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Περίληψη (στα Ελληνικά)  

 

Γενική επισκόπηση: Παγκοσμίως ο επιπολασμός της έλλειψης βιταμίνης D στον ορό είναι 

ιδιαίτερα αυξημένος. Υπολογίζεται πως 1 δισεκατομμύριο άνθρωποι έχουν χαμηλή 

συγκέντρωση βιταμίνης D στον ορό. Ακόμα και σε χώρες της Μεσογείου, όπως η Ελλάδα, 

όπου η ηλιοφάνεια είναι αυξημένη, παρατηρείται αυξημένος επιπολασμός και χαμηλά 

επίπεδα βιταμίνης D στον ορό.  

Ακόμη, σε παγκόσμιο επίπεδο, παρατηρείται χαμηλή πρόσληψη βιταμίνης D από την τροφή 

καθώς και από συμπληρώματα διατροφής. Η έλλειψη βιταμίνης D μπορεί να επιδράσει 

σημαντικά στη σκελετική υγεία σε όλες τις ηλικιακές ομάδες, όπως για παράδειγμα με 

ραχιτισμό στους ανήλικους καθώς επίσης και να αυξήσει την πιθανότητα για οστεομαλακία, 

οστεοπενία και οστεοπόρωση στους ενήλικες.  

Επιπρόσθετα, την τελευταία δεκαετία αρκετές μελέτες έχουν συσχετίσει την έλλειψη 

βιταμίνης D και με άλλες παθήσεις, και η σχέση τους ερευνάται. Παραδείγματα αποτελούν 

η πιθανή σχέση μεταξύ της βιταμίνης D και χρόνιων ασθενειών όπως η παχυσαρκία, ο 

σακχαρώδης διαβήτης, τα αυτοάνοσα νοσήματα, τα καρδιαγγειακά νοσήματα και ο 

καρκίνος. Ακόμη, σχετίζεται με αυξημένη θνησιμότητα ανεξαρτήτου αιτίας.  

Στόχοι: Δεδομένα από αντιπροσωπευτικό δείγμα του πληθυσμού της Ελλάδας, άνω των 

18 ετών, από την Πανελλαδική Μελέτη Διατροφής και Υγείας χρησιμοποιήθηκαν σε αυτή τη 

διδακτορική διατριβή. Κύριος στόχος της διατριβής ήταν η καταγραφή του επιπολασμού 

έλλειψης βιταμίνης D στον ορό στον ενήλικο πληθυσμό της Ελλάδας καθώς επίσης και η 

συσχέτιση του με τους πιθανούς παράγοντες που επηρεάζουν τα επίπεδα της.  

Δευτερεύων στόχος ήταν η καταγραφή της πρόσληψης βιταμίνης D από την τροφή και η 

σύγκριση αυτών των επιπέδων με το Estimated Average Requirement καθώς και το 

Recommended Dietary Intake. Τέλος, διερευνήθηκε πώς ένα θεωρητικό παράδειγμα 

εμπλουτισμού τροφίμου με βιταμίνη D θα βοηθούσε στην αύξηση διατροφικής πρόσληψης 

βιταμίνης D καθώς και πως θα βελτιωνόταν η πρόσληψη βιταμίνης D από την τροφή σε 

σύγκριση με τις συστάσεις.  
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Μεθοδολογία: Αντιπροσωπευτικό δείγμα 3773 ενηλίκων ηλικίας ≥18 ετών από την 

πλειοψηφία των νομών της χώρας χρησιμοποιήθηκε για αυτή τη μελέτη. Η επιλογή των 

εθελοντών έγινε τυχαιοποιημένα, σε συνεργασία με την Ελληνική Στατιστική Αρχή μετά από 

στρωματοποιημένη δειγματοληψία. Η Πανελλαδική Μελέτη Διατροφής και Υγείας εφάρμοσε 

πληθώρα ερωτηματολογίων στους εθελοντές, τα περισσότερα από τα οποία 

συμπληρώνονταν με τη βοήθεια ερευνητή.  

Οι μετρήσεις που πραγματοποιήθηκαν έγιναν από εξειδικευμένο και εκπαιδευμένο με βάση 

το πρωτόκολλο της μελέτης επιστημονικό προσωπικό. Για τη συγκεκριμένη διδακτορική 

διατριβή και ανάλυση χρησιμοποιήθηκαν δεδομένα από: (1) Εξετάσεις αίματος (βιταμίνη D, 

παραθυρεοειδής ορμόνη, ασβέστιο, κτλ.), (2) ερωτηματολόγιο έκθεσης στον ήλιο, (3) Δυο 

ανακλήσεις 24ώρου ανά εθελοντή με βάση την Automated Multiple-Pass Method και με τη 

χρήση Computer Assisted Personal Interview, (4) Ερωτηματολόγιο λήψης φαρμάκων και 

συμπληρωμάτων διατροφής και (5) Ανθρωπομετρικές μετρήσεις.  

Για την ανάλυση των δεδομένων από τις ανακλήσεις 24ώρου χρησιμοποιήθηκε η διεθνώς 

αποδεκτή μεθοδολογία για την εκτίμηση των εθελοντών που υπό- ή υπέρ-αναφέρουν τη 

διατροφική τους πρόσληψη (misreporters) καθώς επίσης και μεθοδολογία για τον 

υπολογισμό της συνήθους πρόσληψης των εθελοντών (Usual intake estimation).  

Αποτελέσματα: Η διάμεσος πρόσληψη βιταμίνης D στον ορό ήταν 16.72 ng/ml για το 

σύνολο του δείγματος, 16.67 ng/ml για του άνδρες και 16.74 ng/ml για τις γυναίκες, χωρίς 

να παρατηρούνται στατιστικά σημαντικές διαφορές μεταξύ των δυο φύλων (P=0.923). Οι 

πιθανότητες να έχουν συγκέντρωση 25(ΟΗ)D στον ορό μικρότερη των 20 ng/ml μειωνόταν 

σημαντικά σε εκείνους που ήταν πολύ δραστήριοι (OR 0.55, 95% CI 0.35, 0.98), που είχαν 

αυξανόμενη έκθεση στον ήλιο 1-3 ώρες / CI 0.44, 0.80), >3 ώρες / ημέρα (OR 0.36, 95% CI 

0.24, 0.55) και χρώμα δέρματος ανοιχτόχρωμο ή μέτρια ανοιχτόχρωμο (OR 0.47, 95% CI 

0.24, 0.91), ελαφρώς σκουρόχρωμο (0.34, 95% CI 0.17, 0.67) και σκουρόχρωμο ή πολύ 

σκούρο χρώμα δέρματος (OR 0.34, 95% CI 0.15, 0.75), σε σύγκριση με τα αντίστοιχα 

επίπεδα σύγκρισης. Οι πιθανότητες αυξήθηκαν σημαντικά με την παχυσαρκία (OR 1.95, 

95% CI 1.24, 3.08) και την άνοιξη ως περίοδο συλλογής δείγματος στο αίμα (OR 1.75, 95% 

CI 1.22, 2.50). Οι παραπάνω μετρήσεις στον ορό πραγματοποιήθηκαν σε υποδείγμα 1084 

ατόμων του ενήλικου πληθυσμού της μελέτης όπου πραγματοποιήθηκαν και οι εξετάσεις 

αίματος.  
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Η διάμεσος πρόσληψη βιταμίνης D από τα τρόφιμα κυμάνθηκε από 1.16-1.72 mcg/ημέρα 

και 1.01-1.26 ανάλογα με την ηλικιακή ομάδα και το φύλο. Σημαντικές πηγές της βιταμίνης 

D από την τροφή ήταν τα ψάρια (46%), το κρέας (15%) και τα δημητριακά (12%). Ωστόσο, 

το 90% του πληθυσμού σε όλες τις ηλικιακές ομάδες δεν πληρούσε το Estimated Average 

requirement για τη βιταμίνη D.  

Ο εμπλουτισμός τροφίμου/ τροφίμων με βιταμίνη D αποτελεί μια πολιτική υγείας που, αν 

εφαρμοστεί, θα μπορούσε να μειώσει σημαντικά το ποσοστό εκείνων που προσλαμβάνουν 

βιταμίνη D από την τροφή λιγότερη από το Estimated Average Requirement και κατά 

συνέπεια να βελτιώσει και τον επιπολασμό επιπέδων βιταμίνης D <20 ng/ml στον ορό. 

Συμπεράσματα: Η ανεπάρκεια της βιταμίνης D είναι ιδιαίτερα αυξημένη στον ενήλικο 

πληθυσμό της Ελλάδας. Σχετικές πολιτικές δημόσιας υγείας συνιστώνται ιδιαίτερα, οι 

οποίες θα μπορούσαν να περιλαμβάνουν την ενίσχυση της βιταμίνης D καθώς και πρόταση 

για αυξημένη, αλλά ασφαλή έκθεση στον ήλιο. Οι πολιτικές δημόσιας υγείας για την αύξηση 

της κατανάλωσης τροφίμων με υψηλή περιεκτικότητα σε βιταμίνη D ή/ και τον εμπλουτισμό 

των τροφίμων μπορούν να μειώσουν σημαντικά το ποσοστό των ατόμων που δεν πληρούν 

τις συστάσεις καθώς και εκείνων που έχουν χαμηλά επίπεδα βιταμίνης D στον ορό.  

Επιστημονικός τομέας: Επιδημιολογία της Διατροφής.  

Λέξεις κλειδιά: βιταμίνη D, διατροφική πρόσληψη, επιδημιολογία, διατροφική πολιτική.  
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Abstract (in English)  

 

Overview: Globally, the prevalence of low serum vitamin D is high. It is estimated that 1 

billion people have low concentrations of serum vitamin D. Even in countries in the 

Mediterranean, like Greece, where sunlight exposure is increased, high prevalence of low 

serum vitamin D is observed. In addition, globally, low intake of vitamin D from food is 

observed as well as from nutritional supplements. Vitamin D deficiency can impact on 

skeletal health in all age groups, like for example with rickets in children as well as to 

increase the probability of osteomalacia, osteopenia and osteoporosis in adults.  

Furthermore, the last decade several studies have associated vitamin D deficiency with 

other conditions, and their relationship is under investigation. Some examples are the 

probable relationship of vitamin D with chronic conditions such as obesity, diabetes mellites, 

autoimmune disease, cardiovascular diseases and cancer. It is also associated with 

increased mortality from all causes. 

Objectives: Data from a representative sample of the population in Greece ≥18 years old 

from the Hellenic National Nutrition and Health Examination Survey were used for this 

doctoral thesis. Main objective of this thesis was the estimation of low serum vitamin D 

prevalence in Greek adults as well as its association with probable factors that can influence 

its levels.  

Secondary objective was the estimation of vitamin D intake from food as well as the 

comparison of these levels with the Estimated Average Requirement as well as the 

Recommended Dietary Intake. An additional objective was to estimate how a theoretical 

example of food fortification could help increase vitamin D food intake as well as how much 

of an improvement this could offer when intake levels were compared with the guidelines. 

Methods: A representative sample of 3773 adults, aged 18 years old and over, from most 

Greece’s counties was used for this study. Selection of volunteers was randomized, in 

collaboration with the Hellenic Statistical Authority. In the Hellenic National Nutrition and 

Health Survey a plethora of questionnaires were applied, and most were completed with 

the help of field workers. The measurements/ clinical examinations were performed by 

specialized and trained personnel according to the study protocol. For this specific doctoral 
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thesis and analysis data were used from: (1) Blood results (serum vitamin D, parathyroid 

hormone, calcium, etc.), (2) Sunlight exposure questionnaire, (3) Two 24-hour recalls per 

volunteer based on the Automated Multiple-Pass Method and with the use of Computer 

Assisted Personal Interview, (4) Drug and nutritional supplement questionnaire and (5) 

Anthropometric measurements.  

For the analysis of the 24-hour recall data methodology from the international knowledge 

base was used in order to estimate misreporters as well as the estimation of the usual 

intake.  

Results: Median serum 25(OH)D was 16.72 ng/ml for the total sample, 16.67 ng/ml for 

males and 16.74 ng/ml for females with no significant differences between the two genders 

(P=0.923). The odds of having 25(OH)D <20 ng/ml significantly decreased with  being very 

active (OR 0.55, 95% CI 0.35, 0.98), increasing length of sun exposure 1-3 hours/day (OR 

0.59, 95% CI 0.44, 0.80), >3 hours/day (OR 0.36, 95% CI 0.24, 0.55)], and skin color light 

to medium skin (OR 0.47, 95% CI 0.24, 0.91), fairly dark skin colour (OR 0.34, 95% CI 0.17, 

0.67) and dark or very dark skin colour (OR 0.34, 95% CI 0.15, 0.75)], compared to 

respective baseline levels. The odds significantly increased with obesity (OR 1.95, 95% CI 

1.24, 3.08), and spring season of blood sample collection (OR 1.75, 95% CI 1.22, 2.50).  

Median vitamin D intake from food was 1.23 mcg/day (0.60, 2.44), with 9.1% consuming 

supplements. Median vitamin D intake from food ranged from 1.16-1.72 mcg/day and 1.01-

1.26 in different age group in males and females, respectively. Major food sources of vitamin 

D were fish (46%), meat (15%) and cereals (12%), however, over 90% of the population in 

all age groups did not meet the Estimated Average Requirement, even when supplemental 

use was accounted for. Vitamin D overall intake is below the average requirements.  

Conclusion: Vitamin D deficiency is highly prevalent in Greek adults. Relevant public health 

policies are highly recommended, which could include vitamin D fortification. and 

suggestion for increased but safe sun exposure. Public health policies to increase the 

consumption of foods high in vitamin D and/or food fortification may significantly reduce the 

percentage of individuals that do not meet the recommendations. 

Scientific field: Nutritional epidemiology.  

Keywords: vitamin D, nutrition intake, epidemiology, nutrition policy. 
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1. Introduction 

 

1.1 Prevalence of serum 25(OH)D deficiency  

 

In recent years vitamin D deficiency has become the most common nutritional deficiency 

in the world with more than 1 billion people having inadequate levels of serum vitamin D 

concentration (Holick 2007, Lips 2010). In populations living in low latitude where ultraviolet 

(UV) rays are assumed adequate for vitamin D skin synthesis or in industrialized nations 

where some foods are fortified with vitamin D, deficiency still persists (Palacios and 

Gonzalez 2014) across all age groups and subgroups (Hilger et al. 2014, Manios et al. 

2017, Spiro and Buttriss 2014).  

These levels are observed in the national (Katrinaki et al. 2016, Manios et al. 2017, 

Papadakis et al. 2015), European (Cashman et al. 2016, Hilger et al. 2014, Manios et al. 

2017, Spiro and Buttriss 2014) and International level (Hilger et al. 2014, Palacios and 

Gonzalez 2014). Apart from low serum concentrations, published data have also reported 

high prevalence of low vitamin D intake even at levels that are far below the recommended 

reference intake, as per the Institute of Medicine (IoM)  (Ross et al. 2011, Spiro and Buttriss 

2014).  

In more detail, several studies in the Greek adult population show a high prevalence of 

vitamin D deficiency. In 625 healthy and free-living adults, aged 18-85 years old, living in a 

latitude of 38o the prevalence of vitamin D deficiency was high (57.7%) (Singhellakis et al. 

2011). Authors reported that this could possibly be explained by inadequate sun exposure, 

use of commercial sunscreens, that can reduce vitamin D skin synthesis by up to 99%, as 

well as air pollution (Singhellakis et al. 2011). Another study, that included 279 elderly 

individuals in Greece also reported high levels of vitamin D deficiency where only 6.5% 

could be considered having sufficiency during winter and 35% during summer (Papapetrou 

et al. 2007).   

Similar levels of deficiency, ranging from 50-80%, have been reported in the Greek 

dataset of elderly individuals of a multicenter study; even peasants and farmers that are 

supposed to work outdoors and therefore be exposed to the sun daily (van der Wielen et 
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al. 1995). One possible explanation could be that they cover most of their body with clothes, 

even during the summer months.  

Numerous other studies in the Greek population have reported similar levels of 

deficiency. For example a study in healthy young/ middle-aged men reported vitamin D 

deficiency of 50.3% (Kassi et al. 2015). In addition, high prevalence of deficiency has been 

observed in studies that included individuals <18 years old (Gonzalez-Gross et al. 2012, 

Karras et al. 2013, Manios et al. 2017, Nicolaidou et al. 2006). 

Studies from other countries in the mediterranean region, in European countries as well 

as internationally, reported increased levels of deficiency which however vary from country 

to country (Lips 2010, Manios et al. 2017, Spiro and Buttriss 2014). This variability was 

expected as there are many factors that influence vitamin D status. For example, sun 

exposure is influenced by factors such as geographical latitude, season, urban vs. rural 

location, clothing, skin colour, air pollution and sunscreen use (SACN 2016). Even in 

Southern European countries where there is a relative abundance of UVB availability, in 

comparison to Northern European countries, increased prevalence of vitamin D deficiency 

can  be observed (Manios et al. 2017).  

 

1.2 Prevalence of low intakes from food and supplements 

 

Apart from the high prevalence of low serum vitamin D deficiency, which is considered 

the main source for the majority of the population (Calvo et al. 2005),  dietary intakes of 

vitamin D are also very low (Spiro and Buttriss 2014). Many studies, from Greece but also 

internationally, reported low intakes of vitamin D from food; intakes that are well below the 

Estimated Average Requirement (EAR) (Au et al. 2013, Bailey et al. 2010, Freisling et al. 

2010, Manios et al. 2014, Moore et al. 2004, Ross et al. 2011, Spiro and Buttriss 2014).  

More specifically, a European Food Safety Agency (EFSA) study, that included intakes 

from 14 European countries, reported a mean dietary intake ranging from 1.1 to 8.2 mcg/day 

(EFSA 2012). This level of intake is explained in the literature as a result of very few foods 

naturally containing vitamin D (SACN 2016). Some examples are fish, especially fatty fish; 

milk, meat, eggs and fortified products, such as cereals (Spiro and Buttriss 2014). In more 
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detail, egg yolk contains approximately 12.6 mcg per 100g, oily fish, such as salmon, 

herring, sardines and mackerel, contains 5-16 mcg per 100g whereas animal products such 

as meat, liver and kidneys contain 0.1-1.5 mcg per 100g (SACN 2016).   

In addition vitamin D3 can be found in some species of plants however wide variation 

has been reported and is not yet known if the edible portions contain it; some wild 

mushrooms are also rich sources of vitamin D2 (13-30mcg per 100g) (SACN 2016). 

With regards to contribution of different food groups to vitamin D intake in European 

countries fish contributes 70% of vitamin D from food intake in Spain (18-64 years old) 

(AESAN 2011), 38% in France (ANSES 2013), 25% in the UK (19-64 years old) (Bates et 

al. 2015), 12-16% (12% for those 18-64 years, 16% for those ≥65 years) in Ireland (Spiro 

and Buttriss 2014) and only 8-11% in the Netherlands (8% in 7-69 years old and 11% in 

≥70 years old) (DNFCS 2011, Ocke et al. 2013). Meat contributes 22% of vitamin D from 

food intake (19-64 years old) (Bates et al. 2015), in Ireland 22-30% (30% for 18-64 years 

old, 22% for ≥65 years old) (Spiro and Buttriss 2014), in Spain 2% (AESAN 2011) and in 

the Netherlands 12-20% (20% in those 7-69 years old and 12% in those aged ≥70 years 

old) (DNFCS 2011, Ocke et al. 2013). Another example, cereals, contributed 12% in males 

and 13% in females in the UK (Spiro and Buttriss 2014), 4% in Spain  (AESAN 2011) and 

to 2-5% in Irish adults (Spiro and Buttriss 2014).  

Supplements offer a further option in order to increase intake. This has been particularly 

important in (1) countries where sunlight availability is low, (2) during the winter months 

irrespective of the country when sunlight availability is lower and/or (3) for people with very 

low sunlight exposure (Cashman and Kiely 2014).  

With respect to nutritional supplement consumption great variability has been observed 

between different countries; especially between those living a more northern latitude 

compared to those living in the mediterranean (Skeie et al. 2009). More specifically, a 

gradient, in consumption, is observed between countries in the south and countries in the 

north and as an example nutrition supplement consumption in Norway was as high as 

61.7% whereas the lowest was observed in Greece (6.7% in females and 0.5% in males) 

(Skeie et al. 2009). These observations highlighted the further need to explore vitamin D 

intakes (from food and supplements) in Greece. 
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With respect to mandatory food fortification, regulations differ between countries. For 

example, according to European Union law directive infant and follow-on formula must be 

fortified with vitamin D (SACN 2016). In the United States of America (USA), although on a 

voluntary basis, almost all milk products are fortified. Other foods that are also, but to a 

lesser extent, fortified include yoghurt, breakfast cereals, cheese as well as few other food 

products (Yetley 2008). Law in Canada also requires that milk and margarine are fortified 

on a mandatory basis as well as soy milk and infant formula (Calvo et al. 2004). In Greece, 

there is no mandatory fortification law at the moment. 

 

1.3 Vitamin D metabolism  

 

1.3.1 Vitamin D synthesis 

 

Vitamin D is a fat-soluble vitamin that humans obtain naturally via few foods that contain 

it as well as through exposure of the skin to sunlight and from its precursor 7-

dehydrocholesterol. Vitamin D produced in the skin is referred as vitamin D3 (cholecalciferol) 

whereas its dietary form can be either vitamin D3 or a similar molecule of plant origin called 

vitamin D2 (ergocalciferol) (FAO 2002). Cholecalciferol and ergocalciferol can be 

considered metabolically equal (FAO 2002).  

In addition, humans obtain vitamin D from nutritional supplements as well as from fortified 

foods. Vitamin D from all mentioned sources is inert (IOM 2011). It must undergo two 

hydroxylation reactions in order to be converted to its active form, 1,25-dihydrovitamin D. 

The first reaction takes place in the liver where vitamin D is converted to 25-hydroxyvitamin 

D (25(OH)D) the major circulating form; also known as calcidiol. This form is also the main 

biomarker of vitamin D status. The second reaction takes place in the kidneys were it is 

converted to 1,25-dihydroxyvitamin D; its active form, also known as calcitriol (IOM 2011).  

Although named a “vitamin”, vitamin D is a steroid prohormone that has endocrine, 

paracrine and autocrine functions. The most known (endocrine) function of vitamin D is to 

regulate calcium absorption and homeostasis (Spiro and Buttriss 2014). Its active form 

circulates in the blood with vitamin D binding protein. It can cross the plasma membrane 
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and subsequently interact with the vitamin D receptor, binds to a specific vitamin D 

responsive element and together with associated transcription factors enhances 

transcription of mRNAs which in turn code for calcium-transporting proteins, bone matrix 

proteins or cell cycle-regulating proteins (SACN 2016).  

As a result, it stimulates the intestinal absorption of calcium and phosphate and 

stimulates calcium resorption. These functions help restore serum levels of calcium and 

phosphorus when their concentrations are low. With regards to maintaining this 

homeostasis of calcium and phosphorus 1,25-dihydroxyvitamin D acts along with 

parathyroid hormone (PTH).  

 

1.3.2 Factors affecting serum 25(OH)D concentration 

 

Currently serum 25(OH)D levels are considered the best available indicator of vitamin D 

status, i.e. the best indicator of body content as well as the amount available for cellular use 

and it is used as a marker upon which to decide if an individual has sufficient or deficient 

serum concentration (SACN 2016).  

Adipose tissue has been suggested as a place where vitamin D can be stored in the 

body, however the physiological mechanisms which regulate this process are currently 

unknown (IOM 2011). The same could be hypothesized for skeletal muscle but our 

understanding is currently limited and it has been described in the literature as a research 

gap to be studied further (Cashman and Kiely 2011).  

Furthermore, when vitamin D enters the circulation is cleared by the liver in a few hours 

and we rely only on measuring serum 25(OH)D concentration as it is not feasible to measure 

vitamin D concentration in adipose tissue, muscle or the liver (SACN 2016). However, as 

vitamin D and its metabolites stored in adipose tissue as well as other bodily sites, from 

where they could also be mobilized, what is usually examined, in reality, is the relationship 

between serum concentration and other factors, such as sunlight exposure and dietary 

intake (IOM 2011, SACN 2016). 
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As previously mentioned, serum 25(OH)D has been suggested as the best indicator of 

status as well as the main form of storage in the body since it is easily available for cellular 

use. It reflects intake from diet (foods and supplements) as well as skin synthesis (SACN 

2016). Serum 1,25(OH)2D may not be considered the best indicator, although it is the main 

driver of physiological responses to vitamin D, as even in cases of extreme deficiency serum 

1,25(OH)2D concentration can be normal (Holick 2004, IOM 2011). Hence, 25(OH)D is used 

as the indicator of vitamin  D status by most health authorities (IOM 2011, SACN 2016) 

although is not clear if serum 25(OH)D can act as the ideal indicator of the association 

between health outcomes and vitamin D status (IOM 2011).  

For example, low serum 25(OH)D concentrations have been associated with chronic 

inflammatory conditions and therefore some researchers have suggested possible reverse 

causality, i.e. that low serum 25(OH)D concentration could be an effect of an inflammatory 

state rather than the cause (Reid et al. 2011). Similar associations have also been observed 

in other studies (Silva and Furlanetto 2015). 

In addition, a number of other factors can influence serum 25(OH)D concentration such 

as season, geographical location, sun exposure, skin colour, sunscreen use, BMI, serum 

PTH concentration as well as some genetic factors (Cashman and Kiely 2011, Holick et al. 

2011, IOM 2011, SACN 2016).  

 

1.3.2.1 Influence of dietary intake on serum 25(OH)D concentration 

 

With regards to food intake and its influence on serum levels, both vitamin D2 and D3 can 

increase serum 25(OH)D levels (Seamans and Cashman 2009), however it is not clear if 

they have the same effect (SACN 2016). In addition, it has been suggested that the 

simultaneous presence of dietary fat in the intestines can increase absorption of vitamin D 

(Weber 1981). An individual’s stored body fat, as estimated by the Body Mass Index (BMI), 

also seems to negatively influence the elevation of serum 25(OH)D concentration following 

supplementation (Forsythe et al. 2012).  

Although there is a great variability between trials and not all were dose-response, meta-

regression analyses of data from randomized controlled trials in adults show that for every 
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1 mcg of vitamin D consumed serum concentrations increased by 0.25 ng/ml (Cranney et 

al. 2007); an estimate that is very close to reports from other studies as well (Heaney and 

Weaver 2003). However, the effect of increasing intakes of vitamin D from food and 

supplements on serum 25(OH)D intake is linear and steeper up to vitamin D intake of 1000 

IU/day (25 mcg/day), but decreases with intake ≥1000 IU/day (IOM 2011).  

In addition, these results could be affected by the latitude and season were the 

respective studies were conducted as some other researchers have reported higher 

increases in serum 25(OH)D concentration, on average 0.8 ng/ml (compared to 0.25 ng/ml 

previously mentioned) for every 1 mcg intake per day (SACN 2016).  

Similar, results were observed in an Institute of Medicine (IoM) analysis between 

randomized controlled trials conducted in populations of different latitudes. In order to 

ensure that the guidelines by the IoM will take into account the most vulnerable, in terms of 

low serum 25(OH)D concentration, individuals in the formulation of their guidelines they 

used data from higher latitudes where it is assumed that skin synthesis is at its lowest (IOM 

2011). 

 

1.3.2.2 Influence of sunlight exposure on serum 25(OH)D concentration 

 

The effect of sunlight exposure to serum 25(OH)D concentration is influenced by many 

factors such as season of the year, time of the day, amount of skin exposed, skin colour, 

geographical latitude, sunscreen use as well as genetic factors (IOM 2011, SACN 2016). 

In comparison with dietary vitamin D that is associated with chylomicrons and low density 

lipoprotein and is subsequently metabolized in the liver, vitamin D synthesized in the skin 

following sunlight exposure is more efficient in raising serum 25(OH)D concentrations 

probably because it diffuses slowly in the bloodstream (Fraser 1983, Haddad et al. 1993). 

Unfortunately, due to heterogeneity, in study design and populations studied, it is not 

possible to quantitively and accurately report the effect of sun exposure on serum 25(OH)D 

concentration (Cranney et al. 2007). However, the lower the serum 25(OH)D concentration 

the higher the increase in serum levels following exposure to sunlight (Bogh et al. 2010). In 
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the same study, researchers reported that with higher the surface area of the skin exposed 

lower doses of exposure are adequate to elevate serum 25(OH)D levels.  

Some researchers have tried to quantify the effect of sun exposure to serum 

concentration and suggested that exposure of approximately one quarter of the total body 

surface 2-3 times per week to ¼ Minimal Erythemal Dose (MED) during spring to autumn 

season is equal to an oral dose of 1000 UI vitamin D (SACN 2016). One MED is defined as 

the minimum dose of ultraviolet radiation that produces erythema in that person’s skin. 

However, this as well as similar studies do not always take into account normal life situations 

where people naturally adopt different postures and are randomly oriented to the sun and 

differ in the season when data was collected as well as in the ethnic groups studied, making 

therefore generalization of these results difficult (Farrar et al. 2011, Farrar et al. 2013, Webb 

et al. 2011).  

Furthermore, latitude can influence skin synthesis following sunlight exposure. At 

latitudes below 37oC sunlight is adequate for year round synthesis, whereas at higher 

latitudes vitamin D cannot be synthesized during the winter months (SACN 2016). A study 

which compared serum concentrations in different geographic latitudes (57oN vs. 51oN) 

reported a difference of approximately 4 ng/ml (Macdonald et al. 2011). However, it should 

also be considered that the weather in northern latitudes is colder and therefore individuals 

might spend much less time outdoors as well as have most of their skin covered with 

clothes, therefore reducing exposure of skin to the ultraviolet radiation.  

For the same reason, contribution of skin synthesis to serum 25(OH)D status might be 

more limited during the winter months. However, irrespective of being outdoors during 

winter in higher latitudes ultraviolet radiation is even more limited and in northern countries 

not enough to produce biologically relevant quantities of vitamin D in the skin (Webb et al. 

1989, Webb et al. 1988). A seasonal variation in serum 25(OH)D concentrations has been 

observed in many countries (IOM 2011, Kasahara et al. 2013, Manios et al. 2017, O'Neill 

et al. 2016, Papadakis et al. 2015, SACN 2016).  

Skin colour can also affect skin synthesis and it has been observed that individuals with 

darker skin colour have lower serum 25(OH)D concentrations; although it is not entirely 

clear if this is the result of cultural and lifestyle, rather than physiological, reasons (Clemens 
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et al. 1982, SACN 2016, Webb 2006).  Studies that have examined the role of skin melanin 

on skin synthesis have led to contradictory findings (Armas et al. 2007, Libon et al. 2013). 

Another factor that could potentially influence skin synthesis of vitamin D is age. In some 

studies, individuals with increased age have lower serum 25(OH)D concentrations 

compared to those of younger age (MacLaughlin and Holick 1985). However, as previously 

mentioned for latitude and those living in northern areas/ countries, this could be the effect 

of going less outdoor with increasing age and therefore being less exposed to ultraviolet 

radiation. Furthermore, this lower serum 25(OH)D concentrations observed in older people 

could be a consequence of diminishing liver and/ or kidney function which could in turn 

influence one or both hydroxylation steps that take place in these two organs.  

Apart from geographical and physiological factors, other factors can also have an impact 

on skin synthesis. For example, public health policies are in place to prevent skin cancer 

and therefore use of sunscreen can reduced skin synthesis of vitamin D. Relevant studies 

reported that although sunscreen use could block completely skin synthesis, it does not 

because sunscreens are not applied by individuals in the recommended dosage (Norval 

and Wulf 2009, Springbett et al. 2010). Therefore, vitamin D skin synthesis could be 

reduced but not completely prevented.  

 

1.4 Health conditions associated with vitamin D deficiency 

 

Low serum 25(OH)D levels have been associated with several health conditions of public 

health concern. Serum 25(OH)D levels, as previously mentioned, are analogous to an 

individual’s sunlight, and more specifically UVB light, exposure as well as intake from food 

and supplements (SACN 2016).  

The most widely studied role of vitamin D is the one that is related to bone health. During 

an individual’s lifetime bone undergoes significant stages of growth, replacement and repair 

(IOM 2011). Bone is broken down, in a process called resorption, and new is formed, in a 

process called ossification (SACN 2016). Bone develops rapidly during infancy, less rapidly 

during childhood until another period of rapid growth that takes place during adolescence.  
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Peak is reached in the early 20s, however with increasing age bone resorption slowly 

but steadily predominates bone ossification. Later in life rate of bone loss increases, 

especially in women after menopause 4-8 years after which there is an acceleration of bone 

loss (Harel et al. 2002).  

Vitamin D helps absorb calcium in the gastrointestinal tract as well as to maintain 

adequate serum calcium and phosphate concentrations for normal bone growth and 

remodeling (Holick 2004). Serum 25(OH)D deficiency is implicated in three different 

conditions related to bone health: rickets, osteomalacia and osteoporosis (IOM 2011). 

Serum 25(OH)D deficiency can lead to development of rickets in children.  

Vitamin D supplementation can reverse the skeletal changes if it is diagnosed and 

prevented before the bone plates have begun to mature (SACN 2016). In adults, 

osteomalacia can develop as a result of vitamin D deficiency and impaired bone 

mineralization. Usually, it is also linked to hyperparathyroidism or caused by damage to the 

liver and/ or kidneys which could interfere with the respective hydroxylation reactions in the 

metabolic pathway to convert vitamin D to its active metabolite (IOM 2011).  

In addition, osteoporosis can be developed as a result of ageing and is linked with micro-

architectural deterioration of bone mass and increased risk of fractures (IOM 2011, SACN 

2016). Many factors, that can influence bone mass, along with vitamin D deficiency or 

insufficiency can play a role in the development of osteoporosis (SACN 2016). 

Apart from its effect on skeletal health, vitamin D has been studied for its probable effect 

in more than a hundred health outcomes including a very wide range of diseases like 

malignant, cardiovascular, autoimmune, infectious and metabolic diseases (Theodoratou et 

al. 2014). However, due to the nature of results in observational studies, and their 

accompanying limitations, no results offer highly convincing evidence of a role of vitamin D 

for any outcome (IOM 2011, SACN 2016, Theodoratou et al. 2014).  

Therefore, apart from beneficial effects of vitamin D supplementation (along with 

calcium) on skeletal health, concerning other outcomes, vitamin D supplementation is 

probably linked to decrease in dental caries in children as well in parathyroid hormone in 

patients with chronic kidney disease (Holick 2005, Theodoratou et al. 2014).  
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Suggestive, but not conclusive, evidence also exists with regards to adequate vitamin D 

concentration in serum with cardiovascular disease, stroke, hypertension, depression, 

metabolic syndrome, cognition, type 2 diabetes and high body mass index, among other 

less common outcomes (Theodoratou et al. 2014). 

 

1.5 Recommendations for vitamin D serum levels and intake 

 

Although the major source for vitamin D in humans is skin synthesis following exposure 

to sunlight, many; especially those living in Northern countries, rely on body stores (which 

are not yet defined) and dietary intake (Cashman and Kiely 2014). However, as the ideal 

method to measure vitamin D study is measuring serum 25(OH)D levels, which is influenced 

by skin synthesis as well as intake – and the first source (skin synthesis) is in turn influenced 

by a number of factors such as latitude, pollution, skin colour, etc. (SACN 2016), setting 

recommended dietary intakes for vitamin D is not an easy task (Cashman and Kiely 2014).  

In addition, our understanding of the role of serum levels of 25(OH)D and several health 

outcomes, as previously mentioned, is limited (Theodoratou et al. 2014); which could be an 

additional factor upon which requirements could be established. The strongest indicator, 

currently, is the association of 25(OH)D levels with skeletal health.  

In recent years and in response to the epidemic of low serum 25(OH)D levels globally, 

many governmental authorities have tried to establish recommendations regarding vitamin 

D intake from food. One of the most comprehensive reviews was the one by the Institute of 

Medicine regarding calcium and vitamin D requirements (IOM 2011). IoM used a risk 

assessment framework in order to derive the Dietary Reference Intake (DRI) values for the 

first time; an approach described in the literature (Cashman 2012, Taylor 2008).  

Similarly, other authorities, like the Scientific Advisory Committee on Nutrition (SACN) 

as well as the European Food Safety Authority followed a similar approach to set the 

reference intakes by appraising the evidence and using mostly evidence from independent 

systematic evidence-based reviews (Cashman and Kiely 2014, EFSA 2018, SACN 2016).  
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1.5.1 Recommendations for 25(OH)D serum levels 

 

In this risk assessment approach, mentioned earlier, committees considered several 

outcomes (e.g. clinical, functional) as well as biomarkers (e.g. of effect, of exposure) in 

order to derive the Dietary Reference Intakes for vitamin D (Cashman 2012). Using mostly 

data regarding the association between vitamin D and skeletal health reference serum 

25(OH)D was initially proposed; where a concentration ≥20 ng/mL was a suggested to meet 

the requirements for almost all healthy individuals (97.5%) (Cashman and Kiely 2014). The 

IoM committee named this concentration as the Recommended Dietary Allowance (RDA)-

like concentration (IOM 2011).  

The IoM committee explicitly reported that the Dietary Reference Values (DRVs) for 

vitamin D were based on the best available evidence at the time it was written and 

suggested that new DRVs should be derived when a much larger body of evidence is 

available, including more randomized controlled trials (IOM 2011). However, due to the fact 

that the available evidence is sometimes controversial and incomplete a lot of controversy 

was generated among scientists and some criticized the recommendations as conservative 

(Cashman and Kiely 2014).  

Therefore, in response to the IoM guidelines the Endocrine Society, in the USA, also 

published guidelines for the evaluation, treatment and prevention of vitamin D deficiency 

(Holick et al. 2011). Although, they had similar views the Endocrine Society suggested 

categories of serum 25(OH)D which were based on “deficiency”, “insufficiency” and 

“sufficiency” (Holick et al. 2011) rather than the relative serum 25(OH)D concentration that 

would be “adequate” for 97.5% of the healthy population as IoM suggested (IOM 2011).  

Both authorities (IoM and the Endocrine Society) agree that the evidence is limited for a 

causative link between serum 25(OH)D concentration and any outcome not related to 

skeletal health (Holick et al. 2011, IOM 2011).  

 

1.5.2 Recommendations for food intake 
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Using meta-regression of data from randomized controlled trials, regarding the dose-

response relationship of serum 25(OH)D to intake from food and supplements, the IoM 

translated the suggested serum 25(OH)D levels into Dietary Reference Intakes (Cashman 

and Kiely 2014, IOM 2011). This is how the Estimated Average Requirement (EAR) for 

vitamin D was set at 10 mcg/day for all adults and the Recommended Dietary Requirement 

(RDA) at 15 mcg/ day for adults 18-70 years old and at 20 mcg/day for those ≥71 years old. 

(IOM 2011). The Tolerable Upper Intake Level (UL) was set at 100 mcg/day for adults ≥18 

years old (IOM 2011). 

The EAR is defined as the nutrient intake level that is estimated to meet the requirements 

of half healthy individuals of the specified age and gender group (IOM 2011). The RDA is 

defined as the nutrient intake level that is estimated to meet the needs of nearly all (97.5%) 

healthy individuals of the specified age and gender group (IOM 2011). The UL is defined as 

the maximum daily intake unlikely to cause any adverse health effects (IOM 2011).  

Similar strategy in the development of reference intakes has been used by EFSA (EFSA 

2010) where an Adequate Intake (AI) was set at 15 mcg/day (EFSA 2018). The AI is usually 

set when evidence is insufficient to develop an RDA and is set at a level assumed to ensure 

nutritional adequacy for a population (IOM 2011). Hence, the AI by EFSA is comparable 

and equal to the RDA set by the IoM. 

 

1.6 Gaps in knowledge 

 

Based on the above several gaps in knowledge remain. Firstly, there is need to identify 

the prevalence of low serum 25(OH)D concentration in a representative sample of the 

Greek adult population. In addition, there is need to explore probable correlations between 

serum 25(OH)D concentration and several factors that may influence it.  

Some of these factors are dietary intake from food and supplements, sunlight exposure, 

skin colour, season of the year when data was collected, body mass index, gender, age, 

parathyroid hormone concentration, other dietary factors and sunscreen use.  
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In addition, there is need to identify the level of intake from food and supplements in the 

Greek population as well as the main food contributors of vitamin D in the Greek diet. From 

all the factors named above those that are modifiable are food and supplement intake as 

well as sunlight exposure, with the latter also influencing the risk of melanoma.  

Hence, an additional aim of this study was to examine the theoretical effect of food 

fortification on improving vitamin D intake from food, and more specifically in comparison to 

the EAR and RDA.  

All the above have been the scope of this PhD thesis and a detailed methodology was 

followed in order to explore all potential factors that may influence the results.  
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2. Scope of PhD thesis 

 

The scope of the current PhD thesis was to measure the prevalence of low serum vitamin 

D intakes of Greek adults, in a representative sample of the Greek population, as well as 

the factors that may influence its levels.  

An additional scope of this thesis was to estimate vitamin D intake from food and 

supplements, identify the main food sources of vitamin D intake in Greek adults and show 

how an example of food fortification might help increase dietary intake and improve serum 

25(OH)D status. 

 

2.1 Specific aims by paper in support to PhD thesis 

 

1st paper aims: To estimate the prevalence of low serum vitamin D levels in a 

representative sample of Greek adults as well as identify the factors that could possibly 

influence serum levels like for example sun exposure, nutritional intake, body mass index 

and intake from supplements.  

2nd paper aims: To estimate vitamin D intake from food as well as the main foods that 

contribute to vitamin D food intake in the adult Greek population. In addition, to compare 

intake levels with the EAR and the RDA as well as to describe the measurable benefits (in 

comparison with the mentioned reference values) of an example of food fortification towards 

increasing dietary intake at population level. 

3rd paper aims: To report in detail the methodology used to develop all questionnaires 

and procedures that were developed in the Hellenic Nutrition and Health Study. In addition, 

to report some preliminary findings of the study and population’s descriptive characteristics.  
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3. Presentation of papers 
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Abstract 

 

Background & aims: Serum 25(OH)D deficiency is becoming an epidemic. The aim was 

to assess vitamin D status of the adult Greek population in relation to intake, sun exposure 

and other factors, using data from the Hellenic National Nutrition and Health Survey 

(HNNHS).  

Methods:  Data from 1084 adult participants (37,8% males) were analyzed. Vitamin D 

intake was assessed using 24-hour recalls. Serum 25(OH)D concentration was evaluated and 

related to anthropometric measurements and other covariates including supplements used, 

by sex. Variables significantly associated with 25(OH)D <20ng/ml were assessed using 

simple and multiple logistic regression. 

Results: Median vitamin D intake from food was 1.23 mcg/day (0.60, 2.44), with 9.1% 

consuming supplements. Median serum 25(OH)D was 16.72 ng/ml, with no sex differences 

(P=0.923).  The odds of having 25(OH)D <20 ng/ml significantly decreased with  being very 

active (OR 0.55, 95% CI 0.35, 0.98), increasing length of sun exposure [1-3 hours/day (OR 

0.59, 95% CI 0.44, 0.80), >3 hours/day (OR 0.36, 95% CI 0.24, 0.55)], and skin color [light 

to medium skin (OR 0.47, 95% CI 0.24, 0.91), fairly dark skin colour (OR 0.34, 95% CI 

0.17, 0.67) and dark or very dark skin colour (OR 0.34, 95% CI 0.15, 0.75)], compared to 

respective baseline levels. The odds significantly increased with obesity (OR 1.95, 95% CI 

1.24, 3.08), and spring season of blood sample collection (OR 1.75, 95% CI 1.22, 2.50).  
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Conclusions: Vitamin D deficiency is highly prevalent in Greek adults. Relevant public 

health policies are highly recommended, which could include vitamin D fortification. and 

suggestion for increased but safe sun exposure. 

Keywords: Vitamin D, 25-hydrovitamin D, diet, public health, nutrition survey, Greece.  
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Introduction 

In recent years vitamin D deficiency has become the most common nutritional 

deficiency in the world with more than 1 billion people having inadequate levels of serum 

vitamin D concentration [1, 2]. In populations living in low latitude where UV rays are 

assumed adequate for vitamin D skin synthesis or in industrialized nations where some foods 

are fortified with vitamin D, deficiency still persists [3] across all age groups and subgroups 

[4-6]. These levels are observed in the national [4, 7-10], European [4-6, 11] and 

International level [3, 5]. Apart from low serum concentrations, published data have also 

reported high prevalence of low vitamin D intake even at levels that are far below the 

recommended reference intake, as per the Institute of Medicine (IoM) [6, 12].  

Vitamin D has many physiological roles, including being a facilitator for calcium 

absorption, maintaining bone health and regulation of cell growth. Recently, its role to other 

health conditions, such as cardiovascular disease and diabetes have also been investigated 

[13], emphasizing on the importance of a high prevalence of vitamin D deficiency at the 

population level.  

Vitamin D is primarily produced endogenously following skin exposure to ultraviolet 

(UV) and its synthesis is influenced by a plethora of factors, such as geographical location, 

use of sunscreen and type of clothing, time spent outdoors and time of the day, age, skin 

pigmentation as well as environmental pollution [14].  

In parallel, dietary intake is also important and significantly contributes to 

maintaining serum 25-hydroxyvitamin D (25(OH)D) concentration above 20 ng/ml. Vitamin 

D is found in a few foods, mainly in the form of cholecalciferol (vitamin D3) which is highly 
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bioavailable. It can also be found as ergocalciferol (vitamin D2) from plant sources.  Vitamin 

D supplementation from various forms can also be added to the intake and should therefore 

be considered when evaluating vitamin D status.   

 Given the significant prevalence of vitamin D deficiency worldwide, in all age 

groups, irrespectively of sunlight prevalence, as well as the number of factors that influence 

vitamin D status, studies addressing vitamin D population status are warranted. In Greece, 

to our best knowledge, a study on the population prevalence of vitamin D deficiency in 

adults, using a national representative sample, has not been performed.  

The aim of this study is therefore to assess vitamin D status of the adult Greek 

population, using serum 25(OH)D concentration, in relation to total vitamin D intake (from 

diet and supplements) and sun exposure.  

 

Materials & methods 

Study design & Sample 

Data from the Hellenic National Nutrition and Health Survey (HNNHS), was used 

in this study, whereas collection took place from September 2013 to May 2015. Details of 

HNNHS’s methods have been reported elsewhere [15]. Eligible for participation were males 

and females ≥6 months old that reside in Greece who were (i) not pregnant/ breastfeeding, 

(ii) not institutionalized (e.g. military service, hospital, other institution) and selection was 

performed using a random stratified design based on the 2011 census data.  
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A total of 3836 adults (≥18 years, 40.8% males) were initially enrolled in the 

HNNHS, for whom anthropometric and medical history was assessed by trained interviewers 

and according to the International Classification of Diseases (ICD-10) codes. All participants 

were also invited to provide blood samples for biochemical – hematological evaluation and 

anthropometric measurements. Of them, 1197 (26.2% of total population; 28.7% of adult 

population) agreed; no age distribution differences were found between the total population and 

those who provided blood sample (p= 0.677).  A total sample of 1084 adults (23.7% 

participation; 37.8% males) with available data on serum 25(OH)D concentration were 

included.  

Data collection 

In HNNHS data collection included (i) an initial household Computer Assisted 

Personal Interview (CAPI) consisting of multiple questionnaires and a 24hr recall, (ii) 

additional validated questionnaires, (iii) a second 24hr recall via telephone 8-20 days after 

the first interview, selecting a different non-consecutive day, as specified by HNNHS study-protocol 

and (iv) a visit to a mobile unit in order to perform the medical, biochemical and 

anthropometric examinations/ measurements. HNNHS fieldwork protocol. Interviews were 

performed throughout all seasons of the year, to account for season vitamin D status and 

decrease error in results.  

The list of questionnaires used, relevant to this study, included information on 

demographic, psychosomatic health, vitamin and subscribed drug intake. These can be found 

in detail in the methodology HNNHS paper [15]. All questionnaires included in this study 
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were adapted from previously validated and used by other large National Health Surveys 

[16].  

Blood samples in the morning, between 8:00 and 10:00 am, upon having fasted for 

at least 10 hours. To assure compliance all individuals were asked if they had fasted and 

when their last meal was. These were collected using BD vacutainer® safety blood collection 

set 21G and holder 21G and Greiner vacuette K3EDTA. After centrifugation with the Nuve® 

NF400 centrifuge samples were stored in cryovials in -80o C. Plasma 25(OH)D concentration 

was measured on a COBAS e411 immunoassay analyzer (place) using the Elecsys Vitamin 

D total assay (Roche Diagnostics, place) [17].  

Dietary intake was assessed using a detailed interviewer-administered 24-hour 

dietary recall using the Automated Multiple-Pass Method (84.5% completed both 24-hour 

recalls) [18]. The FoodEx2 food classification and description system developed by the 

European Food Safety Authority (EFSA) was used and recommendations for the 

harmonization of data across European Union countries were followed [19]. Food 

quantification was performed with the use of validated food atlases as the primary option 

along with standardized household measures. The Nutrition Data System for Research 

(NDSR) developed by the University of Minnesota was used for nutrient analysis.  From the 

initial n=1964 24-hour recalls there were 62 recalls with extreme intakes (<600 or >6000 

kcal per day) which were excluded from the analysis (67.7% females, 32.3% males).  

A drug and supplement questionnaire was developed using validated questionnaires 

from other studies, mainly from the United States [15]. The questionnaire was applied twice, 

during the initial interview as well as during the mobile unit visit. From this data, vitamin D 
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supplement intake was categorized as follows: “no supplement use” or “supplement use”. 

Although initially thought appropriate to have three categories (no supplement use, <10 

μg/day and ≥10 μg/day), as those receiving ≥10 μg/day are supposed to intentionally seek 

vitamin D supplementation [20] rather than obtaining it as part of a multivitamin supplement, 

the number of observations in the ≥10 μg/day category was too small (males=2, females=45). 

Although the ideal method to assess sun exposure is dosimetry [21] in HNNHS, due to 

limited funding, sun exposure was assessed using a questionnaire; statistically significant 

correlations have been reported between the two methods [22]. The questionnaire’s aim is 

to evaluate the amount of sun exposure as well as the parameters that could influence vitamin 

D skin synthesis to rank individuals accordingly. It included questions relating to sun 

exposure for each of the four seasons (weekends and weekdays), exposure for the last 30 

days, sunscreen use and skin colour. 

Physical activity was measured using the International Physical Activity 

Questionnaire (IPAQ) short form for those ≥18 years - <65 years and a modified version for 

those ≥65 years old. Alcohol was assessed using questionnaire from NHANES, BRFSS, 

Arkansas Cardiovascular Health Examination Survey (ARCHES) and Recommended 

Alcohol Questions by the National Institute on Alcohol Abuse and Alcoholism (NIAAA) 

were used [15]. Volunteers were classified as “alcohol” or “non-alcohol” consumers, based 

on their intake over the past 30 days. 

Anthropometric measurements were performed according to the NHANES study 

protocol [23] with the use of Seca 213 portable stadiometer, and InBody 270 Biospace 

analyser was used to measure body weight following the required preparation. Height was 
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measured by asking the volunteer to (i) remove any ornaments, jewelry, etc. from the top of 

the head, (ii) stand up straight against the backboard with the body weight evenly distributed 

from feet flat on the platform, (iii) stand with the heels together and toes apart at 

approximately a 60o angle and (iv) field researcher made sure that the back of the head, 

shoulder blades, buttocks and heels made contact with the backboard. Weight was measured 

by asking the volunteer to (i) remove heavy clothing and objects as well as shoes and (ii) to 

stand in the center of the scale platform facing the recorder with hands at the sides and 

looking straight ahead. Each of these individuals visited one of the 5 mobile units where 

medical and anthropometric measurements were completed.  

Statistical analyses 

Normality of continuous data was checked using P-P and kernel density plots. 

Categorical variables were expressed as frequencies and percentages (N %), whereas 

continuous variables were expressed as mean with standard deviation (SD) if normal and 

median if skewed and interquartile range (25%, 75%). Differences in categorical variables 

were derived using chi square test and Kruskal-Wallis test for sex differences between 

continuous variables, since continuous variables used in this analysis were not normally 

distributed.  

The 25(OH)D cut-off for logistic regression chosen was 20 ng/ml as values <20 

ng/ml reflect inadequate (12 to <20 ng/ml) or deficient (<12 ng/ml) levels for bone and 

overall health in healthy individuals [24]. 

Univariate logistic regression analysis for each potential factor associated with 

25(OH)D, based on a-priori knowledge was assessed, in total and by sex. Variables that were 
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found significantly associated with the odds of serum 25(OH)D levels <20 ng/ml were 

included in the multivariate regression, as well as a-priory known factors. The Likelihood 

Ratio test (LR test) was used to check the significance of the models with significance level 

at 0.05. 

All analyses were performed in STATA statistical software (STATA 13.1, Stata 

Corp LP, Texas, USA) with a significance level set at P<0.05. 

Ethical statement 

The study was approved by the Ethics Committee of the Department of Food Science 

and Human Nutrition of the Agricultural University of Athens. It was also approved by 

Hellenic Data Protection Authority (HDPA). All members of the staff signed confidentiality 

agreements. All volunteers were asked to sign a detailed consent form.  

Results 

Demographic and general characteristics of the population 

The baseline characteristics of this subgroup of the HNNHS population are presented 

in Table 1 in total as well as by sex. According to the Shapiro-Wilk test for normality 

continuous variables did not follow a normal distribution. Statistically significant sex 

differences were found for dietary vitamin D intake, Body Mass Index (BMI) category, 

activity level, vitamin D supplement use, sun exposure and skin colour (P for all <0.05). 

The median (interquartile range) age of the total sample was 36 years (27, 52), 35 

(28, 48) for males and 36.5 (26, 54) for females. With regards to BMI category of the total 

population, 57.8% normal weight or were underweight (4.9% underweight), 28.6% 

overweight and 13.6% obese. Furthermore, males’ prevalence of overweight (38% vs. 
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22.8%) and obesity (16.1% vs. 12.0%) were significantly higher compared to that of female 

participants (P<0.001) (Table 1).  

Serum 25(OH)D concentration, dietary intake and skin synthesis 

Median (interquartile range) serum 25(OH)D concentration for the total population 

was 16.7 ng/ml (9.8, 23.6), 16.67 ng/ml (11.1, 23.46) for males and 16.74 ng/ml (9.72, 23.64) 

for females. According to the IoM cut-off levels for vitamin D deficiency, 28.8% of the total 

sample was found deficient (<30 ng/ml), 36.0% insufficient (<20 ng/ml), 35.1% sufficient 

(>30 ng/ml and <50 ng/ml) and only 0.1% being in the high (≥50 ng/ml) category. There 

were no significant differences in serum 25(OH)D concentration between males and 

females. In addition, there were no significant differences in serum 25(OH)D concentration 

in different age groups (≥18 years, data not shown). However, there were significant 

differences in serum 25(OH)D concentration for the total sample (P<0.01) as well as for 

males (P=0.003) and females (P=0.007) per month of blood sample collection (Figure 1) 

with higher prevalence of 25(OH)D levels <20 ng/ml during March (end of Winter, 

beginning of Spring season). In addition, there were significant differences in serum 

25(OH)D concentration for the total sample (P=0.03) as well as for males (P=0.002) and 

females (P=0.03) per season of blood sample collection (data not shown) with higher 

prevalence of 25(OH)D concentration <20 ng/ml during Spring, as per total sample.  

Median (interquartile range) vitamin D intake from food for the total population was 

1.23 μg/day (0.60, 2.44), 1.45 μg/day (0.66, 3.07) for males and 1.16 μg/day (0.56, 2.05) for 

females. Regarding vitamin D supplement use, 9.1% reported taking a supplement 

containing vitamin D (Table 1). Among those, 4.8% reported taking <10 μg/day vitamin D, 
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mostly from multivitamins, and 4.3% reported taking ≥10 μg/day. There was statistically 

significant difference in vitamin D supplement intake between sexes (P<0.001) as 94.1% of 

males and 88.9% of females reported not taking a supplement containing vitamin D. 

Additionally, a low 0.5% of males reported taking a supplement containing ≥10 μg /day 

compared to the 6.7% of females.  

Most of the total sample reported sun exposure for the last 30 days (before the blood 

sample collection) of 0-1 h/day (49.2%) and 1-3 h/d (36.7%) compared to 13.0% that 

reported >3 h/d. On the other hand, 45.2% and 36.9% of males reported 0-1 h/d and 1-3 h/d 

of sun exposure respectively compared to 51.7% and 36.7% of females.  In addition, 17.9% 

of males and 11.7% of females reported sun exposure >3 h/d. There was statistically 

significant difference in sun exposure between the two sexes (P=0.020).  

There were no statistically significant differences in season of blood sample 

collection between the two sexes (P=0.442). For 28.6% of the total sample blood collection 

was performed during summer, 11.6% during fall, 29.4% during winter and 30.4% during 

spring. 

In terms of skin colour 60.2% of the total sample had light colour/ medium light as 

(56.4% of total males and 62.5% of total females), 25.6% had dark skin (31.2% of males and 

22.2% of females), 7.4% had dark or very dark skin colour, and 6.8% very light skin colour 

(Table 1).  There was statistically significant difference in skin colour between males and 

females (P<0.001).  

Odds of having 25(OH)D concentration <20 ng/ml 
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As can be seen in Table 2 the odds of having 25(OH)D levels <20 ng/ml were lower 

for the total sample with high activity, with supplement use, increased hours of sun exposure 

and darker skin colour. On the other hand, spring season of blood sample collection was 

associated with increased odds of having 25(OH)D concentration <20 ng/ml as was being 

obese. In more detail, very active individuals had 41% reduced odds (OR 0.59, 95% CI 0.35, 

0.98, P=0.044). Individuals using vitamin D supplements were 46% less likely of having 

insufficient serum vitamin D concentration (OR 0.54, 95% CI 0.34, 0.86, P=0.010). One to 

three hours of sun exposure per day reduces the odds of 25(OH)D <20 ng/ml by 41% (OR 

0.59, 95% CI 0.44, 0.80, P=0.001), >3 hours/day by 64% (OR 0.37, 95% CI 0.24, 0.55, 

P<0.001) as compared with 0-1 hours/day of sun exposure dy. Compared to very light skin 

coloured individuals, those with light to medium light colour had 53% lower odds of 

25(OH)D concentration <20 ng/ml (OR 0.47, 95% CI 0.24, 0.91, P=0.025), those with fairly 

dark 66% reduced odds (OR 0.34, 95% CI 0.17, 0.67, P=0.002) as those with dark or very 

dark skin (OR 0.34, 95% CI 0.15, 0.75, P=0.007). Furthermore, blood samples collected 

during spring compared to those collected during summer were related with 87.5% increased 

odds of 25(OH)D concentration <20 ng/ml (OR 1.73, 95% CI 1.22, 2.48, P=0.002). This 

model was adjusted for age. The likelihood ratio test for the whole model was 88.85 with a 

p value <0.001.  

For males (Table 2) smoking status was associated with increased odds of 25(OH)D 

concentration <20 ng/ml (OR 1.74, 95% CI 1.04, 2.90, P=0.034) as was spring season of 

blood sample collection (OR 2.91, 95% CI 1.52, 5.53, P=0.001). On the other hand, 

compared to 0-1 hours per day of sun exposure individuals with 1-3 hours per day had 44% 
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reduced odds (OR 0.56, 95% CI 0.32, 0.95, P=0.033), >3 hours per day 80% reduced odds 

(OR 0.21, 95% CI 0.11, 0.42, P<0.001). The model was adjusted for age, ΒΜΙ category, 

activity level, vitamin D supplement use and skin colour. The likelihood ratio test for the 

model was 68.09 with P<0.001.  

For females (Table 2) being obese was associated with increased odds of 25(OH)D 

concentration <20 ng/ ml (OR 2.22, 95% CI 1.19, 4.16, P=0.012). In contrary, supplement 

use compared to no supplement use was associated with 51% reduced odds (OR 0.49, 95% 

CI 0.29, 0.85, P=0.012) as was sun exposure 1-3 hours/day (OR 0.61, 95% CI 0.42, 0.89, 

P=0.012), >3 hours/day (OR 0.50, 95% CI 0.29, 0.89, P=0.019) compared to 0-1 hours/day 

of sun exposure. Furthermore, light to medium skin colour (OR 0.44, 95% CI 0.21, 0.89, 

P=0.023), fairly dark skin colour (OR 0.33, 95% CI 0.15, 0.70, P=0.004) and dark to very 

dark skin colour (OR 0.28, 95% CI 0.11, 0.75, P=0.011) were associated with reduced odds 

of 25(OH)D concentration <20 ng/ ml compared to individuals with very light skin colour. 

The model was adjusted for age, season of blood sample collection and PTH levels. The 

likelihood ratio test for the whole model was 55.23 with P<0.001.  

Several demographic variables (marital status, health insurance and income) as well 

as other variables, mentioned in the literature, such as alcohol intake, serum cholesterol, 

serum magnesium, serum creatinine, serum lead (Pb) levels, dietary factors (e.g. Ca, Vitamin 

K), skeletal muscle mass and sunscreen use were not significantly associated with 25(OH)D 

levels (data not shown). Fiber (OR 1.00, 95% CI 1.00, 1.01, P=0.046) and magnesium intake 

(OR 1.00, 95% CI 1.00, 1.00, P=0.035) were significantly associated with the odds of having 
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serum 25(OH)D <20 ng/ ml in males and in crude analyses but were excluded as there was 

no clinical significance (OR=1). 

Discussion 

To our knowledge this is the first study that aims to identify factors associated with 

25(ΟΗ)D concentration <20 ng/ml in Greek adults. HNNHS’ measurements revealed that 

64,8% of adults had insufficient serum 25(OH)D concentration and 28.8% were deficient. 

Many factors associated with vitamin D status are modifiable, including dietary intake, 

sunlight exposure and supplement use.  

Vitamin D deficiency and insufficiency have been of concern recently with a 

worldwide review reporting that 37.3% of studies found mean values of 25(OH)D 

concentration <20 ng/ml with the subtotal for males being 22.3 ng/ml and for females 21.3 

ng/ml [5]. In accordance to our study, high prevalence of deficiency has been reported in 

previous studies [5-9, 11, 25] with a review reporting 35-75% of adults from Mediterranean 

countries having serum 25(OH)D concentration <20ng/ml (54% of Greek adults) [4]. These 

studies have taken place in more than 40 countries worldwide many of which in Europe [5, 

6]. Included studies were cross-sectional or cohort where vitamin D status was measured, 

whereas studies where status was estimated, rather than measured, were excluded. Most 

studies included a random sample. 

In addition, other reports from Greece [7, 8], Europe [25] and non-European counties 

[9, 26-28] showed that the highest prevalence of serum 25(OH)D concentration <20 ng/ml 

was during March. In our study (Figure 1) no blood samples were collected during August 

and September compared to others [25] which reported lowest prevalence during July-
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September. Lowest prevalence was observed in October after which it increases and peaks 

in March. This is explained by higher sun exposure during summer and spring where 24% 

& 13% have sun exposure >3 h/d compared to 7% during fall and winter. 

Vitamin D food intake in our sample was low, a finding that seems reasonable as few 

foods contain vitamin D and there is no fortification law in Greece; a strategy that is reported 

to have a positive effect in other regions [29, 30]. Our results are similar or lower compared 

to levels reported elsewhere [6, 31, 32]. In the United States, were milk and cereals are 

fortified, intakes are higher (3.9-7.0 μg/day) [33]. Higher intakes are also observed in 

European countries except Spain where there is also no fortification law and intake is 1.6-

1.7 μg/day [6]. Although, dietary assessment methodologies vary between European 

countries, a notable discrepancy between intakes and recommendations exists [6].  

Although, 0-1 or 1-3 hours/day might seem adequate and Greece has adequate UVB 

availability all year round [34] we have to consider that data is self-reported, that the majority 

of the skin might be covered by clothing, especially during the winter months, and that little 

might be exposed to the sun rays. Also, participants might have also included time exposed 

in the sun when behind a glass (e.g. inside a building or a car) that acts as a barrier of UVB 

rays submission [35]. Furthermore, for cultural or health reasons people might be avoiding 

sun exposure. Similar trends have been reported in sunny countries in the past [1, 36, 37].  

Only approximately 6% of males and 11% of females reported consuming 

supplements, and <1% of males & 6.7% of females receiving ≥10 μg/ day (data not shown). 

The significant sex difference can be explained by the higher prevalence of osteoporosis in 

women compared to men as reported in previous findings (8.3% vs. 0.8% in adults) [15].  
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Considering that intake and synthesis is low it is reasonable to observe serum 

25(OH)D concentration being low. Based on the IoM cut-offs [24], 28.8% is characterized 

deficient, 35.9% has insufficient concentration, 35.1% sufficient concentration and 0.1% 

high concentration. These are comparable with studies from Greece [7, 8], Europe [11] and 

the rest of the world [3, 38]. There were no significant differences in serum 25(OH)D 

concentration observed between males and females as in other reports [39].  

In our study, factors associated with lower odds of serum 25(OH)D concentration 

<20 ng/ml were being very active, supplement intake, increased sun exposure and darker 

skin colour. Spring season of blood sample collection was associated with higher odds of 

deficiency. Although, darker skin is associated with lower odds, which is contradictory to 

other findings, this cannot be explained by longer sun exposure as it is the same across all 

skin colour categories (Pearson’s chi-square test P=0.064). This controversy might be 

because almost all subjects are of Caucasian origin in contrast with other countries where a 

higher proportion is of non-Caucasian origin who differ physiologically and culturally [14]. 

Only 7% of the sample has dark or very dark skin compared to 60% that has light or medium 

light and therefore associations could be influenced by sample size.  

Other studies reported a positive effect of physical activity on 25(OH)D 

concentration adequacy which is hypothesized to be due to increased sun exposure [14] 

however there seems to be an effect irrespective of sun exposure as the same has been 

observed for indoor activity [40]. The main factors that influenced the odds of having 

25(OH)D levels <20ng/ml were sun exposure and season of blood collection. With 

increasing sun exposure, the odds of vitamin D deficiency were lower. Spring season of 
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blood sample collection was associated with higher odds of vitamin D (25(OH)D) 

deficiency/insufficiency, probably because of the low levels of sun exposure during 

preceding months. As previously suggested [41], this seasonal difference in 25(OH)D 

concentrations could possibly be improved with the consumption of fortified products. 

Supplement use might not have been significantly associated with lower odds of deficiency 

due to the small sample size of males that were receiving supplements with content ≥10 

μg/day (n=2). This can be explained by the lower prevalence of osteoporosis in males and/or 

lower degree of actively checking for osteoporosis in comparison to females, and hence 

reduced supplemental intake. Smoking as per other reports was associated with higher odds 

of serum 25(OH)D concentration <20 ng/ml and it is hypothesized that smoking impairs 

conversion of 25(OH)D to 1,25(OH)D [42].  

In females, obesity was associated with higher odds of 25(OH)D concentration <20 

ng/ml. The lipophilic nature of adipose tissue is hypothesized to act as sequester of vitamin 

D, rather than storage, and studies have reported increases in 25(OH)D concentration with 

weight reduction in obese individuals [14]. The exact mechanisms remain unclear [24]. 

Supplement use and sun exposure were associated with lower odds as was darker skin. In 

accordance with other studies, our biochemical data also show a negative correlation 

between serum PTH concentration and 25(OH)D concentration [43-45] but it was not 

significant in the model.  Supplement use was also significant, in contrast with males, which 

could be explained by higher supplemental intake in females. Season of blood sample 

collection was not significantly correlated with 25(OH)D concentration however a seasonal 

difference in supplement intake was observed. Women taking ≥10 μg/day via supplements 
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were more likely to be taking it during Spring (43.2%) and Winter (25%) than during the 

Summer (18.2%) and Fall (13.6%) (data not shown). This could be the result of their 

perception that during Summer sunlight exposure is adequate for synthesis.  

In both sexes dietary intake was not significantly associated with the odds of having 

25(OH)D concentration <20 ng/ml probably because 94.6% had very low intakes. In another 

recent study, it was showed that in European participants with higher intakes of vitamin D 

from food had higher 25(OH)D concentrations [46]. 

Due to the nature of the study, some limitations should be considered. Firstly, no 

causal relationships can be drawn, since it is a cross-sectional study. Most participants lived 

in urban areas and therefore we were unable to explore differences between urban vs. semi-

urban regions (0.37% from non-urban regions). However, in Greece, the vast majority of the 

population reside in metropolitan areas. In addition, we did not explore ethnic differences as 

<1% of the sample were of non-Caucasian race.  

In conclusion, serum 25(OH)D deficiency is high in Greek adults of both sexes. 

Given vitamin D’s possible link to several diseases, relevant actions and policies to correct 

deficiency and reduce prevalence, need to be taken. Food fortification and vitamin D 

supplements are two options towards that goal. Longer but safe sun exposure could offer an 

additional effective and low-cost strategy for 25(OH)D deficiency prevention.  
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Table 1: Descriptive characteristics of study participants (Median values and interquartile 

ranges (25%, 75%), numbers and percentages) 

  Total Males Females 

P valuea 

  n=1084 n=410 n=674 

 
median Range median Range median Range 

 

Age (years) 36 27, 52 35 28, 48 36.5 26, 54 0.972 

Dietary vitamin D intake 

(μg/d)b 

1.23 0.60, 2.44 1.45 0.66, 3.07 1.16 0.56, 2.05 <0.001*** 

Serum 25(OH)D levels 

(ng/ml) 

16.72 9.8, 23.6 16.67 11.1, 23.46 16.74 9.72, 23.6 0.923 

Serum PTH levels (pg/ml) 38.04 28.7, 49.8 38.06 28.9, 51.3 38.04 28.0, 49.7 0.987 

 
n % n % n % 

 

BMI category 
      

<0.001*** 

Normal weightc 627 57.8 188 45.7 439 65.1 
 

Overweight 310 28.6 156 38.0 154 22.8 
 

Obese 147 13.6 66 16.1 81 12.0 
 

Education level 
      

0.068 

Primary school 50 4.6 12 2.9 38 5.6 
 

Secondary school 374 34.5 157 38.3 217 32.2 
 

Professional/Private higher 

education 

98 9.0 31 7.6 67 9.9 
 

University degree 402 37.1 153 37.3 249 36.9 
 

MSc or PhD 160 14.8 57 13.9 103 15.3 
 

Activity level 
      

0.048* 

Sedentary 120 11.1 36 8.8 84 12.6 
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Little active 197 18.3 80 19.5 117 17.5 
 

Moderately active 436 40.4 155 37.8 281 42.0 
 

Very active 326 30.2 139 33.9 187 27.9 
 

Smoking status (last 30 

days) 

      
0.471 

Not smoking 700 64.7 260 63.4 440 65.6 
 

Smoking 381 35.2 150 36.6 231 34.4 
 

25(OH)D statusd 
      

0.886 

<12 ng/ml (Deficient) 312 28.8 118 28.8 194 28.8 
 

12-19.9 ng/ml (Insufficient) 390 36.0 149 36.3 241 35.8 
 

20-49.9 ng/ml (Sufficient) 381 35.1 143 34.9 238 35.3 
 

≥50 ng/ml (High) 1 0.1 0 0.0 1 0.1 
 

Vitamin D supplement 

use 

      
<0.001*** 

No supplement use 985 90.9 386 94.1 599 88.9 
 

Supplement use 99 9.1 24 5.9 75 11.1 
 

Sun exposure (last 30 

days) 

      
0.020* 

0-1 h/d 520 49.2 179 45.2 341 51.7 
 

1-3 h/d 388 36.7 146 36.9 242 36.7 
 

>3 h/d 148 13.0 71 17.9 77 11.7 
 

Skin colour 
      

<0.001*** 

Very light  72 6.8 11 2.8 61 9.2 
 

Light colour/Medium light  638 60.2 224 56.4 414 62.5 
 

Fairly dark 271 25.6 124 31.2 147 22.2 
 

Dark or very dark 78 7.4 38 9.6 40 6.0 
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Season of blood sample 

collection 

      
0.442 

Summer 309 28.6 116 28.4 193 28.7 
 

Fall 125 11.6 51 12.5 74 11.0 
 

Winter 318 29.4 128 31.3 190 28.3 
 

Spring 329 30.4 114 27.9 215 32.0 
 

μg/d, micrograms/day. 25(OH)D, 25-hydroxyvitamin D. ng/ml, nanograms per milliliter. PTH, 

Parathyroid hormone. pg/ml, picogram per milliliter. BMI, Body Mass Index. kg/m2, kilograms per 

meters squared. €, euros. h/d, hours/day.  

aCategorical variables depicted as frequencies and percentages, continuous variables depicted as 

medians and 95% confidence intervals (because they are not normally distributed). Normality was 

tested using the Shapiro-Wilk test. P values indicate sex differences. Kruskal-Wallis test was used in 

the case of continuous variables and Peason’s chi square in the case of categorical variables.  

bExcluding 24-hour recalls with extreme energy intake (<600 or >6000 kcal/ day.  

cDue to the small sample size of underweight individuals (n=53) they were merged with normal 

weight individuals. 

dBased on Institute’s of Medicine cut-off points. Values are rounded to the first decimal (except for p 

values). 

*P<0.5, **P<0.01, ***P<0.001.  
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Table 2: Regression analyses examining the associations of 25(OH)D <20 ng/ml (deficiency & insufficiency based on IoM cut-off points) in the 

total sample and by sex. 

Variables Total 

25(OH)D levels <20 ng/ml 

Males 

25(OH)D levels <20 ng/ml 

Females 

25(OH)D levels <20 ng/ml 

Crude Modela Crude Modelb Crude Modelc 

OR 95% CI P value OR 95% CI P value OR 95% CI P value OR 95% CI P value OR 95% CI P value OR 95% CI P value 

Age (years) 0.99 0.98, 1.00 0.213 0.98 0.97, 0.99 0.010* 0.97 0.96, 0.99 0.004** 0.96 0.95, 

0.98 

<0.001*** 1.00 0.99, 

1.01 

0.593 0.99 0.98, 

1.00 

0.632 

BMI category                   

Normal weight Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - 

Overweight 1.07 0.80, 1.42 0.617 1.21 0.88, 1.66 0.235 0.96 0.61, 1.49 0.863 1.21 0.71, 

2.04 

0.468 1.14 0.78, 

1.68 

0.480 1.22 0.78, 

1.89 

0.369 

Obese 1.84 1.22, 2.78 0.003** 1.95 1.24, 3.08 0.044* 1.36 0.74, 2.52 0.313 1.66 0.79, 

3.46 

0.173 2.33 1.32, 

4.12 

0.003** 2.22 1.19, 

4.16 

0.012* 

Activity level                   

Sedentary Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - 

Little active 0.81 0.48, 1.35 0.431 0.85 0.49, 1.47 0.566 1.01 0.42, 2.44 0.975 1.03 0.38, 

2.76 

0.951 0.72 0.38, 

1.35 

0.308 0.74 0.38, 

1.47 

0.403 

Moderately active 0.60 0.38, 0.95 0.031* 0.66 0.40, 1.08 0.100 0.74 0.33, 1.64 0.462 0.74 0.30, 

1.85 

0.529 0.55 0.31, 

0.95 

0.033* 0.59 0.32, 

1.09 

0.094 
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Very active 0.51 0.32, 0.82 0.006** 0.59 0.35, 0.98 0.044* 0.53 0.24, 5.39 0.129 0.55 0.21, 

1.39 

0.209 0.52 0.29, 

0.92 

0.026* 0.57 0.30, 

1.08 

0.089 

Education level                   

Primary school Ref. - - - - - Ref. - - - - - Ref. - - - - - 

Secondary school 0.95 0.51, 1.78 0.886 - - - 2.99 0.90, 9.90 0.072 - - - 0.59 0.27, 

1.29 

0.195 - - - 

Professional/Private 

higher education 

0.84 0.41, 1.73 0.654 - - - 1.93 0.50, 7.48 0.337 - - - 0.63 0.26, 

1.53 

0.319 - - - 

University degree 0.98 0.52, 1.83 0.963 - - - 2.88 0.87, 9.54 0.083 - - - 0.65 0.30, 

1.40 

0.277 - - - 

MSc or PhD 0.88 0.45, 1.71 0.712 - - - 2.06 0.58, 7.32 0.259 - - - 0.66 0.29, 

1.52 

0.334 - - - 

Vitamin D intake 

from food (μg/day) 

0.97 0.93, 1.00 0.053 - - - 0.96 0.92, 1.01 0.101 - - - 0.97 0.92, 

1.02 

0.274 - - - 

Vitamin D 

supplement use 

                  

No supplement use Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - 

Supplement use 0.54 0.35, 0.82 0.004** 0.54 0.34, 0.86 0.010* 0.61 0.26, 1.40 0.250 0.56 0.22, 

1.44 

0.233 0.52 0.32, 

0.84 

0.008** 0.49 0.29, 

0.85 

0.012* 
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Sun exposure  

(last 30 days) 

                  

0-1 h/d Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - 

1-3 h/d 0.58 0.44, 0.77 <0.001*** 0.59 0.44, 0.80 0.001** 0.52 0.32, 0.84 0.008** 0.56 0.32, 

0.95 

0.033* 0.60 0.43, 

0.86 

0.005** 0.61 0.42, 

0.89 

0.012* 

>3 h/d 0.37 0.26, 0.55 <0.001*** 0.36 0.24, 0.55 <0.001*** 0.25 0.14, 0.46 <0.001*** 0.21 0.11, 

0.42 

<0.001*** 0.49 0.30, 

0.82 

0.007** 0.50 0.29, 

0.89 

0.019* 

Skin colour                   

Very light Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - 

Light 

colour/Medium 

light 

0.48 0.26, 0.88 0.019* 0.47 0.24, 0.91 0.025* 0.84 0.21, 3.27 0.804 0.55 0.10, 

3.09 

0.506 0.41 0.21, 

0.82 

0.012* 0.44 0.21, 

0.89 

0.023* 

Fairly dark 0.33 0.17, 0.62 0.001** 0.34 0.17, 0.67 0.002** 0.53 0.13, 2.12 0.375 0.32 0.05, 

1.81 

0.199 0.29 0.14, 

0.60 

0.001** 0.33 0.15, 

0.70 

0.004** 

Dark or very dark 0.36 0.17, 7.66 0.008** 0.34 0.15, 0.75 0.007** 0.57 0.13, 2.52 0.463 0.33 0.05, 

2.07 

0.240 0.33 0.13, 

0.81 

0.017* 0.28 0.11, 

0.75 

0.011* 

PTH (pg/ml) 1.00 1.00, 1.01 0.046* 1.00 0.99, 1.01 0.098 1.00 0.99, 1.01 0.813 1.00 0.99, 

1.01 

0.416 1.01 1.00, 

1.01 

0.015* 1.00 0.99, 

1.01 

0.068 

Season of blood 

sample collection 
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Summer Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - Ref. - - 

Fall 1.34 0.87, 2.07 0.176 1.18 0.74, 1.88 0.479 1.02 0.52, 1.98 0.944 0.68 0.32, 

1.44 

0.321 1.71 0.95, 

3.09 

0.072 1.69 0.90, 

3.18 

0.101 

Winter 1.19 0.86, 1.65 0.269 1.04 0.73, 1.49 0.801 1.85 1.09, 3.12 0.021* 1.63 0.89, 

3.00 

0.109 0.91 0.60, 

1.37 

0.661 0.83 0.53, 

1.32 

0.452 

Spring 1.84 1.32, 2.57 <0.001*** 1.75 1.22, 2.50 0.002** 2.71 1.53, 4.77 0.001** 2.91 1.52, 

5.53 

0.001** 1.49 0.99, 

2.62 

0.054 1.45 0.93, 

2.27 

0.097 

Smoking status                   

Not smoking Ref. - - - - - Ref. - - Ref. - - Ref. - - - - - 

Smoking 1.19 0.91, 1.55 0.186 - - - 1.63 1.05, 2.52 0.027* 1.74 1.04, 

2.90 

0.034* 0.98 0.70, 

1.37 

0.944 - - - 

 LR test for the model: 88.85, p<0.001*** LR test for the model: 68.09, p<0.001*** LR test for the model: 55.23, p<0.001*** 

25(OH)D. 25-hydroxyvitamin D. ng/ml, nanograms per milliliter. OR, Odds Ratio. CI, Confidence Interval. BMI, Body Mass Index. h/d, hours/ 

day. μg/day, micrograms per day. PTH, Parathyroid hormone. Pg/ml, picogram per milliliter. LR test, Likelihood Ratio test. *P<0.05, **P<0.01, 

***P<0.001. 
aModel 1: was adjusted for covariates having p values <0.05 in crude analyses for the total sample which were age, BMI, activity level, vitamin D 

supplement use, sun exposure, skin colour, PTH and season of blood sample collection.  

bModel 2: model 1 plus adjustment for smoking status which had a p value <0.05 only in crude analyses for males.  

cModel 3: model 1. 
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Figure 1 Prevalence of serum 25(OH)D levels <20ng/ml and per 

montha of blood sample collection (a) total (P<0.01b), (b) for 

males (P=0.003b) and females (P=0.007 b).

 

a There were no blood samples collected during August and 

September. 

bP values indicate differences by month.  



68 
 

3.2 Presentation of paper II 
 

Dimakopoulos, I., Magriplis E., Mitsopoulou, AV.., Karageorgou, D., Bakogianni, I., Micha, 

R., Michas, G., Chourdakis, M., Ntouroupi, T., Tsaniklidou, S.M., Argyri, N., Panagiotakos, D.B., 

Zampelas, A., (2019) Intake and contribution of food groups to vitamin D intake in a 

representative sample of the adult Greek population.  

(Submitted in Nutrition) 

  



69 
 

Intake and contribution of food groups to vitamin D intake in a representative 

sample of the adult Greek population.  
 

Ioannis Dimakopoulos1, Emmanuella Magriplis1, Anastasia-Vasiliki Mitsopoulou1, Dimitra 

Karageorgou1,7, Ioanna Bakogianni1, Renata Micha1,7, George Michas1,8, Michail Chourdakis4, 

George P. Chrousos3, Eleftheria Roma3, Demosthenes B. Panagiotakos2, Antonis Zampelas1. 

 

Contributors: 

Kostantina Argyri1, Evangelia Fappa1, Eleni-Maria Theodoraki1, Eirini Trichia1, Theodora-Eirini 

Sialvera1, Aggeliki Varytimiadi1, Eleni Spyreli1, Antonis Koutelidakis5, George Karlis1, Triantafyllia 

Ntouroupi1, Sophia-Maria Tsaniklidou1, Stauroula Zacharia1, Anna Papageorgiou1 

Advisory Committee: 

George P. Chrousos3, Georgios Dedoussis2, George Dimitriadis6, Yannis Manios2, Eleftheria Roma3. 

 

1Department of Food Science and Human Nutrition, Agricultural University of Athens, Iera odos 

75, 118 55 Athens, Greece. 

2Department of Nutrition and Dietetics, School of Health Science and Education Harokopio 

University, Athens, Eleftheriou Venizelou 70, 176 76 Athens, Greece. 

3First Department of Pediatrics, Medical School, National and Kapodistrian University of Athens, 

Mikras Asias 75, 115 27 Athens, Greece. 

4Laboratory of Hygiene, Social & Preventive Medicine and Medical Statistics, Department of 

Medicine, School of Health Sciences, Aristotle University of Thessaloniki, University Campus, 54 

124 Thessaloniki, Greece.  

5 Department of Food Science and Nutrition, University of Aegean, Mytilini, Greece 

6 2nd Department of Internal Medicine, Research Institute and Diabetes Center, National and 

Kapodistrian University of Athens, “Attikon” University Hospital, Haidari, Greece 

7Present address: Friedman School of Nutrition Science and Policy, Tufts University, Boston, USA 

8Present address: Department of Cardiology, "Elpis” General Hospital of Athens  

 

Corresponding author 

Antonis Zampelas PhD 

Professor in Human Nutrition 

Department of Food Science and Human Nutrition 

Agricultural University of Athens 



70 
 

Iera Odos 75, Athens 11855 

Greece 

Tel: + 30 210 5294701 

e-mail: azampelas@aua.gr  

 

 

Shortened title: Vitamin D food intake of the Greek population. 

 

Words: 3655. 

tel:%2B%2030%20210%205294701
mailto:azampelas@aua.gr


71 
 

Abstract 

Background 

Globally, vitamin D intake from food and supplements is low, consistent with the 

high prevalence of low serum 25(OH)D concentration. The aim of the study was to assess 

vitamin D intake and major relevant food contributors, among Greek adults, as well as to 

propose subsequent policies.  

Methods 

Vitamin D from diet and supplements was estimated.  Two 24-hour recalls (≥19 years 

old), using the Automated Multiple Pass Method, and a drug and supplement questionnaire. 

Over- and under- reporters were identified using the Goldberg cut-off. A total of 2218 

individuals were included in the final analysis. The National Research Council method was 

used to account for within- and between-person variation. Vitamin D food intake adequacy 

was estimated based on the Estimated Average Requirement (EAR) of 10 mcg/day, set by 

the Institute of Medicine. Major foods contributing to intake were identified and the effect 

on meeting EAR, of a potential food fortification example was examined.  

Results 

Median vitamin D intake from food ranged from 1.16-1.72 mcg/day and 1.01-1.26 

in different age group in males and females, respectively. Major food sources of vitamin D 

were fish (46%), meat (15%) and cereals (12%), however, over 90% of the population in all 

age groups did not meet the EAR, even when supplemental use was accounted for. Vitamin 

D overall intake is below the average requirements.  
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Conclusion 

Public health policies to increase the consumption of foods high in vitamin D and/or 

food fortification may significantly reduce the percentage of individuals that do not meet the 

recommendations. 

 

Key words: Vitamin D, Greece, adults, diet, fortification. 

Abbreviations (in alphabetical order): 25(OH)D: 25-hydroxyvitamin D, AMPM: Automated 

Multiple-Pass Method, BMR: Basal Metabolic Rate, CAPI: Computer Assisted Personal Interview, 

DRI: Dietary Reference Intake, EAR: Estimated Average Requirement, EFSA: European Food 

Safety Authority, EIrep: Energy Intake reported, FG: Food Group, HDPA: Hellenic Data Protection 

Authority, IoM: Institute of Medicine, iPAQ: International Physical Activity Questionnaire, NCI: 

National Cancer Institute, NDSR: Nutrition Data System for Research, NRC: National Research 

Council, RDA: Recommended Dietary Intake, UL: Upper Level, USDA: United States Department 

of Agriculture.   
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Introduction 

Vitamin D plays an important role in the regulation of serum calcium and phosphate 

which in turn is crucial for bone mineralization [1]. It is well known that such a deficiency 

can lead to the development of rickets in children and osteoporosis in adults, and recent 

studies have shown that it may be associated with chronic diseases, such as obesity, diabetes, 

autoimmune and cardiovascular disease and cancer [1, 2] as well as all-cause mortality [3]. 

More than one billion people worldwide have low concentration of serum 25-

hydroxyvitamin D (25(OH)D), suggesting a potential deficiency [4, 5]; this comprises a 

health problem worldwide [6-9], including Greece [7, 10, 11] across all age groups [6, 7, 

12].  

Vitamin D is synthesized in the skin but can also be obtained from foods and 

supplements. Apart from health issues related to a systematic sun exposure for individuals, 

including the associated higher risk of melanoma [13], a single general population guideline 

is difficult to be set since vitamin D skin synthesis is influenced by skin colour, geographical 

location, season and other factors [14].  

Overall, the intake of vitamin D from foods is also very low worldwide and well 

below the Estimated Average Requirement (EAR) of 10 mcg/day [6, 15-20]. This is 

reasonable as very few foods naturally contain vitamin D, such as fish and eggs [1]. 

Supplementation can be an option, especially in cases of extreme deficiency, however it 

might not be a viable strategy for long-term use across all age groups of the population. In 

contrast, increasing consumption of foods that naturally contain vitamin D, as well as food 
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fortification of commonly consumed foods, might offer a plausible strategy to curb this 

pandemic.  

 Therefore, knowledge of vitamin D intake from food and supplements is required to 

potentially tackle vitamin D deficiency pandemic at the population level, through public 

health policies.  

 The aim of this study was, therefore, to primarily assess vitamin D intake in a 

representative sample of the adult Greek population across both genders and different age 

groups, and to determine the foods that primarily contribute to vitamin D food intake. A 

secondary aim of this study was to identify possible public health policies to correct low 

serum 25(OH)D concentration at population level. 

 

Materials & Methods 

Study design  

Data from the Hellenic National Nutrition and Health Survey (HNNHS), were used in 

this study [21]. Data collection took place from September 2013 to May 2015, throughout 

the area of Greece and was stratified by prefecture according to the National 2011 Census. 

All adults from HNNHS were included (N=3773, ≥19 years; 40.8% males), from 4,574 

HNNHS participants. Pregnant and breastfeeding women, as well as institutionalized (e.g. 

military service, hospital, other institution) individuals, were excluded, due to their different 

requirements.  
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More information on the design and study sampling have been already published [21]. 

The Ethics Committee of the Department of Food Science and Human Nutrition of the 

Agricultural University of Athens, and the Hellenic Data Protection Authority, approved the 

HNNHS study. All participants were asked to provide a written informed consent prior to 

inclusion.  

 
Data collection  

Sociodemographic and anthropometric data were collected by trained health 

professionals using Computer Assisted Personal Interview (CAPI) software. Dietary intake 

was assessed from two 24-hour recalls. The first interview was administered using the 

Automated Multiple-Pass Method [22], which is a USDA validated tool for estimating 

energy and nutrient intake and can be applied during a face-to-face interview. The second 

interview was conducted via telephone, 8-20 days after the first in a different day.  

The FoodEx2 food classification and description system developed by the European 

Food Safety Authority (EFSA) was used and recommendations for the harmonization of data 

across European Union countries were followed [23]. Food quantification was performed 

primarily with the use of age-specific validated food atlases as the primary option, along 

with standardized household measures as the secondary tool. The Nutrition Data System for 

Research (NDSR) developed by the University of Minnesota was used for nutrient analysis.  

This is a database containing more than 18000 foods, including 7000 branded products. For 

traditional Greek recipes, Greek food composition tables were used [24].  
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Total energy intake was calculated from both recalls for all individuals, using these 

validated databases. Individuals reporting extreme energy intakes (<600 kcal/day & >6000 

kcal/day) were excluded (n=326, 4.8%) from the analysis. Furthermore, under- and over- 

reporters were identified using the Goldberg equation [25, 26]. In summary the Energy 

Intake (EIrep) to Basal Metabolic Rate (BMR) ratio, multiplied with the Physical Activity 

(estimated using the International Physical Activity Questionnaire) [27], was compared to 

specific cut-offs established according to EFSA methodology [26]. A total of 1,297 

individuals were identified as under-reporters (36.1%; 37.1% males and 35.5% of females) 

and 72 as over-reporters (2%; 1.5% of males and 2.3% of females). A total of 2218 

individuals (907; 40.9% males) were, therefore, included in the main analysis, to account for 

potential recall error. A secondary analysis, including under- and over-reporters (3587 in 

total; 1478, 41.2% males) was also conducted, to examine the effect of misreporting on 

vitamin D intake [Results shown in Table A2].  

Estimation of usual vitamin D intake 

To remove the effects of within- and between- subject variation in dietary intake and to 

estimate the usual intake distribution of vitamin D for each age and gender group the 

National Research Council method was used [28]. This methodology involves several steps. 

First, data were checked for normality. As vitamin D intake was not normally distributed 

(Shapiro-Wilk test P<0.001) data were log transformed to approach normality. Then, the 

within- and between- person variance was estimated for each age and gender group and 

individual adjusted intakes of vitamin D were estimated. Last, the adjusted data was back 

transformed.  
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The above method was applied to estimate the percentages below and above selected 

Dietary Reference Intakes (DRIs) such as the EAR, Recommended Dietary Allowance 

(RDA) and the Tolerable Upper Intake Level (UL). The DRIs used  in this study are 

suggested by the Institute of Medicine (IoM) to assess the adequacy of dietary intake [1]. 

EAR is defined as the average daily level of intake estimated to meet the requirements of 

50% of healthy individuals, RDA as the average daily level of intake estimated to meet the 

requirements of nearly all (97-98%) of healthy individuals, and UL is the maximum daily 

intake unlikely to cause adverse health effects. 

Percentage food group contribution  

To estimate the contribution of each food group (FG) to the vitamin D food intake, foods 

reported in 24hR were categorized into 42 FG (Appendix, Table 1). Foods included in 

recipes/ mixed dishes were assigned to multiple food groups according to the different foods 

that they consisted of. The dishes in FG42 were not disaggregated due to their high energy 

and low micronutrient intake. The assumption was made that the ingredients of recipes/ 

mixed dishes equally contributed to the total nutrient content.  

The percentage of the contribution of each FG to the vitamin D intake was derived by 

the following formula: % contribution of FG to vitamin D = (sum of vitamin D intake for 

that FG / sum of total vitamin D intake)*100. This was calculated separately for each age 

and gender group. 

A drug and supplement questionnaire was developed using validated questionnaires 

from other studies, mainly from the United States, and more details of this have been 
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published previously by our group [29]. From these data, vitamin D supplement intake was 

categorized as follows: “None”, “≥10 mcg/day” and “<10 mcg/day”. 

Forecasted vitamin D intake levels following fortification of milk as an example 

To estimate the new vitamin D intake data per 24hR following fortification intake of 

milk from two different FGs was used. First, “FG10 Milk”, as well as part of “FG32 Coffee”. 

The latter was used because a significant amount of milk consumed during the day was with 

coffee (cappuccino in particular). As cappuccino was under the FG32 group only as a recipe 

(rather than shared between FG10 and 32), although it contained milk, FG32 had also to be 

used in order to complete the fortification estimation.   

With regards to “FG10 Milk” the new data after fortification was derived by adding the 

prespecified amount for food fortification (1, 2, 5, 7, 10, 12, 15 and 20 mcg) per 100g of 

milk to the initially reported amount. With regards to the FG32 Coffee category and 

specifically cappuccino, the amount added to the initially reported amount was estimated 

using the assumption that 58% of the total amount of cappuccino in grams comes from milk, 

as it is usually prepared in Greece.  

Then, the NCI method for usual vitamin D intake estimation was applied, as previously 

described, for each fortification scenario. Based on these levels, the percentages below the 

EAR and RDAs were estimated.  

Statistical analyses 

Normality of the distribution of continuous variables was evaluated using the 

Shapiro-Wilk test. Age and vitamin D food intake were not normally distributed and were 

expressed as median and interquartile range. Levels of vitamin D intake following 
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fortification were an estimation, rather than actual data, and, therefore, were expressed as 

means and standard deviations. Categorical variables were presented as frequencies. 

Kruskal-Wallis test was used to assess gender differences in vitamin D food intake. The 

Wilcoxon Sign test was used to assess differences in median vitamin D intake between 

vitamin D intake estimates with and without misreporters. Two sample Kolmogorov-

Smirnoff test was used to check distribution equality between normal and misreporters. The 

level of statistical significance was set at P<0.05. All analyses were performed in STATA 

statistical software (STATA 13.1, Stata Corp LP, Texas, USA) and Microsoft Excel software 

(Excel 2016, Microsoft Corp). 

Ethical approval 

The study was approved by the Ethics Committee of the Department of Food Science 

and Human Nutrition of the Agricultural University of Athens. It was also approved by 

Hellenic Data Protection Authority (HDPA). All members of the staff signed confidentiality 

agreements. All volunteers were asked to sign a detailed informed consent form.  

 

Results 

Vitamin D food intake  

Data from 24hR was available for Group 1 (n=2218) individuals (40.9% males). 

Baseline median vitamin D food intake data ranged from 1.01 mcg/ day in females ≥71 years 

old to 1.72 mcg/ day for males 19-30 years old (Table 2). Ninety nine percent of the 

population (99.6% for males and 99.9% for females) had levels below the EAR and 100% 
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percent below the RDA (Recommended Dietary Allowance), with no individual exceeding 

the UL (Tolerable Upper Intake Level) across all age groups and genders.  

Vitamin D intake including all individuals, other than those reporting extreme intakes 

(<600kcal/day & >6000kcal/day; N=3587)   in the analysis, was also assessed.  Overall, 

median vitamin D intake from food was lower in all gender and age groups in this group 

(noted in table as Group 2, see Appendix) compared to the sample calculated according to 

Goldberg criteria (Group 1) 

Vitamin D supplement intake 

Vitamin D containing supplement use was also low (Table 2) for most age and gender 

groups. Ninety four percent of males and 92% of females did not take any supplements 

containing vitamin D. Supplement use with ≥10 mcg/ day of vitamin D was at its highest in 

females in the 51-70 years old group (11.6%), as well as in females ≥71 years old age group 

(5.9%). Supplement use with ≥10 mcg/ day of vitamin D ranged from 0.0-1.0% in males 

among the different age groups. Individuals consuming multivitamin supplements were 

categorized at the <10 mcg/ day level, as these contain minimal vitamin D amounts.  

Percent contribution of different foods to vitamin D intake 

Overall, major sources of vitamin D food intake in our population were fish (46%); 

43% of vitamin D food intake was contributed from fresh fish whereas 3% from processed 

fish. Meat contributed 15% of vitamin D from food intake (11% red meat, 1% white meat, 

and 3% processed red meat). Cereals also contributed 12% of vitamin D from food intake 

(Table 3).  Most of the vitamin D food intake from cereals was from processed cereals (9% 
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of total contribution) compared to all bran cereals (3% of total contribution). The major 

vitamin D food contributors are shown in Table 3 for the total population and by gender. As 

per the contribution of FG subcategories similar to the total sample, results were found in 

males and females. 

Fish contribution to vitamin D food intake was at its lowest for the 19-30 years old 

category in both males (36%) and females (34%) (Table 3). It reached a peak at the 51-70 

years old category for both genders (60% male, 58% female) and was maintained in the ≥71 

years old category. A similar trend was observed for the sub-category of fresh fish, but not 

processed fish from which vitamin D food intake contribution peaked at the 31-50 years old 

category for both genders (6% male and 5% female).  

Meat contribution to vitamin D food intake was higher in the 31-50 years old (17%) 

and same in the 19-30- and 51-70- years old categories (16%) in males. It was lower in the 

males ≥71 years old category (11%). In females, meat contribution to vitamin D food intake 

was 18% in the 31-50 years old category, 14% in the 19-30 years old category, 11% in the 

51-70 years old category and 6% in the ≥71 years old category.  

The contribution of cereals to vitamin D food intake was higher in the younger age 

group of 19-30 years old (19% in males and 20% in females), but was reduced with 

increasing age reaching a lowest of 5% and 8% in the 51-70 years old category for males 

and females, respectively.  

In all other FGs contribution to vitamin D food intake was generally low and similar 

between the genders as well as between age groups of the same gender (Table 3).  
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Effect of vitamin D fortification of milk to vitamin D intake 

Progressive fortification of milk with vitamin D from low to extreme levels reduced 

the percentage of participants below the EAR and the RDA (Figures 1 & 2).  The higher the 

amount of fortification of milk, the higher the percentage below the EAR and RDA. The 

purpose of progressive simulation of milk fortification was to identify the levels at which 

vitamin D fortification would provide improvements in vitamin D intake at group level but 

would still be safe for all age groups. However, in our example even at extreme levels of 

fortification (e.g., 20 mcg/ 100g of milk) no participant exceeded the UL of 100 mcg/ day 

for vitamin D (maximum reached 76.6 mcg/ day; these amounts refer to adjusted vitamin D 

intakes following the application of the NCI method for each level of fortification).   

 

Discussion 

The main finding of this study was that less than 1% of the Greek population enrolled 

in the study met the EAR for vitamin D intake across all ages and gender groups, whereas 

none met the RDA, highlighting the need for prevention programs. This was demonstrated 

with an example of milk fortification, a food consumed regularly by most individuals in all 

age and gender groups, where a moderate fortification (about 7 mcg/ 100g of milk) would 

cover EAR recommendations for over half of the population, in respect to their current 

estimated vitamin D intakes.   
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Similar finding have been reported from other studies in Greece and in other 

countries where intakes were well below the EAR of 10 mcg/ day [6, 15-20]. It is noteworthy 

that in an EFSA report, including intakes from 14 European countries, a mean dietary intake 

ranging from 1.1 to 8.2 mcg/day was observed [30].  

The low vitamin D intake can be explained as very few foods naturally contain 

vitamin D [1], and include  fish, especially fatty fish; other sources are milk, meat, eggs and 

fortified products, such as cereals [6]. Requirements, however, were developed to cover 

population’s needs for health, hence other means to cover these requirements, through food 

and or supplements are potentially needed. Major contributors to dietary vitamin D intake in 

our study were fish, meat and cereals, with these varying between gender.  Compared to 

other European countries fish contributes 70% of vitamin D from food intake in Spain (18-

64 years old) [31], 38% in France [32], 25% in the UK (19-64 years old) [33], 12-16% (12% 

for those 18-64 years, 16% for those ≥65 years) in Ireland [6] and only 8-11% in the 

Netherlands (8% in 7-69 years old and 11% in ≥70 years old) [34, 35], compared to 46% in 

HNNHS. In our study, the dietary contribution of meat was 15% whereas in the UK meat 

contributes to 22% of vitamin D from food intake (19-64 years old) [33], in Ireland 22-30% 

(30% for 18-64 years old, 22% for ≥65 years old) [6], in Spain 2% [31] and in the 

Netherlands 12-20% (20% in those 7-69 years old and 12% in those aged ≥70 years old) [34, 

35]. Finally, cereals contributed 12% to the vitamin D intake in our study, as in the UK (12% 

in males and 13% in females) [6], compared to 4% in Spain 4% [31] and to 2-5% in Irish 

adults [6].  
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Vitamin D can also be obtained via exposure to sunlight, many avoid sun exposure 

or use sunscreens due to reduce the risk of melanoma. Supplements are also an option, 

especially during the winter months or for people with minimal sunlight exposure [36]. The 

latter were accounted for in the study, and intake remained extremely low, demonstrating 

again the need for preventive programs. Specifically, and noteworthy, 92% of females and 

94.6% of males in our study did not receive any supplement vitamin D containing, 

approximately 4% were adding minimally to their intake through  multivitamin supplements 

(<10 mcg/day), and  3.9% of females and 0.4% of males  solely consumed a high amount 

(>10 mcg/ day) of vitamin D, to cover requirements. Regarding other European countries a 

gradient between countries in the south and those in the north has been reported with regards 

to use of dietary supplements [37]. In more detail, the highest consumption was observed in 

Norway (61.7% in females) and the lowest in Greece (6.7% in females and 0.5% in males).  

Milk was chosen as the most appropriate and practical example for Greece, as it can be 

consumed daily by all age groups and is also a very good source of calcium, and phosphorus, 

nutrients with a vital role in bone health. Fish and meat cannot be fortified. Cereals could be 

fortified, however, as most of the cereal products consumed in Greece are imported, this 

would complicate the implementation of such a policy. In addition, cereals, in general, 

contain high amounts of sugar and any public health policy to increase their intake could 

provoke controversial results. Another potential food for fortification, which does not 

contribute vitamin D, could be flour. Nevertheless, most consumers in Greece buy bread from 

many different local bakeries and producers rather than from a few companies as is the case 

in other countries and implementation would be much more difficult and impractical. 
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According to our estimations, even a low (7-10 mcg/ day, which is approximately 

100ml) milk fortification could improve vitamin D intake of the population without 

increasing the risk of toxicity (UL of vitamin D is 100 mcg/day).  A higher level of 

fortification (e.g. 20 mcg/ 100g of milk) could increase the risk of toxicity in some age and 

gender groups, especially in female individuals ≥71 years old, who regularly consume 

vitamin D supplements for osteoporosis at a level of 25-75 mcg/day. Our study examined 

other fortification scenarios for the adult (≥19 years) population where the UL is set at 100 

mcg/ day (for those ≥9 years). However, milk is a food product that is consumed regularly 

by children as well, where the UL is 63 mcg/ day for children 1-3 years old and 75 mcg/ day 

for children 4-8 years old. Therefore, when considering the implementation of fortification 

scenarios, safe consumption data also referring to children must be taken into consideration 

not to exceed the UL in any population group. Likewise, one should take into account the 

presence of subjects with lactose intolerance and milk protein allergies, in whom food 

vitamin D should be taken via other foods or as a supplement. 

The results of this study, although cross-sectional in nature, are strengthened by its 

design. It included a representative sample of the Greek population, in all age groups, and 

dietary intake was assessed using the most advanced research tools and standardized 

procedures following European and International guidelines (e.g. AMPM, food atlases). In 

addition, assessment of intake included all days of the week, as well as all twelve months 

and, therefore, effects due to seasonal variation in consumption of foods is minimized, and 

the NRC method was used in determining final intake to account for within and between 

individual variation. Moreover, fortification scenarios were performed based on actual 
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consumption data, to provide specific results that public health officials can use as primary 

information. Also, sunlight exposure and complete vitamin D status need to be accounted 

for before implementation. The geographical latitude of Greece, despite the amount of 

sunlight, require those residing in Greece to have a larger amount of sunlight exposure for 

synthesis, an area of contradiction with skin health.  

However, there are also limitations in our study. Results must be interpreted with 

caution, as this is a cross-sectional survey. Although extreme intakes and misreporters were 

excluded this could have created a biased sample as some misreporters could have been 

reporting true intake. Additionally, blood status was not reported, although the aim of this 

study was to report food adequacy and not vitamin D status.  

 

Conclusion 

Vitamin D deficiency is a widespread population problem observed in many 

countries, including Greece. Dietary intake among the Greek population, is extremely low, 

below the EAR levels, placing the population at multiple risks. Food fortification policies 

have not yet been formulated, potentially because of insufficient data. This study increases 

public health awareness on the need for preventive public health strategies, even in areas 

where sunlight is found in abundance.  
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         Table 3 Basic demographic characteristics of study participants. 1 

 Males  Females All 

 907 1311 2218 

 Mean ± SD Mean ± SD Mean ± SD 

Age (years) 40.8±16.8 40.9±17.2 40.8±17.0 

 N (%) N (%) N (%) 

Ethnicity    

Greek 883 (97.4) 1276 (97.3) 2159 (97.3) 

Other 24 (2.6) 35 (2.7) 59 (2.7) 

Marital status    

Married 394 (43.4) 537 (41) 931 (42) 

Unmarried 481 (53) 608 (46.4) 1089 (49.1) 

Divorced/ Separated 19 (2.1) 73 (5.6) 92 (4.2) 

Widowed 13 (1.4) 91 (7) 104 (4.7) 

Educational level    

Primary 75 (8.3) 110 (8.4) 185 (8.4) 

Secondary 371 (41.0) 447 (34.1) 818 (37) 

Diploma 69 (7.6) 125 (9.5) 194 (8.8) 

Bachelor’s degree 308 (34.1) 486 (37.1) 794 (35.9) 

Postgraduate degree 81 (9.0) 141 (10.8) 222 (10) 

SD: Standard Deviation. 2 

  3 
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Table 4 Vitamin D food intake levels in the Hellenic National Nutrition and Health Survey (2013-2015). 4 

 5 
 6 
 7 
 8 
 9 
 10 
 11 
 12 
 13 
 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 

 25 

 26 

 27 

 28 

 29 

1Total number of participants used for the Group 1 analysis is n=2218. 30 
2Group 1: Median and interquartile range estimated by excluding recalls with extreme energy intakes (<600kcal/day and >6000kcal/day) and misreporters (based on the 31 
Goldberg cut-off) as well as by using adjusted vitamin D intake levels based on the NRC methodology [28] for usual intake estimation. P value for age differences in 32 
Vitamin D intake from food according to the Kruskal – Wallis test is <0.001 for both genders (n=2218). 33 
3Includes those that reported taking <10 mcg/ day as well as those that reported unknown quantity of vitamin D from supplements. 34 
mcg: micrograms, %: percentage,  Median (25, 75): Median and interquartile range, DRI: Dietary Reference Intakes, EAR: Estimated Average Requirement, RDA: 35 
Recommended Dietary Allowance, UL: Tolerable Upper Intake Level. 36 

 37 

 38 

Age 
group 

(years) 

N1 

Group 
1 

Vitamin D from food2,5  
(mcg/day) 

Group 1: excluding recalls with extreme 
energy intakes & misreporters 

% Vitamin D from 
supplements 

(mcg/day) 

% below selected 
DRIs 

  Median (25, 75) None ≥10 <103 EAR RDA UL 

Males 907 - 94.6 0.4 5.0 99.6 100.0 100.0 

19-30 315 1.72 (1.26, 2.48) 94.9 0.0 5.1 99.0 100.0 100.0 

31-50 340 1.53 (1.22, 1.99) 92.1 0.6 7.4 100.0 100.0 100.0 

51-70 191 1.59 (1.25, 2.01) 97.4 1.0 1.6 100.0 100.0 100.0 

≥71 61 1.16 (0.81, 1.89) 98.4 0.0 1.6 100.0 100.0 100.0 

Females 1311 - 92.4 3.9 3.7 99.9 100.0 100.0 

19-30 491 1.26 (1.03, 1.56) 95.1 0.4 4.5 100.0 100.0 100.0 

31-50 433 1.17 (0.86, 1.52) 94.2 2.1 3.7 100.0 100.0 100.0 

51-70 302 1.24 (0.92, 1.61) 85.4 11.6 3.0 100.0 100.0 100.0 

≥71 85 1.01 (0.65, 1.66) 92.9 5.9 1.2 98.8 100.0 100.0 
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Table 5 Percentage contribution of food groups to average total intake of vitamin D from food by age and gender of respondent. 39 

 
All Males aged (years) All males Females aged (years) All females   

19-30 31-50 51-70 ≥71 
 

19-30 31-50 51-70 ≥71 
 

 % % % % % % % % % % % 

Fish, total 46 36 53 60 60 49 34 38 58 58 43 
Fresh fish 43 34 46 58 60 46 32 33 58 58 41 

Processed fish 3 3 6 2 0 4 3 5 1 0 3 
Meat, total 15 16 17 16 11 16 14 18 11 6 14 

Red meat 11 12 12 13 8 12 10 13 8 4 10 
White meat 1 2 1 1 2 1 1 1 1 1 1 

Processed red meat 3 3 3 2 2 3 3 3 2 1 3 
Cereals, total 12 19 8 5 6 11 20 12 8 9 14 

All bran cereals 3 2 3 1 0 2 5 3 2 4 4 
Processed cereals 9 17 5 3 6 9 15 8 6 5 10 

Desserts 7 8 5 5 4 6 9 8 7 8 8 
Cheese 6 5 6 5 7 6 6 8 5 5 6 
Egg 4 4 3 4 3 4 5 4 4 6 5 
Baked Products 3 4 3 2 0 3 4 4 2 3 3 
Milk 2 3 2 1 3 2 2 2 1 2 2 
Animal fat 2 2 2 1 1 2 3 2 1 1 2 
Other1 2 2 2 1 3 2 2 2 1 2 2 
Yoghurt 1 1 1 1 1 1 1 2 2 2 1 

1Includes vegetables, sauces, olive oil and olives, other vegetable fat that contribute ≤0.5% each to vitamin D intake.40 
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Table 6 Level of vitamin D intake from food after fortification of milk. 41 

 Fortification level per 100g of milk 

 
1 mcg 2 mcg 5 mcg 7 mcg 10 mcg 12 mcg 15 mcg  20 mcg 

 
Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD 

Males         

19-30 years 
3.25 ± 1.72 4.18 ± 2.12 6.59 ± 3.44 8.03 ± 4.37 10.07 ± 5.76 11.37 ± 6.67 13.26 ± 8.04 16.27 ± 10.26 

31-50 years 
2.75 ± 2.22 3.55 ± 3.08 5.55 ± 5.00 6.77 ± 6.19 8.52 ± 7.97 9.66 ± 9.16 11.32 ± 10.94 14.01 ± 13.89 

51-70 years 
2.50 ± 1.57 3.06 ± 2.12 4.45 ± 3.43 5.28 ± 4.25 6.44 ± 5.47 7.19 ± 6.28 8.28 ± 7.51 10.03 ± 9.55 

≥71 years 
2.69 ± 1.65 3.83 ± 2.74 6.74 ± 5.5 8.56 ± 7.34 11.20 ± 10.12 12.93 ± 11.98 15.49 ± 14.75 19.68 ± 19.34 

Females         

19-30 years 
2.49 ± 1.41 3.37 ± 2.01 5.71 ± 3.74 7.16 ± 4.89 9.24 ± 6.6 10.59 ± 7.73 12.57 ± 9.42 15.78 ± 12.18 

31-50 years 
2.10 ± 1.12 2.75 ± 1.56 4.42 ± 2.87 5.43 ± 3.75 6.88 ± 5.06 7.80 ± 5.92 9.15 ± 7.20 11.33 ± 9.28 

51-70 years 
2.29 ± 1.71 2.92 ± 2.17 4.53 ± 3.45 5.50 ± 4.31 6.88 ± 5.61 7.77 ± 6.48 9.06 ± 7.77 11.14 ± 9.89 

≥71 years 
2.51 ± 2.55 3.35 ± 3.23 5.62 ± 5.16 7.04 ± 6.49 9.11 ± 8.56 10.46 ± 9.97 12.46 ± 12.09 15.73 ± 15.65 

Mean and SD estimated using adjusted vitamin D intake levels based on the NRC methodology [28] for usual intake estimation.   42 
g: grams, SD: Standard Deviation, mcg: micrograms. 43 
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 EAR: Estimated Average Requirement, g: grams, mcg: micrograms. EAR for vitamin D: 10 
mcg/ day. 

Figure 1 Percentage of the population above the EAR for vitamin D by gender and 

age group for different levels of milk fortification (per 100g. of milk). 
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 RDA: Recommended Dietary Intake, g: grams, mcg: micrograms. 
RDA for vitamin D: 15 mcg/ day for individuals 19-70 years, 20 mcg/ day for individuals >70 
years. 

Figure 2 Percentage of the population above the RDA for vitamin D per gender 

and age group for different levels of milk fortification (per 100g. of milk). 
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Appendix 

 

Table A1  List of food groups used for the estimation of % food contribution to vitamin D intake. 

FG01 Fruits (fresh, dried, canned) 
FG02 Natural fruit juices 
FG03 Non-starchy vegetables 
FG04 Starchy vegetables (except potato) 
FG05 Potato 
FG06 All bran cereals 
FG07 Processed cereals 
FG08 Lentils, beans, meat substitute 
FG09 Nuts, peanut butter, almond milk 
FG10 Milk 
FG11 Yoghurt 
FG12 Cheese 
FG13 Egg 
FG14 Fish (fresh) 
FG15 Seafood, snails 
FG16 Red meat (including offal) 
FG17 White meat 
FG18 Processed red meat 
FG19 Processed white meat (e.g. chicken nuggets) 
FG20 Processed fish 
FG21 Olive oil, olives 
FG22 Other vegetable oils (e.g. coconut oil, margarine/ butter mix) 
FG23 Animal fat (e.g. mayonnaise, white sauce) 
FG24 Alcoholic beverages 
FG25 Beverages with sugar, soft drinks, fruit juices with added sugar 
FG26 Beverages with sugar substitutes except fruit juices 
FG27 Salty snacks (e.g. potato crisps, cracker) 
FG28 Desserts 
FG29 Herbs and spices 
FG30 Salt 
FG31 Water 
FG32 Coffee 
FG33 Tea  
FG34 Artificial sweeteners 
FG35 Sugar, honey, syrup 
FG36 Baked products (e.g. cakes, biscuits, croissant) 
FG37 Fruit juices with sweetener 
FG38 Cooking cube, sauce 
FG39 Salad dressing 
FG40 Baby food 
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FG41 Dairy substitutes 
FG42 Fast food (e.g. souvlaki, burger, fries)  

 

Table A2: Median dietary intakes of vitamin D in sample excluding recalls with extreme energy 

intakes & misreporters (Group 1) and sample excluding recalls with extreme energy intakes only 

(Group 2).  

 

1Total number of participants used for the Group 1 analysis is n=2218. 
2Group 1: Median and interquartile range estimated by excluding recalls with extreme energy intakes (<600kcal/day and >6000kcal/day) and misreporters 

(based on the Goldberg cut-off) as well as by using adjusted vitamin D intake levels based on the NRC methodology [28] for usual intake estimation. P 

value for age differences in Vitamin D intake from food according to the Kruskal – Wallis test is <0.001 for both genders (n=2218). 
3Group 2: Excluding recalls with extreme energy intakes (<600kcal/day and >6000kcal/day) but not misreporters. Total number of participants used for 

analysis is n=3587. 
4Group 2: Estimated as in 2 but without excluding misreporters of energy intake according to the Goldberg cut-off (n=3587). 
5P values estimated using the Wilcoxon Sign test for measures with and without misreporters.  
6P: Based on Kolmogorov-Smirnoff two sample test significant mean differences (by reporting status) were found in total adjusted intakes (p<0.001).  

 

 

 

  

Age group 

(years) 
N1 

Group 1 

Vitamin D from 
food2 

(mcg/day) 
Group 1: excluding recalls 

with extreme energy intakes 
& misreporters 

N3 

Group 2 

Vitamin D from 
food4  

(mcg/day) 
Group 2: excluding recalls 

with extreme energy 
intakes only. 

 
 

P value5 

 
 

P value6 

  Median (25, 75)  Median (25, 75)   

Males 907 - 1478 -   

19-30 315 1.72 (1.26, 2.48) 480 1.44 (1.02, 2.07) <0.001 <0.001 

31-50 340 1.53 (1.22, 1.99) 524 1.30 (1.03, 1.67) <0.001 <0.001 

51-70 191 1.59 (1.25, 2.01) 335 1.13 (0.80, 1.48) <0.001 <0.001 

≥71 61 1.16 (0.81, 1.89) 139 0.91 (0.64, 1.51) 0.0128 0.0128 

Females 1311 - 2109 -   

19-30 491 1.26 (1.03, 1.56) 713 1.15 (0.91, 1.45) <0.001 <0.001 

31-50 433 1.17 (0.86, 1.52) 641 1.00 (0.74, 1.34) <0.001 <0.001 

51-70 302 1.24 (0.92, 1.61) 555 1.01 (0.74, 1.30) <0.001 <0.001 

≥71 85 1.01 (0.65, 1.66) 200 1.00 (0.63, 1.49) 0.0128 0.001 
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3.3 Presentation of paper III 
 

Aims, design and preliminary findings of the Hellenic Nutrition and Health Survey.  
 

Magriplis E.*, Dimakopoulos, I.*, Mitsopoulou, AV.., Karageorgou, D., Bakogianni, I., Micha, 

R., Michas, G., Chourdakis, M., Ntouroupi, T., Tsaniklidou, S.M., Argyri, N., Panagiotakos, D.B., 

Zampelas, A. (2019). Aims, design and preliminary findings of the Hellenic Nutrition and Health 

Survey, BMC Medical Methodology, 19:37. 

*Contributed equally. 
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4. General discussion 

 

To our knowledge this is the first study that aims to examine and identify the factors 

associated with 25(ΟΗ)D concentration <20 ng/ml in Greek adults. Based on a literature 

review, performed at the time when the research protocol was developed, probable factors 

that could influence serum 25(OH)D levels were identified. Consequently, questionnaires 

were developed in order to assess those factors and later used the acquired data to identify 

which and to what extent can influence serum 25(OH)D levels.  

Based on the IoM cut-offs (IOM 2011), 28.8% is characterized deficient, 36% has 

insufficient concentration, 35.1% sufficient concentration and 0.1% high concentration. 

These are comparable with studies from Greece (Katrinaki et al. 2016, Papadakis et al. 

2015), Europe (Cashman et al. 2016) and the rest of the world (Palacios and Gonzalez 

2014, Schleicher et al. 2016). There were no significant differences in serum 25(OH)D 

concentration observed between males and females as in other reports (Verdoia et al. 

2015).  

An additional finding of this study was that less than 1% of the Greek population enrolled 

in the study met the EAR for vitamin D intake across all ages and gender groups, whereas 

none met the RDA, highlighting the need for prevention policies. In this section of the PhD 

thesis the prevalence of low serum 25(OH)D concentration as well as the factors that can 

have an impact on that prevalence in comparison with other studies will be discussed in 

detail. Vitamin D food intake and major food contributors will also be discussed as well as 

an example of a food fortification and its effect on increased intake at population level. 

Vitamin D deficiency and insufficiency have been of concern recently with a worldwide 

review reporting that 37.3% of studies found mean values of 25(OH)D concentration <20 

ng/ml with the subtotal for males being 22.3 ng/ml and for females 21.3 ng/ml (Hilger et al. 

2014). In accordance to our results, high prevalence of deficiency has been reported in 

previous studies (Cashman et al. 2016, Grigoriou et al. 2018, Hilger et al. 2014, Katrinaki 

et al. 2016, Livingstone et al. 2017, Papadakis et al. 2015, Spiro and Buttriss 2014) with a 

review reporting 35-75% of adults from Mediterranean countries having serum 25(OH)D 

concentration <20ng/ml (54% of Greek adults) (Manios et al. 2017).  
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These studies have taken place in more than 40 countries worldwide many of which in 

Europe (Hilger et al. 2014, Spiro and Buttriss 2014). Included studies were cross-sectional 

or cohort where vitamin D status was measured, whereas studies where status was 

estimated, rather than measured, were excluded. Most studies included a random sample. 

Therefore, the prevalence of low serum 25(OH)D reported in other studies is very similar to 

the one reported from our study. 

With regards to which factors could potentially influence prevalence of low serum 

25(OH)D, in our study and considering the total sample (both males and females), 

associated with lower odds of serum 25(OH)D concentration <20 ng/ml were being very 

active, supplement intake, increased sun exposure and darker skin colour. Spring season 

of blood sample collection was associated with higher odds of deficiency.  

Concerning season of blood sample collection, reports from Greece (Katrinaki et al. 

2016, Papadakis et al. 2015), Europe (Manios et al. 2017) as well as non-European 

counties (Bolland et al. 2008, Grigoriou et al. 2018, Kasahara et al. 2013, Levis et al. 2005) 

showed that the highest prevalence of serum 25(OH)D concentration <20 ng/ml was during 

March. In our study no blood samples were collected during August and September 

compared to others (Manios et al. 2017) which reported lowest prevalence during July-

September. Lowest prevalence was observed in October after which it increases and peaks 

in March. This is explained by higher sun exposure during summer and spring where 24% 

& 13% have sun exposure >3 h/d compared to 7% during fall and winter. 

Another important factor that can influence serum 25(OH)D levels exposure to sun/ 

ultraviolet radiation. In our study, sun exposure was associated with lower odds of low 

serum 25(OH)D concentration. However, even though 0-1 or 1-3 hours/day might seem 

adequate for vitamin D skin synthesis and Greece has adequate UVB availability all year 

round (O'Neill et al. 2016), we have to consider that data is self-reported, that the majority 

of the skin might be covered by clothing, especially during the winter months, and that little 

might be exposed to the sun rays. Also, participants might have included time exposed in 

the sun when behind a glass (e.g. inside a building or a car) that acts as a barrier of UVB 

rays’ submission (Duarte et al. 2009). These factors probably explain why, although 

significantly associated with serum 25(OH)D levels, the hours of sun exposure reported in 

our sample were not enough to prevent levels below 20 ng/ml. Furthermore, for cultural or 
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health reasons people might be avoiding sun exposure. Similar trends have been reported 

in sunny countries in the past (Gannage-Yared et al. 2000, Lips 2010, Mishal 2001).  

Furthermore, in our study, darker skin was associated with lower odds, which is 

contradictory to other findings; this cannot be explained by longer sun exposure as it is the 

same across all skin colour categories (Pearson’s chi-square test P=0.064). This 

controversy might be because almost all subjects are of Caucasian origin in contrast with 

other countries where a higher proportion is of non-Caucasian origin who differ 

physiologically and culturally (SACN 2016). Only 7% of the sample has dark or very dark 

skin compared to 60% that has light or medium light and therefore associations could be 

influenced by sample size.  

With regards to supplements, in the total sample intake was associated with lower odds 

of low serum 25(OH)D concentration. Approximately 6% of males and 8% of females 

reported consuming supplements, and <1% of males & 3.9% of females receiving ≥10 mcg/ 

day and 3.7% receiving <10 mcg/day. The significant sex difference can be explained by 

the higher prevalence of osteoporosis in women compared to men as reported in previous 

findings (8.3% vs. 0.8% in adults) (Magriplis et al. 2019). Regarding other European 

countries a gradient between countries in the south and those in the north has been 

reported with regards to use of dietary supplements (Skeie et al. 2009). In more detail, the 

highest consumption was observed in Norway (61.7% in females) and the lowest in Greece 

(6.7% in females and 0.5% in males).  

Other studies reported a positive effect of physical activity on 25(OH)D concentration 

adequacy which is hypothesized to be due to increased sun exposure (SACN 2016) 

however there seems to be an effect irrespective of sun exposure as the same has been 

observed for indoor activity (Wanner et al. 2015). The main factors that influenced the odds 

of having 25(OH)D levels <20ng/ml were sun exposure and season of blood collection.  

In males, with increasing sun exposure, the odds of low serum 25(OH)D were lower. 

Spring season of blood sample collection was associated with higher odds of serum 

25(OH)D deficiency/insufficiency, probably because of the low levels of sun exposure 

during preceding months. As previously suggested (Manios et al. 2011), this seasonal 

difference in 25(OH)D concentrations could possibly be improved with the consumption of 

fortified products. Supplement use might not have been significantly associated with lower 
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odds of deficiency, in males, due to the small sample size of male individuals that were 

receiving vitamin D containing supplements.  

The latter, as previously mentioned, could probably be explained by the lower prevalence 

of osteoporosis in males and/or lower degree of actively checking for osteoporosis in 

comparison to females, and hence reduced supplemental intake. Smoking, as per other 

reports, was associated with higher odds of serum 25(OH)D concentration <20 ng/ml, in 

males, and it is hypothesized that smoking impairs conversion of 25(OH)D to 1,25(OH)D 

(Mulligan et al. 2014).  

In females, obesity was associated with higher odds of low serum 25(OH)D 

concentration. The lipophilic nature of adipose tissue is hypothesized to act as sequester of 

vitamin D, rather than storage, and studies have reported increases in 25(OH)D 

concentration with weight reduction in obese individuals (SACN 2016). The exact 

mechanisms remain unclear (IOM 2011).  

Supplement use and sun exposure were associated with lower odds as was darker skin. 

The association of supplement use, in females, with lower odds of serum 25(OH)D <20 

ng/ml, in contrast with males, could probably be explained by higher supplemental intake in 

females. Season of blood sample collection was not significantly correlated with 25(OH)D 

concentration however a seasonal difference in supplement intake was observed. Women 

taking ≥10 μg/day via supplements were more likely to be taking it during Spring (43.2%) 

and Winter (25%) than during the Summer (18.2%) and Fall (13.6%). This could be the 

result of their perception that during Summer sunlight exposure is adequate for synthesis. 

In accordance with other studies, our biochemical data also show a negative correlation 

between serum PTH concentration and 25(OH)D concentration (Chapuy et al. 1997, Looker 

et al. 2008, Sai et al. 2011) but it was not significant in the model.   

 Concerning both genders and with regards to vitamin D food intake our results our 

similar to those that have been reported from other studies in Greece as well as 

internationally where intakes were well below the EAR of 10 mcg/ day (Au et al. 2013, Bailey 

et al. 2010, Freisling et al. 2010, Manios et al. 2014, Moore et al. 2004, Ross et al. 2011, 

Spiro and Buttriss 2014). It is noteworthy that in an EFSA report, including intakes from 14 

European countries, a mean dietary intake ranging from 1.1 to 8.2 mcg/day was observed 

(EFSA 2012).  
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In the United States, were milk and cereals are fortified, intakes are higher (3.9-7.0 

μg/day) (Moore et al. 2004). Higher intakes are also observed in European countries except 

Spain where there is also no fortification law and intake is 1.6-1.7 μg/day (Hilger et al. 2014). 

Although, dietary assessment methodologies vary between European countries, a notable 

discrepancy between intakes and recommendations exists (Hilger et al. 2014).  

In our study and in both genders, probably due to the very low intakes observed, vitamin 

D intake from food did not significantly influence the odds of low serum 25(OH)D 

concentration probably because most individuals had extremely low intakes. In another 

recent study, it was showed that European participants with higher intakes of vitamin D from 

food had higher 25(OH)D concentrations (Livingstone et al. 2017). 

The low vitamin D intake can be explained as very few foods naturally contain vitamin D 

(IOM 2011), and include  fish, especially fatty fish; other sources are milk, meat, eggs and 

fortified products, such as cereals (Spiro and Buttriss 2014). Requirements, however, were 

developed to cover population’s needs for health, hence other means to cover these 

requirements, through food and or supplements are potentially needed.  

As many factors associated with vitamin D status are modifiable, including dietary intake, 

sunlight exposure and supplement use this study aimed at identifying strategies in order to 

reduce deficiency levels. This was demonstrated with an example of milk fortification, a food 

consumed regularly by most individuals in all age and gender groups, where a moderate 

fortification (about 7 mcg/ 100g of milk) would cover EAR recommendations for over half of 

the population, in respect to their current estimated vitamin D intakes.   

Major contributors to dietary vitamin D intake in our study were fish, meat and cereals, 

with these varying between gender.  Compared to other European countries fish contributes 

70% of vitamin D from food intake in Spain (18-64 years old) (AESAN 2011), 38% in France 

(ANSES 2013), 25% in the UK (19-64 years old) (Bates et al. 2015), 12-16% (12% for those 

18-64 years, 16% for those ≥65 years) in Ireland (Spiro and Buttriss 2014) and only 8-11% 

in the Netherlands (8% in 7-69 years old and 11% in ≥70 years old) (DNFCS 2011, Ocke et 

al. 2013), compared to 46% in HNNHS.  

In our study, the dietary contribution of meat was 15% whereas in the UK meat 

contributes to 22% of vitamin D from food intake (19-64 years old) (Bates et al. 2015), in 
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Ireland 22-30% (30% for 18-64 years old, 22% for ≥65 years old) (Spiro and Buttriss 2014), 

in Spain 2% (AESAN 2011) and in the Netherlands 12-20% (20% in those 7-69 years old 

and 12% in those aged ≥70 years old) (DNFCS 2011, Ocke et al. 2013).  

Finally, cereals contributed 12% to the vitamin D intake in our study, as in the UK (12% 

in males and 13% in females) (Spiro and Buttriss 2014), compared to 4% in Spain 4% 

(AESAN 2011) and to 2-5% in Irish adults (Spiro and Buttriss 2014).  

Vitamin D can also be obtained via exposure to sunlight; however, many avoid sun 

exposure or use sunscreens to reduce the risk of melanoma. Supplements are also an 

option, especially during the winter months or for people with minimal sunlight exposure 

(Cashman and Kiely 2014). The latter were accounted for in the study, and intake remained 

extremely low, demonstrating again the need for preventive programs.  

Milk was chosen as the most appropriate and practical example for Greece, as it can be 

consumed daily by all age groups and is also a very good source of calcium, and 

phosphorus, nutrients with a vital role in bone health. Fish and meat cannot be fortified. 

Cereals could be fortified, however, as most of the cereal products consumed in Greece are 

imported, this would complicate the implementation of such a policy.  

In addition, cereals, in general, contain high amounts of sugar and any public health policy 

to increase their intake could provoke controversial results. Another potential food for 

fortification, which does not contribute vitamin D, could be flour. Nevertheless, most 

consumers in Greece buy bread from many different local bakeries and producers rather 

than from a few companies as is the case in other countries and implementation would be 

much more difficult and impractical. 

According to our estimations, even a low level (7-10 mcg per 100g of milk, which is 

approximately 100ml) of milk fortification could improve vitamin D intake of the population 

without increasing the risk of toxicity (UL of vitamin D is 100 mcg/day).  A higher level of 

fortification (e.g. 20 mcg/ 100g of milk) could increase the risk of toxicity in some age and 

gender groups, especially in female individuals ≥71 years old, who regularly consume 

vitamin D supplements for osteoporosis at a level of 25-75 mcg/day.  

Our study examined other fortification scenarios for the adult (≥19 years) population 

where the UL is set at 100 mcg/ day (for those ≥9 years). However, milk is a food product 

that is consumed regularly by children as well, where the UL is 63 mcg/ day for children 1-
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3 years old and 75 mcg/ day for children 4-8 years old. Therefore, when considering the 

implementation of fortification scenarios, safe consumption data also referring to children 

must be taken into consideration not to exceed the UL in any population group. Likewise, 

one should consider the presence of subjects with lactose intolerance and milk protein 

allergies, in whom food vitamin D should be taken via other foods or as a supplement.  

Due to the nature of the study, some limitations should be considered. Firstly, no causal 

relationships can be drawn, since it is a cross-sectional study. Most participants lived in 

urban areas and therefore we were unable to explore differences between urban vs. semi-

urban regions (0.37% from non-urban regions). However, in Greece, most of the population 

reside in metropolitan areas. In addition, we did not explore ethnic differences as <1% of 

the sample were of non-Caucasian race.  

Although this study is cross-sectional in nature, the results are strengthened by its 

design. It included a representative sample of the Greek population, in all age groups, and 

dietary intake was assessed using the most advanced research tools and standardized 

procedures following European and International guidelines (e.g. AMPM, food atlases).  

In addition, assessment of intake included all days of the week, as well as all twelve 

months and, therefore, effects due to seasonal variation in consumption of foods is 

minimized, and the NRC method was used in determining final intake to account for within 

and between individual variation. Moreover, fortification scenarios were performed based 

on actual consumption data, to provide specific results that public health officials can use 

as primary information.  

Also, sunlight exposure and complete vitamin D status need to be accounted for before 

implementation. The geographical latitude of Greece, despite the amount of sunlight, 

require those residing in Greece to have a larger amount of sunlight exposure for synthesis, 

an area of contradiction with skin health. In addition, although extreme intakes and 

misreporters were excluded this could have created a biased sample as some misreporters 

could have been reporting true intake.  
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5. Conclusions 

 

Vitamin D deficiency is the most common nutritional deficiency in the world. Its link with 

skeletal health and probably with other health outcomes increases the importance of 

reducing the prevalence of low serum 25(OH)D concentration at population level. Although 

it is influenced by many factors there are factors, like for example food and supplement 

intake, a change in which can bring a significant improvement. 

In our study, prevalence of low serum 25(OH)D deficiency is high in Greek adults of both 

genders. More than two thirds of our study population have insufficient levels. Dietary intake 

among the Greek population, is also extremely low, below the EAR levels, placing the 

population at multiple risks. 

 In our study, the odds of having serum 25(OH)D concentration <20 ng/ml significantly 

decreased with being very active, having increased duration of sun exposure and having 

lighter skin colour, but increased with obesity and spring season of blood sample collection.  

According to the IoM cut-off levels for vitamin D deficiency, one third of the adult Greek 

population is deficient, 36.0% has insufficient levels and just 35.1% sufficient. There were 

no significant differences in serum 25(OH)D levels between males and females nor between 

different age groups. The highest prevalence of 25(OH)D levels <20 ng/ml during March 

(end of Winter, beginning of Spring season).  

In addition, there were significant differences in serum 25(OH)D concentration for the 

total sample (P=0.03) as well as for males (P=0.002) and females (P=0.03) per season of 

blood sample collection with higher prevalence of 25(OH)D concentration <20 ng/ml during 

Spring, as per total sample.  

The results from the present thesis can offer a valuable tool towards the development of 

relevant policies that could probably revert this epidemic. Given vitamin D’s possible link to 

several diseases, relevant actions and policies to correct deficiency and reduce prevalence, 

need to be taken.  

Food fortification and vitamin D supplements are two options towards that goal. Longer 

but safe sun exposure could offer an additional effective and low-cost strategy for 25(OH)D 
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deficiency prevention. Food fortification policies have not yet been formulated, potentially 

because of insufficient data. This study increases public health awareness on the need for 

preventive public health strategies, even in areas where sunlight is found in abundance. In 

addition, it can be used by health care professionals in order to better assess and treat low 

serum 25(OH)D levels.  
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6. Future work 

 

This PhD thesis adds to the growing literature regarding low serum 25(OH)D levels. 

Further research that could deepen our understanding on how to improve vitamin D intake 

and status includes the following: 

i) Actual measurement of how much of an impact can food fortification 

have on serum 25(OH)D concentration and therefore status in the Greek 

population. 

ii) Identify other, presently unknown, factors that could possibly 

influence serum vitamin D levels.  

iii) Estimate the prevalence of low serum vitamin D and level of food 

intake in individuals <18 years old in the Greek population.  

iv) Explore associations that serum vitamin D levels might have with 

health outcomes in the Greek population.  

v) Develop an optimal algorithm at individual level, if there can possibly 

be one, in order to estimate an ideal combination of sun exposure and vitamin 

D intake (from food and supplements) that could reduce the percentage of the 

population with low serum 25(OH)D concentration without increasing the risk of 

melanoma. 
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*H ανάκληση 24ώρου, εφαρμόστηκε με τη χρήση λογισμικού CAPI (που αναπτύχθηκε ειδικά για 

την ΠΑΜΕΔΥ) και δεν είναι δυνατή η επικόλληση του ερωτηματολογίου στο Παράρτημα αυτής 

της διδακτορικής διατριβής. 


