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Abstract. Lameness in pigs is one of the major reasons for culling and early losses in pigs. This can be linked
to osteoporosis due to pathologic alterations in bone mineral density (BMD) or bone mineral content (BMC)
and may also be linked to the sex. Dealing with the ban on piglet castration without anaesthesia in Germany
2021, we have three male “sex” types: entire boars (EB), immunocastrated boars (IB), and surgically castrated
boars (SB). The hypothesis of the present study is that BMC or BMD varies between different male sex types.
If sex has an effect on bone mineralization (BMC or BMD) and if this affects leg health, it could result in more
lameness and problems during fattening in the negatively affected sex type. The present study evaluated bone
mineralization (in terms of BMD and BMC) and body composition traits using dual-energy X-ray absorptiometry
(DXA) three times during growth at 30, 50, and 90 kg live body weight. Nine body regions were analysed for
bone mineral traits and compared for different male sex types and the fattening season. Significant differences
were found regarding BMD (and BMC) among EB, IB, and SB for whole-body BMD (BMC). Additionally
significant differences were found in the front and lower hind limbs, where SB showed a significantly higher
BMD compared to EB, with IB in between. Additionally regional differences were detected among the groups.
Further studies are needed to evaluate the effect of these differences in bone mineralization on leg health.

1 Introduction

Lameness in pigs is one of the major reasons for culling
and early loss in pigs (Friendship et al., 1986; Johnston et
al., 1987; Fukawa and Kusuhara, 2000; Stalder et al., 2004;
Pluym et al., 2011). Several reasons for lameness are named
in the literature with regard to several aspects and contexts
(Stalder et al., 2004; Tarrés et al., 2006a, b; Hoge and Bates,
2011).

In human medicine, bone mineral density (BMD) or bone
mineral content (BMC) are of major interest in managing
osteoporosis (Ryan, 1997). To monitor BMC or BMD dual-
energy X-ray absorptiometry (DXA) is widely used (Carter
et al., 1992; Ryan, 1997; Tothill, 1995; Tothill and Hannan,
2002, 2007). This method is based on the attenuation of two

X-ray beams at different energy levels. Based on the tissue-
dependent attenuation factor, the software helps to calculate
BMD and BMC in the whole body or in various defined body
parts (see Pietrobelli et al., 1996).

DXA has been successfully used to evaluate BMC or
BMD in the live pig. Using DXA, beside bone mineral data,
soft lean and fat tissue can be determined as well. DXA mea-
surements resulted in comparable data with chemical analy-
sis in terms of body composition and bone mineral content in
pigs (Mitchell et al., 1996; Scholz et al., 2002, 2004).

Differences regarding BMC or BMD based on sex or the
hormonal condition of animals have been detected and dis-
cussed previously for sheep (Arens et al., 2007). Piglet cas-
tration without anaesthesia will be banned at the end of 2020
in Germany. Therefore, new male sex types have to be con-
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Table 1. Description of the experimental animals, divided into three
experimental groups (I–III).

Group Born Slaughtered Number Number Number
of EB of IB of SB

I Jul Dec 13 12 12
II Sep Feb 11 11 11
III Jan Jul 10 11 10

EB: entire boars. IB: immunocastrated boars. SB: surgically castrated boars.

sidered: entire boars (EB), immunocastrated boars (IB), and
surgically castrated boars (SB). The hypothesis of the present
study is that BMC or BMD varies between different male pig
sex types. If a sex type has a negative effect on bone mineral-
ization (BMC or BMD), it could result in more lameness and
problems during fattening in the male sex type negatively af-
fected.

2 Material and methods

2.1 Animals

A total number of 101 male pigs was used in this study, con-
sisting of 34 EB, 34 IB, and 33 SB. They were examined
in three experimental groups, and each sex type was equally
distributed to each group (Table 1). The average age among
sex groups differed only slightly, with EB = 75.9± 1.0 d,
SB= 76.2± 1.2 d, and IB= 76.9± 1.0 d at first examination
(scan 30). This difference did not change during the exper-
iment because the following examination always took place
35 d (scan 50) or 77 d (scan 90) after first examination.

All animals were kept according to the German national
animal welfare regulations (Germany, 2016, 2017). The ani-
mal experiment was approved by the District Government of
Upper Bavaria (registry numbers 55.2-1-54-2532.2-12-13).

The animals were born and raised on a conventional pig
farm. They were F1 crossbred offsprings of German Lan-
drace sows mated with Piétrain boars. Animals were housed
in groups as outlined in Table 1 in an outdoor climate barn
(individual space > 1.46 m2) and were fed ad libitum with
a diet containing 15 MJ ME kg−1. IB were injected twice
with a gonadotropin-releasing factor analogon (Improvac™,
Pfizer): the first injection was given at an age of 76 d and the
second injection at an age of 138 d.

2.2 Dual-energy X-ray absorptiometry (DXA)

A GE Lunar iDXA (General Electric Company) was used to
perform the measurements for bone mineral content (BMC,
g) and bone mineral density (BMD, g cm−2) during a whole-
body measurement. The animals were bedded in a prone po-
sition with their front limbs flexed and hind limbs extended.
The whole-body software mode “dick” (German for “thick”)
was used for all examinations. Pigs were examined three

Figure 1. Defined body regions in the two-dimensional DXA im-
age.

times during growth: firstly at approximately 30 kg live body
weight (29.84±7.26 kg; scan 30), secondly at approximately
50 kg live body weight (53.59±8.91 kg; scan 50), and thirdly
at approximately 90 kg live body weight (92.33± 10.59 kg;
scan 90).

Based on the two-dimensional DXA image, a regional
analysis was performed by defining nine body regions as
demonstrated in Fig. 1: region 1 (R1) – whole body; region 2
(R2) – head; region 3/4 (R3/R4) – left/right front limb includ-
ing shoulder blade; region 5 (R5) – lumbar region; region 6/7
(R6/R7) – left/right femur; region 8/9 (R8/R9) – left/right
lower hind leg.

Beside the BMD (g cm−2) and BMC (g) of each region,
soft lean tissue (kg; %), fat tissue (kg; %), and total tissue
(kg) were evaluated for the whole body (region 1).

2.3 Statistical analysis

A mixed model procedure using SAS 9.3 software was used
for statistical analysis. Two different REML (restricted max-
imum likelihood estimation) models were applied. Model
1 covers the bone mineral traits, i.e. bone mineral density
(BMD) and bone mineral content (BMC) with the fixed ef-
fects: sex, group, scan time, DXA region, and all possible
two-way interactions, while the animal was treated as re-
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peated effect (Tables 3–6). Model 2 covers all DXA traits and
weight as well as age. The fixed effects for model 2 are de-
fined as sex, group, scan time, sex× scan time, sex× group,
and group× scan time, while like in model 1 the animal was
treated as random, and repeated effect (Tables 2, 7).

The estimated LSM (least squares means) were t-tested
after a Tukey–Kramer adjustment. The significance level was
set to p<0.05 in all cases.

3 Results

3.1 Interaction sex× scan

Significant differences between the different body regions
were detected. Table 2 represents the data for all nine body
regions (R1–R9) divided into the different scan times (30, 50,
and 90) and the different sex types (EB, IB, and SB). Both,
BMC and BMD show an increase from scan to scan with
differences among (1) body parts and (2) sex types.

1. Body parts: the highest BMD in all scans was found in
the head (R2). BMD records showed the same ranking
within the limbs throughout the three scans at 30, 50,
and 90 kg body weight with the highest BMD in R6/R7
(femur) followed by R3/R4 (front limb), and R8/R9
(lower hind limbs). In contrast, the highest BMC was
found in R3/R4 (front limb) followed by R8/R9 (lower
hind limbs) and R6/R7 (femur).

2. Sex types: no significant differences were detected re-
garding the whole-body (R1) records for BMD and
BMC at the 30 kg scan. Significant differences among
sex types were found for the front limbs (R4, BMD),
and the femur (R7, BMD). At 50 kg significant differ-
ences were detected for R7 between SB and EB, with IB
in between. SB showed the highest BMD values in all
regions. At 90 kg, significant differences were detected
for whole-body BMD (R1), with SB having the high-
est and EB having the lowest value and IB being in be-
tween. In all limb regions (R3/R4, R6/R7, R8/R9), EB
showed the lowest value, with significant differences to
SB.

Table 3 represents the data for BMD and BMC depending
on the body region among all sex types. Head (R2) showed
the highest BMD; the limbs (front and hind leg) showed sim-
ilar results compared between left and right body side.

The variance analysis shows significant effects for all fixed
effects and all possible two-way interactions for the bone
mineral traits used with the exception of sex× scan interac-
tion for BMC (Table 4).

3.2 Differences between sex types

Only small differences were detected for weight (total tissue
mass by DXA: sum of fat mass (g), soft lean tissue mass (g),

and bone mineral content, (g)) among the different sex types
(see Table 7 – and explanation for body composition below).
Table 5 represents the data for BMD and BMC among the
average of all measurements, divided for the different sex
types. Significant differences were observed between EB and
the other sex types for BMD and BMC and between all sex
types regarding BMD, with SB having the highest BMD and
EB the lowest BMC and BMD.

Table 6 represents differences between the sex types di-
vided for the different scan times, both for BMD and BMC.
Significant differences can be detected at the 30 kg measure-
ment between EB and SB (BMD) and from the 50 kg mea-
surement on between EB and the other two (BMD). EB has
the lowest BMD and BMC for all three measurements. For
BMC, significant differences can first be detected at the 90 kg
measurement, with EB and IB showing significant differ-
ences and SB being in between.

Table 7 presents the whole-body composition variables for
all three scans (30, 50, and 90) divided into sex types (EB, IB,
and SB) and examination groups (I, II, and III). Differences
among (1) sex types and (2) group effects were observed.

1. Sex type: no obvious changes were detected over the
three scans. SB showed the significantly highest amount
and percentage of whole-body fat tissue (kg, %) over all
three scans. EB and IB showed similar fat tissue records
(kg, %). No differences were detected regarding soft
lean tissue (kg) or bone mineral tissue (kg).

2. Group effect: At scan 50, group II showed the lowest
amount and percentage of fat tissue (%, kg). At scan 90
between group II and III no significant differences could
be detected any longer for fat tissue (kg). Regarding soft
lean tissue (kg), significant differences were detected at
scan 90, where group I and II differ significantly from
group III. No differences were detected for bone min-
eral tissue either between the sex types or between the
groups.

4 Discussion

The results of this study underline the hypothesis that BMC
or BMD varies between different male sex types (Table 5).
Additionally this study indicates differences in BMD among
the body regions (Tables 2 and 3) and that the rearing season
might have an influence on bone mineralization (and body
composition) parameters (Table 7). All evaluated parameters
increased during the scans, which is in line with the results
of Ryan et al. (2011). Three major differences were detected
comparing data of EB, IB and SB and the three different
groups (I, II, and III).

4.1 Discussion regional differences

Regional bone mineralization differences inside the animal’s
body could be demonstrated in this study (Tables 2 and 3).
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0.559
±
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±
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1.07

38.25
±

1.83
38.15

±
1.90

(g)
IB

574.81
±

25.49
122.23

±
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±
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39.33
±
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0.011
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±
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±
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1.507
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±
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0.794
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±

0.011
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±
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±

25.36
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±
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±
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±
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1.87
SB

1055.95
±

25.79
207.67
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±
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123.61
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37.23
±
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±
1.02
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±

1.07
75.36

±
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74.87
±
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B
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D

E
B

0.958
±

0.009 a
1.922

±
0.021

1.000
±

0.011 a
0.994

±
0.011 a

0.887
±

0.010
1.115

±
0.012 a

1.109
±

0.013 a
0.816

±
0.008 a

0.819
±

0.008 a

(g
cm
−

2)
IB

0.974
±

0.009 a,b
1.986

±
0.021

1.030
±

0.010 a,b
1.032

±
0.011 a,b

0.907
±

0.010
1.165

±
0.012 a,b

1.156
±

0.013 a,b
0.834

±
0.008 a,b

0.843
±

0.008 a,b

SB
0.994

±
0.007 b

1.988
±

0.021
1.062

±
0.011 b

1.061
±

0.011 b
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±
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0.013 b
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0.011 b
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0.008 b
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B
M

C
E
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±
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±
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1.13

64.80
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1.01
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1.88
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IB
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±

25.36
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±
4.76
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±
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±
3.34
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±

1.12
68.80

±
1.01

68.49
±

1.05
132.30

±
1.80

132.07
±

1.87
SB

1832.76
±

25.79
355.99

±
4.84

222.31
±

3.45
218.29

±
3.39

69.69
±

1.14
67.10

±
1.02

67.98
±

1.07
129.23

±
1.83

128.49
±

1.89
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Table 3. BMD and BMC depending on body region (LSM±SEE,
standard error of estimation). Different superscripts represent sig-
nificant (p<0.05) differences within column.

Region BMD (g cm−2) BMC (g)

Whole body (R1) 0.7516a 1151.69a

Head (R2) 1.5314b 229.71b

Left front (R3) 0.7959c 135.39c

Right front (R4) 0.7904c 134.12c

Lumbar region (R5) 0.6725d 41.72d

Left femur (R6) 0.8945e 40.75d

Right femur (R7) 0.8903e 40.83d

Left lower hind leg (R8) 0.6437f 80.93e

Right lower hind leg (R9) 0.6463f 80.63e

±SEE (all traits) ±0.004 ±2.93

The head showed the highest BMD and BMC over all body
regions and over all scans. BMD and BMC also differed
between front and hind legs as well as between femur and
lower hind legs. In this study, the front limb (R3/R4) was
evaluated in total (shoulder blade to toe) and the hind leg
was divided into femur (separated from the hip at the caput
femoris) and lower hind leg (knee to toe), due to the iden-
tifiability of different bones in the hind limb (especially the
hip). Ryan et al. (2011) published the finding that the BMD
of the front limbs is significantly higher than the BMD of
the hind limbs. In the present study the BMD of the total
front limbs (R3/R4) is higher than the BMD of the lower
hind legs (R8/R9), but not higher than the BMD of the fe-
mur (R6/R7) analysed separately. On the other hand, the
highest BMC was found in the front limbs (R3/R4). This
higher BMC could be explained by more weight loaded on
the front limbs (due to the head and neck), as published by
Mitchell et al. (2001). Additionally, as published by Klein-
Nulend et al. (2005), an increased osteoblast activity due to
weight load underlines this hypothesis. Thorup et al. (2007)
showed that front limbs differ bio-mechanically, as they carry
more weight and have higher peak forces and longer stance
phases when walking. Although DXA is used as the method
of choice for bone mineral determination in humans (Carter
et al., 1992; Tothill and Hannan, 2002, 2007), there are lim-
itations based on the two-dimensional character with mis-
leading results comparing bones of different thicknesses and
sizes (Carter et al., 1992). Larger bones may have a higher
BMD than smaller bones due to the different sizes (Boux-
sein and Seeman, 2009). This should be kept in mind as the
present study shows the highest BMD for the femur by con-
trast with the results of Ryan et al. (2011) with the highest
BMD in the front limbs. Table 3 represents BMD and BMC
results depending on the body region summarized over all
groups and scans. This table confirms differences in body re-
gions, with the head having the highest BMD. It also shows

that both body sides (left and right side) were evaluated
equally as both sides receive the same superscript (Table 3).

BMD is affected by many factors, like muscle or fat mass,
activity, calcium–phosphorus mineralization, or sexual hor-
mones. In this study only male animals were examined;
therefore more weight due to a higher muscle or fat mass and
a more developed shoulder and head region (e.g. Dobrowol-
ski et al., 1995) are supposed to have had an effect on bone
mineralization. Additionally, special needs regarding the cal-
cium : phosphorus ratio could influence BMD (Aiyangar et
al., 2010; Létourneau-Montminy et al., 2010; Ryan et al.,
2011), especially in males which show high muscle mass.
Burr et al. (2002) showed that weight bearing and activity af-
fect BMD. In this study, no activity scoring was performed,
but it has to be kept in mind that no significant difference
was found regarding weight and age of the different sex type
groups. Further evaluation of these DXA images is needed to
evaluate muscle and fat tissue in the defined body regions to
be able to compare muscle and fat tissue data with BMD or
BMC data of the same region.

4.2 Discussion sex differences

Sex differences were more pronounced in the 50 kg scan than
in the 30 kg scan (Table 2). At 50 kg, EB and IB, both rep-
resenting entire males at that time point, showed less BMD
(R1) than SB. At 90 kg, this changed, as IB took a position
between EB with the significantly lowest BMD and SB with
the significantly highest BMD (R1). In the present study no
significant difference was found between the different sex
types regarding bone mineral tissue or soft lean tissue mass
(Table 7), although SB showed the (significantly) highest fat
tissue (%, kg) over all examinations (Table 7). The fact that
SB in comparison with EB or IB showed the highest fat con-
tent in the carcass is confirmed by other studies (e.g. Fàbrega
et al., 2010). Investigations of boar carcasses showed that
the body composition of an intact boar is significantly differ-
ent from that of barrows or gilts (Dobrowolski et al., 1995;
Bauer, 2010). Further studies are needed which include also
female pigs to evaluate differences based on the hormonal
status. Additionally, studies have to be performed evaluating
the effects of low BMD on leg health compared with high
muscle mass in entire boars because EB had the significantly
lowest BMD in the leg regions (R4, R6, R8, and R9) com-
pared to castrated males (IB and SB; Table 2). This reduction
in BMD might result in less bone conformation and be fol-
lowed by more lame fattening pigs, which must be avoided
due to animal health and for economic reasons.

Further studies are needed which also include female
pigs to evaluate differences based on the hormonal status
(Almeida et al., 2017). In agreement with findings in grow-
ing humans with higher BMD in girls or young women in
comparison to boys or young men (Boot et al., 1997), Ko-
gelmann et al. (2013) did not find significant differences for
BMD between female and male pigs – also with a slight ad-

www.arch-anim-breed.net/63/103/2020/ Arch. Anim. Breed., 63, 103–111, 2020



108 M. Bernau et al.: “Sex” and body region effects on bone mineralization

Table 4. Variance analysis table for bone mineral traits (BMD/BMC).

BMD BMC

Effect No. DF (degrees of freedom) Den. DF F value Pr >F F value Pr >F

Sex (GE) 2 2626 74.71 < 0.0001 7.29 0.0007
Group (GR) 2 2626 23.37 < 0.0001 12.56 < 0.0001
Scan number (scan) 2 2626 10 787.4 < 0.0001 4838.60 < 0.0001
GE×GR 4 2626 17.10 < 0.0001 5.86 0.0001
GR× scan 4 2626 8.70 < 0.0001 4.72 0.0009
GE× scan 4 2626 3.53 0.0070 0.59 0.6727
Region 8 2626 4708.73 < 0.0001 14 590.8 < 0.0001
Scan× region 16 2626 99.46 < 0.0001 1466.94 < 0.0001

Table 5. BMD (g cm−2) and BMC (g) depending on sex
(LSM±SEE) – average of nine measurements (body regions).
Different superscripts represent significant (p < 0.05) differences
within column.

Sex BMD (LSM±SEE) BMC (LSM±SEE)

EB 0.825± 0.0023a 209.98± 1.69a

IB 0.849± 0.0023b 218.87± 1.68b

SB 0.865± 0.0023c 216.41± 1.71b

Table 6. BMD and BMC depending on sex and scan time
(LSM±SEE) – average of nine measurements (body regions). Dif-
ferent superscripts within trait characterize significant differences
(p<0.05).

BMD (g cm−2)

Scan EB IB SB
30 0.604± 0.004h 0.619± 0.004g,h 0.629± 0.004g

50 0.803± 0.004f 0.815± 0.004e 0.843± 0.004d

90 1.069± 0.004c 1.103± 0.004b 1.123± 0.004a

BMC (g)

Scan EB IB SB
30 103.14± 2.98d 108.15± 2.94d 108.45± 3.05d

50 190.60± 2.88c 198.76± 2.88c 197.24± 2.92c

90 336.19± 2.89b 349.72± 2.88a 343.53± 2.92a,b

vantage for female pigs. According to Kranioti et al. (2019),
human males reach peak bone mass combined with the high-
est BMD later than females do. Therefore, it seems plausible
that young entire boars – as in our study – do not have higher
BMD values than the castrated ones (IB or SB).

4.3 Discussion group differences

The three examination groups (I, II, and III) were raised in
different seasons with different periods of daylight; the de-
tected differences among groups might be traced back to sea-
sonal effects due to temperature, light access, or group con-

stellation. Additionally, no significant differences were de-
tected regarding weight, age, and bone mineral tissue mass
among the groups. Group I was raised with the shortest pe-
riod of daylight (July to December: fall to winter during fat-
tening), group II was raised with slightly increasing period
of daylight (September to February: winter during fattening),
and group III was raised with the longest period of daylight
in this study (January to July: early summer during fattening;
Table 1). At scans 50 and 90, group II showed significantly
lower fat tissue (% and kg) than group I and III, although
group I and II did not differ regarding soft lean tissue (kg) at
90 kg (Table 7).

An effect on bone mineral tissue could not be confirmed,
although other studies reported differences in humans (Krøl-
ner, 1983; Rico et al., 1994). Rico et al. (1994) detected an
increase in BMD during summer–fall and a decrease during
winter–spring in healthy premenopausal women (assessed by
DXA measurements). Additionally, Arens et al. (2007) re-
ported that sheep had the lowest BMD in winter compared
with the BMD records in spring and summer (measured us-
ing quantitative computed tomography). This might be an ef-
fect of daylight, which could not be displayed in an outdoor
climate barn as used in this study. To be able to discuss day-
light effects, an outdoor study has to be performed with an-
imals of different sex types housed in different seasons out-
door (if possible).

At scan 50 and 90, group II showed the significantly low-
est fat content (kg, %). At scan 90, soft lean tissue mass was
highest in group I and II. The group differences in soft lean
tissue are significant at scan 90. At scan 30 and scan 50,
no significant differences among groups could be detected.
Group I has the highest soft lean tissue, followed by group II
and III. In further studies, this should be studied in more de-
tail, as seasonal changes in feeding or activity pattern might
have effects on carcass composition.

5 Conclusions

DXA showed differences in bone mineralization in pigs, es-
pecially pronounced for different body regions and among
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b male sex types. For further studies, it is necessary to eval-
uate whether a lower or higher BMC or BMD affects the
health of male fattening pigs, as has been published in hu-
man medicine, where a declining bone mineral density is a
surrogate for declining bone strength (Ryan, 1997; Bonnick,
2007).

Since the present results showed differences among sex
types, it is necessary to evaluate the importance of these dif-
ferences for lameness prevalence in further studies, in par-
ticular, as boar fattening is named as one possible alterna-
tive after the ban on piglet castration without anaesthesia in
2021 in Germany. Additionally, it seems necessary to ex-
amine whether seasonal differences have an effect on bone
health or bone strength and how it should be handled in fat-
tening pigs. Perhaps, these differences can be influenced by
light programmes, outdoor areas, or food additives in terms
of calcium or phosphorus add-ons.

Recently published genome-wide association studies by
Rothammer et al. (2014, 2017) showed that further candi-
date genes or gene regions were found for whole-body or
regional bone mineral traits assessed by using DXA in pigs
in vivo. Therefore, genomic analysis and additional BMC or
BMD phenotypes can add information in terms of leg health
and animal welfare in pigs.

Data availability. Data will be made available on reasonable re-
quest.

Author contributions. MB designed the experiments. MB, SS,
and LSK carried them out. JS analysed the DXA images. AMS per-
formed the statistical analysis. MB prepared the paper with contri-
butions from all co-authors.

Competing interests. The authors declare that they have no con-
flict of interest.

Acknowledgements. Special thanks to Christina Beitz-Radzio
and Thomas Thielemann for their support during the project.

Financial support. This project was financially supported by
the Lehre@LMU project of the Ludwig-Maximilians-Universität
München, funded by the German Federal Ministry of Education and
Research (BMBF) (grant no. 01PL17016). Any opinions expressed
here are those of the authors.

Review statement. This paper was edited by Manfred Mielenz
and reviewed by Jorgen Kongsro and one anonymous referee.

www.arch-anim-breed.net/63/103/2020/ Arch. Anim. Breed., 63, 103–111, 2020



110 M. Bernau et al.: “Sex” and body region effects on bone mineralization

References

Aiyangar, A. K., Au, A. G., Crenshaw, T. D., and Ploeg,
H.-L.: Recovery of bone strength in young pigs from
an induced short-term dietary calcium deficit followed by
a calcium replete diet, Med. Eng. Phy., 32, 1116–1123,
https://doi.org/10.1016/j.medengphy.2010.08.001, 2010.

Almeida, M., Laurent, M. R., Dubois, V., Claessens, F.,
O’Brien, C. A., Bouillon, R., Vanderschueren, D., and Manola-
gas, S. C.: Estrogens and Androgens in Skeletal Phys-
iology and Pathophysiology, Physiol Rev., 97, 135–187,
https://doi.org/10.1152/physrev.00033.2015, 2017.

Arens, D., Sigrist, I., Alini, M., Schawalder, P., Schneider, E., and
Egermann, M.: Seasonal changes in bone metabolism in sheep,
Vet. J., 174, 585–591, 2007.

Bauer, A.: Schlachtkörper – Wie sind Jungeber zu bewerten? Pre-
sentation at Expertenworkshop Verzicht auf Ferkelkastration –
Stand und Perspektiven, Berlin, 2010.

Bonnick, S. L.: HSA: Beyond BMD with DXA, Bone, 41, 9–12,
https://doi.org/10.1016/j.bone.2007.03.007, 2007.

Boot, A. M., De Ridder, M. A. J., Pols, H. A. P., Krenning, E. P., and
De Muinch Keizer-Schrama, S. M. P. F.: Bone Mineral Density in
Children and Adolescents: Relation to Puberty, Calcium Intake,
and Physical Activity, J. Clin. Endocr. Metab., 82, 57–62, 1997.

Bouxsein, M. L. and Seeman, E.: Quantifying the material and
structural determinants of bone strength, Best Pract. Res. Cl. Rh.,
23, 741–753, 2009.

Burr, D. B., Robling, A. G., and Turner, C. H.: Effects of biome-
chanical stress on bones in animals, Bone, 30, 781–786, 2002.

Carter, D. R., Bouxsein, M. L., and Marcus, R.: New approaches
for interpreting projected bone densitometry data, J. Bone Miner.
Res., 7, 137–145, https://doi.org/10.1002/jbmr.5650070204,
1992.

Dobrowolski, A., Höreth, R., and Branscheid, W.: Der Schlachtkör-
perwert von Ebern und Börgen und Probleme der Klas-
sifizierung, Die Ebermast, Schriftenreihe des Bundesminis-
teriums für Ernährung, Landwirtschaft und Forsten, Reihe
A: Angewandte Wissenschaft, Heft Nr. 449, Münster, Land-
wirtschaftsverlag GmbH, 1995.

Fàbrega, E., Velarde, A., Cros, J., Gispert, M., Suárez, P., Tibau,
J., and Soler, J.: Effect of vaccination against gonadotrophin-
releasing hormone, using Improvac®, on growth performance,
body composition, behaviour and acute phase proteins, Livest.
Sci., 132, 53–59, https://doi.org/10.1016/j.livsci.2010.04.021,
2010.

Friendship, R. M., Wilson, M. R., Almond, G. W., McMillan, I.,
Hacker, R.R., Pieper, R., and Swaminathan, S. S.: Sow wastage:
reasons for and effect on productivity, Can. J. Vet. Res., 50, 205–
208, 1986.

Fukawa, K. and Kusuhara, S.: The genetic and non-genetic aspects
of leg weakness and osteochondrosis in pigs, Asian. Austral. J.
Anim., 14, 114–122, 2000.

Germany: Tierschutz-Nutztierhaltungsverordnung in der Fassung
der Bekanntmachung vom 22. August 2006 (BGBl. I S. 2043),
die zuletzt durch Artikel 1 der Verordnung vom 14. April 2016
(BGBl. I S. 758) geändert worden ist, (German Federal Ministry
for Food, Agriculture and Consumer Protection), 2016.

Germany: Tierschutzgesetz in der Fassung der Bekanntmachung
vom 18. Mai 2006 (BGBl. I S. 1206, 1313), das zuletzt durch

Artikel 141 des Gesetzes vom 29. März 2017 (BGBl. I S. 626)
geändert worden ist (Animal Protection Law), 2017.

Hoge, M. D. and Bates, R. O.: Developmental factors that influence
sow longevity, J. Anim. Sci., 89, 1238–1245, 2011.

Johnston, K. M., Doige, C. E., and Osborne, A. D.: An evaluation
of nonsuppurative joint disease in slaughter pigs, Can. Vet. J., 28,
174–180, 1987.

Klein-Nulend, J., Bacabac, R. G., and Mullender, M. G.:
Mechanobiology of bone tissue, Pathol. Biol., 53, 576–580,
https://doi.org/10.1016/j.patbio.2004.12.005, 2005.

Kogelman, L. J. A., Kadarmideen, H. N., Mark, T., Karlskov-
Mortensen, P., Bruun, C. S., Cirera, S., Jacobsen, M. J., Jør-
gensen, C. B., and Fredholm, M.: An F2 pig resource population
as a model for genetic studies of obesity and obesity-related dis-
eases in humans: design and genetic parameters, Front. Genetic.,
4, 1–14, https://doi.org/10.3389/fgene.2013.00029, 2013.

Kranioti, E. F., Bonicelli, A., and García-Donas, J. G.: Bone-
mineral density: clinical significance, methods of quantifica-
tion and forensic applications, Research and Reports in Forensic
Medical Science, 9, 9–21, 2019.

Krølner, B.: Seasonal variation of lumbar spine bone mineral con-
tent in normal women, Calcif. Tissue. Int., 35, 145–147, 1983.

Létourneau-Montminy, M. P., Narcy, A., Magnin, M., Sauvan, D.,
Bernier, J. F., Pomar, C., and Jondreville, C.: Effect of re-
duced dietary calcium concentration and phytase supplemen-
tation on calcium and phosphorus utilization in weanling pigs
with modified mineral status, J. Anim. Sci., 88, 1706–1717,
https://doi.org/10.2527/jas.2008-1615, 2010.

Mitchell, A. D., Conway, J. M., and Potts, W. J.: Body composition
analysis of pigs by dual-energy X-ray absorptiometry, J. Anim.
Sci., 74, 2663–2671, 1996.

Mitchell, A. D., Scholz, A. M., and Pursel, V. G.: Total body and
regional measurements of bone mineral content and bone mineral
density in pigs by dual energy X-ray absorptiometry, J. Anim.
Sci., 79, 2594–2604, 2001.

Pietrobelli, A., Formica, C., Wang, Z., and Heymsfield, S. B.: Dual-
energy X-ray absorptiometry body composition model: Review
of physical concepts, Am. J. Physiol., 271, E941–E951, 1996.

Pluym, L., Van Nuffel, A., Dewulf, J., Cools, A., Vangroenweghe,
F., Van Hoorebeke, S., and Maes, D.: Prevalence and risk factors
of claw lesions and lameness in pregnant sows in two types of
group housing, Vet. Med., 56, 101–109, 2011.

Rico, H., Revilla, M., Cardenas, J. L., Villa, L. F., Fraile, E., Martin,
F. J., and Arribar, I.: Influence of weight and seasonal changes on
radiogrammetry and bone densitometry, Calcif. Tissue. Int., 54,
385–388, 1994.

Rothammer, S., Kremer, P. V., Bernau, M., Fernandez-Figares, I.,
Pfister-Schär, J., Medugorac, I., and Scholz, A. M.: Genome-
wide QTL mapping of nine body composition and bone mineral
density traits in pigs, Genet. Sel. Evol., 46, 1–11, 2014.

Rothammer, S., Bernau, M., Kremer-Rücker, P. V., Medugo-
rac, I., and Scholz, A. M.: Genome-wide QTL mapping re-
sults for regional DXA body composition and bone min-
eral density traits in pigs, Arch. Anim. Breed., 60, 51–59,
https://doi.org/10.5194/aab-60-51-2017, 2017.

Ryan, P. J.: Overview of role of BMD measurements in managing
osteoporosis. Semin. Nucl. Med., 27, 197–209, 1997.

Ryan, W. F., Lynch, P. B., and Doherty, J. V.: Effect of dietary phos-
phorus on the development of bone mineral density of pigs as-

Arch. Anim. Breed., 63, 103–111, 2020 www.arch-anim-breed.net/63/103/2020/

https://doi.org/10.1016/j.medengphy.2010.08.001
https://doi.org/10.1152/physrev.00033.2015
https://doi.org/10.1016/j.bone.2007.03.007
https://doi.org/10.1002/jbmr.5650070204
https://doi.org/10.1016/j.livsci.2010.04.021
https://doi.org/10.1016/j.patbio.2004.12.005
https://doi.org/10.3389/fgene.2013.00029
https://doi.org/10.2527/jas.2008-1615
https://doi.org/10.5194/aab-60-51-2017


M. Bernau et al.: “Sex” and body region effects on bone mineralization 111

sessed using dual energy X-ray absorptiometry, Livest. Sci., 137,
101–107, https://doi.org/10.1016/j.livsci.2010.10.006, 2011.

Scholz, A., Soffner, P., Littmann, E., Peschke, W., and Förster,
M.: Genauigkeit der Dualenergie-Röntgenabsorptiometrie
(DXA) zur Ermittlung der Schlachtkörperzusammenset-
zung von Schweinehälften (kalt, 30–39 kg) anhand der EU-
Referenzzerlegung, Züchtungskunde, 74, 376–391, 2002.

Scholz, A. M., Heller, P., Waldmann, K.-H., Wolf, P., Kam-
phues, J., and Förster, M.: Eignung der Dualenergie-
Röntgenabsorptiometrie zur Erfassung der Knochenminer-
alisierung von Ebern, Züchtungskunde, 76, 94–107, 2004.

Stalder, K. J., Knauer, M., Baas, T. J., Rothschild, M. F., and Mabry,
J. W.: Sow longevity, Pig News and Information, 25, 53N–74N,
2004.

Tarrés, J., Bidanel, J. P., Hofer, A., and Ducrocq, V.: Analysis of
longevity and exterior traits on Large White sows in Switzerland,
J. Anim. Sci., 84, 2914–2924, https://doi.org/10.2527/jas.2005-
707, 2006a.

Tarrés, J., Tibau, J., Piedrafita, J., Fàbrega, E., and
Reixach, J.: Factors affecting longevity in mater-
nal Duroc swine lines, Livest. Sci., 100, 121–131,
https://doi.org/10.1016/j.livprodsci.2005.08.007, 2006b.

Thorup, V. M., Tøgersen, F. A., Jørgensen, B., and
Jensen, B. R.: Biomechanical gait analysis of pigs
walking on solid concrete floor, Animal, 1, 708–715,
https://doi.org/10.1017/S1751731107736753, 2007.

Tothill, P.: Dual-energy X-ray absorptiometry for the measurement
of bone and soft lean tissue composition, Clin. Nutr., 14, 263–
268, 1995.

Tothill, P. and Hannan, W. J.: Bone mineral and soft lean tissue mea-
surements by Dual-Energy X-Ray absorptiometry during growth,
Bone, 31, 492–496, 2002.

Tothill, P. and Hannan, W. J.: Prediction and accuracy of measuring
changes in bone mineral density by dual-energy X-ray absorp-
tiometry, Osteoporos. Int., 18, 1515–1523, 2007.

www.arch-anim-breed.net/63/103/2020/ Arch. Anim. Breed., 63, 103–111, 2020

https://doi.org/10.1016/j.livsci.2010.10.006
https://doi.org/10.2527/jas.2005-707
https://doi.org/10.2527/jas.2005-707
https://doi.org/10.1016/j.livprodsci.2005.08.007
https://doi.org/10.1017/S1751731107736753

	Abstract
	Introduction
	Material and methods
	Animals
	Dual-energy X-ray absorptiometry (DXA)
	Statistical analysis

	Results
	Interaction sexscan
	Differences between sex types

	Discussion
	Discussion regional differences
	Discussion sex differences
	Discussion group differences

	Conclusions
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	Financial support
	Review statement
	References

