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Summary

Quantification of reticulo-rumen content (volume and mass) is required in ruminant nutrition research but has
traditionally relied on rumen-cannulated animals. The use of computed tomography (CT) is compatible with
small ruminants. We compared the reticulo-rumen and omasum volumes measured by CT in vivo with the
corresponding digesta masses measured postmortem in Alpine goats (n = 20). Reticulo-rumen and omasum
volumes determined by CT were significantly and linearly regressed against the corresponding digesta masses
measured postmortem (R? = 0.72 and 0.87, respectively), thus demonstrating the potential of CT to measure
volume and estimate digesta masses of reticulo-rumen and omasum contents in goats.

Highlights
«  Goats were CT scanned, and the reticulo-rumen and omasum digesta weighed.

+ Reticulo-rumen and omasum CT volumes allowed estimation of their digesta masses.
« CT may be a noninvasive alternative to rumen cannulation for estimating digesta masses.
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Abstract: Precise in vivo measurement of reticulo-rumen content (volume and mass) is required for the study of digestive processes.
Rumen-cannulated animals have been classically used for this purpose, and less invasive alternatives are currently investigated to meet
the replacement, reduction, and refinement (3Rs) ethical considerations in animal science. The objective was to compare in vivo reticulo-
rumen and omasum volumes assessed by computed tomography (CT) scan with postmortem measurement of their respective digesta
masses in dairy goats. Twenty Alpine dairy goats were scanned by CT, and the volumes of the reticulo-rumen and omasum were measured
by CT image postprocessing. Goats were slaughtered immediately after CT scan and the masses of reticulo-rumen and omasum digesta
were measured. Simple linear regressions were performed between volumes measured in vivo by CT and the corresponding digesta wet
masses measured postmortem. Reticulo-rumen and omasum volumes determined by CT were significantly and linearly regressed against
the corresponding digesta masses measured postmortem (R* = 0.72 and 0.87, residual standard deviation = 1.18 and 0.06 kg, and residual
coefficient of variation = 11% and 12%, n = 20 and 19, respectively). The use of CT is a promising noninvasive method to measure

volume and estimate digesta masses of reticulo-rumen and omasum in small ruminants.

uantification of reticulo-rumen content (volume and digesta

mass) is required in ruminant nutrition to study adaptations
to lactation stage, to study the effects of diet and environment on
rumen fill and metabolism, to model digestive processes, and ulti-
mately to determine the nutritional value of feeds and diets (Dann
et al., 1999; Reynolds et al., 2004; Bannink et al., 2016). These
measurements and estimates have been made for decades using
rumen-cannulated animals and tracer dilution techniques. Animal
scientists are continuously refining experimental procedures by
developing less invasive and more accurate techniques, in accor-
dance with the principles of the 3Rs (replacement, reduction, and
refinement). For this purpose, the body size of small ruminants is
compatible with the use of computed tomography (CT), which has
been most commonly used to estimate body composition in vivo
(Scholz et al., 2015; Lerch et al., 2021), and to study the dynamics
of fat mobilization and accretion during lactation (Dennem et al.,
2011; Eknees et al., 2017). Detailed anatomical studies of internal
organs have been conducted and validated by comparing in vivo
CT imaging with postmortem transverse body sections of frozen
goats and calves, including reticulo-rumen and omasum (Braun et
al., 2011, 2014). Recently, CT has also been used to investigate
associations between reticulo-rumen volume and several pheno-
types of interest in sheep. For example, reticulo-rumen volume
measured by CT scan is moderately heritable (Lambe et al., 2022),
and is positively correlated with methane production (Goopy et al.,
2014; Waite et al., 2019), but not with residual feed intake in sheep
(Lambe et al., 2023).

We hypothesized that reticulo-rumen and omasum digesta
masses could be estimated from their respective internal volumes
measured by CT image analysis in Alpine goats. Therefore, the
objective was to compare reticulo-rumen and omasum internal vol-
umes determined in vivo by CT with postmortem measurements of
reticulo-rumen and omasum digesta masses in Alpine goats.

Twenty Alpine dairy goats (3.0 = 0.6 [SD] yr old; 226 + 9 DIM)
with BW ranging from 47 to 72 kg were housed in a freestall barn,
had ad libitum access to hay and water, were offered 0.75 kg/d
of concentrate, and were milked once a day (1.07 + 0.32 kg/d) in
the morning. All goats were part of a study comparing methods
for body composition estimation (Lerch et al., 2021). For practical
reasons, goats were blocked by BW and allocated randomly to 4
groups of 4 to 6 animals, and studied in 4 successive calendar days.
Blocking was used to ensure a wide range of BW among goats
each calendar day, and therefore minimize potential confounding
between day of slaughter and goat body size and body composi-
tion, which would be a concern for the previous study (Lerch et
al., 2021).

Goats were studied within 3 h of being transported from the barn
to slaughter facility. During this period goats had access to water,
but not feed. Anesthesia, CT scan, and slaughter were performed
sequentially within 15 min. We spaced the CT scan between each
goat to allow for postmortem procedures as described in Lerch et
al. (2021). Goats were anesthetized (0.05 mL/kg BW i.v. of 100
mg/mL of ketamine; Imalgene 1000, Merial, Lyon, France) and
placed on an inflatable mattress (Corben, Le Havre, France) to
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Figure 1. lllustrative figure of Alpine goat immobilization and image acquisition. The internal volumes of reticulo-rumen (green) and omasum (violet) were
measured by CT scan (horizontal image section in the top-right panel and vertical image slices in the bottom panels), based on approximately 150 to 200

images per goat, and analyzed semi-automatically.

minimize movements before CT scan (Figure 1). Goats were posi-
tioned in dorsal recumbency to minimize distortion of the abdomen
and internal organs, as previously reported by Braun et al. (2014)
when goats were placed in sternal recumbency for CT scan. The
CT scan was performed using a Siemens emotion duo CT scanner
(Siemens, Erlangen, Germany) with the following acquisition pa-
rameters: tube tension 130 kV, tube current 40 mAs, slice thickness
3 mm, FoV 500 mm % 500 mm, matrix 512 x 512, and convolution
kernel B30s (soft tissue). Between 400 and 500 whole-body im-
ages were generated per goat, of which approximately 150 to 200
images corresponding to the reticulo-rumen and omasum location
were analyzed semi-automatically. External image features (i.e.,
CT table, and parts of the mattress) were removed by binariza-
tion, connected component labeling, and by keeping the largest
label functions of the MorphoLibJ plugin for the ImageJ software
(Legland et al., 2016), and the remaining inaccurate voxels were
removed manually. The internal volumes of reticulo-rumen and
omasum, excluding their walls, were determined separately from
the entire goat image sets using TurtleSeg software (https:/www
.medicalimageanalysis.com/software/turtleseg; Top et al., 2011;
Figure 1). The software allows one to manually draw the boundar-
ies on a subset of the images in the 3 planes (20—30 images in the
axial plane, 5-10 images in the sagittal and coronal planes). These
boundaries are considered as landmarks by the software, which

generates then a 3-dimensional interpolation of the segmented
volume. Additional measurements of empty body soft tissue, fatty
tissue, and bone volumes were reported elsewhere (Lerch et al.,
2021).

Each goat was slaughtered within 15 min after anesthesia fol-
lowed by CT scan, still under anesthesia and according to legally
defined procedures (i.e., electronarcosis followed by exsanguina-
tion). In less than 30 min after slaughter, the reticulo-rumen and
omasum were separated from the viscera, and omental adipose
tissue removed. Each of the forestomach compartments was fur-
ther weighed full, and reweighed after being emptied from digesta.
Reticulo-rumen and omasum digesta masses were obtained by the
difference (Lerch et al., 2021). Data for omasum digesta mass from
one goat had to be excluded from the statistical analysis due to a
recording error. The error was confirmed by comparison with the
records of its omasal digesta sample used to determine its water
content in a previous study (Lerch et al., 2021).

The GLM procedure of SAS 9.4 (SAS Institute Inc., Cary, NC)
was used to test simple linear regressions between reticulo-rumen
or omasum volumes measured in vivo with CT and their respective
digesta masses measured postmortem.

All procedures performed on animals were approved by
the Ethics Committee on Animal Experimentation and the
French Ministry of Higher Education, Research and Innovation
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Table 1. Descriptive statistics of reticulo-rumen and omasum internal volumes measured in vivo by CT and respective digesta masses measured postmortem

in Alpine late-lactation goats

Item n Mean SD Minimum Maximum Q1' Median Q3'
BW (kg) 20 54.7 6.6 456 66.9 49.4 534 58.9
Total body volume by CT (L) 20 56.6 6.7 47.5 68.9 52.3 56.4 60.8
Reticulo-rumen
Digesta mass (kg) 20 10.76 2.19 7.27 16.18 9.00 10.46 12.03
Volume by CT (L) 20 12.21 2.59 8.29 18.27 10.28 12.05 13.66
Omasum
Digesta mass (kg) 19 0.495 0.164 0.224 0.833 0.387 0.466 0.582
Volume by CT (L) 20 0.624 0.196 0.360 1.119 0.487 0.595 0.689

'Q1 = first quartile; Q3 = third quartile.

(APAFiS#15681-2018062622272488 v2). The experiment was
conducted in the IEPL (PEGASE, INRAE, Institut Agro, Saint
Gilles, France) and 3P facilities (INRAE, 2018, Pig Physiology
and Phenotyping Experimental Facility, https://doi.org/10.15454/
1.5573932732039927E12).

Descriptive statistics of reticulo-rumen and omasum digesta
volumes measured in vivo by CT scan, and corresponding digesta
masses measured postmortem, are presented in Table 1. The ap-
parent density (mass of digesta/internal volume of the forestomach
compartment) was numerically lower in the omasum than in the
reticulo-rumen (0.74 + 0.20 and 0.89 £ 0.11 kg/L, respectively).
This could be explained in part by the inclusion of the omasum
laminae into the total omasum volume determined by CT, whereas
those were not included when measuring the omasum digesta mass
postmortem. Although we were able to exclude the volume of out-
er omasum walls by image analysis, the estimated internal organ
volume includes both the digesta and the omasum laminae, which
are intricately associated (Figure 1), as previous demonstrated in
goats by comparing in vivo CT-scan images with corresponding
postmortem transverse body sections (Braun et al., 2011)

Reticulo-rumen and omasum volumes determined by CT scan
were good estimators of digesta mass measured postmortem
(Figure 2, R? = 0.72 and 0.87, residual standard deviation [rSD]
= 1.18 and 0.06 kg, and residual coefficient of variation [rCV] =
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11% and 12%; n =20 and 19, respectively). For practical reasons,
we measured the digesta masses of reticulo-rumen and omasum
postmortem, whereas the corresponding digesta volumes were
measured in vivo by CT scan, by excluding the organ walls from
image analyses. Because all goats were offered the same forage
and the same amount of concentrate, we hypothesized that digesta
volume and mass would be highly correlated in this study, which
was confirmed. Nonetheless, in vivo volume of reticulo-rumen
may be influenced by the volume of the gas and other complex
liquid and solid phases it contains (Goopy et al., 2014). The gas
contribution to the total digesta volume would be difficult to
measure accurately postmortem, or even in vivo in cannulated
animals. A variable proportion of gas in the reticulo-rumen may
explain in part why the R* was lower for reticulo-rumen compared
with omasum regression (0.72 vs. 0.87, respectively). Individual
differences in feeding behavior, water intake, rumen fill, particle
size distribution, and passage rate may have also contributed to
residual error of regression estimations in this study. We further
explored the possibility of estimating the volume occupied by gas
in the reticulo-rumen using image pixel analysis as follows: The
density of each pixel was examined using the Hounsfield units
(HU). These are a measure of tissue density based on the X-ray
attenuation characteristics. The lowest Hounsfield value in a CT
image is —1,024 HU, while air is calibrated at —1,000 HU. Pixels
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Figure 2. Linear regressions between (A) the reticulo-rumen internal volume measured in vivo by CT scan and the reticulo-rumen digesta mass measured
postmortem (R*=0.72,rSD = 1.18 kg, n = 20), and (B) the omasum internal volume measured in vivo by CT scan and the omasum digesta mass measured

postmortem (R*=0.87,rSD = 0.06 kg, n =19) in Alpine late-lactation goats.
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corresponding to gas were considered as having between —1,024
and —900 HU as some ruminal gas Hounsfield values are below the
air value. All pixels with this signal were summed and then mul-
tiplied by the pixel volume (2.86 mm®) for each reticulo-rumen.
This calculation allows estimation of the gas volume, which can be
deducted from the total internal reticulo-rumen volume, and deter-
mination of digesta volume excluding the gas phase. Gas volume
estimated in this way was 0.153 £ 0.128 L (mean + SD) and ranged
from 0.093 to 0.683 L (first quartile = 0.099; third quartile =0.151;
median = 0.119 L). Subtracting the estimated gas volume from
total digesta volume did not improve regression with the digesta
mass measured postmortem (R? = 0.72). Because this method to
estimate gas volume could not be validated by a direct comparison,
we decided not to report this regression.

The use of CT is a promising noninvasive method for measur-
ing volumes and estimating digesta masses of reticulo-rumen and
omasum in small ruminants. Further research is warranted to test
the ability of this technique to discriminate gas versus liquid and
solid phases of reticulo-rumen, the effects of dietary treatments that
induce differential rumen fill, and to explore associations between
reticulo-rumen and omasum volumes and phenotypes of interest
to the dairy industry, such as enteric methane production, feed ef-
ficiency, and adaptation to changing nutritional environments.
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