
Contents lists available at ScienceDirect 

Methods 

journal homepage: www.elsevier.com/locate/ymeth 

Estimation of dairy goat body composition: A direct calibration and 
comparison of eight methods☆ 

Sylvain Lercha,⁎, Anne De La Torreb, Christophe Huauc, Mathieu Monziolsd, Caroline Xaviera,e,  
Loïc Louisf, Yannick Le Cozlere, Philippe Faverdine, Philippe Lambertone, Isabelle Cheryg,  
Dominique Heimoh, Christelle Lonckei, Philippe Schmidelyi, José A.A. Piresb,⁎ 

a Agroscope, Ruminant Research Unit, Route de la Tioleyre 4, 1725 Posieux, Switzerland 
b INRAE, Université Clermont Auvergne, Vetagro Sup, UMR Herbivores, 63122 Saint-Genès-Champanelle, France 
c GenPhySE, Université de Toulouse, INRAE, ENVT, 31326 Castanet-Tolosan, France 
d IFIP institut du porc, 35650 Le Rheu, France 
e PEGASE, INRAE, Institut Agro, 35590 Saint Gilles, France 
f Université de Lorraine, AgroParisTech, INRAE, SILVA, 54000 Nancy, France 
g IPHC, CNRS, Université de Strasbourg, 67037 Strasbourg, France 
h Agroscope, Feed Chemistry Unit, Route de la Tioleyre 4, 1725 Posieux, Switzerland 
i Université Paris-Saclay, INRAE, AgroParisTech, UMR Modélisation Systémique Appliquée aux Ruminants, 75005 Paris, France  

A R T I C L E  I N F O   

Keywords: 
Ruminant 
Body chemical composition 
3D imaging 
Computer tomography 
Adipose cell size 
Deuterium oxide 

A B S T R A C T   

The objective was to compare eight methods for estimation of dairy goat body composition, by calibrating 
against chemical composition (water, lipid, protein, mineral and energy) measured post-mortem. The methods 
tested on 20 Alpine goats were body condition score (BCS), 3-dimension imaging (3D) automatic assessment of 
BCS or whole body scan, ultrasound, computer tomography (CT), adipose cell diameter, deuterium oxide di-
lution space (D2OS) and bioelectrical impedance spectroscopy (BIS). Regressions were tested between predictive 
variates derived from the methods and empty body (EB) composition. The best equations for estimation of EB 
lipid mass included BW combined with i) perirenal adipose tissue mass and cell diameter (R2 = 0.95, residual 
standard deviation, rSD = 0.57 kg), ii) volume of fatty tissues measured by CT (R2 = 0.92, rSD = 0.76 kg), iii) 
D2OS (R2 = 0.91, rSD = 0.85 kg), and iv) resistance at infinite frequency from BIS (R2 = 0.87, rSD = 1.09 kg). 
The D2OS combined with BW provided the best equation for EB protein mass (R2 = 0.97, rSD = 0.17 kg), 
whereas BW alone provided a fair estimate (R2 = 0.92, rSD = 0.25 kg). Sternal BCS combined with BW provided 
good estimation of EB lipid and protein mass (R2 = 0.80 and 0.95, rSD = 1.27 and 0.22 kg, respectively). 
Compared to manual BCS, BCS by 3D slightly decreased the precision of the predictive equation for EB lipid 
(R2 = 0.74, rSD = 1.46 kg), and did not improve the estimation of EB protein compared with BW alone. 
Ultrasound measurements and whole body 3D imaging methods were not satisfactory estimators of body 
composition (R2 ≤ 0.40). Further developments in body composition techniques may contribute for high- 
throughput phenotyping of robustness.   
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1. Introduction 

The management of body reserve accretion and mobilization 
throughout growth and gestation - lactation cycles is a major determi-
nant of ruminant adaptation capacity to changing environments and 
thus lifetime productivity [1]. Furthermore, the dynamics of accretion 
and mobilization of body lipids regulate biological functions (e.g., 
growth, lactation, reproduction) by influencing the animal physiology 
and metabolic health, driving the flow of lipophilic molecules (fatty 
acids, vitamins, contaminants, drugs) to animal products, thus mod-
ulating their nutritional quality and safety. Therefore, precise pheno-
typing of body composition (lipid, protein, minerals and energy) and its 
variation over time are indispensable in animal research, for instance, 
to assess adaptation of different genotypes to changing environments 
and production systems. 

Direct measurements of body composition via slaughter, dissection 
and chemical analyses remain the “gold standard” (i.e. the reference 
methodology) but are not compatible with longitudinal studies. Over 
the past century, several methods were developed or adapted to esti-
mate livestock body composition in vivo, that vary in invasiveness, ac-
quisition time, cost, sensitivity and feasibility. They are mainly based 
on four basic principles:  

i) Assessment of external shape and/or subcutaneous tissues [body 
condition score (BCS), 3D imaging and ultrasound (US)] [2,3],  

ii) Measurement of tissue and organ volume or mass by quantification 
of the attenuation of radiation or electromagnetic field (computer 
tomography (CT) and dual-energy X-ray absorptiometry, magnetic 
resonance imaging) [4],  

iii) Measurement of the adipose cell diameter (ACD), that is linked with 
total empty body (EB) lipid mass [5,6],  

iv) Direct quantification of water mass, by dilution space of deuterium 
oxide (D2OS) or other markers [7,8], or indirect assessment of body 
water by determining body resistance to electrical current (BIS,  
[9])) or sound (velocity of sound, [10]). 

Relatively few experiments compared the gold standard of chemical 
composition measured post-mortem with a large set of methods for in 
vivo estimation of body composition. Those comparisons are mostly 
limited to three or less methods (e.g. in goats: ACD, BCS and US [11], 
and D2OS, urea dilution space and BCS [12]; in ewes: D2OS, ACD and 
BCS [6]). Direct calibration and comparison are required to evaluate 
the relative precision of the different methods tested, and their re-
spective advantages and limits to estimate in vivo body composition in 
animal research. 

The objective was to compare eight methods for estimation of dairy 
goat composition: deuterium oxide dilution space (D2OS), bioelectrical 
impedance spectroscopy (BIS), adipose cell diameter (ACD), body 
condition score (BCS), 3-dimension (3D) whole body scan or automatic 
assessment of BCS (3D-BCS), ultrasound (US) and computer tomo-
graphy (CT), by calibrating them against chemical composition mea-
sured post-mortem. 

2. Materials and methods 

2.1. Animals 

All procedures performed on animals were approved by the Ethics 
Committee on Animal Experimentation and the French Ministry of 
Higher Education, Research and Innovation (APAFiS#15681- 
2018062622272488_v2). The experiment was conducted at the INRAE 
experimental farm “Installation Expérimentale en Production du Lait” 
(PEGASE, INRAE, Institut Agro, 35590 Saint-Gilles, France). 

Twenty Alpine goats (3.0  ±  0.6 years old; 226  ±  9 days in milk) 
weighing 47 to 72 kg were used in this experiment. Goats were milked 
once a day at approximately 0800 h. Hay was distributed at 0900 h and 

1600 h and concentrate (750 g/d) was offered individually in the 
milking parlor. Goats were housed in a free stall barn on barley straw 
bedding and had free access to hay and water. Goat characteristics, milk 
yield and composition are reported in Table 1. 

2.2. Methods for body composition estimation 

The experiment was conducted in two successive calendar weeks, 
from −3 to +9 days relative to the D2O injection (day 0). The timeline 
of measurements is reported in Fig. 1. 

2.2.1. Body weight, BCS and body measurements 
Body weight (BW) was recorded in the morning, after milking and 

before hay distribution, five times during the study (Fig. 1). The BCS 
was assessed by a trained scorer on day 4 of the experiment, using a 0 to 
5 scale with quarter-point intervals, and based on visual evaluation and 
palpation of sternal and lumbar regions [13]. Seven morphological 
traits were measured on live goats on day 3 of the experiment: 1. 
Height-at–withers (distance from the floor to the withers); 2. Length 
vertex-tail (distance from the external occipital protuberance to the 
base of the tail); 3. Body length (distance between the point of the 
shoulder to the right tuber ischia); 4. Chest depth (maximal distance of 
the thoracic cage); chest girth, measured at 3 locations (5. Heart girth 
behind the front legs and withers; 6. Middle girth after the 13th rib and 
7. Rear girth before the hips and mammary gland). A height gauge was 
used to measure height-at-withers and chest depth. A metric tape was 
used for the other measurements (see Supplementary file S1 for precise 
illustrations of measurement locations). 

2.2.2. Deuterium oxide dilution space (D2OS) 
Goats were fitted with a temporary jugular catheter (Intraflon 2, 

PTFE, 16 G × 60 mm, Ecouen, France) and injected with a D2O bolus 
(0.2  ±  0.008 g D2O.kg BW−1; 99.97%, Euriso-top, Saint-Aubin, 
France) at 1114 h ( ± 13 min) of day 0 (Fig. 1). The catheter was then 
flushed with 10 mL of saline solution (0.9% NaCl; Lavoisier, Paris, 
France) and immediately removed. 

The mass of D2O to administer was determined precisely by 
weighing syringes (BD Medical, Le Pont-de-Claix, France) before and 
after injection to the nearest 0.01 g. Seven blood samples were collected 
from jugular veins at −0.94, +5.26, +29.04, +53.24, +76.99, 
+101.16 and +125.17 h (SD = 0.17 to 0.40 h) relative to D2O in-
jection. Blood samples were drawn into tubes containing clot activator 
(BD Medical, Le Pont-de-Claix, France) via venipuncture, allowed to 
clot overnight at +4 °C, and serum was separated by centrifugation at 
2000×g for 15 min at 4 °C, and stored at −20 °C until analysis. 

Serum samples were thawed at room temperature, and 1 mL was 
subjected to cryodistillation [14] to extract the serum water and 

Table 1 
Goats (n = 20) characteristics and milk production and composition.        

Item Mean SD Min Max  

Age, years 3.0 0.6 2.6 4.6 
Parity 2.3 0.6 2 4 
Days in milk 226 9.3 211 239 
Reference BW, kg1 56.5 7.7 46.7 72.0 
Milk yield, kg.d−1 1.07 0.32 0.07 1.54 
Milk composition2      

Fat, % 4.42 6.67 33.53 58.2  
Protein, % 4.23 3.59 33.63 47.77  
Lactose, % 3.98 2.79 34.88 45.05  
SCC3 (×1000) 4949 1982 629 8247 

1 Reference body weight (BW): average of measurements on days - 2 and - 1 
of the experiment used to calculate the amount of D2O to administer. 

2 Milk composition was determined by mid-infrared spectroscopy (Lillab, 
Châteaugiron, France). 

3 SCC: Somatic cells count.  

S. Lerch, et al.   Methods 186 (2021) 68–78

69



condense it into a collection tube. The water was evaporated by heating 
the sample in a water bath (65 °C) and then condensed by cooling with 
an ethanol/liquid nitrogen mixture (−50/−70 °C) for 60 min. Ex-
tracted water was then transferred to glass tubes sealed with butyl/ 
polytetrafluoroethylene caps and stored at 4 °C, followed by analysis for  
2H/1H enrichment by IRMS at SILVATECH within a week (INRAE, 
2018. Structural and Functional Analysis of Tree and Wood Facility, 
https://doi.org/10.15454/1.5572400113627854E12). Isotope ratios of  
2H/1H were measured using a continuous flow EuroPyrOH (EuroVector, 
Milano, Italy) coupled, via a gas box interface, to an Isoprime isotope 
ratio mass spectrometer (IRMS, Elementar, Manchester, UK). The water 
was sampled by a 1-μL syringe. The autosampler HT300A (EuroVector) 
injected 0.2 μL into a quartz tube filled with Cr powder and heated to 
1020 °C. The Cr reduces to H2 (1H2, mass 2) and HD (1H 2H, mass 3) 
gases. The helium gas was used to carry H2 or HD from the EuroPyrOH 
to the IRMS. Three international standards [Enriched Water (IAEA- 
604); Vienna Standard Mean Ocean Water (VSMOW); Greenland Ice 
Sheet Precipitation (GISP)] from the International Atomic Energy 
Agency (Vienna, Austria) were used to analyze samples. The results 
were expressed as delta values (‰) relative to VSMOW. 

Parameters of D2O dilution kinetics were computed for each goat by 
extrapolating the regression of the D2O concentrations (Ct) over time, 
using the following equation: Ct = C0 × exp−k×t in which C0 (inter-
cept) is the theoretical D2O concentration at injection (t = 0), k (slope) 
is the water turnover, and t is the time elapsed since D2O administration  
[15,16]. Deuterium oxide C0 and background concentration (Cbg, be-
fore D2O injection) were then used to calculate the D2OS in kg by using 
the equation from Schoeller et al. [17]: 

D2OS = (QD2O × APEdose × MWH20)/[MWdose × 100 
× (C0 − Cbg) × Rstd],where QD2O is the dose of D2O administered in 
grams, APEdose is the deuterium atomic enrichment of the dose in 
percentage (i.e., 99.97%), MWH20 is the molecular weight of the body 
water (H2O: 18.02 g.mol−1), MWdose is the molecular weight of D2O 
(i.e., 20.02 g.mol−1), C0 and Cbg are expressed as delta 2H vs. VSMOW 
(‰), and Rstd is the ratio of deuterium to hydrogen in VSMOW (i.e., 2H 
to 1H ratio, 1.5576 × 10–4). 

2.2.3. Three-dimension imaging 
Three-dimension images of goats were acquired at day 3 of the 

experiment using two devices, i) a portable system (Camera sensor 
Primesense Carmine / ASUSTek Computer Inc., Taipei City, Taiwan) 
was used to estimate BCS from images captured at the lumbar and 
pelvic locations [18], and ii) a fixed system Morpho 3D [19] was used 
to capture the body shape of the whole animal. 

The portable system capture two pictures by a single sensor at ap-
proximately 60 cm from the animal’s pelvic and lumbar areas to gen-
erate 3D images where 4 anatomical locations are positioned 
(Supplementary file S1). The coordinates (on axis X, Y and Z) of these 4 
anatomical locations were used to estimate lumbar and sternal BCS  
[18]. 

The 3D image scanner Morpho 3D was previously described by Le 
Cozler et al. [19] and had only been used in dairy cows until now. 
Briefly, the device includes a total of 5 cameras in combination with an 
infrared laser projector (650 nm laser) installed on a mobile portal that 
scans the animal moving from the caudal to the cranial extremity of the 
animal, before returning to its initial position. Image capture (80 
images per second) of the laser stripes projected onto the goat was used 
for 3D reconstruction of the entire animal. After a cleaning process and 
application of Poisson surface reconstruction algorithm, final 3D image 
was available for analysis. This technology was validated for linear 
measurements, circumferences, volumes and surfaces on dairy cows  
[19,20]. Total body volume and surface as well as five body dimen-
sional measurements were obtained from image analyzes. These linear 
measurements correspond to chest depth, body length and chest girth 
measured at three locations, as described in Section 2.2.1. and in the  
Supplementary S1 file. 

2.2.4. Ultrasound imaging 
At day 3 of the experiment, ultrasound measurements were per-

formed using an Aloka Prosound 2 unit equipped with a 5 MHz linear 
probe (UST5820-5; Hitachi Medical Systems SAS, F-69800 Saint-Priest, 
France). Measurements were made at lumbar and sternal areas using 
identifiable anatomical features, such as bone and cartilage, as re-
ference locations. At the lumbar area, the probe was positioned parallel 
to the lumbar vertebrae (L2 and L3) at approximatively 1 cm of the 
spinous process to measure the thickness of subcutaneous adipose tissue 
and muscle. At the sternal area, the probe was positioned over the 
sternum. Ultrasound measurements at this site do not allow to distin-
guish measurements of skin and adipose tissue thickness. The same 
experienced operator scanned, interpreted all the images and per-
formed all measurements. The anatomical locations and position of the 
probe are presented in the Supplementary S1 file. 

2.2.5. Computer tomography 
Goats were milked and weighed before the transport to the 

slaughterhouse (from d 6 to 9) where they were anesthetized by keta-
mine (100 mg/mL; 0.05 mL/kg BW i.v.; Imalgene 1000, Merial, Lyon, 
France) before CT measurements. Animals were placed on an inflatable 
mattress (Corben, Le Havre, France) to ensure minimal movements 
during CT acquisition. The CT acquisition was performed with a 
Siemens emotion duo CT scanner (Siemens, Erlangen, Germany) with 
the following acquisition parameters: tube tension 130 kV, tube current 
40 mAs, slice thickness 3 mm, FoV 500 mm × 500 mm, matrix 
512 × 512, convolution kernel B30s (soft tissue). Between 400 and 500 
images were generated per goat. Image analysis was performed in three 
different steps. The first step was to separate goat images from images 
of their collars, CT table, and parts of the mattress by binarization, 
connected component labeling and by keeping the largest label func-
tions of the MorphoLibJ plugin [21] for the ImageJ software [22]. 
Remaining inaccurate voxels were removed manually. The second step 

Fig. 1. Timeline of measurements and procedures relative to the day of D2O injection (day 0).  
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was to separate the omasum and rumen semi-automatically from the 
image using turtleseg software (www.turtleseg.org; [23,24]). The third 
step was to perform the segmentation of fatty tissue, soft tissue and 
bone by automatic thresholding based on Hounsfield units (HU) on the 
CT images. Voxels ranging between −500 and −1 HU were classified 
as fatty tissue, voxels ranging between 0 and 120 HU were classified as 
soft tissue and voxels above 121 Hu were considered as bone. The au-
tomatic segmentation was performed using an in-house image analysis 
software [25]. Soft tissue, fatty tissue and bone volumes were available 
for entire goat image sets excluding rumen and omasum. 

2.2.6. Bioelectrical impedance spectroscopy 
Bioelectrical impedance spectroscopy was performed using 

ImpediVet Bioimpedance Spectroscopy device (ImpediMed Limited, 
Brisbane, Australia). Immediately after the CT-Scan, anesthetized goats 
were laid on the left flank on an isolated mat. Four needles (18G, 
40 mm, BD Microlance, becton, Dickinson and Co, Plymouth, UK) were 
used as electrodes and were inserted subcutaneously and further at-
tached to the BIS-electrodes. The two current electrodes were placed 
middle height on the hind leg, 5 cm cranially from the body end, and 
5 cm caudal of the right scapular spine. The corresponding voltage- 
sensing electrodes were placed 5 cm on the same horizontal axis be-
tween the current electrodes (configuration 1 in Schäff et al. [9], see  
Supplementary S1 file). Hair on the right hind leg and caudal of the 
scapular spine was trimmed the day before BIS measurements. 

The distance (L) between voltage-sensing electrodes was measured. 
Five continuous BIS measurements (1 measurement/s) were acquired 
from 4 kHz to 1 MHz (scans of 256 frequencies). The acquired data 
were downloaded and analyzed using complex impedance plotting with 
the ImpediVet BIS software (version 1.0.0.4) to determine body re-
sistance at zero frequency (R0), infinite frequency (R∞), at 50 kHz (R50) 
and 500 kHz (R500), and body reactance at 50 and 500 kHz (Xc50 and 
Xc500, respectively), based on the mean of the 5 BIS measurements. 
Other variates computed from L and those five BIS single measurements 
are reported in Supplementary Table S1. 

Two goats were excluded from the BIS dataset due to technical 
problems and aberrant measurements. 

2.2.7. Adipose cell diameter 
Immediately after slaughter (Section 2.3, Fig. 1), approximately 

100 mg of sternal and perirenal adipose tissue samples were collected, 
placed in a physiological saline solution at 37 °C and fixed in osmium 
tetroxide within 30 min following collection, as previously described  
[5]. After two weeks at room temperature, adipose cells were isolated 
in an 8 M urea solution, and the diameter of approximately 300 adi-
pocytes was determined microscopically using Visilog software (version 
6.7, Visilog software, Thermo Fischer Scientific, Waltham, Massachu-
setts, USA). Two goats were excluded from the ACD dataset due to 
technical problems. These goats were not the same as the ones excluded 
for BIS. 

2.3. Slaughter and direct body composition measurements by chemical 
analyzes 

Slaughter was performed on 4 successive days (from day 6 to 9 
relative to D2O injection, 4 to 6 goats per day) at the “Unité 
Expérimentale Porcs de Rennes” (INRAE, PR, 35590, Saint-Gilles, 
France). Immediately after CT and BIS measurements (see Sections 
2.2.5 and 2.2.6), anesthetized goats were slaughtered by electronarcosis 
followed by exsanguination. Blood, perirenal adipose tissue and full 
total digestive tract were collected and weighed separately. The full 
total digestive tract was separated into five approximate sections (re-
ticulo-rumen, omasum, abomasum, small and large intestine) that were 
sealed and weighed before and after emptying, in order to determine 
organ and content weights. The water content of each section was 
measured by desiccation of digesta samples at 103 °C for 48 h to 

estimate total digesta and water mass. 
Skin, head, horns and lower legs were removed, combined and 

weighed. Abdominal and thoracic organs, visceral adipose tissue de-
pots, empty digestive tract were combined and weighed. The carcass 
was divided into two halves (left and right) and weighed. The left half 
carcass and remaining EB parts (i.e., blood, skin, head, lower legs, in-
ternal organs, empty digestive tract, visceral adipose tissues) were 
stored at −20 °C in hermetic plastic bags before grinding. Each bag was 
weighed before freezing and after removal from storage, any weight 
loss was assumed to be water. Frozen left half carcass and remaining EB 
components were processed separately through mincing, mixing and 
homogenization using an industrial flaker (Rotary Meat Flaker, model 
RF15; Hobart, Cesson-Sévigné, France) to decrease the size of frozen 
blocks, followed by grinding and homogenization using an industrial- 
grinder (Mixer-grinder, model 4346; Hobart, Cesson-Sévigné, France). 
Three 250 g samples of homogenized carcass and remaining EB com-
ponents were stored at −20 °C. Two samples were later thawed at 4 °C 
for 24 h, mixed with Fontainebleau sand (Dutscher, Brumath, France), 
and desiccated at 103 °C for 24 h to determine dry matter content. The 
third sample was lyophilized and finely ground with liquid nitrogen 
using a knife mill (Grindomix GM200, Retsch, Haan, Germany) before 
chemical analyses in duplicate: residual dry matter (desiccation at 
105 °C for 3 h), lipid (ISO 6492:1999, petroleum ether extraction with a 
Büchi Speed Extractor E-916, Flawil, Switzerland), protein (ISO 16634- 
1:2008, N × 6.25 by Dumas combustion – thermal conductivity with a 
Leco Trumac CNS, St. Joseph, Michigan, USA), mineral (ISO 
5984:2002, 550 °C until constant weight) and energy content (ex-
pressed as Mcal, 1 Mcal is equivalent to 4.184MJ; ISO 9831:1998, 
adiabatic calorimetry with an oxygen bomb calorimeter, IKA model 
C200, Fondis Bioritech, Guyancourt, France) were performed. Intra- 
assay coefficient of variation (CV) for carcass and remaining EB com-
ponent samples were 0.48 and 0.93% for dry matter, 1.15 and 1.11% 
for lipid, 0.63 and 0.68% for protein, 2.9 and 8.2% for mineral, and 
0.71 and 0.70% for energy, respectively. Full carcass composition was 
calculated by weighing the composition of left half carcass relative to 
total carcass weight, assuming an equivalent chemical composition of 
both half carcasses. Mass of EB water, lipid, protein, minerals and en-
ergy was computed from the sum of whole carcass and remaining EB 
parts. Total body water mass was further computed as the sum of EB 
water and digesta water. 

2.4. Statistical analyses 

Correlations, simple and multiple regressions were performed using 
the CORR and GLM procedures of SAS 9.4 (SAS Inst. Inc., Cary, NC) to 
evaluate relationships among different variates, and develop estimation 
equations of EB composition from predictive variates derived from the 
eight tested methods. Simple regressions between EB composition and 
predictive variates were explored by offering one variate at a time. 
Then, multiple regressions were tested by offering BW and additional 
predictive variates using a stepwise approach, separately for each of the 
eight methods studied. Significance was predefined as P ≤ 0.05, and 
trends toward significance at 0.05  <  P ≤ 0.10. Fitness of regression 
models were assessed by residual plot analyses, R2 and residual stan-
dard deviation (rSD). 

3. Results 

3.1. Body composition measured after slaughter 

The sum of analyzed body components (post-mortem BW) was close 
to the BW recorded before slaughter (Table 2). The unaccounted loss of 
material averaged 1.8% and was always lower than 5% of pre-slaughter 
BW. Body weight changed +0.4% on average (from −5% to +6%) 
during the experimental period. The BW at slaughter was 
54.7  ±  6.6 kg (mean  ±  SD, range 45.6 to 66.9 kg). Digesta mass 
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corresponded to 29.0  ±  4.5% and EB to 71.0  ±  4.5% of BW at 
slaughter. Total body water averaged 38.6  ±  3.8 kg, among which 
35.2  ±  4.3% was digesta water and 64.8  ±  4.3% was EB water. 
Empty body water ranged from 21.3 to 31.5 kg and corresponded to 
57.4 to 75.2% of EB weight. A comparable variability in EB was ob-
served for lipid (0.8 to 9.9 kg, 2.1 to 20.4%) and energy (41 to 141 
Mcal, 1.14 to 2.87 Mcal/kg), whereas protein (5.8 to 8.6 kg, 16.3 to 
18.9%) and mineral (1.6 to 2.4 kg, 4.3 to 5.8%), were less variable. 

When reported on fat-free EB (EB – EB lipid mass), percentages of 
water, protein and mineral were fairly constant among the 20 goats 
(e.g., 72.1 to 76.9% of water, Table 2). Accordingly, water and lipid 
expressed as percentage of EB were closely and negatively related 
(P  <  0.001, Fig. 2), with the following equation: 

The equation Lipid (% EB weight) = −1.12 ( ± SE = 0.03) × 
water (% EB) + 85.17 ( ± 2.24) and residual SD (rSD) = 0.66 %, re-
sidual coefficient of variation (rCV) = 5.9 %, R² = 0.984, n = 20. 

3.2. Variates derived from the eight tested methods 

Measurements from the eight methods used for the estimation of 
body composition are presented in Table 3. Chest depth varied from 34 
to 44 cm, with a CV of 8%, higher than the CV of height-at-withers (3%) 
and the heart girth at the withers (5%). The chest depth and the heart 
girth measurements performed using the whole animal 3D imaging scan 
method were only slightly correlated with the same measurements 
performed manually (r = +0.35 and +0.55, respectively). None-
theless, their means were close between the two techniques (−5% and 
+7% between 3D and manual measurements for chest depth and 

Table 2 
Anatomical measurements and chemical composition measured after slaughter 
of dairy goats (n = 20).        

Item1 Mean SD Min Max  

Anatomical measurements (kg)      
D2O infusion BW2 55.1 7.5 45.8 69.3  
Ultrasound and 3D imaging BW3 54.1 7.1 45.2 69.0  
Pre-slaughter BW4 54.7 6.6 45.6 66.9  
Post-mortem BW4 53.7 6.4 45.4 65.9  
Digesta content 15.4 2.4 10.5 20.4  
EB weight 38.2 6.2 31.5 51.7  
Perirenal adipose tissue weight (kg) 0.399 0.367 0.045 1.452  

Chemical composition (kg)      
Total body water 38.6 3.8 32.3 46.2  
Digesta water 13.6 2.2 8.9 17.8  
EB water 25.0 3.0 21.3 31.5  
EB lipid 4.5 2.7 0.8 9.9  
EB protein 6.7 0.9 5.8 8.6  
EB mineral 1.9 0.3 1.6 2.4  
Fat-free EB 33.7 4.0 28.8 42.4  
EB energy (Mcal)5 80 30 41 141  

Proportions of body components in EB weight (%)     
Water 65.8 4.5 57.4 75.2  
Lipid 11.2 5.1 2.1 20.4  
Protein 17.7 0.7 16.3 18.9  
Minerals 5.1 0.4 4.3 5.8  
Energy (Mcal/kg)5 2.05 0.46 1.14 2.87  

Proportions of body components in fat-free EB weight (%)    
Water 74.1 1.0 72.1 76.9  
Protein 20.0 0.7 17.8 21.5  
Minerals 5.8 0.4 5.1 6.6 

1 BW: body weight, EB: empty body. 
2 Day 1 of the experiment. 
3 Day 3 of the experiment. 
4 Days 6 to 9 of the experiment corresponding to computer tomography, 

impedancemetry and adipose cell size measurements. Pre slaughter BW corre-
sponds to the live weight measured the morning before slaughter, post-mortem 
BW corresponds to the sum of all body compartments collected after slaughter. 

5 One Mcal is equivalent to 4.184 MJ.  

Fig. 2. Relationship between empty body water and lipid content of dairy 
goats. 

Table 3 
Main measurements derived from the tested techniques for estimation of body 
composition of dairy goats (n = 20).        

Item Mean SD Min Max  

Morphological measurements (cm)      
Height at withers 73 2 69 77  
Heart girth 87 4 82 95  
Maximum chest depth1 39 3 34 44 

D2O dilution space (kg) 41.9 4.5 34.9 52.4  

Bioelectrical impedance spectroscopy2     

R0 (Ω) 61.9 5.2 51.8 69.9  
R∞ (Ω) 27.8 2.7 22.2 32.8  
L2 / R0 (cm2/Ω) 74.4 10.1 58.4 92.4  
L2 / R∞ (cm2/Ω) 166.1 21.6 133.5 216.3  

Adipose cell size (µm)      
Perirenal 76 18 48 111  
Sternal 67 9 50 85  

Body condition score (BCS, 0–5)      
Lumbar 2.5 0.4 1.8 3.0  
Sternal 2.6 0.5 1.8 3.3  

BCS estimate from 3D imaging (0–5)      
Lumbar 2.5 0.4 1.6 3.2  
Sternal 2.8 0.6 1.7 3.8  

Ultrasounds thickness (cm)      
Lumbar muscle 2.4 0.4 1.9 3.8  
Sternal muscle 2.5 0.7 1.5 4.1  
Lumbar adipose tissue 0.23 0.04 0.18 0.35  

Whole body 3D imaging technique      
Total body volume (L) 67 7.0 53.1 80.7  
Total body surface (m2) 1.74 0.16 1.46 2.04  

Computer tomography (L)      
Total body volume 56.6 6.7 47.5 68.9  
Fatty tissue volume 9.3 3.2 5.0 17.0  
Soft tissue volume 18.6 2.5 13.0 24.5  
Bone volume 2.9 0.4 2.4 3.8 

1 Measurement was performed at the abdominal region (see supplementary 
file 1 for details). 

2 R0: Body resistance at zero frequency, R∞: Body resistance at infinite fre-
quency, L2: square of the distance between measuring electrodes.  
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hearth girth, respectively). The 3D-scan method provided automatic 
estimates of total body surface and volume. The latter was slightly 
correlated with the total body volume estimated by the CT method 
(r = +0.39), with an average overestimation for 3D scan of +18%. 

Among the body tissue volumes estimated by CT, ‘fatty tissues’ was 
the most variable (CV: 34%), followed by ‘bones’ (14%), ‘soft tissues’ 
(13%) and total volume (12%). 

Body condition score estimated either by palpation or 3D imaging 
presented high correlation at both the lumbar (r = +0.67) and sternal 
(r = +0.71) locations and provided similar values (Table 3). Body 
condition score was variable among the 20 goats selected for this study 
(CV of 15 to 28%), for both manual and 3D methods. A similar varia-
bility was observed for the thickness of lumbar and sternal muscles 
estimated by the US method (2.4 and 2.5 cm, and CV of 17 and 28% for 
lumbar and sternal muscles, respectively), and for the perirenal and 
sternal adipose cell size (76 and 67 µm, CV of 24 and 13%, respec-
tively). The variability was low for R0 and R∞ measured by the BIS 
method (means of 61.9 and 27.8 Ω, CV of 8 and 9%), and for the D2OS 
approach (41.9 kg and CV of 11%). 

Total body water at the time of D2O injection was calculated as total 
body water at slaughter + (BW at D2O injection − BW at 
slaughter) × digesta water proportion (%) measured at slaughter, as-
suming that BW differences between the day of D2O injection and 
slaughter were due to changes in digesta mass. The relationship be-
tween total body water estimated at the time of D2O injection and the 
D2OS was precise (Fig. 3) and is defined by the following equation: 

Total body water at the time of D2O injection (kg) = 1.076 
( ± 0.081) × D2OS (kg) − 6.222 ( ± 3.402); rSD = 1.57 kg, 
rCV = 4.0%, R2 = 0.908, n = 20, P  <  0.001 and P = 0.08 for slope 
and intercept, respectively. 

3.3. Estimation of EB of chemical components mass 

Table 4 reports the most precise multiple linear regression equations 
for the estimation of EB water, lipid, protein and mineral mass, and EB 
energy content using BW and independent variates derived from the 
eight methods tested. Supplementary Table S2 presents simple linear 
regressions for the estimation of EB chemical component mass. Plots of 
residuals for the best equations are illustrated in Fig. 4 for EB lipid 

mass, and in Supplementary Figs. S1 and S2 for EB protein mass and EB 
energy, respectively. 

3.3.1. Water 
Body weight alone provided a fair estimate of EB water mass 

(R2 = 0.80), a relationship which was improved (P  <  0.01) when 
D2OS was added (R2 = 0.91, Table 4). Only total body volume mea-
sured by CT was a better single predictor of EB water (R2 = 0.87,  
Supplementary Table S2) compared to BW alone. 

3.3.2. Lipid and energy 
For single regression equations, BW alone did not provide a good 

estimate of EB lipid mass (R2 = 0.60) or EB energy (R2 = 0.67,  
Table 4). The best single estimators of EB lipid mass and EB energy in 
descending order of R2 were: i) volume of fatty tissues measured by CT 
(R2 = 0.92 and 0.94), ii) perirenal adipose tissue mass (R2 = 0.82 and 
0.82), iii) cell diameter (R2 = 0.83 and 0.78), iv) sternal BCS recorded 
manually (R2 = 0.75 and 0.73), v) R∞ measured by BIS (R2 = 0.67 for 
EB lipid), and vi) lumbar BCS recorded manually (R2 = 0.64 for EB 
lipid). At the exception of the volume of fatty tissues measured by CT, 
the R2 of all of the single regression relationships increased when BW 
was added as a second independent variate in multiple regression. 
Thus, the best multiple regression equations, in descending R2 order, 
were obtained by combining BW with i) perirenal adipose tissue mass 
and cell diameter (R2 ≥ 0.95), ii) D2OS (R2 ≥ 0.91) and iii) R∞ mea-
sured by BIS (R2 ≥ 0.87). Sternal BCS recorded manually combined 
with either BW or heart girth also provided good equations for EB lipid 
(R2 = 0.80 and 0.81 for BW and heart girth, respectively) and EB en-
ergy (R2 ≥ 0.82). Lumbar BCS recorded using 3D imaging method 
combined with BW provided slightly lower R2 for EB lipid mass 
(R2 = 0.74) and EB energy (R2 = 0.77, Table 4, Fig. 4 and  
Supplementary Fig. S2). Conversely, variates derived from sternal ACD, 
ultrasound and whole body 3D imaging methods were not satisfactory 
estimators of EB lipid mass nor EB energy, when included alone or 
combined with BW in linear regressions (R2 ≤ 0.40 and 0.27 for US and 
whole body 3D imaging, respectively, Supplementary Table S2). 

3.3.3. Protein and minerals 
Body weight alone explained 92% and 72% of the variance of EB 

protein and mineral mass, respectively (Table 4). The BW was superior 
to all other single independent variates tested in our study. Only total 
body volume measured by CT (R2 ≥ 0.70) and heart girth recorded 
manually (R2 ≥ 0.64) explained more than 50% of the variance in 
protein and mineral mass, and D2OS presented a R2 of 0.60 for EB 
protein mass (Supplementary Table S2). 

For EB protein mass, multiple regressions including BW associated 
with either D2OS (R2 = 0.97), sternal BCS recorded manually or heart 
girth (R2 = 0.95) improved the R2 compared to the simple BW re-
gression (Table 4 and Supplementary Fig. S1). For EB mineral mass, 
multiple regressions including BW with soft tissue volume measured by 
CT (R2 = 0.77) or BW with thickness of the lumbar muscle measured by 
US (R2 = 0.75) improved the R2 compared to the simple BW regression 
(Table 4). 

3.4. Estimation of EB chemical component percentage 

The most precise multiple linear regression equations estimating the 
percentage of EB water, lipid, protein, mineral and energy are reported 
in Supplementary Table S3. Overall, a lower R2 was observed for the 
estimation of EB percentages compared to mass estimation, except for 
EB water and EB protein by BIS measurements (R2 ≥ 0.54 vs. 
R2 ≥ 0.32), and for EB water estimation by sternal BCS recorded 
manually (R2 = 0.74 vs. 0.23; Supplementary Tables S2 and S3). Body 
weight alone was not a good estimator of EB percentage of water 
(R2 = 0.38), lipid (R2 = 0.43), protein (R2 = 0.36), mineral 
(R2 = 0.24) or energy (R2 = 0.41). Three methods allowed to explain 

Fig. 3. Relationship between deuterium oxide dilution space and total body 
water of dairy goats. 
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at least 80% of the variance of EB percentage of water, lipid and energy. 
The most precise methods were the measure of perirenal ACD 
(R2  >  0.86), followed by fatty tissue volume as percent of total volume 
measured by CT (R2 ≥ 0.86), D2OS per kg BW (R2 ≥ 0.80), and sternal 
BCS recorded manually (R2 ≥ 0.74). Equations combining BW with R∞ 

measured by BIS, and BW with lumbar BCS recorded by 3D imaging 
method explained between 70 and 80% of the variance (Supplementary 
Table S3). Conversely, variates derived from 3D whole body scan and 
US failed to estimate EB water, lipid or energy percentage (R2 ≤ 0.42). 

For EB protein percent, only perirenal ACD (R2 = 0.79), D2OS per 
kg BW (R2 = 0.70), R∞ measured by BIS (R2 = 0.54) and lumbar BCS 
recorded manually (R2 = 0.53) explained more than 50% of the var-
iance. In the case of EB mineral content, none of variates derived from 
the eight methods were able to explain more than 50% of the variance, 
either alone or with BW as a second variate in multiple regression 
(Supplementary Table S3). 

4. Discussion 

This study compared eight methods for in vivo estimation of body 
composition, through their respective calibration against chemical 
composition measured post-mortem. We compared well-documented 
and established methods (i.e., D2OS, BIS, ACD, BCS and US), and in-
novative approaches for which direct calibration is scarce or non-
existent in the literature for dairy goats (i.e., 3D imaging and CT). 

4.1. Body composition measured after slaughter 

Empty body lipid percentage (11%; Table 2) was slightly lower than 
observed in previous direct post-mortem measurements of EB composition in 
lactating and dry goats (15 to 25%; [12,26–29]). This difference is ex-
plained by the exclusion of extremely fat goats in our study (up to 20% of 
EB lipids), whereas previous studies enrolled goats with up to 38% of EB 
lipids [27,28]. In the present study, we chose to assess the precision of the 
methods for estimation of body composition over a range commonly found 
in dairy goat operations, where fat goats are seldom present. 

Percentages of water, protein and minerals in fat-free EB were al-
most constant (72 to 77%, 18 to 22% and 5 to 7%, respectively,  
Table 2), in accordance with previous studies (76 to 77% water, 19 to 
21% protein, and 4 to 5% minerals in fat-free EB [27–29]). Conse-
quently, EB lipid and water percentages were highly negatively corre-
lated (r = −0.99, Fig. 2), as reported in previous studies (e.g., 
r = −0.98 to −0.96, [12,28,30]). Such constancy of the fat-free EB 
composition and the concomitant strong negative linear relationship 
between EB water and lipid percentages were expected and are well- 
established in animals [15,31]. 

4.2. Comparison of the precision of the eight methods tested for body 
composition estimation 

The relative precision of the eight methods was established based on 
comparison of R2 and rSD. Only R2 is discussed because both indicators 
lead to similar ranking of methods. 

As a single variate, BW explained 80 and 92% of the EB water and 
protein mass, respectively, but only 60 and 67% of EB lipid mass and EB 
energy, respectively (Table 4). Frequent measurements of BW, milk yield 
and composition allow to estimate energy balance of dairy cows [32,33]. 
Therefore, longitudinal monitoring of BW throughout lactation cycles may 
allow to assess relative changes of body composition for a given animal. 
However, in the present study, BW never explained more than 43% of the 
variance of EB chemical component percentages. These results confirm that 
BW alone rarely offers a precise estimate of the absolute ruminant EB 
composition [34], which may be explained by inter-individual size and 
anatomical differences (among and within breeds), the large percentage of 
digesta in the ruminant BW (28% in the present study), and its variability 
depending on diet and feeding behavior. Moreover, the relative percentage 

of EB tissues and organs change widely during growth, and gestation / 
lactation cycles due to body reserve mobilization and accretion [35]. 

In order to overcome the limitations of BW, many methods have 
been developed for in vivo estimation of livestock body composition 
over the past century. Four broad approaches were followed in order to 
estimate this key phenotypic trait: i) evaluation of external body shape 
and subcutaneous tissues; ii) measurement of volume or mass of in-
ternal tissues and organs; iii) measurement of the adipose cell size; and 
iv) quantification of body water mass. 

Among the methods relying on the first principle (evaluation of external 
body shape and subcutaneous tissues), manual or 3D BCS, 3D whole body 
scan and US were compared. Manual BCS offered a good precision, espe-
cially the sternal BCS when combined with BW for estimations of EB lipid 
and EB energy (R2 ≥ 0.80, Table 4). Similarly, Ngwa et al. [27] reported R2 

of 0.77 and 0.82 when estimating EB lipid and energy, respectively, from 
BW and BCS (combining lumbar and sternal locations); whereas sternal BCS 
estimated total adipose tissue mass (sum of omental, mesenteric, perirenal, 
subcutaneous and intermuscular) with a R2 of 0.90 [11]. Manual BCS is a 
non-invasive method and does not require particular equipment, but is 
subjective and prone to operator bias. An automatic 3D-BCS method may 
mitigate these limitations. Compared to the manual sternal BCS, lumbar 3D- 
BCS combined with BW slightly decreased the precision of the predictive 
equation for EB lipid mass and EB energy (R2 ≥ 0.74, Table 4). To the best 
of our knowledge, this is the first study exploring the relationships between 
EB composition measured after slaughter and 3D-BCS in vivo. A correlation 
of r = +0.50 was found between manual BCS and 3D-BCS using the same 
techniques in dairy goats [18], compared to r ≥ +0.67 in the present 
study. 

The utilization of 3D imaging technology to acquire goat whole body 
shape failed to conveniently estimate body composition (R2 ≤ 0.43, for all 
3D whole scan measurements and EB chemical components, Supplementary 
Tables S2 and S3). The initial hypothesis was that 3D measurements of total 
body volume, area, or other specific body measurements would be good 
estimates of body composition. Indeed, the heart girth recorded manually 
offered a fair estimate of EB protein and minerals (R2 = 0.83 and 0.64, 
respectively, Supplementary Table S2). However, a poor correlation was 
observed between hearth girth measured manually and by 3D body scan 
(r = +0.59). The tested 3D scan equipment was initially developed for 
cattle [19,20] and may be oversized to produce a precise 3D shape of small 
ruminants. To improve the performances of such 3D technology in goats, a 
dedicated smaller 3D scan equipment together with more complex and 
detailed exploitation of the 3D images, is necessary. Moreover, this tech-
nology was not initially developed to estimate body composition but to 
access to morphological traits, volumes, surfaces and estimated BW [19,20], 
with a high frequency of records on animals, from birth to slaughter and to 
analyze changes over time. Lastly, the US method failed to provide good 
predictive variates of body composition (R2 ≤ 0.45), except for EB mi-
nerals, with a slight improvement of the regression when lumbar muscle 
thickness was combined with BW (R2 = 0.75, Table 4). Conversely, in 
Blanca Celtiberica goats, the sternal adipose tissue thickness measured by 
US was a good estimator of total adipose tissue mass, when used alone 
(R2 = 0.85, [11]) or in combination with BW (R2 = 0.89, [36]). The 
current study did not include animals in the higher end of BCS (≤3.3). 
Ultrasonography failed to discriminate breed differences in subcutaneous 
adipose tissue mobilization in thin dairy cows [37]. The inclusion of fatter 
goats might have improved body composition predictions by US. 

Computer tomography was chosen among imaging methods that mea-
sure tissue and organ volume. Tissue volume measured by CT was the most 
precise method for estimation of EB minerals (R2 = 0.77), and the second 
most precise method for water, lipid, protein and energy (R2 = 0.87, 0.92, 
0.88 and 0.94, respectively, Table 4). Although CT was recently employed 
for the assessment of body composition in goats [38,39], to our knowledge, 
only Sørensen [40] made a direct calibration of CT for estimation of body 
composition of Norwegian Landrace goats. This author reported a high 
precision of CT for estimation of EB lipid and energy (rSD = 4.5 vs. 7.7 
Mcal in the present study for energy), and a slightly lower precision for EB 
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water and protein mass, as observed in the present study. This high preci-
sion was expected, even though CT measurements of tissue volumes rather 
than mass of chemical components, and considering that both density and 
relative percentages of chemical components may vary within a specific 
group of tissues (fatty, soft or bone tissues). The main drawbacks of the CT 
method include requiring expensive equipment, anesthesia, specific skills 
and knowledge of ruminant anatomy, and time consuming post-acquisition 
image treatment [4]. 

Perirenal and sternal ACD was tested as a method to estimate EB 
lipid and other chemical components. Perirenal ACD combined with 
perirenal adipose tissue weight and BW was the most precise method 
for EB lipid and energy estimation (R2 ≥ 0.95, Table 4) among the eight 
methods evaluated. Nonetheless, sampling of perirenal adipose to 
measure ACD is highly invasive and difficult to perform on live animals. 
Conversely, sternal ACD can be determined in vivo by subcutaneous 
biopsy, but failed to precisely estimate EB composition (R2 ≤ 0.33). 
Indeed, previous studies in non-lactating Créole and Blanca Celtibérica 
goats reported low precision of sternal ACD to estimate total adipose 
tissue mass (R2 = 0.17 and 0.44, [41,11], respectively). This dis-
crepancy between adipose tissue depots (sternal and perirenal) may be 
explained by a late hyperplasia in the sternal adipose tissue in adult 
goats [35]. This hypothesis is supported by a bimodal distribution of 
ACD classes indicating hyperplasia that was observed in the sternal, but 
not in perirenal adipose tissues (data not shown). Indeed, the principle 
of relationship between ACD and EB lipid mass relies on the fact that 
body lipid dynamic should occur almost exclusively by changes in 
adipose cell size and not by hyperplasia in adult ruminants [35]. 

Deuterium oxide dilution space and BIS were tested, among methods 
that aim to quantifying body water. Deuterium oxide dilution space com-
bined with BW was the most precise method to estimate EB water and 
protein mass (R2 ≥ 0.91), and the third for estimation of EB lipid and 
energy (R2 ≥ 0.91; Table 4). Similar precision was reported for the esti-
mation of EB water (rSD ≤ 1.3 kg, [12,28]) and lipid (rSD ≤ 1.72 kg,  
[12,26,28,29]) from D2OS or tritium water dilution space in lactating and 
dry goats. Such high precision was expected because i) water dilution space 
is a predictor of total body water (R2 ≥ 0.91, present study, [12,28]) and ii) 
there is a strong negative relationship between EB water and lipid percen-
tages, as confirmed in the present study (see Section 4.1.) and elsewhere  
[12,28,30]. Deuterium oxide dilution space overestimated total body water 
by 8.8%, which is greater than the 1.0% overestimation reported by 
Schmidely et al. [12], but similar than the 11% recorded with tritium water 
method [28]. Such overestimation is often described, and is due to the 
exchange of deuterium or tritium with hydrogen atoms from organic matter 
molecules of EB and digesta [15,16]. The D2OS technique is feasible in field 
studies, does not require specific equipment, and is moderately invasive (i.e. 
requires a series of blood samples over a few days), and does not impact 
animal behavior and performance significantly. Nonetheless, the time- 
consuming sampling and D2O analyses (especially for blood water distilla-
tion), together with the costly IRMS equipment and required skills, limit its 
wider application for body composition phenotyping. Faster and cheaper 
alternatives for sampling matrices (e.g. milk rather than blood, [42]) and 
analytical procedures (e.g. use of centrifugal filtration tubes for water ex-
traction rather than distillation [43], laser spectroscopy rather than IRMS  
[44]) may help to overcome these limitations but will require further 
methodological validation. Resistance at infinite frequency from BIS com-
bined with BW was a slightly less precise method than D2OS for the esti-
mation of EB lipid and energy (R2 ≥ 0.87, Table 4), whereas BIS variates 
failed to estimate fairly EB water, protein and minerals (R2 ≤ 0.42). Si-
milarly, a better relationship was obtained between goat kid carcass re-
sistance at 50 kHz (R50) and adipose tissue mass (R2 = 0.86) compared to 
muscle mass (R2 = 0.38, [45]). More complex measurements issued from 
BIS also provided good estimations of total adipose tissue mass (R2 ≥ 0.96) 
in dairy cows [9]. The BIS has the advantage of requiring a portable 
equipment, and providing immediate results without the need of sampling 
or laboratory analysis. Nonetheless, BIS may affect animal welfare because 
it requires subcutaneous insertion of electrode needles in precise anatomical 

locations and animals must be isolated from the ground for accurate and 
reproducible measurements [9]. 

5. Conclusions 

This study compared eight methods for the estimation of EB composi-
tion using goats as a ruminant model. Overall, perirenal ACD method 
provided the best estimations of EB composition, especially for EB lipid and 
energy. Nonetheless, due to the limited feasibility of performing perirenal 
adipose tissue biopsies, this method may only be applied post-mortem. 
Concerning in vivo estimation of body composition, CT and D2OS were both 
precise methods, but are time consuming and require expensive equipment 
and analyses. These disadvantages restrict the use of CT and D2OS to animal 
research involving relatively low animal numbers. The BIS method was less 
precise than CT and D2OS, but has the advantage of requiring small portable 
equipment, with no need of sampling and analyses, but may be invasive and 
sensitive to measurement error. Alternatively, manual BCS offered a sa-
tisfactory precision, is noninvasive, relatively fast, does not require equip-
ment, and may be used on a large number of animals and on-farm. 
Nonetheless, manual BCS is subjective and prone to operator bias, a lim-
itation that may be avoided by BCS assessment using 3D imaging techni-
ques. However, in the present study, neither US nor whole body 3D imaging 
provided satisfactory estimators of EB composition. Further development 
and more complex measurements using 3D imaging could improve its 
precision. Ultimately, these may lead to the automatization of high- 
throughput phenotyping of body shape, with minimal disturbance of animal 
welfare. Longitudinal studies employing repeated automatic measurements 
of BW and 3D body shape may allow to phenotype accretion and utilization 
of body reserves and explore their contribution to individual robustness, 
with applications in animal research and precision livestock farming. 
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