
Animal 18 (2024) 101241
Contents lists available at ScienceDirect

Animal

The international journal of animal biosciences
Development of the mineralisation of individual bones and bone regions
in replacement gilts according to dietary calcium and phosphorus
https://doi.org/10.1016/j.animal.2024.101241
1751-7311/© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

⇑ Corresponding author.
E-mail address: patrick.schlegel@agroscope.admin.ch (P. Schlegel).
P. Floradin a,b, C. Pomar b,c, M.P. Létourneau-Montminy b, P. Schlegel a,⇑
aAgroscope, Swine Research Group, 1725 Posieux, Switzerland
bDepartment of Animal Sciences, Laval University, Quebec G1V 1A6, Canada
cAgriculture and Agri-Food Canada, Sherbrooke, Quebec J1M 1Z3, Canada

a r t i c l e i n f o
Article history:
Received 12 January 2024
Revised 26 June 2024
Accepted 28 June 2024
Available online 3 July 2024

Keywords:
Body composition
Dual-energy X-ray absorptiometry
Minerals
Pig
Proxy
a b s t r a c t

Skeleton bones, distinguished by trabecular and cortical bone tissue content, exhibit varied growth and
composition, in response to modified dietary calcium and phosphorus levels. The study investigated how
gilts adapt their individual bone and bone region mineralisation kinetics in response to changing intake
of Ca and P. A total of 24 gilts were fed according to a two-phase (Depletion (D) 60–95 and Repletion (R)
95–140 kg BW, respectively). During the D phase, gilts were fed either 60% (D60) or 100% (D100) of the
estimated P requirement. Subsequently, during the R phase, half of the gilts from each D diet were fed
either 100% (R100) or 160% (R160) of the estimated P requirement according to a 2 � 2 factorial arrange-
ment. Bone mineral content (BMC) was assessed in the whole body, individual bones (femur and lumbar
spine L2–L4), and bone regions (head, front legs, trunk, pelvis, femur, and hind legs) every 2 weeks using
dual-energy X-ray absorptiometry (DXA). At 95 kg BW, gilts fed D60 showed reduced BMC and BMC/BW
ratio in all studied sites compared to those fed D100 (P < 0.001). During the depletion phase, the allomet-
ric BW-dependent regressions slopes for BMC of D100 gilts remained close to 1 for all sites and did not
differ from each other. In contrast, the slopes were lower in D60 gilts (P < 0.05), with an 18% reduction in
the whole body, except for the front and hind legs, femur, and pelvis, which exhibited higher reductions
(P < 0.05). At 140 kg BW, BMC and BMC/BW ratio of all studied sites were similar in gilts previously fed
D60 and D100, but higher in R160 than in R100 gilts (P < 0.05), except for front and hind legs. During the
repletion phase, the allometric BW dependent regressions slopes for BMC were lower (P < 0.05) in R100
than in R160 gilts (for whole body -10%; P < 0.01) except for front and hind legs, femur, and pelvis. In
conclusion, bone demineralisation and recovery followed similar trends for all measured body sites.
However, the lumbar spine region was most sensitive whereas the hind legs were least sensitive.
These data suggest that using bone regions such as the head and forelegs that can be collected easily
at the slaughterhouse may be a viable alternative to whole body DXA measurement.
© 2024 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

In case of insufficient supply of dietary calcium and phosphorus,
body reserves of these minerals are mobilised from the skeleton. It
remains unclear if all bones or bone regions react to the same
extent or not. Results show that all sites exhibit a similar pattern
than the whole body, irrespective of whether diets are deficient,
adequate, or excessive in calcium and phosphorus. The lumbar
spine region is the most, whereas the hind legs are the least sensi-
tive. The bone regions such as head or front legs may serve as prac-
tical proxies for assessing whole-body bone mineralisation in pigs.
Introduction

Data on bone mineralisation response to varying dietary sup-
plies in calcium (Ca) and phosphorus (P) in gilts, as in growing pigs,
have predominantly been assessed postmortem (Varley et al.,
2011; Schlegel and Gutzwiller, 2020; Rieger et al., 2021). Measure-
ment of bone mineralisation was conducted on various bones, such
as the femur, metacarpus, and tibia employing diverse techniques
including bone-breaking strength, bone ash percentage, and bone
mineral density (Crenshaw et al., 1981; Schlegel and Gutzwiller,
2020). Dual-energy X-ray absorptiometry (DXA) a technique com-
monly used in human medicine enables longitudinal studies that
monitor skeleton changes of various bones related to dietary sup-
ply and time, (Nordin et al., 1996; Åkesson et al., 1998; Mitchell
et al., 2001).
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Animals exhibit resilience in overcoming certain mineral defi-
ciencies by enhancing absorption and by increasing the efficiency
of utilisation of the deficient nutrient (Ryan et al., 2011a;
Létourneau-Montminy et al., 2014). As an example, dietary restric-
tion of Ca and P (i.e. depletion) leads to increased intestinal absorp-
tion, renal reabsorption, and mobilisation in bone tissue (Lautrou
et al., 2021). These adaptative mechanisms are stimulated by a
set of genes encoding phosphate and Ca transporters in entero-
cytes, which are controlled by coordination between parathyroid
hormone and 1,25-dihydroxyvitamin D3 secretion (Just et al.,
2018; Wubuli et al., 2019). The bone resorption is induced by the
increased number and activity of osteoclasts (Stauffer et al.,
1972; Taguchi et al., 1991; Åkesson et al., 1998). The deficit in bone
mineralisation is recovered by increased number and activity of
osteoblasts when dietary Ca and P are again sufficient (i.e. reple-
tion) (Lautrou et al., 2021).

To enhance P efficiency and minimise P excretion, several
experiments were performed in pigs. These confirmed that reduc-
ing dietary P and Ca levels triggered regulative response and
enhanced P utilisation efficiency, to allow replenishment of bone
mineralisation following a repletion period (Lautrou et al., 2021).
For instance, Létourneau-Montminy et al. (2014) showed that the
retention of vertebrae mineral content increased by 56% following
a repletion period during the growing phase. However, these
authors have highlighted that the efficiency of P use during deple-
tion and the efficiency of recovery depends on factors such as the
extent of bone depletion and the specific bone regions studied.
Indeed, variations in growth and composition exist among skeleton
bones, leading to different responses to modified dietary Ca and P
levels (Crenshaw, 2001; Donnelly et al., 2012). This discrepancy is
attributed to the non-uniform distribution of trabecular and corti-
cal bone tissues across different bones. Trabecular bone tissue,
with its greater relative surface area, tends to be more sensitive
to mineral deficiency compared to cortical bone tissue (Kim and
Park, 2013). Therefore, it is important to assess the ability of vari-
ous bone regions, particularly those prone to metabolic bone disor-
ders, as well as individual bones to serve as primary diagnostic
sites for osteoporosis (Ryan et al., 2011a and 2011b).

The aims of the present study were thus to use DXA to (1) assess
the time-dependent kinetics of mineralisation in specific bones
(lumbar spine and femur) and bone regions (head, front legs, trunk,
pelvis, femur, and hind legs) in gilts subjected to a dietary Ca and P
depletion-repletion protocol and (2) study the extent of bone dem-
ineralisation and the recovery process, and (3) identify bones that
can be easily collected and that would be representative to changes
in the whole body mineralisation. It was hypothesised that, com-
pared to the whole body, the response to a dietary Ca and P
depletion-repletion protocol in bones and bone regions represent-
ing mainly trabecular bones (femur, legs) and mainly cortical
bones (lumbar spine, trunk, pelvis) would differ from one to
another.
Material and methods

Animals and diets

The experimental design, diet composition, and management
procedures were previously described by Floradin et al. (2022).
In summary, 24 Swiss Large White gilts from the Agroscope sow
herd (mean BW of 55 kg) were grouped into six blocks of four ani-
mals each based on their BW. They were fed according to a two-
phase feeding programme (60–95 kg BW and 95–140 kg BW), cor-
responding to a phase of depletion of 35 days and a phase of reple-
tion of 56 days, respectively. During the depletion phase, two diets
(Supplementary Table S1) were formulated: (1) a control diet
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(D100; 2.1 digestible P g/kg) providing 100% of the digestible P
and total Ca requirements according to CVB (Bikker and Blok,
2017; optimised for 80 kg BW, daily 970 g BWG, 36 MJ and
5.75 g digestible energy and digestible P intake, respectively) and
(2) a low – P diet (D60; 1.2 digestible P g/kg) providing 60% of
the digestible P and total Ca of D100. Each diet was randomly
assigned to two gilts within each block. At the beginning of the
repletion phase, half of the gilts from each block and diet of the
depletion phase were randomly assigned to one of two diets (Sup-
plementary Table S1): (1) a control diet (R100; 2.1 digestible P/kg)
providing 100% of the digestible P and total Ca requirements
according to CVB (Bikker and Blok, 2017; optimised for 120 kg
BW, daily 750 g BWG, 30 MJ and 5.06 g digestible energy and
digestible P intake, respectively) and (2) a high-P diet (R160; 3.5
digestible P g/kg), providing 160% of the digestible P and total Ca
of R100.

Overall, the experiment was set up according to two feeding
sequences (D60-R100, D100-R100, D60-R160, and D100-R160),
resulting in four treatments. All diets were formulated to contain
a constant Ca/digestible P ratio of 2.8 with no supplemented phy-
tase. The diets were offered ad libitum during the depletion phase
but offered restrictively during the repletion phase to target a daily
BWG of 700–750 g. The ingredients and chemical composition (as
analysed value) of the diets including nutrient contents are
detailed in Supplementary Material S1.

Body composition assessment

The bone mineral content (BMC) for each gilt was assessed at 2-
week intervals by using DXA technology (Lunar i-DXA, GE Medical
Systems, Glattbrugg, Switzerland). Prior to each scanning session,
the gilts were fasted between 7 and 12 h and were then sedated
with isoflurane (Attane, Piramal Critical Care, Inc., Bethlehem, PA,
USA) before the DXA scanning. The calibration of the DXA was
checked prior to each scanning session by using a calibration phan-
tom according to the manufacturer’s instructions. Once sedated,
the gilts were placed on the DXA table in a prone position with
their hind legs extended as detailed by Kasper et al. (2021). Two
scans were performed per animal and processed using Encore soft-
ware (version 16): (1) ‘AP Spine – Thick’ mode to capture images of
the lumbar spine, and (2) ‘Total Body – thick’ mode to capture
images of the whole body and bone regions.

The two scan images (spine, whole body; Fig. 1) were treated to
remove artefacts (mask, ear tag) and were then examined to select
suitable regions of interest (ROI). The BMC values were quantified
using algorithms according to the ROI, provided by the manufac-
turer. For the spine scans, the standard ROI was placed to delimit
L2, L3, and L4. For the total body scans, the standard total body
ROI was placed as described by Kasper et al. (2021) to obtain
whole-body data. In addition, six custom ROIs were defined within
the total body scan mode: head, front legs, trunk, pelvis, femur, and
back legs. The ROI for the head was delimited from the second cer-
vical vertebrae. The ROI for the front legs included the blade (sca-
pula), arm (humerus), foreshank (radius, ulna), and all metacarpal
bones. The ROI for the back legs included the hind shank (tibia,
fibula) and metatarsal bones. The ROI for the trunk included the
cervical, thoracic, and lumbar vertebrae and ribs. The ROI for the
pelvis included the ilium, ischium, and the pubis.

Statistical analysis

Data were analysed using a complete randomised block design
including the time of each scan as the repeated measurement. The
analysis was conducted using the mixed procedure of SAS (SAS
Inst. Inc., Cary, NC, USA) employing the first-order autoregressive
covariance structure [(AR)1]. Its selection was based on the Akaike



Fig. 1. Dual-energy X-ray absorptiometry images of gilts. Image 1 represents the
total body, which includes the regions of interest for head (A), front legs (B), trunk
(C), pelvis (D), femur (E) and hind legs (F). Image 2 represents the lumbar spine
including the regions of interest for vertebrae L1, L2, L3, and L4.

P. Floradin, C. Pomar, M.P. Létourneau-Montminy et al. Animal 18 (2024) 101241
information criterion value which favoured it over the compound
symmetry and unstructured covariance structures. For the deple-
tion phase (D), the 2 � 4 factorial model included depletion diets
(D60, D100), time (scan number; 0–3), and the interaction between
time and diets (D � Time) as fixed effects and block (1–6) as a ran-
dom effect. For the repletion phase (R), the 2 � 2 � 4 factorial
model included depletion diets (D60, D100), repletion diets
(R100, R160), time (scan number; 3–7) and their interaction
(D � time, R � time, D � R, D � R � time) as fixed effects and block
as random effect. According to Floradin et al. (2022), no treatment
effect was observed on BW. Consequently, for clarity and conve-
nience, BWwas utilised as the X-axis in the figures instead of Time.
Differences between least square means were considered signifi-
cant at P < 0.05 using the posthoc Tukey-Kramer test (Supplemen-
tary Material S1).

The following allometric relationship was used to assess the
response kinetics of BMC in individual bones or bone regions in
relation to BW development during the depletion and repletion
phases, respectively:

Y ¼ aXb

For parameter estimation, the equation was linearised as follows:

logY ¼ logðaÞ þ blogX

where Y = BMC of each individual bone or bone region (g), and X =
BW (kg), log(a) an intercept, and b the allometric growth coefficient
that describes the relationship between the two body constituents.
A unity of the allometric growth is assumed if b = 1; then, Y grows at
the same proportional rate as X; if b > 1, Y grows proportionately
faster than X, and the opposite is true if b < 1. The growth parame-
ters log(a) and b were estimated using a PROC GLM procedure with
SAS. The comparison focused on the b coefficient values as inter-
preting b as a ratio of a specific growth rate of Y/X is widely
acknowledged. This approach was chosen because the interpreta-
tion of the a coefficient values had led to a large amount of incon-
clusive literature (Gould, 1971). To compare the slopes (b
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coefficient) between individual bones or bone regions, the CON-
TRAST statement in SAS was used. The SAS statements used are
detailed in Supplementary Materials S2 and in Anzai et al. (2017).
Results

The initial BW (58.1 ± 1.62 kg; least square mean ± standard
error of the mean, SEM) was similar among treatments. All animals
exhibited the expected growth without any observed difference in
growth performance (BW, average daily gain and feed intake, feed
conversion ratio) between dietary treatments.
Development of bone demineralisation and remineralisation

Initial BMC and BMC/BW ratios of the whole body, individual
bones, and bone regions were similar between dietary treatments
(Figs. 2 and 3). The BMC in the front legs, femur, and pelvis
increased with time (P < 0.001) and remained lower in D60 than
in D100 gilts (Table 1; P < 0.01). The BMC in the whole body and
lumbar spine were lower in D60 than in D100 gilts from the 4th
week (scan 2) onwards and in the head and trunk from the 6th
week (scan 3) onwards (D � Time, P < 0.01). Furthermore, from
the 2nd week (scan 1) onwards until the end of the depletion phase
(scan 3), BMC/BW ratio in the whole body, all individual bones, and
bone regions were reduced in D60 compared to D100 (Figs. 2 and
3; D � Time, P < 0.01).

During the repletion phase, the BMC and BMC/BW ratio of the
whole body and all individual bones and bone regions of D60 gilts
gradually returned to similar values to those of D100 gilts. This
occurred within 2 weeks (scan 4) for R160 gilts and within 4 weeks
(scan 5) for R100 gilts (Figs. 2 and 3). However, throughout the
repletion phase, the BMC of the whole body, individual bones,
and bone regions (except front and hind legs) in R100 gilts
remained lower than in R160 gilts regardless of the previous deple-
tion phase (Table 2; Figs. 2 and 3; P < 0.05). At the end of the reple-
tion phase, the BMC/BW ratio in the femur and lumbar spine was
numerically higher by 5% in D60-R160 gilts compared to D100-
R160 gilts (P > 0.10; Figs. 3E and 4).
Allometric regressions

During the depletion phase, the slopes (b coefficients) of the
bones and bone regions BMC remained relatively close to 1 and
did not differ in D100 gilts among bones and bone regions (Table 3
and Supplementary Table S2). However, in D60 gilts, the slope of
the whole-body BMC was 18% (P < 0.05) lower than in D100 gilts.
This slope reduction was more pronounced (P < 0.05) for the head,
lumbar spine and pelvis, respectively, by 25, 28 and 26%.

During the repletion phase, the slopes of the whole body, the
bones, and bone regions BMC were above 1 (Table 4 and Supple-
mentary Table S3). Regardless of the depletion phase, the slope
of the whole body was lower in R100 than in R160 gilts (-11% in
D60-R100 vs D60-R160; -9% in D100-R100 vs D100-R160;
P < 0.01). The slopes of bones and bone regions were also lower
in R100 than in R160 (P < 0.05), except in the front and hind legs
and femur. The slopes remained consistent across the bones and
bone regions in R100 (D60-R100 and D100-R100) gilts, regardless
of the depletion period. However, in R160 (D60-R160 and D100-
R160) gilts, the slope of the trunk was 21% higher in D100-R160
gilts, while the slopes of the hind legs and femur were 21 and
22% lower than the slope of the whole body (P < 0.05). Additionally,
D60-R160 gilts had an 18% higher slope for the trunk compared to
the whole body (P < 0.05).



Fig. 2. Development of whole-body bone mineral content (BMC) relative to BW in gilts fed according to different calcium and phosphorus depletion (D, 60–95 kg) and
repletion (R, 95–140 kg) phases. Values expressed as means ± SEM. D60 = depletion diet low in Ca and digestible P; D100 = depletion diet adequate in Ca and digestible P;
R100 = repletion diet adequate in Ca and digestible P; R160 = repletion diet excessive in Ca and digestible P. Depletion phase: Diet effect (P < 0.01), Time effect (P < 0.001) and
Diet � Time effect P < 0.01). Repletion phase: Diet effect (P < 0.05 and P < 0.01 for D and R respectively), Time effect (P < 0.001) and diet � Time effect (P < 0.001 for, R � Time).

Fig. 3. Development of bone mineral content (BMC) in A) head, B) front legs, C) trunk, D) pelvis, E) femur, and F) hind legs relative to BW in gilts fed according to different
calcium and phosphorus depletion (D, 60–95 kg) and repletion (R, 95–140 kg) phases. Values expressed as means ± SEM. D60 = depletion diet low in Ca and digestible P;
D100 = depletion diet adequate in Ca and digestible P; R100 = repletion diet adequate in Ca and digestible P; R160 = repletion diet excessive in Ca and digestible P. Depletion
phase: Diet effect (P < 0.05), Time effect (P < 0.01), Diets � Time (P < 0.01). Repletion phase: Diet effect (P < 0.05 for R), Time effect (P < 0.001) and Diet � Time effect (P < 0.05
for R � Time).
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Discussion

Impact of depletion diets on the degree of bone demineralisation

During the depletion phase (60–95 kg BW), both dietary Ca and
digestible P were reduced by 40% in D60 vs D100. As expected, by
the end of the depletion phase, the D60 led to a notable decrease in
4

BMC not only in the whole body but also across all individual
bones and bone regions. This reduction in BMC aligns with findings
from previous studies measured by DXA on live pigs following a
deficient dietary P supply of 30–35% compared to a control
(Gonzalo et al., 2018; Skiba et al., 2018; Schlegel and Gutzwiller,
2020). The present data further show that such a depletion can
occur rapidly as observed from the 2nd week (scan 1). The time



Table 1
Effect of Ca and P depletion diets on bone mineral content (g) in the whole body, individual bones, and bone regions of gilts from 60 to 95 kg BW.

Time 0 1 2 3 SEM P-value

Diet D100 D60 D100 D60 D100 D60 D100 D60 D Time D � Time

Whole-body 1 248a 1 209a 1 471b 1 367b 1 752d 1 604c 2 093e 1 865d 31.4 <0.001 <0.001 <0.001
Head 309a 306a 360bc 343ab 427cd 386c 489e 437d 9.7 0.032 <0.001 <0.001
Front legs 261 246 314 287 373 344 461 416 10.3 0.001 <0.001 0.114
Trunk 95a 88a 109b 106ab 140cd 124bc 172e 150d 4.4 0.010 <0.001 0.004
Pelvis 317 306 369 349 439 405 537 460 13.1 0.005 <0.001 0.287
Femur 43 40 51 47 61 56 72 64 1.0 <0.001 <0.001 0.090
Hind legs 266a 257a 318b 288a 372c 345bc 434d 400cd 7.6 0.002 <0.001 0.026
Lumbar spine 26a 25a 31b 28a 37c 33b 46d 39c 0.9 0.003 <0.001 0.002

Abbreviations: D60 = depletion (D) diet low in Ca and digestible P; D100 = depletion diet adequate in Ca and digestible P.
Main variables not shown. Bone mineral content in front legs, pelvis and femur differed between each Time of scan (P < 0.001).
a-eValues within a column not sharing a common superscript differ between dietary treatments and time (D � Time interaction, P ≤ 0.05).
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required for vertebral demineralisation response in 60 kg BW gilt
was close to that in 20 kg BW piglets that required 7 days to
respond when facing a similar dietary P deficiency (40%;
Létourneau-Montminy et al., 2014). Moreover, the overall reduc-
tion in BMC in the present study is consistent with reduced bone
mineral density in the whole body, spine, and fore and hind limbs
of gilts between 30 and 70 kg BW (Skiba et al., 2018). In that study,
pigs were fed a low P diet (1.6 vs 2.2 and 2.8 g digestible P/kg) for
28 days.

The present slopes of allometric regressions for the whole body
in non-depleted gilts were similar to values reported by Mitchell
et al. (2001). However, this consistency was not observed in
depleted gilts where the slopes were lower and varied between
individual bones and bone regions. This result confirms a deminer-
alisation or decrease in the rate of BMC deposition across all exam-
ined bones in depleted gilts as BW increased, particularly notable
in the lumbar spine, with a 28% difference (D60 vs D100), followed
by the trunk (26%) and head (24%). In contrast, the remaining indi-
vidual bones and bone regions were less affected (6–18% changes).
Consistent with the present results, Gonzalo et al. (2018) reported
a more pronounced BMC decrease in the lumbar spine (–18%) com-
pared to the whole body (–5%) after gilts were fed over 28 days 13%
less Ca (6.2 vs 5.4 g/kg) and 34% less digestible P (2.5 vs 1.7 g/kg)
than the control. Additionally, Ryan et al. (2011b) demonstrated
that a 43% reduction in digestible P resulted in a 31% decreased
bone mineral density of the lumbar spine contrasting with a 21%
decrease observed in the front leg. Thus, the lumbar spine bones
are more sensitive to dietary Ca and P limitations than other bones,
likely due in part of the higher proportion of trabecular bone tissue
present in vertebrae bones. Bones and skeletal sites within bones
exhibit varying ratios of cortical to trabecular bone contributing
to differential responses to dietary factors. In humans, the verte-
brae are composed of cortical to trabecular bone with a ratio of
25:75. This ratio is 50:50 in the femoral head and 95:5 in the radial
diaphysis (Clarke, 2008). Cortical bone generally exhibits lower
metabolic activity than trabecular bone. Bone remodelling trig-
gered by osteoblasts and osteoclasts is more pronounced in trabec-
ular bone with a high surface-to-volume ratio and a yearly volume
turnover rate of 26%, in contrast to the 3% turnover rate of cortical
bone (Jee et al., 1983). Consequently, a decline in bone mineralisa-
tion caused by nutrition may occur sooner in trabecular or spongy
bones than in cortical or long bones (Maxson and Mahan, 1986;
Underwood and Suttle, 1999). Additionally, fractures of the lumbar
vertebrae are commonly associated with Ca and P deficiency in
both sows (Mahan and Newton, 1995) and humans (Nordin
et al., 1996), although no such occurrences were observed in the
present study.

The bones within the trunk and head regions were the second
most affected, with a change of about 25% in the rate of increase.
The trunk region, primarily comprising vertebrae (cervical, tho-
racic, and lumbar) and ribs, contains a higher proportion of trabec-
5

ular than cortical bone tissue (Mitchell et al., 2001; Kim and Park,
2013; Crenshaw and Rortvedt-Amundson, 2014). However, these
bones reach peak bone mass earlier than the lumbar spine, making
them less vulnerable to nutritional deficiency after 60 kg BW
(Mitchell et al., 2001). Previous studies have reported that the
beginning of the bone-building process within the embryonic
development starts with the skull bones and extends along the
bones within the trunk regions (Hammond and Appleton, 1932;
McMeekan, 1940; Liu et al., 1999). Consequently, like the trunk,
the growth rate of the skull regions low down later in life, partic-
ularly after reaching 60 kg BW, and undergoes less bone modelling
and remodelling than lumbar spine bones (Mitchell et al., 2001;
Matkovic et al., 2004). Similarly, by comparing normal and osteo-
porotic postmenopausal women, Nordin et al. (1996) reported a
less pronounced reduction in BMC in the head than in the lumbar
spine. This suggests that trunk and head bone regions were less
sensitive to BMC mobilisation compared to the lumbar spine.

The finding that both pelvis and femur BMC were slightly less
affected by depletion than the whole body BMC (12 and 13%,
respectively) is consistent with Crenshaw et al. (2009), who
showed that the femur served as a more accurate indicator of
whole body bone mineralisation in pigs, particularly in response
to dietary P. In addition, Walstra (1980) highlighted the sensitivity
of the pelvis bone region to dietary mineral content suggesting a
similar growth pattern as the femur, indicating a metabolic activity
(Donnelly et al., 2012). This similarity in response to dietary P
deprivation may be attributed, as discussed above, to a higher pro-
portion of trabecular than cortical bone tissue, while pelvis bone
regions exhibit a sandwich-like structure consisting mainly of tra-
becular bone tissue encased within a thin layer of cortical bone tis-
sue (Donnelly et al., 2012;Kim and Park, 2013).

Impact of the repletion diets on recovery of bone mineralisation

Following the depletion phase, the R160 diet was evaluated to
verify an eventual increase in speed rate and extent of bone re-
mineralisation compared to R100. The R160 diet contained Ca
and digestible P levels based on previous studies (Lagos et al.,
2019; Vier et al., 2019) and to feeding recommendations for gilts
(e.g., PIC, 2021). At the end of the repletion phase, when pigs
reached 140 kg BW, the BMC and BMC/BW ratio in the whole body,
individual bones, and bone regions remained similar among diet-
ary treatments. The depleted BMC was rapidly compensated
within the initial 2 weeks with R160 and 4 weeks with R100 fol-
lowing the onset of the repletion phase. These findings were con-
firmed by the allometric regressions performed throughout the
repletion phase. Additionally, sites that were most severely
affected during the depletion phase showed a more pronounced
increase in slope coefficients, particularly evident in the trunk. This
is consistent with previous studies indicating that growing pigs can
recover within 5 weeks from a bone mineral deficit (lumbar spine,
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trunk, and femur) induced by 8 weeks of depletion (Mitchell, 2009;
Weremko et al., 2013; Skiba et al., 2018). Gonzalo et al. (2018) also
showed that growing pigs depleted for 28 days (from 68 to 100 kg
BW) could recover their BMC deficit (whole body and lumbar
spine) after 4 weeks of repletion.

Compensatory bone mineralisation, as indicated by bone min-
eral density, has previously been documented in the femur, fore,
and hind limbs of gilts (Varley et al., 2011; Weremko et al.,
2013; Skiba et al., 2018). However, complete restoration of bone
mineral content following a period of depletion was not com-
pletely achieved in certain cases (Aiyangar et al., 2010; Ryan
et al., 2011a). Several factors can influence bone mineralisation
recovery, including dietary Ca and P, weight range, intensity and
duration of the depletion and repletion periods, and parameters
to measure bone mineralisation (Lautrou et al., 2021; Rieger
et al., 2021). In terms of BW range, it has been observed that young
pigs demineralised and remineralised the femur more rapidly and
extensively than the whole body compared to older pigs (Aiyangar
et al., 2010). In terms of repletion duration, growing gilts were
unable to fully compensate for a bone mineralisation deficit after
35 days, following 8 weeks of depletion (Ryan et al., 2011a). Other
factors, such as genetic line or physical activity, should be consid-
ered as well when evaluating bone mineralisation recovery in pigs
(Tan et al., 2016).

After 6 weeks of repletion, the previously depleted R160 (D60-
R160) gilts fully compensated and even exhibited greater BMC in
the femur and lumbar spine than non-depleted R160 gilts (D100-
R160). This observation suggests that a depletion period can result
in compensatory bone mineralisation for certain bones. This is very
interesting regarding the potential for sow longevity. The previ-
ously depleted R160 (D60-R160) gilts also compensated the front
and hind legs in contrary to the previously depleted R100
(D60R100) gilts. Previous findings on growing pigs subjected to a
depletion through a 30% reduction of dietary digestible P, followed
by a subsequent 70-day repletion period with high P failed to
achieve similar bone mineralisation in the front legs and hind legs
than non-depleted pigs (Ryan et al., 2011a). The fact that the front
and hind leg BMC were similar in D100-R100, D60-R160, and
D100-R160 gilts at the end of the repletion phase suggests that
peak bone mass was reached earlier (after 100 kg BW) for these
bone regions compared to the others (Crenshaw and Rortvedt-
Amundson, 2014). Finally, higher BMC was observed in R160 gilts
compared to R100 gilts in various individual bones and bone
regions, including the whole body, head, trunk, pelvis, and lumbar
spine, aligns with maximal bone mineralisation obtained when
pigs (100–130 kg BW) were fed 150–175% above digestible P
requirement (Merriman et al., 2017).

The magnitude of bone demineralisation and remineralisation
was more pronounced in the lumbar spine, making it the most sen-
sitive site for detecting changes in bone mineralisation. However,
its suitability for representing whole-body bone mineralisation is
thus limited. According to Crenshaw and Rortvedt-Amundson
(2014), the selection of a bone that best represents whole-body
mineralisation should depend on how well that bone reflects
changes at the time or age of measurement.

The findings suggest that the extent of bone demineralisation
and subsequent recovery as assessed in the head, trunk, front
and hind legs, pelvis, and femur were close to that of the whole
body. Therefore, any of these individual bones or bone regions
could serve as a viable alternative to whole-body DXA measure-
ment. Bones in the extremities, such as the front and hind legs,
are particularly convenient as proxy measurements of whole body
bone mineralisation as they can be collected from a carcass with-
out declassifying it. However, both head and whole-body assess-
ments demonstrated a similar degree of demineralisation and
remineralisation as previously observed by



Fig. 4. Development of bone mineral content (BMC) in the lumbar spine relative to BW in gilts fed according to different calcium and phosphorus depletion (D, 60–95 kg) and
repletion (R, 95–140 kg) sequences. Values expressed as means ± SEM. D60 = depletion diet low in Ca and digestible P; D100 = depletion diet adequate in Ca and digestible P;
R100 = repletion diet adequate in Ca and digestible P; R160 = repletion diet excessive in Ca and digestible P. Depletion phase: Diet effect (P < 0.01), Time effect (P < 0.01) and
Diet � Time effect (P < 0.01). Repletion phase: Diet effect (P = 0.106 for R), Time effect (P < 0.001) and Diet � Time effect (P < 0.001 and P < 0.01 for D � Time and R � Time,
respectively).

Table 3
Allometric regression coefficients for bone mineral content (g) in the whole body, individual bones, and bone regions of gilts from 60 to 95 kg BW.

Bones D100 D60 P-value

b SE R2 b SE R2

Whole body 0.94 0.06 0.87 0.76bc 0.04 0.90 0.033
Head 0.85 0.08 0.75 0.64c 0.07 0.65 0.010
Front legs 1.01 0.06 0.88 0.95a 0.06 0.88 0.642
Hind legs 0.86 0.07 0.81 0.78bc 0.05 0.84 0.274
Femur 0.94 0.05 0.90 0.82ab 0.05 0.86 0.228
Lumbar spine 1.07 0.10 0.76 0.76b 0.05 0.88 0.012
Pelvis 1.10 0.10 0.80 0.97a 0.10 0.72 0.982
Trunk 0.97 0.09 0.70 0.72bc 0.06 0.79 0.010

Abbreviations: D60 = depletion diet low in Ca and digestible P; D100 = depletion diet adequate in Ca and digestible P.
Allometric regression: BMC (g) = aBWb where b-values represent the allometric growth coefficient (a value presented in Supplementary Table S2).
a-c Values within a column not sharing a common superscript differ between bone and bone region (P ≤ 0.05).
P-value is for the difference of the b coefficient between D60 and D100 within bone and bone region.

Table 4
Allometric regression coefficients for bone mineral content (g) in the whole body, individual bones and bone regions of gilts from 95 to 140 kg BW.

R100 R160 P-value

Bones D100 D60 D100 D60

b SE R2 b SE R2 b SE R2 b SE R2 D R D � R

Whole body 1.19 0.13 0.76 1.14 0.10 0.83 1.31b 0.07 0.94 1.28ab 0.07 0.93 0.705 0.004 0.547
Head 1.10 0.17 0.62 1.06 0.17 0.60 1.30b 0.14 0.77 1.35ab 0.15 0.77 0.941 0.014 0.842
Front legs 1.12 0.15 0.70 1.08 0.16 0.66 1.10bc 0.10 0.84 1.04b 0.09 0.84 0.770 0.336 0.676
Hind legs 0.99 0.29 0.32 0.98 0.15 0.65 1.03c 0.07 0.89 1.03b 0.09 0.85 0.940 0.248 0.784
Femur 1.06 0.15 0.65 1.06 0.14 0.69 1.02c 0.08 0.88 1.15b 0.14 0.72 0.359 0.179 0.205
Lumbar spine 1.19 0.22 0.53 1.27 0.15 0.62 1.27b 0.11 0.89 1.40ab 0.11 0.78 0.111 0.026 0.079
Pelvis 1.31 0.20 0.63 1.20 0.17 0.66 1.29b 0.15 0.76 1.33ab 0.13 0.82 0.879 0.081 0.692
Trunk 1.35 0.19 0.64 1.36 0.16 0.74 1.67a 0.12 0.89 1.56a 0.08 0.94 0.524 0.004 0.512

a-eValues within a column not sharing a common superscript differ between dietary treatments and time (P ≤ 0.05).
Abbreviations: D60 = depletion (D) diet low in Ca and digestible P; D100 = depletion diet adequate in Ca and digestible P; R100 = repletion (R) diet adequate in Ca and
digestible P; R160 = repletion diet excessive in Ca and digestible P. Allometric regression: BMC (g) = aBWb where b-values represent the allometric growth coefficient (a value
presented in Supplementary Table S3).
a-cValues within a column not sharing a common superscript differ between bone and bone region (P ≤ 0.05).
P-value is for the difference of the b coefficients between dietary treatments and their interaction.
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Létourneau-Montminy et al. (2017). This suggests that these sites
could also serve as an effective proxy of bone mineralisation that
could be sampled in a slaughterhouse if on-site DXA scanning is
not feasible.
Conclusion

In conclusion, the results from this study confirm that both
bone demineralisation (occurring within 2 weeks) and subsequent
recovery (occurring within 2–4 weeks) followed similar patterns
across the whole body, individual bones, and bone regions. How-
ever, variations in magnitude and dynamics were observed: the
lumbar spine region displayed the highest sensitivity while the
hind legs the least sensitivity. Using bone regions such as the head
and fore legs which can be collected easily and cost-effectively at
the slaughterhouse may serve as a viable alternative to whole-
body DXA measurement.
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https://doi.org/10.1016/j.animal.2024.101241.
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