu/). 

Exclusion criteria for all participants: 

• advanced chronic conditions: 

• liver cirrhosis (Child–Pugh B–C); 

• chronic kidney disease—stage 3 or more severe based on the estimated 

glomerular filtration rate calculated with the Chronic Kidney Disease 

Epidemiology Collaboration; 

• chronic heart failure (New York Heart Association III–IV); 

• any active malignant disease; 

• any acute diseases or invasive procedures within 2 weeks of recruitment (e.g. 

systemic infection, surgery or major trauma); 

• thrombotic events within 1 year of recruitment; 

• ongoing oral anticoagulant therapy (vitamin K antagonists) or antiplatelet 

drugs; 

• confirmed systemic lupus erythematosus; 

• pregnancy. 

6.4 Flow and timing 

After obtaining informed consent, we, assisted by clinical research administrators, 

collected clinical data and biological samples by schedule shown in Table 4. During data 

collection, we assessed baseline characteristics (including complete past medical history 

and medications going back to the past 3 months) by detailed questioning complemented 

with the revision of electronic and printed medical files. Then, we completed the thrombo-

philia and symptom score questionnaires. The visit ended with a dietary interview, 

followed by urine and blood collection in the central laboratory unit of the university. 
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Table 4. Schedule for the study 

 Study period 

Enrolment Allocation Post-allocation 

–1 hour 0 +1 hour +1.5 hour +2 hour 

Enrolment      

Eligibility screen x     

Informed consent x     

Allocation  x    

Assessment      

Baseline 

characteristics 

  x   

Thrombophilia 

questionnaire  

  x   

Symptom score   x   

Dietary adherence   x   

Urine collection    x  

Blood collection    x  

Blood analysis     x 

Urine analysis     =>* 
*samples were deep-frozen until all participants have been recruited. 

6.5 Questionnaires and measurements 

Items of the thrombophilia questionnaire were selected based on two review 

papers130,131 and were chosen to cover both arterial and venous risk factors of thrombus 

formation, as follows: 

• sex, age; 

• history of arterial and venous thrombotic events, hereditary thrombophilias; 

• family history of arterial and venous thrombotic events, hereditary thrombophilias 

(among first-degree relatives); 

• current medications (with particular emphasis on anticoagulants and antiplatelet 

agents); 

• gynaecological history (with particular emphasis on pregnancy, pregnancy com-

plications and abortions, hormone replacement therapy, oral contraceptives) 

• smoking, alcohol and drug abuse; 

• comorbidities (with particular emphasis on malignant tumours, hypertension, 

diabetes mellitus, obesity; CV, respiratory and kidney diseases; peripheral 

occlusive arterial disease, lipid metabolism disorders and immune-mediated dis-

orders) and surgical history; 

• immobilization (bedrest >3 days), trauma, plaster cast in the past 3 months; 

• long travels (>6 hours) by car, plane or bus in a continuous sitting position; 
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• lower limb varicose veins or chronic venous insufficiency; 

• acute infection in the past 2 weeks (with particular emphasis on common 

respiratory, urinary or gastrointestinal symptoms); 

• invasive diagnostic or therapeutic intervention in the past 2 weeks. 

The severity of symptoms was rated employing the Gastrointestinal Symptoms 

Rating Scale, a 15-item tool assessing each item on a Likert scale between 1 and 7132. 

Laboratory measurements were performed after overnight fasting from venous 

blood (2 x BD Vacutainer 10.0 ml [red], 2 x BD Vacutainer 6.0 ml [purple], 1 x BD 

Vacutainer 3.0 ml [pink], 1 x BD Vacutainer 2.7 ml [blue], and 1 x BD Seditainer 5.0 ml 

[black] for a total of seven plastic tubes and 42.7 ml blood from each patient [BD, USA]) 

by the Department of Laboratory Medicine, by the Department of Immunology and 

Biotechnology and by the Haemorheological Laboratory, First Department of Medicine 

(Medical School, University of Pécs). Measurements included 

• routine laboratory parameters: urea, creatinine, cholesterol (total, high-density 

[HDL] and low-density lipoproteins), triglyceride, aspartate aminotransferase, 

alanine aminotransferase, alkaline phosphatase, γ-glutamyl transferase, bili-

rubin, total protein, albumin, immunoglobulins, C-reactive protein, vitamin B12, 

blood counts, and erythrocyte sedimentation rate; 

• immunological indicators: CeD-specific antibodies (TGA IgA/G, EMA IgA) 

and antiphospholipid antibodies (lupus anticoagulant, cardiolipin IgG/A/M, B2-

glycoprotein-I IgG/A/M, prothrombin IgG/A/M); 

• haemostatic parameters: prothrombin, thrombin time, activated partial thrombo-

plastin time, fibrinogen; the activity of antithrombin, protein C, and protein S; 

• homocysteine; 

• haemorheological parameters (for related terms, see Table 5):  

• fibrinogen; 

• haematocrit measured with the microcapillary method; 

• EA (Fig 11133), described with the aggregation index (AI, given in %), 

aggregation half-time (t1/2, given in sec) and threshold shear rate (γ, given in 

1/sec), measured with the Laser-assisted Optical Rotational Cell Analyzer 

(LORCA, R&R Mechatronics, Hoorn, The Netherlands); 

• ED, described with the elongation index (EI, no unit) measured at nine shear 

stresses between 0.3–30 Pa—low and high shear stresses fall between 0.3–
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1.69 and 3–30 Pa, respectively—with laser-diffraction ektacytometry with a 

LORCA (elongation of RBCs is illustrated in subchapter 7.2.1 by Fig 13 

inlet);  

• WBV and PV measured with the Brookfield DV-III Ultra LV Programmable 

rotational viscometer (Brookfield Engineering Labs; Middleboro, 

Massachusetts, USA) at mid-shear (90 1/sec). 

Heamorheological measurements were performed within 2 hours after sampling in 

line with the recommendations of the International Expert Panel for Standardization of 

Haemorheological Methods134. 

 

Fig 11. Syllectogram of erythrocyte aggregation. The intensity of laser block scatter (vertical axis) is 

plotted against time (horizontal axis). After complete disaggregation, erythrocytes (depicted with the red 

circles and ellipses in the figure) regain their shape (causing an upstroke in light intensity, right after 0 sec 

in the figure) and start aggregating. The aggregation index is calculated based on the equation given in the 

right upper quadrant of the figure, where A and B represent areas of the grey square. t1/2: aggregation half-

time; AI: aggregation index. Reprinted and adapted from ‘Changes in Red Blood Cell Properties and 

Platelet Function during Extracorporeal Membrane Oxygenation’ by Lansink-Hartgring et al., 2020, J Clin 

Med. 
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Table 5. Haemorheology-related terms and measurements 

Parameter Measurement 

(unit) 

Definition Direction of 

unfavourable 

alteration* 

Erythrocyte 

deformability 

Elongation 

index (no unit) 

change in the shape of red blood cells 

at high and low shear stresses (shown 

in Fig 13 inlet) 

↓ 

Erythrocyte 

aggregation 

Aggregation 

index (%) 

integral in the change of light 

intensity 10 sec after disaggregation 

(shown in Fig 11) 

↑ 

Aggregation 

half-time (sec, 

symbol: t1/2) 

the time required for achieving half of 

the maximal aggregation after 

disaggregation (shown in Fig 11) 

↓ 

Threshold shear 

rate (1/sec, 

symbol: γ) 

lowest shear that can maintain 

complete disaggregation 
↑ 

Viscosity 

Whole blood 

viscosity 

(mPa·sec) 

an intrinsic property of fluid related 

to the internal friction of adjacent 

fluid layers sliding past one another 

(i.e., the measure of a fluid's 

resistance to flow) 

↑ 

Plasma viscosity 

(mPa·sec) 
↑ 

Plasma fibrinogen 

(g/L) 

coagulation factor I, the precursor 

protein of fibrin 
↑ 

Haematocrit 

(%) 

the fraction of cellular components in 

the whole blood 
↑ 

*regarding thrombus formation. 

Mid-stream urine, approximately 100 ml from each participant, was collected in a 

sterile plastic container and stored at –80 °C until processing. We measured urine-GIP 

with a point-of-care test (iVYCHECK GIP Urine, Biomedal, Spain), an immuno-

chromatographic dipstick containing G12 monoclonal antibodies targeted against 33-mer 

GIP. If peptide concentration reaches the detection threshold, a line appears near the 

control line within 30 minutes after dipping (for further technical information, see the 

manufacturer’s website at https://ivydal.biomedal.com/). 

6.6 Dietary adherence 

Adherence to a GFD was estimated with (1) urine-GIP detection, (2) dietary review 

through interview by a trained dietician—assessed on a Likert-based visual analogous 

scale between 1 and 10 representing a regular gluten-containing diet and a theoretically 

perfect GFD, respectively—and with (3) CeD-specific antibodies (TGA-IgA, -IgG, 

EMA-IgA). We suspected gluten intake if the patient tested positive for urine-GIPs or 

any CeD-specific antibody as per the tests’ manual of use, or the patient scored <8 based 

on dietary review. Table 6 summarizes the characteristics of the modalities used for the 

estimation of dietary adherence, for further information, see subchapters 4.4.2 and 6.5. 
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Table 6. Comparative description of tools used for the estimation of dietary adherence in coeliac disease 

 

Coverage Assessment 

Resources 

Invasiveness 

Time 

to 

result 

Availability 

in Hungary 

Correlation 

Human 

resources 
Disposals 

Mucosal 

damage 
Symptoms 

Urine-GIP detection 

(with a point-of-care 

dipstick) 

days 

objective, 

semi-

quantitativea 

nurse or 

technicianb 

urine 

container 

plus 4,000 

HUF/dipstick 

non-invasive 
same-

visit 

for research 

purposes 
good moderate 

Dietary review 

through interview 

weeks to 

months 

subjective, 

quantitative 

or 

qualitativec 

skilled 

dieticiand 
none non-invasive 

same-

visit 

wide or 

limited 
variablec variablec 

CeD-specific 

antibodiese 

3–6 

months 

objective, 

quantitative 

nurse and 

technicianf 

plastic tube 

plus 5,000 

HUF/test 

blood 

collection 
days wide poor moderate 

adepending on test type and equipment, bbuffering, dipping, then reading 30 minutes later, cvalidated standards for assessment are not available, da thorough interview takes 10-

20 minutes to be carried out and requires years of work experience, eEMA-IgA, TGA-IgA, -IgG, fnurse for blood collection, a technician for sample preparation and processing. 

CeD: coeliac disease; GIP: gluten immunogenic peptide; HUF: Hungarian Forint. 
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6.7 Outcomes and blinding 

The primary outcomes included haemorheological parameters including ED, EA, 

WBV, PV, haematocrit and fibrinogen. The secondary outcomes included the activity of 

natural anticoagulants, including protein C, protein S and antithrombin; and the level of 

homocysteine.  

Personnel involved in the administration of the questionnaires and the execution of 

the dietary interview were not aware of laboratory results because of the chronological 

order of the procedures (Table 4) but were aware of group allocation (CeD vs control). 

Laboratory personnel were blind to group allocation and all data collected within the 

study. 

6.8 Data management 

Participants were given a three-digit subject identifier, used subsequently during 

the entire study, immediately after giving informed consent. Data were collected onto de-

identified, paper-based case report forms stored in locked cabinets. On completion of data 

collection, clinical research administrators transferred the data onto the corresponding 

columns of a de-identified master sheet. First, authorized clinical research administrators 

and I checked the data quality; then, after revision, the Principal Investigator closed the 

cases. Having closed all the cases, we forwarded the master sheet and the hypotheses of 

the study to statistical analysis. 

6.9 Sample size and statistical analysis 

We planned the study to be a two-phase study. Since haemorheological parameters 

were never investigated in CeD, we recruited 50 CeD patients and matched control sub-

jects in the first phase to determine further target numbers for the second phase. 

Completing the first phase, we realised that, to reach the level of significance for the 

observed mean differences between CeD and control subjects at α=0.05 and β=0.80, we 

should recruit an unfeasible number of subjects (>1,000 subjects for parameters 

describing EA, 247 subjects for PV and 289 subjects for WBV per group), so that we 

decided to stop the study for lack of feasibility. 

In analysis, after matching by age (±5 years tolerance) and sex (±10% tolerance) in 

1:1 ratio, descriptive statistics were performed. Categorical variables were given in pro-

portions (% of total). Continuous variables were given with central tendencies (mean or 

median) and measure of dispersion (standard deviation, quartiles or range) based on dis-

tribution determined by the visual inspection of Q–Q plots. Logarithmic transformation 
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was applied to normalise the distribution in the case of t1/2, γ, WBV, PV, and the activity 

of antithrombin and protein S (the figures were created based on non-transformed data). 

In univariate analysis, we used the Welch, Mann-Whitney, Chi2- and Fisher's tests 

when comparing CeD patients to control subjects (α=0.05); and one-way Analysis of 

Variance with the Tukey posthoc test or the Kruskal-Wallis test with the Mann-Whitney 

posthoc test (and Bonferonni correction) when comparing three groups—CeD patients 

with strict dietary adherence vs those with poor dietary adherence vs control subjects.  

In multivariate analysis, we used the random forest method to determine the relative 

importance of each predictor and to display the important predictors graphically (those 

above the line at zero). During prediction, 100 random forests with 500 trees in each were 

grown using conditional inference method to avoid bias toward dependent predictors and 

overfitting. Models were created for the whole study population with 34 variables to 

determine whether CeD is an independent predictor of the outcome. Additional models, 

applicable to CeD patients only, were created by adding CeD-specific variables (that is, 

dietary adherence, length of a GFD, symptom score, age at diagnosis of CeD) to the initial 

set of variables to determine if these predict the outcomes independently. 

The calculations were carried out with IBM SPSS for Windows (version 25.0 

statistical software package; Armonk, NY: IBM Corporation) and R statistical language 

(version 3.6, party statistical software package; R Core Team, Vienna, Austria) by 

statistician Nelli Farkas. 
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7. Results 

7.1 Characteristics of the participants included 

We screened a total of 162 subjects for eligibility, 126 of which proved to be eligible 

for inclusion in the study. After matching, data of 50 CeD patients and 50 control subjects 

were analysed (for flowchart, see Fig 12). 

 

Fig 12. Flowchart of the study. The figure is the author’s own work. 

We did not find any significant difference in age, sex and other clinical 

characteristics between CeD patients and matched control subjects (Table 7). CeD 

patients had significantly lower levels of total, non-HDL-, LDL- and HDL-cholesterol; 

and higher eosinophil counts and RBC distribution width, compared to control subjects; 

whereas the groups were similar in laboratory parameters otherwise (Table 8). One CeD 

patient and two control subjects received statin therapy for known hypercholesterinaemia; 

regular medications and comorbidities of participants are listed in Appendix 1. 

CeD patients were, on average, 31.9 years old (range 0–73 years) at diagnosis. 

Three patients had not started a GFD at the time of the study, and all the others were ≥1 

year on a GFD (median 5.5 years, range: 0.0–36.0 years). At the time of the study, 6 

patients (12% of the total) tested positive for urine-GIP, 10 patients (20% of the total) 

scored <8 points on dietary review through interview (with median 9 points) and 14 
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patients (28% of the total) tested positive for TGA or EMA. CeD patients rated a median 

of 1.50 points on the Gastrointestinal Symptoms Rating Scale (p=0.790 for the com-

parison with the values of control subjects, see Appendix 2). 

Control subjects attended a regular check-up (n=18), were admitted for investi-

gation (n=16) or regular and mandatory occupational health assessment (n=16). All were 

on a gluten-containing diet and tested negative for CeD-specific antibodies. 

Table 7. Clinical characteristics of the study population 

 Coeliac group 

(n=50) 

Control group 

(n=50) 

Age at enrolment (mean; median [min–max] in years) 40.0; 40.0 

[18.0–75.0] 

40.4; 41.0 

[19.0–74.0] 

Females (n, %) 33 (66.0) 37 (74.0) 

Venous thrombotic event in the history (n, %) 0 (0.0) 1 (2.0) 

Arterial thrombotic event in the history (n, %) 1 (2.0) 0 (0.0) 

Any thrombotic event in first-degree relatives (n, %) 14 (28.0) 12 (24.0) 

Current smoker (n, %) 9 (18.0) 6 (12.0) 

Alcohol consumption (≥7 units/week) (n, %) 3 (6.0) 4 (8.0) 

Chronic alcohol abuse (n, %) 3 (6.0) 2 (4.0) 

Body mass index (mean; median [min-max] in kg/m2) 23.6; 23.0 

[16.4–40.5] 

24.1; 23.7 

[18.0–39.2] 

Hypertension (n, %) 13 (26.0) 12 (24.0) 

Peripheral arterial disease (n, %) 0 (0.0) 1 (2.0) 

Type 2 diabetes mellitus (n, %) 3 (6.0) 3 (6.0) 

Lower limb varicose veins (n, %) 14 (28.0) 11 (22.0) 

Surgery (≤1 year) (n, %) 7 (14.0) 7 (14.0) 

Immobilization (≤14 days) (n, %) 1 (2.0) 0 (0.0) 

Travel by plane, bus or car ≥6 hours continuously ≤14 

days (n, %) 

3 (6.0) 5 (10.0) 

Oral contraceptives (n, % of females) 8 (24.2) 10 (27.0) 

Statistical comparison was not performed if the event number was ≤1 for categorical variables, p≥0.05 for 

all comparisons otherwise. 
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Table 8. Biochemical characteristics of the study population 

 Coeliac group 

(n=50) 

Control group 

(n=50) 

p-

value 

Total cholesterol (mmol/L) 4.55; 4.45 [2.70–6.60] 5.32; 5.05 [3.20–9.30] 0.001 

HDL-cholesterol (mmol/L) 1.43; 1.39 [0.65–2.97] 1.70; 1.63 [0.77–3.09] 0.006 

LDL-cholesterol (mmol/L) 2.98; 3.02 [1.13–4.97] 3.50; 3.30 [0.45–7.85] 0.015 

Non-HDL-cholesterol 

(mmol/L) 
3.14; 3.14 [1.13–5.27] 3.61; 3.42 [1.98–7.67] 0.032 

Triglyceride (mmol/L) 1.47; 1.31 [0.46–3.74] 1.69; 1.32 [0.60–7.18] 0.456* 

Creatinine (µmol/L) 71.6; 68.5 [39.0–110.0] 72.8; 68.5 [49.0–105.0] 0.668 

Carbamide (mmol/L) 4.2; 4.1 [2.2–7.3] 4.5; 4.3 [2.2–7.9] 0.257 

Total bilirubin (umol/L) 8.1; 7.9 [2.7–20.0] 9.5; 8.1 [2.1–24.5] 0.120* 

AST (U/L) 25.6; 19.0 [10.0–200.0] 22.0; 20.0 [10.0–89.0] 0.806* 

ALT (U/L) 24.1; 18.0 [9.0–158.0] 21.7; 18.0 [8.0–60.0] 0.901* 

ALP (U/L) 74.3; 68.0 [36.0–269.0] 67.9; 67.5 [35.0–108.0] 0.696* 

γ-GT (U/L) 23.1; 16.0 [10.0–94.0] 26.1; 16.0 [7.0–210.0] 0.825* 

Total protein (g/L)a 74.5; 74.7 [62.4–93.0] 75.3; 74.7 [67.7–85.2] 0.445 

Albumin (g/L) 48.2; 47.8 [37.8–56.6] 49.2; 49.1 [43.9–57.8] 0.182 

Ultrasensitive CRP (mg/L) 3.4; 1.8 [0.0–23.5] 2.3; 1.4 [0.0–10.1] 0.342* 

ESR (mm/h) 9.0; 4.0 [1.0–46.0] 6.1; 5.0 [1.0–27.0] 0.808* 

Prothrombin time (sec) 11.4; 11.3 [9.6–14.0] 11.2; 11.2 [9.8–13.2] 0.252 

Thrombin time (sec) 14.5; 14.6 [12.6–16.9] 14.3; 14.2 [12.0–17.4] 0.213 

APTI (sec) 28.6; 28.3 [23.3–36.1] 30.1; 28.7 [19.0–72.9] 0.176 

INR (no unit) 0.99; 0.98 [0.84–1.23] 0.98; 0.97 [0.86–1.09] 0.460 

White blood cells (G/L) 7.3; 6.8 [3.7–16.2] 6.7; 6.4 [4.1–12.4] 0.165 

Neutrophil granulocytes (%) 59; 59 [41–83] 58; 58 [43–74] 0.353 

Neutrophil granulocytes 

(G/L) 
4.4; 4.2 [1.7–13.4] 3.9; 3.6 [1.8–9.2] 0.134 

Lymphocytes (%) 30; 29 [9.0–45.3] 32; 33 [16–47] 0.171 

Lymphocytes (G/L) 2.1; 2.0 [1.2–4.2] 2.1; 2.1 [1.1–3.9] 0.947 

Monocytes (%) 7.3; 7.0 [2.6–11.5] 7.4; 7.4 [4.2–10.7] 0.773 

Monocytes (G/L) 0.52; 0.48 [0.15–1.14] 0.50; 0.47 [0.18–0.99] 0.469 

Eosinophil granulocytes (%) 2.5; 2.0 [0.3–8.5] 1.8; 1.5 [0.0–7.8] 0.023 

Eosinophil granulocytes 

(G/L) 
0.18; 0.14 [0.01–0.60] 0.11; 0.10 [0.00–0.47] 0.003 
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Table 8 (continued) 

 Coeliac group 

(n=50) 

Control group 

(n=50) 

p-

value 

Basophil granulocytes (%) 0.77; 0.60 [0.30–4.00] 0.70; 0.70 [0.20–1.90] 0.487 

Basophil granulocytes (G/L) 0.05; 0.04 [0.02–0.15] 0.05; 0.04 [0.01–0.09] 0.659 

Red blood cells (T/L) 4.8; 4.8 [3.8–5.8] 4.9; 4.8 [3.9–5.8] 0.441 

Haemoglobin (g/L) 140; 138 [99–169] 144; 142 [115–176] 0.149 

MCV (fL) 84.8; 84.8 [65.6–97.6] 85.3; 85.3 [70.3–94.8] 0.603 

MCH (pg) 29.0; 29.4 [20.3–32.8] 29.5; 29.7 [22.9–33.4] 0.252 

MCHC (g/L) 343; 343 [309–361] 346; 346 [321–364] 0.118 

RDW (%CV) 13.3; 12.6 [11.8–19.8] 12.6; 12.6 [11.0–14.5] 0.022 

Platelets (G/L) 297; 283 [179–601] 282; 277 [126–432] 0.309 

Vitamin B12 (ng/L) 450; 450 [156–785] 396; 424 [192–613] 0.076* 

Regarding p-values, boldface type indicates a statistically significant difference. P-values labelled with 

asterisks (*) were generated with the Mann-Whitney test; all the other values were generated with the Welch 

test. aBased on protein electrophoresis, paraproteins were not present in any subject. Values are given in 

the following format: mean; median [min–max]. Missing data due to unsuccessful measurement(s): blood 

counts–one CeD patient, erythrocyte sedimentation rate–two CeD patients, coagulation parameters–one 

CeD patient and one control subject; vitamin B12 levels–three CeD patients and seven control subjects. γ-

GT: γ-glutamyl transferase; ALP: alkaline phosphatase; ALT: alanine aminotransferase; APTI: activated 

partial thromboplastin time; AST: aspartate aminotransferase; CeD: coeliac disease; CRP: C-reactive pro-

tein; CW: coefficient of variation; ESR: erythrocyte sedimentation rate; HDL: high-density lipoprotein; 

INR: international normalised ratio; LDL: low-density lipoprotein;  MCH: mean corpuscular haemoglobin; 

MCHC: mean corpuscular haemoglobin concentration; MCV: mean corpuscular volume; RDW: red blood 

cell distribution width. 

7.2 Coeliac patients vs control subjects 

7.2.1 Haemorheological parameters  

EI at all shear stresses was lower in CeD patients compared to control subjects; 

however, the level of statistical significance was attained only at high shear stresses 

between 3–30 Pa (for the ektacytogram, see Fig 13); implying an impaired ED in CeD. 

Random forest analysis confirmed that CeD is an important predictor of EI at high shear 

stresses (Fig 14) but not at low shear stresses (Appendix 3). 

There was no statistically significant difference in other haemorheological 

parameters (i.e. haematocrit, the level of fibrinogen, the parameters describing EA, WBV 

and PV) between the groups (Table 9). In line with these, random forest analysis did not 

highlight CeD as an important predictor of any of these outcomes (Appendix 3). 
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Fig 13. Erythrocyte deformability at different shear stresses (ektacytogram) in coeliac patients vs 

control subjects. The horizontal axis shows different shear stresses from 0.3 to 30 Pa; the vertical axis 

shows the elongation index. P-values were generated with the Mann-Whitney test, boldface type indicates 

a statistically significant difference. The number of participants is 100 in the analysis. Inlet: A model for 

erythrocyte deformation at different shear stresses describing the transition from biconcave to ellipsoid 

shape. In the equation, EI stands for the elongation index, A and B represent the long and short axes of the 

red blood cells, respectively; as indicated with the arrows. CeD: coeliac disease. The figure is the author’s 

own work. 

 
 

Fig 14. Important predictors of erythrocyte deformability represented by the elongation index at 

different shear stresses. Panels A, B, C and D show elongation indices at 30, 16.87, 9.49 and 5.33 Pa, 

respectively. The figures were generated with random forest analysis. We added 34 co-variates to the 

model, but only the important predictors of the outcome are shown. The relative importance is proportional 

to the height of the bars. The number of participants is 97 in the analysis. MCH: mean corpuscular haemo-

globin; MCHC mean corpuscular haemoglobin concentration; MCV mean corpuscular volume; RBC: red 

blood cell. The figure is the author’s own work. 
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Table 9. Haemorheological parameters in coeliac patients vs control subjects 

 Coeliac group 

(n=50) 

Control group 

(n=50) 
p-value 

Haematocrit (%) 43.3 ± 3.6 44.4 ± 3.3 0.117 

Whole blood viscosity 

(mPa·sec) 
4.04 ± 0.43 4.14 ± 0.43 0.347 

Plasma viscosity (mPa·sec) 1.24 ± 0.16 1.27 ± 0.15 0.209 

Fibrinogen (g/L) 2.90 [2.59–3.70] 3.16 [2.71–3.59] 0.948* 

Erythrocyte aggregation 

AI (%) 63.8 ± 10.0 64.6 ± 6.3 0.613 

T1/2 (sec) 2.31 ± 1.35 2.06 ± 0.71 0.677 

 (1/sec) 106.9 ± 50.0 102.3 ± 29.6 0.951 

Results on erythrocyte deformability are shown in Fig 13. The p-values labelled with an asterisk (*) were 

generated with the Mann-Whitney test, other p-values were generated with the Welch test after logarithmic 

transformation in the case of whole blood viscosity, plasma viscosity, t1/2, and γ. Value are given in mean 

± standard deviation except for fibrinogen given in median ± quartiles. AI: aggregation index. 

7.2.2 Natural anticoagulants  

Although numerical values were lower in CeD, we observed no statistically sig-

nificant difference in the activity of protein C, protein S and antithrombin between the 

groups (Table 10). In line with these, random forest analysis did not highlight CeD as an 

important predictor of any of these outcomes. 

Table 10. Natural anticoagulants in coeliac patients vs control subjects 

 Coeliac group 

(n=50) 

Control group 

(n=50) 
p-value 

Antithrombin activity (%) 120.28 ± 14.39 121.84 ± 14.16 0.589 

Protein C activity (%) 124.60 ± 33.72 134.30 ± 32.47 0.146 

Protein S activity (%) 98.40 ± 29.44 104.02 ± 30.35 0.338 

Values are given in mean ± standard deviation. P-values were generated with the Welch test after 

logarithmic transformation in the case of activity of antithrombin and protein S. Data were missing due to 

unsuccessful measurement(s) in the case of one CeD patient and one control subject. 
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7.2.3 Homocysteine 

CeD patients had a significantly higher 

level of homocysteine (median 9.0 µmol/L 

with range 5.1–13.7 µmol/L vs median 8.7 

µmol/L with range 4.4–42.9 µmol/L for CeD 

and control groups, respectively; p=0.040). 

Random forest analysis did not highlight CeD 

as an independent predictor of the level of 

homocysteine (Fig 15).  

7.3 The effects of dietary adherence 

7.3.1 Haemorheological parameters 

ED at high shear stresses was impaired 

both in CeD patients who were seropositive 

and seronegative (Fig 16A, solid green 

arrows) and both in CeD patients with poor 

and good dietary review through interview 

(Fig 16B, solid green arrows) compared to 

control subjects. However, ED at high shear 

stresses did not differ significantly between seropositive and seronegative CeD (Fig 16A, 

yellow dash line) or urine-GIP+ and urine-GIP− CeD patients (Fig 16C, yellow dash line), 

whereas CeD patients with good dietary review through interview had better ED only at 

EI30Pa compared to those with poor adherence (Fig 16B, blue dash arrow). These suggest 

that the impairment in ED at high shear stresses is independent of the EMA/TGA-

mediated immune response and only partly dependent on dietary adherence. Interestingly, 

ED at low shear stresses did not differ across groups irrespective of seropositivity and 

dietary review through interview (Figs 16D and 16E, yellow dash line). In contrast, urine-

GIP+ CeD patients had significantly impaired ED compared to urine-GIP− CeD patients 

and control subjects (Fig 16F, solid green arrow), without a significant difference between 

urine-GIP− CeD patients and controls (Fig 16F, yellow dash line). These results suggest 

that ED at low shear stresses may not be influenced by EMA/TGA-mediated immune 

response but may be influenced by other effects of gluten or related pro-inflammatory 

reaction. 

  

Fig 15. Important predictors of 

homocysteine level. The figure was generated 

with random forest analysis. We added 34 co-

variates to the model, but only the important 

predictors of the outcome are shown. The 

relative importance is proportional to the 

height of the bars. The number of participants 

is 97 in the analysis. HDL: high-density 

lipoprotein; MCH: mean corpuscular 

haemoglobin; MCV: mean corpuscular 

volume; RBC: red blood cell. The figure is the 

author’s own work. 
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EA seemed to be sig-

nificantly impaired in CeD 

patients with poor dietary 

review through interview compared to those with good results and control subjects. The 

association applies to AI, t1/2 and γ consistently (adjusted p-values <0.01 for all; for figure, 

see Fig 17 and Appendix 4), suggesting prothrombotic alterations in CeD patients with 

poor adherence. However, seropositive CeD patients did not differ from seronegative 

ones so that the EMA/TGA-mediated immune response unlikely explains the findings. 

Although WBV was lower in CeD patients with good dietary review through inter-

view compared to CeD patients with poor results, neither differed significantly from 

control subjects. Haematocrit, WBV and PV did not seem to be different substantially 

across the groups (Appendix 4). 

In random forest analysis, dietary adherence-related variables did not prove to be 

important predictors of the outcomes. 

Table 11–13 show haemorheological parameters broken down to groups and dietary 

adherence estimated with CeD-specific serology, dietary review through interview and 

urine-GIP measurement. 

Fig 16. Model for the association of 

erythrocyte deformability with 

dietary adherence. Erythrocyte 

deformability is represented by the 

elongation index. A and D: coeliac-

specific serology and erythrocyte 

deformability at high and low shear 

stresses, respectively. B and E: dietary 

review through interview and 

erythrocyte deformability at high and 

low shear stresses, respectively. C and 

F: urine-GIP detection and erythrocyte 

deformability at high and low shear 

stresses, respectively. P-values were 

adjusted for multiplicity. Green solid 

lines indicate p<0.05 at 3–5 shear 

stresses favouring the group at the 

arrow tip. Blue dashed lines indicate 

p<0.05 at one shear stress favouring 

the group at the arrow tip. Yellow 

dashed lines indicate no significant 

difference between groups. CeD: 

coeliac disease; GIP: gluten 

immunogenic peptide. The figure is 

the author’s own work. 
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7.3.2 Natural anticoagulants 

Dividing patients by sero-

positivity, dietary review through 

interview or urine-GIP measurement 

did not reveal any difference across 

the groups. In line with this, random 

forest analysis did not highlight any 

modality estimating dietary 

adherence as an important predictor 

of the outcomes.  

7.3.3 Homocysteine 

The level of homocysteine did not differ significantly across subgroups by different 

modalities of dietary adherence (p=0.107, p=0.114 and p=0.844 for the comparisons of 

subgroups by CeD-specific serology, dietary review through interview and urine-GIP 

detection, respectively). 

 

 

Fig 17. Erythrocyte aggregation and 

dietary review through interview. A: 

Aggregation index across groups. B: 

Aggregation half-time across groups. C: 

Threshold shear rate across group. P-values 

were generated with the one-way Analysis 

of Variance model after logarithmic 

transformation of the data in the case of t1/2 

and γ, and were adjusted for multiplicity; 

boldface type indicates a statistically 

significant difference. The number of 

patients is 100 in the analysis. t1/2: 

aggregation half-time; γ: threshold shear 

rate; AI: aggregation index. The figure is the 

author’s own work. 
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Table 11. Dietary adherence estimated through coeliac-specific serology 

 
Seropositive CeD (n=14) 

(Group 1) 

Seronegative CeD (n=36) 

(Group 2) 

Control subjects (n=50) 

(Group 3)  

P-values 

Interaction 
Group 

1 vs 2 

Group 

1 vs 3 

Group 

2 vs 3 

Haematocrit (%) 44.00±4.49 43.08±3.29 44.44±3.30 0.208    

Whole blood viscosity 

(mPa·sec) 
4.17±0.57 3.99±0.36 4.14±0.43 0.266    

Plasma viscosity (mPa·sec) 1.24±0.16 1.24±0.16 1.27±0.15 0.456    

Fibrinogen (g/L) 2.83 [2.54–3.03]* 2.98 [2.66–3.78] 3.16 [2.71–3.59]* 0.263    

Erythrocyte aggregation    

AI (%) 63.63±11.53 63.79±9.54 64.60±6.33 0.879    

T1/2 (sec) 2.36±1.28 2.29±1.39 2.06±0.71 0.917    

 (1/sec) 115.36±75.27 103.54±36.82 102.25±29.62 0.996    

Erythrocyte deformability    

EI, 30.00 Pa 0.6250 [0.6163–0.6288] 0.6255 [0.6220–0.6293] 0.6290 [0.6260–0.6320] 0.008 1.000 0.036 0.037 

EI, 16.87 Pa 0.5975 [0.5895–0.6035] 0.6000 [0.5965–0.6033] 0.6050 [0.6020–0.6060] 0.001 1.000 0.006 0.006 

EI, 9.49 Pa 0.5555 [0.5463–0.5610] 0.5555 [0.5518–0.5600] 0.5610 [0.5563–0.5640] 0.002 1.000 0.043 0.006 

EI, 5.33 Pa 0.5010 [0.4930–0.5075] 0.5015 [0.4958–0.5033] 0.5060 [0.5000–0.5100] 0.010 1.000 0.010 0.275 

EI, 3.00 Pa 0.4290 [0.4223–0.4358] 0.4250 [0.4190–0.4310] 0.4310 [0.4260–0.4378] 0.039 0.999 0.033 1.000 

EI, 1.69 Pa 0.3405 [0.3308–0.3513] 0.3340 [0.3283–0.3465] 0.3420 [0.3330–0.3470] 0.363    

EI, 0.95 Pa 0.2390 [0.2200–0.2448] 0.2260 [0.2158–0.2425] 0.2280 [0.2280–0.2448] 0.400    

EI, 0.53 Pa 0.1245 [0.1113–0.1398] 0.1165 [0.1038–0.1355] 0.1290 [0.1138–0.1365] 0.514    

EI, 0.30 Pa 0.0440 [0.0163–0.0550] 0.0370 [0.0070–0.0495] 0.0400 [0.0303–0.0505] 0.658    

Regarding p-values, boldface type indicates a statistically significant difference. *indicates unsuccessful measurement for one CeD patient and one control subject. Parameters 

are reported in median [Q1–Q3] or mean ± SD, depending on the distribution. The analysis was done either with one-way Analysis of Variance or with the Kruskal-Wallis test 

(with posthoc Mann-Whitney test). AI: aggregation index; CeD: coeliac disease; EI: elongation index. 
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Table 12. Dietary adherence estimated with dietary review through interview 

 CeD with poor adherence 

(n=10) 

(Group 1) 

CeD with good 

adherence (n=40) 

(Group 2) 

Control subjects (n=50) 

(Group 3) 

P-values 

Interaction 
Group 

1 vs 2 

Group 

1 vs 3 

Group 

2 vs 3 

Haematocrit (%) 42.10±3.81 43.65±3.58 44.44±3.30 0.133    

Whole blood viscosity (mPa·sec) 4.10±0.50 4.03±0.42 4.14±0.43 0.003 0.004 0.142 0.055 

Plasma viscosity (mPa·sec) 1.38±0.28 1.21±0.09 1.27±0.15 0.466    

Fibrinogen (g/L) 3.62 [2.90–4.10)* 2.86 [2.67–3.49] 3.16 [2.71–3.59]* 0.213    

Erythrocyte aggregation    

AI (%) 71.20±9.22 61.89±9.41 64.60±6.33 0.005 0.004 0.049 0.250 

T1/2 (sec) 1.53±0.77 2.51±1.39 2.06±0.71 0.003 0.002 0.032 0.265 

 (1/sec) 151.75±68.82 95.63±37.45 102.25±29.62 0.002 0.001 0.010 0.405 

Erythrocyte deformability    

EI, 30.00 Pa 0.6190 [0.6143–0.6240] 0.6265 [0.6235–0.6300] 0.6290 [0.6260–0.6320] <0.001 0.025 <0.001 0.143 

EI, 16.87 Pa 0.5915 [0.5875–0.5980] 0.6010 [0.5970–0.6040] 0.6050 [0.6020–0.6060] <0.001 0.157 0.001 0.012 

EI, 9.49 Pa 0.5505 [0.5438–0.5548] 0.5570 [0.5518–0.5610] 0.5610 [0.5563–0.5640] 0.001 0.270 0.002 0.020 

EI, 5.33 Pa 0.4980 [0.4898–0.5020] 0.5020 [0.4960–0.5053] 0.5060 [0.5000–0.5100] 0.005 0.709 0.020 0.043 

EI, 3.00 Pa 0.4275 [0.4148–0.4308] 0.4255 [0.4190–0.4350] 0.4310 [0.4260–0.4378] 0.054    

EI, 1.69 Pa 0.3405 [0.3233–0.3443] 0.3350 [0.3290–0.3493] 0.3420 [0.3330–0.3470] 0.428    

EI, 0.95 Pa 0.2410 [0.2113–0.2420] 0.2300 [0.2160–0.2440] 0.2280 [0.2280–0.2448] 0.583    

EI, 0.53 Pa 0.1325 [0.1030–0.1398] 0.1180 [0.1055–0.1373] 0.1290 [0.1138–0.1365] 0.574    

EI, 0.30 Pa 0.0495 [0.0135–0.0550] 0.0350 [0.0108–0.0510] 0.0400 [0.0303–0.0505] 0.500    

Regarding p-values, boldface type indicates a statistically significant difference. *indicates unsuccessful measurement for one CeD patient and one control subject. Parameters 

are reported in median [Q1–Q3] or mean ± SD, depending on the distribution. The analysis was done either with one-way Analysis of Variance (with posthoc Tukey test) or 

with the Kruskal-Wallis test (with posthoc Mann-Whitney test). AI: aggregation index; CeD: coeliac disease; EI: elongation index. 
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Table 13. Dietary adherence estimated through urine-GIP measurement 

 
GIP+ CeD (n=6) 

(Group 1) 

GIP– CeD (n=44) 

(Group 2) 

Control subjects (n=50) 

(Group 3) 

P-values 

Interaction 
Group 

1 vs 2 

Group 

1 vs 3 

Group 

2 vs 3 

Haematocrit (%) 40.83±5.49 43.68±3.25 44.44±3.30 0.049 0.142 0.044 0.536 

Whole blood viscosity 

(mPa·sec) 
3.83±0.59 4.07±0.41 4.14±0.43 0.180 

   

Plasma viscosity (mPa·sec) 1.14±0.07 1.26±0.16 1.27±0.15 0.063    

Fibrinogen (g/L) 2.57 [2.46–2.59]* 2.95 [2.70–3.78] 3.16 [2.71–3.59]* 0.141    

Erythrocyte aggregation    

AI (%) 57.01±8.24 64.67±9.86 64.60±6.33 0.094    

T1/2 (sec) 3.09±1.45 2.21±1.31 2.06±0.71 0.110    

 (1/sec) 102.08±27.95 107.50±52.48 102.25±29.62 0.998    

Erythrocyte deformability    

EI, 30.00 Pa 0.6250 [0.6165–0.6268] 0.6255 [0.6218–0.6293] 0.6290 [0.6260–0.6320] 0.008 1.000 0.162 0.016 

EI, 16.87 Pa 0.6010 [0.5858–0.6035] 0.5995 [0.5948–0.6033] 0.6050 [0.6020–0.6060] 0.001 1.000 0.301 0.001 

EI, 9.49 Pa 0.5550 [0.5395–0.5593] 0,5555 [0.5500–0.5603] 0.5610 [0.5563–0.5640] 0.002 1.000 0.233 0.003 

EI, 5.33 Pa 0.4965 [0.4838–0.5010] 0.5020 [0.4960–0.5050] 0.5060 [0.5000–0.5100] 0.007 0.986 0.071 0.023 

EI, 3.00 Pa 0.4170 [0.4060–0.4235] 0.4260 [0.4198–0.4350] 0.4310 [0.4260–0.4378] 0.010 0.164 0.016 0.218 

EI, 1.69 Pa 0.3210 [0.3123–0.3298] 0.3370 [0.3300–0.3503] 0.3420 [0.3330–0.3470] 0.009 0.016 0.007 1.000 

EI, 0.95 Pa 0.2075 [0.1903–0.2143] 0.2380 [0.2178–0.2440] 0.2280 [0.2280–0.2448] 0.005 0.006 0.004 1.000 

EI, 0.53 Pa 0.0910 [0.0660–0.0988] 0.1260 [0.1100–0.1405] 0.1290 [0.1138–0.1365] 0.006 0.007 0.005 1.000 

EI, 0.30 Pa –0.0260 [–0.0398 to –0.0025] 0.0405 [0.0255–0.0530] 0.0400 [0.0303–0.0505] 0.003 0.002 0.003 1.000 

Regarding p-values, boldface type indicates a statistically significant difference. *indicates unsuccessful measurement for one CeD patient and one control subject. Parameters 

are reported in median [Q1–Q3] or mean ± SD, depending on the distribution. The analysis was done either with one-way Analysis of Variance (with posthoc Tukey test) or 

with the Kruskal-Wallis test (with posthoc Mann-Whitney test). AI: aggregation index; CeD: coeliac disease; EI: elongation index; GIP: gluten immunogenic peptide. 
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8. Discussion 

8.1 Summary of findings 

This study aimed to assess the haemorheological, natural anticoagulant and homo-

cysteine profiles of CeD patients compared to non-CeD control subjects. We found an 

impaired ED at high shears in CeD, but ED at low shears, other haemorheological 

parameters and the activity of natural anticoagulants did not differ significantly between 

the groups. Besides, the level of homocysteine was significantly higher among CeD 

patients compared to control subjects. When we investigated the associations of dietary 

adherence with the outcomes, alterations in ED proved to be rather gluten-independent. 

In contrast, we found a consistent shift in the parameters describing EA and WBV towards 

a prothrombotic direction in CeD patients with poor dietary review through interview 

compared to those with good dietary adherence. As, based on the literature data, 

haemorheological alterations and hyperhomocysteinaemia are associated with CV events, 

our findings call the attention for CV prevention in CeD patients and highlight the 

importance of a strict, lifelong GFD. Besides, these findings contribute to the 

understanding of the mechanism of increased CV risk in CeD despite the absence of 

traditional risk factors. 

8.2 Explanation and elaboration 

8.2.1 Haemorheological parameters and cardiovascular involvement 

Deformation is required for RBCs to pass through narrow capillaries as well as to 

take parachute-like shape, reducing resistance to flow in the mainstream of the large 

arteries. If ED is severely impaired—simply said, RBCs become rigid—microcirculation 

deteriorates, viscosity increases, causing a tendency for thrombus formation. Low shear 

stresses (that is, 0.3-1.69 Pa) model the pressure conditions of the microcirculation, 

whereas high shear stresses rather model the pressure in the medium-large arteries (that 

is, 3-30 Pa). Although deformation does not necessarily affect all parts of the RBC equally 

as symmetric forces seldom occur in vivo, EI—calculated based on the short and long 

axes of the cells (Fig 13 inlet)—quantifies ED reliably. The higher the EI, the more sig-

nificant the change in shape, so that the better the deformability. In our study, we found 

lower EI in CeD compared to control subjects, but the level of statistical significance was 

attained only at high shear stresses. The lower the shear stress, the higher the measure of 

dispersion (as shown by the error bars in Fig 13), which resulted in remarkably low 

statistical power at low shear stresses (<10% for EI0.3Pa), raising concerns about the β-
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type error. The high dispersion is 

responsible for the surprisingly 

high number of patients which 

would have been required for the 

second phase of the study (for 

details, see subchapter 6.9). 

Although the exact cause of 

the impaired ED in CeD is yet to 

be discovered, we can propose 

mutually non-exclusive theories. 

(1) In functional hyposplenism, 

seen in 16–77% of CeD 

patients135, the spleen no longer 

removes old RBCs from the circu-

lation (Fig 18)136. As a result, 

defective, rigid cells accumulate. The splenic function might improve during a GFD (if 

started at early stages)137, which, at least partly, explains our results. (2) Increased 

oxidative stress and reduced nitrogen oxide production (e.g. by gluten or its derivatives) 

can serve as another explanation. A strict GFD mitigates oxidative stress in CeD101. (3) 

In line with the earlier data138, RBC distribution width was significantly higher in CeD 

compared to the control group in our study. Anisocytosis can be the consequence of the 

complex deficiency of iron, vitamin B12 and other micronutrients in CeD and is expected 

to improve during a GFD138. The greater the variation in RBC distribution width, the 

lower the EI139. (4) Comorbid conditions (e.g. components of metabolic syndrome 

including hypertension, obesity, diabetes mellitus and dyslipidaemia) can affect ED as 

well (for a review on erythrocyte abnormalities in metabolic syndrome, see the paper of 

Gyawali et al.140). Although most between-group differences were diminished by 

matching, immune-mediated comorbidities occurred more frequently among CeD 

patients compared to control subjects, which difference may explain impaired ED with 

CeD (for details about haemorheological alterations in immune-mediated diseases, see 

subchapter 4.8.6; for the list of comorbidities of the study participants, see Appendix 1).  

Membrane cholesterol content determines membrane fluidity, thereby affecting 

deformability: the more cholesterol in the membrane, the more rigid the RBCs are (i.e. 

the relationship between ED and membrane cholesterol content is inverse)141. In our 

Fig 18. Blood film of a patient with functional 

hyposplenism. The film shows acanthocytes (arrow A), 

target cells (arrow B), stomatocytes (arrow C) and Howell-

Jolly bodies (arrow D). Source: 

https://imagebank.hematology.org/ 
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study, CeD patients had lower EI (i.e. impaired ED) despite having a lower cholesterol 

level, opposing the expectations and strengthening the causative role of CeD in modifying 

ED. It also implies that, from a haemorheological point of view, maintaining a lower 

cholesterol level should be considered optimal in CeD, because elevated cholesterol is 

expected to deteriorate ED further. 

As we did not observe any difference between the seropositive and seronegative 

groups and both had lower EI compared to control subjects, we can conclude that the 

impairment of ED at high shear stresses is independent on the EMA/TGA-mediated 

immune response. CeD patients with good dietary review had higher EI (i.e. better ED) 

only at 30 Pa shear stress compared to those with poor dietary review, which means that 

long-term gluten intake—independently on EMA/TGA-mediated immune response—has 

only limited effect on ED. In contrast, urine-GIP+ CeD patients had worse ED compared 

to both urine-GIP– CeD patients and controls. These associations imply that gluten intake 

can, e.g. via oxidative stress101,142 or non-EMA/TGA-dependent immunological mecha-

nisms, modify ED. In summary, the impairment of ED is only partly dependent on a GFD 

in CeD. 

Studies on the CV involvement of ED are available in a high number but, usually, 

the size of the study population, control for covariates and the length of follow-up are 

limited. Impaired ED can be measured shortly after acute myocardial infarction or 

unstable angina143-145, and within 1143,144 and 3 years after acute myocardial infarction146; 

whereas changes in ED during follow-up after an acute CV event seem 

unremarkable144,145. ED predicts the success of mechanical reperfusion147 or even the 

development of severe CV events 3 years after acute myocardial infarction148. Impaired 

ED is detectable shortly149 and 2 years after stroke as well150. The overall evidence sug-

gests that the impairment of ED precedes the acute events (and is not their consequence). 

The unwanted effect of the impaired ED likely manifests via the deterioration of the 

microcirculation and, in severe cases, via an increase in WBV. Since changes in ED in 

CeD seem rather diet-independent, efforts to restore normal ED (and to prevent further 

decline) with interventions other than a GFD may be considered.  

Current nutritional trends show a nutrient profile of a GFD (hypercalorigenic, rich 

in carbohydrate and fat, poor in fibre; detailed in subchapter 4.4.3) being unfavourable to 

the development of CV risk factors, particularly to obesity and dyslipidaemia61,62. ED is 

extensively studied in obesity, particularly in morbidly obese patients subjected to bari-

atric surgery151-153. Whether the effect of obesity is independent of or mediated by other 
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factors has remained undecided: a study found waist circumference to be an independent 

predictor of EI153, whereas another study concluded that other component(s) of metabolic 

syndrome (likely the insulin resistance) is guilty of impairing ED154. In CeD, the levels 

of total, LDL- and HDL-cholesterol tend to increase, not only due to improved absorption 

but also due to the high intake of fatty acids, during a GFD61. The importance of 

cholesterol in determining ED has been discussed above. In addition to regular exercise, 

preventive strategies should focus on education to improve nutritional awareness to opti-

mize body weight and blood lipids. The consumption of naturally gluten-free foods—

fruits, vegetables, dairy products, lean meat—should be encouraged instead of the hyper-

calorigenic gluten-free grain products, chocolate and other sweet foods. 

Randomized controlled trials investigated if pharmacological interventions can 

improve ED. Notably, most trialists attributed the beneficial effect of the intervention to 

lipid-lowering. The efficacy of statins has been proven in various study populations, e.g. 

type II diabetes mellitus155, hyperlipidaemia156 and cerebrovascular diseases157. The 

pharmacological control of hypertension158 and diabetes mellitus159, comorbidities 

impairing ED, can be beneficial as well. Besides, the effects of many other nutritional 

supplements, e.g. resveratrol160 and ω-3 fatty acids161, are promising. Even eating dark 

chocolate improves ED162. 

EA is a physiological phenomenon until the dynamic balance of aggregation and 

disaggregation is maintained. Increased EA halts flow in the microcirculation and 

increases WBV. Measured with LORCA, we can describe EA with three parameters: AI, 

t1/2 and γ, each covering a different aspect of aggregation. Although CeD patients did not 

significantly differ from control subjects in any of these parameters, CeD patients with 

poor dietary review through interview showed an increased tendency for EA (higher AI 

and γ, lower t1/2) compared to patients with good adherence and control subjects, having 

no difference between the latter two groups. To conclude, good dietary adherence restores 

normal EA during a GFD. 

Since EA is mostly dependent on plasma proteins, we thought that fibrinogen 

increased reactively to gluten intake and is, thereby, responsible for the increased 

aggregation. Measuring the level of fibrinogen, we did not identify a significant 

difference between the groups. As there was no difference between seropositive and sero-

negative CeD patients in EA, the EMA/TGA-mediated immune response is unlikely in 

the background of the increased EA. We suspect the causative role of other antibodies or 

inflammatory proteins163, not measured in this study.  
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Studies reporting on EA and CV involvement are limited by similar factors dis-

cussed above concerning ED. EA increases shortly after acute coronary 

syndrome145,164,165, including acute myocardial infarction166,167 as well as in the long-

term165. In contrast to ED, alteration of EA after acute myocardial infarction seems to be 

time-dependent168. EA increases in the acute phase of stroke as well149,166. The increased 

EA can be manifested in elevated WBV in patients with poor dietary adherence, as 

measured in our study as well (the similar levels of cell counts, haematocrit and other 

plasma proteins—the main determinants of WBV—between the groups support this 

theory). The alteration of WBV, the most important haemorheological parameter, has far-

reaching consequences. WBV (and PV) are extensively studied in a large variety of CV 

diseases, including coronary heart disease169. Large cohort studies, such as the Edinburgh 

Artery Study170, the MONICA-Augsburg Cohort Study171 and the West of Scotland 

Coronary Prevention Study172 provided (sometimes, conflicting) results on the predictive 

role of WBV (and haematocrit, fibrinogen, PV) in the development of major CV events, 

myocardial infarction and stroke in co-variate adjusted analyses. Besides, these 

parameters correlate with clinical outcomes, e.g. success of mechanical reperfusion147, 

development of stent thrombosis173 and that of recurrent in-hospital and long-term major 

CV events174. These data indicate that the reduction of the increased EA and WBV might 

have beneficial effects in CeD. A strict GFD is expected to mitigate or restore these 

alterations as they proved to be dependent on gluten intake in our study. 

As mentioned in subchapter 4.8.5, several studies identified haemorheological 

alterations in inflammatory bowel disease, worth being contrasted to our findings as both 

bowel diseases are associated with heavy chronic inflammation and malabsorption. 

Although the tendencies in inflammatory bowel disease are similar to that we observed 

in CeD about EA and ED, the activity-dependent elevation of PV—probably resulting 

from hyperfibrinogenaemia, not observed in CeD—imposes an additional risk of 

thrombotic events.  

8.2.2 Natural anticoagulants 

Natural anticoagulants are more important determinants of venous rather than 

arterial thrombotic events, in which abnormalities of the arterial wall are decisive. 

Hereditary protein C, protein S and antithrombin deficiency increase the risk of VTE to 

7-fold, 5–11.5-fold and 2.2–8.1-fold, respectively175. Case reports suggested a link 
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between the decreased activity of natural anticoagulants and the development of myo-

cardial infarction and stroke, which theory has remained unconfirmed in controlled 

studies yet175.  

Although the figures were lower with CeD compared to control subjects, we did not 

identify a significantly reduced activity of protein C and protein S with CeD, opposing 

previous evidence from case reports and case series97-99. These findings are in line with 

the observation that a 1-year GFD recovers regular vitamin K status113; therefore, the 

synthesis of protein C and protein S normalizes. Note that the dispersion was high in the 

sample, which, again, raises concerns about the β-type error. However, even if the level 

of significance had been attained (p<0.05), the difference between the groups would have 

been clinically negligible (–9.7% for the activity of protein C and –5.6% for that of protein 

S, favouring the control group). These findings corroborated with our observations on the 

activity of antithrombin. 

The use of oral contraceptives was balanced between the groups (8 vs 10 users in 

CeD vs control groups, respectively); however, we could not take this into account in the 

multivariate analysis as the study population was not great enough to construct a separate 

stratum for females. 

8.2.3 Homocysteine 

An increase in the level of homocysteine is a robust and independent predictor of 

ischaemic stroke176 and myocardial infarction177. CeD patients at diagnosis exhibit a 

higher level of homocysteine, compared to control subjects91,104. However, studies 

resulted in divergent results as to whether the level of homocysteine reduces91,178 or con-

tinues to remain elevated90,104,114 during a GFD. In our study, which recruited CeD 

patients dominantly on a GFD, we measured a significantly higher level of homocysteine 

in CeD patients compared to control subjects, but dietary adherence seemed not to affect 

it. 

Vitamin B6 and folate status, but not CeD, are independent predictors of the level 

of homocysteine94. Although we do not have direct evidence on that a strict GFD with 

vitamin supplementation results in long-term clinical benefits, administration of vitamin 

B6 and folate (maybe vitamin B12 as well) might improve hyperhomocysteinaemia. 
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8.3 Strengths and weaknesses 

There are several strengths of the study, which worth being highlighted. 

(1) The novelty of the study roots in that—to the best of our knowledge—none have 

investigated the haemorheological and natural anticoagulant profiles of CeD patients 

in a controlled study yet.  

(2) The study relies on an exhaustively detailed pre-study protocol, which is freely 

accessible for all. Published pre-study protocols help to avoid reporting bias. 

(3) The data quality is 100% for the primary and almost 100% for secondary outcomes.  

(4) Matching by age and sex mitigated between-group differences in major co-variates.  

(5) Dietary adherence of CeD patients was approached multimodally, including state-of-

the-art urine-GIP detection.  

(6) Haemorheological measurements were rigorously standardized (e.g. sampling after 

the consumption of half-litre water, sample processing within 2 hours).  

(7) A complex analytical approach was developed and executed by a skilled statistician. 

Nevertheless, we must acknowledge that the study has several limitations.  

(1) The main limitation is the study design: a prospective cohort study could have served 

solid evidence on the changes in the outcomes during GFD.  

(2) Although we planned to measure the level of erythrocyte folate, as recorded in the 

pre-study protocol, we did not have access to the required resources.  

(3) Although all diagnoses of CeD were biopsy-verified, we included newly diagnosed 

and followed cases, which increased the clinical heterogeneity of the population. Of 

note, patients on a long-term GFD prevailed. 

(4) The limited sample size risks β-type error, particularly in the comparison of sub-

groups by dietary adherence. 

(5) As per the current guidelines, we do not take follow-up biopsies routinely, so that the 

association between the mucosal status, reflecting the activity of the inflammation, 

and the outcomes was not studied.  

(6) The few pieces of missing data regarding the explanatory variables and the secondary 

outcomes limited the use of multivariate analysis.  

(7) We did not achieve a perfect match for each case due to the limited sample size of 

the control group; therefore, we matched within ranges of tolerance (for details, see 

subchapter 6.9). Ideally, propensity-matching by several co-variates would have 

made the study groups almost entirely similar by characteristics. However, doing so 
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requires approximately 2–3 times more control subjects than we had (surprisingly, 

we encountered enormous difficulties when aiming to recruit eligible control sub-

ject—free from acute and advanced chronic diseases—from the gastroenterology 

outpatient clinic). 

(8) The random forest model quantifies the relative but not the absolute effect of the 

predictors. We tried to build multivariate regression models for quantification of the 

independent effect of the variables; however, all proved to be unstable, probably due 

to the many explanatory variables. 

8.4 Generalizability of the findings 

The study population included relatively young—on average, 40 years of age at 

inclusion—CeD patients, with a strong female predominance. Likely due to the strict 

eligibility criteria, both CeD patients and control subjects had few and relatively mild 

comorbidities, including only two cases of prior arterial and venous thrombotic events. 

The majority of the study population was at low to moderate CV risk. Besides, 47 of 50 

CeD patients were on a GFD ≥1 year (with a median 5.5 years), which allowed time to 

recover from malabsorption and for the chronic inflammation to cool down. It is 

reasonable to assume, based on the literature data, that haemorheological alterations 

aggravate with ageing and due to the heavy burden of age- and lifestyle-related 

comorbidities, providing further ground for CV events to develop. Having in mind that 

the elderly diagnosis of CeD is becoming increasingly common, these alterations gain 

further attention. 
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9. Summary of novel findings and perspectives 

9.1 Summary of novel findings 

1. This study confirmed that ED at high shear stresses is impaired, whereas ED at 

low shear stresses, parameters describing EA, PV, WBV, fibrinogen and haem-

atocrit are not altered in CeD compared to control subjects (Fig 19). CeD is an 

independent predictor of ED in random forest analysis.  

2. This study confirmed that adherence to a GFD is, at least party, associated with 

haemorheological alterations in CeD. Although the impaired ED seems to be 

mainly independent of dietary adherence, poor dietary adherence is associated 

with prothrombotic alteration in parameters describing EA and WBV.  

3. This study did not confirm that the activity of natural anticoagulants is reduced in 

CeD patients compared to control subjects or in CeD patients with poor dietary 

adherence compared to those with good adherence. 

4. This study confirmed an elevated level of homocysteine, not influenced by dietary 

adherence, in CeD patients compared to control subjects.  

 

Fig 19. Summary of prothrombotic haemorheological changes among coeliac patients compared to 

control 
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9.2 Future perspectives 

Further studies are needed to 

1. verify our findings in a prospective cohort study recruiting cases immediately after 

diagnosis of CeD and repeating the measurements later during a GFD; 

2. explore the mechanisms leading to impaired ED and by which a GFD improves 

haemorheological profile in CeD; 

3. investigate the association between haemorheological parameters and CV events 

specifically in CeD; 

4. test if pharmacological and non-pharmacological interventions, such as anti-

oxidants, statins or lifestyle changes, can restore or improve ED in CeD.  
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13. Appendix 

Appendix 1. Comorbidities and regular medications of study participants 

Subject 

identifier 
Comorbid conditions Medications 

Coeliac patients 

HER001 Raynaud syndrome, sicca syndrome Pantoprazole 

HER002 Hypertension, hypothyroidism, 

hyperprolactinaemia, iron deficiency, 

metrorrhagia, infertility, Turner syndrome 

(mosaic), retrocelebellar cyst 

Iron replacement therapy, 

levothyroxine, carvedilol, 

bromocriptine, hesperidin-diosmin 

HER003 Hypertension, dermatitis herpetiformis Dapsone 

HER004 Bronchial asthma, allergy, osteopaenia Desloratadine, budesonide-

formoterol inhaler 

HER005 Hypertension None 

HER006 Dermatitis herpetiformis, infertility None 

HER008 Osteopaenia, infertility None 

HER012 Hypertension, sarcoidosis, glaucoma, 

seborrhoea capitis, dermatitis 

herpetiformis 

Telmisartan, norethisterone 

HER013 Hypertension, hypothyroidism, 

osteoporosis, dermatitis herpetiformis 

Perindopril, levothyroxine, zolpidem 

HER014 Bronchial asthma, benign prostate 

hyperplasia, type 2 diabetes mellitus 

Ciclesonide, tamsulosin, dutasteride 

HER015 Osteopaenia None 

HER016 Primary biliary cholangitis, osteoporosis Ursodeoxycholic acid, pantoprazole 

HER017 None None 

HER018 Strabism, hereditary hearing loss None 

HER019 Hypertension, anxiety, osteopaenia, 

hypothyroidism, allergic rhinitis 

Moxonidine, amlodipine, duloxetine, 

levothyroxine 

HER020 Thoracic outlet syndrome, endometriosis, 

preeclampsia 

Iron replacement therapy 

HER021 Oligoarthritis (atypical), alopecia areata, 

osteoporosis, corrected ventricular septal 

defect 

None 

HER022 Osteopaenia, dysmenorrhea None 

HER024 None None 

HER025 Hypertension, NAFLD Valsartan 

HER026 None None 

HER029 Anaemia, hyperthyroidism None 

HER031 Airway allergy, dysmenorrhea None 

HER032 None None 

HER033 GERD, dermatitis herpetiformis Omeprazole 

HER034 GERD Esomeprazole 

HER037 None None 

HER038 Hypertension, GERD, osteoporosis Lisinopril, famotidine 

HER039 Hypertension, osteoporosis Telmisartan, nebivolol 

HER040 None None 

HER041 Benign tumour of the spleen and the 

small bowel, osteoporosis 

Betahistine, alprazolam, vinpocetine, 

nicergoline, pantoprazole 
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Appendix 1 (continued) 

Subject 

identifier 
Comorbid conditions Medications 

HER042 Metal allergy None 

HER043 Food and pollen allergy None 

HER044 Sjögren’s syndrome, autoimmune 

hepatitis and primary biliary cholangitis 

overlap 

None 

HER045 Hypertension, osteopaenia Perindopril, naproxen, allopurinol 

HER046 Pollen allergy None 

HER047 Hypertension, dermatitis herpetiformis, 

acute myocardial infarction (old) 

Clonazepam, carvedilol, perindopril, 

indapamide, escitalopram, 

clopidogrel, mirtazapine, 

montelucast, formoterol-

beclomethasone inhaler 

HER048 None None 

HER050 None Nebivolol 

HER051 Bronchial asthma, lactose intolerance Budesonide-formoterol inhaler 

HER053 Hypertension, small-fibre neuropathy adjuvant analgesics (unknown) 

HER054 None None 

HER055 None None 

HER057 Psoriasis, lichen simplex, type 2 diabetes 

mellitus 

Insulin, iron replacement therapy 

HER058 None None 

HER059 None None 

HER060 None None 

HER061 Thyroid adenoma (post-stumectomy), 

cataract, benign prostate hyperplasia, type 

2 diabetes mellitus 

Alfuzosin, antidiabetic therapy 

(unknown) 

HER062 Hypertension Perindopril, amlodipine 

HER063 None Antihistamine (unknown) 

Control subjects 

HER201 GERD, infertility, cervix carcinoma 

(operated on it >5 years age, no relapse) 

Rabeprazole 

HER202 Hypertension, GERD Valsartan 

HER203 GERD None 

HER205 Hypertension Nebivolol 

HER206 Anxiety, GERD, small intestinal bacterial 

overgrowth (cured) 

Bisoprolol, duloxetine, alprazolam 

HER207 None None 

HER208 Graves’s disease Methotyrine 

HER209 Pollen allergy Desloratadine 

HER210 None None 

HER211 None None 

HER212 None None 

HER213 None None 
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Appendix 1 (continued) 

Subject 

identifier 
Comorbid conditions Medications 

HER214 Hypertension, bronchial asthma, chronic 

kidney disease (mild with nearly normal 

creatinine), age-related macula 

degeneration, benign prostate hyperplasia 

Allopurinol, atorvastatin, 

budesonide-formoterol inhaler, 

pantoprazole, perindopril 

HER215 Hypertension Bisoprolol, clopamide 

HER218 Migraine None 

HER219 GERD Lansoprazole 

HER220 None Bisoprolol 

HER221 Psoriasis None 

HER222 Hypertension, glaucoma, diverticulosis Valsartan 

HER223 Chronic pancreatitis, hypertension, 

Hashimoto-thyroiditis, bronchial asthma, 

rheumatoid arthritis, pulmonary embolism 

(old) 

Valsartan, hydrochlorothiazide, 

levothyroxine, allopurinol, 

budesonide-formoterol inhaler 

HER224 Hashimoto-thyroiditis, occlusive 

peripheral artery disease, hypertension, 

type 2 diabetes mellitus 

Famotidine, duloxetine, 

levothyroxine, irbesartan, bisoprolol, 

simvastatin, folic acid, alprazolam, 

insulin analogue antidiabetic drug 

(unknown) 

HER225 Hypertension, preeclampsia Nebivolol, perindopril 

HER226 Adenomatous colon polyp, hypertension, 

type 2 diabetes mellitus 

Bisoprolol, rosuvastatin, tioctanic 

acid, pantoprazole, telmisartan 

HER228 None None 

HER230 Lactose intolerance None 

HER232 Wilson’s disease Penicillamine 

HER233 Bronchial asthma, hypertension, type 2 

diabetes mellitus 

Metformin, montelucast, ciclesonid 

inhaler, ramipril, amlodipine, 

nebivolol 

HER234 None None 

HER239 Cryptogenic cirrhosis (Child A) None 

HER240 None None 

HER241 None None 

HER242 Hypertension None 

HER244 NAFLD None 

HER245 None None 

HER246 Airway allergy None 

HER247 None None 

HER248 Hypertension Losartan 

HER249 None None 

HER250 None None 

HER253 Hashimoto-thyroiditis Levothyroxine 

HER254 Allergic rhinitis Desloratadine 

HER255 Psoriasis, lactose intolerance None 

HER257 None None 

HER258 None None 
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Appendix 1 (continued) 

Subject 

identifier 
Comorbid conditions Medications 

HER260 Depression, migraine, goitre (non-

functioning), GERD 

Alprazolam, sertraline, desloratadine, 

iron replacement therapy 

HER262 Acne vulgaris None 

HER264 Lactose intolerance, airway allergy None 

HER270 None None 

HER272 None None 

HER273 None None 

The subject identifiers were given before screening for eligibility; therefore, they are not necessarily 

consecutive. GERD: gastro-oesophageal reflux disease; NAFLD: non-alcoholic fatty liver disease. 

  



86 

 

Appendix 2. Assessment of symptoms per the Gastrointestinal Symptoms Rating Scale 

 Coeliac group 

(n=50) 

Control group 

(n=50) 
p-value 

Overall score 1.63; 1.50 [1.00–3.13] 1.69; 1.40 [1.00–4.27] 0.790 

Items 

Pain or discomfort in 

the upper abdomen 
1.30; 1.00 [1.00–5.00] 1.46; 1.00 [1.00–5.00] 0.411 

Heartburn 1.54; 1.00 [1.00–7.00] 1.82; 1.00 [1.00–5.00] 0.041 

Acid reflux 1.34; 1.00 [1.00–5.00] 1.74; 1.00 [1.00–6.00] 0.094 

Hunger pains 1.88; 1.00 [1.00–6.00] 1.70; 1.00 [1.00–6.00] 0.322 

Nausea 1.44; 1.00 [1.00–7.00] 1.56; 1.00 [1.00–7.00] 0.935 

Rumbling 1.68; 1.00 [1.00–5.00] 1.92; 1.00 [1.00–5.00] 0.361 

Bloating 2.28; 1.50 [1.00–6.00] 2.18; 1.00 [1.00–6.00] 0.743 

Burping 1.30; 1.00 [1.00–6.00] 1.28; 1.00 [1.00–5.00] 0.582 

Flatulence 1.52; 1.00 [1.00–5.00] 1.76; 1.00 [1.00–6.00] 0.540 

Constipation 1.80; 1.00 [1.00–7.00] 1.70; 1.00 [1.00–6.00] 0.759 

Diarrhea 1.48; 1.00 [1.00–6.00] 1.58; 1.00 [1.00–6.00] 0.729 

Loose stools 2.06; 1.00 [1.00–7.00] 1.84; 1.00 [1.00–6.00] 0.383 

Hard stools 2.02; 1.00 [1.00–7.00] 1.80; 1.00 [1.00–5.00] 1.000 

Urgent need to have a 

bowel movement 
1.32; 1.00 [1.00–5.00] 1.44; 1.00 [1.00–5.00] 0.885 

Sensation of not 

completely emptying 

the bowels 

1.50; 1.00 [1.00–5.00] 1.58; 1.00 [1.00–6.00] 0.429 

Boldface type indicates a statistically significant difference. Values are given in mean; median [min–max] 

format. P-values were generated with the Mann-Whitney test.
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Appendix 3. Important predictors of erythrocyte deformability 

 

 

Panels A, B, C, D and E show the elongation indices at 3, 1.69, 0.95, 0.53 and 0.3 Pa, respectively. The figures were generated with random forest analysis. We added 34 co-

variates to the model, but only the important predictors of the outcome are shown. The relative importance is proportional to the height of the bars. The number of participants 

is 97 in the analysis. CeD: coeliac disease; HDL: high-density lipoprotein; INR: international normalized ratio; MCH: mean corpuscular haemoglobin; MCHC mean corpuscular 

haemoglobin concentration; MCV mean corpuscular volume; RBC: red blood cell. The figure is the author’s own work. 
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Appendix 3 (continued). Important predictors of erythrocyte deformability 

 

Panels F, G and H show the aggregation index (%), aggregation half-time (sec) and threshold shear rate (1/sec), respectively. The figures were generated with random forest 

analysis. We added 34 co-variates to the model, but only the important predictors of the outcome are shown. The relative importance is proportional to the height of the bars. 

The number of participants is 97 in the analysis. CeD: coeliac disease; HDL: high-density lipoprotein; INR: international normalized ratio; MCH: mean corpuscular 

haemoglobin; MCHC mean corpuscular haemoglobin concentration; MCV mean corpuscular volume; RBC: red blood cell. The figure is the author’s own work. 
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Appendix 3 (continued). Important predictors of erythrocyte deformability 

 

Panel I and H show the whole blood viscosity and plasma viscosity, respectively. The figures were generated with random forest analysis. We added 34 co-variates to the model, 

but only the important predictors of the outcome are shown. The relative importance is proportional to the height of the bars. The number of participants is 97 in the analysis. 

CeD: coeliac disease, HDL: high-density lipoprotein, INR: international normalized ratio, LDL: low-density lipoprotein, MCH: mean corpuscular haemoglobin, MCHC mean 

corpuscular haemoglobin concentration; MCV mean corpuscular volume, RBC: red blood cell. 
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Appendix 4. Model for the association of erythrocyte aggregation, whole blood 

viscosity and plasma viscosity with dietary adherence 

 

A, D and G: coeliac-specific serology and erythrocyte aggregation, whole blood viscosity and plasma 

viscosity, respectively. B, E and H: dietary review through interview and erythrocyte aggregation, whole 

blood viscosity and plasma viscosity, respectively. C, F and I: urine-GIP detection and erythrocyte 

aggregation, whole blood viscosity and plasma viscosity, respectively. P-values were adjusted for 

multiplicity. Green solid lines indicate p<0.05 at 3–5 shear stresses favouring the group at the arrow tip. 

Yellow dashed lines indicate no significant difference between groups. CeD: coeliac disease, GIP: gluten 

immunogenic peptide. The figure is the author’s own work. 
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comparisons with urine GIP2 CeD patients and control subjects). All parameters describing erythrocyte

aggregation and whole blood viscosity were shifted toward a prothrombotic direction in patients with CeD

with poor dietary adherence compared with those with good dietary adherence. Plasma viscosity and

activity of natural anticoagulants did not differ across groups.

DISCUSSION: We observed diet-dependent and diet-independent prothrombotic hemorheological alterations in CeD, which
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INTRODUCTION
Celiac disease (CeD) is a chronic, immune-mediated disorder,
which develops on gluten exposure in genetically susceptible in-
dividuals (1). CeD affects about 1% of the population; neverthe-
less, its prevalence is still increasing (2).

The disease carries the risk of severe complications including
but not restricted to nutritional deficiencies, metabolic bone
disease, and malignant tumors (1). Besides, cardiovascular
(CV) comorbidities should be highlighted. A meta-analysis
(2012) of population-based studies suggested an increased 1.19-
fold risk of CV-related deaths for patients with CeD (3), con-
firmed by a recent (2020) population-based Swedish cohort
study (4). The increased CV risk can be explained with several
pathophysiological mechanisms. Prothrombotic alterations
include malabsorption (vitamin K deficiency with subsequent
protein C and protein S deficiency, or vitamin B12/B9 deficiency
with subsequent hyperhomocysteinemia), thrombophilic anti-
bodies, accelerated atherosclerosis, endothelial and platelet
dysfunction, comorbid conditions (e.g., antiphospholipid syn-
drome), subclinical chronic inflammation, and genetics (5,6).
Energy density and nutrient composition of gluten-free diet
(GFD) often deviate from the optimal (7–10), raising concerns
about a variety of modifiable CV risk factors to change un-
favorably (11).

Besides the factors mentioned above, the hemorheological profile
should be taken into account when potential prothrombotic alter-
ations are investigated. Hemorheology (in other words, blood rhe-
ology) is the studyof theflowproperties of the blood and its elements.
Hemorheological indicators, such as hematocrit (HTC), whole blood
viscosity (WBV), plasma viscosity (PV), erythrocyte deformability
(ED), and erythrocyte aggregation (EA), play fundamental roles in

themaintenance ofmicrocirculation (12–14). Besides, partly through
increased endothelial shear stress (15), an altered hemorheological
profile has long been known to be an essential determinant of
thrombogenesis (16,17) and was reported in various immune-
mediated diseases including systemic lupus erythematosus (18,19)
and rheumatoid arthritis (19,20). Hemorheological indicators are
extensively studied in inflammatory bowel disease; reports indicated
(sometimes, activity dependent) alterations of ED, EA, fibrinogen,
and PV in both Crohn’s disease and ulcerative colitis (21–27). Nev-
ertheless, little (or ratherno) attentionhasbeenpaid tohemorheology
in CeD. Similarly, natural anticoagulants (protein C, protein S, and
antithrombin), the physiological inhibitors of the coagulation cas-
cade, and thrombogenesis were never investigated in patients with
CeD in a comparative study.

Our aim was the comprehensive evaluation of hemorheo-
logical and natural anticoagulant profiles of patients with CeD
with particular focus on the effects of dietary adherence to explore
alterations which can contribute to the elevated CV risk.

METHODS
The study was approved by the Regional and Local Research
Ethics Committee (University of Pécs, Pécs, Hungary; Ref No.
6917) and registered in the ISRCTN Registry under registration
number ISRCTN49677481. Full technical details of the protocol
are published elsewhere (28). This report follows the STROBE
Statement (29).

Design, setting, and eligibility

Our study is a single-center observational study with a case-
control design. Adults (aged $18 years) were recruited consec-
utively from the gastroenterology outpatient clinic of our

Table 1. Hemorheology-related terms and measurements

Parameter (abbreviation) Measurement (abbreviation or symbol, unit) Definition

Unfavorable

alterationa

Erythrocyte deformability (ED) Elongation index (EI, no unit) Change in the shape of red blood cells at high (from EI30Pa
to EI3Pa in this study) and low shear stresses (from EI3Pa to

EI0.3Pa in this study) (shown in Figure 1 inlet)

↓

Erythrocyte aggregation (EA) Aggregation index (AI, %) Integral in the change of light intensity 10 s after

disaggregation

↑

Aggregation half-time (t1/2, s) The time required for achieving half of the maximal

aggregation after disaggregation

↓

Threshold shear rate (g, s-1) Lowest shear that can maintain complete disaggregation ↑

Viscosity Whole blood viscosity (WBV, mPa·s) An intrinsic property of fluid related to the internal friction of

adjacent fluid layers sliding past one another (i.e., the

measure of a fluid’s resistance

↑

Plasma viscosity (PV, mPa·s) ↑

aRegarding thrombus formation. AI, t1/2, and gwere measured with Laser-assisted Optical Rotational Cell Analyzer (LORCA; R&RMechatronics, Hoorn, the Netherlands),
EI was measured with laser-diffraction ektacytometry with a LORCA, and WBV and PV were measured with Brookfield DV-III Ultra LV Programmable rotational viscometer
(Brookfield Engineering Labs, Middleboro, MA) at mid-shear (90 s21).
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academic hospital between June 2017 and May 2018. Cases were
patients with biopsy-confirmed CeD diagnosed according to the
current guidelines (30,31). Control subjects were individuals in
whom CeD was excluded by the treating gastroenterologist spe-
cialist (30,31). Exclusion criteria from the study are detailed in the
prestudy protocol (28).

Outcomes

Outcomes included hemorheological parameters (describing
HTC, WBV, PV, fibrinogen, ED, and EA) and the activity of
natural anticoagulants (antithrombin, protein C, and protein S).

Flow and timing

Potential participants with a definitive diagnosis were screened
for eligibility by a gastroenterologist specialist. If consented to
participate, detailed medical history was obtained, and medical
files were revised; then, the questionnaires were administered by
the same person. The visit ended with a dietary interview, fol-
lowed by blood and urine collection in our central laboratory unit.

Questionnaires, laboratory measurements, and dietary interview

We used a thrombophilia questionnaire to assess arterial and
venous thrombotic risk factors (for the items of the questionnaire,
see SupplementaryDigital Content 1, http://links.lww.com/CTG/
A418) and the Gastrointestinal Symptom Rating Scale to assess
the severity of gastrointestinal symptoms (32).

Laboratory tests were performed from venous blood as de-
tailed in the prestudy protocol (28). Hemorheology-related terms
and measurements are detailed in Table 1. We adhered to the
guidelines proposed by the International Expert Panel for Stan-
dardization of Hemorheological Methods during the tests (33).

Urine gluten immunogenic peptides (urine GIPs) were mea-
sured by a point-of-care test according to the test’s user guide
(iVYCHECK GIP Urine, Biomedal, Spain).

In patients with CeD, dietary adherence was estimated
through a dietary interview conducted by an accredited dietitian
who judged adherence on a visual analog scale between 1 (regular
gluten-containing diet) and 10 (perfect GFD). The same person
ensured that control subjects did not follow a GFD.

Subgroup analysis

PatientswithCeDwere divided byCeD-specific serology (based on
tissue transglutaminase antibody [tTG]-IgA/IgG and endomysial
antibody [EMA] IgA/IgG levels with the cutoff from the test’s user
guide), by estimated dietary adherence based on dietary interview
(scores,8 points were chosen to indicate poor dietary adherence),
and by the results of urine GIP measurement (interpreted
according to the test’s user guide). CeD-specific serology rather
reflects the intensity of the ongoing immune response and is sen-
sitive to detect major dietary transgressions, whereas urine GIP
positivity rather reflects gluten intake of the past 2–3 days (34).

Sample size and data analysis

Because hemorheological indicators were never determined in
CeD, we planned to recruit 100 age- and sex-matched partici-
pants (1:1 ratio) in the first phase to determine further target
numbers for the second phase (28). Completing thefirst phase, we
realized that to reach the level of significance for the observed
mean differences between patients with CeD and control subjects
ata5 0.05 andb5 0.80, we should recruit an unfeasible number
of subjects (.1,000 patients for EA indicators, 247 patients for

PV, and 289 patients for WBV per group), so that we decided to
stop the study for futility.

After matching by age (65 years tolerance) and sex (610%
tolerance), descriptive statistics were performed. Categorical vari-
ables were given in proportions (% of total). Continuous variables
were given with central tendencies (mean and/or median) and
measure of dispersion (SD, quartiles, and/or range) based on dis-
tribution determined by the visual inspection of Q-Q plots. Loga-
rithmic transformation was applied to normalize the distribution
in the caseof t1/2,g,WBV,PV, antithrombin, andprotein S activity.

In univariate analysis, we used theWelch,Mann-Whitney, x2, and
Fisher tests; one-wayANOVA (with the Tukey post hoc test), Kruskal-
Wallis test (with the Mann-Whitney post hoc test) and Bonferonni
correction (where appropriate)). In multivariate analysis, we used the
randomforestmethod todetermineandgraphicallydisplay the relative
importance of each predictor. During prediction, 100 random forests
with 500 trees in eachwere grown using conditional inferencemethod
to avoid bias toward dependent predictors and overfitting (35).

The calculations were performedwith IBMSPSS forWindows
(version 25.0 statistical software package; Armonk, NY: IBM
Corp.) and R statistical language (version 3.6, party statistical
software package; R Core Team, Vienna, Austria).

Table 2. Clinical characteristics of the study population

Celiac group

(n5 50)

Control group

(n5 50)

Age (mean; median [min–max], yr) 40.0; 40.0

[18.0–75.0]

40.4; 41.0

[19.0–74.0]

Females (n, %) 33 (66.0) 37 (74.0)

Venous thrombotic event in the

history (n, %)

0 (0.0) 1 (2.0)

Arterial thrombotic event in the

history (n, %)

1 (2.0) 0 (0.0)

Thrombotic events in first-degree

relatives (n, %)

14 (28.0) 12 (24.0)

Current smoker (n, %) 9 (18.0) 6 (12.0)

Alcohol consumption

($7 units/wk) (n, %)

3 (6.0) 4 (8.0)

Chronic alcohol abuse (n, %) 3 (6.0) 2 (4.0)

Body mass index (mean; median

[min–max], kg/m2)

23.6; 23.0

[16.4–40.5]

24.1; 23.7

[18.0–39.2]

Hypertension (n, %) 13 (26.0) 12 (24.0)

Peripheral arterial disease (n, %) 0 (0.0) 1 (2.0)

Type 2 diabetes mellitus (n, %) 3 (6.0) 3 (6.0)

Lower limb varicose veins (n, %) 14 (28.0) 11 (22.0)

Surgery (#1 yr) (n, %) 7 (14.0) 7 (14.0)

Immobilization (#14 d) (n, %) 1 (2.0) 0 (0.0)

Travel by plane, bus, or car ($6 hr

continuously; #14 d) (n, %)

3 (6.0) 5 (10.0)

Oral contraceptives (n, % of

females)

8 (24.2) 10 (27.0)

Statistical comparison was not performed if the event number was #1 for
categorical variables, P$ 0.05 for all comparisons otherwise.
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Table 3. Biochemical characteristics of the study population

Celiac group

(n 5 50)

Control group

(n 5 50) P value

Total cholesterol (mmol/L) 4.55; 4.45 (2.70–6.60) 5.32; 5.05 (3.20–9.30) 0.001

HDL cholesterol (mmol/L) 1.43; 1.39 (0.65–2.97) 1.70; 1.63 (0.77–3.09) 0.006

LDL cholesterol

(mmol/L)

2.98; 3.02 (1.13–4.97) 3.50; 3.30 (0.45–7.85) 0.015

Non–HDL cholesterol

(mmol/L)

3.14; 3.14 (1.13–5.27) 3.61; 3.42 (1.98–7.67) 0.032

Triglyceride (mmol/L) 1.47; 1.31 (0.46–3.74) 1.69; 1.32 (0.60–7.18) 0.456a

Creatinine (umol/L) 71.6; 68.5 (39.0–110.0) 72.8; 68.5 (49.0–105.0) 0.668

Carbamide (mmol/L) 4.2; 4.1 (2.2–7.3) 4.5; 4.3 (2.2–7.9) 0.257

Total bilirubin (umol/L) 8.1; 7.9 (2.7–20.0) 9.5; 8.1 (2.1–24.5) 0.120a

AST (U/L) 25.6; 19.0 (10.0–200.0) 22.0; 20.0 (10.0–89.0) 0.806a

ALT (U/L) 24.1; 18.0 (9.0–158.0) 21.7; 18.0 (8.0–60.0) 0.901a

ALP (U/L) 74.3; 68.0 (36.0–269.0) 67.9; 67.5 (35.0–108.0) 0.696a

g-GT (U/L) 23.1; 16.0 (10.0–94.0) 26.1; 16.0 (7.0–210.0) 0.825a

Total protein (g/L)b 74.5; 74.7 (62.4–93.0) 75.3; 74.7 (67.7–85.2) 0.445

Albumin (g/L) 48.2; 47.8 (37.8–56.6) 49.2; 49.1 (43.9–57.8) 0.182

Ultrasensitive CRP (mg/L) 3.4; 1.8 (0.0–23.5) 2.3; 1.4 (0.0–10.1) 0.342a

ESR (mm/hr) 9.0; 4.0 (1.0–46.0) 6.1; 5.0 (1.0–27.0) 0.808a

Prothrombin time (s) 11.4; 11.3 (9.6–14.0) 11.2; 11.2 (9.8–13.2) 0.252

Thrombin time (s) 14.5; 14.6 (12.6–16.9) 14.3; 14.2 (12.0–17.4) 0.213

APTI (s) 28.6; 28.3 (23.3–36.1) 30.1; 28.7 (19.0–72.9) 0.176

INR 0.99; 0.98 (0.84–1.23) 0.98; 0.97 (0.86–1.09) 0.460

White blood cells (G/L) 7.3; 6.8 (3.7–16.2) 6.7; 6.4 (4.1–12.4) 0.165

Neutrophil granulocytes (%) 59; 59 (41–83) 58; 58 (43–74) 0.353

Neutrophil

granulocytes (G/L)

4.4; 4.2 (1.7–13.4) 3.9; 3.6 (1.8–9.2) 0.134

Lymphocytes (%) 30; 29 (9–45) 32; 33 (16–47) 0.171

Lymphocytes (G/L) 2.1; 2.0 (1.2–4.2) 2.1; 2.1 (1.1–3.9) 0.947

Monocytes (%) 7.3; 7.0 (2.6–11.5) 7.4; 7.4 (4.2–10.7) 0.773

Monocytes (G/L) 0.52; 0.48 (0.15–1.14) 0.50; 0.47 (0.18–0.99) 0.469

Eosinophil

granulocytes (%)

2.5; 2.0 (0.3–8.5) 1.8; 1.5 (0.0–7.8) 0.023

Eosinophil

granulocytes (G/L)

0.18; 0.14 (0.01–0.60) 0.11; 0.10 (0.00–0.47) 0.003

Basophil

granulocytes (%)

0.77; 0.60 (0.30–4.00) 0.70; 0.70 (0.20–1.90) 0.487

Basophil

granulocytes (G/L)

0.05; 0.04 (0.02–0.15) 0.05; 0.04 (0.01–0.09) 0.659

Red blood cells (T/L) 4.8; 4.8 (3.8–5.8) 4.9; 4.8 (3.9–5.8) 0.441

Hemoglobin (g/L) 140; 138 (99–169) 144; 142 (115–176) 0.149

MCV (fL) 84.8; 84.8 (65.6–97.6) 85.3; 85.3 (70.3–94.8) 0.603

MCH (pg) 29.0; 29.4 (20.3–32.8) 29.5; 29.7 (22.9–33.4) 0.252

MCHC (g/L) 343; 343 (309–361) 346; 346 (321–364) 0.118
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RESULTS

Characteristics of the study population

A total of 162 consecutive potential participants were screened for
eligibility, 126 of which were included in the study (for flowchart,
see Supplementary Digital Content 2, http://links.lww.com/CTG/
A419). After matching patients by age and sex (1:1, n 5 100),
groups were similar in baseline characteristics except for choles-
terol profile, eosinophil cell count, and red blood cell distribution
width (Tables 2 and 3). For comorbid conditions and medications

of the study participants, see Supplementary Digital Content 3,
http://links.lww.com/CTG/A420.

Patients with CeD were, on average, aged 31.9 years (range
0–73 years) at diagnosis. Three patients had not started GFD at
the time of the study, and all the others were $1 year on GFD
(median 5.5 years, range: 0.0–36.0 years). At the time of the
study, 6 patients (12% of the total) tested positive for urine GIP,
10 patients (20% of the total) scored ,8 points on the dietary
interview (with median 9 points), and 14 patients (28% of the
total) tested positive for tTG or EMA. Patients with CeD rated a

Table 3. (continued)

Celiac group

(n5 50)

Control group

(n5 50) P value

RDW (%CV) 13.3; 12.6 (11.8–19.8) 12.6; 12.6 (11.0–14.5) 0.022

Platelets (G/L) 297; 283 (179–601) 282; 277 (126–432) 0.309

Homocysteine (mmol/L) 9.0; 8.3 (5.1–13.7) 8.7; 7.7 (4.4–42.9) 0.040a

Vitamin B12 (ng/L) 450; 450 (156–785) 396; 424 (192–613) 0.076a

Boldface type indicates a statistically significant difference between the groups.
aValues were generated with the Mann-Whitney test; all the other values were generated with the Welch test.
bBased on protein electrophoresis, paraproteins were not present.
Values are given in the following format: mean; median [min–max]. Missing data due to unsuccessful measurement(s): blood counts – 1 patient with CeD, erythrocyte
sedimentation rate – 2 patients with CeD, coagulatory parameters – 1 patient with CeD and 1 control subject; vitamin B12 level – 3 patients with CeD and 7 control subjects.
g-GT, gamma-glutamyl transferase; ALP, alkaline phosphatase; ALT, alanine aminotransferase; APTI, activated partial thromboplastin time; AST, aspartate
aminotransferase; CeD, celiac disease; CRP, C-reactive protein; CV, cardiovascular; ESR, erythrocyte sedimentation rate; HDL, high-density lipoprotein; INR, international
normalized ratio; LDL, low-density lipoprotein; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; MCV, mean corpuscular
volume; RDW, red cell distribution width.

Figure 1. Erythrocyte deformability at different shears (ektacytogram) in patients with celiac disease and control subjects. The horizontal axis indicates the
different shears from0.3 to30Pa; the vertical axis shows the elongation index (EI, calculatedbasedon the equationpresented in the inlet).Measurements of
EI were performed with LORCA. P values , 0.05 are highlighted with bold, and were generated with the Mann-Whitney test. Inlet: model for erythrocyte
deformation at different shears describing the transition frombiconcave to ellipsoid shape. In the equation, A andB represent the long and short axes of the
cells, respectively, as indicated with blue arrows in the figure. EI, elongation index (no. of patients5 100).
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median of 1.50 points on the Gastrointestinal Symptom Rating
Scale.

Control subjects attended a regular checkup (n5 18), were
admitted for investigation (n 5 16) or mandatory occupa-
tional health assessment (n 5 16). None of them followed a
GFD, and all tested negative for both tTG and EMA.

Hemorheological parameters in patients with celiac disease vs

control subjects

Patients with CeD had impaired ED at high shears compared
with controls (P, 0.05 for the comparisons at 5 shears from 3 to
30 Pa; Figure 1), whereas we observed no significant difference
in markers of EA,WBV, PV, and fibrinogen between the groups
(for table, see Supplementary Digital Content 4, http://links.
lww.com/CTG/A421, which describes the results of compari-
sons). After correction for 34 clinical and biochemical variables
(including CeD vs control status), random forest analysis in-
dicated that CeD is an important determinant of ED at high
shears from 5.33 to 30 Pa (Figure 2), unlike at lower shears or
regarding EA, HTC, WBV, and PV (for figure, see Supple-
mentary Digital Content 5, http://links.lww.com/CTG/A422,
which displays the results of random forest analysis). The most
important predictors of hemorheological parameters over-
lapped those known from the literature, ensuring the validity of
random forest analysis.

Association of dietary adherence and serological findings with

hemorheological parameters

Supplementary Digital Content 6 (http://links.lww.com/CTG/
A423) summarizes raw data and statistics on findings on sero-
logical assessment, dietary interview, and urine GIP detection.

ED at high shears seemed to be impaired both in patients
with CeD who were seropositive and seronegative (Figure 3a)
and both in patients with CeD with poor and good dietary

adherence (Figure 3B) compared with control subjects. How-
ever, ED at high shears did not differ significantly between se-
ropositive and seronegative patients with CeD (Figure 3a),
whereas those with good adherence had better ED only at
EI30pa compared with those with poor adherence (which was
not supported by the results of urine GIP measurement)
(Figure 3b,c). These suggest that the impairment in ED at high
shears is independent of the EMA/tTG-mediated immune
response and only partly dependent on dietary adherence
(favoring a better GFD). Interestingly, ED at low shears did
not differ across groups irrespective of findings on serologi-
cal assessment and dietician-reported dietary adherence
(Figure 3d,e). Opposingly, urine GIP1 CeD patients had sig-
nificantly impaired ED compared with urine GIP2 CeD pa-
tients and control subjects (Figure 3f) without a difference
between urine GIP2 CeD patients and control subjects. These
results suggest that ED at low shears may not be influenced by
EMA/tTG-mediated immune response but may be influenced
by other effects of gluten or related proinflammatory reaction.

EA seemed to be significantly impaired in patients with CeD
with poor adherence compared with those with good adherence
and control subjects (Figure 4). The association applies to AI, t1/2,
and g consistently (adjusted P values,0.01 for all; for figure, see
Supplementary Digital Content 7, http://links.lww.com/CTG/
A424), suggesting prothrombotic alterations in patientswithCeD
with poor adherence. However, seropositive patients did not
differ from seronegative ones so that EMA/tTG-mediated im-
mune response is unlikely explaining the results.

AlthoughWBV seemed to be lower in patients with CeD with
good adherence compared with patients with CeD with poor
adherence, none of the groups differed significantly from control
subjects. HTC, WBV, and PV did not seem to be different sub-
stantially across the groups. For figures, see Supplementary
Digital Content 7, http://links.lww.com/CTG/A424.

Figure 2. Important predictors of erythrocyte deformability representedby the elongation index at different shears. Panel A: 30Pa; panel B: 16.87Pa; panel
C: 9.49 Pa; and panel D: 5.33 Pa. Celiac disease is highlighted with bold. The figure was generated with random forest analysis. We imputed 34 covariates,
but only thoseabove0aredisplayedbecause these shouldbeconsidered important predictors of the outcome. The relative importance is proportional to the
height of the bars. MCH,mean corpuscular hemoglobin; MCHC,mean corpuscular hemoglobin concentration; MCV, mean corpuscular volume; RBC, red
blood cell (no. of patients5 97).
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Szakács et al.6

http://links.lww.com/CTG/A421
http://links.lww.com/CTG/A421
http://links.lww.com/CTG/A422
http://links.lww.com/CTG/A423
http://links.lww.com/CTG/A423
http://links.lww.com/CTG/A424
http://links.lww.com/CTG/A424
http://links.lww.com/CTG/A424
http://www.clintranslgastro.com


Natural anticoagulants

Measuring the endogenous anticoagulants, we observed no dif-
ference in protein C, protein S, and antithrombin activity between
theCeD and control groups (Table 4), while CeDproved not to be
an important predictor in random forest analysis. Dividing pa-
tients by findings on serological assessment, dietician-reported
dietary adherence, or by results of urine GIP measurement did
not reveal any difference across the groups.

DISCUSSION
We identified impaired ED in CeD, which proved to be in-
dependent of findings on serological assessment and dependent,
though only partly, on dietary adherence. Also, we found pro-
thrombotic alterations in markers describing EA (AI, t1/2, and g),
especially in patients with poor dietary adherence. In addition, we
observed lower WBV in patients with CeD with good dietary ad-
herence compared with those with poor adherence. These findings
contribute to the understanding of themechanismof increasedCV
risk in CeD despite the absence of traditional risk factors: those
with CeD have a lower body mass index, less smoking, lower di-
astolic blood pressure, and a lower level of cholesterol (36,37).

EDathigh shears (3–30Pa) rathermodels thepressure in the small
arteries and arterioles, whereas ED at low shears (0.3–3 Pa) rather
models that in themicrocirculation. Rigid red blood cells (RBCs)may
increase total peripheral resistance and require a higher pressure
gradient to squeeze through capillaries. ED is determined mainly by

membrane fluidity and cytoplasmatic viscosity, but extracorpuscular
factors, such as splenic function or mechanical stress in the narrow
capillaries, may have an irreversible impact on RBCs’ membrane
(14,38). A potential explanation for the impaired ED inCeDmight be
functional hyposplenism (affecting 16–77% of patients with CeD)
when rigid RBCs are no longer removed from the circulation (39,40).
Another option may be increased intracellular oxidative stress and
reduced nitric oxide production (41). ED might be influenced by
comorbidities and lifestyle factors as well (38), however, matching
balancedmajor covariates between the groups. Of note, patients with
CeD had lower total and low-density lipoprotein cholesterol levels in
our study and previous research (37). Membrane cholesterol content
is known to correlatewithED inversely (i.e., the higher the cholesterol,
themore rigid theRBCs are) (42). Surprisingly, patientswithCeDhad
impaired EDdespite the lower cholesterol level (which is the so-called
opposing bias supporting a cause-effect relationship), implying that
from a hemorheological aspect, a lower cholesterol level should be
considered optimal in CeD. This highlights the need for optimization
of calorie density and suboptimal lipid profile of GFD.

Reports showed that an impaired ED is often found with CV
diseases (43–45). In our study, at high shears, ED was impaired
compared with control irrespective of seropositivity or dietary
adherence, whereas patients with good dietician-reported adher-
ence had better ED only at 30 Pa compared with those with poor
dietary adherence (based on the dietary interview). This suggests
that the impairment is independent on EMA/tTG-mediated

Figure 3. Association of erythrocyte deformability with the CeD-specific serology, adherence based on dietary interview, and urine GIP measurement.
Erythrocyte deformability is represented by the elongation index. Panels A and D: serology (based on EMA-IgA/G and tTG-IgA/G) and erythrocyte
deformability at low and high shears, respectively. Panels B and E: adherence estimated through dietary interview and erythrocyte deformability at low and
high shears, respectively. Panels C and F: adherence estimated through urine GIP detection and erythrocyte deformability at low and high shears,
respectively.P values were adjusted formultiplicity. Green solid lines representP, 0.05 at 3–5 shears favoring the group at the arrow tip. Blue dashed lines
represent P , 0.05 at 1 shear favoring the group at the arrow tip. Yellow dashed lines represent no significant difference between groups. CeD, celiac
disease; EI, elongation index; EMA, endomysial antibody; GIP, gluten immunogenic peptide; tTG, tissue transglutaminase antibody (no. of patients5 100).
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immune reactions and only loosely dependent on gluten intake.
Interestingly, GIP1 CeD patients, compared with GIP2 CeD
patients, had impaired ED at low shears, whereas we did not ob-
serve any difference across the groups if the patients were divided

by findings on serological assessment or by the results of dietary
interview. Theoretically, gluten, alone or via the activation of an
immune response, may cause endothelial damage/activation via
oxidative stress or other mechanisms (41,46,47), which can

Figure 4.Association of erythrocyte aggregation with dietician-reported dietary adherence. Panel A: aggregation index across groups. Panel B: aggregation
half-timeacross groups.PanelC: threshold shear rate across groups.P valueswere generatedafter logarithmic transformation of thedata andwere adjusted
for multiplicity in the analysis. AI, aggregation index (no. of patients5 100); CeD, celiac disease.
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contribute to the mechanical damage of RBCs when passing
through capillaries. In addition, altered endothelium-RBC-platelet
interactions can facilitate thrombus formation. The associations
about the impaired ED were established in a relatively young
population. Considering age- and comorbidity-related changes
(e.g., the metabolic syndrome, often seen in patients with CeD on
GFDnowadays), further impairment of ED is expected with aging,
contributing to the increased CV risk. This warns us of the im-
portance of prevention and treatment of conditions associatedwith
higher CV risk, such as the metabolic syndrome, in CeD. Never-
theless, low-grade (often conflicting) evidence fromhuman clinical
trials suggests that physical exercise (48), cholesterol-lowering
drugs (42,49), fish oil (50), or polyphenols (51,52) can favorably
change ED. Besides, encouragement of patients with CeD to
commit to a healthy lifestyle (e.g., quitting smoking and main-
taining optimal body weight) should become an organic part of
counseling at regular follow-up visits.

In line with ED, EA is essential to maintain normal microcir-
culation and thrombus formation. EA is mainly determined by
plasmatic (fibrinogen and other proteins) and cellular factors (e.g.,
membrane proteins) (12). Patients with CeD with poor dietary
adherence showed prothrombotic alteration, but it seems that pa-
tients with CeD can restore normal EA with a strict GFD. Because
GIPs, the derivatives of gliadin, are the triggers of the prothrombotic
immune response in CeD, dietary transgressions might lead to a
release in inflammatory proteins, known to affect EA (53). Because
seropositivity does not seem to affect EA, this reaction may be
independent of the EMA/tTG-mediated immune response. The
prothrombotic changes in EA may be manifested in an increased
WBV in patients with CeD with poor dietary adherence compared
with those with good dietary adherence (based on the dietary in-
terview). At the same time, HTC and fibrinogen, as important de-
terminants ofWBV,were similar across groups. Importantly,WBV
was implicated to be associated with CV-related mortality (13).

The role of natural anticoagulants in thrombus formation is
beyond dispute (54). Although we observed a lower activity of
protein C and protein S compared with control subjects, the
difference did not attain statistical significance, nor in subgroup
analyses by serological assessment or dietician-reported dietary
adherence. Interestingly, lupus anticoagulant was confirmed
positive in 6 patients with CeD and 7 control subjects, and only
sporadic cases were positive for antibodies against b2-
glycoprotein, prothrombin, and cardiolipin, not supporting
the theory about thrombophilic autoantibodies in CeD (6).

Strengths of the study include its novelty: to our best knowl-
edge, no comparative study has assessed the hemorheological and

natural anticoagulant profile of patients with CeD. In addition,
the rigorous, standard methodology and comprehensive anal-
ysis should be mentioned. Our multimodal approach of dietary
adherence included a dietary interview, celiac-specific serology,
andmeasurement of urine GIP. Nevertheless, wemust mention
several limitations of the evidence. Prospective cohort studies
recording the changes from diagnosis until follow-up visit
provide better evidence of a cause-effect relationship. Per the
recent guidelines, we do not perform follow-up biopsy rou-
tinely, and, consequently, we were unable to test the associa-
tions between intestinal histology and test results. However,
mucosal changes do not necessary reflect dietary adherence
(1,55) and are not necessarily associated with long-term CV
outcomes (56).

Our conclusions are rather generalizable to younger and treated
patients with CeD since 47 of 50 cases were on GFD $1 year (as
reflected by the restored homocysteine level). It must be noted,
however, that the length of GFD seems not important regarding
our outcomes based on the results of random forest analyses.

We found impaired ED in CeD, which seemed to be in-
dependent of findings on serological assessment and only par-
tially dependent on dietary adherence. Patients with CeD with
poor dietary adherence exhibited prothrombotic alterations of
EA, whereas HTC,WBV, PV, and natural anticoagulants seemed
not to be substantially affected in CeD irrespective of dietary
adherence. These findings should be validated in prospective
cohort studies.

The unfavorable alterations of ED and EA can contribute to the
elevatedCV risk and highlight the importance of CV prevention in
CeD during GFD in which good dietary adherence is of utmost
importance. As metabolic syndrome has become a threat in CeD
and its components (obesity, hypertension, diabetes mellitus, and
dyslipidemia) can further aggravate hemorheological status, life-
style changes (e.g., regular exercise and energy-optimized diet) or
even pharmacological interventions (e.g., polyphenols and statins)
may help to mitigate hemorheological alterations and thereby re-
duce CV risk. Randomized studies are called for to validate the
clinical implications of our findings.
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Table 4. Natural anticoagulants

Celiac group

(n5 50)

Control group

(n 5 50) P value

Antithrombin activity (%) 120.28 6 14.39 121.846 14.16 0.589

Protein C activity (%) 124.60 6 33.72 134.306 32.47 0.146

Protein S activity (%) 98.40 6 29.44 104.026 30.35 0.338

Values are given in mean 6 SD. P values were generated with the Welch test
after logarithmic transformation in the case of antithrombin and protein S
activity. Missing data due to unsuccessful measurement(s) in the case of 1
patient with CeD and 1 control subject.
CeD, celiac disease.
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WHAT IS KNOWN

3 Risk of thrombotic events is higher among patients with celiac
disease.

3 Hemorheological and hemostatic alterations are potential
contributors to cardiovascular events.

WHAT IS NEW HERE

3 Erythrocyte deformation is impaired in patients with celiac
disease,which is only partly dependent ondietary adherence.

3 Erythrocyteaggregation isshifted towardaprothromboticdirection
in patients with celiac disease with poor dietary adherence.

TRANSLATIONAL IMPACT

3 The prothrombotic hemorheological alterations highlight the
importance of cardiovascular prevention in celiac disease.

3 Cardiovascular risk factors (e.g., metabolic syndrome)
developing during gluten-free diet may further aggravate
hemorheological status.

3 Good dietary adherence can improve hemorheological
alterations, but some parameters are independent of diet.
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Abstract
Introduction  Haemorheological and haemostatic 
changes predispose to the development of arterial and 
venous thrombotic events; however, limited information is 
available on the status of these changes in coeliac disease 
(CeD) and inflammatory bowel disease (IBD). In this study, 
we aim to describe the haemorheological and haemostatic 
profiles of CeD and IBD patients in a Hungarian cohort of 
patients to investigate whether any alterations contribute 
to elevated thrombotic risk.
Methods and analysis  This is a case–control study 
involving newly diagnosed and followed CeD and IBD 
patients with age-matched and sex-matched non-CeD, 
non-IBD subjects with an allocation ratio of 1:1:1.  After 
informed consent is obtained, a detailed medical history 
will be collected, including venous and arterial thrombotic 
risk factors and medications. Symptoms in CeD patients 
will be assessed with the Gastrointestinal Symptoms 
Rating Scale, and disease activity in IBD patients will be 
determined by disease-specific scores. Dietary adherence 
will be assessed among CeD patients with a thorough 
interview together with a measurement of self-reported 
adherence, dietary knowledge and urine analysis 
(detection of gluten immunogenic peptides). In addition 
to routine laboratory parameters, haemorheological (ie, 
erythrocyte deformability and aggregation, viscosity of 
whole blood and plasma) and haemostatic parameters 
(eg, protein C, protein S and antithrombin) with 
immunological indicators (ie, coeliac-specific serology 
and antiphospholipid antibodies) will be measured from 
venous blood for every participant.  Primary and secondary 
outcomes will be haemorheological and haemostatic 
parameters, respectively. Univariate and multivariate 
statistics will be used to compare CeD and IBD patients to 
control subjects. Subgroup analysis will be performed by 
disease type in IBD, (Crohn’s disease and ulcerose colitis), 
dietary adherence in CeD, and disease activity in IBD and 
CeD.

Ethics and dissemination  The study was approved by the 
Regional and Local Research Ethics Committee, University 
of Pécs (Ref. No. 6917). Findings will be disseminated at 
research conferences and in peer-reviewed journals.
Trial registration number  ISRCTN49677481.

Introduction
Immune-mediated disorders may affect 
5%–7% of the population.1 These disorders 

Strengths and limitations of this study

►► Immune-mediated bowel diseases are associat-
ed with an increased risk of arterial and venous 
thrombosis, but specific haemorheological and hae-
mostatic alterations are understudied in coeliac dis-
ease (CeD)  and incomplete in inflammatory bowel 
disease (IBD).

►► This case–control study prospectively recruits new-
ly diagnosed and followed-up cases of CeD and 
IBD  with age-matched and sex-matched controls 
(the allocation ratio will be 1:1:1, respectively) to 
investigate clinical and laboratory alterations pre-
disposing to thrombosis.

►► Laboratory tests include the measurement of hae-
morheological (ie, erythrocyte aggregation and 
deformability, plasma and whole blood viscosity), 
haemostatic parameters (eg, levels of fibrinogen, 
prothrombin time, protein C, protein S and antithrom-
bin) and immunological indicators (eg, coeliac-spe-
cific serology and antiphospholipid antibodies).

►► Patients will be divided by disease activity into active 
and inactive.

►► Results should be interpreted with caution due to the 
single-centre nature and case–control design of the 
study.
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frequently share pathways in pathogenesis as well as 
organ manifestations. Coeliac disease (CeD) and inflam-
matory bowel disease (IBD) are systemic disorders, 
primarily affecting the intestines.2 They impose a signif-
icant burden of complications and concomitant diseases 
on patients during the disease course.

CeD is a chronic, immune-mediated disorder, which 
develops on gluten ingestion in genetically susceptible 
individuals.3 Global prevalence of CeD is around 1% 
with geographical differences ranging from 0.14% up 
to 5.7%.3 The clinical presentation can be divided into 
classic, non-classic and asymptomatic forms.4 Diagnosing 
asymptomatic and atypical cases is challenging but 
important, because the disease course of these cases may 
be alike.5

IBD—clinically classified as Crohn’s disease or ulcer-
ative colitis—is a chronic, relapsing disorder, which 
develops as a result of the interaction between environ-
mental and genetic factors, leading to immunological 
responses and inflammation in the gastrointestinal tract.6 
IBD is a less frequent entity than CeD: the increasing 
prevalence of ulcerative colitis and Crohn’s disease may 
reach 0.5% and 0.3% in Europe, respectively.7 8

Immune-mediated disorders may be associated with 
haemorheological9–11 and haemostatic changes,12–14 
thereby contributing to an increased risk of thrombotic 
events.15 This increased risk is manifested in CeD16 and 
IBD.17 Mechanisms of thrombophilia in immune-medi-
ated disorders are complex, and acquired factors seem 
important.18 An altered haemorheological profile as well 
as the altered levels or function of pro-coagulant and 
anticoagulant proteins, altered activity of clotting factors 
contribute to the development of arterial and venous 
thrombotic events.19–23

Clinical presentation of CeD-associated hypercoagu-
lability includes a wide variety of thrombosis at venous 
sites, pulmonary embolism, atheroembolism (stroke) 
and obstetric complications.24 25 A single retrospec-
tive publication examined haemostatic alterations in 
a small cohort of patients: sporadic cases of protein C 
and protein S deficiency (due to vitamin K malabsorp-
tion), hyperhomocysteinaemia, and antiphospholipid 
antibodies were identified.26 No studies have assessed 
the haemorheological changes in CeD. The multifacto-
rial aetiology of thrombosis may embrace the interplay 
of malabsorption (vitamin and mineral deficiencies, eg, 
vitamin B12 and K deficiency), thrombophilic autoan-
tibodies [anti-tissue transglutaminase (tTG) and anti-
phospholipid antibodies], hyperhomocysteinaemia, 
endothelial dysfunction, accelerated atherosclerosis, 
thrombocytosis and thrombocyte dysfunction, hyper-
viscosity, and genetics.24 26–31 Immune-mediated comor-
bidities (‘autoimmune traits’), such as antiphospholipid 
syndrome, may contribute to the elevated thrombotic risk 
as well.29 In addition, ingestion of trace amounts of gluten 
may maintain a continuous pro-inflammatory response.32

IBD is associated with venous thrombosis and pulmo-
nary embolism as well as with the cardiovascular 

consequences of atherosclerosis, ie, stroke and myocar-
dial infarction.33 34 A significant decline in anticoagulant 
mechanism is well-established and there are sporadic 
reports on activity-dependent prothrombotic haemorhe-
ological changes.35–38 However, while individual studies 
have focused on single outcomes of laboratory parame-
ters, none of them have assessed the complete haemorhe-
ological profile of patients.39–42 Other risk factors include 
immobilisation, surgical interventions, glucocorticoid 
therapy, vitamin deficiencies, hyperhomocysteinaemia 
and chronic inflammation alone or in conjunction with 
the factors above.43 44 In the case of IBD, disease activity 
may be a crucial determinant of thrombotic risk.34

Scope and objectives
No studies have assessed haemorheological and haemo-
static parameters within a study to provide an overall view 
of thrombotic risk. Since our knowledge of haemorhe-
ological and haemostatic changes is limited in CeD and 
IBD, this study aims to carry out a comprehensive evalu-
ation of venous and arterial prothrombotic alterations in 
these pro-inflammatory diseases in a Hungarian cohort 
of patients.
1.	 Primary objective.

–– To identify a link between prothrombotic haemor-
heological and haemostatic alterations and two 
common immune-mediated diseases (CeD and 
IBD).

2.	 Secondary objective.
–– To investigate the effect of disease activity on the 

haemorheological and haemostatic profiles of CeD 
and IBD patients.

–– To find an association between the dietary adher-
ence of CeD patients and the haemorheological and 
haemostatic alterations.

–– To assess the modifying effect of immunosuppres-
sant drugs in IBD on the haemorheological and 
haemostatic profiles.

Methods and analysis
Design
This is a case–control study with prospective recruitment 
of CeD and IBD patients with non-CeD, non-IBD control 
subjects. The study does not change the routine manage-
ment of subjects included (for the WHO checklist, see 
table 1). The study protocol was planned in accordance 
with the Standard Protocol Items: Recommendations for 
Interventional Trials 2013 Statement.45

Trial organisation and steering committee
The Centre for Translational Medicine at the University of 
Pécs, which was established to advance medical research 
in gastroenterology, is the co-ordinator and designer of 
the HERMES study. The centre is experienced in running 
investigator-initiated clinical trials.46 A steering committee 
will be set up to supervise the entire study process. The 
principal investigator (JB) and the Trial Coordinator 
(ZS) are responsible for organising patient recruitment, 
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data collection, sample collection, shipping, and storage, 
biochemical analysis, and the publication of study results.

Population and eligibility
We will include CeD patients, IBD patients, and non-CeD, 
non-IBD control subjects. Eligibility criteria will be as 
follows:
a.	 Inclusion criteria (applies to all subjects).

–– Blood collection must be indicated with medical 
conditions.

–– Signed informed consent.
b.	 Inclusion criteria (applies to specific cohorts of 

patients).
–– CeD patients: biopsy-confirmed newly diagnosed or 

followed patients (with or without adhering to a glu-
ten-free diet) aged ≥18 years; the establishment of a 

Table 1  WHO checklist

Data category Information

Primary registry and trial identifying number ISRCTN49677481

Date of registration in primary registry 05/03/2018

Secondary identifying numbers None

Source(s) of monetary or material support University of Pécs Medical School; Momentum Grant from the Hungarian 
Academy of Sciences (LP2014-10/2014); Highly Cited Publication Grant (KH 
125678) from the National Research Development and Innovation Office; GINOP 
2.3.2-15-2016-00048 Stay Alive, EFOP 3.6.2-16-2017-00006 Live Longer, and 
EFOP-3.6.3-VEKOP-16-2017-00009; Translational Medicine Foundation; and 
New National Excellence Programme, Ministry of Human Capacities (ÚNKP-
17–3-II, ÚNKP-18–3-I)

Primary sponsor None

Secondary sponsor(s) None

Contact for public queries Zsolt Szakács, MD, szakacs.zsolt@pte.hu

Contact for scientific queries Judit Bajor, MD, bajor.judit@pte.hu

Public title Investigation of haemorheological and haemostatic alterations in coeliac disease 
and inflammatory bowel disease in comparison with healthy subjects: A case–
control study (HERMES)

Scientific title Haemorheological and haemostatic alterations in coeliac disease and 
inflammatory bowel disease in comparison with non-coeliac, non-IBD subjects: A 
case–control study (HERMES)

Countries of recruitment Hungary

Health condition(s) or problem(s) studied Coeliac disease and inflammatory bowel disease

Intervention(s) Questionnaires (thrombophilia, dietary adherence, disease activity), urine 
collection (dietary adherence—urine-gluten immunogenic peptide detection), 
blood collection (haemorheological, haemostatic and immunological tests 
complemented with routine laboratory panel)

Key inclusion and exclusion criteria Inclusion criteria: adult patients (≥18 years of age) suffering from biopsy-
confirmed newly diagnosed or treated coeliac disease (by ESPHGAN, ACG, 
WGO guidelines), or from inflammatory bowel disease (by ECCO guidelines), and 
non-coeliac, non-IBD subjects

Exclusion criteria: chronic diseases (chronic kidney diseases, liver cirrhosis, heart 
failure, active malignant diseases), acute diseases within 2 weeks of inclusion, 
pregnancy, thrombotic events within 1 year, systematic lupus erythematosus, and 
use of oral anticoagulants or antiplatelet therapy

Study type Observational

Date of first enrolment 30/5/2018

Target sample size First phase: 50 coeliac and 50 IBD patients plus control (1–3 for each patient). 
Second phase: target number is determined by power calculation

Recruitment status Ongoing

Primary outcome(s) Haemorheological test results

Key secondary outcomes Haemostatic test results

IBD, inflammatory bowel disease.
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diagnosis should meet the current guidelines (Eu-
ropean Society for Paediatric Gastroenterology 
Hepatology and Nutrition (ESPHGAN) and Amer-
ican College of Gastroenterology (ACG)).3 47 48

–– IBD patients: newly diagnosed or followed-up pa-
tients (with active or remitting disease) aged  ≥18 
years (not following a gluten-free diet); the estab-
lishment of a diagnosis should meet the current 
guidelines  (European Crohn's and Colitis Organi-
sation (ECCO).49 50

–– Non-CeD, non-IBD control subjects: individuals 
aged ≥18 years (not following a gluten-free diet) in 
whom CeD and IBD can be excluded according to 
the recent guidelines.3 47–50

c.	 Exclusion criteria (applies to all subjects).
–– Chronic conditions.

–– Estimated glomerular filtration rate calculated 
with the Chronic Kidney Disease Epidemiology 
Collaboration (CKD-EPI) formula is  <60 mL/
min/1.73 m2 (CKD3 or more severe kidney fail-
ure).

–– Liver cirrhosis in Child–Pugh B–C.
–– Heart failure (New York Heart Association 

(NYHA) III–IV).
–– Active malignant diseases.

–– Any acute diseases or invasive procedures within 
2 weeks of recruitment (eg, systemic infection, sur-
gery, or major trauma).

–– Thrombotic events within 1 year of recruitment.
–– Ongoing oral anticoagulant therapy (vitamin K an-

tagonists) and/or antiplatelet drugs.

–– Confirmed systemic lupus erythematosus.
–– Pregnancy.
–– Patients unable to understand the essentials of the 

informed consent.

Flow and timing
All subjects at our academic hospital for a planned 
check-up or referred to the centre for diagnostic purposes 
will be recruited consecutively. The place of recruitment 
will be the Division of Gastroenterology, First Department 
of Medicine, University of Pécs Medical School. This 
tertiary centre provides professional gastroenterological 
care for about 300 000 inhabitants in Baranya County, 
Hungary.

Recruitment of the study population will be managed 
in two phases (see Target number of patient section), 
with the expected recruiting period being between May 
2018 and May 2019 (covering 1 year). Table 2 shows the 
timeline of the study. Patients will be provided with an 
information sheet and must provide written consent 
before sampling. Informed consent will be obtained by 
personnel with a medical degree. Participants may with-
draw from the study for any reason at any time. Consent 
forms and other related documents will be accessible at 
https://​tm-​centre.​org.

Patients will be monitored by our professional data 
management team throughout the entire process of data 
and biological sample collection to ensure perfect adher-
ence to protocol. Written feedback will be provided to 
patients on the results of the laboratory tests and dietary 
evaluation. If findings indicate, patients will be referred 

Table 2  Schedule for the study

Time point

Study period

Enrolment Allocation Post-allocation

−1 hour 0 +1 hour +1.5 hour +2 hour

Enrolment

 � Eligibility screen x

 � Informed consent x

 � Allocation x

Intervention

 � Interview and questionnaire x

 � Urine collection x

 � Blood collection x

Assessment

 � Symptom scores and disease 
activity

x

 � Thrombophilia questionnaire x

 � Dietary adherence x

 � Blood analysis* x

 � Urine analysis* ≥†

*After analysis, blood and urine residues will be stored in the biobank.
†Samples will be deep frozen until all participants have been recruited.
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to their general practitioners or a specialist for further 
investigation and management.

Measurements
All samples will be collected and questionnaires will be 
administered within 2 hours after allocation. Actions for 
each group are defined and listed in table 3.

Detailed history (including medications for preceding 
3 months) and risk factors of venous and arterial throm-
botic events will be covered with a 15 min thrombophilia 
questionnaire (administered by a person with a medical 
degree).

The Gastrointestinal Symptoms Rating Scale is a tool 
designed to assess the severity of gastrointestinal symp-
toms on a scale of 1–7 (administered by a person with a 
medical degree).51

Disease activity in IBD will be estimated with either 
the (modified) Mayo Score52 or Crohn’s Disease Activity 
Index53 in patients with ulcerative colitis and Crohn’s 
disease, respectively, while tissue transglutaminase (tTG) 
levels will be used to measure the activity of CeD. (Scores 
will be determined by the gastroenterologist enrolling 
the patient.)

Dietary adherence of CeD patients will be estimated 
through (1) a dietary interview conducted by a trained 
dietitian on a scale of 1–10, (2) self-reporting,54 (3) a 
test measuring knowledge of gluten-free foods, (4) urine 
gluten-immunogenic peptides (GIP) detection (details in 
the text) and (5) coeliac-specific serology [tTG and endo-
mysium antibody levels (EMA)].55Patients will be divided 
into those with good and poor dietary adherence based 
on the complex assessment of the above-mentioned data.

All laboratory tests will be performed in the same labo-
ratory (University of Pécs, Hungary) from venous blood. 
Blood samples will be collected in plastic tubes prospec-
tively [2 x BD Vacutainer 10.0 mL (red), 2 x BD Vacutainer 

6.0 mL (purple), 1 x BD Vacutainer 3.0 mL (pink), 1 x BD 
Vacutainer 2.7 mL (blue) and 1 x BD Seditainer 5.0 mL 
(black) for a total of 42.7 mL blood from each patient 
(BD, USA)].

We will measure:
►► Routine laboratory parameters: bilirubin, urea, creati-

nine, cholesterol (total, high-density and low-density 
lipoproteins), triglyceride, , aspartate aminotrans-
ferase, alanine aminotransferase, alkaline phos-
phatase, gamma-glutamyl transferase, total protein, 
albumin, immunoglobulins, C  reactive protein, 
vitamin B12, folic acid, homocysteine, blood counts 
and erythrocyte sedimentation.

►► Immunological indicators: antiphospholipid anti-
bodies (lupus anticoagulant, cardiolipin IgG/IgA/
IgM, B2-glycoprotein-I IgG/IgA/IgM, prothrombin 
IgG/IgA/IgM) and coeliac-specific antibodies (tTG 
IgA/IgG, EMA IgA).

►► Haemostatic parameters: prothrombin, thrombin 
time, activated partial thromboplastin time, fibrin-
ogen, antithrombin activity, protein C activity and 
protein S activity.

►► Haemorheological parameters: erythrocyte aggre-
gation by Myrenne aggregometer (model MA-1, 
Myrenne GmbH, Roetgen, Germany) and Laser-as-
sisted Optical Rotational Cell Analyzer (LORCA, R&R 
Mechatronics, Hoorn, The Netherlands); erythro-
cyte deformability with laser-diffraction ektacytom-
etry with a LORCA; and viscosity of whole blood and 
plasma by Brookfield DV-III Ultra LV Programmable 
rotational viscometer (Brookfield Engineering Labs; 
Middleboro, Mass., USA). The Case Report Form 
providing data about the measurements is presented 
in online supplementary material.

Strict adherence will be kept during the haemorheolog-
ical tests to the guidelines proposed by the International 
Expert Panel for Standardisation of Haemorheological 
Methods.56 The fact that equipment for haemorheo-
logical measurements is not available in other centres 
in Hungary and that blood samples must be processed 
within 2 hours of sampling without freezing restricted our 
expansion of this project to a multicentre study.

An extra tube will be collected and stored for further 
haemostatic measurements (eg, clotting factors) if any 
abnormality of parameters measured is detected.

Midstream urine (at least 100 mL) will be collected in 
sterile urine sample containers. Samples will be stored at 
4°C until transfer to the Biobank at the Institute for Trans-
lational Medicine, University of Pécs Medical School, on 
the day of sampling, where samples will be deep frozen 
at −80°C. After preparation, urine GIP detection will be 
performed with Biomedal (Spain) products.

Outcomes
1.	 Primary.

–– Haemorheological test results (erythrocyte aggre-
gation and deformability, whole blood and plasma 
viscosity).

Table 3  Actions within study

CeD 
patients

IBD 
patients

Control 
subjects

Thrombophilia questionnaire + + +

GSRS + − +

Dietary interview and GFD 
adherence tests

+ − +

Mayo Score/CDAI − + +

Urine GIP detection + − +

Laboratory measures

 � Routine parameters + + +

 � Haemorheology + + +

 � Haemostasis + + +

 � Immunological indicators + + +

CDAI, Crohn’s Disease Activity Index; CeD, coeliac disease; 
GFD, gluten-free diet; GIP, gluten-immunogenic peptides; GSRS, 
Gastrointestinal Symptoms Rating Scale; IBD, inflammatory bowel 
disease.
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2.	 Secondary.
–– Haemostatic test results (antithrombin, protein C, 

protein S), folic acid, and homocysteine levels.

Target number of patients
This is a two-phase study. In the first phase, we will enrol 
50 CeD and 50 IBD patients with 50 age- matched and 
sex-matched control subjects; the case–control ratio will 
be 1:1:1, respectively. Then, an interim analysis will be 
performed to calculate the power for the analyses of the 
outcomes. If the power exceeds 80%, recruitment will 
be considered completed; otherwise, recruitment will 
continue until the desired power is reached.

Patient and public involvement
Before starting recruitment, randomly selected CeD and 
IBD patients reviewed the questionnaires and the infor-
mation sheet designed to share details of the study for 
participants to facilitate better understanding.

Blinding
Blinding of personnel included in the study is presented 
in table 4.

Data management
A subject identification number will be provided consec-
utively to every patient after inclusion. Subject identifica-
tion numbers with sensitive data on patients (including 
the name, insurance number and date of enrolment) 
will be stored in a locked file separately from other data. 
De-identified data will be added to the source documen-
tation stored in locked cabinets. Source documentation 
will be entered in an electronic case report file (e-CRF). 
The principal investigators will ensure that the data in an 
e-CRF are accurate, complete and legible (range checks 
for data values). E-CRFs will be stored on a secured server 
at the Institute for Translational Medicine, University 
of Pécs Medical School. Access to data will be restricted 
through a password system to personnel involved in data 
management. A three-level data check will be continu-
ously performed, and final data will be finally approved 
by the principal investigator to ensure data quality.

To ensure precise data collection, administrative and 
medical staff members will be invited to participate 
in training sessions to familiarise them with the study 

requirements, standardised data recording and biological 
specimen collection.

The de-identified dataset will be delivered for the 
purpose of sharing on request.

Statistical analysis
First, descriptive statistics will entail a graphical presen-
tation of data. Continuous variables will be reported as a 
central tendency with a measure of dispersion, while cate-
gorical variables will be reported as absolute and relative 
frequencies. Then, data will be analysed with Student’s 
tests, methods of Variance Analysis, and regression models 
if data are normally distributed; otherwise, non-para-
metric tests will be introduced. χ2 or Fisher’s tests will be 
used to analyse categorical variables. Multivariate anal-
ysis will be used to take the most important thrombotic 
factors into account (eg, the use of oral contraceptives 
and immunosuppressants, previous thrombotic history, 
smoking, comorbidities). A probability of less than 0.05 
indicates a statistically significant difference between 
groups.

Only patients with a full dataset in their haemorheo-
logical and haemostatic profile will be included in the 
analysis. The following comparisons will be done: CeD 
versus control, tTG+CeD versus tTG- CeD, CeD with good 
dietary adherence versus CeD with poor dietary adher-
ence, IBD versus control, active IBD versus remitting IBD 
and Crohn’s disease versus ulcerative colitis.

An interim analysis is planned after recruiting the target 
number of the first phase to calculate power. Audits are 
not necessary due to the case–control design.

Biobank and accessory research
After laboratory analysis, urine and blood (whole blood 
and plasma, at least 1 mL each) residues will be stored in 
the Institute for Translational Medicine Biobank at −80°C 
for future studies (for at least 5 years). Additional samples 
will not be taken for storage purposes. Containers will 
be labelled with the subject identification number, and 
samples will be completely de-identified.

CeD patients will be offered an opportunity to 
participate in the ‘Monitoring the prevalence, symp-
toms, complications and family history of CeD and the 
effect of a gluten-free diet—Coeliac registry’ research 

Table 4  Blinding of personnel included in the study

Physician enrolling 
patient

Physician administering 
questionnaires Dietitian Laboratory personnel

Disease activity N/A Blinded Blinded Blinded

Questionnaires Blinded* N/A Blinded Blinded

Dietary interview Blinded* Blinded N/A† Blinded

Laboratory measures Blinded* Blinded Blinded N/A

*The treating physician will immediately access data for safety reasons and act accordingly. Patients will be informed of the laboratory results 
in a letter.
†Dietary education will be provided based on dietary adherence.
N/A, not applicable.
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project (approved by the Scientific and Research Ethics 
Committee of the Medical Research Council, Ref. No. 
45098-2/2016/EKU).

Protocol amendments and disseminating policy
This protocol is the first version completed on 30 May 
2018. If required, the online version will be updated 
in the ISRCTN registry. Major modifications should be 
permitted by the Regional and Local Research Ethics 
Committee.

The trial status is ongoing; recruitment began on 1 May 
2018. The expected date of completion is 31 May 2019.

Discussion
Recent guidelines on CeD do not make any recommen-
dations on how to prevent and manage thrombotic events 
in CeD patients.3 47 Gluten-free diet, which is the only 
approved treatment of the disease, may reduce or elim-
inate some thrombotic risk factors (eg, consequences of 
malabsorption and chronic inflammation) but it is uncer-
tain whether the thrombotic risk completely norma-
lises.57 With respect to malabsorption, intestinal mucosa 
does not recover in a high fraction of patients despite a 
long-term strict diet, particularly in those diagnosed in 
the adulthood.58 Whether CeD patients after a throm-
botic event would benefit from a lifelong anticoagulation 
therapy has remained unclear. The need for thrombo-
prophylaxis under prothrombotic circumstances, such as 
hospitalisation, pregnancy, or immobilisation should be 
further investigated.

IBD guidelines recommend that thromboprophylaxis 
should be considered in all inpatients and outpatients 
with an active disease.59 60 In addition to disease severity, 
the choice of treatment influences the thrombotic risk as 
well.17 A tool of personalised thrombotic risk stratification 
including objective laboratory markers is awaited.

Our results can contribute to expanding our knowl-
edge on the prothrombotic pathophysiological alteration 
in CeD and IBD, thereby providing the basis for future 
research.

Ethics and dissemination
Publication in a high-impact peer-reviewed journal is 
planned. We will adhere to authorship criteria for manu-
scripts submitted for publication set by the International 
Committee of Medical Journal Editors.
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