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ABSTRACT: The precision of a dual-energy X-ray
absorptiometry (DXA) device in terms of repeat-
ability and reproducibility was evaluated on nine left
half-carcasses from pigs with large variability in body
weight and fat content. Repeatability was assessed
by scanning each carcass 10 times sequentially in the
same position. Reproducibility was assessed by scan-
ning each carcass in 10 different positions. Images were
analyzed with DXA software using a custom region
of interest (ROI) and the standard head, trunk, arm,
and leg ROI. Predicted values from the DEXA for
bone mineral content (BMC), bone area, bone min-
eral density (BMD), total weight, soft-tissue weight,
fat-tissue weight, and lean-tissue weight were consid-
ered. Repeatability was associated with the variance
between measurements on the same carcass in the
same position (repeatability conditions). An average
variance value was obtained with all the carcasses
combined, and the SD was calculated as the square
root of this combined variance. The CV was the ratio
between the SD of the measurements and its average
value. Reproducibility was calculated for each car-
cass as the difference between the variance obtained
under the reproducibility conditions and that obtained

under the repeatability conditions. The effects of the
ROI and conditions were evaluated by ANOVA and
Tukey’s test. Means of BMC, bone area, BMD, fat tis-
sue, and lean tissue differed among the ROI (P < 0.05)
in both the repeatability and reproducibility condi-
tions. The CV of DXA measurements under repeat-
ability condition obtained in the head, arm, and leg
ROI was lesser than 1%. Only the repeatability errors
of fat tissue differed (P < 0.05) among the ROI, with
the lowest precision found for the trunk ROI. The re-
producibility errors of BMC, bone area, fat tissue, and
lean tissue differed (P < 0.05) among the ROI. The
custom ROI had reproducibility errors greater than
2% for fat tissue and greater than 3.5% for BMC and
bone area. In addition, the trunk ROI had the high-
est reproducibility errors for fat tissue (20.7%) and
lean tissue (6.2%) when compared to the other ROI.
In conclusion, repeatability and reproducibility results
obtained for most of the studied ROI indicate that
DXA is a valuable tool for carcass evaluation. From a
methodological viewpoint and considering the varia-
tions observed in this study, the ROI should be chosen
based on the item to be evaluated or on the conditions
in which the DXA measurements are to be taken.
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INTRODUCTION

Precisely and accurately assessing body or car-
cass composition is essential in animal performance
studies, genetic evaluations, and selection pro-
grams. Dual-energy X-ray absorptiometry (DXA)
is a simple and suitable technology that can be used
for this purpose.

A DXA device radiates high- or low-energy
X-ray beams that are attenuated when they pass
through the subject (Pietrobelli et al., 1996). The
attenuation of each X-ray beam is different de-
pending on the body tissues (bone, fat, or muscle),
and the coefficient of attenuation can, therefore,
be used to estimate the subject composition based
on reference values (Tothill, 1995; Genton et al.,
2002). Although usually developed to assess bone
mineralization and body composition in human
beings (Makovey et al., 2007), DXA equipment can
also be used to assess companion animals (Jeusette
et al., 2010), farm animals (Hunter et al., 2011), and
carcasses (Ribeiro et al., 2011). These devices have
great potential for applicability in animal research
studies or genetic improvement programs because
the nondestructive nature of DXA means that it
can be used to evaluate the body composition of
the same animal throughout its growth and before
slaughter (Pomar et al., 2009).

In recent decades, DXA devices underwent
major improvements that enhanced image quality
and reduced radiation exposure. Improvements were
also made to DXA algorithms, such as the develop-
ment of specific adjustments for each region of the
human body, which is divided into regions of inter-
est (ROI) in the software used to analyze the DXA
images (Nord and Payne, 1995). These updates were
made mostly to improve the use of DXA in human
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health applications but may have implications for
the accuracy of measurements obtained in animals,
such as pigs. However, the proposed DXA human
ROI cannot be used when scanning pork carcasses
given the anatomical differences between these two
subjects. Pig half-carcasses were used in this study
to evaluate in terms of repeatability and reprodu-
cibility the precision of a modern DXA device by
placing the entire half-carcass within the different
DXA proposed ROI.

MATERIALS AND METHODS

Carcasses

Nine left half-carcasses of pigs (Table 1) were
obtained from a local meat-packing plant in
Quebec, Canada. Backfat thickness and weight
were measured in 200 carcasses in a commercial
slaughterhouse. Backfat thickness was measured
at the Canadian grading site between the third-
and fourth-last ribs, 7 cm off the midline, with a
Destron grading probe (model PG-100; Anitech
Identification System Inc., Markham, Ontario,
Canada). Based on the obtained data, nine car-
casses were selected to have large variability in terms
of weight (“light,” “normal,” or “heavy” based on
its weight), backfat thickness (“lean,” “normal,” or
“fat” based on its backfat thickness) and sex.

Standard commercial procedures were followed
for carcass preparation, including the removal of the
head, kidneys, and leaf fat (Canada Pork International,
1995). The carcasses were transported under refriger-
ation (4 °C) to Agriculture and Agri-Food Canada’s
Sherbrooke Research and Development Centre, in
Sherbrooke, Quebec, Canada, and stored thereafter

Table 1. Description of the pig carcasses used in the study

Carcass Sex Hot carcass weight,* kg Half-carcass weight.” kg Backfat thickness,* mm
1 Barrow 86.1 38.5 14.0
2 Barrow 99.6 44.7 16.5
3 Barrow 102.6 48.4 21.5
4 Female 102.8 46.2 18.5
5 Barrow 107.3 47.5 17.5
6 Female 108.6 39.0 15.5
7 Barrow 1154 51.0 14.0
8 Barrow 115.8 51.4 20.0
9 Female 118.7 53.1 20.0
Mean 106.3 46.6 17.5
SEM 3.4 1.7 0.9

“With head and without viscera.
*Without head, kidneys, and leaf fat.

‘Measured at the Canadian grading site between the third- and fourth-last ribs, 7 cm off the midline, with a Destron PG-100 grading probe.
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in plastic bags at the same temperature. The carcasses
were not frozen, to prevent water loss during thawing.

DXA Device

Carcass composition was assessed by DXA
using the GE Lunar Prodigy Advance device
equipped with the GE Lunar Encore (v. 13.40.038)
software package, both from the same company
(GE Healthcare, Madison, WI). The manufactur-
er’s recommended calibration procedure was per-
formed daily before scanning. This DXA device
generates 2D projected images in which pixels are
classified as bone or as soft tissues (pixel segmen-
tation) based on each pixel’s coefficient of attenu-
ation. Because two X-ray beams are used, only
two components can be quantified in the pixels.
Thus, in pixels with bone, the amounts of bone
and soft tissues are estimated. In pixels without
bone (i.e., soft-tissue pixels), the amounts of fat
and lean tissue are estimated. Finally, the com-
position of the soft tissue within the bone pixels is
extrapolated from the composition of the soft-tis-
sue pixels around the bone (Pietrobelli et al.,
1996). For the scanned subject, this DXA device
provides, for the total body or by ROI, the bone
mineral content (BMC, g), the projected total
bone area (cm?), and the soft-, fat-, and lean-tis-
sue masses (kg). Bone mineral density (BMD, g/
cm?) is calculated by the software as the ratio be-
tween BMC and bone area.

Repeatability and Reproducibility Tests

Half-carcasses were kept stored in plastic bags
under refrigeration (4 °C) prior to the scans. Less
than 5 min were spent to transport each carcass
from the cold chamber to the DXA room, to pos-
ition the piece on the table and to start the first scan
in this piece. Each scan lasted for around 5 min, and
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all the scans of a carcass were taken subsequently,
to reduce the manipulation and prevent weight loss.
The temperature of the room where the scans were
performed was maintained at 14 °C to retard the
temperature increase in the pieces. The half-car-
casses were weighed before and after the scanning
procedures. Very low weight loss was observed dur-
ing the scans, which was on average 54 g (maximum
70 g) per half-carcass.

Two sequential and complementary tests were per-
formed to determine the precision of the DXA meas-
urements in terms of repeatability and reproducibility.
The total-body mode with the standard configuration
of the software was used in all the scans. The “Smart
Scan” feature was disabled during the study.

For the repeatability test, the nine half-carcasses
were each scanned 10 times sequentially in the same
position (the carcasses were skin up, centered on
the table with the belly extended, and scanned from
the head to the hind foot; position 1 in Table 2),
and the subject (carcass) was not moved during the
entire procedure. The number of sequential scans
was defined based on a previous study developed
using parts of pig body (Nielsen et al., 2004). These
measuring conditions provided a single source of
variation and were therefore used in this study to
estimate the error inherent to the DXA device.

For the reproducibility test, the nine half-car-
casses were scanned once in each of 10 different
positions described in Table 2, which were obtained
by turning the carcass (skin up vs. skin down),
changing the scanning direction (head to hind foot
vs. hind foot to head), changing the carcass align-
ment (centered vs. diagonal), and changing the
belly position (extended vs. folded). This design is
not symmetrical, because the position was not the
object of this study, but was developed to include
the same reproducibility error in all carcasses. The
design provided two sources of variation: the error

Table 2. Positioning of the pig carcasses during scanning procedures”

Position Skin Carcass alignment” Belly position Scan direction

1 Up Centered Extended Head to hind foot
2 Up Centered Folded Head to hind foot
3 Up Diagonal Extended Head to hind foot
4 Up Centered Extended Hind foot to head
5 Up Centered Folded Hind foot to head
6 Down Centered Extended Head to hind foot
7 Down Centered Folded Head to hind foot
8 Down Diagonal Extended Head to hind foot
9 Down Centered Extended Hind foot to head
10 Down Centered Folded Hind foot to head

“Repeatability conditions: position 1; reproducibility conditions: positions 1 to 10.

"Position of the carcass on the scan table of the DXA device.
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inherent to the DXA device (i.e., repeatability) and
the variation inherent to the carcass’s position on
the scan table.

After the scanning procedure, the DXA sys-
tem places the ROIs automatically over the image
(Fig. 1). These ROI have been originally proposed
to correspond to human anatomical landmarks,
but the technician can adjust the ROI to other
areas of the image under analysis. In the current
study, all the images were analyzed with the same
DXA software by placing the entire half-car-
cass within each of the ROI of the standard grid
for the human body (head, trunk, arm, and leg;
Fig. 2) and a custom ROI (a rectangular region
traced manually over the DXA image). Because
the scan table was narrower than the carcasses,
the front foot was disarticulated at the carpomet-
acarpal joint and positioned perpendicularly to
the ventral face of the foreleg (not moved among
reproducibility test).
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Statistical Analysis

The dispersion of the data collected under
the repeatability and reproducibility conditions
was calculated for each DXA measurement in
each ROI. The guidelines of the International
Organization for Standardization (ISO, 1993) were
followed to estimate repeatability and were adapted
for the reproducibility test. Repeatability was asso-
ciated with the variance between measurements
on the same carcass in the same position (repeat-
ability conditions). An average variance value was
obtained with all the carcasses combined, and the
SD was calculated as the square root of this com-
bined variance (Gliier et al., 1995). The CV was the
ratio between the SD of the measurements and its
average value. Reproducibility was calculated for
each carcass as the difference between the variance
obtained under the reproducibility conditions and
that obtained under the repeatability conditions. In

Figure 1. Image of a pig half-carcass' obtained by DXA and displayed under the standard grid for the human body with the ROI (head, trunk,
arm, and leg) in the original positioning (before adjustment). To obtain the results presented in this study, the lines of each ROI were adjusted to
encompass the entire carcass.' The scan table was narrower than the carcasses, so the front foot was disarticulated at the carpometacarpal joint

and positioned perpendicularly to the ventral face of the foreleg.
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i

Figure 2. Images of a human body' (section A) and pig half-carcass obtained by DXA and displayed under the standard grid for the human body
with the original ROI position (section B) or after adjusting the lines of each ROI to encompass the entire carcass (Arm, section C; Head, section
D; Leg, section E; Trunk, section F; and Custom region, section G).!Used to illustrate the adjustment of ROI to the human body. Not used in the
study.
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this approach, lesser values of error variance indi-
cated better repeatability and reproducibility.

ANOVA was used to compare the ROI and the
scan conditions (SAS Institute Inc., Cary, NC). The
GLM procedure was applied to means of DXA
measurements, in which the ROI was considered
as fixed effect and the carcass was considered as a
random effect. The GLIMMIX procedure was used
for CV values, in which the scanning condition was
considered as fixed effect and the carcass was con-
sidered as a random effect. Tukey’s test at 95% sig-
nificance was used when necessary.

RESULTS

The carcasses were scanned under the repeat-
ability and reproducibility conditions, and means
and CV for BMD, BMC, bone area, total weight,
soft-tissue weight, fat-tissue weight, and lean-tissue
weight were then obtained using each available ROI
in the DXA software (Tables 3 and 4). The DXA
measurements were analyzed by first assessing the
ROI effects and then comparing the repeatability
and reproducibility conditions.

Comparing DXA Measurements Among ROI

Under the repeatability conditions, the BMC
values provided by the arm and leg ROI were
greater (P < 0.05) than the values obtained using
the head and custom ROI. Under the reproduci-
bility conditions, the BMC values obtained using
the custom, trunk, arm, and leg ROI were greater
(P < 0.05) than the value obtained using the head
ROI for image analysis. The lowest and highest
values (obtained using the head and arm ROI, re-
spectively) differed from each other by 12.4% in
the repeatability test and 12.7% in the reproduci-
bility test. The adjusted CV did not differ (P > 0.05)
among the ROI under the repeatability conditions.
In the reproducibility test, however, the custom ROI
produced measurements with greater (P < 0.05) CV
than the head, arm, and leg ROI did, whereas the
trunk ROI showed intermediate dispersion.

A similar pattern of ROI effects was observed
for bone area, in which the highest (P < 0.05) values
were obtained using the arm ROI in both the repeat-
ability and reproducibility tests. These measure-
ments differed by 14% from the lowest value, which
was produced by the head ROI under both stud-
ied conditions. All ROI showed similar (P > 0.05)
adjusted CV in the repeatability test. However, the
custom ROI produced measurements with greater
(P < 0.05) reproducibility errors than the head,
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arm, and leg ROI did, with intermediate CV value
observed in the trunk ROI.

Similar BMD measurements were obtained
under the repeatability and reproducibility condi-
tions using the head, trunk, and leg ROI (P > 0.05).
Analyzing the images using the arm ROI produced
the lowest BMD (P < 0.05), whereas the custom
ROI provided an intermediate value that did not
differ from the values for all the other ROI under
both measuring conditions. The adjusted CV did
not differ among the studied ROI.

All ROI showed similar total and soft-tissue
weights in both the repeatability and reproduci-
bility tests. The adjusted CV obtained for these var-
iables also did not differ among the ROl in either of
the studied conditions.

The highest (P < 0.05) fat measurement was
obtained in the custom ROI under the repeatability
conditions, whereas the custom and trunk ROI
showed the highest (P < 0.05) fat-tissue values in the
reproducibility test. Analyzing the images using the
head ROI produced the lowest (P < 0.05) fat estimate
under both measuring conditions. The trunk ROI
produced fat-tissue measurements with substantially
greater (P < 0.05) CV than the other studied ROI had
in both the repeatability and reproducibility tests.

Analyzing the carcass images using the head
ROI generated greater (P < 0.05) lean-tissue meas-
urements than those obtained in the other ROI
under the repeatability and reproducibility condi-
tions. The adjusted CV of lean-tissue measurements
did not differ among the ROI in the repeatability test
at 95% significance. However, the probability value
may be interpreted as a tendency (P = 0.059) toward
greater CV in the trunk ROIL. In the same way, the
trunk ROI produced lean-tissue measurements with
substantially greater (P < 0.05) CV than the other
studied ROI had in the reproducibility test.

Comparing DXA Measurements Between
Repeatability and Reproducibility Conditions

The BMC values obtained using the head, arm,
and leg ROI were greater (P < 0.05) under the re-
peatability conditions when compared to the values
produced by the same ROI under the reproduci-
bility conditions. However, similar BMC results
were obtained under the repeatability and repro-
ducibility conditions when the trunk ROI was used
in the analysis. Finally, using the custom ROI pro-
duced lesser (P < 0.05) BMC measurements under
the repeatability conditions than under the repro-
ducibility conditions. The CV of the BMC meas-
urements differed (P < 0.05) between the conditions
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only in the custom and trunk ROI, and as expected,
greater error was found in the reproducibility test.

Similar bone area was estimated in the head
ROI under the repeatability and reproducibility
conditions. However, lesser (P < 0.05) estimates for
this response were obtained in the custom, trunk,
arm, and leg ROI under the repeatability condi-
tions than under the reproducibility conditions.
The CV of bone area showed the same effect pat-
tern as described previously for BMC, with greater
(P < 0.05) variation found in the reproducibility
test when the custom and trunk ROI were used.

In all the studied ROI, the BMD values
obtained under the repeatability conditions were
greater (P < 0.05) than those obtained in the re-
producibility test. However, the adjusted CV of the
BMD measurements did not differ (P > 0.05) be-
tween the conditions.

Total and soft-tissue weights were greater
(P < 0.05) under the repeatability conditions than
under the reproducibility conditions in all ROI
except for the head ROI, in which no differences
(P > 0.05) were observed. The adjusted CV of
the total weight and soft-tissue weight measure-
ments did not differ between the repeatability and
reproducibility tests.

The custom, trunk, arm, and leg ROI generated
lesser (P < 0.05) fat-tissue weights in the carcasses
under the repeatability conditions than under the
reproducibility conditions. However, the fat tissue
measured in the head ROI was greater (P < 0.05)
in the repeatability test than in the reproducibility
test. All the ROI produced means of fat tissue with
greater (P < 0.05) CV under the reproducibility
conditions than under the repeatability conditions.

Contrary to the effect observed in soft-tissue
assessment, the lean-tissue values measured in
the custom, trunk, arm, and leg ROI were greater
(P < 0.05) under the repeatability conditions than
under the reproducibility conditions, whereas
the value measured in the head ROI was lesser
(P <0.05). The CV of the lean-tissue measurements
differed (P < 0.05) between the conditions only in
the trunk ROI, with greater variation found in the
reproducibility test.

DISCUSSION

Methodology Evaluation

According to the guidelines of the International
Organization for Standardization (ISO, 1993), eval-
uating the accuracy of an instrument involves eval-
uating the closeness between its measurements and
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the accepted reference values in terms of trueness
and precision. The trueness of a measurement indi-
cates the degree of agreement between the expected
value and the reference value, and the precision
indicates the degree of internal agreement between
independent measurements made under specific
conditions. A device is said to be accurate when it
is true, i.e., when its measurements correspond to
the true values, and to be precise when there is no
spread around the true value.

The DXA devices may be very accurate assess-
ing bone, fat, and even lean measurements (Mitchell
et al., 1998). However, as outlined previously (Pomar
et al., 2017) obtaining the other reference values in
live animals or in carcasses is difficult. The morpho-
logical or chemical relationship that exists between
DXA measurements and dissected carcass tissues or
carcass chemical values is somewhat nonrepresenta-
tional because tissues that are obtained by dissec-
tion contain several chemical components (Marcoux
et al., 2003; Pomar et al., 2017). Nonetheless, DXA
measurements (i.e, BMC, fat and lean) are highly
correlated with total ash, protein, and lipid chem-
ical composition as well as with dissected adipose
and muscle tissues (Marcoux et al., 2003). However,
dissected bone does not correlate well with BMC or
DXA lean mass because bones contain significant
amounts of fat, protein, and water (Nielsen, 1973).
Different regression techniques can be used to con-
vert DXA measurements into body or carcass com-
positional measurements, but the regressions are
specific to each DXA device, animal type, and body
part (Mitchell et al., 1997). In addition, measurement
errors in the independent variables can bias regres-
sion parameters unless more advanced procedures
are used to account for the error variances (Hass
etal., 2014).

Because of the complexity and uncertainty of
the reference values required to evaluate the true-
ness of a DXA device, the objective of the present
study was to evaluate only the precision of DXA
within the different ROI in terms of repeatability
and reproducibility. The repeatability error of the
DXA equipment was assessed by determining the
lack of precision in the measurements produced
by the device under very specific measuring condi-
tions. In the current study, results obtained using
the same method, on identical test items (carcasses),
in the same laboratory, by the same operator, using
the same equipment, within short intervals of time
are identified as repeatability conditions.

According to the International Organization
for Standardization (ISO, 1993), the reproduci-
bility error is the lack of precision in measurements
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that are obtained by applying the same method,
on identical test items, in different laboratories,
by different operators, using different equipment.
However, the reproducibility conditions were mod-
ified in this study to improve our understanding
of the implications of the conventional use of
DXA devices in animal science, which involves the
assessment of subjects (e.g., pigs or other animals
scanned throughout their growth, or different car-
casses obtained for a research project) by the same
team, with the same equipment, using the same
technique. Losel et al. (2010) tested the reprodu-
cibility of DXA technology by comparing results
obtained for the same pig in different devices. In
the current study, the reproducibility conditions
were designed to have the same method, test items,
laboratory, operator, and equipment but different
positioning of the carcasses on the scan table be-
tween scans. This method appeared to be valid,
as the positioning changes were able to interfere
with the obtained DXA results. An example was
the skin positioning (up or down), which inter-
fered in all DXA measurements (P < 0.05, data
not shown).

Repeatability and Reproducibility

The DXA device produced measurements with
very good repeatability in all the studied ROI, con-
firming that the technology can be used to assess pig
carcass composition. Assessment by DXA is already
being applied in animal studies and calibration assays
(Nielsen et al., 2004; Pomar et al., 2009; Losel et al.,
2010; Ribeiro et al., 2011; Soladoye et al., 2016).

Repeatability is considered one of the most im-
portant parameters in the evaluation of a device,
mostly because reducing the repeatability error
would involve extensive modifications of the tech-
nique. However, reducing the reproducibility error
is easier and can sometimes be achieved with minor
methodological adjustments (Burdick et al., 2005).
In addition, knowing the degree to which both re-
peatability and reproducibility contribute to the
error is important for improving the precision of
a method. The repeatability error should be lesser
than the reproducibility error because more vari-
ability (due to carcass positioning) is included in
the reproducibility conditions. Although some dif-
ferences in CV values between the repeatability and
reproducibility conditions were not statistically sig-
nificant, this numerical variation was observed for
all the studied items and ROI, which validates the
methodology used in this study.
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ROI

The software used in this study to evaluate the
pig carcasses was developed to assess human body
composition. In general, the DXA software divides
the human body into four or five ROI (head, trunk,
spine, arms, and legs). Each ROI presents particular
anatomical characteristics, which are considered
by the software by means of algorithms specific-
ally developed to increase the trueness and preci-
sion of the measurements (Nord and Payne, 1995).
However, these adjustments may not be effective
or even helpful for assessing samples other than
human beings. In addition, DXA measurements
may not be essentially true in nonhuman subjects,
and the DXA device, therefore, must be calibrated
before use (Hunter et al., 2011; Ribeiro et al., 2011).

Adaptations of the standard ROI grid have been
recently investigated as an approach to improve
the evaluation of live animals (Suster et al., 2006;
Hunter et al., 2011). Previous studies showed that
analyzing images of growing pigs using adapted
grids produced measurements with lesser CV, espe-
cially for fat tissue, compared to the values obtained
using the standard grid proposed for human bodies
(Suster et al., 2003, 2006). However, those studies
used live animals (not carcasses) and other manu-
facturers’ equipment, differences that highlight the
originality of the current study. Very little is known
about the adjustments performed by the software in
each ROI, not much information is publicly avail-
able due to commercial issues. The results of the
present study indicate that the precision of DXA
results could be modulated depending on the meth-
odology (e.g., ROI) used for image analysis. The
particularities of the findings in each studied ROI
are discussed in the following sections.

Trunk ROI. The worst precision under the repeat-
ability and reproducibility conditions in this study
was found when fat tissues were evaluated using the
trunk ROI. The variability of the results obtained
for lean tissue under the reproducibility conditions
was also greater when the carcass images were ana-
lyzed using the trunk ROI compared to the other
ROI. These findings are in accordance with a pre-
vious study that showed increased variation in DXA
measurements taken in live pigs and analyzed using
the trunk ROI in comparison with analysis using
the standard grid for human bodies (Suster et al.,
2006). The lack of precision found in these data
may be due to the algorithms used by the software
to adjust the measurements in the trunk ROI. As
previously stated, these algorithms were developed
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to assess the composition of the human thoracic re-
gion, considering the anatomical particularities of
the area, but seem to be inappropriate for analyzing
nonhuman subjects.

The soft-tissue content of a human thorax is
difficult to estimate. The main reasons for this dif-
ficulty are the presence of air in the lungs, the great
number of bones, and the overlapping of the bones.
The precision of DXA measurements may be
affected by the presence of bones because soft-tis-
sue composition in bone pixels is estimated based
on soft tissue at the edge of the bone area (Mazess
et al., 1990; Jebb, 1997). Despite these issues, the
trunk ROI showed good repeatability (0.11%) and
good reproducibility (0.82%) for soft-tissue meas-
urements, suggesting that the problems in this re-
gion lay not in the identification of soft tissue, but
in its classification (fat or lean).

It is also important to point out that the trunk
ROI has a subregion called the android. When
DXA is used to evaluate human beings, this sub-
region is positioned outside the rib cage and com-
prises the abdominal/lumbar region. In this study,
when the trunk ROI was expanded to encompass
the entire carcass image, the android ROI was auto-
matically positioned over the lesser portion of the
image. The android ROI and its particular adjust-
ments affected repeatability but mainly interfered
with the reproducibility of the results. In the repro-
ducibility conditions, the repositioning of the car-
casses between scans changed the body parts that
were placed into the android ROI, which generated
an extra source of variation for the data.

Custom ROI. The custom ROI showed good re-
peatability (CV lesser or marginally greater than
1%) for all DXA measurements. However, this re-
gion showed reproducibility errors greater than
2% for fat tissue and greater than 3.5% for BMC
and bone area. This lack of reproducibility can
be related to the fact that the custom ROI is not
adjusted to any specific part of the human body.

Small custom regions were used in several
studies to evaluate specific arecas of the body
(Burkhart et al., 2009; Shepherd et al., 2010).
Nielsen et al. (2004) developed a protocol to esti-
mate bone mineralization in pigs based on DXA
measurements taken in the front feet. In that
study, the average CV of BMD measured in small
regions involving phalanx and metacarpus bones
was 0.6% with repositioning (which was defined
as the removal of the feet from the scan table
between scans) and 0.5% without repositioning.
These findings are in agreement with the current

Kipper et al.

study, in which similarly precise results were
obtained for BMD.

Head, arm, and leg ROI. The head, arm, and
leg ROI showed similar dispersion results for all
variables. The repeatability errors were lesser than
1% for all the studied DXA responses. These ROI
also showed good reproducibility results, support-
ing the great potential of DXA technology for
carcass evaluation even if samples present large
variability in terms of shape and the standardiza-
tion of their positioning on the DXA table. Based
on our results, the arm and leg ROI are highly
indicated to assess pig half-carcasses using DXA
technology.

Some software may have special corrections
in the head ROI to consider the fat content of the
brain (Hologic, 1996). These adjustments may be
related to the greater reproducibility and repro-
ducibility errors observed for fat measurements
obtained using the head ROI in this study, in which
the carcasses were evaluated without heads. A pre-
vious study used live pigs to analyze grid adapta-
tions in the DXA software (enlarging the arm ROI
to encompass the whole animal, with or without
the head ROI over the skull) and indicated that
the presence of the head ROI in the image ana-
lysis produced more precise results for fat and
BMC (Suster et al., 2006). Therefore, the head ROI
should be used with caution, considering the sub-
ject characteristics.

In conclusion, repeatability and reproducibility
results obtained for most of the studied ROI indi-
cate that DXA is a valuable tool for pork carcass
evaluation. From a methodological viewpoint and
considering the variations observed in this study,
the ROI should be chosen based on the item to be
evaluated or on the conditions in which the DXA
measurements are to be taken. It is expected that
similar results can be obtained in live animals.
The DXA method may be less expensive than the
traditional slaughter techniques, allows repeated
measurements, reduces the errors due to variations
in individual weight or composition, and removes
operator biases. However, DXA values need to be
converted to the true chemical or dissected values
to be used in experimental research.
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