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ABSTRACT 
The aim of present study was to compare in vivo and post mortem methods for estimating the empty body (EB) and carcass chemical 
compositions of Simmental lactating and growing cattle. Indirect methods were calibrated against the direct post mortem reference determina-
tion of chemical compositions of EB and carcass, determined after grinding and analyzing the water, lipid, protein, mineral masses, and energy 
content. The indirect methods applied to 12 lactating cows and 10 of their offspring were ultrasound (US), half-carcass and 11th rib dual-energy 
X-ray absorptiometry (DXA) scans, subcutaneous and perirenal adipose cell size (ACS), and dissection of the 11th rib. Additionally, three-dimen-
sional (3D) images were captured for 8 cows. Multiple linear regressions with leave-one-out-cross-validations were tested between predictive 
variables derived from the methods tested, and the EB and carcass chemical compositions. Partial least square regressions were used to esti-
mate body composition with morphological traits measured on 3D images. Body weight (BW) alone estimated the EB and carcass composition 
masses with a root mean squared error of prediction (RMSEP) for the EB from 1 kg for minerals to 12.4 kg for lipids, and for carcass from 0.9 kg 
for minerals to 7.8 kg for water. Subcutaneous adipose tissue thickness measured by US was the most accurate in vivo predictor when associ-
ated with BW to estimate chemical composition, with the EB lipid mass RMSEP = 11 kg and R2 = 0.75; carcass water mass RMSEP = 6 kg and 
R2 = 0.98; and carcass energy content RMSEP = 236 MJ and R2 = 0.91. Post mortem, carcass lipid mass was best estimated by half-carcass 
DXA scan (RMSEP = 2 kg, R2 = 0.98), 11th rib DXA scan (RMSEP = 3 kg, R2 = 0.96), 11th rib dissection (RMSEP = 4 kg, R2 = 0.92), and perirenal 
ACS (RMSEP = 6 kg, R2 = 0.79) in this respective order. The results obtained by 11th rib DXA scan were accurate and close to the half-carcass 
DXA scan with a reduction in scan time. Morphological traits from 3D images delivered promising estimations of the cow EB and carcass chem-
ical component masses with an error less than 13 kg for the EB lipid mass and than 740 MJ for the EB energy. Future research is required to 
test the 3D imaging method on a larger number of animals to confirm and quantify its interest in estimating body composition in living animals.
Key words: body composition, dual-energy X-ray absorptiometry, ruminant, three-dimensional imaging, ultrasound

INTRODUCTION
In vivo estimation of livestock body composition is manda-
tory to access the dynamics of mobilization and accretion of 
body reserves along the production cycle. Such an estimation 
is also of interest to determine the commercial value of the 
carcass. Methods to estimate the body and carcass composi-
tion are diverse (Lunt et al., 1985; Scholz et al., 2015; Lerch et 
al., 2021). Most evaluations performed on-farm are based on 
human expertise and are completed via carcass information 
after slaughter. Direct estimations on living animals are also 
possible thanks to noninvasive and nondestructive methods, 
such as image-based techniques like ultrasound (US), two-di-
mensional (2D) or three-dimensional (3D) X-ray imaging, as 
well as 3D imaging based on 3D cameras. Ultrasound is used 
to monitor body lipid dynamics in dairy cows (Waltner et al., 
1994; Schröder and Staunfenbiel, 2006) and carcass traits in 
beef cattle (Greiner et al., 2003; Bergen et al., 2005) at a rel-
atively low cost; however, its accuracy depends on the animal 

model studied (Lerch et al., 2021). Alternatively, computed 
tomography (CT), dual-energy X-ray absorptiometry (DXA), 
and magnetic resonance imaging (MRI), provide fine quantifi-
cation of whole body or carcass compositions, and are there-
fore more accurate than US (Scholz et al., 2015). Nonetheless, 
due to the cost of devices, safety issues regarding exposure 
to X-ray (CT scan and to a lesser extent, DXA), or the time 
needed for a full body scan and postacquisition treatment, 
these technologies are not easy to use at a large scale. In ad-
dition, they cannot be used on larger living animals, such as 
cow or beef, due to their size in comparison to the device 
capacity (e.g., bovine has a BW higher than 200 kg), whereas 
for smaller animals, such as sheep or goat, the need of no 
movement results in a routine use of anesthesia (Hunter et 
al., 2011). Still, the use of DXA, in order to estimate the car-
cass tissue composition in beef cattle, was previously explored 
(Lopez-Campos et al., 2018; Calnan et al., 2021; Segura et al., 
2021). Recently, interest in the imaging of living beef cattle 
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also increased with the development of in vivo 3D imaging 
thanks to 3D cameras (Gomes et al., 2016; Miller et al., 2019; 
Cominotte et al., 2020).

To be fully recognized as an accurate method of interest, 
imaging techniques need to be compared with the established 
reference method (i.e., “gold standard”), that is for chemical 
composition, the chemical analysis of homogenate of the EB 
or carcass after post mortem grinding. Their results need also 
to be compared to those from other well-established methods, 
like the dissection of a single (Geay and Béranger, 1969; 
Robelin and Geay, 1976; Fiems et al., 2005) or multiple rib 
cut (Hankins and Howe, 1946; Mitchell et al., 1997, Ribeiro 
et al., 2011; Berndt et al., 2017), which are often used to esti-
mate the composition of the whole carcass. Another classical 
method to estimate the EB composition is the measurement of 
adipose cell size (ACS; Hood and Allen, 1973, Waltner et al., 
1994). In a recent methodological paper (Lerch et al., 2021), 
several of these in vivo methods were compared to the refer-
ence post mortem chemical analysis method in dairy goats.

The aim of the present study was to calibrate and compare 
several methods to determine the body composition of large 
animals, such as lactating cows and growing cattle. The results 
from the imaging technics, i.e., in vivo US of the back fat 
thickness, 3D scan of the full body, post mortem DXA scan of 
the half-carcass or 11th rib cut, and ACS measurements and 
11th rib cut dissection, were all compared to the reference 
chemical compositions of EB and carcass. Lactating cows and 
growing cattle were studied together to represent the diversity 
of animal types present in bovine farms, considering the in-
terest for future routine use. Indeed, in bovine farms, dairy, or 
suckling cows are often present simultaneously with growing 
and fattening beef cattle and/or renewal heifers.

MATERIALS AND METHODS
Animals
All procedures performed on animals were approved by the 
ethics committee of the Fribourg cantonal state (n°2018_08_
FR). The study was performed at the experimental farm of 
Agroscope Posieux (Switzerland) and involved 12 Simmental 
lactating cows (six primiparous and six multiparous) weighing 
519 to 664 kg, and 10 of their offspring (seven heifers and 
three castrated males) weighing 290 to 403 kg. Cows came 
from 9 different commercial farms.

Cows were fed ad libitum (10% refusals) daily at 14:00 h 
with grass silage and milked twice per day (06:00  h and 
16:00 h). Calves were fed with milk of their respective dams, 
and received additionally concentrate and ad libitum hay. Full 
details about feeding and housing conditions are described in 
Driesen et al. (2022).

Direct Post-slaughter Measurements of Empty 
Body and Carcass Chemical Compositions
Animals were slaughtered at 288 ± 4.5 days in milk (cow) 
or days old (calves) at the experimental slaughterhouse of 
Agroscope Posieux by stunning with captive bolt followed by 
exsanguination, in accordance with legally defined procedures. 
Animals were weighed before and after exsanguination, and 
blood samples were collected during exsanguination. One  
aliquot of blood (250  g) served for dry matter (DM) con-
tent determination, whereas a second aliquot of blood (600 g) 
was centrifuged (relative centrifugal force = 3000 g, 15 min, 

at ambient temperature) before blood serum and blood cell 
sampling, followed by storage at −20 °C, pending chemical 
analyses. The head, tail, lower legs, hide, and viscera (internal 
organs and full digestive tract) were removed according to 
classical commercial procedures, and every part was weighed 
separately. The bladder was weighed full and empty. The full 
digestive tract was further separated into reticulo-rumen, 
omasum, abomasum, intestines, and omental and mesen-
teric adipose tissues (AT). Digestive tract sections were fur-
ther emptied and weighed individually, in order to compute, 
by difference, the weight of digesta. Empty BW was defined 
as pre-slaughter BW minus the weight of digesta and urine. 
Blood weight was computed as the exsanguinated blood (dif-
ference between pre- and post-exsanguination weights) plus 
the difference between empty BW and the sum of every non-
blood EB compartment weighed separately.

The carcass was split along the spinal column into two 
equal parts, which were individually weighed (hot half-
carcass weights). Both half-carcasses were chilled at 4 °C 
for 24 h before weighing (cold weights). As chemical com-
position of both half-carcasses was considered equal, only 
measurements and chemical analysis were performed on the 
left half-carcass. The cold left half-carcass and the rest of the 
EB (without blood) were stored at −20 °C and later, grinded 
separately using an industrial crusher (Granulator type PS 4-5, 
Pallmann Industries, Pompton Plains, USA) to render small 
blocks mixed homogeneously (Mixer type MIX 165, Talsa, 
Spain). They were then grounded again using a cutter device 
(Cutter DMK 45 C, DMS-Maschinensysteme, Saarbrücken, 
Germany). After these two grinding steps and thoroughly 
homogenization, one sample (1 kg) of grinded half-carcass, 
and one of the rest of the EB were sampled and frozen (−20 
°C), before being finely minced (Mincer type TWK 98, Kolbe 
foodtech, Elchingen, Germany). Two 250  g aliquots were 
ultimately sampled and frozen (−20 °C) pending chemical 
analyses.

The DM of the full blood collected at exsanguination 
was determined by oven desiccation (60 °C for 72  h). The 
proportions of mineral, lipid, and protein in full blood DM 
were computed from hematocrit values (Vetscan HM5, 
Abaxis, Griesheim, Germany), serum lipid (liquid–liquid 
extraction, Driesen et al., 2022), and protein (BT1500 
autoanalyzer, Biotecnica Instruments, Roma, Italy) contents, 
and blood cells composition. Frozen homogenous samples 
of the blood cell, half-carcass, and the rest of the EB were 
lyophilized and finely ground with liquid nitrogen using a 
knife mill (Grindomix GM200, Retsch, Haan, Germany). 
Laboratory DM (3  h at 104 °C), mineral (oven at 550 °C 
until constant weight), lipid (ISO 6492:1999, petroleum 
ether extraction with a Büchi Speed Extractor E-916, Flawil, 
Switzerland), protein (ISO 16634-1:2008, N x 6.25 by Dumas 
combustion – thermal conductivity with a Leco Trumac CNS, 
St. Joseph, Michigan, USA), and energy (ISO 9831:1998, adi-
abatic calorimetry with an oxygen bomb calorimeter, AC600 
LECO, Mönchengladbach, Germany) contents were further 
determined.

Chemical composition in proportions of the hot right half-
carcass was assumed equal to the one of the left side. The left-
carcass proportions were applied at the right-side hot carcass 
weight to obtain the whole hot carcass composition in masses. 
Chemical composition of the EB was defined as the sum of 
the chemical composition reconstituted for the whole hot 
carcass, the chemical composition of the rest of the EB, and 
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the chemical composition of the blood. Constant weighing 
and reweighing procedures before and after the freezing steps 
were ensured, and any weight loss from the initial weighing at 
the slaughterhouse was assumed to be water loss.

Methods Tested for Estimating Empty Body and 
Carcass Chemical Compositions
In vivo methods. The day before slaughter, an US image 
was recorded on the left side of each animal, located at one-
third of the ischium–sacrum distance (Realini et al., 2001; 
Schröder and Staufenbiel, 2006). A Logiq e R7 US machine 
equipped with a 9L-RS Linear-Transducer (3.0–9.0 MHz; GE 
Healthcare, Glattbrugg, Switzerland) was used. The thickness 
of the subcutaneous adipose tissue was further estimated as 
the average thickness measurement between the maximum 
and minimum thickness of the tissue recorded on the image 
without the skin (Realini et al., 2001), which was analyzed 
using the ImageJ software (1.52r version, National Institute 
of Health, USA). The thickness of muscle was not treated be-
cause of the difficulties to locate precisely the lower muscle 
fascia for 11 images on 22. The day before slaughter, the body 
shape of 8 cows was recorded using a 3D imaging device 
(Morpho3D), similar to the one presented by Le Cozler et al. 
(2019a). Briefly, this device is composed of five cameras paired 
with infrared lasers installed on a sliding mobile portal that 
scans the animal from tail to head. The images were processed 
as described by Le Cozler et al. (2019a) after a single operator 
performed the following linear measurements: wither height, 
hip height, back length between wither and sacrum, hip width, 
chest depth, and the diagonal length between the shoulder 
and the opposite ischium. Heart girth, partial volume, and 
partial surface were also determined (as previously defined by 
Le Cozler et al., 2019b; Figure 1).

Following recommendations from Robelin (1981), immedi-
ately after slaughter, subcutaneous AT located at one-third of 
the ischium–sacrum distance (similar localization than for US 
measurement) and perirenal AT were sampled. Around 0.5 g 
were maintained in a physiological saline solution at 39 °C. 
Adipose samples were then cut in small cubes, washed with 

saline solution, and fixed in a 4% osmium tetroxide solu-
tion within 2 h following sampling. One week later, ATs were 
mechanically disaggregated and washed with distilled water. 
Adipose cells were trapped by filtration on a 0.45 μm-pore 
filter (Robelin, 1981) before being resuspended in a 0.01% 
Triton X100 solution and measured on a BX53 microscope 
(Olympus Schweiz AG, Wallisellen, Switzerland). The diam-
eter of at least 200 adipose cells was determined using ImageJ 
software.

Post mortem methods. The day after slaughter, the 10th 
to 12th rib section was removed from the left half-carcass. 
The limit of the section was defined by a line parallel to the 
spine axis passing through the point of the ilium at the 11th 
rib and reaching straightly the 5th intercostal space (6 and 
7 ribs intercostal space). The left 11th rib cut was further 
precisely separated from the 10–12 rib section at exact inter-
costal mid-distances between 10th to 11th and 11th to 12th 
ribs (Geay and Béranger, 1969).

A DXA scanner GE Lunar (iDXA Model, General Electrics 
Medical Systems, Glattbrugg, Switzerland) was used to scan 
the left cold half-carcass and the left 11th rib before dissec-
tion. The DXA scanner used pencil beam technology with 
X-ray spectra at two different photon energy levels. Before 
each scan series, the reliability of the internal calibration was 
assessed using a phantom (calibration object) and following 
the manufacturer’s instructions. The left half-carcass was 
scanned using the human total body mode (100  kV, 0.188 
mA) and the 11th rib using the small animal body mode 
(100  kV, 0.188 mA). Lean, fat, and bone mineral content 
(BMC) mass variables were selected after image post proc-
essing treatment in “Right Arm” mode, according to Hunter 
et al. (2011). Artefacts were checked individually and the cor-
rect assignation to the corresponding tissue was verified. Two 
(for calves) or three (for cows) successive scans were required 
for performing the full scan of the half-carcass previously 
cut into five parts (Supplementary Figure S1), since the DXA 
scanner table was not large and long enough. The results of 
the 2–3 scans were further summed in order to compute the 

Figure 1. Measurements on 3D image of a Simmental cow: A) White area represents partial volume and surface, 1: wither height, 2: chest depth and 
hearth girth, 3: hip height, B) 1 and 2: diagonal lengths, 3: back length, and 4: hip width.
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total half-carcass values. Immediately after its DXA scan, 
the 11th rib was weighed, before being dissected anatomi-
cally by a single professional butcher operator, in order to 
further weigh separately the lean, AT (subcutaneous and 
intermuscular), and bone.

Statistical Analyses
All statistics were performed with R software (version 3.6.3, 
R Core Team, 2020). Simple and multiple linear regressions 
were performed with the “lm” function (R package “stats”, 
R Core Team, 2020) to estimate body and carcass reference 
chemical composition from the US, DXA, ACS, or 11th rib 
cut dissection variables. For the EB chemical composition, 
only subcutaneous ACS and US were tested, as these were 
the only methods accessible in vivo. For all these estimations, 
the effect of animal type (cow or calf) was tested on intercept 
and slope.

The backward selection process was applied to define 
variables of interest and significant (P < 0.05) or tendency 
(0.05 < P < 0.10) variables were selected. This selection was 
realized based on type 3 ANOVA (R package “car”; Fox and 
Weisberg, 2019). Equations with better estimations than 
those with BW or carcass weight alone were calibrated and 
validated based on the main dataset with a leave-one-out-
cross-validation, which was performed with the R package 
“caret” (Kuhn, 2021). The results include the determination 
coefficient (R2) and the root mean square error of prediction 
(RMSEP).

Data from 3D imaging analyses (n = 8 cows) were treated 
by partial least square (PLS) regression with a leave-one-
out-cross-validation method (R package “pls”; Mevik et 
al., 2020) in order to analyze the relationship between in 
vivo body measurements, EB, carcass chemical composi-
tion, and 3D variables. The PLS regression allows to take 

into account the strong correlation between predictive 
variables (Supplementary Table S1) and the large number 
of predictive variables (n = 10, when having access to a 
limited number of observations: i.e., 8 cows). The predic-
tive 3D variables were standardized thanks to the “Scale” 
option of the function “plsr”, and were integrated in Latent 
variables to explain the outcome variable. The presented 
RMSEP corresponded to the adjusted RMSEP calculated by 
the package “pls,” and the R2 is the variance explained by 
the model. Models were compared with each other based 
on the value of R2, RMSEP, and the residual coefficient 
of variation (rCV; ratio of RMSEP to the mean of the de-
pendent variable).

RESULTS
Post mortem Chemical Composition and 
Anatomical Measurements
The body, carcass weights, and chemical compositions 
are reported in Table 1. The body weight before slaughter 
averaged 483 kg, ranging from 291 (calf) to 663 (cow) kg. 
Hot carcasses weighed on average 244 kg ranging from 139 
to 331 kg. On average, both cows and calves EB and carcass 
were composed of 61% ± 3% (mean ± SD) water, and 18% 
(±1%) proteins. Calves had a lipid content of 10% to 25% 
in EB and 10% to 24% in carcass, conversely to cows, which 
had a narrower range of 13% to 22% and 12% to 21%, re-
spectively. Mineral content was 4% (±0.3%) in EB and 5% 
(±0.4%) in carcass.

Empty body lipid and water proportions were highly neg-
atively correlated (r = −0.98, P < 0.05, Figure 2). The per-
centage of water in fat-free EB (EB total mass − EB lipid 
mass) was almost constant between 73% and 76%, as well as 
proteins (20–23%) and minerals (4–5%).

Table 1. Anatomical and chemical component masses of empty body and carcass measured after slaughter of 6 primiparous and 6 multiparous 
Simmental cows (n = 12) and calves (n = 10) at 288 days in milk or old, respectively

 All Cows Calves

Mean SD Min Max Mean SD Min Max Mean SD Min Max 

Preslaughter body weight, kg 483 126 291 663 589 46 519 663 355 33 291 403

Digesta, kg 73 23 38 112 91 10 75 112 50 9 38 67

Empty body weight (without urine and digesta; kg) 409 104 238 564 497 40 435 564 304 32 238 336

Hot carcass weight, kg 244 66 139 331 300 24 267 331 178 20 139 204

Cold carcass weight (24 h at 4°C; kg) 240 65 136 325 295 24 263 325 175 20 136 200

Carcass yield (hot carcass weight/body weight; %) 50.5 1.4 48.0 52.9 50.9 1.1 48.8 52.5 50.0 1.6 48.0 52.9

Empty body, kg

  Water 249.4 64.7 158.1 337.3 304.8 19.1 280.4 337.3 182.8 17.6 158.1 210.7

  Lipid 72.5 22.7 24.2 122.2 85.9 19.7 57.6 122.2 56.5 14.2 24.2 79.6

  Protein 71.6 17.4 44.3 96.1 86.4 5.9 75.6 96.1 53.9 5.4 44.3 61.5

  Mineral 16.0 4.5 8.4 21.6 19.8 1.3 16.9 21.6 11.4 1.2 8.4 12.3

  Energy, MJ 4,464 1,242 1,922 7,004 5,345 872 4,061 7,004 3,407 629 1,922 4,343

Hot carcass, kg

  Water 148.9 39.5 93.9 206.9 182.4 13.0 165.7 206.9 108.7 11.8 93.9 129.2

  Lipid 41.1 14.2 13.5 69.9 50.6 10.8 32.4 69.9 29.7 7.8 13.5 45.3

  Protein 42.6 11.2 25.9 58.2 52.0 4.2 44.2 58.2 31.3 3.4 25.9 36.7

  Mineral 11.4 3.4 5.5 15.9 14.2 1.1 12.0 15.9 7.9 1.0 5.5 8.7

  Energy, MJ 2,597 794 1,127 4,059 3,200 479 2,501 4,059 1,872 347 1,127 2,490
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Variables Derived from the Methods Tested
The different measurements from the tested methods are 
presented in Table 2. Subcutaneous AT thickness measured 
by US averaged 0.69 cm. A coefficient of variation of 53.9% 
was recorded in cows, whereas this variation was 40.9% for 
calves. On average, the 11th rib cut weighed 1,016 g (248 g to 
1,397 g, Table 2), with an obvious difference between calves 
and cows. The muscles formed the majority of the rib with 
610 g, followed by AT with 231 g, and bones with 195 g. 
The coefficient of variation of the muscles in cows was 10% 
and 15% in calves. For AT, it was 25% for cows and 26% 
for calves. The variation in bones was 12% for both groups. 
Cold half-carcass total mass acquired by DXA was 122 kg, 
with DXA lean mass content of 98 kg, ranging from 61 kg to 
134 kg (Table 2). Variations were more important for DXA 
fat mass, ranging from 6 kg to 30 kg with a mean value of 
18 kg, and for DXA BMC mass, ranging from 3 kg to 9 kg 
with a mean value of 6 kg. Variations were more important 
for calves, with the highest variation for DXA fat mass (26%). 
Variations were 3% lower for cow measurements, except for 
DXA BMC mass, where a difference of 2% was noticed. The 
total mass of the 11th rib estimated by DXA was 1,191  g 
(1,029 g to 1,374 g) for cows and 817 g (660 g to 918 g) for 
calves. For the 11th rib of all animals, the DXA estimated 
lean mass was 676 (±150) g, fat mass was 289 (±83) g, and 
BMC mass was 55 (±18) g. Calves presented more variations 
between the different masses of tissue, except for DXA fat 
mass. Adipose cell size was higher for the perirenal AT depot 
(144 ± 18 μm) compared to the subcutaneous one (123 ± 14 
μm). Additionally, variability recorded in subcutaneous and 
perirenal ACS was around 12% for cows and calves.

Table 3 presents all the body measurements for the 8 
cows, as determined from 3D imaging. The wither and hip 
heights were very close, with around 142  cm and a coeffi-
cient variation of only 2%. The other measurements were the 
hip width (55 ± 3 cm), chest depth (79 ± 3 cm), and heart 
girth (210  ±  5  cm). For all these measurements, coefficient 

of variation was reduced and ranged from 2% to 5%. The 
length of the back between the wither and the hip point was 
87  cm, and the diagonal length averaged 163  cm, ranging 
from 150  cm to 180  cm. Partial volume (volume without 
the head and neck anterior to the shoulder line volumes) 
presented the largest variation, with a coefficient of variation 
of 9% (598 ± 56 L), ranging from 529 L to 655 L. The partial 
surface was 5.2 ± 0.3 m2 (4.8 m2 to 5.6 m2, 6% coefficient of 
variation).

Estimation of Empty Body Chemical Component 
Masses
The relationships for the estimation of the EB chemical 
component masses are presented in Table 4 and Figure 3. 
Combining cow and calf data, BW alone explained 0.976 of 
the variance of the EB water mass, 0.936 of the variance of the 
EB mineral mass, and 0.973 of the variance of the EB protein. 
The rCV was 4% for the EB protein and water masses, and 
it was 7% for the EB mineral mass. None of the variables de-
rived from the in vivo methods tested (e.g., US) improved the 
R2 and RMSEP of the protein and mineral EB masses when 
compared to the R2 and RMSEP obtained with relationships 
with BW alone. Conversely, the addition of the subcutaneous 
ACS or US AT thickness to the BW improved the relationship 
for the estimation of water mass (rCV decreased by −0.3% 
to −0.4%). The explanation of the variance by BW was less 
important for the EB energy content, with R2 = 0.840, and for 
the EB lipid mass, R2 = 0.688.

Of all the in vivo methods tested to estimate the EB chem-
ical masses, the thickness of the subcutaneous AT measured 
by US associated with BW provided the best relationship, 
with a decrease of the rCV of −1.7% for lipid mass and 
−0.9% for energy content. Adding the subcutaneous ACS to 
the BW improved the relationship with a decrease of the rCV 
of −1.5% for lipid mass and −0.8% for the EB energy content 
when compared to BW alone.

Estimation of Carcass Chemical Component 
Masses
The relationships for the estimation of carcass chemical 
component masses are presented in Table 5 and Figure 4. 
Body weight or carcass weight alone explained more than 
0.74 of the lipid carcass mass and more than 0.89 of the 
other components, including energy. For these relationships, 
the maximum rCV was 17% for lipid mass, 10% for en-
ergy, 8% for mineral mass, 5% for protein mass, and 5% 
for water mass. The BW alone estimated lipid mass, mineral 
mass, and energy content in carcass more precisely than car-
cass weight alone did, resulting in a maximum decreased 
rCV of −1% for lipid mass. The water mass and energy 
amount in carcass were the only carcass components where 
US variable was significant. Among the in vivo methods 
tested, only US provided better relationships than BW alone 
(not considering the 3D imaging method, only measured in 
8 cows). Water carcass mass was estimated with a rCV of 
4% and energy carcass content with a rCV 9%. Among the 
post mortem methods tested, perirenal ACS was the least 
accurate. Conversely, the use of the 11th rib dissection with 
carcass weight or BW was a very accurate method. The 
cannon bone and perirenal AT masses decreased the rCV by 
another −0.3% for energy content in carcass when added to 
the 11th rib dissection variables and carcass weight. Adding 

Figure 2. Relationship between water and lipid contents of Simmental 
cows (n = 12) and calves (n = 10) on an empty body basis.
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cannon bone mass and thigh thickness to the 11th rib dis-
section variables and BW decreased the rCV by −0.9% for 
mineral mass.

The half-carcass DXA scan was the most accurate method 
among all methods tested, with a reduction of the rCV 
compared to the BW or carcass weight alone of −12% for 
carcass lipid mass, −4% for carcass water mass, −3% for car-
cass mineral mass, −2% for carcass protein mass, and −8% 
for carcass energy content. The accuracy of the chemical com-
ponent estimation by the 11th rib scan DXA was very close 
to the estimation by the half-carcass DXA scan, showing only 
a decrease in accuracy of +2.5% rCV for carcass lipid mass, 
+1.3% for carcass energy content, +0.5% for carcass water 
mass, and +0.2% for carcass protein mass.

Estimation of the Cow Empty Body and Carcass 
Chemical Component Masses by Three-
dimensional Imaging
Using a simple linear regression with partial volume of the 8 
cows, the BW was estimated with R2 = 0.83, RMSEP = 21 kg, 
and a rCV = 3%.

The results of the EB and carcass chemical components 
estimated by PLS regressions using 10 variables harvested by 
3D imaging on 8 cows are presented in Table 6, Supplementary 
Tables S2 and S3. Empty body water, lipid, and protein masses 
were estimated with a PLS regression including the first six 
latent variables, with similar R2 superiority of 0.990, regard-
less of the inclusion of BW. Empty body water and protein 
mass estimations had a residual coefficient of variation less 

Table 3. Morphological traits of eight Simmental cows measured via three-dimensional imaging

Item Mean SD Min Max 

Volume and surface

  Partial volume, L 597.9 56.3 528.6 655.4

  Partial surface, m2 5.2 0.3 4.8 5.6

Linear measurements, cm

  Wither height 141.5 2.9 137.4 145.4

  Hip height 142.2 3.2 139.3 148.4

  Back length between wither and sacrum 86.9 6.4 73.7 94.6

  Hip width 54.7 2.5 50.8 57.5

  Chest depth 78.5 2.6 75.1 81.7

  Heart girth 209.8 4.7 205.8 218.6

  Diagonal length between left shoulder and right ischium 162.5 10.2 147.5 183.0

  Diagonal length between right shoulder and left ischium 163.3 7.2 152.9 176.2

Table 4. Most accurate estimative equations predicting empty body chemical component mass from body weight and independent variables (P < 0.10) 
derived from adipose cell diameter (μm) and subcutaneous adipose tissue thickness ultrasound measurement (cm)

Chemical components Equations Statistics

RMSEP R2 rCV 

Water, kg

  Body weight (70.373, 41.811) + 0.398 × BW* 9.8 0.976 3.9

  Adipose cell diameter 47.692 + 0.518 × BW−0.393 × ACS subcutaneous* 9.1 0.979 3.6

  Ultrasound (62.637, 36.315) + 0.430 × BW−12.874 × AT thickness* 8.7 0.981 3.5

Lipids, kg

  Body weight (−109.330, −61.002) + 0.331 × BW* 12.4 0.688 17.1

  Adipose cell diameter (−111.908, −82.618) + 0.247 × BW + 0.423 × ACS subcutaneous* 11.3 0.743 15.6

  Ultrasound (−54.304, −145.496) + 0.292 × BW + 15.692 × AT thickness* 11.2 0.747 15.4

Proteins, kg

  Body weight 5.605 + 0.137 × BW* 2.8 0.973 3.9

Minerals, kg

  Body weight (7.833, 4.187) + 0.020 × BW* 1.1 0.936 6.9

Energy, MJ

  Body weight (−3933.610, −2174.680) + 15.744 × BW* 486.3 0.840 10.9

  Adipose cell diameter −2309.920 + 8.396 × BW + 22.148 × ACS subcutaneous* 450.3 0.862 10.1

  Ultrasound (−3575.190, −1920.060) + 14.244 × BW + 596.443 × AT thickness* 445.9 0.865 10.0

Abbreviations: adipose cell size (ACS), adipose tissue (AT), bone mineral content (BMC), body weight (BW), hot carcass weight (CW), dual-energy X-ray 
absorptiometry (DXA), residual coefficient of variation (rCV; ratio of RMSEP to the mean of the dependant variable) and root mean square error of 
prediction (RMSEP). The AT thickness measured by ultrasound is the average between the minimum and maximum thickness measured.
*Indicates that the intercept is significantly different from 0 (P < 0.05) and italic variables indicate a tendency (0.10 > P > 0.05). When place into brackets, 
the intercept was different (P < 0.05 or P < 0.10 when italic) according to the animal type and are presented in the following order: cows, calves.
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than 5%, while EB lipid mass had a coefficient of 17%; the 
latter being the most important parameter in estimating EB 
chemical amounts. Energy content and mineral mass had the 
smallest R2, only explained by one latent variables. Empty 
body energy content was explained most accurately by 3D 
variables and BW (R2 = 0.791; rCV = 15.4%) than by only 
3D variables (R2 = 0.758; rCV = 16.5%). Minerals were the 
component with the smallest R2 of around 0.650, but the rCV 
was only 8%, resulting in an error of 1.2 kg.

Carcass lipid and protein masses, as well as energy, were 
estimated by PLS regression models including six latent 
variables (Table 6 and Supplementary Table S2), while only 
four were needed for the carcass water and one for mineral 
mass. For these models, R2 ranged from 0.728 for carcass 
mineral mass estimation without BW to 0.999 for carcass 
protein mass estimation with BW. The models’ RMSEP with 
or without BW were very close for each variable between 
both models. The rCV was 7% for carcass mineral mass be-
tween models. For carcass protein mass, rCV was 5.6% for 
the model with BW and 6.1% for the model without BW. 
Carcass lipid mass was estimated with the rCV of 21.2% for 
the model with BW and 21.9% for the model without BW. 
The rCV for the carcass water mass was 6.2% for the model 
with BW and 6.8% for the model without BW. Carcass en-
ergy content was predicted with an RMSEP of 259 MJ with 
BW and 290 MJ without BW, the rCV varying between 10% 
and 11%.

DISCUSSION
Few studies have compared several methods aimed at 
estimating body chemical composition in cattle. The present 
study indicates that DXA and 3D imaging technologies are 
interesting alternative methods to other established and 
well-known methods (ACS, US, and rib dissection) for the 
in vivo and post mortem estimation of body and carcass 
compositions. Our results also suggest that they are accurate 
in both adult (lactating cows) or growing (heifers and steers) 
bovine of Simmental breed.

Fat-free EB chemical composition did not depend on an-
imal type, which was found to be in agreement with results 
from Yan et al. (2009) and Fiems et al. (2005). Lerch et al. 
(2015, 2021) found similar values for fat-free EB composi-
tion (72% to 76% of water, 20% to 23% of proteins, and 
4% to 7% of minerals) in goats. Additionally, both subcu-
taneous and perirenal ACS were similar in calves and cows, 
in accordance with the similarly recorded body fatness. The 
subcutaneous ACS found in this study was higher than those 
reported by Robelin (1981; 80 μm and 100 μm in Pie Noire 
and Charolais bulls), Hood and Allen (1973; 75 μm to 138 
μm in 14 mo Hereford or Hereford × Angus cattle), and de 
la Torre-Capitan et al. (2015; 53 μm to 86 μm in Charolais 
cows). However, this value was smaller than those reported 
by Waltner et al. (1994; 144 μm in lactating dairy cows). 
Similarly, Hood and Allen (1973) and Waltner et al. (1994) 
recorded slightly smaller perirenal ACS than in the present 
study. According to Hood and Allen (1973), the unimodal 
distribution, and absence of small cells (<70 μm), as in the 
present study, is a good indicator of non-late cellular hyper-
plasia in AT. Robelin (1981) noticed that primary hyperplasia 
occurs until growing male cattle reach a BW of around 45% 
of adult weight. This BW was reached at one year of age 
for Pie Noire and Charolais bulls (Robelin, 1981), whereas 
the growing heifers and steers of the present study reached 
around 60% of their mother’s weight at 10 mo.

The BW explained the major part of the variation in EB 
or carcass water, protein, and mineral masses, providing 
results close to those obtained when adding in vivo method 
variables to the estimative relationships. Conversely, for lipid 
mass, the accuracy of the equation with BW was improved 
by adding some variables derived of methods such as ACS. 
Similarly, Waltner et al. (1994) improved the prediction of the 
amount of AT in EB with BW and subcutaneous ACS together 
by decreasing the error by −3  kg, compared to BW alone. 
When using perirenal ACS, the error was further lowered by 
−5 kg (Waltner et al., 1994). In the present study, the perirenal 
ACS in vivo sampling is the most invasive method among all 
the methods presented in this study for monitoring living 
cattle. Nonetheless, the use of perirenal ACS compared to 

Figure 3. Plots of relationships for the most accurate relationships between measured empty body lipid mass of Simmental cows and calves and 
its estimation from multiple regression equations developed from A) body weight alone, or body weight together with B) adipose cell size and C) 
ultrasound backfat thickness. RMSEP: root mean square error of prediction; ACS: adipose cell size; AT: adipose tissue; US: ultrasound; * indicates an 
animal type (cow or calf) effect on the intercept.
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subcutaneous ACS provided more accurate predictions for 
EB lipid mass (R 2 =0.78 and RMSEP = 10 kg). The use of 
US provided better results in predicting the different chemical 
component amounts compared to ACS in the present study, 
conversely to previous investigations in dairy goats (Lerch et 
al., 2021). The correlation (Supplementary Table S4) between 
US backfat thickness and EB lipid mass of +0.67 was within 
the interval of +0.28 to +0.94 reported by Schröder and 
Staunfenbiel (2006), whereas the correlation between carcass 
lipid mass and US backfat thickness of +0.62 was higher than 
the +0.54 value reported by Bruckmaier et al. (1998) for the 
relationship with dissected carcass AT.

The 3D variables were tested to estimate the in vivo chem-
ical composition of the carcass or EB. Fonseca et al. (2017) 
estimated the carcass lipid mass with an error of 7 kg and 
12 kg for the EB lipid mass, with body measurements manu-
ally recorded in intact or castrated crossbred Angus × Nellore 
male, which is less important than in the present study. The 
rCV obtained by Fonseca et al. (2017) was less than 15% 
(17% minimum in present study). Gomes et al. (2016) 
noticed a rCV of 9% on Angus bulls and 10% on Angus and 
Nellore bull groups for the prediction of the proportion of 
lipids in the EB, but with a lower R2 value (0.43 to 0.45) than 
in the present study (11% of variation for the error and R2 of 
0.997). However, the lipids proportions contained in EB were 
less variable for Gomes et al. (2016) than in the present study.

The BW was estimated with R2 = 0.83 and a RMSEP = 
21  kg with a simple linear regression with partial volume 
of 8 cows. The 3D imaging has already been used to esti-
mate carcass weight and BW (Gomes et al. 2016; Miller et 
al. 2019). Miller et al. (2019) estimated BW using either a 
linear regression approach (R2 = 0.70 and RMSE = 42 kg) 
or artificial neural network [R2 = 0.54 and RMSE = 51 kg 
(rCV = 8%)]. Gomes et al. (2016) used multiple regression 
approaches and published even more accurate equations to 
estimate BW (R2 = 0.84, RMSE = 19 kg and rCV = 4% on an 
Angus and Nellore cattle group; R2 = 0.76, RMSE = 23 kg 
and rCV = 5% on an Angus group). All these authors used 
3D depth cameras placed on the top of animals that appear 
to be easier to use on-farm. However, the accuracy and the 
feasibility of several measurements allowed by the full body 
3D scan performed in the present study are mandatory for 
the development of accurate estimative equations in a re-
search context.

In terms of cost, time, and invasiveness, among all in vivo 
methods tested in the present study, the ACS is the most dif-
ficult to implement because of material to be used, the time 
to obtain results, the invasiveness regardless of the targeted 
tissue, the expertise required, and the sampling procedures, as 
well as possible risks for both animal and human health. The 
US can be performed on-site and is noninvasive, but required 
a specific equipment and concomitant expertise, especially re-
garding the human effect on the images capture and treat-
ment, which are operator dependent. The 3D imaging allows 
to overpass the problems of expertise and human effect es-
pecially with the automation of image capture. However, the 
equipment used in the present study is a prototype only us-
able currently in the research field.

The methods tested for the post mortem estimation 
of the carcass chemical composition (DXA and rib dis-
section) were more accurate than the estimations based 
on in vivo indicators (US and ACS). The DXA scan of 
half-carcass is the most accurate method tested to predict C
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Figure 4. Plots of relationships for the most accurate relationship between measured carcass lipid mass of Simmental cows and calves and its 
estimation form multiple regression equations developed from A) carcass weight, B) body weight, C) adipose cell size, D) ultrasound backfat thickness, 
E) dissection of the 11th rib cut, F) dual-energy X-ray absorptiometry scan of the 11th rib cut, and G) dual-energy X-ray absorptiometry scan of the 
half-carcass. When significant (P < 0.05), body weight or carcass weight was included as a second predictive variable in the multiple linear regression. 
RMSEP: root mean square error of prediction; ACS: adipose cell size; AT: adipose tissue; US: ultrasound; * indicates an animal type (cow or calf) effect 
on the intercept.

Table 6. Most accurate partial least square (PLS) estimative regressions for the empty body and carcass chemical component mass measured after 
slaughter using body weight and independent variables derived from morphological measurements obtained with three-dimensional imaging and body 
weight of 8 Simmental cows

Chemical component Empty body Carcass

No. of latent variables RMSEP R2 rCV No. of latent variables RMSEP R2 rCV 

Water, kg

  M1 + body weight 6 7.7 0.9993 3.1 4 9.2 0.9856 6.2

  M1 6 9.8 0.9997 3.9 4 10.1 0.9721 6.8

Lipids, kg

  M1 + body weight 6 12.3 0.9982 17.0 6 8.7 0.9969 21.2

  M1 6 12.3 0.9970 17.0 6 9.0 0.9964 21.9

Proteins, kg

  M1 + body weight 6 3.5 0.9991 4.9 6 2.4 0.9995 5.6

  M1 6 3.5 0.9993 4.9 6 2.6 0.9990 6.1

Minerals, kg

  M1 + body weight 1 1.2 0.6486 7.5 1 0.8 0.7279 7.0

  M1 1 1.2 0.6559 7.5 1 0.8 0.7304 7.0

Energy, MJ

  M1 + body weight 1 687 0.7911 15.4 6 259 0.9990 10.0

  M1 1 737 0.7582 16.5 6 290 0.9988 11.2

Abbreviations: root mean square error of prediction (RMSEP); % variance of the outcome variable explained by components (R2) and residual coefficient 
of variation (rCV; ratio of RMSEP to the mean of the dependant variable).
M1: Partial volume, partial surface, wither height, hip height, back length between wither and sacrum, chest depth, hip width, heart girth, the 2 diagonal 
length between shoulder and the opposite ischium.
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chemical composition of every chemical component. The 
DXA technology was calibrated for different breed types 
(purebred or crossbred) without observing breed effect on 
relationships for the estimation of carcass tissue composi-
tion (i.e., AT, muscles, and bone masses) using anatomical 
dissection (López-Campos et al., 2018; Segura et al., 2021) 
or computer tomography (Calnan et al., 2021) as a “gold 
standard” reference. Depending on the considered equa-
tions, the external validation performed by López-Campos 
et al. (2018) reached R2 from 0.93 to 0.99 for muscle mass, 
0.74 to 0.98 for AT mass, and 0.60 to 0.94 for bone mass. 
The error reported as a percentage was maximum 2%. This 
error is slightly lower than the one reported in present study, 
presumably due to the difference in predicted composition 
[chemical in the present study and tissue in López-Campos et 
al. (2018)], statistical methods [multiple linear regression in 
the present study and PLS regression in López-Campos et al. 
(2018)], validation methods [leave-one-out-cross-validation 
in the present study and external validation dataset in López-
Campos et al. (2018)], and DXA devices. Although the half-
carcass DXA scan is the most accurate method to estimate 
the carcass’ composition, it remains time consuming when 
dealing with large pieces and requires an expensive device. 
Still, using DXA in commercial slaughterhouses for beef 
carcass grading was initiated by Calnan et al. (2021) and 
Segura et al. (2021). The use of such techniques at slaugh-
terhouse line speed was, however, confronted with the tech-
nical challenge to develop a DXA device appropriate for a 
whole beef half-carcass, as realized for sheep (Gardner et al., 
2018; Connaughton et al., 2021). The use of only a part of 
the carcass, such as a rib section or a single rib, could be an 
option to face this challenge.

The estimation of the carcass’ composition based on the 
dissection of one rib together with slaughter measurements 
provided a simple and accurate method, as previously 
outlined by Robelin et al. (1976). Fiems et al. (2005) with 
the 8th rib dissection and Berndt et al. (2017) with the 9th 
to 11th ribs dissections concluded similarly to Robelin et 
al. (1976), who outlined the effect of the breed on the in-
tercept, similar to the effect of the animal type (cow/calf) 
in the present study. The interest is that when only a part 
of the carcass is used to estimate the whole composition, 
it saves time and alleviates the destruction of the whole 
carcass. However, dissection asks for the intervention of 
a specialized butcher, which means that the final result is 
still influenced by operator. Besides, this method requires 
around 15  min per rib. Recently, Meunier et al. (2021) 
tested image analysis on the 6th rib to limit the destruction, 
reduce time for estimation, and alleviate operator effect. 
Another imaging alternative, is the rib DXA scan, as tested 
in the present study. It appeared to be the second most ac-
curate method, besides the half-carcass DXA scan, to pre-
dict the carcass chemical composition, except for minerals, 
for which no equation could be set-up. The DXA, is non-
destructive (i.e., carcass or rib cut scanned remains intact 
and further saleable), but requires an expensive equipment 
and requires less than 5 min of scan for single rib cut, but 
until 40 min for a half-carcass. Contrary to others devices 
as CT or MRI, specific expertise is not necessary with DXA 
because the acquisition is automatic and images treatment 
does not need specific skills and is operator independent. 
Moreover, the level of radiation of DXA is lower than 
when using CT.

CONCLUSIONS
This study compared different in vivo and post mortem methods 
for the estimation of EB or carcass chemical compositions 
in lactating cows and their offspring. Among the methods 
tested, US was the most accurate in vivo method, except for 
protein masses with no improvement when including subcu-
taneous AT thickness variable over BW alone. Among all post 
mortem methods, the DXA scan of the half-carcass was the 
best method to estimate its chemical composition. Use of 11th 
rib dissected or DXA scanned also provided an accurate esti-
mation of carcass chemical composition, with slightly less ac-
curate estimations via dissection than with DXA scan. Besides, 
dissection requires butcher skills and time. In the conditions 
of the present study, the ACS resulted in the least accurate 
relationships for estimating the EB and carcass composition. 
This method also required technicity and is quite invasive. The 
results obtained with 3D imaging are promising. This method 
combines noninvasive procedures, reduces animal handling, 
and allows access to many morphological phenotypes. Future 
research is required to test 3D imaging on a larger sample size 
of cattle of different breeds in order to confirm and improve its 
accuracy. Present study indeed included a limited number of 
animals and one breed, but provided useful results positioning 
the relative accuracy of different methods to estimate chemical 
composition of empty body and carcass. Increasing the number 
of animals in future research, with different breeds and phys-
iological states, could guarantee the results and open up new 
possibilities by focusing on the most promising methods such 
as 3D or DXA. At long term, the on-farm in vivo monitoring 
of the lipid reserves, protein accretion, or skeletal develop-
ment may allow the dynamic defining of individual nutritional 
requirements, and improve animal robustness and feed effi-
ciency. Wide implications may therefore be expected in animal 
research and ultimately for precision livestock farming imple-
mentation in commercial farms.

Supplementary Data
Supplementary data are available at Translational Animal 
Science online.
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