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Abstract 

The main function of vitamin D is the maintenance of serum calcium concentration and 
skeletal calcium balance. Diet, vitamin D supplements, and endogenous synthesis are pos-
sible sources of vitamin D in pet rabbits, but studies regarding the vitamin D concentra-
tions, main sources of vitamin D, and vitamin D deficiency levels in rabbits are lacking.  

Vitamin D deficiency and the existence of metabolic bone diseases in pet rabbits are 
topics of intermittent debate. The question regarding the existence of metabolic bone dis-
eases in rabbits arose 20 years ago, after decreased bone density was observed in prepared 
skulls and radiographs of pet rabbits with advanced stages of dental disease. Dental dis-
ease is still one of the most common health disorders in pet rabbits. Observations that rab-
bits with dental disease had higher parathyroid hormone and lower total calcium concen-
trations compared to rabbits in free-range conditions, and that pet rabbits housed in hutch-
es had low 1,25-dihydroxyvitamin D3 concentrations, were associated with the theory of 
vitamin D and calcium deficiency as a common problem in pet rabbits, and a possible pre-
disposing factor for dental disease. 

This thesis aimed to study serum 25-hydroxyvitamin D (25(OH)D) concentrations and 
sources of vitamin D in 140 pet rabbits aged 0.1 to 9.3 years. Several tibial bone parame-
ters, including cortical bone density, were measured in 87 rabbits using peripheral quanti-
tative computed tomography. Possible breakpoints were searched in 139 rabbits for serum 
25(OH)D concentration when compared to parathyroid hormone concentration and corti-
cal bone density, which indicates a threshold for vitamin D deficiency. Dental disease was 
diagnosed after examination of the oral cavity and a lateral skull radiograph. Association 
between dental disease and serum 25(OH)D concentration and tibial bone parameters were 
compared. 

Serum 25(OH)D concentration varied from 4.5 to 67.5 ng/ml (mean 26.0 ng/ml). Ac-
cording to GLM analysis adjusted for body weight, age, and season of sample collection, 
diet was significantly associated with serum 25(OH)D concentration, but outdoor access 
was not. Serum 25(OH)D concentration was higher in rabbits that received diets with lots 
of hay and commercial rabbit food, >1dl daily, compared to rabbits with lower amounts of 
these vitamin D–containing diets. 

The suppression of parathyroid hormone concentration occurred at a serum 25(OH)D 
concentration of 17 ng/ml, whereas the breakpoint for cortical bone density occurred at a 
serum 25(OH)D concentration of 19 ng/ml. No breakpoints were found for ionised calci-
um, total calcium, or phosphorus. Results suggest a serum 25-hydroxyvitamin D concen-
tration of 17 ng/ml as a threshold for vitamin D deficiency in pet rabbits. One-third of the 
rabbits participating in this study had serum 25(OH)D concentrations below this threshold, 
which raises concern regarding the high prevalence of vitamin D deficiency in Finnish pet 
rabbits. 



The mean diaphyseal tibial cortical density in rabbits was high (about 1400 mg/cm3). 
There was no tendency for an age-related decrease in trabecular or cortical bone density, at 
least up to six years of age. No statistically significant group differences were observed in 
bone parameters between intact females and males or between intact and castrated males 
after controlling for body weight and age.  

Of 140 rabbits, 47 (33.6%, 95% CI: 25.5-41.7) were diagnosed with dental disease. 
Bone parameters were measured from 87 rabbits, of which 26 rabbits (29.9%, 95% CI 
20.3-39.5) had dental disease. After controlling for body weight, age, and season of sam-
ple collection, no differences existed in serum 25(OH)D concentrations between healthy 
rabbits and rabbits with dental disease. Additionally, no statistically significant group dif-
ferences in tibial bone parameters occurred between healthy rabbits and rabbits with den-
tal disease after controlling for body weight and age. 

Our results conclude that vitamin D deficiency, diagnosed as serum 25(OH)D concen-
tration below 17 ng/ml, is common in Finnish pet rabbits. Diet is the main source of vita-
min D, as outdoor access is too limited to provide them with adequate vitamin D synthe-
sis. Vitamin D deficiency may increase their risk for metabolic bone disease and other 
health disorders. This study failed to support the theory of vitamin D deficiency as a pre-
disposing factor for dental disease. The results of this study should be used to increase pet 
rabbits’ health and well-being by preventing vitamin D deficiency and should advocate for 
further studies regarding the supply of adequate concentrations of vitamin D and conse-
quences of chronic vitamin D deficiency in pet rabbits. Further prospective case-control 
studies are needed to evaluate the aetiology of dental disease. 
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1 Introduction 

The main function of vitamin D is the maintenance of serum calcium concentration and 
skeletal calcium balance (Holick 2004). Rickets and osteomalacia are consequences of 
severe vitamin D deficiency in children and adults, respectively, but also in rabbits (Mel-
lanby and Killick 1926, Omdahl and DeLuca 1973, Bourdeau et al. 1986, Brommage et al. 
1988, Holick 2002, Holick 2004, Holick 2006). However, the deficiency is linked to many 
other health disorders in humans but is far less studied in rabbits (Autier and Gandini 
2007, Gorham et al. 2007, Pittas et al. 2007, Zipitis and Akobeng 2008, Anderson et al. 
2010, Gandini et al. 2011, Zitterman et al. 2012, Del Pinto et al. 2015, Zhu et al. 2019). 
Vitamin D may be obtained from the diet, from vitamin supplements, or from endogenous 
synthesis, which takes place in the skin of many animal species, including rabbits (Mel-
lanby and Killick 1926, Emerson et al. 2014, Watson et al. 2019). In northern latitudes, 
sunlight is inadequate for vitamin D synthesis during wintertime, and vitamin D deficien-
cy is common in humans (Kazantzidis et al. 2009, Holick et al. 2011, Cashman et al. 
2016). Even during the summer, many pet rabbits may be kept indoors with limited out-
door access (Thilliez et al. 2017), and therefore, dietary sources of vitamin D and the liver 
and adipose tissue reserves may become essential. 

Vitamin D deficiency and the existence of related metabolic bone diseases (MBD) in 
pet rabbits are topics of intermittent debate (Harcourt-Brown 1995, Fairham and Harcourt-
Brown 1999, Harcourt-Brown and Baker 2001, Jekl and Redrobe 2013, Emerson et al. 
2014, Watson and Mitchell 2014, Thilliez et al. 2017, Watson et al. 2019). The question 
regarding the existence of metabolic bone diseases in rabbits arose 20 years ago after de-
creased bone density was observed in the prepared skulls and radiographs of pet rabbits 
with advanced stages of dental disease (Harcourt-Brown 1995). Observations that rabbits 
with dental disease had higher parathyroid hormone and lower total calcium concentra-
tions compared to rabbits in free-range conditions, and that pet rabbits housed in hutches 
had low 1,25-dihydroxyvitamin D3 concentrations, advocated the possible theory of vita-
min D and calcium deficiency as a common health problem in pet rabbits and a predispos-
ing factor for dental disease (Fairham and Harcourt-Brown 1999, Harcourt-Brown and 
Baker 2001). Dental disease is still one of the most common health problems in pet rab-
bits, but the aetiology has remained unknown (Mullan and Main 2006, Harcourt-Brown 
2007a, Jekl et al. 2008, Mosallanejad et al. 2010, Jekl and Redrobe 2013). 

Despite the presumed high prevalence of vitamin D deficiency in pet rabbits, only a 
few experimental studies have reported the effects of severe vitamin D deficiency, hyper-
vitaminosis D, and artificial ultraviolet light exposure in experimental rabbits (Mellanby 
and Killick 1926, Stevenson et al. 1976, Chan et al. 1979, Bourdeau et al. 1986, Brom-
mage et al. 1988, Warren et al. 1989, Emerson et al. 2014, Watson et al. 2019). Studies 
regarding serum 25(OH)D concentrations in pet rabbits, including reference ranges, 
sources of vitamin D, risk factors for vitamin D deficiency, and the consequences of long-
term vitamin D deficiency, including MBD, are lacking. 
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In the literature, decreased bone density is commonly seen in the radiographs of very 
young and old rabbits, and in those that might suffer from metabolic bone disease due to 
being fed with a muesli mixture without exposure to sunlight (Hunt 2013, Langley-Hobbs 
and Harcourt-Brown 2013). The evaluation of bone mineral density based on plain radi-
ographs, however, lacks sensitivity, and the inter-observer variation among radiologists is 
high (Jergas et al. 1994, Wagner et al. 2005). Therefore, other methods like dual-energy X-
ray absorptiometry (DXA) and peripheral quantitative computed tomography (pQCT) are 
more feasible in the measurement of bone mineral density and the assessment of fracture 
risk, although they are not yet utilised in daily veterinary practise (Augat et al. 1998, 
Sievänen et al. 1998, Sievänen 2000, Allen and Krohn 2014). Several bone density studies 
of experimental rabbits exist, but bone characteristics in pet rabbits are not evaluated.  

This study focused on the serum 25(OH)D concentrations and sources of vitamin D in 
family-owned Finnish pet rabbits. We measured several tibial bone parameters, including 
cortical bone density, and analysed the breakpoint for serum 25(OH)D when compared to 
parathyroid hormone concentration and mid-tibial cortical bone density that would indi-
cate the possible threshold of vitamin D deficiency in pet rabbits. We also studied the pos-
sible association between dental disease, serum 25(OH)D concentrations, and tibial bone 
parameters.  
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2 Review of the literature  

2.1 Vitamin D 

The most important function of vitamin D is the maintenance of skeletal calcium balance, 
but it is also important in many other metabolic functions, such as growth, neuromuscular 
activity, and immune response (DeLuca 2004, Holick 2004). It has anti-inflammatory and 
immunomodulatory effects, and in humans, deficiency is associated with an increased risk 
for many common health disorders, including autoimmune diseases like allergy and asth-
ma, cancers, cardiovascular diseases, increased mortality, and respiratory infections 
(Holick 2002, Holick 2004, Bischoff-Ferrari et al. 2006, Autier and Gandini 2007, 
Gorham et al. 2007, Pittas et al. 2007, Zipitis and Akobeng 2008, Anderson et al. 2010, 
Hewison 2010, Gandini et al. 2011, Bozzetto et al. 2012, Zitterman et al. 2012, Del Pinto 
et al. 2015, Zhu et al. 2019). Insulin secretion and glucose tolerance are both deteriorated 
in vitamin D–deficient rabbits (Nyomba et al. 1984). Similar observations exist in hu-
mans, but the associations between low vitamin D concentrations, insulin resistance, and 
possible risk for diabetes are conflicting (George et al. 2012, Marques-Vidal et al. 2015). 

Vitamin D may be obtained from the diet, from vitamin supplements or from endoge-
nous synthesis. It is stored in the liver and in adipose tissue. Two vitamin D precursors can 
be found in diet. Cholecalciferol (vitamin D3) which is mainly found in animal products, 
and ergosterol (vitamin D2) found in plants. In many herbivorous and omnivorous species, 
including rabbits, vitamin D3 is synthesised in the skin (Hymøller and Jensen 2010, Emer-
son et al. 2014). 

2.1.1 Dietary sources of vitamin D 

Many animal products, such as fish liver oils, oily fish species, beef liver, and egg yolk, 
contain vitamin D3 and serve as dietary sources of vitamin D for many animals and hu-
mans (Schmid and Walter 2013). Plants also provide a potential source of vitamin D, 
which mainly stems from endophytic fungi or fungal contamination of the plant material. 
Cell membranes of fungi have high concentrations of vitamin D2, especially after sun ex-
posure (Jäpelt and Jakobsen 2013). 

Plants provide an important exogenous source of vitamin D2 for rabbits, as it is found 
in good-quality sun-dried hay, alfalfa, and other plants at later stages of maturity. The 
leaves of some vegetables and fruits, especially plants of the Solanaceae family such as 
potato, pepper, and tomato also contain vitamin D3 and its metabolites (Jäpelt and Jakob-
sen 2013). Vitamin D3 is added to most commercial rabbit foods. The mean concentration 
of vitamin D precursors in good-quality hay in Finland is approximately 1000 IU/kg of 
dry matter (25 µg/kg, conversion 1 IU=0.025 µg), but it may vary depending on the age 
and storage conditions of the hay (Luke 2015). 
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Although the daily vitamin D requirement for rabbits has not been published, a previ-
ous study demonstrated that a daily dose of 10–13 IU (0.25–0.33 µg/kg) prevented rickets 
in weanling Dutch rabbits (Curry et al. 1974). Vitamin D recommendations for rabbits are 
usually given as the maximum amount per kilogram of diet, which should be 800–1000 
IU/kg, not exceed 1000–1300 IU/kg, and be never higher than 2000 IU/kg as it has been 
associated with hypervitaminosis D (Lebas 2000, Mateos et al. 2010). Dietary vitamin D 
overdose is considered a more likely problem than deficiency in rabbits. Therefore, the use 
of vitamin D supplements is not recommended (Mateos et al. 2010). 

2.1.2 Endogenous synthesis of vitamin D 

In endogenous vitamin D synthesis, solar ultraviolet B (UVB) radiation (wavelength 290–
315 nm) penetrates the skin and converts 7-dehydrocholesterol (provitamin D3) to previt-
amin D3, which is rapidly converted to vitamin D3 (Fig. 1). In humans, approximately 
50% of the provitamin D3 can be converted to vitamin D3 within 2.5 hours (Lehmann and 
Meurer 2010). Circulating concentrations of vitamin D3 are at their maximum levels with-
in 12–14 hours after UVB light exposure (Lehmann and Meurer 2010). Both previtamin 
D3 and vitamin D3 are photosensitive. Previtamin D3 can isomerise to the biologically in-
ert photoproducts lumisterol, tachysterol and toxisterols, or it can retransform to 7-DHC 
by the action of the UVB light (Fig. 1). Vitamin D3 can isomerise to the inactive sterols 
suprasterol 1, suprasterol 2 and 5,6-transvitamin D3, or it can retransform to provitamin D3 
(Lehmann and Meurer 2010, Fig. 1). Due to these processes, an overdose of vitamin D 
from UVB light is not possible. Vitamin D3 binds to carrier proteins like vitamin D-bind-
ing protein and is transferred via the bloodstream to the liver. 

Although many studies proved that vitamin D3 synthesis occurs in the skin of rabbits 
(Mellanby and Killick 1926, Emerson et al. 2014, Watson et al. 2019), further studies on 
this topic are lacking. It is unknown whether the synthesis takes place all over the skin of 
rabbits, or in certain areas, like the ears, which have thinner coat coverage. In chickens, 
vitamin D synthesis occurs mainly in the skin of the featherless legs (Tian et al. 1994). 
Cows synthesise vitamin D in their skin despite the fur, and synthesis takes place in the 
whole body area (Hymøller and Jensen 2010). Kovács et al. (2015) reported an increase of 
serum 25(OH)D concentration in sheep after 30 minutes of daily UVB exposure for 12 
weeks, but not in goats in similar conditions. In the very first vitamin D–related rat studies 
in the 1920s, researchers suspected that the sebum and excretions of UVB–exposed rats 
contained high amounts of vitamin D (Carpenter and Zhao 1999). Vitamin D–deficient 
rats did not develop signs of rickets when housed either together with UVB–radiated rats 
in clean cages or alone in the uncleaned cages of radiated rats (Carpenter and Zhao 1999). 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 Figure 1. Vitamin D synthesis in the skin. Previtamin D3 is synthesised in the skin from 7-de-
hydrocholesterol by the action of UVB light. Previtamin D3 is rapidly converted to vitamin D3 

and the biologically inert photoproducts lumisterol, tachysterol, and toxisterols. It can re-
transform to 7-DHC by the action of the UVB light. Vitamin D3 can isomerise to the inac-
tive sterols suprasterol 1, suprasterol 2 and 5,6-transvitamin D3 or can retransform to 
provitamin D3. Vitamin D3 binds to carrier proteins and is transferred via the bloodstream 
to the liver. 
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In northern latitudes higher than 50° (Finland is located between 60°N and 70°N), the 
amount of UVB radiation from sunlight is adequate for vitamin D synthesis only from ap-
proximately mid-March to mid-October (Kazantzidis et al. 2009). The zenith angle is too 
oblique for vitamin D synthesis in the early morning and late afternoon. Therefore, sun 
exposure should occur between 10 am and 3 pm in the spring, summer and autumn 
(Holick 2004). People with light skin types I–III (Caucasian, light Asian) can receive one 
standard vitamin D dose from sunlight in 30 minutes under average atmospheric condi-
tions in Southern Finland (Kazantzidis et al. 2009). One standard vitamin D dose from 
UVB light corresponds to an oral dose of approximately 1000 IU (25 µg) when 1/4 of the 
body surface is exposed to sunlight. There are no similar studies in rabbits, and the appro-
priate time needed for vitamin D synthesis in these latitudes is unknown. Even during 
summer, many pet rabbits may be kept indoors with limited outdoor access (Thilliez et al. 
2017). Window glass absorbs UVB radiation depending on the type, colour, and thickness 
of the glass, and window configuration (Tuchinda et al. 2006), so pet rabbits’ exposure to 
natural UVB radiation remains limited. Consequently, dietary sources of vitamin D and 
reserves in the liver and adipose tissue may become essential. 

Safe access to the outdoors is recommended for house-rabbits by many authorities 
(Saunders 2014) but is not mandatory by Finnish law. Outdoor access provides exercise 
and healthy nutrition, but also access to natural UVB light exposure if accomplished in a 
season and time of day when vitamin D synthesis is possible in the skin. The use of artifi-
cial UVB lighting is common in the housing of captive reptiles, but questions about its 
benefits for other exotic pets like small mammals and birds has recently arisen (Watson et 
al. 2014). No recommendations for natural and artificial UVB light exposure in rabbits 
exist due to the inadequate information about this topic. 

2.1.3 Vitamin D metabolism 

Vitamin D3 and vitamin D2, obtained from the diet and endogenous synthesis, are 
transported to the liver and converted to 25-hydroxyvitamin D3 and 25-hydroxyvitamin 
D2, which together form 25-hydroxyvitamin D (25(OH)D, calcidiol, Fig. 2). 25(OH)D is 
enzymatically hydroxylated in the kidneys to the active form of vitamin D, 1,25-dihy-
droxyvitamin D3 (1,25(OH)2D, Fig. 2). Parathyroid hormone modulates this conversion in 
response to changes in blood calcium levels, but calcium, phosphate, calcitonin, fibroblast 
growth factor 23 and 1,25(OH)2D also regulate the conversion (Lehmann and Meurer 
2010). Minor 1,25(OH)2D synthesis also occurs in many non-renal tissues, including 
bone, dendritic cells, keratinocytes, macrophages, several cancer cells and T-lymphocytes. 
Many feedback mechanisms play a role in controlling the circulating concentrations of 
1,25(OH)2D, and the concentrations do not reflect vitamin D deficiency or excess proper-
ly. In secondary hyperparathyroidism, caused by severe vitamin D deficiency, 1,25(OH)2D 
concentration may be normal or even elevated due to increased production of this me-
tabolite by the kidneys (Holick 2006). Therefore, serum 25(OH)D levels are considered 
the best indicator of vitamin D status (Holick 2002). 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Figure 2. Vitamin D3 and vitamin D2, obtained from the diet and endogenous synthesis, are 
transported to the liver and converted to 25-hydroxyvitamin D3 and 25-hydroxyvitamin D2, which 
together form 25-hydroxyvitamin D (25(OH)D). 25(OH)D is enzymatically hydroxylated in the 
kidneys to the active form of vitamin D, 1,25-dihydroxyvitamin D3 (1,25(OH)2D). 

2.1.4 Vitamin D in relation to calcium and bone metabolism 

Calcium metabolism in rabbits differs from many other mammals (Cheeke and Amberg 
1973). Rabbits’ teeth are continuously erupting, and rapid growth requires a high demand 
of calcium for new dental tissue formation. Tooth growth rates are approximately 1.9–2.4 
mm per week for incisors (Shadle 1936, Müller et al. 2014, Wyss et al. 2016) and 0.9–3.2 
mm per week for cheek teeth, depending on the rabbit’s diet (Müller et al. 2014, Wyss et 
al. 2016). Calcium from the erupting and wearing teeth is swallowed by the rabbits and 
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returned to calcium circulation, but the importance of this endogenous source of calcium 
in rabbits’ calcium metabolism is not yet thoroughly studied. Rabbits are known for their 
high reproduction rate, and the demand for calcium is further increased during pregnancy 
and lactation in female rabbits, and during growth. 

Rabbits have a higher total serum calcium concentration compared to many other 
mammals (Harcourt-Brown 2002). The reference range for serum total calcium concentra-
tion varies in the literature, which is partly explained by the different calcium content of 
the diet (Dupré and Semeonoff 1931, Harcourt-Brown 2002). An acceptable reference 
range for pet rabbits on a varied diet is 3.0–4.2 mmol/l (Harcourt-Brown 2002). For com-
parison, the reference range for serum calcium concentration in humans is 2.2–2.6 mmol/l 
(Lam et al. 2013). The concentration of ionised calcium (Ca2+) in rabbits is also high  with 
wide reported variation (1.2–2.5 nmol/l) compared to that of other mammals, including 
humans (1.1–1.3 mmol/l) (Eatwell et al. 2013, Korn et al. 2018). 

Dietary calcium is the main source of calcium and phosphorus, but bone remodelling 
serves as an endogenous source (Fig. 3). Dietary calcium is mainly absorbed by passive 
diffusion in the intestines of rabbits, whereas in many other species, it is closely regulated 
and an active vitamin D–dependent transportation is used (Schachter and Rosen 1959, 
Eckermann-Ross 2008). Active vitamin D–dependent absorption occurs in rabbits only 
when dietary calcium level is low (Schachter and Rosen 1959). The formation of calcium-
binding protein in the epithelium of the intestine is stimulated by 1,25-dihydroxyvitamin 
D3, which also promotes the transportation of calcium into the cell cytoplasm. Other hor-
mones like prolactin, growth hormone, and glucocorticoids influence this process. 

If the blood ionised calcium concentration is low (under 1.7 mmol/l in rabbits) (Warren 
et al. 1989), chief cells of the parathyroid gland secrete PTH, which increases calcium re-
absorption and phosphorus excretion in the renal tubules by stimulating alpha-hydroxylase 
(Fig. 3). It also stimulates the conversion of 25-hydroxyvitamin D to active 1,25-dihy-
droxyvitamin D3 in the kidneys, which increases active calcium absorption in the intestine 
and stimulates osteoclastic bone resorption (Fig. 3). Active 1,25-dihydroxyvitamin D2 also 
activates osteoblasts’ and osteoclasts’ maturation and differentiation. PTH concentration 
increases postprandially and stimulates the release of digestive hormones, which also af-
fect serum calcium concentrations. 
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Figure 3. Calcium metabolism. 
1) Parathyroid gland secretes parathyroid hormone (PTH) in response to decreased serum ionised 
calcium concentration. PTH increases renal conversion of 25-hydroxyvitamin D to active 1,25-
dihydroxyvitamin D2, increases calcium (Ca) reabsorption in renal tubules, stimulates excretion of 
digestive hormones in the gastro-intestinal tract and stimulates bone resorption. 
2) 1,25-dihydroxyvitamin D2 increases active calcium absorption in the intestines and stimulates 
osteoclastic bone resorption. 
3) Increased serum calcium concentration increases calcitonin secretion from the thyroid gland, 
causes negative feedback in the parathyroid gland and decreases PTH secretion. 
4) Calcitonin decreases PTH secretion. 
Black arrows show the direction of the action, negative feedback is marked using blue arrows. 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In bones, PTH-stimulated osteoclastic bone resorption releases calcium and phosphate 
into the blood (Bellido and Hill Gallant 2014). Increased blood calcium concentration in-
creases calcitonin excretion via the parafollicular cells (C-cells) of the thyroid gland, and 
PTH secretion diminishes through negative feedback. Calcitonin decreases PTH-induced 
osteoclastic bone resorption and renal calcium and phosphate reabsorption and promotes 
calcium deposition into bone (Eckermann-Ross 2008). These lower the blood calcium 
concentration. Calcitonin does not affect intestinal absorption of calcium, and its effects 
on urinary excretion of calcium in rabbits is unclear. Calcitonin excretion is also activated 
postprandially by many hormones like estradiol, glucagon, gastrin, cholecystokinin and 
secretin (Eckermann-Ross 2008). 

One of the main regulators of phosphate concentration is 1,25-dihydroxyvitamin D3, 
which activates osteoblast and osteoclast differentiation and therefore increases and de-
creases phosphate transport (Lederer 2014). Other regulators of phosphate are PTH and 
fibroblast growth factor 23 (Lederer 2014). Additionally, 1,25-dihydroxyvitamin D3 af-
fects phosphate transport in the kidneys, but there are conflicting results as to whether the 
effect is decreasing or increasing. In intestines, the effect is clearly absorptive, although 
the mechanism is not clear and may vary depending on the animal’s age and on segments 
of the small intestine (Lederer 2014). High vitamin D concentrations are associated with 
hyperphosphataemia and low vitamin D concentrations with hypophosphataemia, respec-
tively (Lederer 2014). 

The chronic elevation of PTH concentration, as in vitamin D deficiency–related hyper-
parathyroidism, leads to decreased bone density. This is due to the excessive production 
and activity of both osteoclasts and osteoblasts, of which osteoclast activity overrides os-
teoblasts (Bellido and Hill Gallant 2014). Intermittent PTH elevation increases the number 
and activity of osteoblasts. The increased bone remodelling rate and the amount of bone 
formed leads to increased bone density (Bellido and Hill Gallant 2014). The bone mineral 
density–increasing effect of PTH is observed in rabbits (Bellido et al. 2010). 

Excess calcium is excreted in the alkaline urine of rabbits as calcium carbonate 
(Cheeke and Amberg 1973). This is contrary to many other mammals that secrete surplus 
calcium through the feces. Rabbit kidneys are capable of excreting high amounts of calci-
um through urine. The excretion of calcium is controlled regarding the blood calcium sta-
tus, and it increases parallel to dietary calcium intake. In humans, dogs, and rats, 97–98% 
of calcium is reabsorbed from filtrates in the kidney tubules, whereas in rabbits, the per-
centage may vary between 40 and 94% depending on the dietary calcium concentration 
(Kennedy 1965, Cheeke and Amberg 1973). Calcium precipitates as calcium carbonate in 
the urine of rabbits, which is cloudy due to high amount of calcium crystals and sediment. 
Rabbits should be active so that the crystals mix with the urine and can be expelled during 
urination. There may be several reasons the sediment builds up a sludge or even urolithia-
sis and nephrolithiasis, including incomplete voiding due to pain, inactivity or primary 
bladder and micturition disorders (e.g., infections, neoplasia, incontinence, urine 
retention). Rabbits with high demands for calcium (growing, lactating and pregnant rab-
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bits) and rabbits with severe calcium deprivation (e.g., starved rabbits, rabbits on low-cal-
cium diets) can expel clear urine. 

Calcium is also excreted through feces, sweat, and pancreatic and biliary secretions, 
which are the main pathways for excess calcium in other species but are less utilised in 
rabbits. Excess phosphate is excreted via urine and feces. 

2.1.5 Hypervitaminosis D 

Stevenson et al. (1976) reported progressive emaciation, weakness, anorexia, diar-
rhoea, intense thirst, ataxia, paralysis and death in rabbits fed with commercial rabbit food 
accidentally containing vitamin D over 7300 IU/kg. Medial and small arteries, gastric mu-
cosa, and kidneys had severe calcifications in histopathology.  

Chan et al. (1979) studied the effects of various vitamin D2 doses (100 000 IU, 10 000 
IU and 1000 IU intramuscularly every other day for 14 doses) in pregnant does and their 
offspring. Does had significantly higher serum total calcium, phosphorus, and 25(OH)D 
concentrations compared to control rabbits; ionised calcium and magnesium concentra-
tions were similar. Two does in the 100 000 IU group had serum 25(OH)D concentrations 
greater than 100 ng/ml and developed aortic calcification. In all other does, serum 
25(OH)D concentrations were less than 60 ng/ml. Does in the 100 000 IU group had more 
abortions, and their offspring had supravalvular lesions in their hearts. In all offspring, 
serum 25(OH)D concentrations were similar apart from the vitamin D2 dose of their does. 

Rosell et al. (2012) reported the following signs of vitamin D overdose in breeding 
rabbit farms: sudden deaths, emaciation, sterility, lower kit viability, and calcification of 
several tissues, including the aorta, kidney, stomach serosa, mammary gland, abdominal 
musculature, heart, and lungs. Rabbits were given extra doses of vitamin D subcutaneous-
ly or in drinking water, and doses varied between 1 000 IU and 125 000 IU per reproduc-
tion cycle (42 days). 

2.1.6 Analysis of serum 25-hydroxyvitamin D concentration 

Serum 25‑hydroxyvitamin D can be measured using one of two methods: chromatography 
and enzyme immunoassay (EIA) (Wallace et al. 2010). The latter is most common (Wal-
lace et al. 2010). Chromatography allows for the separate measurement of 25(OH)D2 and 
25(OH)D3. One of the most commonly used enzyme immunoassay kits in human studies is 
the 25-hydroxyvitamin D EIA kit AC-57SF1 (Immunodiagnostic Systems Holdings PLC, 
Tyne & Wear, UK). The structure of 25‑hydroxyvitamin D is similar in human and animal 
species, and this particular EIA kit is widely used in different species, including horses, 
humans, mice, pigs, and tortoises (Gorman et al. 2012, Lin et al. 2017, Pozza et al. 2014, 
Selleri & Di Girolamo 2012, Wallace et al. 2010), but is not validated for rabbit serum 
thus far. 
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Pre-analytic stability of 25(OH)D is good, and only a few pre-analytic factors influ-
ence the measurements. Compared to wintertime, 25(OH)D concentrations are higher in 
summer in many animals and humans due to higher amounts of UVB light from sunlight 
(Agborsangaya et al. 2009). Both serum and plasma can be used for analysis (Hollis 
2008). Serum 25(OH)D is stable at room temperature for 4 hours, in the fridge for 24 
hours, and at -24 ºC for up to 24 years (Agborsangaya et al. 2010, Colak et al. 2013). UVB 
light exposure for two days did not alter the concentration in serum or in plasma (Hollis 
2008). Also, thawing and refreezing up to four times did not affect the serum 25(OH)D 
concentration in human serum (Antoniucci et al. 2005). Only a 2.3% decrease in the mean 
concentration was observed after an unprocessed whole-blood sample was stored for 72 h 
on the laboratory bench under usual artificial light conditions (Wielders and Wijnberg 
2009). 

Few experimental studies have evaluated serum 25(OH)D status among rabbits. Emer-
son et al. (2014) and Watson et al. (2019) used radioimmunoassay to determine of serum 
25(OH)D concentrations in nine dwarf mixed-breed rabbits and 12 New Zealand White 
female rabbits in their studies regarding the effects of artificial UVB light exposure. Nei-
ther of these studies published details, including the manufacturer, regarding the used as-
say. They observed the following ranges: 5.6–32.5 ng/ml (Emerson et al., 2014) and 15.8–
33.3 ng/ml (Watson et al. 2019). Warren et al. (1989) also used an anonymous immunoas-
say and a reported range of 53 to >310 ng/ml in 28 breeding rabbits fed a diet containing 
vitamin D far above the recommended levels (6420 IU/kg, respectively), which accounts 
for the high concentrations compared to the results of Emerson et al. (2014) and Watson et 
al. (2019). 

So far, the lack of knowledge regarding the recommended serum 25(OH)D concentra-
tions for rabbits limits the use of serum 25(OH)D concentrations to diagnose vitamin D 
deficiency. The serum 25(OH)D concentrations in relation to PTH concentration is a 
common method in human-related research to evaluate vitamin D deficiency. The break-
point in serum 25(OH)D concentrations in which the PTH concentration starts to increase 
or no longer decreases can be assigned as the threshold of vitamin D deficiency. In chil-
dren aged 0.2–18 years, maximal PTH suppression was observed at a serum 25(OH)D 
concentration of 18.0 ng/ml, indicating a serum 25(OH)D deficiency level (Kang et al. 
2017). In adults, at a serum 25(OH)D concentration of ≤12 ng/ml, biochemical features 
supporting a deficiency state were observed (Shah et al. 2017). 

2.1.7 Analysis of parathyroid hormone concentration 

One previous study measuring the parathyroid hormone concentrations in pet rabbits ex-
ists (Harcourt-Brown and Baker 2001). In their study, PTH concentrations were higher 
and total calcium concentrations lower in rabbits with dental disease that were kept in a 
hutch compared to dentally healthy rabbits in free-range conditions. Using second-genera-
tion immunoradiometric assay (IRMA), which was the most widely used assay for PTH 
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analysis in humans, they recognised not only the intact 1-84 PTH fragment but also 7-84 
N-terminal-truncated PTH peptide (Cantor et al. 2006). This assay was used in many PTH 
studies in experimental rabbits (Bas et al. 2004, Bas et al. 2005, Bai et al. 2012). The 
manufacturing of this assay was later discontinued as third-generation immunometric as-
says, which do not cross-react with N-terminal-truncated PTH fragments, were introduced. 
Since then, there are no papers introducing suitable PTH assays for rabbit serum. Watson 
et al. (2019) measured PTH concentrations using radioimmunoassay but did not publish 
the details of the assay. 

There are some known problems in PTH analysis. PTH binds to serum proteins. The 
parathyroid hormone molecule consists of amino-terminal half (amino acids 1–34) and 
carboxy-terminal half (amino acids 39–84), of which amino-terminal is the biologically 
active half, but most anti-PTH antibodies are targeted to carboxy-terminal. Intact PTH 
refers to all amino acids (1–84). 

There are several different PTH assays available for human samples, but they lack 
comparability (Cantor et al. 2006). This is mainly because each company has its own anti-
body and measurement method, which affects antibody specificity and affinity. PTH is 
unstable, and pre-analytic conditions should therefore be optimised. In human whole 
blood, PTH is stable at room temperature in ethylenediaminetetraacetic acid (EDTA) for at 
least 24 hours and in EDTA plasma for at least 48 hours (Hanon et al. 2013). At 4 ºC, it is 
stable in EDTA plasma for at least 72 hours and in serum for at least 24 hours (Hanon et 
al. 2013). The effects of long-term storage on stability varies between 14 days to at least 
two years depending on the assay used for PTH analysis (Hanon et al. 2013). 

2.2 Bone 

Rabbit bones have a reputation for being brittle and their skeleton is light (Oni et al. 1988, 
Langley-Hobbs and Harcourt-Brown 2013, Miwa and Calvo Carrasco 2019), accounting  
for only 6–8% of total body weight. In comparison, the skeleton of a similarly sized cat 
makes up approximately 13% (Hunt 2013), and the human skeleton is 15–18% of normal 
body weight (Mitchell et al. 1945, Forbes et al. 1953). Compared to a similarly sized dog, 
rabbits have thinner corteces and longer bones (Miwa and Calvo Carrasco 2019). Rabbits 
have well-developed musculature in the hind limbs that are designed for sprinting, and as 
prey animals, they are evolved for quick escapes. Collectively, these features may increase 
the risk of fracture, especially in cases when bone mineral density is decreased (Sasai et al. 
2015, Miwa and Calvo Carrasco 2019). 
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Figure 4. Tibia of a rabbit. Lateral view. 

Bones have major functions in the vertebrate body. They form the skeleton, a frame 
that supports and shapes the body, protects the organs, and provides the apparatus for lo-
comotion (Clarke 2008). Bones bear the load caused by dynamic mechanical stimuli dur-
ing various forms of locomotion. They also have important roles in calcium homeostasis, 
haematopoiesis, which takes place in the bone marrow, and endocrine functions through 
hormones, fibroblast growth factor 23, and osteocalcin (Clarke 2008, Quarles 2008, Burr 
and Akkus 2014). Approximately 65% of the bone mass is inorganic mineral, 20–25% or-
ganic components, and the remainder, approximately 10%, is water (Burr and Akkus 
2014). Most of the inorganic mineral is calcium hydroxyapatite Ca10(OH)2(PO4). Over 
90% of the organic component is type I collagen and the rest is non-collagenous proteins 
and bone cells (Burr and Akkus 2014). Collagen fibres with plates of mineral interspersed 
within and between the fibres compose the bone matrix (Burr and Akkus 2014). Collagen 
is responsible for flexibility and minerals for the stiffness and strength of bone (Burr and 
Akkus 2014). 
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2.2.1 Bone structure 

The gross anatomy of a long bone can be divided into three main parts: the proximal and 
distal epiphyses, metaphyses and diaphysis (Fig 4). The diaphysis is a tubular, hollow 
structure in which the cortex is comprised of a dense cortical bone and the core medullary 
cavity contains bone marrow, which is mainly fat in adults (Burr and Akkus 2014). Ap-
proximately 70–80% of the rabbit’s skeleton is composed of cortical bone (Martiniaková 
et al. 2010). The cortical thickness of the femoral diaphysis in a rabbit is half the thickness 
of a Chihuahua of the same size (Miwa and Calvo Carrasco 2019). Epiphyses are filled 
with trabecular cancellous bone, and the surrounding cortical bone is thinner compared to 
diaphyses (Bensley 1938). Articular cartilage covers the ends of epiphyses, where the 
bone articulates to other bones forming joints. 

Metaphyses are trumpet-shaped areas between the diaphysis and the epiphyses; they 
contain an epiphyseal plate (growth plate), where the growing takes place in juvenile ani-
mals (Fig. 4). In skeletally mature animals, only an epiphyseal line is visible in this area 
(Bensley 1938). Metaphyses have thinner cortices compared to diaphyses, and they lack a 
medullary cavity. Metaphyses are filled with trabecular bone with rich blood supply, and 
they serve as a good supplier of autogenous bone grafts (Piermattei et al. 2006). The pe-
riosteum covers bones in all other areas except the articular surface, and it contains nerves, 
blood vessels, and lymphatic vessels (Bensley 1938). The endosteum covers the medullary 
cavity. 

Cortical bone is dense tissue, which mainly serves to protect and resist against mechanical 
stresses caused by muscle contraction and ground reaction forces. In young healthy bone, 
cortical porosity is only 2–3%, but this number can increase during ageing and osteoporo-
sis (Burr and Akkus 2014). 

Trabecular bone is composed of plates and rods of bone, occupying 25–30% of its vol-
ume, and bone marrow fills the space between. The plates and rods are arranged at various 
angles, reflecting the major stresses of bone giving mechanical and structural support 
without substantially increasing the bone’s weight (Burr and Akkus 2014). This structure 
is important for funnelling the stress forces of stronger, more massive and stiffer cortical 
bone and is often referred to as the structure of the Eiffel Tower (Burr and Akus 2014). 
Weight-loading capacity and strength of the cortical bone is dependent on the amount, 
thickness, connectivity, and distance between trabeculae. The thicker the trabeculae, with 
voluminous connections near each other, the higher the forces and the more weight the 
trabecular bone resists. Construction of the trabeculae depends on the bone and direction 
of loading. In bone loss, broader plates convert to thinner, rod-like structures and may 
even disconnect, which weakens the bone strength (Burr and Akkus 2014).   

The bone undergoes modelling and remodelling throughout life. This is mainly to 
change the shape and size of bone in response to mechanical or physiological stimuli. 
Modelling occurs during growth in association with endochondral ossification in the 
metaphyseal region. It is important in radial growth and bone drift, which is a process of 
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simultaneous bone resorption and formation aiming to straighten the bone to better funnel 
the mechanical stress along the bone’s longitudinal axis (Allen and Burr 2014). 

Bone remodelling refers to bone turnover, a sequentially coupled osteoclast-mediated 
bone resorption and osteoblast-mediated bone formation in the same location (Allen and 
Burr 2014). Bone undergoes constant remodelling throughout life. Micro-damages to bone 
are repaired and calcium homeostasis maintained during remodelling (Allen and Burr 
2014). Remodelling occurs in all parts of bone. In the cortex, a specific bone multicellular 
unit (BMU) is responsible for the remodelling and formation of osteons. The remodelling 
cycle consists of activation, resorption, reversal and formation (Allen and Burr 2014). It 
takes about 70 days in rabbits and 4–6 months in humans (Mashiba et al. 2001, Allen and 
Burr 2014). 

2.2.2 Bone strength 

Three major structural properties influence bone strength: bone mass, geometry, and mate-
rial properties (Wallace 2014). Bone mass refers to the amount of bone: bone volume per 
unit tissue volume. Bone mineral density (BMD) is the most commonly used bone mass 
measurement, and it reflects the bone mineral or bone mass. Bone quality is an ambiguous 
term sometimes used to refer to bone geometry and material properties together, but it is a 
non-measurable variable and should not be used to describe bone density or strength 
(Sievänen et al. 2007, Burr and Akkus 2014). Geometry includes the macroscopic, micro-
scopic and nanostructural organisation of bone. The rate of bone turnover, degree of min-
eralisation, amount, maturity and organisation of collagen type 1 and the accumulation of 
micro-damages are material properties that affect bone strength (Burr and Akkus 2014). 

2.2.2.1 Effects of mechanical loading on bone strength 

Bones bear dynamic mechanical force during locomotion and undergo functional adapta-
tion to mechanical forces via remodelling (Frost 2004, Ruff et al. 2006). The bone’s ability 
to withstand the force depends on the type and magnitude of the force, as well as on the 
structural properties of the bones loaded (Wallace 2014). Factors like decreased bone min-
eral density may impair the bone’s ability to withstand forces and increase the risk of frac-
tures. 

Tension, compression, shearing, torsion or bending, or any combination of these, may 
cause bone loading (Wallace 2014, Fig. 5). Tension refers to traction caused by pulling the 
bone ends apart and compression to force caused by pushing the bone ends towards each 
other. Shear force is caused by pushing the bone ends in opposite directions along the 
bone’s long axis. Torsion is the rotation of bone ends in opposite directions. While bend-
ing along the bone’s long axis, compression and tension occur on its sides depending on 
the direction of the bending force. 
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Figure 5. Loading of bone: a) tension, b) compression, c) shearing, d) torsion, e) bending. 

Mechanical loading creates stress on bone and influences bone mass and geometry 
(Frost 2003). If the bone is able to adapt to this stress or strain, it will strengthen depend-
ing on the magnitude, distribution, duration, rate, frequency, polarity and energy of the 
strain (Wallace 2014). Loading should be intermittent, not continuous, in order to promote 
bone strengthening (Heřt et al. 1969, Heřt et al. 1972). The strain must exceed the pre-ex-
isting strain to which the bone has already adapted. The loading period can be short if the 
loading rate is higher, like jumping instead of walking. Adaptation is site-specific. Large 
side-to-side differences and differences in bone strength exist, for example, in the arms of 
tennis players (Haapasalo et al. 2000). Differences are caused by enlargement of the bone 
due to different loadings (Haapasalo et al. 2000). Disuse, like bed rest, will cause bone 
loss, which is mostly seen in the cortical bone during the first two months but is similar in 
cortical, subcortical, and trabecular bone after three months (Sievänen 2010). Bone 
strengthening due to intermittent mechanical stimulus occurs in rabbit tibiae despite pe-
ripheral nerve denervation in experimental mechanical studies (Heřt et al. 1971). Muscle 
function, however, has an important role in bone strength in real life. Muscles make 
movement, and muscle-bone interaction creates tension on bones. Bone mineral deficit, 
measured by DXA, was observed in rabbit tibiae after the use of botulinum toxin, which 
decreased muscle mass and force in a study by Rauch and Hamdy (2006). 
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2.2.2.2 Effects of sex, age and health on bone strength 

Age-related oestrogen and testosterone deficiency is the most important factor in bone loss 
among ageing humans (Khosla et al. 2005a, Khosla et al. 2005b, Riggs et al. 2008). Post-
menopausal oestrogen deficiency further accelerates bone loss in women (Väänänen and 
Härkönen 1996, Järvinen et al. 2003a, Järvinen et al. 2003b). Decreased concentrations of 
bioactive oestrogen, as well as bioactive testosterone, are associated with decreased BMD 
in middle-aged and elderly adult men (Khosla et al. 2005a). Both oestrogen and androgen 
deficiency increase osteocyte apoptosis and lead to an increased rate of bone turnover, an 
imbalance in remodelling that favours bone resorption (Bellido and Hill Gallant 2014). 
Oestrogen also increases the sensitivity of bone to PTH, which leads to calcium loss from 
bone, hypercalcaemia, and later, compensatory hyperparathyroidism for net calcium loss 
(Riggs et al. 1998). In rabbits, ovariectomy may cause decreased bone density (Cao et al. 
2001, Sevil and Kara 2010), although diverging results exist (Mori et al. 1997, Castañeda 
et al. 2008, Kamran et al. 2010). The effects of castration on bone characteristics have not 
been studied in rabbits. 

Bone mass increases during skeletal maturation. Peak bone mass refers to maximum 
bone mass gained during skeletal maturation and is an important determinant of adult bone 
health (Weaver and Fuchs 2014). Rabbits achieve skeletal maturation between 24 and 32 
weeks of age, defined as the closure of the epiphyseal growth plates (Norris et al. 2001). 
Bone mineral density increases during skeletal maturation and continues 4–8 weeks after 
the closure of the growth plates (Norris et al. 2001). Cortical density and thickness in-
creased in the tibiae and femora of New Zealand White rabbits until approximately 6 
months of age, and the rabbits became skeletally mature between 6 and 9 months of age 
(Isaksson et al. 2010). Oestrogen deposits extra calcium in the bones during puberty as a 
reservoir for the developing foetal skeleton and subsequent lactation and is manifested as 
increased cortical density (Järvinen et al. 2003a). Oestrogen also decreases bone resorp-
tion (Väänänen and Härkönen 1996), stimulates the activation of vitamin D and enhances 
calcium uptake from the intestines. 

In humans, bone mass and density begin to decrease during ageing, starting slightly at 
20–30 years of age and accelerating at menopause, mainly due to decreased sex hormone 
concentrations (Lauretani et al. 2008, Riggs et al. 2008, Specker et al. 2015).  Trabecular 
bone density is affected first as it has more surface area for resorption, but an age-related 
increase in cortical bone porosity plays an important role in bone fragility (Zebaze et al. 
2010). In general, age-related losses in bone mass and density in humans are attributable 
to the decreased absorption of calcium, lower concentration of circulating vitamin D 
metabolites, and declined osteoblast production from stem cells (Imel et al. 2014). In 
women, bone loss is accelerated compared to men, and it is associated with an increased 
risk for osteoporotic fractures (Väänänen and Härkönen 1996, Järvinen et al. 2003a, Järvi-
nen et al. 2003b). In men, cortical density decreases slightly during ageing, but the larger 
total bone area and cortical area help maintain bone resistance against bone breaking 
bending forces (Lauretani et al. 2008, Riggs et al. 2004). These sex differences are be-
lieved to also be caused by hormonal modulation and differences in physical activity, 
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muscle mass, and nutrition. The effects of ageing on bone parameters have not been stud-
ied in rabbits. 

Certain medications, like glucocorticoids, can decrease bone density in humans and 
animals, including rabbits (Castañeda et al. 2008, Baofeng et al. 2010, Kamran et al. 
2010). Glucocorticoids increase osteocyte apoptosis (Bellido and Hill Gallant 2014). In 
humans, diseases like hyperadrenocorticism and chronic renal failure, as well as numeral 
lifestyle factors, including smoking and excessive alcohol intake, further increase the risk 
of decreased bone density (Seeman et al. 1983). Adrenocortical disease also exists in rab-
bits but is associated with elevated sex hormone concentrations (Lennox and Fecteau 
2014). In rabbits, chronic renal failure is associated with increased bone density if dietary 
calcium and phosphorus concentrations are normal (Harcourt-Brown 2007b, Harcourt-
Brown 2013a). Renal failure, however, leads to decreased bone density due to secondary 
hyperparathyroidism in rabbits with a low-calcium, high-phosphorus diet (Bas et al. 
2004). Genetic factors can affect bone density. In rabbits, autosomal recessive hereditary 
osteopetrosis has been reported (Pearce 1948). It is characterised by retarded growth, pro-
gressive malnutrition, anaemia, cachexia and increased bone density (Pearce 1948). 

2.2.2.3 Effects of vitamin D on bone strength 

Vitamin D is essential for bone health. Vitamin D deficiency causes decreased osteoid 
mineralisation, leading to decreased bone density, which is known as osteomalacia in 
many animals and humans (DeLuca 2004, Holick 2006, Imel et al. 2014). In growing an-
imals and humans, the decalcification of osteoids in growth plates cause growth distur-
bances and lead to curved bones (Holick 2006, Imel et al. 2014), a phenomenon called 
rickets (Holick 2006, Imel et al. 2014). Rickets was common in industrialised European 
cities during ancient times (Holick 2006). The importance of vitamin D and access to 
UVB radiation in the prevention of rickets was observed 100 years ago (Mellanby and 
Killick 1926, Holick 2006). Rickets became rare after recommendations of UVB exposure 
for children were made and vitamin D was added to milk, but has reoccurred (Weisberg et 
al. 2004, Holick 2006). Today, vitamin D deficiency in humans is common (Holick 2006, 
Holick et al. 2011, Cashman et al. 2016). Vitamin D deficiency decreases calcium absorp-
tion in the intestines in many animals and humans (Holick 2006). Concurrent nutritional 
calcium and phosphorus deficiency amplify the sequelae of vitamin D deficiency in bony 
tissue (DeLuca 2004, Holick 2006). 

2.2.3 Assessment of bone health in rabbits 

In the literature, osteoporosis is mentioned to be common in pet rabbits housed in hutches 
and fed with muesli mixtures; therefore, a radiographic assessment of overall bone quality 
is recommended (Hunt 2013, Langley-Hobbs and Harcourt-Brown 2013). Bone density 
may also be altered for many other diseases including chronic renal failure and bone tu-
mours and infections. However, bone density measurement is not yet utilised in daily vet-
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erinary practice, and studies regarding pet rabbits’ bone density are lacking, although 
some studies do exist on experimental rabbits. 

2.2.3.1 Radiographic examination 

Radiography is the most widely available clinical skeletal imaging technique in small an-
imal practice. The evaluation of bone density in radiographs is made by estimating the 
brightness of the bones. X-rays cause blackening of the film, and dense objects inhibit the 
passage of radiation, causing a brightening of the film (Kealy and McAllister 2000). The 
increased brightness of bone in radiographs, therefore, means increased bone mass or den-
sity. 

Evaluation of bone mineral density based on plain radiographs lacks sensitivity, and 
the inter-observer variation among radiologists is high (Jergas et al. 1994, Wagner et al. 
2005). Estimated bone loss of 20–40% is required in most bones before it is visible in the 
radiographs (Jergas et al. 1994). No measurable scale for bone density estimation exists in 
veterinary medicine, meaning that the estimation is nominal and dependent on the observ-
er. The estimation of the bone quality from the rabbits’ first three lumbar vertebrae is rec-
ommended in the literature (Langley-Hobbs and Harcourt-Brown 2013), although no stud-
ies exist on the reliability and sensitivity of this method in rabbits. Vertebrae fractures are 
common in osteoporotic human patients, and there are studies regarding the estimation of 
vertebral bone density using radiography in humans. Regarding McCullagh et al. (2003), 
differentiation between slightly decreased bone density and more severely decreased bone 
density was not possible using thoracolumbar radiographs, but low bone density in radi-
ographs predicted osteopaenia and osteoporosis in DXA scanning. Yuan et al. (1998) com-
pared a visual estimation of bone atrophy from the plain radiographs of lumbar vertebrae 
to DXA results in humans. They observed that estimations made of L3 vertebrae correlat-
ed with DXA results better than estimations of L2 and L4 (Yuan et al. 1998). 

2.2.3.2 Bone density measurement 

2.2.3.2.1 Dual-Energy X-Ray Absorptiometry (DXA) 

DXA is the gold standard of BMD measurements in humans as it is widely available, 
radiation exposure is low, it has good precision, and scanning time is short. DXA is based 
on a 2D projection of radiographic images produced by two X-ray beams (high and low 
energy). Standard sites for measurements in humans are the lumbar vertebral column and 
the proximal femur, as these are among the most common sites for osteoporotic fractures. 
Results of the DXA measurement are presented as BMD, BMC (bone mineral content), 
area, and in humans, T-score and Z-score. T-score is the number of standard deviations of 
a given individual above or below the average BMD value for a young adult population. A 
T-score of >-2.5 SD indicates osteoporosis, and a T-score between -1 and -2.5 indicates 
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osteopaenia. The Z-score is the number of standard deviations of a given individual above 
or below the average BMD value for an age-matched population (Allen and Krohn 2014). 

The limitations of DXA are that BMD is confounded by the body size and soft tissues 
surrounding the bone, and BMD does not contain information about bone geometry, in-
cluding the differentiation of cortical and cancellous bone, as the BMD is measured from 
one projected 2D image (Sievänen 2000). DXA measurement can therefore give falla-
ciously low T-score values for very thin and small individuals. Osteophytes can, in con-
trast, cause misleadingly high T-scores, increasing the bone density incorrectly. BMD 
measured by DXA is good predictor of osteoporotic fracture in the population but less at 
the individual level (Sievänen 2000). 

DXA has been used in several experimental rabbit studies (Norris et al. 2001, Castañe-
da et al. 2008, Bellido et al. 2010, Sevil and Kara 2010, Watson et al. 2019). Norris et al. 
(2001) found DXA as a precise and accurate method for measurement of BMC, BMD, and 
bone area from the rabbits’ lumbar spine (L1-7). Castañeda et al. (2008) reported de-
creased BMD in the third and fourth lumbar vertebrae, as well as in the left knee in seven 
rabbits with ovariectomy and a daily dose of 1 mg/kg methylprednisolone hemisuccinate. 
Bellido et al. (2010) reported similar results together with decreased mandibular BMD in a 
similar experimental setting. Watson et al. (2019) measured the BMD from the entire rab-
bit skull and found no differences in the BMD between control rabbits and rabbits with 12 
hours’ daily UVB light exposure for 6 months. 

2.2.3.2.2 Peripheral Quantitative Computed Tomography (pQCT) 

Peripheral quantitative computed tomography is designed to measure human long bone 
cross-sectional geometry and bone composition in vivo, including trabecular and cortical 
volumetric bone mineral density, total volumetric bone mineral density, trabecular and 
cortical bone cross-sectional area, total bone cross-sectional area, stress strength index, 
muscle cross-sectional area, and bone/muscle area (Sievänen et al. 1998, Engelke et al. 
2008). pQCT also provides information about adjacent muscles and bone marrow (Ranta-
lainen et al. 2013). Standard pQCT scanners work in step and scan mode and provide ei-
ther single- or multi-slices (Engelke et al. 2008). The XCT 2000 (Stratec Medizintechnik, 
Pforzheim, Germany) and its predecessors are the most commonly used standard pQCT 
scanners noted in the literature (Engelke et al. 2008). The most common scan location is 
the distal site (4% of bone length in single-slice scanning), which provides trabecular bone 
and shaft location (15–65% of bone length), providing mainly cortical bone (Engelke et al. 
2008).   

pQCT produces a three-dimensional image from several two-dimensional images tak-
en during scanning (Engelke et al. 2008). In human medicine, pQCT is widely used, espe-
cially in research, but not in clinical osteoporosis screenings (Engelke et al. 2008). It has 
gained popularity in paediatric bone research over the last few years (Jaworski and Graff 
2018). The benefits of pQCT are low radiation dose, fast CT scan time (approximately 80–
90 seconds), and precise evaluation of several relevant bone characteristics without the 
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summation of soft tissues (Engelke et al. 2008, Jenkins et al. 2018). The radiation dose is 
<0.5 µSv per slice (Stratec XCT 2000L/XCT 3000), so there is no need for X-ray shield-
ing walls during measurements. Studies have shown good between-day reliability of 
pQCT measurements (Jenkins et al. 2018). 

In rabbits, pQCT has been used in experimental studies, for example, by Cao et al. 
(2001). They used an XCT Research SA + pQCT densitometer (Stratec Pforzheim, Ger-
many) to measure bone density from mandibles after incisor removal in 12 ovariectomised 
and 12 sham-operated rabbits. The mean cortical BMD was approximately 1150 mg/cm3 
in both groups after 12 weeks and no differences were observed between groups. Trabecu-
lar BMD, however, was decreased in the operated group 12 weeks postoperatively. 

2.2.3.2.3 Other methods for bone density measurement 

Conventional clinical computed tomography can be used to measure bone density 
(Schreiber et al. 2011). Standardised linear attenuation coefficients of tissues measured in 
Hounsfield units (HU) provide information about the tissue’s density (Schreiber et al. 
2011). The HU value for bone is usually between 300 and 3000 (Schreiber et al. 2011). 
Watson et al. (2019) scanned the skulls of 12 rabbits (six controls, six UVB light exposed) 
using a 16-slice helical CT scanner to count attenuation in Hounsfield units from the 
whole skull, mandible, and teeth. They published the average values of 1043 HU at the 
end of their study with no between-group differences. 

2.3 Metabolic bone diseases (MBD) in rabbits 

Bones are metabolically active organs and are therefore sensitive to disturbances in either 
systemic mineral or skeletal metabolism, which can cause a range of complications, in-
cluding metabolic bone disease. 

2.3.1 MBD in experimental settings 

Metabolic bone diseases, especially osteoporosis and hyperparathyroidism, are experimen-
tally induced in rabbits through different dietary modifications with or without concurrent 
medications and surgical interventions (Norris et al. 2001, Mehrotra et al. 2006, Castañeda 
et al. 2008). 

2.3.1.1 Ovariectomy and osteoporosis 

Experimental osteoporosis is easily and rapidly induced in rabbits through ovariectomy 
alone or in combination with a low-calcium diet, or glucocorticoid medication alone or in 
combination with ovariectomy (Cao et al. 2001, Castañeda et al. 2008, Baofeng et al. 
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2010, Kamran et al. 2010, Sevil and Kara 2010). Ovariectomy and daily methylpred-
nisolone hemisuccinate injections of 1 mg/kg for two and four weeks induced osteoporosis 
in studies by Castañeda et al. (2008) and Kamran et al. (2010). Ovariectomy alone resulted 
in decreased DXA–measured BMD but not BMC 16 weeks after surgery in a study by 
Sevil and Kara (2010). Cao et al. (2001) reported a decrease in pQCT–measured BMD 12 
weeks after ovariectomy. Mori et al. (1997) and Kamran et al. (2010), however, did not 
observe signs of osteoporosis in ovariectomised rabbits 6 months (Mori et al. 1997) and 4 
weeks (Kamran et al. 2010) after surgery. Similarly, Baofeng et al. (2010) induced osteo-
porosis after ovariectomy and methylprednisolone at 1 mg/kg/kg for 8 weeks but not with 
ovariectomy alone. In Mori et al. (1997), ovariectomy and diet with a calcium level of 
0.15% induced osteoporosis within 4 weeks.  

In female pet rabbits, ovariohysterectomy is recommended due to the high prevalence 
of uterine adenocarcinomas in older females, whereas most male pet rabbits are castrated 
to manage hormone-related behaviours such as fighting and urine marking (Greene 1941, 
Ingalls et al. 1964, Harcourt-Brown 2013b, Künzel et al. 2015, Harcourt-Brown 2017a). 
So far, it is not known whether neutering confers long-term detrimental consequences in 
bone mineral density in pet rabbits and predisposes them to fractures. It has also been 
speculated that endogenous glucocorticoids caused by stress could induce bone changes in 
pet rabbits (Jekl and Redrobe 2013). 

2.3.1.2 Dietary calcium and phosphate levels in the induction of MBD 

Different dietary modifications in experimental settings induce metabolic bone diseases in 
rabbits. Mehrotra et al. (2006) induced hypocalcaemia with a calcium–deficient diet and 
studied the effects of calcium supplementation on 36 growing Belgian rabbits. A calcium–
deficient diet (0.026% Ca) for 10 weeks caused severe hypocalcaemia, hypocalciuria, hy-
pophosphataemia, elevated 1,25-dihydroxyvitamin D3 concentrations, and secondary nu-
tritional hyperparathyroidism in five-week-old rabbit kits (Mehrotra et al. 2006). Total 
serum alkaline phosphatase and urinary C-terminal telopeptide of class I collagen (CTX-
I), which is a degradation product of collagen and correlates highly with the bone turnover 
rate, were elevated, indicating increased bone turnover. BMD and BMC measured by 
DXA in the whole body were decreased, being half or even less compared to control group 
rabbits depending on measurement site. Feeding with normal diet (0.45% Ca) for 15 
weeks normalised the parameters and resolved nutritional hyperparathyroidism (Mehrotra 
et al. 2006). 

In a similar study by Norris et al. (2001), five-month-old rabbits were fed on a diet 
containing either 0.5% (n=12) or 1% calcium (n=12) for 9 months. Rabbits in the 0.5% Ca 
group had a lower total serum calcium concentration, higher apparent fractional absorp-
tion of calcium, lower urinary calcium concentration, elevated concentrations of cal-
ciotrophic hormones (1,25-dihydroxyvitamin D3, alkaline phosphatase, PTH), and higher 
bone resorption markers (deoxypyridinoline, DPD). Lumbar spine BMC and BMD mea-
sured using DXA were also lower in rabbits of this group (Norris et al. 2001). 
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Bas et al. (2005) induced secondary nutritional hyperparathyroidism in 16 rabbits us-
ing a low- calcium (0.6%), high-phosphorus (1.2%) diet within 3 to 6 weeks. Diagnosis 
included elevated PTH, phosphate, and creatinine concentrations, and decreased ionised 
calcium and 1,25-dihydroxyvitamin D3 concentrations. 

A high-phosphate diet (Ca:P=1:7) was used to induced hyperparathyroidism within six 
months in a randomised controlled trial of 120 rabbits (Bai et al. 2012). Rabbits (n=60) 
had hypocalcaemia for three months, but hypercalcaemia, hypophosphataemia, and 
markedly elevated PTH occurred four, five and six months after beginning the treatment, 
compared to 60 control rabbits. Radiographs did not reveal changes typical to hypophos-
phataemic rickets. Kidneys of all treated rabbits showed focal inflammation and calcium 
deposition. Thyroid glands were enlarged and hypertrophic. Bai et al. (2012) did not mea-
sure vitamin D concentrations, bone metabolic markers, or BMD. The causes for hyper-
calcaemia and hypophosphataemia were discussed, and high phosphate intake or induced 
hyperparathyroidism could have caused renal damage and the uniform finding (Bai et al. 
2012). 

DePalo et al. (1988) studied renal adaptations to dietary phosphorus deprivation in 
eight young female rabbits during 10 consecutive days. Urinary excretion of calcium in-
creased markedly within 24 hours after onset of the study, and phosphorus excretion de-
creased; both returned to normal levels within 24 hours of feeding a normal diet after 10 
days of deprivation. Serum phosphorus concentration was decreased and 1,25-dihydrox-
yvitamin D3 concentration increased. 

2.3.1.3 Low dietary vitamin D level in the induction of MBD 

Brommage et al. (1988) studied the effects of chronic vitamin D deficiency on the skele-
tons of nine rabbits. Rabbits (average age at sacrifice 19 months) received a diet with 
1.0% Ca, 0.5% P, and no vitamin D for 12–35 months (average 17 months). At the end of 
the study, four of these rabbits were normophosphataemic, whereas five were severely hy-
pophosphataemic. Serum concentrations of 1,25(OH)2D and 25(OH)D were undetectable 
and PTH concentration elevated, but serum Ca concentration, femur length, femur ash 
weight to body weight ratio, and tibial breaking strength in normophosphataemic rabbits 
were similar to control rabbits fed with standard laboratory rabbit feed or diet with the ad-
dition of 2.2 units/g of vitamin D3. Hypophosphataemic rabbits, however, had signs of in-
adequate skeletal mineralisation and classical signs of osteomalacia (Brommage et al. 
1988). 

Calcium and phosphorus absorption in chronic vitamin D–deficient rabbits was similar 
when compared to the control group, but urinary excretion of these minerals reduced sig-
nificantly, demonstrating the importance of renal function in rabbit calcium homeostasis 
during hypovitaminosis D (Bourdeau et al. 1986). Chronic vitamin D deficiency did not 
affect serum calcium values, but it increased the PTH value and resulted in intestinal 
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phosphorus malabsorption in adult rabbits fed a 1.0% Ca and 0.5% P diet (Brommage et 
al. 1988). Some of the rabbits were able to maintain serum phosphate values within the 
normal limits, but some developed hypophosphataemia, which led to classic signs of os-
teomalacia. 

2.4 Dental disease in relation to MBD 

Dental disease is one of the most common diseases in pet rabbits (Jekl et al. 2008, Mosal-
lanejad et al. 2010, Jekl and Redrobe 2013). Dental diseases can be categorised as congen-
ital or acquired disorders. Congenital disorders are less common and involve mandibular 
prognathism, missing teeth, and supernumerary teeth (Jekl and Redrobe 2013, Donnelly 
2016). Acquired dental diseases and disorders are more common, with progressive syn-
drome of acquired dental disease (PSADD, Harcourt-Brown 1997) being the most com-
mon (Table 1). The etiology of acquired dental disease is unclear, although dietary influ-
ence on its development is approved (Harcourt-Brown 1997, Crossley 2003, Okuda et al. 
2007, Meredith et al. 2015). Lack of attrition (Crossley 2003, Crosley 2005) and underly-
ing metabolic bone diseases, especially calcium and vitamin D deficiency (Harcourt-
Brown 1997), are the most popular theories for the aetiology of acquired dental disease. 

The lack of attrition theory proposes that tooth height increases due to the lack of attri-
tion caused by low fibre content of the diet and altered chewing patterns (Crossley 2003, 
Crossley 2005). Increased force against opposing teeth results in apical elongation, tooth 
curvature, and later to the development of more severe signs of dental disease. Further 
eruption slows down due to occlusal pressure. Several later studies (Müller et al. 2014, 
Meredith et al. 2015), however, have shown that tooth growth in rabbits is strongly related 
to tooth wear, which does not fully support the lack of attrition theory. The teeth of rabbits 
with a very abrasive diet grow faster compared to those with less abrasive diets (Müller et 
al. 2015, Meredith et al. 2015). 

The theory of underlying metabolic bone disease originates from observations of high 
prevalence of dental disease in rabbits with selective feeding, possibly low in calcium and 
vitamin D (Harcourt-Brown 1995, Harcourt-Brown 1997). Osteoporosis in the skull bones 
of rabbits with advanced stages of dental disease and findings that rabbits with dental dis-
ease had higher PTH and lower total calcium concentrations compared to rabbits in free-
range conditions (Harcourt-Brown 1997, Harcourt-Brown and Baker 2001) advocated this 
theory. Meredith et al. (2015) noticed longer lower first cheek teeth and larger interdental 
spaces between the first two molars in rabbits fed on muesli only and muesli with hay di-
ets compared to rabbits fed an extruded diet and hay and hay-only diets for 17 months. 
Three rabbits fed on a muesli-only diet developed evidence of dental disease, although the 
dietary calcium and phosphorus levels were as recommended (Meredith et al. 2015). In a 
study of Korn et al. (2016), rabbits were fed with a diet containing recommended levels of 
calcium and phosphorus, and rabbits had partial exposition to UVB light, but enamel de-
fects like horizontal ribbing and discolouration as preliminary signs of dental disease were 
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seen. Similarly, a questionnaire-based study of Thilliez et al. (2017) failed to prove the 
association between dental disease and exposure to natural sunlight, arousing the question 
of whether this disease is linked to vitamin D deficiency or whether exposure time is inef-
ficient in preventing dental disease. 

A high phosphorus-to-calcium ratio has been suggested as a predisposing factor for 
dental disease in rabbits (Jekl and Redrobe 2013). Ten degus (Octodon degus) fed a low-
calcium, high-phosphorus diet (Ca:P 0.96) developed severe dental disease and nephrocal-
cinosis (Gumpenberger et al. 2012). Five received additional UVB light, but no differ-
ences were observed between these groups. The first signs of dental disease were visible 
as enamel depigmentation three weeks after the initial feeding trial. Mild and moderate 
signs of dental diseases, as well as mild nephrocalcinosis, were also seen in degus with a 
Ca:P ratio of 2.1 with or without UVB light (Gumpenberger et al. 2012). In this degu 
study, it seemed that UVB light was not associated with dental disease, but an improper 
Ca:P ratio was the most important factor. Several studies focus on the effects of different 
dietary calcium–phosphorus levels in the development of hyperparathyroidism in rabbits, 
but they lack information about the possible abnormalities in teeth. Mellanby and Killick 
(1926) did experiments on rabbits with different dietary Ca, P and vitamin D levels and 
also reported calcification of the teeth. They observed that low dietary phosphorus and 
vitamin D levels caused decalcification of bones and teeth. Rickets was prevented by 
adding vitamin D to rickets-producing diets either by adding cod oil to food or by expos-
ing the food or rabbits to UVB light.     
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Table 1. Grading of acquired dental disease (Harcourt-Brown 1997) 

Grade Clinical findings Radiographic findings

Grade 
1

Normal Normal

Grade 
2

Horizontal ribbing of the incisors with or 
without slight deviation of the upper incisors 
Palpable swellings along the ventral borders 
of the mandible  
Infection of the nasolacrimal duct

Mild elongation of the roots, causing the 
ventral border of the mandible to become 
thin and the line of the alveolar bone at the 
apex of the roots indistinct

Grade 
3

Minor distortions of the molars or premolars 
causing spikes 
Aberrant growth, malocclusion, discoloration 
or fracture of the incisors

Normal zigzag occlusal pattern of the cheek 
teeth is lost and uneven pattern takes place 
Tooth roots elongate and distorted growth 
takes place 
Incisors may be normal

Grade 
4

Gross distortion of some or all of the teeth 
with major pathological changes to the tooth 
roots 
Abscesses from soft tissue penetration by 
elongated crowns

Appearance of the tooth roots changes 
completely 
Periapical infection may occur 
The teeth may become more radiodense and 
lose their linear pattern 
Some roots resorb 
Crowns may break off and the teeth stop 
growing 
Loss of enamel gives the outline of the teeth 
a blurred appearance

Grade 
5

Periosteal penetration of the tooth roots 
causing abscesses

Severe pathological changes in the roots and 
surrounding bone  
It may be impossible to differentiate 
between one tooth and another due to 
dystrophic calcification 
Periapical infection may result in the 
formation of abscesses
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3. Aims of the study 

The aims of this study were to evaluate vitamin D concentrations and sources in Finnish 
pet rabbits. We also analysed several tibial bone parameters, like bone density, and factors 
affecting them. 
 

The detailed objectives were: 

1. To measure the serum 25-hydroxyvitamin D concentrations in Finnish pet rabbits and to 
investigate the associations of diet and outdoor access with vitamin D status (I). 

2. To investigate the tibial bone parameters, including tibial bone density in pet rabbits, 
and their association with age, sex, castration, and dental disease (II). 

3. To determine the breakpoint in 25-hydroxyvitamin D concentration linked to changes in 
parathyroid hormone concentration in pet rabbits, indicating a possible threshold for 
vitamin D deficiency (III). 
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4. Materials and methods 

4.1 Ethical approval of the study protocols 

The Animal Experiment Board of Finland approved the study (5562/04.10.03/2011). Rab-
bits were recruited through open call of participation distributed online, in the journals of 
Finnish Pet Rabbit Society and the Finnish Federation for Animal Welfare Association, as 
well as at the Pet Expo pet event. Participation in the study was voluntary. Owners signed 
up their rabbits as volunteer via email and gave onset for the use of their rabbits in this 
study. Owners received written information regarding the study via email, from the inter-
net web page of the study, and details of the study were also given orally. 

4.2 Rabbits 

One previous study, including the same cohort of rabbits, has been published (Mäkitaipale 
et al. 2015). Studies I and III included rabbits that were considered healthy by their owners 
and were not in need of veterinary treatment at the time of the study. Study II comprised 
pet rabbits that were considered healthy by their owners. Exclusion criteria were the need 
for veterinary treatments and medications at the time of the survey, pregnancy and lacta-
tion within six months prior to the study, or previous fractures and lameness, perineal soil-
ing or pododermatitis grade 3 or higher (Mancinelli et al. 2014) at the time of the study. 

4.3 Study Design 

This study was cross-sectional by design, and the data collection was performed between 
may 2012 and August 2013 at the Veterinary Teaching Hospital of the University of Hel-
sinki. 

4.3.1 Owner questionnaire (I) 

Background data on the rabbits, including housing, outdoor access, and diet, were gath-
ered using an internet-based questionnaire filled out by the owners. Questions on rabbits’ 
daily consumed diet included details about ingredients containing vitamin D or its precur-
sors, i.e., hay, commercial rabbit food (pellets, nuggets, muesli mixture) and vitamin sup-
plements. Owners evaluated the amount of consumed hay on five scales (a lot – none at 
all). The feeding rate was asked on a ten scale (always available – never available) for 
commercial rabbit food and vitamin supplements. The amount of commercial rabbit food 
portion consumed daily was: 1) one to two tablespoons, 2) half a decilitre, 3) one decilitre, 
or 4) more than one decilitre. 
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The choices for housing type were house, outbuilding, garden or balcony. The choices 
for outdoor access were asked on a six scale (daily – never). 

4.3.2 Physical examination and sedation (I–III) 

A single investigator (JM) performed a thorough physical examination of all rabbits using 
the same protocol, which included an assessment of the skin, coat, and perineal region, 
palpation of the skull, and a visual examination of the eyes, ears, nares, and incisors. The 
chest was auscultated for cardiac murmurs, dysrhythmias, or abnormal respiratory sounds, 
and the abdomen was palpated. The posture was recorded as normal or abnormal, and ex-
tremities were examined for abnormalities. 

The weight of the rabbits was measured using the Soehnle Professional Baby Scale 
8320 (Soehnle Professional GmbH & Co. KG, Germany). The rabbits were sedated for 
radiographic examination and pQCT measurement by subcutaneous injection of medeto-
midine 0.1 mg/kg (Cepetor®, CP Pharma Handelsgesellschaft mbH, Germany) and keta-
mine 5 mg/kg (Ketaminol®, Intervet International B.V., Netherlands). After sedation, the 
front and hind limbs were palpated and the teeth examined. The molars were examined 
using the Heinz Veterinary Otoscope (Slit Illumination Head, Beta® TR Rechargeable 
Handle and closed specula 57 x 4mm, 65 x 6 mm or 90 x 7 mm depending on the size of 
the rabbit). 

4.3.3 Radiographic examination (II) 

Lateral skull and lateral abdominal radiographs of all rabbits were taken using Indico 100 
Rad (Communications & Power Industries, Georgetown, Ontario, Canada) X-ray genera-
tor and were processed with digital radiography reader Fujifilm FCR XG-1 (Fujifilm Cor-
poration, Tokyo, Japan). The results of the lateral abdominal radiographs were used in an-
other study (Mäkitaipale et al. 2015). 

All radiographs were independently evaluated by two reviewers (JM, primary investi-
gator, and Frances Harcourt-Brown, Specialist in Rabbit Medicine) in a systemic manner. 
Differing results in grading were discussed by the reviewers to produce an agreed-upon 
result. 

The skull radiographs were examined for abnormalities, such as evidence of osteopae-
nia, areas of calcification, osteolysis or proliferative bone. Dentition was graded from 1 to 
5 using a system that has previously been used to grade the progression of acquired dental 
disease (Table 1, Harcourt-Brown 1997). 
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4.3.4 Peripheral quantitative computed tomography (II) 

Peripheral quantitative computed tomography (Stratec XCT 2000 Research+, Stratec 
Medizintechnik GmbH, Pforzheim, Germany) was used to scan the right tibia of all rab-
bits. First, the length of the right tibia from the tibiotarsal joint to the stifle joint was mea-
sured with a caliper. After sedation, the rabbits were placed in a dorsal recumbent position 
on a padded custom-made plastic platform. The right hind limb (tibial plane) was posi-
tioned in a horizontal extension through the mid-gantry of the pQCT scanner (Fig. 6). The 
forearm holder provided by the manufacturer was used to secure the limb in this position 
(Fig. 7). The holder was adjusted for the rabbits using padding. 

The proper position for the scanning was defined by palpation and with the aid of the 
scanner laser beam. The tibiotarsal joint was set as the reference (zero) position. There-
after, two pQCT slices were scanned at the distal and shaft sites, corresponding to 4% and 
50% of the length of the tibia (Fig. 8). The voxel size was 0.2 x 0.2 mm2, tube voltage was 
60 kV and scanning speed was 20 mm/s. The cross-sectional pQCT images were analysed 
using automated Stratec software V.6.00B. Following the procedures for human scanning 
(Sievänen et al. 1998), contour mode 2 and peel mode 2 analyses were used to calculate 
the bone parameters of interest (see the specific list below) at the distal site and for the to-
tal bone cross-sectional area (TotA) at the shaft site. For the cortical density of the mid-
shaft site, a density threshold of 710 mg/cm3 was applied to separate cortical bone from 
adjacent tissues. A density threshold of 480 mg/cm3 was applied to estimate bone strength 
at both sites. Specifically, the following bone parameters were determined: total bone 
cross-sectional area (TotA, mm2), cortical bone cross-sectional area (CortA, mm2), the ra-
tio of CortA to TotA, trabecular bone density (TrabD, mg/cm3), cortical bone density 
(CortD, mg/cm3), and strength-strain index (SSI). The SSI denotes the density-weighted 
polar section modulus of the cortical geometry and describes the bone resistance to tor-
sional loading. The pQCT was regularly autocalibrated with the hydroxyapatite phantom 
provided by the manufacturer. 
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Figure 6. Positioning of a pet rabbit for right tibia scanning using peripheral quantitative CT 
(pQCT, Stratec XCT 2000 Research+, Stratec Medizintechnik GmbH). Reprinted with kind permis-
sion of BMJ Publishing Group Ltd (Mäkitaipale et al. 2018). 

Figure 7. A rabbit right hindlimb positioned on the gantry opening of the peripheral quantita-
tive CT (pQCT, Stratec XCT 2000 Research+, Stratec Medizintechnik GmbH) using the forearm 
holder provided by the manufacturer. Reprinted with kind permission of BMJ Publishing Group 
Ltd (Mäkitaipale et al. 2018). 
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Figure 8. (a) A sagittal 64-slice CT (Light-Speed VCT, GE Healthcare, Little Chalfont, UK) 
image of a rabbit tibia, showing distal and shaft measurement sites for peripheral quantitative CT 
(pQCT) measurements (green lines). (b) A pQCT (Stratec XCT 2000, Stratec Medizintechnik 
GmbH) cross-sectional image at the distal (4%) measurement site. (c) A pQCT cross-sectional im-
age at the shaft (50%) measurement site (tibia is separated from fibula using the white line). 
Reprinted with kind permission of BMJ Publishing Group Ltd (Mäkitaipale et al. 2018). 

4.3.5 Blood sampling (I, III) 

Blood samples were collected from the Vena cephalica and from the V. saphena. A small 
amount of numbing cream containing lidocaine and prilocaine (EMLA®, AstraZeneca 
AB, Sweden) was applied to the skin 15–20 minutes before the blood samples were taken. 
Samples were collected using an open system with 23-gauge hypodermic needles and a 
Minicollect® serum (1+1 ml) and EDTA (0.5 ml) tubes (Greiner Bio-One International 
AG, Austria). Altogether, 0.5 ml of blood was collected using PICO50® (Radiometer, 
Denmark) aspirating samplers as a blood gas analyser. The plain tubes containing the 
blood samples were immediately placed into an ice bath and centrifuged in +4 ºC at 1485 
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xg (4000 rpm) for 10 minutes. Serum was divided into two tubes, the first of which was 
frozen at -80 °C until the 25-hydroxyvitamin D and PTH concentrations were determined. 
Another serum sample was used for analysis of the biochemical profile. 

4.3.6 Analysis of haematological and biochemical profiles (III) 

Full haematological and biochemical profiles were analysed at the Central Laboratory of 
the Department of Equine and Small Animal Medicine in the Faculty of Veterinary Medi-
cine at the University of Helsinki. The biochemical profile included serum alanine amino-
transferase, alkaline phosphatase, urea nitrogen, creatinine, total protein, albumin, total 
calcium and phosphate. The results of total calcium and phosphorus were included in this 
study. 

4.3.7 Analysis of ionised calcium (III) 

Ionised calcium concentrations were analysed using a blood gas analyser (Radiometer 
ABL 800 Flex, Radiometer, Copenhagen, Denmark). PICO50® (Radiometer, Denmark) 
aspirating samplers containing 0.5 ml of rabbit blood were used for analysis, which was 
performed immediately after collection of the samples. 

4.3.8 Analysis of 25-hydroxyvitamin D concentration (I, III) 

Serum 25-hydroxyvitamin D concentrations were determined using an enzyme immunoas-
say (25-hydroxyvitamin D EIA kit AC-57SF1, Immonodiagnostic Systems Holdings PLC, 
Tyne & Wear, UK). The linearity of the assay was evaluated using a high vitamin D con-
centration rabbit serum (74.1 ng/ml) diluted 1:2, 1:4 and 1:8 with a low vitamin D concen-
tration rabbit serum (7.8 ng/ml). Linearity was determined by comparing the observed 
serum 25(OH)D concentrations following dilution to the expected vitamin concentrations. 
The precision of the assay was evaluated by calculating the intra- and inter-assay coeffi-
cient of variation (CV) from three rabbit serum samples and two human controls. The in-
tra-assay CV was calculated for serum samples with high, medium, and low vitamin D 
concentrations from eight replicates within the same run. The inter-assay CV was calculat-
ed by two human controls on four assay runs. 

In the linearity assessment, the observed mean serum 25(OH)D concentrations were 
41.0 ng/ml, 24.4 ng/ml and 16.1 ng/ml, representing 118, 117 and 122% of the expected 
vitamin concentrations, respectively. The dilutions showed high linearity over the studied 
range (r=0.994). The intra-assay CV was 10.6%, for low (mean 7.8 ng/ml), 7.3% for 
medium (mean 36.9 ng/ml) and 3.7% for high (74.1 ng/ml) concentrations of vitamin D in 
rabbit serum. The inter-assay CV for the two human controls of the EIA kit were 4.5% for 
the low concentration (mean 16.7 ng/ml) and 8.0% for the high concentration (mean 59.7 
ng/ml).  
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4.3.9 Analysis of parathyroid hormone (PTH) concentration (III) 

The rabbit parathyroid hormone concentration was determined with a solid-phase two-site 
immunoradiometric assay (ELSA-PTH, CisBio Bioassays, Codolet, France) primarily de-
signed for the measurement of PTH in human serum or plasma. The assay was performed 
according to the instructions of the manufacturer with slight modifications. The reagent 
and sample volumes were halved because of the small sample volumes available. Howev-
er, the radioactivity bound to the tubes was sufficient for performing gamma scintillation 
counting (Wallac Wizard 3" 1480 Automatic Gamma Counter, Wallac Ltd, Turku, 
Finland). The two highest calibrators, 480 and 1500 pg/ml were excluded, and two new 
calibrator levels, namely a low 5.0 pg/ml and 96 pg/ml, were prepared by diluting the kit 
standard 50 pg/ml 1:10 and 480 pg/ml 1:5 with the zero plasma. The standards were an-
alysed in triplicate and the samples in duplicate as recommended in the assay protocol. 
The results were reported as mean values and were calculated using six calibrator levels 
and four-parameter logistics fitting. 

4.3.10 Validation of the parathyroid hormone assay for rabbit serum 
samples (III) 

The linearity of the assay was evaluated by dilution. One rabbit sample with a high PTH 
concentration was serially diluted (1/2, 1/4, 1/12 and 1/36) with the zero standard of the 
kit. Triplicate analyses were performed for each dilution. Observed to expected ratios were 
calculated for the dilutions. The low limit of detection was determined from the repeated 
measurements of the zero standard and calculated using the mean and standard deviation 
of the blank measurements (mean ± 3.3 standard deviation). The low limit of quantifica-
tion was set by a low PTH concentration rabbit sample with a target imprecision of ap-
proximately 5%. The PTH measurement was repeated six times, and the coefficient of 
variation was calculated as a percentage of the standard deviation from the mean value of 
the sample. The precision of the assay was determined as intra-assay variability from du-
plicate measurements of 29 rabbit samples and as inter-assay variability from 17 mea-
surements of the human control of the assay kit. 

In the linearity assessment, the observed mean PTH concentrations were 103.4 pg/mL, 
52.7 pg/mL, 16.6 pg/mL and 5.4 pg/mL, representing 117.6, 109.7, 103.8 and 101.9% of 
the expected PTH concentrations. The dilutions of the rabbit sample showed linearity over 
the studied range (R2=0.998). The low limit of detection was 0.5 pg/mL. The mean of a 
low PTH concentration sample was 3.3 pg/mL and the variability of the six measurements 
was 5.9%. The CV % was sufficient for setting the LOQ at 3.3 pg/mL (3.0 pg/mL given in 
the kit insert). The intra-assay CV of the duplicate measurements of the rabbit plasma 
samples with PTH concentrations varying from 3.5 to 49.5 pg/mL was 7.7%. Inter-assay 
CV of the human PTH control of the kit was 5.0% (38.1 ± 1.9 pg/mL, target value 40 ± 6 
pg/mL). 
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4.3.11 Recovery 

After all examinations, atipamezole 0.25 mg/kg (Revertor®, CP Pharma Handelsge-
sellschaft mbH, Germany) was given subcutaneously. Rabbits were placed into their own 
carriers and food was offered. Recovery was uneventful in all rabbits. 

4.4 Statistical analysis 

The information from the health examinations, radiographs, pQCT measurements and 
blood sample analyses was encoded into Numbers (Apple Inc. Cupertino, California, 
USA), which served as data for the statistical analysis. Data analysis and statistics were 
carried out using IBM SPSS Statistics (IBM Statistics, New York, New York, USA). Nor-
mality of  data distribution was assessed by Shapiro-Wilk test for variables with less than 
50 samples and Kolmogorov-Smirnov test for variables with at least 50 samples. The data 
was additionally assessed graphically using histograms. Logarithmic transformation was 
performed to normalise the data when needed. 

4.4.1 Study I 

The serum 25(OH)D concentrations were evaluated as well as the association of diet and 
outdoor access with vitamin D status. The rabbits were divided into four groups by their 
daily diet in terms of hay intake and commercial rabbit food (pellets, nuggets, muesli mix-
ture): 
1) Low hay and commercial food intake (LoHay_LoCF) group 
2) High hay intake and no commercial food (HiHay_NoCF) group  
3) High hay and moderate commercial food intake (HiHay_ModCF) group 
4) High hay and high commercial food intake (HiHay_HiCF) group 
Rabbits eating little hay but commercial rabbit food ad libitum, and rabbits with unclear 
dietary data were excluded from the statistical analysis. 

The rabbits were also divided into three groups by their outdoor access during sum-
mer:  
1) no outdoor access, 2) periodic outdoor access, 3) regular outdoor access. The month of 
blood sampling was categorised into four seasons as follows: 1) winter (December, Jan-
uary, February); 2) spring (March, April, May); 3) summer (June, July, August); and 4) 
autumn (September, October, November). 

Mean, SD, range, and 95% confidence interval (95% CI) were given as descriptive sta-
tistics. Pearson correlation coefficients were used to estimate the strength of associations 
between age and weight and serum 25(OH)D concentrations. To estimate whether the out-
door access and diet were associated with serum 25(OH)D concentration, a general linear 
model (GLM) was applied using the respective categorical variables as factors and the po-
tential confounders of body weight, age, and season of sample collection as covariates. 
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Log-transformation was performed on serum 25(OH)D concentration to normalise the dis-
tribution prior to the GLM analysis. P values <0.05 were considered statistically signifi-
cant. 

4.4.2 Study II 

Mean, SD and range are given as descriptive statistics. To investigate the possible associa-
tion between bone parameters and dental disease, the rabbits were divided into two groups 
after physical and radiological examination. The first group comprised dentally healthy 
rabbits with no signs of dental disease, and the second group comprised rabbits with dental 
disease. In addition, rabbits with dental disease were further divided into two groups: the 
first group, ‘initial stage’, consisted of rabbits with grade 2 dental disease and the other 
group, ‘advanced stage’, consisted of rabbits with grades 3–5 dental disease. Analysis of 
variance was first used to determine whether the clinical characteristics differed between 
the subgroups of interest.  

The intergroup differences in bone parameters were estimated with GLM using body 
weight and age as covariates and the subgroups as factors. Factors included sex (M/F), 
neutering (yes/no), castration (yes/no), and dental disease (yes/no). Weight was taken into 
account because body mass is the most appropriate trait to control for variation in body 
size and subsequent variation in skeletal loading (van der Meulen and Carter 1995). In ad-
dition, age was also used as a covariate, given the wide variation in age within the sub-
groups. Univariate Pearson correlations between age, weight, tibial length and bone para-
meters were also analysed to determine associations of the bone parameters with age and 
body size among healthy rabbits. P values <0.05 were considered statistically significant. 

4.4.3 Study III 

Univariate correlation analyses were first performed and Pearson correlation coefficients 
(r) determined between 25(OH)D, PTH, iCa, Ca and P concentrations, cortical bone densi-
ty, age, and body weight. Then we performed segmented linear regression analysis using 
The SegReg program (www.waterlog.info/segreg.htm) was performed for serum 25(OH)D 
concentration as the independent variable and iCa, Ca, P and PTH concentrations and mid-
tibial cortical density as dependent variables. The SegReg is a free software that has been 
applied in several studies for segmented linear regression with breakpoint and confidence 
intervals. The best fitting segmented function and breakpoint between the 25(OH)D con-
centration and the dependent variable of interest was determined by maximising the coef-
ficient of explanation. In case of a significant breakpoint detected, the values of the de-
pendent variable below and above (including the breakpoint) were compared with GLM 
using body weight and age as covariates. The level of significance was set at P<0.05. 
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5. Results 

5.1 Rabbits 

Of the 174 rabbits, 140 were selected for study I, 87 for study II, and 139 for study III. A 
flow chart of study participants is in Figure 9. The number of rabbits varied among studies 
due to missing data and health disorders found during physical examination. Rabbits rep-
resented 19 different breeds, of which Dwarf Lops (n=53, 30.5%) and mixed breed rabbits 
(n=41, 23.6%) were the most common. A summary of the participating rabbits’ descriptive 
data is in Table 2. Figure 10 presents the age distribution of the rabbits in each study. 

 

Figure 9. Flow chart showing number of rabbits in each study. 
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Figure 10. Bar chart presenting age distribution of rabbits in each study.  
N=Number of rabbits. 
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Table 2. Descriptive data of participating rabbits. 

5.2 Serum 25-hydroxyvitamin D concentrations (I) 

The mean serum 25(OH)D concentration in 140 Finnish pet rabbits was 26.0 ng/ml (SD 
12.0, range 4.5–67.5 ng/ml). Weight was positively correlated with the serum 25(OH)D 
concentrations (r=0.22, P=0.015), but age was not (r=-0.11, P=0.12). Data of outdoor ac-
cess was missing in 6 rabbits. Five rabbits eating little hay but commercial rabbit food ad 
libitum, and six rabbits with unclear or missing dietary data were excluded from the statis-
tical analysis. 

Varying amounts of pellets, nuggets, or muesli mixtures representing 15 different 
brands were provided daily for 111 rabbits. Their vitamin D concentrations varied from 
700 IU/kg to 2000 IU/kg. Forty-four rabbits were also fed with racing horse or beef cattle 
feed alone (vitamin D concentration from 1000 IU/ kg to 2400 IU/kg) or mixed with rabbit 
feed. Of the 129 rabbits, 94 (72%) were in the groups HiHay_ModCF and HiHay_HiCF 

Study I Study II Study III

Aims To evaluate the 
serum 25-
hydroxyvitamin D 
concentrations

To investigate the 
tibial bone 
parameters

To determine the 
breakpoint for 
serum 25(OH)D 
concentration in 
relation to 
parathyroid 
hormone 
concentration

Rabbits (N)* 140 87 139

Age (years) 
(mean, SD †,  
range)

2.7 (2.0)  
0.1–9.3

2.6 (1.9)  
0.3–9.3

2.7 (2.0)  
0.1–9.3 

Sex ‡  
(F/n, M/n)

72/10, 67/31 43/5, 44/19 72/11, 67/31

Weight (kg) 
(mean, SD,  
range)

2.4 (1.2)  
0.3–6.2

2.3 (2.3)  
1.0–6.2

2.4 (1.2)  
0.3–6.2

* Number of rabbits 
† SD=standard deviation 
‡ F=female, M=male, n=neutered
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(Table 3). Rabbits in the HiHay_HiCF group were significantly heavier (2.9 kg) compared 
to the rabbits in the LoHay_LoCF group (1.9 kg) (P<0.005), whereas the other diet groups 
did not differ significantly from each other. 

Table 3. Descriptive data on serum 25-hydroxyvitamin D (25(OH)D) concentrations among 
pet rabbits broken down by their outdoor access and diet categories. Reprinted with kind permis-
sion of John Wiley & Sons, Inc (Mäkitaipale et al. 2019). 

25(OH)D concentration 
(ng/ml)

Variable N*
Mean, SD† Range 

Outdoor 
access

No access 27 26.8 (11.0) 8.9–52.0

Periodic access 61 25.4 (12.1) 4.5–67.5

Regular access 46 27.9 (12.7) 7.4–63.9

Diet

Low Hay/Low 
commercial Food

12 22.2 (18.0) 4.5–67.5

High Hay/No 
commercial Food 23 21.7 (8.1) 10.1–35.9

High Hay/Moderate 
Commercial Food

59 24.0 (8.5) 11.0–48.7

High Hay/High 
Commercial Food 35 33.9 (13.2) 13.1–63.9

* Number of rabbits. Data of outdoor access was missing in 6 rabbits and of diet in 6 
rabbits. Additionally 5 rabbits eating little hay but commercial rabbit food ad 
libitum were excluded from statistical analysis. 

† SD=standard deviation
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Of 140 rabbits, 10 (7%) had serum 25(OH)D concentrations of <12 ng/ml. Four were 
in the LoHay_LoCF group, two in the HiHay_NoCF group and two in the HiHay_ModCF 
group. Dietary data were missing in two rabbits. One of these rabbits spent the whole 
summer outdoors (sample collected in May), two others were missing data about outdoor 
access (samples collected in December), and seven rabbits had periodic or no outdoor ac-
cess during summertime (samples collected between May and September). The lowest 
three serum 25(OH)D concentrations (<10 ng/ml) were observed in Netherland Dwarf 
rabbits in May. All three were in the LoHay_Lo_CF group. 

Fourteen of 140 rabbits (10%) had serum 25(OH)D concentration >40 ng/ml. Eight of 
these were in the HiHay_HiCF group, three in the HiHay_ModCF group, one in the Lo-
Hay_LoCF group, and two had no hay/small amount of hay, and pellets ad libitum. Seven 
rabbits had regular outdoor access (samples collected in March, June, September and No-
vember), four rabbits had periodic outdoor access (samples collected in January, March, 
August and November), and three had no access to the outdoors (samples collected in Feb-
ruary). 

Three of 140 rabbits (2%) had serum 25(OH)D concentration ≥60 ng/ml. The highest 
concentration was observed in a rabbit with a diet of mainly fresh vegetables and greens, a 
small amount of hay, and commercial food and no vitamin D supplements or outdoor ac-
cess. The sample was collected in March. Two samples were collected in September from 
rabbits that lived outdoors all summer and were in the HiHay_HiCF dietary group.   

Vitamin supplements containing vitamin D were provided to 10 of the 140 rabbits 
(7%), only one of which received it daily. Regular outdoor access was permitted in 46 of 
140 rabbits (33%), 16 of which lived outdoors or on a balcony for the whole year, 8 house 
rabbits were provided with daily outdoor access, and 22 house rabbits lived the whole 
summer outdoors.  

According to GLM analysis adjusted for body weight, age, and season of sample col-
lection, diet was significantly (P=0.001) associated with serum 25(OH)D concentration, 
but outdoor access was not (P=0.41). Table 3 shows descriptive data on serum 25(OH)D 
concentrations in different subgroups. The adjusted mean serum 25(OH)D concentration 
of rabbits in the HiHay_HiCF group was 23.2 ng/ml (95% CI 9.4–37.0 ng/ml, P<0.001) 
higher compared to rabbits in the LoHay_LoCF group, 19.0 ng/ml (95% CI 7.1–30.9 ng/
ml, P=0.004) higher compared to rabbits in the HiHay_NoCF group, and 13.2 ng/ml (95% 
CI 5.3–21.0 ng/ml, P=0.007) higher compared to rabbits in the HiHay_ModCF group. The 
crude non-adjusted mean serum 25(OH)D concentrations in the 12 subgroups broken 
down by diet and outdoor access are illustrated in Figure 11. 

Dental disease was diagnosed in 47 of 140 rabbits (33.6%) (stage 2 n=35, stage 3 n=5, 
stage 4 n=6, stage 5 n=1). After controlling for body weight, age and season of sample 
collection, no differences existed in serum 25(OH)D concentrations between healthy rab-
bits and rabbits with dental disease (P=0.721). 
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Figure 11. Mean serum 25-hydroxyvitamin D concentrations in Finnish pet rabbits (Oryctola-
gus cuniculus) broken down by their diet and outdoor access. The number of rabbits in each sub-
group is represented by a white number in each bar. The group division is described in detail in the 
statistical analysis. Reprinted with kind permission of John Wiley & Sons, Inc (Mäkitaipale et al. 
2019). 

5.3 Tibial bone parameters (II) 

The tibial length of 87 rabbits varied from 68.1 to 127 mm (mean 89.2, SD 13.5) and the 
body weight from 1.0 to 6.2 kg (mean 2.3, SD 1.1) within all breed groups. The correla-
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tion between body weight and tibial length was very strong (P<0.001). At the distal site of 
the tibia, age was associated only with the strength-strain index (Table 4). Both body 
weight and tibial length were significantly associated with all the other bone parameters, 
except cortical density (tibial length) and the CortA:TotA ratio (body weight) (Table 4). 
The observed associations were negative with the trabecular density and the CortA:TotA 
ratio. At the mid-shaft site, age was negatively associated with the strength-strain index 
but positively associated with cortical density. Both body weight and tibial length were 
positively associated with total cross-sectional area and the stress-strain index and nega-
tively associated with the CortA:TotA ratio (Table 4). 

The mean diaphyseal cortical density was high (1400 mg/cm3, SD 51.5, range 1238–
1491). Within the studied age range, age was weakly but positively associated with dia-
physeal cortical density, with the juvenile rabbits clearly showing the lowest values. There 
was no tendency towards an age-related decrease in trabecular or cortical bone density, at 
least up to six years of age.  

The weight, age and tibial length were similar between intact female and male rabbits. 
After controlling for body weight and age, there were no statistically significant group dif-
ferences in bone parameters between intact females and males (P>0.05, Table 5). When 
the influence of castration on bone parameters was examined, there were no significant 
differences between castrated and intact males (P>0.05, Table 6).  

Dental disease was diagnosed in 37 of 87 rabbits (42.5%); 27 had grade 2 disease, 3 
had grade 3, 6 had grade 4 and 1 had grade 5. There were no significant intergroup differ-
ences in bone parameters between healthy rabbits and those with dental disease or of rab-
bits with initial and advance stages of PSADD (P>0.05). Rabbits with dental disease were 
older (mean age 3.3 years) than healthy rabbits (mean age 2.1 years) (P<0.05). 
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Table 4. Pearson correlation coefficients between bone parameters and clinical characteristics 
in pet rabbits in study II. Statistical significance (p-value) is given in parenthesis. P-value <0.5 is 
given in bold. Reprinted with kind permission of BMJ Publishing Group Ltd (Mäkitaipale et al. 
2018). 

Clinical characteristics

Age Body 
weight

Tibial 
length

Distal tibia N* 84 81 87

Bone 
parameters

Total area 
(mm2)

-0.163 
(0.14)

0.807 
(<0.001)

0.861 
(<0.001)

Trabecular 
density (mg/
cm3)

0.035 
(0.76) 

-0.478 
(<0.001)  -0.510 

(<0.001)

Cortical 
density (mg/
cm3) 

-0.073 
(0.52)

0.269 
(0.016)

0.152  
(0.166)

Cortical area 
(mm2)

-0.193 
(0.20)

0.875 
(<0.001)

0.841 
(<0.001)

Cortical to 
total area ratio

-0.109 
(0.33)

-0.184 
(0.102)

-0.285 
(0.008)

Strength-strain 
index (mm3)

-0.224 
(0.043)

0.907 
(<0.001)

0.863 
(<0.001)

Tibial shaft N* 84 81 87

Total area 
(mm2)

-0.280 
(0.016)

0.912 
(<0.001)

0.861 
(<0.001)

Cortical 
density (mg/
cm3) 

0.344 
(0.003)

0.132 
(0.271)

0.004  
(0.972)

Cortical area 
(mm2)

-0.158 
(0.310)

0.903 
(<0.001)

0.820 
(<0.001)

Cortical to 
total area ratio

-0.071 
(0.553)

-0.257 
(0.030)

-0.354 
(0.002)

Strength-strain 
index (mm3)

-0.271 
(0.021)

0.932 
(<0.001)

0.857 
(<0.001)

* Number of rabbits.

!  57



Table 5. Descriptive unadjusted data for intact female and male pet rabbits in study II, and 
group comparison based on weight- and age-adjusted general linear model (GLM) analysis of 
covariance (ANCOVA). N= Number of rabbits. Standard deviation is given in parenthesis. 
Reprinted with kind permission of BMJ Publishing Group Ltd (Mäkitaipale et al. 2018). 

Characteristics Female 
Mean (SD)

Male 
Mean (SD)

ANCOVA* 
P value

Age (years) ‡ 2.6 (2.3) 
37 

2.3 (1.6) 
23 0.592

Weight (kg) ‡ 2.3 (1.2) 
33

2.4 (1.1) 
25

0.812

Tibial length (mm) ‡ 89.2 (14.6) 
38

91.1 (13.7) 
25

0.611

Distal tibia

N 32 23

Total area (mm2) 40.3 (14.4) 41.0 (16.8) 0.934

Trabecular density  
(mg/cm3)

80.5 (28.0) 71.4 (28.8) 0.167

Cortical density  
(mg/cm3)

1181.2 (93.1) 1194.7 (118.0) 0.618

Cortical area  
(mm2)

18.0 (5.3) 18.1 (4.7) 0.778

Cortical to total area ratio 0.5 (0.1) 0.5 (0.1) 0.912

Strength-strain index (mm3) 44.1 (23.3) 44.6 (23.6) 0.851

Tibial shaft

N 32 23

Total area (mm2) 29.3 (11.2) 30.9 (10.2) 0.555

Cortical density (mg/cm3) 1407.5 (46.7) 1405.3 (56.1) 0.862

Cortical area (mm2) 19.1 (6.7) 19.6 (5.7) 0.926

Cortical to total area ratio 0.7  (0.1) 0.6 (0.1) 0.221

Strength-strain index (mm3) 41.7 (24.2) 43.7 (20.9) 0.955

‡  Number of rabbits in italics 
* Weight and age used as covariates 
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Table 6. Descriptive unadjusted data for castrated and intact male rabbits in study II and 
group comparison based on weight- and age-adjusted general linear model (GLM) analysis of 
covariance (ANCOVA). N= Number of rabbits. Standard deviation is given in parenthesis. 
Reprinted with kind permission of BMJ Publishing Group Ltd (Mäkitaipale et al. 2018). 

Characteristics Castrated male rabbits 
Mean (SD)

Intact male rabbits 
Mean (SD)

ANCOVA* 
p-value

Age (yrs) ‡ 2.7 (1.3) 
19

2.3 (1.6) 
23

0.370

Weight (kg) ‡ 2.2 (1.0) 
18

2.3 (1.1) 
25

0.618

Tibial length (mm) ‡ 88.7 (12.5) 
19

91.1 (12.5) 
25

0.566

Distal tibia

N 18 23

Total area (mm2) 36.6 (15.1) 41.0 (16.8) 0.433

Trabecular density (mg/cm3) 74.4 (18.7) 71.4 (28.8) 0.828

Cortical density (mg/cm3) 1245.7 (83.2) 1194.7 (118.0) 0.158

Cortical area (mm2) 18.0 (5.0) 18.1 (4.7) 0.506

Cortical to total area ratio 0.5 (0.9) 0.5 (0.1) 0.263

Strength-strain index (mm3) 42.2 (24.4) 44.6 (23.6) 0.853

Tibial shaft

N 13 21

Total area (mm2) 25.3 (4.1) 30.9 (10.2) 0.560

Cortical density (mg/cm3) 1426.4 (32.8) 1405.3 (56.1) 0.320

Cortical area (mm2) 16.7 (2.6) 19.6 (5.7) 0.698

Cortical to total area ratio 0.7 (0.0) 0.6 (0.1) 0.647

Strength-strain index (mm3) 33.1 (7.6) 43.7 (20.9) 0.773

* Weight and age used as covariates 
† Includes both females and males 
‡  Number of rabbits in italics 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5.4 Breakpoint for 25-hydroxyvitamin D deficiency (III) 

A summary of the clinical and biochemical characteristics of the rabbits are in Table 7. 
The mean 25-hydroxyvitamin D concentration was 25.9 ng/ml and the mean serum 
parathyroid hormone concentration was 4.8 pg/ml (Table 7). PTH concentration was be-
low limit of detection in 8 samples. The serum 25(OH)D concentration correlated signifi-
cantly with weight (r=0.20, P=0.0022) and PTH (r= -0.19, P=0.028). PTH concentration 
correlated significantly with iCa (r=-0.26, P=0.008). Cortical bone density correlated sig-
nificantly with iCa (r = 0.46, P<0.001), P (r = -0.30, P = 0.009), age (r = 0.32, P=0.007), 
and weight (r = 0.32, P=0.006). Ca correlated significantly with iCa (r = 0.60, p <0.001). P 
correlated significantly with age (r = -0.37, P<0.001). 

The breakpoint in the serum 25(OH)D concentration indicating a significant change in 
the PTH concentration occurred at 17 ng/mL (Fig. 12). Furthermore, the serum 25(OH)D 
concentration was below 17 ng/mL in 37 (26.6%) rabbits. The mean PTH concentration 
was 6.3 pg/mL (SD ± 9.6) in rabbits with a serum 25(OH)D concentration below 17 ng/ml 
and 4.0 pg/mL (SD ± 5.9) in those with a serum 25(OH)D concentration 17 ng/ml or high-
er. The estimated effect size in the PTH concentration attributable to the breakpoint was 
2.1 pg/mL (95% CI -0.7–5.l). Neither body weight nor age explained this variation. The 
breakpoint for cortical bone density was found at a serum 25(OH)D concentration of 19 
ng/mL (Fig. 1b). The mean cortical bone density was 1382 mg/cm3 (SD ± 132) in rabbits 
with a  serum 25(OH)D concentration below 19 ng/ml and 1398 mg/cm3 (SD ± 65) in 
those with serum 25(OH)D concentration of 19 ng/ml or higher. The estimated effect size 
in cortical density was 20 mg/cm3 (95% CI -65–24). Both body weight and age signifi-
cantly explained the variation. Significant breakpoints were not observed between the 
serum 25(OH)D concentrations and the iCa, Ca or P concentrations (Fig. 1c–e). The mean 
iCa, Ca, and P concentrations were similar in those rabbits with 25(OH)D concentration 
below 17 ng/ml and in those with 25(OH)D concentrate of 17 ng/ml or higher. 
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Table 7. Descriptive data on the age, weight, serum 25-hydroxyvitamin D, parathyroid hor-
mone, total calcium, inorganic phosphorus, ionised calcium and mid-tibial cortical bone density of 
pet rabbits in study III. 

Parameter N* Mean SD Range

Age 
(years) 134 2.7 2.0 0.1–9.3

Weight 
(kg) 133 2.4 1.2 0.3–6.2

25-hydroxyvitamin 
D 
(ng/mL)

139 25.9 11.7 4.5–67.5

Parathyroid 
hormone 
(pg/mL)

139‡ 4.8 7.6 0.0–49.1

Total calcium 
(mmol/L) 134 3.65 0.19 2.9–4.0

Ionised calcium 
(mmol/L) 104 1.64 0.12 1.2–1.9

Inorganic 
phosphorus 
(mmol/L)

137 1.23 0.19 0.6–2.5

Mid-tibial cortical 
bone density 
(mg/cm3)

73 1392.5 81.4 926.2–1498.3

*Number of rabbits 
‡ PTH concentration below limit of detection (LOD) in 8 samples
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Figure 12. Scatterplots showing the relationships between the A) serum parathyroid hormone 
(PTH), B)  the mid-tibial cortical bone density, C) total calcium, D) ionised calcium, E) inorganic 
phosphorus, and the serum 25-hydroxyvitamin D (25(OH)D) concentration. The vertical line rep-
resents observed breakpoint in 25(OH)D concentration.  
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6. Discussion 

This thesis presents serum 25(OH)D concentrations of family-owned pet rabbits, analyses 
their sources of vitamin D and presents likely threshold for vitamin D deficiency in terms 
of bone health in pet rabbits. This study also analysed tibial bone parameters in rabbits and 
factors affecting bone parameters. A possible association between dental disease and 
serum 25(OH)D concentration and tibial bone characteristics was analysed as well. Vita-
min D deficiency is very common in humans, and there is extensive research regarding 
vitamin D deficiency levels, prevalence of deficiency in different populations, and associ-
ations between vitamin D deficiency and wide variations of diseases. Vitamin D concen-
trations and deficiency levels in pet rabbits were not previously, however, studied. 

6.1 Serum 25-hydroxyvitamin D concentrations and level of 
vitamin D deficiency in Finnish pet rabbits 

The variation of serum 25-hydroxyvitamin D concentrations among 140 family-owned pet 
rabbits was between 5 and 68 ng/ml. When this study was initiated, no studies reporting 
serum 25(OH)D concentrations of pet rabbits existed. The latest vitamin D studies in rab-
bits were done over 30 years ago and were mainly experimental studies regarding vitamin 
D metabolism and the effects of severe vitamin D deficiency on the skeleton and reports 
of vitamin D overdose (Mellanby and Killick 1926, Stevenson et al. 1976, Chan et al. 
1979, Bourdeau et al. 1986, Brommage et al. 1988, Warren et al. 1989). Therefore, the aim 
of this present study was to report serum 25(OH)D concentrations in pet rabbits. Recently, 
two experimental studies evaluated the effects of artificial UVB exposure on serum 
25(OH)D status among rabbits. Reported serum 25(OH)D ranges were 6–32 ng/ml in nine 
rabbits (Emerson et al. 2014) and 3–54 ng/ml in twelve rabbits (Watson et al. 2019). Varia-
tions in the concentrations of these studies mimic the results of the present study consist-
ing of a heterogeneous population of pet rabbits with different diet and housing condi-
tions. 

We suggested the concentration of 17 ng/ml as the threshold for vitamin D deficiency 
in pet rabbits. The vitamin D deficiency level of rabbits was studied using the method 
used in human research. The observed breakpoint in serum 25(OH)D concentration when 
compared to parathyroid hormone concentration occurred at a level of 17 ng/mL. The 
breakpoint was observed at a concentration of 19 ng/ml when compared to cortical bone 
density. Shah et al. (2017) observed slightly lower levels in human adults (12 ng/mL), 
whereas the level reported by Kang et al. (2017) in children (18 ng/mL) is similar to the 
level of the present study. Sai et al. (2011) did not find the PTH suppressing breakpoint for 
serum 25(OH)D, but reported a threshold for bone markers serum osteocalcin and urine 
N-telopeptides at a serum 25(OH)D concentration of 18 ng/mL. 

Serum 25(OH)D concentration fell below the observed PTH-related breakpoint in 
about 30% of pet rabbits in this study, suggesting that every third rabbit was vitamin D 
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deficient. The main function of vitamin D is the maintenance of skeletal calcium balance. 
Decreased 25(OH)D concentration correlates therefore with increased PTH concentration 
which aims to maintain serum iCa, Ca, and P concentrations within the normal physiolog-
ical range. Biochemical parameters did not give, however, evidence for clinical state of 
secondary hyperparathyroidism in rabbits of this study. Hypocalcemia was reported in 6.1 
% and hypophosphatemia in 3.4 % of participants with vitamin D concentration below 
observed breakpoint in a study of Shah et al. (2017). Their human study population com-
prised 11 855 participants so it is possible that our sample size lacked statistical power to 
signal the presence of clinical hyperparathyroidism.  

This suggested threshold for vitamin D deficiency  is the minimum for bone health, but 
different deficiency levels may exist for other endocrinological processes where vitamin D 
is involved. In humans, deficiency levels vary in the literature, but 12 ng/ml is a severe 
level of vitamin D deficiency in adults, while in children serum 25(OH)D concentrations 
below 15 ng/ml are associated with typical signs of rickets (Holick 2006). However, 
25(OH)D concentrations of 30 ng/ml have been suggested to be the minimum for optimal 
cellular health in humans (Holick 2002). 

Based on the results of the present study, it seems that some experimental rabbits in 
Emerson et al. (2014) and Watson et al. (2019) obviously had very low vitamin D concen-
trations and, assumably, severe vitamin D deficiency despite their approved diets and 
housing conditions. The lowest three serum 25(OH)D concentrations (<10 ng/ml) ob-
served in the present study were from Netherland Dwarf rabbits collected in May, and 
these rabbits were in the LoHay_LoCF dietary group. This makes sense, as the risk for 
vitamin D deficiency is increased when vitamin D concentration in diet is low and sam-
ples are collected prior to summer when vitamin D storages may be low. Due to the high 
observed prevalence of vitamin D deficiency in rabbits of these studies, attention should 
be paid to educate the rabbit owners and veterinarians regarding the risks for vitamin D 
deficiency in rabbits. 

Three rabbits in the present study had serum 25(OH)D concentration over 60 ng/ml 
and the highest serum 25(OH)D concentration was 68 ng/ml. These concentrations may be 
potentially harmful if maintained for longer periods. These rabbits did not receive any vit-
amin D supplements. Samples of two rabbits were collected in September after they had 
been outdoors for the whole summer, and they were in the HiHay_HiCF dietary group. 
Chan et al. (1979) studied vitamin D toxicity in pregnant does. They reported aortic calci-
fications in does with serum 25(OH)D concentration over 100 ng/ml, which could be kept 
as a level of toxicity. Abortions and supravalvular lesions in the offspring were observed. 
Supravalvular lesions, however, were observed in the offspring of does with serum 
25(OH)D concentration under 60 ng/ml. These does were supplemented with 140.000 IU 
vitamin D2 within 28 days. Therefore, serum 25(OH)D concentrations of 60 ng/ml or 
higher awakes concerns of unpredictable consequences, especially if maintained for longer 
periods, and they should therefore be considered cautiously until more information is 
available about the recommended reference range and toxic levels of serum 25(OH)D in 
pet rabbits. Results from experimental rabbit studies may not be directly usable in pet rab-
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bits, as the lifespan of these animals differs. Studies regarding long-term (>1 years) effects 
of different serum 25(OH)D concentrations are rare in experimental studies. This period is 
a short time in a pet rabbit’s life.  

6.2 Effects of diet and UVB light on serum 25(OH)D 
concentration 

Vitamin D can be obtained from diet, vitamin D supplementation or from natural and arti-
ficial UVB light via endogenous synthesis. The results of the present study showed, how-
ever, that Finnish pet rabbits are dependent on dietary sources of vitamin D precursors. 
Rabbits that consumed a lot of hay and commercial rabbit food ≥1 dl daily had higher 
serum 25(OH)D concentrations compared to those rabbits with a lower intake of these di-
ets. Their mean serum 25(OH)D concentration was approximately 50% higher than other 
groups. This makes sense, as both hay and commercial food are rich in vitamin D precur-
sors. 

The recommended dietary level of vitamin D in rabbits is given as IU per kg of dry 
matter, and therefore, the vitamin D that rabbits receive from diet is highly dependent on 
the rabbits’ dry matter intake, which may vary between 125 and 300 g depending on the 
diet (Prebble and Meredith 2014, Meredith et al. 2015). The recommended daily dose of 
vitamin D for rabbits does not yet exist. Curry et al. (1974) used a daily dose of 10–13 IU 
(0.25–0.33 µg/kg) to prevent rickets in four-week-old Dutch rabbits. Their trial lasted only 
5–7 weeks and concentrated on vitamin D–depleted rabbits, so it is unknown whether this 
low dose would be enough to provide normal growth for rabbits.  

In the present study, the rabbits’ exact dietary level of vitamin D was unknown; there-
fore, this study cannot provide information regarding dietary vitamin D level or the 
amount of UVB light access that provides serum 25(OH)D concentration over a deficien-
cy level 17 ng/ml. Watson et al. (2019), however, reported a mean serum 25(OH)D con-
centration of 33 ng/mL (range 18–51 ng/ml) after 12 hours of daily UVB exposure for six 
months and 16 ng/mL in control group rabbits without UVB exposure (range 2.8–54.7 ng/
ml). The minimum vitamin D level in the diet was 900 IU/kg during the course of the 
study, but the diet was changed a week prior to the initiation of the study from a diet with 
a vitamin D level of 2200 IU/kg. Information regarding the rabbits’ daily DM intake was 
lacking, and therefore, the exact daily vitamin D intake was unknown. The rabbits in the 
UVB–supplemented group maintained their serum 25(OH)D concentration at the day 0 
level, whereas the concentration in the control group decreased. Reflecting the results of 
the present study to the study of Watson et al. (2019), some of the rabbits in their control 
group were vitamin D deficient, so the dietary level of 900 IU/kg without UVB light ex-
posure may not be enough for rabbits to prevent vitamin D deficiency, especially if dry 
matter intake is low. The variation in the serum 25(OH)D concentration of control group 
rabbits was 2.8–54.7 ng/ml, which might be explained by the difference in dry matter in-
take and baseline serum 25(OH)D concentration. In turn, the mean serum 25(OH)D con-
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centration of the UVB-supplemented group that received a dietary vitamin D level of 900 
IU/kg and daily 12-hour UVB access for 6 months was similar to the prior study, which 
was achieved with a dietary concentration of 2200 IU/kg without UVB access. 

Additionally, a diet consisting of timothy hay and pellets with a vitamin D concentra-
tion of 1100 IU/kg did not increase serum 25(OH)D concentration in control group rabbits 
(n=4) within two weeks in a study of Emerson et al. (2014). Mean serum 25(OH)D con-
centration was 12.7 ng/ml, and the highest concentration 18 ng/ml. Regarding the results 
of the present study, rabbits in the control group were vitamin D deficient, which raises the 
question of whether dietary vitamin D concentration should be even higher than 1100 IU/
kg in rabbits without access to natural or artificial UVB light. Instead, the mean serum 
25(OH)D concentration of rabbits in the UVB supplemented group increased by 11 ng/ml 
within the two-week trial.  

Vitamin D supplementation is not recommended for pet rabbits in the literature as vit-
amin D overdose is life-threatening and is considered more likely than deficiency (Mateos 
et al. 2010, Jekl and Redrobe 2013). Overdose of vitamin D from UVB synthesis is not 
possible as all products of 7-dehydrocholesterol are photosensitive and can be retrans-
formed to 7-dehydrocholesterol. Therefore, safe natural or artificial UVB light exposure 
might be the best option for additional vitamin D for pet rabbits. Regarding the results of 
the present study, however, outdoor access is too limited for most of the rabbits in Finland 
for vitamin D synthesis. Vitamin D synthesis does not occur in the skin between mid-Oc-
tober to mid-March in Southern Finland, and usually only May, June, July and August are 
months when pet rabbits are let outdoors. Information about the time and length of the 
rabbits’ daily outdoor visits during the summer months, type of hutch or pen, or the ratio 
of sunny to shady outdoor areas were  not established in the present study. Many rabbits 
go out on a leash with a harness, so the rabbits are compelled to walk with their owners, 
and the total time that the rabbit spent outdoors may be too short for adequate vitamin D 
synthesis. If the time spent outdoors occurs in the afternoon after working hours, sunlight 
exposure is lower and vitamin D synthesis is no longer efficient. 

So far, it is unknown whether the rabbits with sufficient dietary vitamin D need en-
dogenous synthesis to maintain serum 25(OH) levels. The only group of rabbits that 
would show an effect of outdoor access in that case would be the LoHay_LowCF group 
with poor dietary sources. Unfortunately, there were only 12 rabbits in this group; thus, the 
sample size was underpowered to detect a significant effect should it exist. The mean 
serum 25(OH)D concentration in this group was 22.2 ng/ml, which was comparable to 
both the HiHay_NoCF group (21.7 ng/ml) and the HiHay_ModCF group (24 ng/ml). This 
suggests that endogenous synthesis of vitamin D might have taken place in the Lo-
Hay_LoCF group because exogenous sources were poor. 

One possible explanation why outdoor access was not a significant factor for vitamin 
D concentrations may be found in the modulation of the endogenous synthesis of vitamin 
D in the skin. Both homeostatic control mechanisms and baseline serum 25(OH)D concen-
trations affect it. If dietary sources of vitamin D precursors simultaneously decrease, the 
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natural UVB light exposure may not be sufficient to maintain serum 25(OH)D concentra-
tions. This phenomenon was observed in Danish cows (Hymøller & Jensen, 2012). Daily 
outdoor access of 15 and 30 min was inadequate for them to maintain the mean serum 
25(OH)D concentration of 18 ng/ml during a 28-day trial with a diet without added vita-
min D. Instead, at least five times more daily access to the outdoors was needed to in-
crease the serum 25(OH)D concentration from 18 to 27 ng/ml. Little is known about en-
dogenous vitamin D synthesis in rabbits. The rabbits’ diets might have changed in sum-
mer, and a lot of fresh grass, greens, herbs and vegetables may have been fed instead of 
dry hay and commercial rabbit food rich in vitamin D precursors. 

Although access to the outdoors was not a statistically significant factor for serum 
25(OH)D concentrations in the present study, 7 out of 10 rabbits with serum 25(OH)D 
concentrations below 12 ng/ml had only periodic or no access to the outdoors, and 7 out of 
14 rabbits with serum 25(OH)D concentration over 40 ng/ml had regular outdoor access. 
Emerson et al. (2014) reported an 11 ng/ml increase in rabbits’ serum 25(OH)D concentra-
tions after two weeks of daily 12-hour exposure to artificial UVB light. After two weeks, 
the mean serum 25(OH)D concentration (26.6 ng/ ml) was similar to rabbits in the present 
study (26.0 ng/ml). If two weeks of daily exposure to 12 hours of artificial UVB light in-
creased the serum 25(OH)D concentration by 11 ng/ml, it is possible that outdoor access 
was not long and regular enough to improve the vitamin D status in rabbits of study I. 
However, as it is not yet studied, it is unknown whether shorter daily UVB light exposure 
would be sufficient.   

6.3 Calcium concentrations in Finnish pet rabbits 

In this study, the total calcium concentration of rabbits varied from 2.9 mmol/L to 4.0 
mmol/L. Only two rabbits had calcium concentrations below 3.0 mmol/L and three over 
3.9 mmol/L. The reference range for total calcium concentration varies in the literature. 
The suggested acceptable reference range for pet rabbits on a varied diet is 3.0–4.2 mmol/l 
(Harcourt-Brown 2002); Jekl and Redrobe (2013) suggested a reference range of 2.1–3.5 
mmol/L. Recently Korn et al. (2018) published a reference range of 1.51 to 4.26 mmol/L 
for the total calcium concentration in adult rabbits (5 to 7 month depending on the size of 
the rabbit breed) and 1.9 to 5.3 mmol/l in juvenile (8 weeks old) rabbits, without signifi-
cant differences between adults and juveniles. Based on this, none of the rabbits in the 
present study had severe calcium deficiency.  

The reference range for ionised calcium in rabbits varies between 1.6 and 1.7–1.9 
mmol/l (Warren et al. 1989, Harcourt-Brown 2002, Eatwell et al. 2013), but wide variation 
in iCa concentrations among juvenile (1.2 to 1.7 mmol/l) and adult rabbits (1.45 - 2.52 
mmol/l) have recently published (Korn et al. 2018). In this present study, the mean con-
centration was 1.64 mmol/l, varying between 1.2 and 1.9 mmol/l. Ionised calcium concen-
tration is strictly regulated by PTH, and gives therefore a better estimation of calcium ho-
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meostasis compared to total calcium concentration (Byrnes et al. 2005, Rosol and Capen 
1996). The sample collection, however, has more stringent requirements compared to 
those of total calcium (Rosol and Capen 1996). Analysis requires anaerobic sample collec-
tion, and results are influenced by pH changes in the samples, which can be caused by im-
proper handling (air bubbles in the sample) and prolonged storage of the sample prior to 
analysis (Rosol and Capen 1996). Dried lithium heparin calcium-balanced syringes are 
recommended for ionised calcium measurement and were therefore used in this study 
(Lima-Oliveira et al. 2012). Correction of the ionised calcium concentration for pH 7.4 is 
a common practice, but the corrected value should be used only when the patient’s true pH 
is known to be 7.4. Otherwise, correction will lead to an incorrect value (Lam et al. 2013). 
Correction was not used in this study. 

We did not observe any breakpoint for serum 25(OH)D concentrations compared to Ca 
and iCa concentrations, which is in agreement with the results of Brommage et al. (1987). 
In rabbits, calcium absorption from the intestines is passive, and active vitamin D–depen-
dent absorption is needed only if the dietary calcium level is low. Also, elevation of the 
PTH concentration in secondary hyperparathyroidism, caused by vitamin D deficiency, 
acts to maintain the calcium concentration in circulation. Only if the bones’ calcium stores 
are depleted, will hypocalcaemia occur (Holick 2006). The exact dietary level of vitamin 
D, calcium, or phosphorus was impossible to calculate in rabbits in this thesis as informa-
tion about the diet was achieved from the owners via questionnaire. Pet rabbits receive 
calcium from good-quality hay, especially alfalfa hay, grass, pellets and nuggets. Some 
vegetables like kale and carrot tops also have high calcium levels. The recommended daily 
dietary calcium level is usually expressed as gram per kg of dry matter food, and for rab-
bits, it varies between 5 and 10 g/kg of dry matter (Lowe 2010). However, the amount of 
calcium that a rabbit receives from a diet depends on the amount of diet consumed daily. 
In a study of Prebble and Meredith (2014), rabbits consumed approximately 100–300 g of 
dry matter daily depending on the diet. Therefore, the amount of calcium received varies 
from 500 mg to 3.3 g daily. The daily calcium requirement of approximately 500 mg for 
adult pet rabbits is also suggested (Harcourt-Brown 2013c). The calcium level in good-
quality dry hay is approximately 3 g/kg of dry matter, and the dry matter content of hay is 
85% (Luke 2019). Rabbits would receive 500 mg of calcium by ingesting roughly 200 g 
of dry hay. The calcium content of most popular commercial pet rabbit food varies from 
0.35 to 0.9% of dry matter. Calcium deficiency should therefore be rare in pet rabbits, with 
a recommended daily diet containing mainly forages (grass and/or hay) ad libitum (>70% 
of daily diet), fresh greens (wild plants, green vegetables, herbs) as 20–28% of daily diet, 
and mono-component extruded/pelleted commercial food as 2–3% of daily diet (25–26 g/
body weight) (Jenkins 1999, Irlbeck 2001, Clauss 2012, Prebble 2014).   

Rabbits also receive calcium from the teeth due to continuous wear. The importance of 
this dental wear as a source of calcium in rabbits has, however, remained unsolved. 
Growth rate is dependent on the abrasiveness of the diet. Rabbits with a very abrasive diet 
such as a hay-only diet, have more rapid dental wear and may therefore obtain a load of 
calcium from dental tissue. Tooth growth rates are approximately 1.9–2.4 mm per week 
for incisors (Shadle 1936, Müller et al. 2014, Wyss et al. 2016) and 0.9–3.2 mm per week 
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for cheek teeth, depending on the rabbit’s diet (Müller et al. 2014, Wyss et al. 2016). As 
rabbits have 28 teeth (4 incisors, 2 peg teeth, 22 cheek teeth), the amount of worn and 
swallowed dental tissue may be a total of 3–3.8 cm for incisors and 7.9–28.2 cm for cheek 
teeth per month. 

6.4 Tibial bone parameters and factors affecting them 

The mean mid-tibial cortical bone density of rabbits in this study was very high, approxi-
mately 1400 mg/cm3. For comparison, in young female athletes and adult mice, the mean 
pQCT-measured mid-tibial cortical density was about 1100 and 1000 mg/cm3, respectively 
(Jämsä et al. 1998, Nikander et al. 2006, Rantalainen et al. 2013). There are no previous 
studies on pet rabbits’ bone density, although rabbit bone has a reputation of being very 
brittle and of shattering easily (Langley-Hobbs and Harcourt-Brown 2013). The special 
feature of rabbits’ bones – low skeletal weight, thin cortices, long bones and well-devel-
oped musculature in the hind limbs causing a high power-to-weight ratio – may increase 
the risk of fracture in cases when bone mineral density is decreased (Sasai et al. 2015, 
Miwa and Calvo Carrasco 2019). Sasai et al. (2015) reported that the tibia is the most 
common site for fractures in rabbits. Regarding the results of the present study, it seems 
that, in healthy rabbits aged between one to six years, the mid-tibial cortical density is 
high. High-cortical bone density, however, decreases the bone’s elasticity during loading. 
Fissures are often present, even in simple fractures in rabbits (Langley-Hobbs and Har-
court-Brown 2013). High-cortical bone density, observed in the present study, might be 
one explanation for the increased risk for fissures as it makes the rabbits’ long, hollow tib-
ias with thin cortices glass-like.    

Sasai et al. (2015) reported that fractures were more common in young (<3 years old) 
rabbits, and one-year old rabbits were the most common age group. Tibial bone density 
and cortical thickness increase during skeletal maturation, and New Zealand White rabbits 
became skeletally mature between six and nine months of age (Norris et al. 2001, Isaksson 
et al. 2010). Results of the present study are in agreement, as the mid-tibial cortical bone 
density was lower in juvenile rabbits. Sasai et al. (2015) suspected the high prevalence for 
fractures at the age of one year to be associated with increased activity due to sexual matu-
ration. As they reported fractures, the results did not reflect the risk for fractures in a cer-
tain age group as the population size varies. Therefore, fractures may be more common in 
older or juvenile rabbits when comparing the fractures to population size. In the present 
study, most of the rabbits were under three years old, and the number of rabbits per age 
group decreased each following year.   

However, bone density is only one factor behind fracture risk. Total and cortical cross-
sectional areas are also important for bone strength. In the present study, total area and the 
strength-strain index were negatively associated with ageing, which was likely due to the 
fact that small-sized breeds with smaller bone size were overrepresented among the older 
rabbits.  
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Contrary to the expectation that bone mass would decrease during ageing, age was 
positively associated with cortical density at the tibial diaphysis among the pet rabbits. 
Trabecular and cortical bone density showed no tendency towards decline, at least until 
the age of six years. Currently, publications regarding the influence of old age on bone 
density in rabbits are lacking. The life expectancy of pet rabbits has recently increased. 
Seven years, or even five years, is usually considered the geriatric age in small- and medi-
um-sized rabbits and four to five years in giant breeds, which have shorter life expectan-
cies (Lennox 2010, Chitty 2014). In the present study (II), only five rabbits were older 
than six years, which limited the possibility of estimating the effects of old age on bone 
parameters. The observed positive association between tibial cortical density and age may 
be explained by the age distribution of the rabbits. The mean age was 2.6 years, and 14 
rabbits were skeletally immature (under 40 weeks), whereas only 10 rabbits were over five 
years old and could be considered geriatric. None of the giant rabbits were over four years 
of age. 

No significant group differences were observed after controlling for body weight and 
age, when bone parameters were compared between intact females and males. Higher cor-
tical bone density has been observed in young female rats and humans compared with 
males, which has been linked to oestrogen effects on bone (Järvinen et al. 2003a, Riggs et 
al. 2004).  

In this study, the influence of castration on bone parameters was studied by comparing 
castrated and intact male rabbits. No significant differences were noted, even though 14 of 
19 male rabbits were castrated at least four months prior to this study. Low androgen lev-
els are known to predispose to osteoporosis and osteoporotic fractures in humans (Vander-
schueren et al. 1992, Melton et al. 2003). Significant changes in cortical and trabecular 
bone density have been detected within two to four months after the operation in rats, 
which is an accepted animal model of male hypogonadism (Vanderschueren et al. 1992, 
Prakasam et al. 1999). No previous studies exist regarding the effects of castration on 
bone parameters in rabbits. Horcajada-Molteni et al. (1999) noticed that physical activity 
may restore bone mass in young orchiectomised rats. Pet rabbits may have larger living 
spaces compared to experimental animals and may therefore be more physically active. 
Furthermore, the rabbits in the present study were apparently healthy, whereas experimen-
tal animals may suffer from severe health disorders such as renal insufficiency, as ob-
served in the rat study of Prakasam et al. (1999). Renal insufficiency is known to have ad-
verse effects on bone health.  

The influence of oestrogen deficiency on bone after ovariectomy or ovariohysterecto-
my could not be investigated due to the small number of neutered females in this study 
(n=5). Further research is needed to evaluate the influence of neutering on the skeletal sta-
tus of pet rabbits. 
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6.5 Dental disease in relation to serum 25(OH)D concentration 
and bone parameters 

This study did not support the hypothesis of vitamin D deficiency as a cause of dental dis-
ease. Serum 25(OH)D concentrations as well as bone parameters were similar in rabbits 
with and without dental disease. The results are not surprising, as dental disease is a pro-
gressive, irreversible disease. Therefore, a cross-sectional study design may not be suit-
able to study the aetiology of a disease like that. Signs of dental disease might have oc-
curred a long time before, and the rabbits’ living conditions, including diet, housing and 
access to UVB light, changed afterwards. Most of the rabbits showed the initial stages of 
PSADD (grade 2), whereas only 10 displayed more advanced stages (grades 3–5). Accord-
ingly, the results may have been confounded by the small sample size of rabbits with more 
advanced grades of PSADD. Diagnose of dental disease was based on oral otoscopic ex-
amination and lateral skull radiographs of conscious rabbits. The prevalence of dental dis-
ease might have been higher if other methods including computed tomography imaging, 
endoscopic examination of oral cavity or several radiographic views had been used.  

Similarly, Thilliez et al. (2017) did not observe an association between exposure to 
natural sunlight and dental disease in French pet rabbits. Their study was based on owner 
questionnaires and, thus, it has flaws similar to the present study. Meredith et al. (2015) 
studied the impact of diet on the development of dental disease in pet rabbits. They did not 
measure the dietary vitamin D levels of the rabbits in their study, but an estimation is pos-
sible to calculate. They observed dental disease in rabbits consuming muesli only and ear-
ly signs of dental disease in radiographs of a group of rabbits consuming hay ad libitum 
and 60 g/day of muesli. All rabbits received at least 600 mg of calcium daily (Harcourt-
Brown 2017b), which exceeds the  recommended daily calcium requirement, so deficiency 
was not a predisposing factor (Harcourt-Brown 2013b). They concluded that dental dis-
ease was associated with diet, more precisely with consumption of muesli, and low forage 
intake was implicated in the development of dental disease (Meredith et al. 2015). The 
vitamin D concentration in the muesli was 1000 IU/kg, and rabbits in the muesli-only 
group consumed 125 g of diet, therefore receiving approximately 125 IU vitamin D daily 
(Prebble and Meredith 2014). Rabbits in the hay + muesli group consumed 175 g of dry 
matter, receiving approximately 175 IU of vitamin D if estimated vitamin D concentration 
of hay is 1000 IU/kg of dry matter (Prebble and Meredith 2014). Rabbits in other dietary 
groups (hay ad libitum, hay ad libitum + extruded pellets 60 g/day consumed more dry 
matter daily and received more vitamin D as the extruded pellets contained 2000 IU/kg of 
dry-matter vitamin D (Prebble and Meredith 2014). Therefore, they received roughly 300 
IU of vitamin D daily. Rabbits in the muesli only and hay + muesli groups received ap-
proximately twice as much vitamin D compared to other groups. So far, it is unknown 
how much vitamin D rabbits should receive daily, so it is impossible to estimate whether 
these levels are enough or not. Reflections of the present study suggest that dietary the vit-
amin D level of 1100 IU/kg of dry matter may not be sufficient for pet rabbits if no access 
to UVB light is provided and dietary dry matter in take is low. Rabbits in the hay-only 
group in their study did not develop dental disease despite the estimate that dietary vita-
min D concentration was 1000 IU/kg of dry matter. As the dry matter intake affects the 
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amount of vitamin D the rabbit receives from diet, the recommended dietary level of vita-
min D as IU/kg of dry matter is inaccurate if the amount of consumed dry matter is un-
known. 

Given the systemic nature of metabolic bone diseases, it was anticipated that decreased 
bone mineral density might be seen in the tibia. However, no association between de-
creased bone mineral density in the tibia and dental disease was found. Most of the rabbits 
showed the initial stages of PSADD (grade 2), whereas only 10 displayed more advanced 
stages (grades 3–5). Accordingly, the results may have been confounded by the small 
sample size of rabbits with more advanced grades of PSADD. It is also possible that bone 
density in the tibia did not reflect bone density in the skull and mandibles. In general, 
while rabbits have faster skeletal change and bone turnover (bone formation rate, BFR) 
than many other species, there are differences in BFR between the bones (Pearce et al. 
2007, Ernst et al. 2012). About a 6% higher bone volume to total volume (~bone density) 
was noted in the cortex of the rabbit tibia than in the alveolar cortical bone of the 
mandible, while BFR was almost twice as high in the mandibular site compared with the 
tibia (Ernst et al. 2012). 

The possible association between dental disease and metabolic bone disease remains 
unclear. The aetiology of dental disease might be multi-factorial, including many other 
factors and genetic predisposition. Disturbances in energy metabolism and predisposing 
inflammatory processes as predisposing factors have not yet been studied. 

6.6 Limitations 

Participation in this study was voluntary; some owners were not willing to let their healthy 
pet rabbits be sedated for research purposes, so their rabbits were not included in the 
study. This rendered the study population subject to selection bias and limited the sample 
size and statistical power in the subgroup analyses. Most of the pet rabbits considered 
healthy by their owners had actual health concerns upon physical or radiographic exami-
nation. The proportion of health concerns accumulated with age, a fact that limited the 
number of apparently healthy rabbits in this study. 

The main limitations of this study are affiliated with the heterogeneity of the study 
population. The aim was to study the pet rabbit population that represents the family-
owned pet rabbits, but interpretation of the results was more difficult compared to experi-
mental studies of the carefully chosen target group. The information obtained about each 
rabbits’s diet and exposure to UV light in study I was received from an owner-reported 
questionnaire, and the reliability of the results is a limitation of the present study. There-
fore, the exact amount and type of consumed hay and commercial food and vitamin D lev-
els of commercial diets are subject to some uncertainty and inconsistency. Most of the 
rabbits ate a lot of hay, and therefore, the direct effect of hay on serum 25(OH)D levels 
was not obvious. Dead leaves, sun, dried plants and other plants at later stages of maturity 
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may contain various levels of vitamin D precursors, but as they vary highly and the supply 
of these diets is difficult to estimate, these diets were excluded from the study. One limita-
tion also applies to the categorisation of the UVB light exposure that the rabbits received 
during the summer. The exact time of outdoor visits, as well as the conditions, remained 
unknown. 

The number of neutered female rabbits was too limited in study II to evaluate the ef-
fects of neutering on bone characteristics. At the initiation of the study, the prevalence of 
neutered female rabbits was unknown in Finland. Later, a prevalence of 26.5% was ob-
served (Mäkitaipale et al. 2017, unpublished data). 

Proper positioning of the scanned bone in terms of the x-ray beam is essential for the 
accuracy of pQCT measurements, which was ensured in study II by careful palpation. The 
validity of scanning was controlled by image quality. Images with clear movement arte-
facts caused by the mild sedation of the rabbits were excluded and limited the number of 
rabbits in study II. The 140 mm gantry opening limits the size of the measured object, for 
example, the rabbit body. Small, flat skull bones and the prominent, individually variable 
shaped teeth make the use of pQCT challenging in mildly sedated rabbits. Therefore, the 
tibia was chosen as the only target bone in the present study, and vertebral and skull bones, 
as pertinent they may be, were not investigated. It was chosen also as Sasai et al. (2015) 
reported that the tibia is the most common site for fractures in rabbits. 

6.7 Future research 

This study presented an overview of serum 25(OH)D concentrations, as well as informa-
tion regarding the main source of vitamin D in pet rabbits. Also, important information 
about the minimum serum 25(OH)D concentration for bone health in pet rabbits was de-
termined. Outdoor access was not a good source of vitamin D in Finnish pet rabbits. It is 
possible that the time spent outdoors is too limited for the rabbits’ vitamin D synthesis. 
Therefore, further studies regarding natural sunlight as a source of vitamin D in rabbits is 
needed. For better evaluation of the maximum serum 25(OH)D concentrations that rabbit 
receive from natural UVB light during summertime, a study including rabbits with differ-
ent dietary levels of vitamin D and full-time access to the outdoors is needed. Seasonal 
fluctuation, including the minimum serum 25(OH)D concentrations during winter and 
maximum concentration during the summer, would be important to evaluate using a fol-
low-up study. A study of serum 25(OH)D concentration and its seasonal fluctuation in 
Finnish wild rabbits would bring more information to this matter. There is also a need for 
a study to compare the effects of different outdoor conditions on vitamin D synthesis from 
sunlight in pet rabbits. Artificial UVB light is also one option for vitamin D sources for 
pet rabbits. The only studies that estimated the effects of artificial UVB light exposure to 
serum 25(OH)D concentration in rabbits exposed rabbits for 12 hours daily. Therefore, the 
effects of different exposure times on serum 25(OH)D concentrations should be evaluated 
as well as the effects of different dietary vitamin D levels on vitamin D synthesis in the 
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skin. Also, the effects of different dietary vitamin D levels on serum 25(OH)D concentra-
tion should be evaluated.  

Tibial bone cortical density in pet rabbits was high and did not decrease, at least within 
6 years. Bone parameters should be measured from different bones, including vertebrae 
and skull bones, to find out whether differences exist between bones. Also, the effects of 
high age (>6 years) and different diseases including chronic renal failure, on bone parame-
ters should be evaluated. The effects of physical activity on tibial bone traits were not 
studied here. A bone density study with accelerometer measurements including rabbits 
with different amounts of daily activity would be an option for further study in this field.  

This study did not support vitamin D deficiency as a predisposing factor for dental dis-
ease, most probably due to the cross-sectional study design. An experimental follow-up 
study would be best to evaluate the causality of progressive, non-reversible disorders like 
dental disease. A prospective case-control study with rabbits in metabolic cages, in diets 
with different calcium, phosphorus and vitamin D concentrations, and with regular radi-
ographic/CT imaging, physical examination and blood evaluation would be the best op-
tion. 
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7. Conclusions 

1. Variation exists in serum 25‑hydroxyvitamin D concentrations (from 5 to 68 ng/ml) 
among Finnish pet rabbits. Diet remains a main source since outdoor access seems to 
be too limited to provide adequate vitamin D synthesis for most of them, and the use 
of vitamin D supplements is rare. 

2. The mean diaphyseal cortical density was high (1400 mg/cm3) in comparison to many 
other species. There was no tendency for an age-related decrease in trabecular or corti-
cal bone density, at least up to six years of age; sex, castration and dental disease were 
not associated with decreased tibial bone density.  

3. The association between the parathyroid hormone and serum 25-hydroxyvitamin D 
concentrations changed at 17 ng/mL, and the breakpoint for cortical bone density oc-
curred at a serum 25-hydroxyvitamin D concentration of 19 ng/mL, marking the 
threshold for vitamin D deficiency in pet rabbits. 
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