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INTRODUCTION 

Iodine (I) is an essential trace element for humans and animals. It is required for the 

biosynthesis of the thyroid hormones triiodothyronine (T3) and thyroxine (T4), which have 

various functions as regulators of the cell metabolism (e.g. HETZEL 1983; DECUYPERE et 

al. 2005; BASS et al. 2007; ANKE and ARNOLD 2008). 

For humans, the range between iodine requirement and tolerable upper intake level (UL) is 

tight (ratio of 1:2.5-5), e.g. the German-, Austrian- and Swiss Nutrition Society (D-A-CH 

2008) recommended for adults a daily iodine intake of 180-200 µg and an UL of 500 µg I/d 

(Table 1 and Table 2). In contrast, for poultry the legal maximum levels are 10 to 20 fold 

higher than the values for requirement, given by the Society of Nutrition Physiology (GfE). 

The GfE recommended 0.5 mg I/kg feed dry matter for both, laying hens and broilers 

(GfE1999). The maximum level, allowed by the European Commission (EU COMMISSION 

2005) is 5 mg I/kg feed for laying hens, and 10 mg I/kg feed for other poultry. The legal 

amount for laying hens was lowered from 10 to 5 mg I/kg feed (EU COMMISSION 2005), in 

consequence of a report of the European Food Safety Authority (EFSA 2005), due to the high 

carry-over into eggs (9-20 %, RICHTER 1995, PAPER II). The reduction decreased the risk 

for consumers to exceed recommended iodine intakes. 

According to the World Health Organization (WHO) about 35 % of the world’s human 

population has insufficient iodine intake (WHO 2004). In Germany, the iodine deficit is 

mainly under control, but the provisioning is still at a lower limit (DIPPELHOFER et al. 

2002; THAMM et al. 2007). However, worldwide no satisfying results could be achieved, in 

spite of different efforts, which were undertaken to counteract the iodine deficiency, as salt 

iodisation (HASSANEIN et al. 2000), its implementation in the food industry and the 

iodisation of drinking water (WHO 2004). Thus, efforts were taken to increase the iodine 

content of food of animal origin (eggs, milk, meat) by iodine supplementation of animal feed 

(e.g. KAUFMANN et al. 1996; KAUFMANN and RAMBECK 1998; KAUFMANN et al. 

1998; HE et al. 2002; TRAVNICEK et al. 2006; FLACHOWSKY et al. 2006; RYŠAVÁ et 

al. 2007; FRANKE et al. 2008; FRANKE et al. 2009a). Considering the wide range between 

requirement and maximum level of iodine intake for animals, possible adverse effects of feed 

iodine supplementation on animal health should be kept in mind. Some studies investigated 
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the iodine transfer into eggs, meat and other tissues of poultry (ROMIJN and VELTHUIZEN 

1955; BERGNER 1957; GROPPEL et al. 1991; RICHTER 1995; KAUFMANN and 

RAMBECK 1998; KAUFMANN et al. 1998; STIBILJ and HOLCMAN 2002). The critical 

point of these studies is that those are either obsolete, no defined feed iodine 

supplementations were administered, or the feed iodine concentrations were not analysed and 

it was only calculated with supplemented values. Thus, more dose-response studies are 

required to enable a better assessment of the consequences of feed iodine supplementation. 

The use of rapeseed (Brassica napus) oil as renewable energy source became more important 

in the recent years. In consequence by-products of rapeseed oil extraction are more and more 

applied as feed components. This can have side effects in laying hen industry (POTTGÜTER 

2006), since Brassicaceae contain glucosinolates that competitively inhibit the Sodium/Iodide 

Symporter (NIS), which is responsible for the iodine transport, e.g. into the thyroid gland or 

ovary (BROWN-GRANT 1961; NEWCOMER et al. 1984; SLEBODZINSKI 2005; 

SCHÖNE and RAJENDRAM 2009). The impacts of antagonists contained in rapeseed on the 

iodine concentration and mass of the avian thyroid gland, as well as on egg iodine 

concentrations were rarely investigated. 

In the last decades, poultry were bred with exceptionally high performance – better growth 

rates, lower feed conversion ratio (FCR), higher meat fraction of the body, and higher laying 

intensity. Compared to former poultry breeds, those have high demands on feed ingredients. 

Until now, it was not tested if there is a difference in iodine transfer between white and brown 

layers that have different genetic backgrounds. 

Long-term studies, investigating the course of the egg iodine concentration in dependency of 

the mentioned impact factors (feed iodine supplementation, rape seed cake feed component 

(RSC), hen breed, iodine source) are missing. 

For the above mentioned reasons, the Panel on Additives and Products or Substances used in 

Animal Feed (FEEDAP
A
) concluded that additional and topical data concerning the iodine 

requirement and iodine tolerance in livestock are required (EFSA 2005). Furthermore, the 

panel demanded more investigations on the impact of feed iodine supplementation on the total 

dietary iodine intake of humans. 

                                                 

A
 Panel of the EFSA. 
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BACKGROUND 

1 The element iodine 

“Ioeides” in Greek means violet-coloured. From this term the name of the element iodine 

derives, which is a bluish-black crystalline substance (density at 20°C 4.93 g/cm
3
, melting 

point 113.5°C, boiling point 184.4°C), but start to sublimate at room temperature and thereby 

building violet-coloured vapour. Iodine belongs to the halogens (relative atomic mass is 

126.9, atomic number 53, group 17 and period 5 in the periodical table of elements). 

Compared to the other halogens it is relatively inert but the ability to react is still high, thus 

the free element is rare in nature. Iodine was discovered in the year 1811 by the chemist 

Bernard Courtois. 

Iodine mainly occurs as highly water soluble iodide (I
-
). This results in a concentration 

gradient, which decreases with the distance from the ocean and decreasing rainfall (ANKE 

2007). 

Trace elements are required by humans and animals in very small amounts but take an 

important position in nutrition and physiology. Physiologically, they are defined as substances 

that take less than 0.01 % of the total body mass (GÄRTNER and HAEN 2001). Iodine is 

denoted as trace element since it is incorporated from about 0.3 to 0.6 mg/kg bodyweight 

within the animal body (MÄNNER and BRONSCH 1987). Although it is needed just in small 

amounts, the very rare appearance of this element in the earth crust and the accumulation in 

the oceans, can represent a problem e.g. for people living far from there (ANKE 2007).  

2 Requirements and upper levels 

2.1 Iodine requirement and upper levels of humans 

Iodine is essential for humans, other vertebrates and possibly also for invertebrates 

(HEYLAND and MOROZ 2005). For adolescents and adult persons, the WHO, the D-A-CH 

and the Scientific Committee on Food (SCF) of the EFSA, stated a daily requirement of 

≈ 150-200 μg, an UL of 500-1000 µg/d (references of different scientific committees for daily 

requirements for humans of varying age groups and physiological stages see Table 1, for daily 

UL see Table 2). On the one hand iodine belongs to the supply category “1”, this means there 
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is a high risk of deficiency in certain age groups, physiological stages (e.g. pregnancy), in 

certain regions or at special nutrition habits (GAßMANN 2006). On the other hand it is 

classified to the risk category “high”, meaning there is a narrow range between recommended 

daily intake and the UL (GAßMANN 2006). The UL is defined by the SCF as the maximum 

intake of a certain nutrient, which does with high probability not cause a negative effect even 

at continuous intake. 

Table 1 Iodine requirements for humans of varying age and physiological stage [µg/d]; references of 

different scientific committees. 

Age / physiological stage 

Scientific committee 

WHO (2001) 
Scientific society 

USA DRI (2001) 
D-A-CH (2008) 

0 – 1 year - 110 -130 40-80 

0 – 6 years 90 - - 

1 – 8 years - 90 - 

1 – 15 years - - 100-200 

6 – 12 years 120 - - 

9 – 13  - 120 - 

14 – 18 years / adults 150 150 180-200 

Pregnancy - 220 - 

Pregnancy / lactation 200 - - 

Lactation - 290 260 
DRI: Dietary Reference Intake  

Table 2 Tolerable upper intake levels of iodine intake for humans depending on age, physiological stage 

[µg/d]; references of different scientific committees. 

Age/ 

physiological 

stage 

Scientific committee 

USA – FNB 

(2001) 

SCF 

(2002) 
WHO (1994) D-A-CH (2008) 

1 – 3 years 200 200 

< 1000 μg/d are 

considered as safe 

< 500 μg/d are 

considered as safe 

4 – 6 years - 250 

4 – 8 years 300 - 

7 – 10 years - 300 

9 – 13 years 600 - 

11 – 14 years - 450 

14 – 18 years 900 - 

15 – 17 years - 500 

> 19 / adults 1100 600 

Pregnancy 900 600 

Lactation 1100 600 
FNB: Food and Nutrition Board 

The “German health interview and examination survey for children and adolescents” 

(KiGGS) study investigated the iodine state of 17 641 German children and adolescents (0 to 
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17 years) and found an average urinary iodine concentration of 117 µg/L, which is still at the 

lower limit of 100-200 µg/L recommended by the WHO (THAMM et al. 2007). Thus the 

iodine status in Germany improved but is still not stable. 

2.2 Iodine requirement and upper levels of poultry 

In birds an adequate iodine provision is important since T3 and T4 control the metabolism and 

hence the heat regulation, growth and body weight, they regulate the fertility and the 

development of secondary sex characteristics and are important for the lipid metabolism, 

initiate the moult by stimulation of plumage growth, and furthermore, they are associated with 

migratory behaviour (STANLEY et al. 1989; MERRYMAN and BUCKLES 1998b; 

DECUYPERE et al. 2005; O'MALLEY 2005; BASS et al. 2007). 

The GfE (1999) indicated an iodine requirement of 0.5 mg I/kg feed for laying hens and 

broilers, while the National Research Council (NRC 1994) proposed 0.35 mg I/kg feed for 

broilers and 0.32-0.48 mg I/kg feed for laying hens. The legal maximum feed levels for iodine 

(Table 3) are 10 to 20 fold higher. This difference is considerably bigger than in other trace 

elements (e.g. Cu or Zn 2.5 fold, FLACHOWSKY et al. 2006). With respect to the 

classification into the high risk category, an over position should be avoided (GAßMANN 

2006) to maintain the health of animals and consumers of animal products. Currently, it is 

discussed in how far the enrichment of animal feed, and hence the enrichment of their 

products, could contribute to an over exposure, which has to be considered as 

disadvantageous or harmful. Thus, it is debated at which extend an enrichment with iodine 

would be reasonable and if existing legal guidelines for UL have to be revised (Federal 

Institute of Risk Assessment, BfR 2004; EFSA 2005; FLACHOWSKY et al. 2006). 

Table 3 Legal maximum levels for food producing animals. 

Species 
mg I/kg feed with 

88 % dry matter 

Equine 4 

Dairy cows 5 

Laying hens 5 

Other animals 10 

Fish 20 
EU regulation 1459/2005 (EU COMMISSION 2005) 

The EFSA concluded that the basic data available for the evaluation of requirements and UL 

are obsolete in many cases and that profound studies are still missing (EFSA 2005). 
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The EU regulation (EU COMMISSION 2005) allows the supplementation of different iodine 

sources (Table 4). Since iodine is volatile and different iodine compounds have different 

stability (KELLY 1953; MISKINIENE et al. 2010), in the present thesis possible effects of 

potassium iodide (KI) and calcium iodate Ca(IO3)2 were investigated. 

Table 4 Iodine conjugations allowed as feed additives in the EU. 

Additive Chemical formula 

Calcium iodate hexahydrate Ca(IO3)2)∙6H2O 

Dehydrated calcium iodate Ca(IO3)2 

Sodium iodide NaI 

Potassium iodide KI 
(EU regulation 1459/2005) 

3 Animal products as iodine sources 

Different authors had the idea that eggs could represent an additional iodine source. 

KAUFMANN et al. (1998) investigated the carry-over of iodine from eggs to humans. Test 

persons consumed eggs of hens that were fed on diets containing different supplementations 

of KIO3 (0.5, 1.0, 2.0 and 5.0 mg I/kg feed). The urinary iodine concentration of the test 

persons increased depending on egg iodine content. The authors concluded that eggs could 

increase iodine intake and thus improve the human iodine supply. 

TRAVNICEK et al. (2006) compared the iodine content of eggs derived from small flocks 

with that from large flocks of the Czech Republic. The iodine content of the feed was 0.22 to 

1.18 mg I / kg feed. For the iodine measurement they applied the Sandell-Kolthoff reaction. 

They found that eggs of large flocks contained more iodine (31.2 µg I/egg) than those from 

small flocks (10 µg I/egg). One of those eggs would cover up to 14 % of the daily iodine 

requirement, while those from small flocks would just cover up to 4.4 %. The authors gave 

different explanations for the different egg iodine content: 1) varying iodine intake with feed 

and water; 2) actual week of the laying cycle and related laying intensity; 3) duration of the 

oocyte persistence in the ovary. 

GARBER et al. (1993) administered iodine enriched eggs (711 µg I/egg) to 51 test persons for 

eight weeks. The average iodine excretion with urine increased from 180 to 523 µg/d in the 

test group. The authors concluded, that the consumption of one egg enriched with iodine as 

used in their study seems to be save, since no clinically significant short term health effects 

were detected in healthy individuals. 
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KAUFMANN and RAMBECK (1998) enriched chicken, pig and cow feed with KIO3. The 

iodine content was measured in the cow’s milk, and the muscle, heart, liver and kidney of 

chicken and pig. The iodine concentration increased proportionally to iodine intake in all 

investigated fractions. The authors concluded that milk would be a suitable medium for 

enrichment, but meat would be rather inefficient since transfer is less effective. 

According to GROßKLAUS and JAHREIS (2004), milk and milk products contribute 37 %, 

meat and sausage products 21 %, bread 19 %, sea fish 9 % and other comestibles 11 % to the 

iodine provision of the European population. The great contribution of milk and milk products 

to the daily iodine supply, was confirmed by JAHREIS et al. (2007), who stated that 40 % of 

the daily iodine intake was realised by these products. 

The introduced studies did not indicate the analysed feed iodine concentrations, but only the 

supplemented values (KAUFMANN and RAMBECK 1998; KAUFMANN et al. 1998; 

GROßKLAUS and JAHREIS 2004) or did not apply defined iodine supplementations 

(TRAVNICEK et al. 2006). Studies, using defined iodine supplementations and offer the 

analysed feed iodine concentrations for a better assessment of the results are rare. Also the 

food composition and nutrition tables of SOUCI et al. (2008) listed iodine concentrations for 

different comestibles, e.g. cow’s milk (3.5 % fat: 27 µg/kg), cheese (edam, 40 % fat: 

50 µg/kg), sea fish (halibut: 370 µg/kg, herring, Baltic sea: 500 µg/kg), etc. but it is important 

to notice, that the iodine content of the respective comestible is closely related to external 

impact factors. For example, in cheese the iodine concentration of the brine, in sea fish the 

iodine concentration of the water may vary considerably. The iodine content of milk is 

influenced by iodine intake of the cows and dipping agents for udder sterilisation (FRANKE 

2009; FRANKE et al. 2009a). Thus, more dose-response studies are necessary. 

4 Iodine metabolism 

4.1 Iodine absorption and metabolism 

Iodine becomes absorbed within the small intestine by the NIS (CAVALIERI 1997; NICOLA 

et al. 2008). From there it disperses into the blood plasma, where it is mainly hormone- or 

protein bound, but can also be found in extra luminal secretes as for example within the saliva 

and the gastric juice (SALLER et al. 1998). Into the gastric juice, it is secreted by the NIS 

(JOSEFSSON 2009). The two main pathways to leave the extra cellular pool are the uptake 
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by the thyroid gland and the excretion by the kidneys. Since the kidney cannot regulate iodine 

excretion, the thyroid gland has to adapt the iodine uptake by itself, this is called the 

“autoregulation of the thyroid gland” (SHERWIN and TONG 1975; NAGATAKI and 

YOKOYAMA 1990; SUZUKI et al. 1998). 

The thyroid consists of follicles (folliculi thyroidei), which are built of a monolayer of thyroid 

follicular cells (thyrocytes, Figure 1) that synthesise and enclose the thyroglobulin (Tg, also 

"colloid"; HÖHN 1950; MERRYMAN and BUCKLES 1998a; MICHAL 1999). The thyroid 

is supplied with blood by a number of thyroid arteries, which varies interspecifically and 

between individuals of the same species (HODGES 1981). The follicles are enclosed by a net 

of blood capillaries and are fixed by connective tissue (VON ENGELHARDT and BREVES 

2010). The anatomy of the thyroid gland of birds was described in detail by HODGES (1981). 

By the blood pathway, iodide reaches the basolateral plasma membrane of the thyrocytes, 

where it is transported actively into the lumen by the NIS. The NIS is responsible for the 

iodine accumulation in the thyroid gland but also in other tissues. Active iodine concentrating 

mechanisms were found for example in the gastric mucosa, small intestines, ovary and 

mammary glands (BROWN-GRANT 1961; NEWCOMER et al. 1984; SLEBODZINSKI 

2005; NICOLA et al. 2008; JOSEFSSON 2009). The NIS can be competitively inhibited by 

antagonists, such as thiocyanates (SCN
-
) degradation products derived from glucosinolates 

(SCHÖNE and RAJENDRAM 2009). 

The NIS is a plasma membrane glycoprotein, which belongs to the solute carrier family 5, 

member 5 (SLC5A5, classification: 2.A.21.5.1; TCDB 2011). It connects the transport of I
-
 

with that of Na
+ 

(Figure 1). The driving force is the Na
+ 

gradient, generated by the Na
+
/K

+
- 

adenosine triphosphatase (Na
+
/K

+
- ATPase). At the membrane the Na

+
/K

+
-ATPase causes an 

efflux of three Na
+
-ions and an influx of two K

+
-ions. The NIS transports Na

+
 in favour of its 

concentration gradient and couples it with the transport of I
-
 against its electrochemical 

gradient into the cell. Thereby, two Na
+
-ions symport one I

-
 ion (SCHMUTZLER and 

KÖHRLE 1998; NICOLA et al. 2008). This transport mechanism is called “secondary active 

transport”: The energy used for the transport, originates from an electrochemical 

concentration gradient, which was built by a primary active transport mechanism. With this 

mechanism, the NIS is able to accumulate iodide up to 20-50 fold of the plasma concentration 

and absorbs approximately 90% of the plasma iodide. This process is called iodination 
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(MCDOWELL 2003). 

4.2 Thyroid hormones: Synthesis and metabolism 

The absorbed iodide ether becomes oxidised during hormone synthesis or diffuses back into 

the extra cellular matrix, this is called the “iodide leak” (SALLER et al. 1998). In Figure 1, 

the key aspects of the thyroid iodine transport and thyroid hormone synthesis are 

schematically illustrated. After the active NIS-transport at the basolateral membrane of the 

thyrocytes, at the apical side iodine is passively translocated by pendrin, a Cl
-
/I

-
-transporter 

and probably other unspecific ion channels, into the Tg. Concurrent, Tg is transported from 

the follicle cells into the colloid with secretory vesicles (SPITZWEG and MORRIS 2002). 

 

Figure 1 Schematic illustration of a thyrocyte showing the key aspects of thyroid iodine transport and 

thyroid hormone synthesis. ADP: adenosine diphosphate, cAMP: cyclic adenosine monophosphate, Pi: 

inorganic phosphate, Tg: thyroglobulin, TPO: thyroid peroxidase, TSHR: TSH-receptor (by SPITZWEG 

and MORRIS (2002)). 

The synthesis of T3 and T4 takes place within the Tg (MCDOWELL 2003; VON 

ENGELHARDT and BREVES 2010). The thyroid peroxidase (TPO), which is allocated at the 

apical membrane of the follicle epithelial cells (Figure 1), generates the oxidation of I
-
 to I2. A 

cofactor of this reaction is H2O2 which is produced by the nicotinamide adenine dinucleotide 

phosphate (reduced) -oxidase (NADPH-oxidase; VOET and VOET 1994; HESEKER 1999). 

The iodotransferase catalyses the integration of I2 into the tyrosin remainders of the 
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thyroglobulin. The incorporation of I
-
 into an organic molecule is called organification. The 

TPO catalyses the coupling of monoiodothyrosyl- and diiodothyrosyl- remainders to T3 and 

T4, which remain within the colloid until need (Figure 1). The Iodotyrosine dehalogenase 

separates iodine from monoiododtyrosine and diiodotyrosines for reuse within the thyroid or 

release into the blood (CAVALIERI 1997). 

If required the thyrocytes absorb iodinated thyroglobulins by macrocytosis, released into the 

cell in lysosomal compartments, where T3 and T4 are separated by proteolytic enzymes. After 

the phagolysosomal hydrolysis T3 and T4 are released into the blood. Thyroid hormones are 

lipophil and thus within the plasma they are transported by thyroxine binding globulins 

(TBG) of the liver – transthyrethrin and albumin. The binding prevents filtration and 

elimination of the thyroxines by the kidneys. In the blood of birds thyroid hormones are 

transported by prealbumin and albumin, specific TBG as known in mammals are absent 

(MERRYMAN and BUCKLES 1998a). Only free thyroid hormones can enter the cell and 

effect there; the protein bound hormones build an additional store outside the thyroid (VON 

ENGELHARDT and BREVES 2010). 

In mammals T3 is the hormone which is metabolic more active than T4 and much less present 

within the blood (ELMADFA and LEITZMANN 1998). In contrast to mammals, in birds the 

potencies of serum T3 to T4 is similar, but the ratio depends on species (RAE 2000). The 

potencies of the two hormones are similar in most of their physiological effects, in contrast to 

mammals where T3 has been shown to be 5 to 7 times more effective than T4 (HODGES 

1981). The potency seems to be inversely correlated to the strength of binding to the plasma 

proteins and thus both of the hormones in birds should be equally strongly bound (HODGES 

1981). A weak binding of T4 to albumin leads to higher plasma values of free T4 in aves 

compared to mammalia. The half-life is much less in birds, than in mammals, which makes it 

difficult to exactly measure the hormone level (RAE 2000). 

Within the target cell T4 is deiodinated to the more active T3 by selenium-dependent 

iodothronine deiodinases. Within the liver most T4 is converted to biologically active T3. 

Several types of deiodinases are responsible for converting T4 into active T3 or inactive 

reverse T3 (rT3). In birds the type 5’-deiodinase in the liver has the major effect. The 

iodothyronin-5’-dejodases can build T3 extrathyreoidal from T4 (GROPPEL 1993; JAHREIS 

1997). The production of metabolic inactive rT3 is a mechanism playing a role at the 
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regulation of the thyroid hormone level in the blood. 

Within the cell, thyroid hormones bind to a nuclear T3-receptor, which acts as transcription 

factor that regulate the target gene expression by influencing the histone acetylation and 

therewith the chromatin structure (MALIK and HODGSON 2002). In this way, they influence 

the protein-biosynthesis and therefore important metabolic processes, as for example the 

growth process, and the development of bone and brain (HESEKER 1999). 

Free iodine is reused by the thyroid, surplus iodine is conjugated with sulphate or glucuronate 

and excreted with urine or bile (MICHAL 1999). At normal iodine provision 85-90 % of the 

ingested iodine is excreted, which occurs by 90 % via the kidneys and by 1 % over the faeces, 

at lactating women 10-15 % via the milk (CAVALIERI 1997).  

4.3 Thyroid regulation 

In mammals the thyroid hormone synthesis is controlled by the hypothalamus, which secretes 

thyreotropin releasing hormone (TRH) that reaches the hypophyseal portal system of the 

anterior pituitary via the neurosecretory axons (HOSSNER 2005). The TRH interacts with its 

membrane allocated receptor of the anterior pituitary and causes an intracellular reaction 

cascade effecting a release of thyreoidea stimulating hormone (TSH).  

In birds TRH is not thyrotropic and does not cause a TSH-release. Instead, this is controlled 

by peripheral levels of T3. TSH and growth hormone increase the circulating levels of T3 (DE 

GROEF et al. 2005). TSH binds to its receptor located at the basolateral membrane of the 

follicular epithelium cells of the thyroid (Figure 1, CARRASCO 1993). The following cyclic 

adenosine monophosphate (cAMP) second messenger cascade has several impacts: Inactive 

NIS become activated, NIS-gene expression, protein synthesis, and the synthesis of the 

thyroidal peroxidase are enhanced. It stimulates the thyroglobulin synthesis, its endocytosis 

from the colloid-storage to follicular epithelium cells and its proteolysis (SALLER et al. 

1998). Therefore, TSH stimulates the thyroidal iodine-uptake, accelerates synthesis and 

secretion of the thyroid hormones, affects growing and metabolism of the follicular 

epithelium (GÄRTNER and HAEN 2001). A negative feedback loop controls the hypophysal 

TSH secretion; with increasing level of unbound thyroid hormones in the blood the TSH 

secretion reduces (VON ENGELHARDT and BREVES 2010). 
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4.4 Iodine deficiency and excess 

Iodine deficiency affects the thyroid gland, which can lead to hypothyroidism, and can cause 

diverse health problems, called “Iodine deficiency disorders“ (IDD, HETZEL 1983; WHO 

2004). In humans, IDD can affect the organism in all life stages: foetus (e.g. abort, endemic 

cretinism – disturbed brain and skeleton development), newborn (endemic mental 

retardation), children and adolescent (e.g. goitre, retarded physiological development, 

disturbance of growth and mental development) and adults (e.g. goitre caused by 

hypothyroidism or spontaneous hyperthyroidism, decreased fertility) (DELANGE 1994; 

MCDOWELL 2003). 

Birds are especially sensitive for iodine deficiency, since their thyroglobulin contains higher 

iodine concentrations than that of mammals (OGLESBEE et al. 1997). An iodine deficiency 

can lead to compensatory enlargement of the thyroid gland, adiposity and decreased egg 

production in laying hens. Low iodine concentrations of brood-eggs can lead to decreased 

hatchability, extended hatching time, delayed yolk sac absorption and elongated hatching-

time of the offspring (WILSON 1997; LEWIS 2004). 

The intake of excess iodine can be disadvantageous, as well. In humans, a surplus can cause 

for example hyper- and hypothyreosis, decreased fertility, and decreased performance (BfR 

2004). At iodine excess the organification and therefore the synthesis of thyroid hormones is 

inhibited, this phenomenon – which is independent from TSH release – is called Wolff-

Chaikoff effect (WOLFF and CHAIKOFF 1948; CAVALIERI 1997). It is based on the 

formation of the thyroidal iodolipid 2-iodohexadecanal, which is built at a surplus of iodine 

and inhibits the NADPH-oxidase and therefore the H2O2-synthesis (CORVILAIN et al. 1988; 

PANNEELS et al. 1996; CORVILAIN et al. 2000). If the elevated iodine serum concentration 

remains over a longer time period, the inhibition is terminated by the “escape-reaction”. Since 

the mRNA-expression of the NIS remains inhibited, the iodine concentration decreases within 

the follicle epithelial cell. Instead of lipids, proteins become iodised again. Thus, iodine 

organification and thyroid hormone synthesis restart (SALLER et al. 1998). The Wolff-

Chaikoff effect represents an adaptation to an elevated iodine provision and filled reservoirs. 

In birds, excess iodine intake has similar effects as iodine deficiency, which can be negative 

impacts on laying performance, ranging from decreased egg numbers to cease of egg 

production, diminished feed intake, lower egg and egg shell weight, high embryonic mortality 
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or delayed hatching (ARRINGTON et al. 1967; MARCILESE et al. 1968; GUO et al. 1991; 

YALÇIN et al. 2004; ANKE and ARNOLD 2008). Furthermore, a slower growth rate, a loss 

of body mass, and retarded sexual maturation were described (ARRINGTON et al. 1967; 

MAY 1976; ANKE and ARNOLD 2008). 

Eggs can act as iodine source for humans, but the iodine supplementation of feed can also 

have impacts on the concerning animals. In studies with moderate amounts of iodine, no 

effects on hens were found (see below). This changed when iodine was administered in 

excessive amounts (500 mg I/d; MARCILESE et al. 1968) or at long-term supplementation of 

feed with 6.07 mg I / kg (52 weeks; LICHOVNIKOVA et al. 2003). In different studies the 

impact on physiology, performance and offspring was investigated. Thereby both, the long-

term effects of moderate amounts and the short-term effect of excessive iodine 

supplementation were considered. In the following different studies are introduced that 

investigated the effect of iodine application on hens. An overview of these studies is given in 

Appendix 1. 

In a long-term experiment of 52 weeks and a concentration of 6.07 mg I / kg feed 

LICHOVNIKOVA et al. (2003) found decreased egg weight and decreased egg production. 

Furthermore, they found a decrease in Haugh units, a significantly lower yolk index and a 

lower eggshell weight, whereas the eggshell stability was not affected. YALÇIN et al. (2004) 

could demonstrate similar influences of feed iodine supplementations of 12 and 24 mg I / kg 

feed in their experiment lasting 30 weeks. They did not find effects on yolk index or eggshell 

thickness, but their experiments only lasted 30 weeks, while that of LICHOVNIKOVA et al. 

(2003) was 52 weeks. Both authors described an elevated FCR. 

Comparable impacts were proved in excess studies by ARRINGTON et al. (1967) from a feed 

iodine concentration of 625 mg I/ kg feed and MARCILESE et al. (1968) at a daily iodine 

intake of 500 mg (Appendix 1). 

These experiments showed, that excessive feed iodine supplementation or long-term 

supplementation with at least 6.07 mg I/kg feed decreased egg number; egg production ceased 

when the feed iodine supplementation exceeded 500 mg / d. In the experiment of 

MARCILESE et al. (1968) the laying capability returned six days after iodine administration 

was stopped. Furthermore, all authors found a decreased egg weight, corresponding with a 

decrease in yolk and albumen mass, and therefore a decrease in the egg mass production. 
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No significant effects were found by these authors on feed intake, body weight, egg shape, 

eggshell strength and egg or yolk cholesterol. 

Ioidine administration on parental animals, especially the egg producing hens, can also show 

adverse impacts on offspring, while the fertility is not affected as long as egg production is 

not ceased. ARRINGTON et al. (1967) and GUO et al. (1991) investigated impacts on 

offspring after iodine supply. ARRINGTON et al. (1967) supplied hens with 625 mg I / kg to 

2500 mg I / kg feed, while GUO et al. (1991) directly injected KI solution 2 mg or 

4 mg / 0.05 ml H2O into the eggs. Both found delayed hatching, low hatchability with 

increasing iodine content and a high embryonic mortality. GUO et al. (1991), additionally 

investigated physiological impacts. The serum T3 / T4 content stayed at a normal level but the 

iodine treated embryos developed goitre. The number of the thyroid follicles at day 12 was 

larger in the control, but at day 18 the follicles, as well as the whole thyroid of the iodine 

treated embryos were bigger. The follicles were also examined with the electron microscope, 

in this way a normal developmental stage of the cells was diagnosed. Since the T3 / T4-level as 

well as the physiological cell stage was normal, the authors concluded that the iodine induced 

goitre is not accompanied by reduced thyroid hormone secretion. The goitre development 

occurs in two steps: 1) transitory inhibition of the follicle formation by a direct inhibitory 

effect of iodine on the thyroid, 2) stimulation of the thyroid by TSH, resulting in a 

compensatory hypertrophy (GUO et al. 1991). 

4.5 Dysfunctions of the thyroid 

Dysfunctions of the thyroid gland can be hyper- and hypothyroidism. The hyperthyroidism is 

the increasing production and secretion of thyroid hormones. “Graves disease” or “Basedow’s 

disease” is caused by an autoimmune reaction so this disease is not caused by iodine intake 

(STANBURY et al. 1998). In this illness auto-antibodies are synthesised that bind at TSH-

receptors and stimulate them. 

“Iodine induced hyperthyroidism” (IIH) often occurs in consequence of iodine 

supplementation after a chronic iodine deficiency. This is e.g. the case, when persons with 

chronic iodine deficiency become involved in prevention programs and are supplied with 

increasing iodine amounts (STANBURY et al. 1998). This phenomenon is also known as 

“Iodine-Basedow” which is misleading since IIH is not an autoimmune-disease but is caused 

by toxic nodular goitre (STANBURY et al. 1998). People are most often affected by IIH, 
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when iodine prophylaxis is started in iodine-poor regions. Over years benign, autosomal 

nodules can develop within their thyroids. They are out of the control of the pituitary gland. 

Facing with additional iodine supplementation they respond with excessive thyroid hormone 

synthesis (KOUTRAS 1996; STANBURY et al. 1998). 

“Hpothyroidism” means the decreased production and secretion of thyroid hormones. The 

lower hormone level causes a reduction of the basic metabolism. In human and animals 

hypothyroidism can be responsible for e.g. sterility (GUTIERREZ et al. 2002). 

5 Goitrogens – antagonists of iodine absorption 

The NIS-transport can be inhibited directly by competitive inhibitors as bromine, chlorate 

(ClO3
-
), nitrate (NO3

-
) and SCN

-
, or indirectly by the inhibition of the Na

+
/K

+
ATPase, e.g. by 

ouabain
B
 (SCHMUTZLER and KÖHRLE 1998; ANKE and ARNOLD 2008). 

Rapeseed and rapeseed products contain glucosinolates. The degradation products, SCN
-
, 

interfere with the iodine uptake into the thyroid gland by competitive inhibition of the NIS 

(GOH and CLANDININ 1977), and oxazolidin-2-thione inhibits the activity of the TPO at the 

oxidation of iodide and the consecutive iodination of the tyrosyl-residues of thyroglobulin. 

Rapeseed gains increasing importance as renewable energy source, so the glucosinolates 

containing by-products become more and more applied in the feed industry. Until lately, the 

supplementation to brown layers was limited due to the component sinapine which may cause 

“fishy taint” in some eggs. Now, rapeseed gets more and more important in the laying hen-

feed industry because 1) 00-rapeseed (“00”: maximum of 2% erucic acid, low glucosinolate 

content) is cultured for some years, and 2) Lohmann Tierzucht announced that all commercial 

day-old chicks of Lohmann hatching from January 2007 are free of the genetic defect and thus 

can be fed with rations containing rapeseed products (POTTGÜTER 2006). 

However, at the feeding of rapeseed products, often feed intake is reduced (FENWICK et al. 

1983). One possible reason is the bitter taste caused by the derivates of the glucosinolates 

singrin and progoitrin (FENWICK et al. 1983; MAROUFYAN and KERMANSHAHI 2006). 

                                                 

B
 Also “g-strophanthin” or “cardiac glucoside”; enhances the strength of cardiac muscle contractions by 

competitive inhibition of the Na
+
/K

+
-ATPase by strong binding with the outer part of the enzyme. 
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6 Different iodine sources – effects on animal performance and 

carry-over 

Differences in carry-over between iodine sources have been found by MURRAY AND 

PORCHIN (1951) and RYS et al. (1997). MURRAY AND POCHIN (1951) found that in 

human thyroids iodate was 10 % less absorbed than iodide. RYS et al. (1997) concluded that 

the carry-over from seaweed (2.0 and 4.4 mg I/kg feed) into eggs was more efficient than 

from CaI2 (2.7 and 7.2 mg I/kg feed). 

Iodate (KIO3) has been found to be more stable towards environmental impacts than iodide 

(KI; KELLY 1953). Until now KI and Ca(IO3)2, which are both permitted by the EU 

Commission (2005) have not been compared in the range of the legal maximum levels in 

chicken experiments. Studies investigating this issue on various kinds of tissues and eggs in 

connection with animal performance are missing. Most studies were excess studies or 

investigated only the eggs of laying hens, while the iodine concentrations of other tissues 

were not analysed within the same experiments. 
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SCOPE OF THE THESIS 

The scope of this thesis resulted from the EFSA statement (EFSA 2005) on the use of iodine 

in feedingstuffs. Hence, the aim was to fill the gaps of presently available literature 

concerning effects of iodine supplementation in poultry, mentioned in the introduction, and to 

answer the following questions: 

1. Do feed iodine supplementations up to 5 mg I/kg feed, have an impact on animal 

performance? 

2. How does feed iodine supplementation affect the iodine deposition in body matrices 

(thyroid, liver, meat and blood serum) and the main pathways of iodine excretion (eggs 

and excrements)? 

3. To which extent does RSC diminish the iodine concentration of eggs? 

4. Does the iodine deposition into different matrices depend on iodine source or poultry 

breed (Lohmann Selected Leghorn (LSL) vs. Lohmann Brown (LB), and laying hens vs. 

broilers)? 

5. Does the egg iodine concentration reaches a plateau at long-term feed iodine 

supplementation in the range of permitted maximum levels? 

6. Does feed iodine supply balance the impacts of RSC on thyroid glands of laying hens? 

7. Is there a risk of excess for the consumer, when the animals were fed according permitted 

maximum levels? 

For this purpose four feeding studies (FS) were conducted, applying two iodine sources (KI 

and Ca(IO3)2) in increasing supplementations according to permitted EU maximum levels: 

FS I: Two fattening experiments with broilers, with the main focus on meat iodine 

concentration (PAPER I) 

FS II: Two experiments with LSL hens focussing on egg iodine concentration (PAPER II) 

FS III: A balance study with LSL hens, aiming on iodine excretion with eggs and excrements 

as well as on the iodine deposition in different tissues, therefore determining the initial 

iodine concentrations (General Results and Discussion).  

FS IV: One long-term experiment with LB and LSL hens, testing the impact of feeding RSC 

and differences between laying hen breeds (General Results and Discussion). 
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GENERAL RESULTS AND DISCUSSION 

1 Feed iodine concentrations 

In the broiler experiments (FS I), iodine supplementations were 0, 1.0, 2.5, 5.0 mg I/kg feed 

and in the laying hen experiments (FS II – IV) 0, 0.25, 0.5, 2.5, 5.0 mg I/kg feed of either KI 

or Ca(IO3)2. The mean iodine concentrations of the feed, analysed in the controls, was 

0.5 mg I/kg feed in FS I (PAPER I) and 0.44 mg I/kg feed in FS II (Tables 3 and 5 in PAPER 

II). Therefore, the iodine concentrations of the control rations met the requirements of poultry 

according to GfE (1999) and NRC (1994) of 0.32 to 0.5 mg I/kg feed. The iodine 

concentrations measured in the controls of the present studies (FS I-IV), correspond with 

those of RICHTER (1995), RYS et al. (1997), KAUFMANN et al. (1998) and TRAVNICEK 

et al. (2000), who measured in feed of the control groups respectively 0.39, 0.5, 0.5 and 0.3-

0.7 mg I/kg. Since in the present studies, the used premix contained no iodine, this shows that 

0.4 – 0.5 mg I/kg feed, seems to be the natural occurring iodine concentration of the feed and 

is caused by the iodine contents of the feed components used. 

In the feed of the experimental groups of FS I the measured values approximated the desired 

iodine concentrations. In FS II the analysed values for laying hen feed increased with 

increasing iodine supplementations, but only reached 4.01 mg I/kg feed (KI experiment) and 

4.20 mg I/kg feed (Ca(IO3)2 experiment) in the highest supplemented groups. As found in 

FS II (PAPER II), DOBRZANSKI et al. (2001) and YALÇIN et al. (2004) measured higher 

iodine concentrations in the control and less in the enriched feed than calculated. Especially in 

the higher supplemented groups of YALÇIN et al. (2004) this becomes evident. In the groups 

supplemented with 6, 12, and 24 mg I/kg feed, YALÇIN et al. (2004) measured 5.2, 11.1, and 

21.5 mg I/kg feed, respectively. 

The measurements are difficult to assess, since in literature the analysed values are mostly not 

reported. Most authors only give the calculated supplementations and sometimes the content 

of the basal or control diets (e.g. RICHTER 1995; KAUFMANN and RAMBECK 1998; 

KAUFMANN et al. 1998). The fact that only few authors publish the measurements of the 

feed iodine contents, indicates that measuring of the trace element in feedstuffs is difficult and 

that feed values probably often do not correspond with the desired ones. Problems can be the 

demixing / segregation of the feed mixture during storage, so that smaller particles sink to the 
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bottom, or irregular distribution caused by insufficient mixing. To receive a proper mixture of 

the feed, in the present feeding studies pre-mixtures were produced as described in PAPER I. 

It was always started with the lowest iodine supplementation and continued with increasing 

amounts. Between the mixtures of the different feeding groups, all equipments were cleaned. 

Samples were taken from different parts of the batch. 

Another problem can be the evaporation of iodine, especially discussed for iodide, when it is 

not packed dry and impermeable (KELLY 1953). After a storage of 30 days, 

WASZKOWIAK and SZYMANDERA-BUSZKA (2007) found 30 % iodine losses from 

table salt, at 60 % relative air humidity and unlimited air access. If light, humidity and high 

temperatures were excluded, only minimal losses of initially supplemented iodine from table 

salt were detected at storage over several month (VOUDOURIS 1975). To prevent 

evaporation before feeding, in the present feeding studies the feed mixtures were produced in 

the week before the respective experiment started. 

2 Animal performance 

2.1 Impact of feed iodine supplementations on performance of poultry 

In FS I (PAPER I), which was continued for 35 d, a significant decrease of the FCR was 

determined in the last third of the fattening period, where the group which received 5 mg I/kg 

feed had a significantly lower FCR than the control (1.61 vs. 1.68 kg/kg). This significant 

effect was also found, when FCR was tested statistically over the whole time span of 35 d 

(1.49 vs. 1.53 kg/kg, Table 2 in PAPER I). The numerical difference was that low, that it has 

to be considered not to be biologically relevant and was an effect of the negligible low 

standard deviation. However, STANLEY et al. (1989) enriched drinking water of broilers 

with 2 ppm of iodine, which significantly increased the growth rate of the animals after six 

weeks of age. This difference, compared to the untreated birds was maintained in the course 

of the experiment until the eighth week. This effect of iodine on growth rate could not be 

proved at high stocking densities. GROPPEL et al. (1991) enriched broiler feed with 0.1, 1.0, 

10.0 and 100.0 mg I/kg (KI and KIO3). Corresponding to FS I, they did not report effects at 

similar iodine supplementations up to 10 mg I/kg feed, only at the highest iodine 

supplementation they found a tendency for a depression of the growth rate. 

In FS II (PAPER II) the tested iodine concentrations between 0.44 and 4.01 / 4.20 mg I/kg 
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feed, had no significant effect on feed intake, laying intensity, egg weight, daily egg mass 

production, FCR and body weight at the end of the experiment. 

Table 5 Effects of feed iodine supplementation on the performance of laying hens 

Author Iodine 

conjunction: 

supplement 

[mg I/kg 

feed] 

n Exp. 

duration 

[weeks] 

Feed 

intake 

Laying 

intensity 

Egg 

number 

Egg 

weight 

Egg 

mass 

FCR 

FS II KI, Ca(IO3)2:  

0, 025, 0.5, 

2.5, 5.0 

6 4 ↔ ↔ ↔ ↔ ↔ ↔ 

FS IV KI, Ca(IO3)2: 

0, 025, 0.5, 

2.5, 5.0 

24 24 ↔ ↔ ↔ ↔ ↔ ↔ 

KAUF-

MANN et 

al. (1998) 

KIO3: 0.5, 

1.0, 2.0, 5.0 

seaweed: 5 % 

(=2.5), 10 % 

(=4.9) 

6 4  
↑ at 

1.0 mg 
   ↔ 

LICHOV-

NIKOVA 

et al. 

(2003) 

Ca(IO3)2: 

0.357, 6.07
#
 

16 52 ↔  ↓ ↓ ↓ ↑ 

RICHTER 

(1995) 

KIO3: 0, 0.5, 

5, 20, 40 
3 8 ↔ 

↓* at 

40 mg I/kg 
  ↔ ↔ 

RYS et al. 

(1997) 

CaI2: 2.7, 7.2
#
 

seaweed: 2.0, 

4.4
#
 

9 20  ↑ ↑ ↔ ↔ ↔ 

YALÇIN 

et al. 

(2004) 

Ca(IO3)2∙H2O: 

0; 3; 6; 12; 24 120 30 ↔  
↓* at 12 

and 

24 mg I/kg 

↓* at 12 

and 

24 mg I/kg 
 ↔ 

# Analysed contents, ↔ no significant effect, ↑ / ↓ increase / decrease, * significant effect 

Different effects of iodine administration were reported on poultry performance (Table 5, 

Appendix 1). Table 5 shows an overview with the results of FS II and IV and comparable 

studies with laying hens; the results are discussed in the following. Usually, effects were 

described at higher feed supplementations of 12 to 40 mg I/kg feed. In an eight weeks lasting 

feeding experiment with laying hens, RICHTER (1995) fed diets supplied with 0, 0.5, 5, 20, 

and 40 mg I/kg feed (KIO3). He found a significant decrease of laying intensity in the group 

obtained 40 mg I/kg feed but measured no effect in the lower supplemented groups. 

Furthermore, RICHTER (1995) reported a tendency for an increased body weight gain 

(BWG) at feed supplementations of 20 and 40 mg I/kg. YALÇIN et al. (2004) tested various 

feed iodine supplementations of 0, 3, 6, 12, 24 mg I/kg in an experiment with laying hens, 
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lasting 30 weeks. They found a decreased egg weight in hen groups, fed 12 and 24 mg I/kg 

feed compared to the control. The lower feed iodine supplementations showed no impact. 

Furthermore, they recorded no impact on body weight, feed intake, egg production or FCR at 

any of the tested iodine supplementations. 

Effects of lower iodine concentrations between 1.0 and 7.2 mg I/kg feed were reported by 

RYS et al. (1997), KAUFMANN et al. (1998), and LICHOVNIKOVA et al. (2003). 

KAUFMANN et al. (1998) found a tendency for the highest laying intensity at 1.0 mg I/kg 

feed (KIO3) in an experiment lasting four weeks. RYS et al. (1997) reported an improvement 

in egg production, when the diet was enriched with different amounts of CaI2 or seaweed (2.0 

to 7.2 mg I/kg feed) during an experiment lasting 20 weeks. LICHOVNIKOVA et al. (2003) 

fed laying hens with diets enriched with Ca(IO3)2 up to 3.57 and 6.07 mg I/kg feed. The 

performance of the hens was tested over 52 weeks. At a feed concentration of 6.07 mg I/kg, 

they found a decrease of egg production, egg weight and FCR. In case of egg weight and egg 

production, the difference between control and supplemented group increased with the 

duration of the experiment. The impacts, reported by LICHOVNIKOVA et al. (2003) were 

not significant but they indicate that iodine might have negative impacts at long-term 

supplementation.  

These findings could not be confirmed by FS II (PAPER II). One reason for the increased egg 

production in the experiment of RYS et al. (1997) could be a compensation of a previous 

deficiency. RYS et al. (1997) did not report how the hens were fed before the experiment 

started. The hens of FS II (PAPER II), received a standard feed ration. 

It has to be indicated, that the hens of the present study obtained the iodine-supplemented diet 

only over a relatively short time span of four weeks, where possible effects might not appear 

(or only in tendencies as reported by KAUFMANN et al. 1998). For broilers it is not 

necessary to test long-term effects, since the fattening periods are rather short – the duration 

for short-term fattening is 29 to 32 days, for intermediate fattening 36 to 38 days and for long 

fattening 39 to 46 days (BERK 2008). FS I showed that feed iodine supplementations up to 

5 mg I/kg had no impact of biological relevance on fattening performance. Since laying hens 

are kept for egg production, for longer time spans than broilers, and because some studies 

detected effects of lower feed iodine supplementations in experiments that continued more 

than four weeks (< 7.2 mg I/kg, up to 52 weeks; RYS et al. 1997; LICHOVNIKOVA et al. 
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2003), it is important to investigate long-term effects in laying hens of feed iodine 

supplementation, within the range of permitted EU-maximum feed levels. 

2.2 Effect of long-term iodine supplementation on laying performance 

Due to the conclusion, drawn in the previous chapter, a long-term study with laying hens 

(FS IV) with feed iodine supplementations up to 5 mg I/kg was conducted in context of this 

thesis. Corresponding to the previous experiments with laying hens (FS II), the same iodine 

sources and supplementations were used. Furthermore, the impact of RSC feeding was 

investigated, with regards to possible goitrogenic effects of the contained glucosinolates. Two 

laying hen breeds were tested – LSL (white feathers and eggs) and LB (brown feathers and 

eggs). Following issues were investigated: 

 Feed intake 

 Laying performance 

 Saturation of egg iodine concentration 

 Iodine concentration of eggs and tissues after six laying month of iodine application 

 Iodine concentration and mass of the thyroid gland 

The experiment started when the hens were 23 weeks of age and continued 6 laying months 

(one laying month = 28 d). 432 laying hens were allocated to 18 groups (Table 6) that 

obtained diets with different iodine supplementations (0, 0.25, 0.5, 2.5, 5.0 mg I/kg feed) of 

the two iodine sources (KI and Ca(IO3)2), the half of the groups were additionally supplied 

with 10 % RSC (glucosinolate content: 13.8 mmol/kg RSC with 91.6 % dry matter. The 

iodine concentration of the water was low (1.7±0.2 µg I/l). At an average daily water uptake 

of 180 ml (LEESON and SUMMERS 2001), this results in a negligible daily iodine intake by 

water of approximately 0.3 µg and therefore was excluded from further calculations. The 

groups were arranged with 50 % LSL and 50 % LB hens. For the allocation of feed intake and 

eggs, the hens were kept separately in battery pens, with 48 x 46 cm per section. Feed and 

water were provided for ad libitum consumption. Leftovers of feed were weighed weekly to 

calculate the feed intake. The laying performance was examined by recording the egg mass, 

the laying intensity, and the FCR (kg feed intake per kg egg mass production). Therefore, the 

feed intake and daily laid eggs were recorded. To obtain a representative sample for the egg 

mass, eight eggs per hen and month were weighed. 
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Eggs for the iodine determination were obtained, from 12 hens per group (6 LSL and 6 LB), 

throughout the experiment in increasing time intervals (days 0, 4, 8, 15, 29, 85, and 164). The 

eggs were always taken from the same individuals (“defined hens”). The iodine content per 

egg refers to the mass of the respective egg in which the iodine content was measured. The 

“defined hens” were slaughtered after six laying month of iodine application. The procedures 

of slaughtering, analyses of the feed composition and analyses of the iodine concentrations of 

the samples with inductively coupled plasma-mass spectrometry (ICP-MS) were carried out 

as described in PAPERS I and II. 

Table 6: Group allocation in FS IV with RSC component and iodine supplementation (n = 24 hens per 

group with 12 LSL and 12 LB hens). 

Group 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

RSC (%) 0 0 0 0 0 0 0 0 0 10 10 10 10 10 10 10 10 10 

KI 

(mg/kg) 
0 0.25 0.5 2.5 5.0 0 0 0 0 0 0.25 0.5 2.5 5.0 0 0 0 0 

Ca(IO3)2 

(mg/kg) 
0 0 0 0 0 0.25 0.5 2.5 5.0 0 0 0 0 0 0.25 0.5 2.5 5.0 

* The concentration of the basal diet amounted to 0.35±0.17 mg I / kg feed 

The statistical analyses were performed with “SAS 9.1” (© by SAS Institute Inc., Cary, NC, 

USA) and STATISTICA 8.0 (StatSoft, Inc. 2007). The level of significance was set on 

α = 0.05. For the analyses a four-factorial model was applied, the factors were iodine source, 

feed iodine supplementation, RSC feed component and hen breed. 

The performance data were analysed with the MIXED procedure. Since the experiment 

proceeded over a longer time span and samples were always taken from the same animals, 

hens were included as repeated measure. For all other parameters the statistical analyses were 

performed with the GLM procedure. The Tukey-Kramer test was used for group comparisons. 

Table 7 shows the means of the performance data over the test period of six laying 

month for all groups. The significant impact of feed iodine supplementation on FCR, was due 

to the small standard error but has no biological relevance. RSC application depressed feed 

intake from 114.6 g/d (0 % RSC) to 109.6 g/d (10 % RSC) and increased laying intensity 

from 96 % to 97 %. Therefore, the daily egg mass production decreased from 57.8 g/d to 

55.9 g/d. The FCR was also decreased significantly but – as the impact of iodine 

supplementation – this also has no biological relevance since the difference was minor (0 % 

RSC: 2.01 vs. 10 % RSC: 1.98). LSL hens had significantly lower feed intake than LB hens 
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(111.6 g/d vs. 112.6 g/d), significantly lower laying intensity (96 % vs. 97 %), the daily egg 

mass production was not significantly different (Table 7), thus LSL hens had a lower FCR 

(1.99 vs. 2.01). The impacts of these performance data on egg iodine concentrations are 

discussed in chapter 3.5.2. 

Table 7 Performance of laying hens in FS IV, in dependency of feed iodine supplementation, RSC 

component, iodine source and hen breed (23-51 weeks of age, n = 72). 

Iodine supplementation 

of the feed 

[mg I/kg feed] 

RSC 

[%] 

Feed 

intake 

[g/d] 

Daily egg mass 

production 

[g/d] 

Laying 

intensity 

[%] 

FCR 

[g feed / 

g egg mass] 

0 0 115.7 58.0 96 2.04 

0.25 0 114.3 57.3 96 2.03 

0.5 0 115.0 58.6 97 1.98 

2.5 0 114.6 57.8 97 2.01 

5.0 0 113.5 57.5 97 2.00 

0 10 107.9 55.9 98 1.96 

0.25 10 112.5 56.4 97 2.02 

0.5 10 108.4 55.3 96 1.98 

2.5 10 108.9 56.0 97 1.97 

5.0 10 110.3 56.2 98 1.99 

ANOVA (probability)           

Suppl.   0.0702 0.9935 0.4150 0.0160 

RSC   < 0.0001 < 0.0001 0.0110 0.0008 

I source   0.1362 0.4585 0.3497 0.8137 

Breed   0.0123 0.4344 0.0011 0.0238 

Suppl.x RSC   0.0001 0.0218 0.0167 0.0420 

Suppl.x I source   0.0081 0.3841 0.6247 0.0775 

Suppl.x breed   0.0130 0.0050 0.2594 0.6466 

RSC x I source   0.2504 0.2814 0.1297 0.6240 

RSC x breed   0.2601 0.0096 0.0073 0.0855 

I source x breed   0.3914 0.3164 0.1057 0.7895 

Suppl. x RSC x I source 0.0827 0.1003 0.7457 0.6324 

Suppl. x RSC x breed  0.1248 0.4952 0.8265 0.0251 

Suppl. x I source x breed 0.7291 0.8981 0.4676 0.8210 

RSC x I source x breed 0.9816 0.6100 0.1232 0.7391 

Suppl. x RSC x I source x breed 0.9946 0.9640 0.5652 0.9903 

PSEM 1.4 0.7 0.7% 0.03 
Breed: laying hen breed; RSC: Rapeseed cake component of the feed mixture; Suppl.: Supplementation of the 

feed with iodine; PSEM: Pooled standard error of means 

The effect of iodine supplementation on performance was assessed by examination of the 

groups without RSC component (groups 1 – 9): The daily feed intake, laying intensity and 

egg mass did not differ significantly between the groups. In none of the parameters significant 
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differences of the test groups (2 – 9) to the control (group 1) in the respective month were 

found. The egg weight increased in all groups, from 50.9 ± 5.5 g in the first month up to 

60.5 ± 5.9 g in the sixth month, while the daily feed intake (114.4 ± 12.2 g) did not vary 

significantly. Thus, the FCR decreased in all groups with the duration of the experiment from 

2.2 ± 0.3 in the beginning to 1.9 ± 0.1 in the sixth laying month. 

In conclusion, in FS I and FS IV partially significant effects of the applied feed iodine 

supplementations were detected but these differences were that low that a biological relevance 

cannot be deduced. In FS II no significant effect on performance was measured. This shows 

that the tested iodine supplementations, up to 5 mg I / kg feed and therefore the legal amounts 

given by the EU Commission (2005) seem to be adequate for broilers and laying hens, since 

the performance was not negatively affected in the tested time span. This conclusion is 

supported by similar previous studies as those of KAUFMANN et al. (1998) and YALÇIN et 

al. (2004), when they supplied hens with equal iodine amounts. 

2.3 Effect of administered iodine source on poultry performance 

With FS IV it was possible to test the impact of the iodine source in the case of KI and 

Ca(IO3)2. The statistical result of the performance (Table 7) showed no significant impact of 

the iodine source. This result agrees with similar studies, dealing with the effect of feed iodine 

supplementation on performance of poultry: HIXSON and ROSNER (1957) tested KI and 

Ca(IO3)2∙H2O in an feeding experiment lasting six weeks, with male and female “Vantress 

Cross“ chicks. They found no significant difference in chick growth and FCR. For this 

experiment, it has to be mentioned that the feed iodine concentration with 0.27 mg I/kg feed 

was low. GROPPEL et al. (1991) supplemented feed of broilers, either with KI or KIO3 in 

supplementations of 0, 0.1, 1.0, 10 and 100 mg I/kg feed, for six weeks. At the end of 

fattening they found no significant differences of body weight in consequence of different 

iodine sources. KAUFMANN et al. (1998) concluded that iodine supplementations of 0 to 

5 mg I/kg feed (four weeks) do not influence the FCR or egg yields, neither with KIO3 nor 

seaweed. 
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3 Tissue iodine concentrations, iodine excretion, and thyroid 

gland mass 

The tested iodine supplementations of broiler and laying hen feed caused, in the most cases a 

significant increase of the investigated tissue and egg iodine content (Tables 6 and 7 in 

PAPER I, Tables 4 and 6 in PAPER II). In broilers the iodine concentrations increased 

significantly in all investigated matrices – pectoral and thigh meat, liver, blood serum and 

thyroid gland. In laying hens a significant increase of iodine concentration was measured in 

yolk, albumen, whole egg, blood serum, liver and thyroid gland. Only in FS IV a significant 

increase of the iodine concentration of meat was measured (Table 9). The iodine 

concentration of abdominal fat (measured exclusively in FS II, Tables 4 and 6 in PAPER II 

and FS III, Table 14) was not significantly influenced by the feed iodine supplementation. 

The highest iodine concentration was measured in the thyroid glands, due to the physiological 

function. The lowest iodine concentration was measured in abdominal fat. The order of 

matrices according to the measured levels of iodine concentrations in laying hens was: fat < 

meat < liver < blood serum < albumen < yolk < thyroid gland. In broilers measured iodine 

levels were: meat < liver < blood serum < thyroid gland. 

Table 8 Minimum, maximum group-medians of iodine concentrations measured in tissues (fresh matter) 

of broilers (FS I) and laying hens (FS II). 

 
Pectoral meat 

[µg/kg] 

Thigh meat 

[µg/kg] 

Liver 

[µg/kg] 

Serum 

[µg/l] 

Thyroid 

[µg/g] 

Broilers 5.8-58.0 5.9-67.8 22.4-181.3 28.2-382.4 2317-5053 

Laying hens 3.9-15.0 5.7-28.6 11.8-40.5 14.5-48.9 3462-6183 

Comparing the iodine concentrations of broilers and laying hens, meat, liver and blood serum 

were higher in broilers, while the level of thyroid gland iodine concentration was similar but 

slightly lower (Table 8). Causes can be the different age, physiological stage and metabolic 

rate of broilers and laying hens. While the hens showed high efficiency in egg-laying, broilers 

were engaged in the anabolic process of intense growing during fattening. Another reason for 

the general differences in tissue iodine concentrations between genders could be, that in 

broilers the iodine application started directly after hatching – the laying hens were already 

mature when the experiments begun. Broilers could store iodine in tissues during the 
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comprehensive phase of growth and muscle production, until slaughtering. To the knowledge 

of the author, until now no studies exist, comparing the effect of iodine concentration on 

juvenile and adult animals. 

In both studies (FS I and FS II) presented at PAPERS I and II, KI and Ca(IO3)2 were tested in 

distinct experimental trials. Hence, it was not appropriate to analyse the data with analysis of 

variance (ANOVA). Thus, regression analyses were applied in FS II (PAPER II) to test the 

influence on the tissue iodine concentrations. The results of this procedure gave indications 

that blood serum, yolk and whole egg iodine concentrations were significantly affected (FS II, 

Table 7 in PAPER II). In FS IV, KI and Ca(IO3)2, were tested within the same experiment, 

thus experimental effects were excluded and it was possible to compare the effects with 

ANOVA (results are represented below). Furthermore, long-term effects of different iodine 

sources on egg iodine concentrations were investigated in FS IV. Besides different stability 

(KELLY 1953), various studies suspected differences in the intestinal uptake of iodide and 

iodate, since iodate has to be previously converted into iodide (MOSS and MILLER 1970; 

LEWIS 2004; FRANKE et al. 2009b). A conversion, previous to epithelial absorption is also 

known in other molecules. Thus, BREVES et al. (2010) proved that methionine hydroxy 

analog (2-hydroxy-4-(methylthio)-butanoic isopropyl ester, HMBi) is partially hydrolysed to 

methionine hydroxy analog free acid (HMB) at the epithelial surface of the rumen. Also, 

within the epithelium HMBi is converted to HMB. Furthermore, it was found that absorption 

of trace elements depends on the kind of binding in the diet (FLY et al. 1989; WEDEKIND et 

al. 1992; RYS et al. 1997; OPALINSKI et al. 2012). RYS et al. (1997) proved that iodine of 

CaI2 was less effectively deposited in the egg than that of seaweed. In an experiment of 

OPALINSKI et al. (2012), the control group of laying hens obtained a diet supplemented with 

1 mg I/kg feed with Ca(IO3)2∙H2O as iodine source (analysed feed iodine concentration: 

1.55 mg/kg) and the test group received a diet supplemented with 1 mg I/kg feed from iodine-

yeast (analysed feed iodine concentration: 1.32 mg/kg). After an experimental period of 12 

weeks the yolk of the controls had a concentration of 580 and the yolk of the test group 

1045 mg I/kg. These results show clearly the impact of binding-type on the iodine deposition. 

In the following the different investigated tissues are discussed separately in detail. 
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3.1 Blood serum 

Blood acts as transport medium of iodide and thyroid hormones T3, T4, and inactive rT3. Due 

to this function, the iodine concentration of the blood is relatively high (Table 8). The iodine 

concentration of blood serum, increased significantly with increasing iodine supplementation 

of the feed (Table 9; Tables 6 and 7 in PAPER I; Tables 4 and 6 in PAPER II). It was 

significantly reduced by 10 % RSC component (38.8 vs. 65.1 µg/l, Table 9). 

Differences between hens and broilers (Table 8) in serum iodine concentrations could have 

been caused by different feeding regimes, since blood iodine concentration is closely related 

to recent iodine uptake (LEWIS 2004). Broilers were feed on ad libitum consumption, while 

laying hens obtained a restricted feed ration twice a day and no feed at the day of slaughter. 

The comparison of iodide and iodate with the regression analysis in FS II, showed a 

significantly steeper slope of the regression line (p = 0.04) for blood serum iodine 

concentration of the hens provided with Ca(IO3)2 (Table 7 in PAPER II). In contrast to this 

finding, in FS IV, the blood serum iodine concentration was significantly lower in the groups 

that received Ca(IO3)2 (47.3 µg/l) than in those obtained KI (56.6 µg/l, p = 0.0005, Table 9). 

The consideration of the interaction RSC x iodine supplementation x iodine source (Table 9), 

showed that this effect was significant at 0 % RSC administration, and feed iodine 

supplementations of 2.5 and 5 mg I/kg. 

The results of studies comparing the effect of different iodine sources were inhomogeneous. 

Different effects on blood iodine concentrations in cows were reported by LESKOVA (1969) 

and FRANKE et al. (2009b). While FRANKE et al. (2009b) measured lower iodine 

concentrations in serum of cows provided with Ca(IO3)2 compared to those receiving KI, 

LESKOVA (1969) found higher iodine concentrations in groups provided with iodate. The 

result of LESKOVA (1969) agrees with those of FS II, and FRANKE’s with FS IV. The 

assumption that the iodine source has rather minor influence on blood serum iodine 

concentration in this case, is supported by studies with poultry that detected no significant 

difference (VOGT 1970; GROPPEL et al. 1991). For example GROPPEL et al. (1991) 

applied feed enriched with up to 100 µg I/kg KI or KIO3 to broilers and measured no 

significant difference in the resulting iodine concentrations of the blood plasma, thyroid 

gland, muscle, heart, liver and kidney. Except the findings concerning blood samples, this 

agrees with the results of the present study. Usually differences in iodine deposition in tissues 
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were only reported, when organically bound iodine was compared with anorganic compounds 

(RYS et al. 1997) or when KI was compared with special iodine preparations (“Jodis”) 

preventing the evaporation of iodine from the feed (MISKINIENE et al. 2010). 

Table 9 Tissue iodine concentrations and thyroid gland masses (LSmeans) of laying hens in FS IV after six 

laying month, in dependency of feed iodine supplementation, RSC component, iodine source, and hen 

breed (n = 6). 

Iodine 

supplementation 

of the feed 

[mg I/kg feed] 

RSC 

[%] 

Breast 

meat 

[µg I/kg] 

Thigh 

meat 

[µg I/kg] 

Liver 

[µg I/kg] 

Blood 

serum 

[µg I/l] 

Thyroid 

gland 

[µg I/g] 

Thyroid 

gland 

mass 

[g] 

0 0 4.7 2.4 14.5 17.6 3973 0.17 

0.25 0 5.9 6.9 14.0 33.9 4153 0.17 

0.5 0 9.6 6.6 18.3 29.4 4466 0.16 

2.5 0 14.1 17.2 36.3 96.1 5279 0.18 

5.0 0 23.2 33.0 53.9 148.4 5399 0.19 

0 10 1.2 5.6 30.2 16.4 2266 0.22 

0.25 10 4.0 6.1 13.5 18.2 2466 0.27 

0.5 10 10.4 13.1 19.0 19.6 2477 0.25 

2.5 10 15.8 21.8 23.4 51.9 2932 0.28 

5.0 10 20.4 26.5 36.7 87.7 3315 0.33 

ANOVA (probability)               

Suppl.  <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 

RSC  0.4258 0.4131 0.4229 <0.0001 <0.0001 <0.0001 

I source  0.0479 0.1973 0.0841 0.0005 0.2882 0.2029 

Breed  0.0852 0.4767 0.8907 0.0527 0.0095 <0.0001 

Suppl.x RSC  0.7333 0.1215 0.0344 <0.0001 0.1351 0.0357 

Suppl.x I source  0.0013 0.1392 0.4143 <0.0001 0.1465 0.9567 

Suppl.x breed  0.3808 0.2899 0.1133 0.0479 0.4893 0.5462 

RSC x I source  0.0011 0.5292 0.6160 <0.0001 0.1085 0.0664 

RSC x breed  0.3759 0.7877 0.3872 0.2751 0.0310 0.2811 

I source x breed  0.4119 0.1960 0.2248 0.6828 0.6119 0.1200 

Suppl. x RSC x I source 0.2363 0.8394 0.0372 <0.0001 0.6887 0.3055 

Suppl. x RSC x breed  0.7276 0.8902 0.4303 0.9710 0.7114 0.8950 

Suppl. x I source x breed  0.5890 0.7921 0.1880 0.1661 0.3483 0.1199 

RSC x I source x breed 0.8139 0.0741 0.3236 0.3099 0.6213 0.2862 

Suppl. x RSC x I source x breed 0.6116 0.4691 0.8233 0.2411 0.7586 0.4325 

PSEM   8.9 5.4 11.3 8.4 293 0.028 

The present feeding studies, showed that blood serum iodine concentration depends on feed 

iodine supplementation and is decreased by RSC component of the feed. Furthermore, 

significant effects of the iodine source on the blood serum iodine concentration were detected, 

which was also found in comparable studies. However, until now, no homogenous picture 

could be given for the dependency of iodine concentration of blood serum on iodine source, 
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thus further parameters, as recent iodine uptake, seem to play a role in this case. 

3.2 Thyroid gland 

The exceptionally high iodine concentration of the thyroid gland is a consequence of the 

active iodine transport by the NIS which is necessary for thyroid hormone production. 

Due to the high demands on iodine in birds, an enlargement of the thyroid, which can be 

caused by both – hyper- and hypothyroidism (RAE 2000) is usually caused by iodine 

deficiency (OGLESBEE et al. 1997; SCHMIDT and REAVILL 2002). Goitrogenic 

substances like chlorine in chlorinated drinking water and glucosinolates of brassicaceae 

(family of Brassica napus, rape) in feed increase the iodine demand (SCHMIDT and 

REAVILL 2002). The impact of rapeseed was investigated in FS IV and is discussed in this 

chapter. 

No significant impact of iodine supplementation on thyroid mass was measured in the broiler 

(FS I) and laying hen (FS II) experiments (Tables 4 and 5 in PAPER I; Table 3 in PAPER II). 

Considering mass as parameter, the thyroids measured in these studies were normal. 

Histological investigations would be necessary to estimate the exact condition of the glands, 

since a possibly present hyperplasia (increase of cell number), hypertrophy (increase of cell 

size) and appearance of the follicle cells might be better assessed with such kind of method 

(SCHMIDT and REAVILL 2002). For example, in thyroids of birds with hyperplasia 

SCHMIDT and REAVILL (2002) described cuboidal or low columnar epithelial cells with 

little or no colloid, but they also described an increase in the mass and a size of the thyroids. 

This finding shows that the mass is already a good indicator for goitre, this was also 

concluded by SCHÖNE and RAJENDRAM (2009). 

FS I and FS II showed that, on the one hand the iodine content of the unsupplemented control 

feed was sufficient, because no significant effect in thyroid gland mass was measured 

between the control and the test groups. Thus, the feed iodine supplementations with 1 to 

5 mg/kg were not necessary. On the other hand also the higher feed iodine supplementations 

in the test groups showed no effect. 

Potential long-term effects were not tested in FS I and FS II, so that possible excess could 

have been balanced by regulatory mechanisms, or changes in thyroid mass were still too little 

to measure. 

Figure 2 shows the iodine concentrations of the thyroid glands of laying hens of FS IV after 
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six laying month of feed iodine supplementation, plotted against feed iodine supplementation 

distinguished between groups that obtained 0 % or 10 % RSC. Since the iodine source had no 

impact on thyroid iodine concentration (Table 9), it was not differentiated between KI and 

Ca(IO3)2 supplementation. 

Figure 2 Iodine concentrations in thyroid glands of laying hens, fed for six laying month on diets, 

supplemented with different amounts of iodine, either with 0 % or 10 % RSC (means ± confidence 

interval, n = 24, values see Table 9); mean analysed feed iodine concentration of the control: 

0.35±0.17 mg I/kg feed. 

The iodine concentration of the thyroid glands increased significantly with increasing feed 

iodine supplementations (Table 9, Figure 2). The iodine concentration in thyroids of birds fed 

with 10 % RSC was significantly lower than that of birds gained 0 % RSC (2691 vs. 

4654 µg I/g, LSmenas, p < 0.0001, Figure 2). The interaction of hen breed and RSC 

component (Table 9) originated from significantly higher iodine concentrations in glands of 

LB hens compared to LSL hens in groups that obtained 0 % RSC, while in groups receiving 

10 % RSC, there was no difference between the hen breeds. 

Figure 3 shows the mass of the thyroid glands of laying hens, of FS IV after six laying month 
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plotted against feed iodine supplementation distinguished between groups that obtained 0 % 

or 10 % RSC. In groups without RSC application (Figure 3, broken line) there was no 

significant difference between thyroid masses at the different feed iodine supplementations, 

thus iodine application up to 5 mg I/kg had no negative effect on thyroid mass. In bulls 

MEYER et al. (2008) detected significantly higher thyroid masses at 10 mg I/kg feed. But due 

to legal requirement (EU COMMISSION 2005), hens in the present study were only fed up to 

5 mg I/kg feed.  

 

Figure 3 Thyroid gland mass of laying hens, fed for six laying month on diets, supplemented with different 

amounts of iodine, either with 0 % or 10 % RSC (means ± confidence interval, n = 24, values see Table 9). 

Furthermore, due to higher iodine concentration levels of the thyroid (RAE 2000), birds are 

more tolerant towards high iodine doses than towards iodine deficiency (OGLESBEE et al. 

1997; SCHMIDT and REAVILL 2002). The thyroid mass (Table 9, Figure 3) was 

significantly increased by 10 % dietary RSC (0.27 ± 0.05 g vs. 0.17 ± 0.03 g, p < 0.0001). 

The lower iodine concentration (Figure 2, continuous line) and the increased mass of the 
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thyroid glands of groups provided with 10 % RSC (Figure 3, continuous line) reflect the 

competitive inhibition of the NIS
-
 and the goitrogenic effect of the glucosinolates contained in 

the rapeseed. It was expected, that the iodine supplementation would balance this effect, and 

hens fed with 10 % RSC and increased iodine supplementations would have normal thyroid 

masses. Instead, thyroid masses of hens supplied with 10 % RSC, increased with increasing 

iodine supply (Figure 3). This shows that iodine supply cannot balance the negative effect of 

10 % RSC with a glucosinolate content of 13.8 mmol/kg RSC (91.6 % dry matter). Moreover, 

the effects of RSC and increased iodine supplementations seem to add up
C
, which could have 

led to IIH (STANBURY et al. 1998).  

Also SCHÖNE et al. (1993) found an increase in thyroid gland mass of broilers, which may 

have occurred due to iodine deficiency, since the animals were fed diets containing rapeseed 

meal. HIXSON and ROSNER (1957) investigated the thyroid morphology of broilers and 

found hyperplasia and hypertrophy in the group that received goitrogenic diets, additionally 

the thyroids of these groups were three times heavier than those of groups which retrieved the 

same diet supplemented with 0.6 mg I/kg, either from KI or Ca(IO3)2∙H2O as iodine source. 

Thus, broilers fed on goitrogenic rations showed thyroid gland masses of 325 mg (♂) and 

275 mg (♀), while those which were fed on rations supplemented either KI or Ca(IO3)2∙H2O 

had thyroid gland masses of 117 mg (♂, KI) / 92 mg (♀, KI) or 133 mg (♂, Ca(IO3)2∙H2O) / 

103 mg (♀, Ca(IO3)2∙H2O), respectively. 

In FS IV, there was no significant impact on thyroid mass between iodide and iodate 

supplementation (0.22 ± 0.06 g vs. 0.23 ± 0.07 g, p =0.1972). This is in accordance to the 

study of HIXSON and ROSNER (1957) who compared the effect of KI and Ca(IO3)2∙H2O. 

LSL hens had significantly lower thyroid masses than LB hens (0.20 ± 0.07 g vs. 

0.24 ± 0.05 g, p < 0.0001), which was probably due to the higher body weight of LB hens 

(final body weight: 1553 vs. 1908, p < 0.0001).  

In conclusion in FS IV, long-term application of feed supplemented with 10 % RSC had a 

goitrogenic effect, which was enhanced by feed supplementation with iodine, indicated by 

significantly higher thyroid gland masses in these groups. In the groups fed on 10 % RSC, 

also the supplementation with 5 mg I/kg feed did not elevate the iodine concentrations of the 

thyroid glands up to the level of the control group (0 % RSC, no iodine supplementation). 

                                                 

C
 Personal communication with Prof. F. Schöne, Jena 15 May 2012 
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3.3 Liver 

The higher iodine concentrations measured in liver tissue compared to muscle tissue (Table 8) 

results from its physiological function. The liver is an important location for the 

dehalogenation of T4 to T3 and rT3 (VISSER et al. 1988). Higher iodine concentrations of the 

liver, than in the muscle were already previously described for broilers and bulls 

(KAUFMANN and RAMBECK 1998; WEIGEL et al. 2007). WEIGEL et al. (2007) found 

73-245 mg I/kg in the liver and 16-80 mg I/kg in the muscle of bulls. 

In the liver a lower iodine concentration was detected in laying hens, than in broilers. Hence, 

besides the iodine supplementation, the amount of iodine accumulation in the liver seems to 

depend on further factors: Due to its function at thyroxine dehalogenation, the iodine status 

may be closely related to the metabolic rate, where the lower iodine level of livers of laying 

hens with less locomotion would speak for. Another reason could be related to the egg 

production of laying hens. Yolk-specific components such as precursor-molecules (e.g., 

vitellogenin) and triglycerides are synthesised within the liver and then transported to the 

ovary (SCHNEIDER et al. 1998). It is possible, that iodine in form of thyroid hormones 

leaves the liver and enter the oocytes by this pathway (MCNABB and WILSON 1997). 

Further investigations are necessary, to find out which mechanism takes place, for example if 

thyroid hormones enter the oocyte within apolipoprotein particles or if receptor-mediated 

endocytosis takes place (MCNABB and WILSON 1997). This could be another reason – 

besides the active transport within the ovary – for the high iodine concentration in yolk, and a 

lower iodine concentration of liver of laying hens (Tables 4 and 6 in PAPER II). 

Long-term supplementation with iodine seemed to have no influence on the liver iodine 

concentrations. The concentrations measured in FS IV (Table 9) were in the same range as in 

FS II (Table 8; Tables 4 and 6 in PAPER II). 

3.4 Meat and abdominal fat  

Compared to other investigated tissues the iodine concentrations of meat and fat were low 

(Table 8), because iodine is not actively accumulated there (BROWN-GRANT 1961; 

ZUCKIER et al. 2004). This was also concluded by other studies: FRANKE (2008) and 

SCHÖNE et al. (2006a) investigated the effect of feed iodine supplementation in pigs and 

concluded, that this has only a minor effect on muscle iodine concentration. In groups where 
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similar feed iodine concentrations were applied, the iodine concentrations measured in broiler 

meat (Table 8; Tables 6 and 7 in PAPER I), were at the same scale as it was measured in pigs 

(HE et al. 2002) and slightly lower than in bulls (MEYER et al. 2008).  

In broilers (FS I) the meat iodine concentrations increased significantly when the feed was 

enriched with iodine, while in laying hens no significant increase was measured during an 

experimental period of four weeks (FS II). FS IV showed that the iodine concentrations of 

laying hen meat increased significantly at long-term iodine application (Table 9). However, 

the iodine concentrations stayed in the same range as those of the short-term experiment of 

FS II (Table 8). Thus, the iodine equilibrium of meat seems to be maintained even at long-

term application of feed, supplemented with up to 5 mg I/kg. 

The mean carry-over factor (calculation see PAPER II, equation (2); the carry-over factor was 

used instead of the carry-over to be able to compare values of different studies, where often 

the carry-over is not indicated and fraction and egg weights are missing to calculate the carry-

over) of iodine from the feed into pectoral meat of broilers (FS I) was respectively in KI and 

Ca(IO3)2 groups 0.014 and 0.012, and in laying hens (FS II) 0.009 and 0.010. 

Due to rearing conditions, broilers in group husbandry had more space for locomotion than 

laying hens, which were kept in battery pens. Among other things as body size, activity 

influences the metabolic rate (WEHNER and GEHRING 1995). The iodine metabolism is 

connected to this issue in so far, that thyroid hormones control the basal metabolic rate 

(MERRYMAN and BUCKLES 1998b), hence locomotion could have an impact on hormone 

and iodine status of the animals. MEYER et al. (2008) measured the iodine concentrations of 

different muscles, Musculus longissimus dorsi and Musculus glutaeus medius and found 

different iodine concentrations. The mean carry-over factor calculated from the measurements 

of MEYER et al. (2008) was 0.01 in Musculus longissimus dorsi and 0.03 in Musculus 

glutaeus medius. In laying hens the mean carry-over factor was higher in thigh meat (0.02) 

than in breast meat (0.01). MEYER et al. (2008) explained this effect with the metabolic rate 

of the muscles, and mentioned that also DOWNER et al. (1981) found higher iodine 

concentrations in metabolically more active muscles. In broilers this difference in carry-over 

factor was only found in groups provided with Ca(IO3)2. These findings give evidence that 

metabolic rate seems to be one impact factor of muscle iodine concentration, and may also be 

a reason for the difference between hens and broilers. But at the comparison of FS I and II, 



GENERAL RESULTS AND DISCUSSION 

38 

other impact factors as mentioned above are important (e.g. age, egg-laying / growing, 

feeding regimes). 

FS IV showed that the meat iodine concentrations were independent from RSC application 

(Table 9). Since the NIS is not expressed by these tissues (ZUCKIER et al. 2004), the 

competitive inhibition of the NIS by glucosinolates does not apply in this case and explains 

why RSC as feed component had no effect. 

3.5 Eggs 

When comparing the iodine metabolism of laying hens and broilers, laying hens excrete a 

considerable amount of ingested iodine with the eggs, this is the most important difference 

towards broilers (egg laying starts approximately at the 24. to 26. week of life, broilers are 

slaughtered before – between the 5. and 7. week of life). In FS II, the carry-over factor from 

feed to edible egg fraction was between 0.24 and 0.37 (carry-over: 9 – 14 %, Tables 4 and 6 

in PAPER II), this agrees with other studies (RICHTER 1995; DOBRZANSKI et al. 2001; 

SCHÖNE et al. 2006b) where carry-over factors between 0.27 and 0.66 have been calculated 

at similar feed iodine concentrations. Compared to whole egg, the carry-over factors into yolk 

were higher (0.69 to 1.09 (PAPER II), 0.48 to 1.9 (RICHTER 1995)), due to the higher iodine 

concentrations of yolk. 

For the developing embryo the yolk of cleidoic eggs is the only mineral source, thus all 

necessary mineral supplies must be stored in the egg before laying (BROWN-GRANT 1961). 

The ovum grows most intensely for seven to ten days in the ovary before it enters the tuba 

(BROWN-GRANT 1961; SCHNEIDER et al. 1998). Active iodine transport into growing 

oocytes of bird ovaries, which is hormonally controlled, was proved by NEWCOMER (1982) 

and NEWCOMER et al. (1984). The NIS has been detected in ovaries of different mammals, 

for example in humans (SPITZWEG et al. 1998), mice (PERRON et al. 2001), and amphibian 

species (Xenopus laevis and Rana catesbeiana, CARR et al. 2008). To the authors’ 

knowledge, the NIS has not yet been proven in the chicken ovary, but the high iodine 

concentrations in the yolk give strong evidence for an active transport of iodine into the yolk. 

This also explains the higher iodine proportion measured in the yolk, compared to albumen 

(FS II, PAPER II: KI-experiment: 93 % in yolk, 7 % in albumen; Ca(IO3)2-experiment: 87 % 

in yolk, 13 % in albumen), which was also reported by ROMIJN and VELTHUIZEN (1955), 

RICHTER (1995), KAUFMANN et al. (1998), and STIBILJ and HOLCMAN (2002). It is 
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assumed that iodine enters the egg albumen via diffusion during its formation within the tuba 

(magnum), 18 to 20 hours before laying (ROMIJN and VELTHUIZEN 1955; BROWN-

GRANT 1961). In broilers this “exit” via eggs is missing. This could be one reason, why 

more iodine is accumulated in the body (Table 8). 

3.5.1 Saturation of egg iodine concentration at long-term application of 

iodine – the impact of iodine supplementation and source, RSC 

component and hen breed 

For food safety and consumer protection, but also with regard to further studies on iodine 

transfer into eggs, it is important to investigate, whether feed iodine supplementation causes a 

constant increase of egg iodine concentration or if a saturation is reached. In the latter case it 

is important to determine the duration until saturation is reached and the level of egg iodine 

content. In FS IV the impact of feed iodine supplementation, iodine source, RSC component, 

and hen breed were tested on this issue. The analysed egg iodine concentrations were plotted 

as a function of the days of egg sampling and the respective exponential saturation fits, which 

were calculated with the equation: y = C + a·(1-e
-b·x

) (Figures 4 A-D). The level of saturation 

was chosen to be 99 % of the asymptotic limit, the duration was calculated when this level of 

the saturation was reached. 

In Figures 4 A-D, only the controls and the groups that reached saturation (with 

supplementations of 2.5 and 5.0 mg I/kg feed) were plotted. In groups with iodine 

supplementations up to 0.5 mg I/kg, the egg iodine concentration increased slightly with the 

duration of iodine supplementation, but reached no saturation within the investigation period. 

The graphs show that the egg iodine concentration only stayed constant in the controls, fed on 

10 % RSC and 0 mg I/kg (green plots, Figures 4 B and D). The iodine concentrations in the 

groups with feed supplementations of 2.5 mg I/kg feed (blue plots) and 5.0 mg I/kg (red 

plots), increased significantly in the beginning of the iodine application, and later reached a 

plateau within the investigated time span (Figures 4 A-D). 

Table 10 shows the calculated experimental day at which saturation was reached in 

dependency of the different impact factors and the respective asymptotic means of the egg 

iodine concentrations. The results revealed that at higher feed iodine supplementation the egg 

iodine concentration reached the saturation earlier and at a higher level. In the other cases the 
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Figures 4 A-D Egg iodine concentration during the long-term experiment in dependency of feed iodine 

suppl. (2.5 or 5.0 mg I/kg feed), iodine source (KI, Ca(IO3)2), RSC component, and hen breed (LSL, LB). 

Exponential function of the plots: y = C + a·(1-e
-b·x

), with y = egg I concentration, C = estimated start egg I 

concentration at day 1, a = saturation concentration, b = slope, x = experimental day. Values see Table 10 
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duration until saturation was longer, when the egg iodine concentration reached a higher 

level. The RSC component significantly reduced the level of saturation by 27 % (at 

2.5 mg I/kg feed) and 25 % (at 5 mg I/kg feed). Eggs of LSL hens (broken lines, Figures 4 A-

D) had a lower saturation level of iodine concentration than those of LB hens (continuous 

lines, Figures 4 A-D; 916 µg I/kg vs. 1121 µg I/kg, Table 10). The saturation level of groups 

obtained 5.0 mg I/kg feed, reached approximately the double egg iodine concentration level 

than the 2.5 mg I/kg groups (718 vs. 1320 mg I/kg egg). The iodine source had no significant 

main effect on saturation. However, a significant interaction of the iodine source with RSC 

and iodine supplementation, revealed the four-factorial comparison of the asymptotic means 

(Table 10). The groups with 5 mg I/kg feed and 0 % RSC, which were provided with Ca(IO3)2 

were significantly lower than groups that obtained KI (Figures 4 A and C). This effect was 

enhanced by the very low iodine concentration of the LSL eggs in this Ca(IO3)2-group (LSL: 

1252 µg I/kg; LB: 1529 µg I/kg). 

Table 10 Calculated experimental day, when 99 % of the saturation was reached in egg iodine 

concentration and respective egg iodine concentrations, in the groups receiving 2.5 and 5.0 mg I/kg feed, 

calculated with the exponential function given in the caption of Figures 4 A-D. 

  
Calculated day 

of saturation 
p 

Asymptotic mean 

egg iodine concentration [µg/kg] 
p 

Suppl. 2.5 mg I/kg 43 
0.081 

718 
<0.001 

Suppl. 5.0 mg I/kg 37 1320 

RSC 0% 44 
0.019 

1171 
<0.001 

RSC 10% 35 867 

I source KI 40 
0.805 

1047 
0.099 

I source Ca(IO3)2 39 990 

Breed LSL 35 
0.013 

916 
<0.001 

Breed LB 44 1121 

The difference between KI and Ca(IO3)2 was also detected in the four weeks lasting FS II 

(PAPER II), where in the case of egg yolk the slope of the regression line for the KI 

experiment was significantly steeper (p = 0.01). Since yolk provides the main proportion of 

iodine of the edible egg fraction, the investigation of whole egg generated the same results 

(Table 7 in PAPER II). Reasons for this impact can be lower intestinal uptake of iodate, since 

this has to be converted into iodide (MOSS and MILLER 1970; LEWIS 2004; FRANKE et al. 

2009b). 

Regarding the interaction of supplementation and hen breed (Table 11), at both feed iodine 

supplementations (2.5 and 5.0 mg I/kg) LB eggs reached a higher iodine level than LSL eggs. 
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This tendency became significant in the group provided with 5 mg I/kg feed. RYS et al. 

(1997) found differences of laying hen breeds in the iodine deposition in the egg: “Greenleg 

Partridge” laid eggs with higher iodine contents than “Leghorn” and “Astra D”. 

Table 11 Asymptotic means of the egg iodine concentrations in FS IV, calculated with y = C + a·(1-e
-b·x

). 

Iodine 

supplementation 

of the feed 

[mg I/kg feed] 

RSC 

[%] 

Iodine 

source 

Asymptotic 

mean egg iodine 

conc. (LSmeans, 

[µg/kg]) 

2.5 0 KI 772 

2.5 0 Ca(IO3)2 892 

5.0 0 KI 1628 

5.0 0 Ca(IO3)2 1391 

2.5 10 KI 641 

2.5 10 Ca(IO3)2 567 

5.0 10 KI 1149 

5.0 10 Ca(IO3)2 1112 

ANOVA (probability)     

Suppl.    <0.0001 

RSC    <0.0001 

I source    0.0993 

Breed     <0.0001 

Suppl.x RSC    0.0309 

Suppl.x I source    0.0225 

Suppl.x breed    0.0125 

RSC x I source   0.9630 

RSC x breed    0.3754 

I source x breed     0.8407 

Suppl. x RSC x I source   0.0053 

Suppl. x RSC x breed   0.2727 

Suppl. x I source x breed   0.1772 

RSC x I source x breed   0.3228 

Suppl. x RSC x I source x breed 0.6690 

PSEM     68.5 

It is difficult to discuss the results concerning the saturation in the context of literature, since 

only very few long-term studies are available. Some studies investigated the impact of feed 

iodine supplementation on egg iodine concentration, but none of them calculated if a 

saturation was reached. TRAVNIÇECK et al. (2000) enriched laying hen feed with iodine 

supplementations between 0 and 15 mg I/kg, and measured egg yolk and blood plasma iodine 

concentrations in succeeding points in time over a time period of 74 days. In both – egg and 

blood samples – they found an increase of iodine concentrations, according to the applied 
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iodine doses. The iodine transmission into the yolk first increased with time in the different 

groups and then decreased with progressing time. The authors described the decrease with 

homeorhetic mechanisms as decreased absorption, which should only occur after a certain 

time of about ten weeks. The critical point of the study of TRAVNIÇECK et al. (2000) was 

that changes and peaks in blood plasma iodine concentrations indicated that the iodine intake 

of the hens was not constant during the experiment. No measurements of the feed iodine 

concentrations at the different points in time, when the samples were collected were indicated, 

so the authors could not exclude that the changes in egg iodine concentrations origin from 

varying feed iodine concentrations. In an feeding experiment of eight weeks, which therefore 

was longer than the present short term experiments (FS II and III) but still much shorter than 

FS IV, RICHTER (1995) detected, a mean increase of the egg iodine content of 30 %, 

between the fourth and the eighth week. He did not report, when this increase occurred during 

this time and did not investigate how it evolved after that time span. 

The results of FS IV showed that for dose-response studies, of feed iodine supplementation on 

egg iodine concentration a maximum duration of 44 days is sufficient. With regards to food 

safety and consumer protection, it can be concluded that at the highest legal supplementation 

of hen feed with iodine, the iodine concentration of eggs can amount to 1628 µg/kg (Table 

11) which is approximately 97 µg/egg (Table 12). The significance of this result is discussed 

in more detail in chapter 4 Human exposure. 

3.5.2 Egg iodine concentration after 164 days of iodine application – the 

impact of iodine supplementation and source, RSC component and 

hen breed 

The curves for the saturation of the egg iodine concentrations (Figures 4) showed that 

saturation at day 164 can be safely assumed for all hens. Therefore the effects of feed iodine 

supplementation, RSC component, hen breed, and iodine source were analysed for that day in 

a four-factorial model. Thereby following parameters were investigated: Daily iodine intake 

per hen, egg iodine concentration, total iodine content per egg, and total iodine content per 

egg and day (Table 12). 

The main effects were determined by feed iodine supplementation, RSC component, hen 

breed and interactions between those (Table 12). The iodine source was only involved in 



GENERAL RESULTS AND DISCUSSION 

45 

interactions, which showed that significances only occurred at higher iodine concentrations of 

the eggs. The results, listed in Table 12, show that the iodine concentration of eggs is mainly 

influenced by the iodine intake, which is determined by feed iodine supplementation and feed 

intake. Higher iodine intakes by the hens caused higher iodine concentrations of the eggs. 

Therefore, the most important investigated impact factor, determining the iodine 

concentration and content of the eggs was the feed iodine supplementation, as it was also 

found in FS II, PAPER II. 

Table 12 Iodine intake, egg iodine concentration and egg iodine content of the hens of FS IV, in 

dependency on feed iodine supplementation and RSC component, iodine source and hen breed (day 164, 

n=6). 

Iodine supplementation of the 

feed [mg I/kg feed] 

RSC 

[%] 

Iodine 

intake 

[µg/d] 

Egg 

iodine 

conc. 

[µg/kg] 

Iodine 

content 

per egg 

[µg] 

Iodine 

content 

per egg 

[µg/d] 

0 0 42.8 195.7 12.4 12.1 

0.25 0 70.8 350.0 21.8 21.0 

0.5 0 99.6 461.2 29.0 28.2 

2.5 0 326.4 964.4 58.9 56.8 

5.0 0 590.5 1620.1 97.2 93.6 

0 10 33.7 123.9 7.4 7.1 

0.25 10 62.8 196.5 11.8 11.5 

0.5 10 89.8 228.1 13.6 13.3 

2.5 10 316.8 648.0 38.9 38.3 

5.0 10 582.8 1197.2 70.2 68.7 

ANOVA (probability) day 164         

Suppl.   <0.0001 <0.0001 <0.0001 <0.0001 

RSC   0.0030 <0.0001 <0.0001 <0.0001 

I source   0.1125 0.9528 0.4806 0.4185 

Breed   0.0002 <0.0001 <0.0001 <0.0001 

Suppl. x RSC   0.9992 <0.0001 <0.0001 <0.0001 

Suppl. x I source   0.2556 0.0021 0.0004 0.0003 

Suppl. x breed  0.0023 <0.0001 <0.0001 <0.0001 

RSC x I source   0.0207 0.8892 0.5584 0.4237 

RSC x breed  0.0182 0.0269 0.1013 0.2626 

I source x breed   0.5846 0.3087 0.1849 0.1102 

Suppl. x RSC x I source   0.0042 0.0002 <0.0001 <0.0001 

Suppl. x RSC x breed  0.0016 0.3020 0.3850 0.3212 

Suppl. x I source x breed  0.8684 0.2075 0.0178 0.0100 

RSC x I source x breed  0.2435 0.8852 0.8276 0.7108 

Suppl. x RSC x I source x breed  0.1378 0.9994 0.9116 0.9681 

PSEM   9.3 56.2 3.5 3.3 
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Besides feed supplementation, the RSC component was the most important impact factor. 

RSC decreased the feed intake by 4.4 ± 2.1% (Table 7), probably due to the bitter taste 

(FENWICK et al. 1983). Therefore, hens fed on the RSC-containing diet also ingested less 

iodine, which contributed to the lower egg iodine concentrations of hens that obtained 10 % 

RSC. But, 10 % RSC decreased the egg iodine concentration by 38 ± 9.5 %, and the iodine 

content per egg by 40 ± 10 %. This shows that there was another reason for the lower egg 

iodine concentrations in groups received 10 % RSC. The degradation products of the 

glucosinolates (SCN
-
), contained in RSC, act as competitive inhibitors of iodine at the NIS. 

An inhibition of this transporter decreases the iodine uptake in the small intestines, into the 

thyroid gland, and into the ovary (SPITZWEG et al. 1999; PERRON et al. 2001; CARR et al. 

2008). Thus, the carry-over in groups of FS IV provided with 10 % RSC was lower than in 

those obtained 0 % RSC (11.5 % vs. 13.2 %). In compliance with these results, GOH and 

CLANDININ (1977) found a reduction up to 38 % of the yolk iodine content at RSC feeding. 

In FS IV, differences between hen breeds and iodine sources were only detected at the 

highest supplementation with 5 mg I/kg feed at the RSC-free diet. While there was no 

difference between hen breeds at KI-supplementation (LSL: 81.8µg I/egg, LB: 96.2 µg I/egg), 

LSL hens laid eggs with lower iodine content at Ca(IO3)2-supplementation (LSL: 

62.4µg I/egg, LB: 94.4 µg I/egg). A lower egg iodine concentration at Ca(IO3)2-

supplementation compared to KI-supplementation was also found in the LSL hens of FS II. 

The lower egg iodine content of LSL-eggs at Ca(IO3)2-supplementation in FS IV was not 

caused by lower iodine intake of LSL hens, which was similar between hen breeds (LSL: 

566.4 µg I/d, LB: 590.2 µg I/d). While in LB hens the carry-over of iodine from feed into 

eggs amounted 16 % at both iodine sources in LSL hens the carry-over at KI-supplementation 

was 14 % and at Ca(IO3)2-supplementation, it only reached 11 % and thus was less than in the 

other groups. Since this difference was also found in the LSL hens of FS II, the impact of the 

genetic background cannot be excluded. 
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3.6 Balance sheet of iodine excretion and the distribution in 

investigated tissues 

FS III was conducted to establish a balance sheet of the iodine distribution in investigated 

tissues, and the excretion with eggs and excrements of the hens. The experimental setup was 

similar to that of FS II (PAPER II), with Ca(IO3)2 as iodine source. Ca(IO3)2 was chosen as 

iodine source since it was found that iodate showed higher stability towards environmental 

impacts than iodide (KELLY 1953). The only difference compared to FS II was, that 35 hens 

were used (initial age: 24 weeks). Five of them (group 0) were slaughtered one day prior to 

the start of iodine application and tissue samples were taken for iodine measurements. 

Additionally, eggs and excrements of these five hens were collected at the last two days of 

life. In this way, initial values of the iodine concentrations of blood serum, liver, meat, 

abdominal fat and thyroid glands were collected. The other 30 hens (groups 1 to 5) were fed 

on the experimental diets for four weeks, according to PAPER II. During the last week, eggs 

and excrements were collected daily of each hen. Egg yolk and albumen were separated and 

composite samples were produced as described in PAPER II. Per hen, one pooled sample of 

yolk, albumen and excrements was produced, respectively, and stored at -20°C between the 

daily collections. The iodine concentrations of fresh matter were measured with ICP-MS as 

described in PAPER I. For measurements, excrements were prepared as feed samples. 

In Table 13 the different fraction weights are listed, Table 14 shows the measured iodine 

concentrations. 

Table 13 FS III: Mean weights of different fractions (fresh matter) of laying hens and eggs at Ca(IO3)2 

supplementation (n = 6, group 0: n = 5). 

Group 0 1 2 3 4 5 

Iodine conc. of feed [mg/kg] 0.19 0.89 1.36 2.24 2.93 4.81 

Yolk [g/egg] 12.4 15.9 16.4 15.7 15.3 16.8 

Albumen [g/egg] 34.0 36.2 36.8 36.2 37.0 34.5 

Whole egg [g] 53.2 59.4 60.8 58.8 59.8 58.6 

Pectoral meat [g] 131.9 126.0 120.5 124.7 126.1 130.4 

Thigh meat [g] 219.9 220.3 220.6 216.4 218.1 222.8 

Liver [g] 35.8 35.8 39.4 36.3 35.2 37.3 

Abdominal fat [g] 30.3 39.8 39.7 51.1 39.6 48.5 

Thyroid [g] 0.12 0.17 0.18 0.17 0.18 0.18 

Excrements of 7 d [g] 113.7
1
 766.0 697.7 686.3 699.4 700.5 

1
weight of one day 
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The initial values of tissue iodine concentrations (group 0, Table 14), gained in this study, 

made it possible to calculate the amount of iodine, deposited during the four weeks in the 

different tissues, by subtracting the start iodine amounts from the end-values (Table 15). 

Normal distribution of the deposited iodine amounts was assured with the Kolmogorov-

Smirnov test. The influence of the feed iodine supplementation was tested with a univariate 

ANOVA. For group comparisons the Tukey-Kramer test was applied. The statistics were 

performed with Statistica 10 (StatSoft, Inc. 2011). 

The highest deposition was calculated for the thyroid gland increasing significantly with 

rising iodine supplementations of the feed (Table 15). The thyroid gland was the only tissue 

that significantly accumulated iodine, this was not observed for the other tissues (Table 15), 

where the NIS is not actively expressed (ZUCKIER et al. 2004). 

Table 14 FS III Mean iodine concentrations of different samples (fresh matter) at Ca(IO3)2 

supplementation (n = 6, group 0 n = 5). 

Group 0 1 2 3 4 5 

Iodine conc. of feed [mg/kg] 0.19 0.89 1.36 2.24 2.93 4.81 

Yolk [µg/kg] 420.8 917.1 1257.8 1627.3 2243.6 3512.5 

Albumen [µg/kg] 23.9 22.9 33.2 46.0 69.5 114.6 

Whole egg [µg/kg] 130.6 295.7 415.4 525.2 711.4 1242.4 

Blood serum [µg/kg] 11.8 20.6 30.2 32.8 41.0 70.9 

Pectoral meat [µg/kg] 6.7 48.4 37.9 25.1 22.3 21.1 

Thigh meat [µg/kg] 7.3 88.9 60.8 34.0 35.2 43.9 

Liver [µg/kg] 14.8 38.6 42.8 29.5 32.3 47.1 

Abdominal fat [µg/kg] 4.3 51.7 26.4 15.2 33.0 18.3 

Thyroid [µg/g] 4134 3328 4054 4035 4131 5489 

Excrements [µg/kg] 726.3 926.3 1358.3 1770.4 2682.0 3858.8 

In meat and abdominal fat of the control (group 1), a higher iodine concentration (Table 14) 

and iodine deposition (Table 15) was measured compared to the other test groups. Variations 

in this range should not be overestimated, since the concentrations are at the lower level of 

measuring capacity. Furthermore, the statistical evaluation showed no significant effect of 

iodine supplementation on iodine deposition in meat and fat (Table 15). This result is 

supported by FS II, were no significances were found at group comparisons (Table 4 and 6 in 

PAPER II). Apart from the thyroid, meat was the tissue with the highest iodine accumulation 

despite its low iodine concentration. The high amounts of iodine found in the meat compared 

to liver – although liver had the higher iodine concentration (Table 14) – have to be drawn 

back to the greater mass of meat present in the animal body (Table 13). 
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Table 15 Amounts of iodine, deposited in investigated body fractions during the four experimental weeks, 

corrected by initial values (means, n = 6). 

Group 1 2 3 4 5 
p 

Iodine conc. of feed [mg/kg] 0.89 1.36 2.24 2.93 4.81 

Thyroid gland [µg I] 71
A 

247
AB 

176
A 

241
AB 

465
B 

0.0015 

Liver [µg I] 0.88 1.15 0.55 0.59 1.24 0.2225 

Pectoral meat [µg I] 5.27 3.78 2.25 1.91 1.85 0.0835 

Abdominal fat [µg I] 1.91 0.95 0.67 1.33 0.70 0.4236 
A-B

 within a row, means without a common superscript are significantly different at p < 0.05 

From these data, the carry-over into the different tissues was calculated (Table 16), by 

subtracting the group mean of the hens, slaughtered at the beginning of the experiment, from 

those slaughtered at the end:  

   
 

100
µgd 28in  intakeI

µg content I  tissueinitialmean  -  µgcontent  I  tissuefinal
[%]over -Carry   

While the highest carry-over occurred in the thyroid gland, the transfer into fat was close to 

zero (Table 16). However, the carry-over between 2 % and 5 % in thyroids is still low 

compared to excretions with eggs and excrements (Table 17), this shows that the hens were in 

homeostasis and further iodine accumulation was not necessary. The transfer into meat and 

liver was rather low, as well (< 0.18 %, Table 16). The high carry-over in these tissues in 

group 1 is a result of the higher, but not significant, iodine deposition in this group compared 

to the other groups (Table 15) and thus should not be overestimated as discussed above. In all 

tissues, except the thyroid gland, the carry-over decreased with increasing iodine intake 

(Table 16). This decrease was caused by the tissue iodine contents which stayed constant, 

while the iodine intake increased. That there is no decrease in the carry-over in the thyroid 

gland (Table 16), well reflects the effectiveness of the NIS. 

Table 16 Carry-over into tissues of laying hens, corrected by initial values (means, n = 6). 

Group 1 2 3 4 5 

Iodine intake in 28 d [µg] 2910 4494 7311 9724 15926 

Thyroid gland [%] 2.5 5.5 2.4 2.5 2.9 

Liver [%] 0.03 0.03 0.01 0.01 0.01 

Pectoral meat [%] 0.18 0.08 0.03 0.02 0.01 

Abdominal fat [%] 0.07 0.02 0.01 0.01 0.004 

The iodine excretion, calculated from the data of FS III, is summarised in Table 17. The 

carry-over from feed into eggs was between 14 and 10 % (Table 17). The same ranges for 

carry-over were calculated in the experiments represented in PAPER II: For the groups 1 to 5, 
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the carry-over was in the KI experiment 13, 14, 10, 10, and 13 % and in the Ca(IO3)2 

experiment 14, 10, 12, 10, and 9 %. The carry-over into eggs of the present study also agrees 

with that of RICHTER et al. (1995) who calculated a carry-over of 18.6 to 12.5 %. 

The greatest amount of iodine was excreted with excrements. During the fourth experimental 

week 66 % to 97 % of the ingested iodine was excreted with excrements (Table 17).  

Table 17 Excretion of ingested iodine with eggs and excrements in Ca(IO2)3 supplemented hens (means, 

n = 6). 

Group 1 2 3 4 5 

Analysed feed iodine concentration [mg/kg] 0.89 1.36 2.24 2.93 4.81 

I intake per hen and day [µg/d/hen] 103.9 160.5 261.1 347.3 568.8 

I intake over 7 days [µg] 727 1124 1828 2431 3982 

I content per egg and day [µg/d/egg] 14.1 20.7 26.2 35.0 59.2 

I excretion via eggs over 7days [µg] 99 145 183 245 414 

I excretion via excrements over 7 days [µg] 702 937 1210 1861 2673 

Total I excretion over 7 days [µg] 802 1082 1394 2107 3087 

Carry-over from feed into eggs [%] 14 13 10 10 10 

Excretion with excrements [%] 97 83 66 77 67 

Total excretion with eggs and excrements [%] 110 96 76 87 78 

The total excretion with eggs and excrements of ingested iodine ranged from 76 % to 110 % 

(Table 17). The decrease of excretion with increasing feed iodine supplementation is usual: 

An excretion below 100 % can be explained, since a part of the iodine is stored within the 

body, some iodine may be lost before measuring (due to the evaporative property of iodine), 

and at high iodine doses a loss by respiration is also discussed. In FS III an iodine excretion 

above 100 % was measured (110 % for the control group, Table 17) but this stays within the 

range of error. Furthermore, this surplus could originate from the measuring method. In the 

present study the iodine concentrations of feed and excrements were measured after 

ammonia-digestion. Since it was found that the TMAH-digestion solves more iodine 

(SCHÖNE et al. 2011), it is possible that the ammonia-digestion is not able to solve all the 

iodine from the feed structure and thus a part of the iodine, which could not be reached in the 

feed was only measured in the excrements. For this reason, it is possible that feed iodine 

concentrations were estimated too low, in comparison with iodine concentrations of 

excrements. Since the same method was used for feed and excrements, in all groups of the 

FS III it can be assumed that the ratio stayed constant between the groups. 

These results agree with previous studies. In a balance study with bulls, WITZMANN (2011) 

found negative iodine retentions of up to -18 % in groups that gained no additional iodine, 
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which means that the excretion with urine and faeces exceeded the iodine intake. BERGNER 

(1957) found an iodine excretion of 110 % with eggs and excrements. He explained the 

surplus excretion by a saturation of tissues and organs, while surplus iodine became excreted. 

ROMIJN and VELTHUIZEN (1955) found that 21 % of the ingested iodine was excreted 

with the eggs and 80 % with the excrements. At a concentration of 7.79 mg I/kg feed 10.3 % 

were excreted with eggs and 87.3 % with excrements. Hence, they concluded that those 

animals were arranged in iodine balance so that all ingested iodine was excreted. 

4 Human exposure 

Poultry products play an important role in the human nutrition. When discussing the 

maximum iodine levels for poultry feed or the implementation of iodine enriched feed, two 

main questions regarding human nutrition will appear: 

1. In how far do poultry products contribute to the consumers iodine supply? 

2. Is there a risk of excess for the consumer, when the animals were fed according 

permitted maximum levels? 

In this case the main focus lies on eggs, meat and thyroid tissue – eggs and meat because 

those are the main products which are consumed, thyroid tissue because of its high iodine 

concentration (thyroids are usually removed with the oesophagus at slaughtering but could 

remain accidentally in the carcass). 

In the broiler experiments the iodine content of the meat was evaluated. Meat iodine 

concentrations were also measured in laying hens but in the subsequent consideration it is 

focused on broiler meat, since this is usually consumed and laying hens are only sometimes 

used as casserole hen. Furthermore, a greater impact of iodine supplementation was found in 

broilers than in hens (Table 8). 

The linear regression (Figure 5, generated from the data of FS I, Ca(IO3)2 experiment) of feed 

iodine concentration [mg I/kg feed] (x) and the iodine concentration of broiler pectoral meat 

[µg I/kg meat] (y), had the equation y = 1.48 + 10.7 ∙ x, with r
2
 = 0.96 (Figure 5). With this 

equation (Figure 5) values, shown in Table 18 were calculated. Assuming the per capita 

consumption of broiler meat in Germany is 11.4 kg/year (DAMME and MÖBIUS 2012) and 

thus 31 g/d, this table shows the daily contribution of broiler meat at different feed iodine 

concentrations and different amounts of meat consumed. Calculated on the daily demand, it 
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becomes clear that meat of broilers fed on diets supplemented with 1-5 mg I/kg would only 

provide 0.1-3.3% of the daily demand of an adult person (200 µg, D-A-CH 2008), depending 

on broiler meat consumption (Table 18). These values must probably be further reduced, 

since the particulars according per capita meat consumption are probably with bones since the 

assessment of produced meat mass without bones is difficult (FLACHOWSKY and 

KAMPHUES 2012). The overall per capita consumption of poultry meat in Germany is 

19.3 kg/year (DAMME and MÖBIUS 2012), but no values exist for meat iodine 

concentration of turkeys, ducks, pheasants, doves, or quails. Only for geese meat the food 

composition and nutrition tables of SOUCI et al. (2008) indicates 40 µg I/kg. 
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Figure 5 Regression of iodine concentration of broiler pectoral meat and analysed feed iodine 

concentration (iodine source Ca(IO3)2, data of FS I), dashed lines show feed iodine supplementations used 

for calculations in Table 18 

In studies with laying hens lasting four weeks no significant increase of the meat iodine 

concentrations could be achieved, with the supplementation of feed with 5 mg I/kg 

(PAPER II) up to 10 mg I/kg (KAUFMANN et al. 1998). KAUFMANN AND RAMBECK 

(1998) supplemented broiler feed with 0.1, 1.0 and 10 mg I/kg (KIO3). The experimental 

period started from hatching and lasted 12 weeks. Comparable to the results described in 

PAPER I, they measured a proportional increase of the iodine concentration of the muscle 

with rising feed iodine supplementations. 
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Table 18 Calculated contribution of chicken meat to the daily iodine supply of the consumer, in 

dependency of the amount daily consumed of meat (15, 30, 60, 120 g) and the iodine supplementation of 

the broiler feed (1, 3, 5 mg I/kg feed); shown as total amount of iodine contributed by meat and 

percentage shares of the daily iodine demand (200 µg/d, D-A-CH 2008). 

Iodine concentration of the broiler feed 

[mg/kg] 
1 3 5 1 3 5 

Amount of daily consumed meat [g/d] Total amount of iodine 

contributed by meat [µg] 

% of daily demand 

(200 µg) 

15 0.2 0.5 0.8 0.1 0.3 0.4 

30 0.4 1.0 1.6 0.2 0.5 0.8 

60 0.7 2.0 3.3 0.4 1.0 1.6 

120 1.5 4.0 6.6 0.7 2.0 3.3 
“Total amount of iodine contributed by meat” was calculated with the equation gained from the regression in 

Figure 5: y=1.48+10.7∙x 

In contrast to meat, eggs can considerably contribute to the consumers iodine supply, if hens 

are fed on the maximum level of 5.0 mg I/kg feed (PAPER II, KAUFMANN et al. 1998). 

Figure 6 shows the iodine content per egg (mean weight per egg: 58.7 g) as a function of the 

analysed feed iodine concentration. With the equation of the linear regression, the daily 

contribution of iodine by eggs at different feed supplementations and varying numbers of 

daily consumed eggs was calculated (shown in Table 19). 
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Figure 6 Regression of iodine content per egg (mean weight per egg: 58.7 g) and analysed feed iodine 

concentration (iodine source Ca(IO3)2, data of FS II), dashed lines show feed iodine supplementations used 

for calculations in Table 19 

The average daily consumption in Germany is approximately ½ egg (DAMME and MÖBIUS 

2012). The calculation demonstrates that in this case 15 % of the daily demand of an adult 
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person (200 µg I, D-A-CH 2008) would be covered by eggs of hens fed on the maximum 

level of 5 mg I/kg diet. At this feed supplementation the iodine provision can reach 89 % at 

the consumption of three eggs. 

Table 19 Contribution of different numbers of daily consumed eggs (½, 1, 2, 3 eggs), to the daily iodine 

intake of consumers, in dependency of iodine supplementation (Ca(IO3)2) of the hen feed (1, 3, 5 mg I/kg 

feed); shown as total amount of iodine contributed by eggs and percentage shares of the daily iodine 

demand (200 µg/d, D-A-CH 2008). 

Iodine concentration of 

the hen feed [mg/kg] 
1 3 5 1 3 5 

Number of daily  

consumed eggs 
Total amount of iodine  

contributed by eggs [µg] 
% of daily demand (200µg) 

½ 7.4 18.6 29.8 3.7 9.3 14.9 

1 14.8 37.2 59.6 7.4 18.6 29.8 

2 29.5 74.3 119.1 14.8 37.2 59.6 

3 44.3 111.5 178.7 22.1 55.7 89.3 
“Total amount of iodine contributed by eggs [µg]” (with a mean egg mass of 58 g) was calculated with equation 

gained from the linear regression in Figure 6: y = 3.56 + 11.2∙x 

FS IV showed that one egg from the saturated stage (day 164 of iodine supplementation, 

Table 12) of a hen supplied with 5 mg I/kg feed and 10 % RSC would cover 35 % of the 

advised daily iodine intake of an adult person according to the D-A-CH’s recommendation. 

One egg of a hen that received a diet without RSC would even cover 50 % of the D-A-CH’s 

references (Table 12). 

KAUFMANN et al. (1998) enriched laying hen feed with KIO3 in supplementations of 0.5, 

1.0, 2.0 and 5.0 mg I/kg feed and with 5 and 10 % seaweed/kg feed (2.5 and 4.9 mg I/kg 

feed). Laying hens obtained this feed for four weeks. Test persons, each attached to one of the 

laying hen groups consumed at 5 consecutive days one egg each. The iodine concentration of 

eggs and morning urine were measured with the Sandell-Kolthoff-reaction. The authors found 

that the renal iodine excretion increased according to the iodine concentrations of the 

consumed eggs, and concluded that iodine enriched eggs can improve the human’s iodine 

supply. 

Table 20 shows the calculated contribution of iodine at a combined consumption of eggs and 

meat, when animals were fed at usual feed iodine supplementations of 1 mg (GRÜNEWALD 

et al. 2006). While Table 21 presents the scenario when the maximum feed iodine 

supplementation is applied. At the usual feed iodine supplementation of 1 mg I/kg and 

average daily per capita consumption of 30 g broiler meat and ½ egg (DAMME and MÖBIUS 
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2012), this would contribute to ≈ 8 µg I/d which would cover ≈ 4 % of the daily iodine 

demand. But if the maximum feed level of 5 mg I/kg is used the iodine-amount would 

increase to ≈ 31 µg/d, which is ≈ 16 % of the daily demand (Table 21). If a person would eat 

120 g meat and 3 eggs of animals fed on the maximum level, this would cover daily iodine 

demand by ≈ 93 %.  

Table 20 At a feed iodine supplementation of 1 mg I/kg feed (Ca(IO3)2), the contribution of different 

numbers of daily consumed eggs (½, 1, 2, 3 eggs) and different amounts of daily consumed meat (0, 15, 30, 

60, 120 g), to the daily iodine intake of consumers, shown as total amount of iodine and percentage shares 

of the daily iodine demand according the D-A-CH’s reference (200 µg/d).  

  Number of daily consumed eggs Number of daily consumed eggs 

  0 0.5 1 2 3 0 0.5 1 2 3 

 

 

Total amount of iodine 

contributed by eggs and meat [µg] 
% of daily demand (200µg) 

A
m

o
u
n
t 

o
f 

d
ai

ly
 

co
n
su

m
ed

 m
ea

t 
[g

/d
] 

0 0.0 7.4 14.8 29.5 44.3 0.0 3.7 7.4 14.8 22.1 

15 0.2 7.6 14.9 29.7 44.5 0.1 3.8 7.5 14.9 22.2 

30 0.4 7.7 15.1 29.9 44.6 0.2 3.9 7.6 14.9 22.3 

60 0.7 8.1 15.5 30.3 45.0 0.4 4.1 7.7 15.1 22.5 

120 1.5 8.8 16.2 31.0 45.7 0.7 4.4 8.1 15.5 22.9 

Data of FS I and FS II, values calculated with values of Table 18 and Table 19 

In her dissertation, FRANKE (2009) calculated, that one glass of milk (250 ml), obtained 

from cows, fed on 5 mg I/kg feed (which is also the legal EU maximum level for cows, EU 

COMMISSION 2005), would exceed the D-A-CH recommendation of iodine uptake and 

would nearly reach the UL of 500 µg I/d. For the average per capita consumption of 

172 g milk/d, she calculated an iodine intake of approximately 261 µg I/d, when cows were 

fed on 5 mg I/kg feed. Together with the consumption of ½ egg and 30 g meat, this would 

amount to 292 µg I/d, which exceeds the daily demand by almost 50 %. 

Primary, feed rations are calculated according to the animals demand (approximately 0.5 mg 

I/kg feed for broilers and laying hens, GfE 1999). Furthermore, feed industry avoids an 

exceeding of the legal amounts , which is 5 mg I/kg feed for laying hens and 10 mg I/kg for 

broilers (EU COMMISSION 2005). Thus, the resulting iodine contents of chicken meat and 

consumer hen eggs would also be lower. 
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Table 21 At a feed iodine supplementation of 5 mg I/kg feed (Ca(IO3)2), the contribution of different 

numbers of daily consumed eggs (½, 1, 2, 3 eggs) and different amounts of daily consumed meat (0, 15, 30, 

60, 120 g), to the daily iodine intake of consumers, shown as total amount of iodine and percentage shares 

of the daily iodine demand according the D-A-CH’s reference (200 µg/d). 

  Number of daily consumed eggs Number of daily consumed eggs 

  0 0.5 1 2 3 0 0.5 1 2 3 

 

 

Total amount of iodine 

contributed by eggs and meat [µg] 
% of daily demand (200µg) 

A
m

o
u
n
t 

o
f 

d
ai

ly
 

co
n
su

m
ed

 m
ea

t 
[g

/d
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0 0.0 29.8 59.6 119.1 178.7 0.0 14.9 29.8 59.6 89.3 

15 0.8 30.6 60.4 119.9 179.5 0.4 15.3 30.2 60.0 89.8 

30 1.6 31.4 61.2 120.8 180.3 0.8 15.7 30.6 60.4 90.2 

60 3.3 33.1 62.9 122.4 182.0 1.6 16.5 31.4 61.2 91.0 

120 6.6 36.4 66.2 125.7 185.3 3.3 18.2 33.1 62.9 92.6 

Data of FS I and FS II, values calculated with values of Table 18 and Table 19 

Despite the risk for an oversupply is rather low, since usually the iodine content of 

commercial feed is low and does not meet the maximum level (GRÜNEWALD et al. 2006), 

the calculation above shows clearly, that at maximum feed levels the daily iodine demand can 

already be exceeded at average consumption of eggs and milk. The contribution of poultry 

meat is negligible, due to its low concentration. An in vitro study of bioavailability of iodine 

from boiled eggs, gave some indications that this seems to be rather low (33 % from albumen, 

10 % from yolk; LIPIEC et al. 2012), but until now consumption studies with humans with 

controlled iodine content of the diet are missing. Thus, until more studies according the 

bioavailability of iodine are available, those results should be handled with care. In 

consequence of the calculation introduced above, a reduction of laying hen feed to 3 mg I/kg 

feed is recommended. Together with a reduction for the maximum level for cow’s feed, which 

was proposed by FRANKE (2009) this reduces the risk of an excess in consequence of 

consumption of eggs together with milk. This level would leave enough space for feed 

industry, so that it will not be exhausted to easy. An adjustment of broiler feed levels is not 

necessary, due to the low meat iodine concentrations. 

 



SUMMARY 

57 

SUMMARY 

Anna Selena Schultz geb. Röttger 

The effect of various iodine sources and levels on the performance and the iodine 

transfer in poultry products and tissues 

The present thesis was initiated in response to an EFSA-statement on the use of iodine (I) in 

feedingstuffs. The EFSA concluded that more updated dose-response studies about the 

influence of feed iodine supply and interactions with other feed components, interfering with 

the iodine metabolism (e.g. rapeseed cake (RSC)), on iodine concentrations of poultry tissues 

and products, are required to draw conclusions about the impact on dietary iodine intake of 

humans, as well as on the iodine deposition, excretion and tolerance
D
 in the animals. 

The aim of the present thesis was to determine the effects of different impact factors (feed 

iodine supplementation
E
, iodine source

E
, RSC and poultry breed) on animal performance and 

the resulting iodine concentrations of different matrices (eggs, meat, thyroid gland, liver, 

blood serum, abdominal fat and excrements). Further scopes were to investigate if the egg 

iodine concentration reaches a saturation at long-term feed iodine supplementation and if feed 

iodine supply would balance the impacts of RSC on thyroid glands of laying hens. With the 

collected data, the human exposure due to the consumption of poultry products should be 

estimated. 

For that purpose, four feeding studies (FS) with poultry were conducted. The birds were 

allocated to groups that received standard feed rations with different iodine supplementations 

– broilers (FS I) were given 0, 1.0, 2.0, 5.0 mg I/kg and laying hens received 0, 0.25, 0.5, 2.5, 

5.0 mg I/kg. KI and Ca(IO3)2 were used as iodine sources. During each experiment, data 

concerning the performance were recorded. At the last experimental day, the animals were 

slaughtered. Of six individuals per group, thyroid glands and samples of pectoral meat, thigh 

meat, liver, blood serum, and abdominal fat were collected and weighed. The iodine 

determinations were performed with ICP-MS. 

The respective experimental setups were as follows: 

                                                 

D
 With respect to animal health it has to be considered that requirement and permitted maximum level already 

differ widely – 1:10 in laying hens and 1:20 in broilers. 
E
 Within the margins of EU law. 
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FS I: Two fattening experiments with broilers 

The main interest of this study was to measure the iodine concentration of meat. The two 

iodine sources were tested in separate experiments with identical experimental setups. On the 

day of hatching 288 male broilers were allocated into four groups of 72 animals each. The 

animals obtained the experimental feed from the first day of life until slaughter on day 35. 

FS II: Two feeding experiments with laying hens 

The main emphasis of this study was to analyse the iodine concentration of eggs. KI and 

Ca(IO3)2 were tested in two separate experiments which lasted four weeks and had similar 

experimental setups: 30 adult Lohmann Selected Leghorn (LSL) hens (KI experiment: 

31 weeks old; Ca(IO3)2 experiment: 29 weeks old) were allocated in five groups with six hens 

each. For iodine determination a composite sample of egg yolk and a composite sample of 

albumen were prepared for each hen from all the eggs produced during the fourth 

experimental week. 

FS III: Balance study with laying hens 

The aim of this study was to establish a balance sheet of iodine. The experimental setup was 

similar to the experiment with Ca(IO3)2 of FS II. In contrast to FS II, the initial number of 

hens was 35. On the two days previous to the start of the experimental feeding, eggs and 

excrements of the additional five hens were collected, thereafter these hens were slaughtered. 

Sampling of blood serum and tissues was the same as in the other experiments. Furthermore, 

in the fourth experimental week, besides eggs, the excrements were collected from the other 

hens.  

FS IV: Long-term experiment 

In this experiment, the impact factors iodine supplementation, iodine source, RSC and hen 

breed were tested. For the experiment, which lasted six laying months (one laying month 

= 28 days), 432 adult laying hens (23 weeks old) were allocated to 18 groups with 24 animals 

(12 LSL and 12 Lohmann Brown (LB) hens) each. They received a standard feed ration 

supplemented with the different iodine supplementations, either with 0 % or 10 % RSC as 

goitrogenic feed component. Eggs for iodine determination were collected from six LSL and 

six LB hens of each group on seven days of the experiment (day 0, 4, 8, 15, 29, 85, and 164). 
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The most important results and conclusions are summarised below. 

Effect on animal performance 

The supplementation of poultry feed with iodine in concentrations up to 5 mg I/kg, either with 

KI or Ca(IO3)2 as iodine source, applied for experimental durations between four weeks and 

six laying month, had no biologically relevance effect on poultry performance. 

Effect of feed iodine supplementation on iodine deposition in body matrices and on iodine 

excretion by eggs and excrements 

Increasing feed iodine supplementations caused a significant increase of the iodine 

concentrations of the investigated matrices, except in the case of abdominal fat, which had the 

lowest concentration of ≈ 12 µg I/kg. The highest concentration was measured in the thyroid 

gland (up to 5975 µg I/g in FS II). Eggs reached mean concentrations of 1304 µg I/kg (KI 

experiment) and 989 µg I/kg (Ca(IO3)2 experiment) in the highest supplemented groups with 

5 mg I/kg feed (FS II). In the edible egg fraction, approximately 91 % of the iodine was 

deposited in the yolk and about 9 % in the albumen. Lower iodine concentrations than in eggs 

and thyroid gland, were measured in meat (≈ 4-70 µg/kg), liver (≈ 12-180 µg/kg) and blood 

serum (≈ 15-380 µg/kg; mean ranges analysed in FS I and FS II at supplementations of 0-

5 mg I/kg feed). 

The balance study (FS III) enabled the calculation of iodine excretion as well as iodine 

deposition in the different tissues by measuring the initial iodine concentrations of the 

different matrices. The calculation revealed that the thyroid gland was the only tissue which 

accumulated iodine in a considerable amount (465 µg I in 28 d at a feed supplementation of 

5 mg I/kg, FS III). Furthermore, the balance study showed that the main part of iodine was 

excreted with excrements. At feed supplementations of 1 to 5 mg I/kg feed, the hens excreted 

67 to 83 % of the ingested iodine with excrements, while 10 to 13 % were deposited in the 

edible egg content. In total, 78 to 96 % of the ingested iodine was excreted at these 

supplementations. 

Impact of RSC on iodine concentration of eggs 

The feeding of 10 % RSC reduced the iodine concentrations of eggs on average by 38 % 

(FS IV). 
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Effect of iodine source and poultry breed on iodine deposition in different matrices 

The different iodine sources had no significant impact on the resulting iodine concentrations 

of meat, thyroid gland, liver and abdominal fat (FS II and FS IV). In eggs a higher iodine 

content (at 5 mg I/kg feed, FS IV) and a steeper slope of the egg iodine concentrations with 

increasing iodine supplementations (FS II) were measured in groups that obtained KI 

compared to Ca(IO3)2. This effect was not caused by lower iodine intake of groups that 

obtained Ca(IO3)2, but by a lower carry-over of iodine into the eggs (FS IV). Since this effect 

was only detected in LSL hens, an influence of the breed cannot be excluded in this case. 

Broilers (FS I) showed higher tissue iodine concentrations than laying hens (except thyroid 

glands, which had similar iodine concentrations, FS II), and the meat iodine concentration of 

broilers increased significantly with increasing feed iodine concentrations. Concerning laying 

hens, this effect on meat was only measured in the long-term study (FS IV). 

Saturation of egg iodine concentration 

With the data of the long-term experiment (FS IV), it was calculated that the egg iodine 

concentration reached a plateau after ≈ 37 to 43 days when hens were provided with feed 

supplemented with 2.5 or 5 mg I/kg. The level of egg iodine concentration and the duration 

until a plateau was reached, referred to the different investigated factors, feed iodine 

supplementation, RSC and hen breed, but not to the iodine source. After 44 days a plateau 

was reached in all cases. 

Does feed iodine supply balance the impacts of RSC on thyroid glands of laying hens? 

The feed iodine supplementations did not balance the impact of the 10 % RSC component. 

Even the group that obtained the highest iodine supplementation of 5 mg I/kg feed did not 

reach the thyroid iodine concentrations of the control group without iodine supply and 0 % 

RSC component. The goitrogenic effect of the RSC component – indicated by increased 

thyroid gland masses – was enhanced by iodine supply. 

Human exposure 

The assessment of the human exposure revealed that – at feed iodine supplementations of 

5 mg I/kg – the average daily per capita consumption of ½ egg and 30 g broiler meat together 
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with 172 g milk would already amount to ≈ 292 µg I/d, and therefore would exceed the daily 

demand of 200 µg indicated by the D-A-CH. Since the impact of meat is negligible due to its 

low iodine concentration, an adjustment of the maximum level for broiler feed is not 

necessary. With the present usual feed iodine concentrations (1 mg I/kg) an exceeding of the 

daily iodine intake caused by the consumption of eggs (≈ 15 µg I/egg) is unlikely. However, a 

decrease of the present maximum level for laying hen feed from 5 to 3 mg I/kg is 

recommended, since this would lower the risk of an oversupply of the consumers, while the 

demand of laying hens would also be ensured. 



ZUSAMMENFASSUNG 

62 

ZUSAMMENFASSUNG 

Anna Selena Schultz geb. Röttger 

Der Einfluss unterschiedlicher Jodquellen und -konzentrationen auf die Leistung und 

den Transfer in Produkte und Organe verschiedener Geflügelarten 

Die vorliegende Arbeit wurde in Folge einer EFSA-Stellungnahme initiiert, welche sich mit 

der Verwendung von Jod (I) in Futtermitteln befasste. Die Stellungnahme sollte die 

Jodkonzentration von Geflügelprodukten und -geweben, sowie die Jodexposition der 

Konsumenten einschätzen. Die EFSA stellte jedoch fest, dass dazu nicht genügend aktuelle 

Dosis-Wirkungsstudien vorhanden sind, welche die Einflüsse (z.B. Jodsupplemente, 

Jodantagonisten) auf Jodspeicherung, sowie Jodexkretion und -toleranz
F
 der Tiere untersucht 

haben. 

Das Ziel der vorliegenden Arbeit war, die Einflüsse verschiedener Faktoren 

(Futterjodsupplement
G
, Jodquelle

G
, Rapskuchen und Geflügelrasse) auf die Leistung von 

Geflügel und die Jodkonzentrationen verschiedener Matrizes (Eier, Fleisch, Schilddrüse, 

Leber, Blutserum, Fett und Exkremente) zu bestimmen. Weiterhin sollte untersucht werden, 

ob die Jodkonzentration im Ei bei Langzeitapplikation eine Sättigung erreicht und ob 

Futterjodsupplementierung den Einfluss einer Rapskomponente auf Schilddrüsen von 

Legehennen ausgleicht. Mit den gewonnenen Daten sollte die Jodexposition der 

Konsumenten von Geflügelprodukten infolge von Futterjodsupplementierung eingeschätzt 

werden. Zu diesem Zweck wurden vier Fütterungsstudien (FS) mit Geflügel durchgeführt. In 

diesen erhielten die Versuchsgruppen Standardfutterrationen mit verschiedenen 

Jodsupplementierungen – Broiler (FS I) 0; 1,0; 2,5; 5,0 mg I/kg und Legehennen 0; 0,25; 0,5; 

2,5; 5,0 mg I/kg. Als Jodquellen dienten KI und Ca(IO3)2. Bei jedem Experiment wurden 

leistungsbezogene Daten aufgezeichnet, die Tiere am letzten Versuchstag geschlachtet. Die 

Probenentnahme von Schilddrüsen, Blutserum, Leber, Abdominalfett, Brust- und 

Schenkelfleisch, erfolgte von je sechs Tieren pro Gruppe. Alle Jodmessungen wurden mit 

ICP-MS durchgeführt. 

Es folgt ein kurzer Überblick zur Durchführung der jeweiligen Experimente: 

                                                 

F
 In Hinsicht auf die Tiergesundheit muss beachtet werden, dass Bedarf und erlaubte Futtermittelhöchstmengen 

derzeit bereits sehr weit auseinander liegen – 1:10 bei Legehennen, 1:20 bei Broilern. 
G
 Nach EU Recht (EU COMMISSION 2005) 
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FS I: Zwei Mastexperimente mit Broilern 

Bei dieser Studie lag das Hauptaugenmerk auf der Messung der Fleischjodkonzentration. Die 

beiden Jodquellen wurden in zwei separaten Versuchen mit identischem Aufbau getestet. Am 

Tag des Schlupfes wurden für jedes Experiment 288 männliche Broiler in vier Gruppen mit je 

72 Tieren eingeteilt. Die Tiere erhielten das Versuchsfutter vom ersten Lebenstag, bis zur 

Schlachtung am 35. Tag. 

FS II: Zwei Fütterungsexperimente mit Legehennen 

Das Hauptinteresse dieser Studie galt der Ei-Jodkonzentration. KI und Ca(IO3)2 wurden in 

zwei separaten vierwöchigen Experimenten, mit identischem Versuchsaufbau getestet: 30 

adulte Lohmann Selected Leghorn (LSL) Hennen (KI-Versuch: 31 Wochen alt, Ca(IO3)2-

Versuch: 29 Wochen alt) wurden in fünf Gruppen zu je sechs Tieren eingeteilt. Während der 

vierten Versuchswoche wurden zur Jodbestimmung alle Eier gesammelt, gewogen und pro 

Henne und Woche jeweils eine Mischprobe aus Dotter und eine aus Eiklar hergestellt. 

FS III: Bilanzstudie mit Legehennen 

Das Ziel dieser Studie war es eine Jod-Bilanz zu erstellen. Der Versuchsaufbau glich FS II 

mit Ca(IO3)2. Jedoch waren zu Beginn 35 Hennen aufgestallt. Eier und Exkremente der fünf 

zusätzlichen Hennen wurden an den zwei Tagen vor Beginn der Versuchsfütterung 

gesammelt und die Hennen dann geschlachtet. Die Entnahme von Blut und Gewebeproben 

erfolgte entsprechend den anderen Versuchen. Von den anderen Hennen wurden in der vierten 

Woche zusätzlich die Exkremente gesammelt. 

FS IV: Langzeitexperiment 

In diesem Versuch wurden die Einflussfaktoren Jodsupplement, Jodquelle, Rapskuchen und 

Hennenrasse getestet. Für das sechs Legemonate (ein Legemonat entspricht 28 Tagen) 

andauernde Experiment waren 432 adulte Legehennen (23 Wochen alt) in 18 Gruppen (zu je 

24 Tieren, mit je 12 LSL und 12 Lohmann Brown (LB) Hennen) eingeteilt. Sie erhielten die 

Standartfutterrationen mit den verschiedenen Jodkonzentrationen, entweder mit 0 % oder 

10 % Rapskuchen als goitrogene Futterkomponente. Für die Jodbestimmung fand an sieben 

Tagen (Tag 0, 4, 8, 15, 29, 85 und 164), die Sammlung der Eier von sechs LSL und sechs LB 

Hennen pro Gruppe statt. 
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Die wichtigsten Ergebnisse und Schlussfolgerungen sind im Folgenden zusammengefasst. 

Einfluss auf die Leistung 

Die Futterjodsupplementierungen in Konzentrationen bis zu 5 mg I/kg, entweder mit KI oder 

Ca(IO3)2 als Jodquelle, zeigte bei Versuchsdauern von vier Wochen bis zu sechs 

Legemonaten keinen Effekt von biologischer Relevanz auf die Leistung von Geflügel. 

Einfluss der Jodsupplementierung auf die Joddeposition in Geweben und auf die 

Jodausscheidung über Eier und Exkremente 

Ansteigende Futterjodgehalte führten zu einem signifikanten Anstieg der Jodkonzentrationen 

der untersuchten Matrizes, außer im Falle von Abdominalfett, welches die geringste 

Konzentration aufwies (≈ 12 µg I/kg). Die höchste Jodkonzentration wurde in der Schilddrüse 

gemessen (bis zu 5975 µg I/g in FS II). Die Eier erreichten bei der höchsten 

Futterjodsupplementierung mit 5 mg I/kg, eine mittlere Jodkonzentration von 1304 µg I/kg 

(KI-Versuch) und 989 µg I/kg (Ca(IO3)2-Versuch, FS II). Im Dotter waren ca. 91 % und im 

Eiklar ca. 9 % des Jods positioniert. Mittlere Jodkonzentrationen erreichten Fleisch (≈ 4-

70 µg/kg), Leber (≈ 12-180 µg/kg) und Blutserum (≈ 15-380 µg/kg; FS I und FS II, bei 

Futtersupplementierungen von 0 bis 5 mg I/kg). 

In der Bilanzstudie (FS III) war es durch die Bestimmung der Ausgangsjodwerte möglich, die 

Joddeposition in den verschieden Geweben, sowie die Jodexkretion zu bestimmen. Die 

Berechnung ergab, dass die Schilddrüse das einzige Gewebe war, welches Jod zu einem 

wesentlichen Anteil anreicherte (465 µg I in 28 Tagen, bei einer Futtersupplementierung von 

5,0 mg I/kg). Die Bilanz zeigte außerdem, dass der Großteil des aufgenommenen Jods mit den 

Exkrementen ausgeschieden wurde. Bei Futtersupplementierungen von 1 bis 5 mg I/kg 

schieden die Hennen 67 bis 83  % des aufgenommenen Jods mit den Exkrementen aus, 

während 10 bis 13 % in die essbare Ei-Masse eingelagert wurden. Die 

Gesamtjodausscheidung des aufgenommenen Jods, lag bei diesen Supplementierungen 

zwischen 78 und 96 %. 

Einfluss der Rapskuchenkomponente auf den Jodgehalt von Eiern 

Die Fütterung von 10 % Rapskuchen, reduzierte die Ei-Jodkonzentration im Mittel um 38 % 

(FS IV). 
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Einfluss von Jodquelle und Geflügelrasse auf die Joddeposition in verschiedenen Matrizes 

Die unterschiedlichen Jodquellen hatten keinen signifikanten Einfluss auf die resultierenden 

Jodkonzentrationen von Fleisch, Schilddrüse, Leber und Abdominalfett (FS II, FS IV). Bei 

LSL Hennen wurde, in Folge von ansteigender KI-Supplementierung, ein steilerer Anstieg 

der Ei-Jodkonzentration ermittelt (FS II, PAPER II), sowie eine höhere Jodmenge pro Ei 

gemessen (FS IV, bei 5 mg I/kg Futter), als bei Gruppen die mit Ca(IO3)2 supplementiertes 

Futter erhielten. Dieser Effekt wurde nicht durch geringere Jodaufnahme der Ca(IO3)2-

Gruppe, sondern durch einen geringeren Transfer von Jod ins Ei hervorgerufen (FS IV). Da 

bei LB Hennen dieser Effekt nicht nachgewiesen wurde, kann ein Einfluss des genetischen 

Hintergrundes an dieser Stelle nicht ausgeschlossen werden. 

Broiler (FS I) zeigten in den untersuchten Geweben eine höhere Jodkonzentration als 

Legehennen (FS II) – einzige Ausnahme waren die Schilddrüsen, welche ähnliche 

Jodkonzentration aufwiesen. Im Gegensatz zu Broilern wurde im Fleisch von Legehennen nur 

im Langzeitversuch (FS IV) ein signifikanter Anstieg gemessen. 

Sättigung der Jodkonzentration im Ei 

Mit den Daten aus FS IV wurde berechnet, dass die Ei-Jodkonzentration nach ≈ 37 bis 

43 Tagen ein Plateau erreichte, wenn die Hennen Futter erhielten, welches mit 2,5 oder 

5,0 mg I/kg supplementiert war. Die Dauer, bis eine Sättigung erreicht wurde, und die Höhe 

des Plateaus, waren außer von der Jodkonzentration auch von Rapskuchenkomponente und 

Hennenrasse abhängig. Die Jodquelle hatte hingegen keinen Einfluss. Die Sättigung wurde in 

allen Fällen spätestens nach 44 Tagen erreicht. 

Kann Jodsupplementierung die goitrogene Wirkung von Rapskuchen vermindern?  

Die Jodsupplemente glichen den Einfluss der Rapskuchenkomponente nicht aus. Die 

Schilddrüsen, der Gruppe welche 10 % Rapskuchen bekam, erreichten auch bei der höchsten 

Futtersupplementierung von 5,0 mg I/kg nicht die Konzentrationen der Kontrollgruppe, die 

weder Rapskuchen noch Jodsupplement erhielt. Die Jodsupplementierung verstärkte die 

goitrogene Wirkung des Rapskuchens, was durch einen Anstieg der Schilddrüsenmasse 

gekennzeichnet war. 
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Jod-Exposition der Konsumenten 

Die Einschätzung der Jod-Exposition der Konsumenten ergab, dass bei einer 

Jodsupplementierung des Futters mit 5,0 mg I/kg, bereits der mittlere Pro-Kopf-Verzehr von 

½ Ei und 30 g Hähnchenfleisch, zusammen mit 172 g Milch zu einer Jodaufnahme von 

≈ 292 µg/Tag führen würde, und somit der von der D-A-CH angegebene tägliche Bedarf von 

200 µg Jod überschritten würde. Für Broiler ist keine Änderung der rechtlich erlaubten 

Futterjodkonzentration notwendig, da der Beitrag von Fleisch aufgrund der geringen 

Jodkonzentration vernachlässigbar ist. Bei den aktuell praxisüblichen 

Futterjodkonzentrationen (1 mg I/kg) ist keine Überschreitung des täglichen Jod-Bedarfs 

durch den Verzehr von Eiern zu erwarten (≈ 15 µg I/Ei). Eine Absenkung der derzeitigen 

maximalen Futterjodkonzentration für Legehennen von 5 auf 3 mg I/kg wird jedoch 

befürwortet, da so das Risiko einer Überversorgung der Konsumenten gesenkt würde und 

gleichzeitig die Bedarfsdeckung der Hennen weiterhin gewährleistet ist. 
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APPENDIX 

Appendix 1 Different studies on effects of iodine application on hens. 

Author N (per 

group) 

Initial 

age of 

animals 

Dose Iodine 

conjunction 

Duration 

of test 

period 

Methods of 

application 

Results, effects in test group 

compared to the control 

No effects on 

ASMUNDSON 

et al. (1936) 

4 – 12 2
nd

 

laying 

year 

50; 250; 800; 815; 

16000 γ 

- desiccated 

seaweed 

- desiccated 

thyroid 

- Di-iodothyrosine 

- KI-solution 

- NaI 

- NaIO3 

- C7H5IO3 (iodo - 

salicylic acid) 

1 to 11 

weeks 

- orally 

- subcutaneous 

injection 

- decreased egg production 

- reduced feed consumption 

- loss of body-mass 

- if iodine is mainly excreted via 

eggs or excrements depends on 

iodine source  iodine form 

influences iodine content of egg 

- enlarged thyroid lobules  

 

ARRINGTON 

et al. (1967) 

5 27 

weeks 

and 

12 

month 

0; 625; 1250; 1875; 

2500; 5000 mg I / kg 

feed 

KI 105 d Feed enrichment 

of the parental 

hens; control of 

embryos and 

chicks 

- decreasing egg production with 

increasing iodine levels 

- egg production ceased with 

5000 mg I / kg feed 

- reduced egg mass 

- high embryonic mortality 

- low hatchability 

- delayed hatching 

- fertility 

- ovary 

development 

GUO et al. 

(1991) 

6 – 30 embryo C: 1.8mg KCl 

Gr 1: 2mg KI 

Gr 2: 4mg KI 

all with 0.05ml water 

KI 1
st
 day of 

incubation 

till 

hatching 

One single 

injection into 

the egg 

- delayed hatching (from day 

20/21 to day 21/22) 

- decreased hatchability (at 2mg 

29% failed, at 4mg 65% failed) 

- increased thyroid mass – iodine 

induced goitre 

- larger thyroid follicle size in 18 d 

old embryos 

- body mass at 

day 19 

- T3/T4 conc. 

A
P

P
E

N
D

IX
 

7
9
 



Appendix 

80 

Author N (per 

group) 

Initial 

age of 

animals 

Dose Iodine 

conjunction 

Duration 

of test 

period 

Methods of 

application 

Results, effects in test group 

compared to the control 

No effects on 

KAUFMANN 

et al. (1998) 

6 24 

weeks 

KIO3: 0.5, 1.0, 2.0, 

5.0 mg I/kg feed 

Seaweed: 5 % 

(2.5 mg I/kg feed), 

10 % (4.9 mg I/kg 

feed) 

KIO3, seaweed 4 weeks Diet- 

supplementation 

- increased iodine conc. of egg 

yolk, albumen and total egg 

(max.: 51.4±6.2µg/kg) 

- tendency for highest egg yield in 

1 mgI/kg-group, decreased egg 

yield at lower and higher iodine 

conc. 

 

- iodine conc. 

of muscle 

(46.8±16.2µg

/kg) 

- FCR 

LICHOVNI-

KOVA et al. 

(2003) 

16 21 

weeks 

Gr. 1: 0.357 mg / kg 

Gr. 2: 6.07 mg / kg 

Ca(IO3)2 52 weeks Diet- 

supplementation 

- lower eggshell weight 

- decreased egg number 

- decreased egg mass 

- decreased egg mass production 

- increased FCR 

- lower yolk index 

- feed intake 

LICHOVNI-

KOVA and 

Zeman (2004) 

16 21 

weeks 

2 iodine conc.: 

3.57, 6.07 mg I/kg feed 

3 levels of rapeseed 

(glucosinolate 

content): 

4.5% (0.5 µmol/g), 

9.0% (0.99 µmol/g), 

13.5% (1.49 µmol/g) 

Ca(IO3)2 52 weeks Diet-

supplementation 

- iodine has a positive effect on 

egg production, egg mass 

production and FCR at higher 

levels of rapeseed (9 and 13.5 %) 

- eggshell weight ratio increased in 

groups with higher levels of 

iodine 

- feed intake 

MARCILESE 

et al. (1968) 

36 not 

specified 

100; 500 

mg I / d 

NaI 14 to 20 d Oral application 

with pipette 

- increased egg iodine 

concentration 

(plateau at 3 respectively at 

7 mg I / egg) 

- decreased egg production 

- egg prod. ceased at a dose of 

500 mg / d 

- ovary 

development 

but started 

regression 
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Author N (per 

group) 

Initial 

age of 

animals 

Dose Iodine 

conjunction 

Duration 

of test 

period 

Methods of 

application 

Results, effects in test group 

compared to the control 

No effects on 

MAY (1976) k.A. 4 weeks 5000 ppm k.A. 11 d Diet-

supplementatio

n 

- reduced BWG 

- plasma above 3 %  inability to 

excrete extremely high iodine 

supplied in the diet 

 

RICHTER 

(1995) 

3 44 

weeks 

0, 0.5, 5, 20, 

40 mg I/kg feed 

KIO3 8 weeks Diet-

supplementatio

n 

- increased egg iodine 

concentration 

- at 40 mg I/kg feed reduced 

laying intensity by 6% 

- tendency for improved BWG at 

20 and 40 mg I/kg 

 

YALÇIN et al. 

(2004) 

120 21 

weeks 

0; 3; 6; 12; 

24 mg I / kg 

Ca(IO3)2∙H2O 30 weeks Diet –  

supplementation 

- at a iodine supplementation of 12 

and 24 mg/kg: 

   • depressed egg production  

   • lower egg weight 

   • FCR increased 

- significant positive correlation 

iodine egg content ↔ feed iodine 

content 

- feed consum. 

- body mass 

- egg shell 

strength & 

thickness 

- egg / yolk 

cholesterol 
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