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A quantitative trait locus (QTL) for increased loin muscularity (TM-QTL) has previously been identified in purebred Texel sheep.
Crossbred lambs born out of Mule ewes mated to heterozygous Texel sires for the TM-QTL were evaluated for a range of
carcass traits. Lambs were genotyped and classified as carriers (n 5 62) of a single copy of the TM-QTL and non-carriers
(n 5 49). In this study, the effects of the TM-QTL on carcass attributes were investigated using subjective classification scores
for conformation and fatness, and measurements from a video image analysis (VIA) system. In addition, refined prediction
equations to estimate weights of primal joints (leg, chump, loin, breast and shoulder) were obtained by calibrating the VIA
system against computer tomography (CT) measurements in the loin region. The new refined prediction models increased
the accuracy of prediction of all primal cuts on an average of 16% compared to previously derived standard VIA prediction
equations. The coefficient of determination (R2) of the VIA system to predict in vivo CT measurements ranged from 0.39 to
0.72 for measurements of Musculus longissimus lumborum (MLL) area, width and depth, lumbar spine length, loin muscle
volume and loin muscularity index. Using VIA estimates of CT-measured loin muscle traits, a significant increase in depth
(12.7%) of the MLL was found to be associated with the TM-QTL. Conformation and fatness scores and the shape of the
carcass measured as individual lengths, widths and areas by VIA were not significantly influenced by the TM-QTL. Primal meat
yields estimated using both standard and refined VIA prediction equations were not significantly affected by the TM-QTL.
However, carcass ‘compactness’ was found to have significantly increased in carrier lambs. The weight of the dissected MLL
estimated using VIA information was greater (12.6%) for carriers compared to non-carriers. To conclude, neither the current
industry carcass evaluation system for conformation and fatness nor the standard VIA system is able to identify the effect of
the TM-QTL in the loin region in the moment. However, the calibration of the VIA system against CT measurements resulted
in improved VIA prediction equations for primal meat yields and also showed moderate potential to estimate loin muscle
traits measured by CT and to detect, partially, the effect of the TM-QTL on these traits.
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Implications

This work is the first evaluation of the effects of a quantitative
trait locus (QTL) for increased muscularity on a wide range
of carcass traits measured by subjective conformation and
fat class scores and video image analysis (VIA) in crossbred
lambs. The work is important in providing information on the

potential of the subjective conformation and fat class scores
and automatic VIA to estimate the QTL effect on carcass
composition and to help provide the basis for the develop-
ment of a value-based marketing system. The present work
together with other ongoing work on the effects on carcass
traits of the QTL affecting loin muscling, meat quality, lambing
ease and lamb vigour will provide the information required
for a comprehensive evaluation on the use of this QTL in
selection programmes.- E-mail: Elisenda.Rius@sac.ac.uk
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Introduction

In the UK, the identification of a quantitative trait locus
(QTL) on OAR 18 by Walling et al. (2004) in a Texel sheep
population, which increases eye muscle depth by 4% to
8%, has provided an opportunity to increase the efficiency
of selection programmes for increased loin muscling. This
QTL was later confirmed by another study (Matika et al.,
2006) and will be referred to here as TM-QTL (short for
Texel muscling-QTL). In a recent study using the same
population of crossbred as in this study, Macfarlane et al.
(2008) reported an increase of 16.7% in the Musculus
longissimus lumborum (MLL) depth, with 13.0% in the
width and 15.1% in the area as measured by in vivo
computer tomography (CT) in carriers of a single copy of the
TM-QTL. The dissected weight of the MLL was found to be
17.1% greater in the TM-QTL carriers v. the non-carriers.

Some previous studies have found that increased mus-
cularity due to certain mutations can be associated with
detrimental effects on meat quality (MQ) (Shackelford et al.,
1994; Koohmaraie et al., 1995; Field et al., 1996). While
MQ characteristics are very important for the lamb industry,
they are very difficult and costly to measure. Currently,
commercial lamb carcasses in the UK are evaluated sub-
jectively by an expert grader using the Meat and Livestock
Commission (MLC) carcass classification scheme for con-
formation and fat class (Anderson, 2003). To improve the
accuracy, precision and consistency of the commercial
evaluation of lamb carcasses, research is being undertaken
to investigate the use of video image analysis (VIA) for the
assessment of carcass value. Previous studies have shown
that VIA can objectively predict lamb carcass composition
(Horgan et al., 1995; Stanford et al., 1998; Brady et al.,
2003), with higher accuracy and precision than the sub-
jective classification scheme (Rius-Vilarrasa et al., 2008).
Besides, the use of VIA systems in combination with other
carcass grading systems has also been investigated and the
results reported higher safety of the estimations (Bransc-
heid et al., 2004) when VIA system was included in the
evaluation. In a recent study, VIA scanning of live lambs has
been shown to help in the prediction of MQ by the esti-
mation of intra-muscular fat (IMF) (Lambe et al., 2008). In
addition Hopkins (1996) showed that VIA could also help
to estimate muscularity (muscle shape) as suggested by
Purchas et al. (1991), based on a function of the weight of
muscle and the length of the bone it surrounds. The use of
VIA to provide the basis for a payment system based on
meat yield, VIA on lamb carcasses may also offer the
possibility to help in the estimation of MQ traits in a non-
destructive and cost-efficient way. Therefore, producers
willing to use the TM-QTL as a meat-yield-enhancing QTL
could be economically rewarded, whilst any associated
effects on MQ could also be monitored.

Therefore, the aims of this study were to evaluate the
effect of the TM-QTL on carcass characteristics of crossbred
lambs, as an example of a muscle-growth-enhancing QTL
that is likely to be used by the sheep industry. The study will

evaluate the effect of the TM-QTL on carcass traits (i.e.
conformation, primal joint weights, dimensional measure-
ments and carcass and leg compactness) estimated using
both conformation and fat class scores and a VIA system.
In addition, effects of calibrating VIA prediction equations
using CT measurements will be evaluated. Finally, the
ability of the VIA system to predict MQ traits will also be
investigated.

Material and methods

Experimental animals
A total of 166 crossbred lambs, born in 2006 out of 2-year-
old Mule (Bluefaced Leicester 3 Scottish Blackface) ewes
mated to purebred Texel rams, known to be heterozygous
for TM-QTL were included in this study. All lambs were
grazed on pasture at the Scottish Agricultural College (SAC)
sheep unit near Edinburgh. Live weight was recorded every
5 weeks until lambs reached around 20 weeks of age. The
four Texel sires used in the experiment were previously
identified as heterozygous for the TM-QTL from a popula-
tion in which the QTL was known to be segregating
(Walling et al., 2004; Matika et al., 2006). All Mule dams
were non-carriers of the TM-QTL. Macfarlane et al. (2008)
described in detail the classification procedure to determine
whether lambs were heterozygous for the TM-QTL (carriers)
or wildtype (non-carriers). Four microsatellite markers on
chromosome 18 were used for genotyping the TM-QTL at
Catapult Genetics, New Zealand. Out of the 166 lambs
genotyped, 49 lambs were classified as non-carriers, 62 as
carriers and 55 had an unknown TM-QTL status. Only three
of the four sires used were found to be segregating for the
QTL following the genotypic analysis of their progeny;
therefore the lambs of uncertain TM-QTL status were either
the progeny of the non-segregating sire or progeny of the
other three sires in which it was not possible to assign
unambiguously a genotype to them. These lambs were,
therefore, excluded from any analyses involving direct
comparisons between heterozygous carrier and non-carrier
(wildtype) animals.

Computer tomography
Computer tomography measurements in the loin area
were also available. Measurements of the loin muscle
(M. longissimus lumborum) obtained by CT scanning and by
dissection have shown significant effects of the TM-QTL on
several traits, as reported by Macfarlane et al. (2008). While
the ‘standard’ VIA prediction equations developed by E 1 V
Technology GmbH (http://www.eplusv.de/) did not yield any
significant differences between carriers and non-carriers, an
attempt was therefore undertaken to refine the VIA pre-
diction equations using data from the CT traits and dis-
sected weight of the M. longissimus lumborum (MLL-wt).
The calibration of the VIA system against CT measurements
in the loin area offers the possibility to detect new VIA
predictor traits and to fine-tune predictors already in use by
E 1 V Technology in their set of prediction equations to

TM-QTL effects on VIA traits
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increase the accuracy and precision of the estimation of
carcass primal meat yields. Subjective systems for the eva-
luation of carcass value, such as the MLC carcass classifica-
tion scheme for conformation and fat class, have a rather
small margin for improvement, first, because of its lower
consistency (Rius-Vilarrasa et al., 2008), and also because of
the difficulty to incorporate additional measurements into the
evaluation of conformation and fat class at a line speed
currently of 4 to 5 s per carcass, which is known as the fastest
line speed in a lamb abattoir in the UK. Therefore, the present
study has focused to further develop the automated VIA
system by calibrating it against CT measurements.

Computer tomography scanning in vivo was used to
obtain both two- and three-dimensional measurements, as
described by Macfarlane et al. (2008), for all 166 lambs at
an average age of 144 days. Two-dimensional (2D) CT
measurements were taken in the loin region from a cross-
sectional image taken at the fifth lumbar vertebra described
in detail by Jones et al. (2002) and included the M. long-
issimus lumborum area (MLL-A), width (MLL-W) and depth
(MLL-D). Three-dimensional (3D) CT measurements were
also taken in the loin area, using contiguous images taken
at 8 mm intervals along the body (Navajas et al., 2006b),
which are available using spiral CT scanning and can be
used to allow a 3D approach (Navajas et al., 2007). These
3D measurements included lumbar spine length (lumbar
length), loin muscle volume (LRMV) and the calculated loin
muscularity index (LRMI).

The CT measurements in the loin region described above
were provided to E 1 V Technology to support investigations
to further refine their prediction models for the estimation of
primal meat yields from different carcass cuts, in particular in
the loin area. These refined prediction equations for primal
meat yield were then used in an attempt to enable VIA to
distinguish between TM-QTL carriers and non-carriers for the
primal weights. From these analyses, E 1 V Technology also
obtained predicted values for the CT measurements for
MLL-A, MLL-W, MLL-D, lumbar length, LRMV and LRMI using
VIA information. In total, eight predictors, (a combination of
lengths, areas, widths measured on the carcass by image
analysis) were used by E 1 V Technology, together with live
weight, to obtain VIA-based estimates of the CT traits. These
estimates are also of scientific interest as they demonstrate
the predictability of certain CT traits from VIA measurements.
Therefore, it was possible to evaluate the effect of the TM-
QTL on the CT loin measures based on VIA information and
to compare these results with those reported by Macfarlane
et al. (2008) on the effect of the TM-QTL in the loin region
measured directly by CT.

Slaughter, carcass classification, VIA and other carcass traits
At approximately 20 weeks of age (141 to 159 days) lambs
were slaughtered under commercial conditions, including a
final high-voltage electrical stimulation of the carcass, at
Welsh Country Foods (lamb abattoir in Gaerwen). Lambs
were assessed according to the MLC’s Sheep Carcass
Classification Scheme for conformation and fatness by the

same MLC expert grader employee in the abattoir. Carcass
conformation is assessed using the EUROP five-point scale
(where ‘E’ is for excellent and ‘P’ is for poor conformation),
and fatness, using a five-point scale from 1 (leaner) to 5
(fatter), with scores 3 and 4 sub-divided into ‘L’ (leaner) and
‘H’ (fatter). These subjective grades were then converted to
numeric scales, with conformation coded as E 5 5, U 5 4,
R 5 3, O 5 2, and P 5 1 and fatness transformed to a
corresponding estimated subcutaneous fat percentage
(1 5 4, 2 5 8, 3L 5 11, 3H 5 13, 4L 5 15, 4H 5 17 and
5 5 20) (Kempster et al., 1986). For VIA scanning, lambs
were redirected from the main slaughter line to the VIA
station (VSS2000; E 1 V Technology). The carcass assess-
ment unit of VSS2000 consisted of two cameras, standar-
dised lighting and the VSS2000 image processing and
analysing software. The VIA station also included a metal
structure and chain to move carcasses through at the same
speed as the actual slaughter line (800 carcasses/h). The
166 lamb carcasses were presented to the VIA system for
image capture in a standardised position with the legs
spread apart (on a gambrel hook) and shoulders unbanded.
VIA system measurements included dimensional character-
istics of the carcass and colour variation at selected posi-
tions. The relative proportions of fat can be calculated from
the pixel colour values extracted from the image. The per-
centage of different colour pixels allowed E 1 V Technology
to calculate the level of carcass fatness. However to esti-
mate weights of primal cuts E 1 V Technology used a series
of carcass dimensional measurements which included
lengths, widths and calculated areas (some are presented in
Figure 1). The VIA meat yield estimates were obtained from
the leg (LEG), chump (CHUMP), loin (LOIN), breast
(BREAST) and shoulder (SHOULDER) primal cuts, which will
be subsequently referred to as VIA primal cuts. The soft-
ware which captured the image and automatically divided
the carcass into different anatomical regions to predict
weights of carcass primal cuts (LEG, CHUMP, LOIN, BREAST
and SHOULDER) was calibrated and validated under UK
abattoir conditions on a previous study (Rius-Vilarrasa
et al., 2008). In the present study, carcass dimensional
measurements and estimates of meat yield in these primal
cuts were used to investigate for any significant differences
due to the presence of the TM-QTL. Furthermore, the effect
of the TM-QTL was tested on additional carcass measure-
ments describing other aspects of carcass quality. These
carcass measurements were calculated using combinations
of VIA dimensional measurements and are referred to in
this study as leg compactness, carcass compactness, muscle
to bone ratio and fat to bone ratio (Table 1).

Carcass dissection
After VIA scanning, the 166 lamb carcasses were trans-
ported to SAC, Edinburgh, in a refrigerated lorry for further
processing. The right side of the carcass was dissected into
primal cuts (leg, chump, loin, breast and shoulder) to match
supermarket specifications, with external (subcutaneous)
fat trimmed to a maximum of 6 mm. To our knowledge, no
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literature references have been found regarding carcass
side differences and, therefore, side effects were not
considered in the present study for practical reasons. The
dissected weights of primal cuts were used in this study to
investigate the accuracy and precision of the VIA system in
the estimation of primal cuts using (i) the standard and
(ii) refined VIA prediction equations. The left leg, chump,
breast, loin and shoulder joints were dissected into lean
meat (muscle), fat (including subcutaneous fat and inter-
muscular fat) and bone and were used to obtain CT esti-
mates of carcass composition described in more detail
elsewhere (Macfarlane et al., 2008).

The left and right M. longissimus lumborum muscle was
removed and weighed separately during the butchery process.
Since the dissected weight of the MLL was 17.1% heavier in
TM-QTL carriers compared to non-carriers (Macfarlane et al.,
2008), the MLL-wt was considered to provide information on
the differences between carriers and non-carriers. Therefore,
the MLL-wt data was provided to E 1 V Technology, who
used VIA information to predict this trait.

Total saleable meat yield in the carcass (SMY) was cal-
culated by summing the weights of boneless chump, chump
trimmings (very lean), hind leg-shank-off, hind leg fillet,
chops, breast, shoulder knuckleside and bladeside cuts of
the right carcass side. More details of the dissection process
have been given elsewhere (Macfarlane et al., 2008).

Meat quality
Meat quality analyses on leg (M. vastus lateralis) and loin
(M. longissimus lumborum) muscles from all 166 lambs were
available as part of the wider project to evaluate the effects of
the TM-QTL on MQ characteristics. Between 7 and 12 days
post-slaughter, two muscles, from the leg and loin, from both

sides of each lamb carcass, were removed, vacuum-packed
and then frozen. The two right-hand-side muscles were
transported to the University of Bristol for MQ analyses and
the two left-hand-side muscles were analysed at SAC Edin-
burgh. Measures of toughness (force (kgF) required to shear
the sample) were recorded in both muscles in Bristol and
Edinburgh using a similar method, but using slightly different
compression equipment. Samples were cooked (in vacuum-
pack bags) in water to an internal temperature of 788C (at
Bristol) and 758C (at SAC) and then cooled and held at around
48C. Ten sub-samples of 10 3 10 3 20 mm were cut from
each muscle in the direction of muscle fibres. In Bristol,
muscle samples were tested using a TA-XT2 texture analyser
(Stable Micro System, Surrey, UK) fitted with Volodkevich-type
jaws providing ‘Tough A’ measures. In Edinburgh, cooked
samples were analysed using a MIRINZ tenderometer
(AgResearch MIRINZ, Hamilton, New Zealand) to provide
‘Tough B’ measures. Measures of IMF were available from
Bristol for the two muscles after using petroleum ether
(boiling point 5 408C to 608C) as the solvent in a Soxhlet
extraction (British Standards Institution, 1970). Duplicate
measures of IMF were made per animal for the loin to obtain
an average. However, the leg muscle was small in many of
the lambs, permitting only one IMF analysis per animal. VIA
dimensional measurements were used in the prediction
models to estimate MQ traits and accuracy and precision of
these predictions were calculated.

Statistical analysis
From a total of 166 lamb carcasses, only lambs classified as
carriers (n 5 62) or non-carriers (n 5 49) of the TM-QTL
were used in the analyses. The accuracy (R2) and precision
(root mean square error (RMSE)) with which E 1 V Technology

Figure 1 Dimensional measurement, lengths, widths and areas of back and side views of the carcasses obtained by VIA. aStraight line through the centre
of gravity, borthogonal to the centre of gravity and cvertical in a 908 angle to the dividing line.
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predicted the primal cuts and CT traits were investigated
using general linear model procedure in SAS (SAS Institute
Inc., Cary, NC, USA). Two PROC MIXED procedure models
were defined as: model (1) only for the primal cuts (LEG,
CHUMP, LOIN, BREAST and SHOULDER) and CT traits (MLL-
A, MLL-W, MLL-D, lumbar length, LRMV and LRMI); and
model (2) for all the traits in Tables 1 and 2.

Yijlm ¼ mþ sexi þ TM-QTLj þ b1 � VIA

-estimatel þ eijlm; ð1Þ

Yijklm ¼ mþ sexi þ TM-QTLj þ sirek þ b1

� CCWl þ eijklm; ð2Þ

where, Yijklm and Yijlm are the vectors of observations, for
the traits presented in Tables 1 and 2, of the mth individual
with fixed effects of ith sex, i varying from 1 to 2 (male or
female); of jth TM-QTL status, j varying from 1 to 2 (carrier

or non-carrier); random effect of kth sire, k varying from 1
to 3; of lth VIA-estimate (of primal cuts and CT traits) and
cold carcass weight (CCW); and linear regression coefficient
b1 of VIA-estimates and CCW for mth individual with
general mean m and random residual effects of eijklm and
eijlm. The sire effect and the age of the lambs at slaughter
were also tested, but were found not to be significant for
most of the traits in model (2) and therefore were not
included in the final model used for analysis. The rearing
rank of the lamb (single or twin) was significant (P , 0.05)
for only one trait (W3) and was therefore only included in
the analysis for this trait. No significant interactions
between fixed effects were found on any of the traits.

A stepwise regression analysis was used, with the SAS
REG procedure, to identify which of the main VIA dimen-
sional measurements explained most of the variation in
MQ traits. VIA dimensional measurements found to be
significant (P , 0.05) were then fitted in a regression model
using the REG procedure as implemented in SAS. This

Table 1 Description, means and standard deviations of computer tomography (CT), Meat and Livestock Commission (MLC) scores, video image
analysis (VIA), dissection and meat quality traits

Trait (unit) Description Mean s.d.

VIA estimates of 2D CT
MLL-A (cm2) Area of the Musculus longissimus lumborum 22.76 3.88
MLL-W (mm) Width of the M. longissimus lumborum 72.63 3.54
MLL-D (mm) Depth of the M. longissimus lumborum 30.44 2.26

VIA estimates of 3D CT
Lumbar length (cm) Lumbar spine length 19.84 0.77
LRMV (cm3) Loin region muscle volume 672.14 82.07
LRMI Loin region muscularity index 2.95 0.18

MLC scores
Conformation From 1 (poor conformation) to 5 (excellent) 3.02 0.53
Fatness Subcutaneous fat (1 to 20) 10.81 2.49

VIA primals (kg)
LEG Leg primal meat yield 4.72 0.57
CHUMP Chump primal meat yield 1.55 0.24
LOIN Loin primal meat yield 2.73 0.36
BREAST Breast primal meat yield 1.69 0.49
SHOULDER Shoulder primal meat yield 6.27 0.75
SMY Saleable meat yield 16.9 2.23

Carcass measurements (ratios)
Leg compactness [W5 1 W8]1/2/L3 0.13 0.02
Carcass compactness W5/TL 0.24 0.01
Muscle : bone ratio Muscle weight/bone weight (whole carcass) 2.18 0.17
Fat : bone ratio Fat weight/bone weight (whole carcass) 0.43 0.14

Dissection (g)
MLL-wt Average weight of the left and right M. longissimus lumborum 508.07 84.16

Meat quality
ToughA-Loin (kgF) Loin muscle shear force (Bristol) 3.28 1.48
ToughB-Loin (kgF) Loin muscle shear force (SAC) 5.46 1.36
ToughA-Leg (kgF) Leg muscle shear force (Bristol) 3.49 0.79
ToughB-Leg (kgF) Leg muscle shear force (SAC) 5.73 0.58
IMF-Loin (%) Loin muscle intra-muscular fat 2.19 0.8
IMF-Leg (%) Leg muscle intra-muscular fat 2.32 0.66

CCW Cold carcass weight (kg) 18.32 2.62

2D 5 two-dimensional; 3D 5 three-dimensional; TL 5 total length; SAC 5 Scottish Agricultural College.
W5 and W8, and L3 are VIA widths and length in cm, respectively.
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procedure provides, in addition to the coefficient of deter-
mination, the adjusted coefficient of determination (Adj-R2)
accounting for the number of factors included in the model.
The effect of sex, as a fixed effect, and CCW, as covariate,
were also included in the prediction models for MQ traits.
The accuracies of the prediction models used to estimate
MQ traits were investigated using the corresponding Adj-R2

and RMSE divided by standard deviation. The Adj-R2 was
used to compare accuracy between regression models with
different numbers of independent factors and RMSE and
RMSE/s.d. to obtain a measure of precision, the latter being
independent of the units in which the trait was measured,
thus comparable across traits.

Traits were reanalysed adjusting for variation in age at
the time of slaughter instead of CCW. The differences in the
response variable were minimal and therefore the results
presented in this study are those corrected for CCW, or live
weight in the case of CT traits.

Results and discussion

Prediction of computer tomography traits using a VIA
system
Moderate accuracies were found in the estimation of CT
traits using the VIA system. Coefficients of determination
(R2) ranged from 0.41 to 0.72 for lumbar length, LRMI,
MLL-W and LRMV, respectively (Table 3). The precision
measured by RMSE/s.d. ranged from 0.62 to 1.25 for MLL-A
and lumbar length, respectively. A value above unity for
the RMSE/s.d. as is the case for the lumbar length (1.25)

indicates that the prediction model is as good estimate as
the naı̈ve average of the trait. For the majority of the traits,
these results indicate that the VIA system provides a
moderately accurate prediction of these CT traits, however
so far only this dataset was analysed and therefore in future
a validation analysis is required to confirm the results found
in the present study.

Moderate associations were found between VIA and CT
measurements, which could be used to refine the VIA-based
prediction models used in this study for the estimation of
primal cuts and SMY (Table 4). The VIA standard prediction
equations developed by E 1 V Technology and described in
an earlier study (Rius-Vilarrasa et al., 2008) were used here
to estimate the primal weights. Standard prediction models
that included dimensional measurements of the carcass
along with CCW had moderate to high accuracies (R2

between 0.68 and 0.91) estimates for LEG, CHUMP, LOIN,
BREAST SHOULDER and SMY (Table 4). However, the VIA-
refined prediction equations increased the accuracy of the
predictions by 8% to 38% and substantially increased the
precision with which VIA predicted the primal cuts by
between 21% and 61%, shown by a reduction in percen-
tage of the RMSE between standard and refined VIA pre-
diction models for all traits measured (Table 4). The VIA-
refined prediction equations included carcass dimensional
measurements that, in addition, also explained variation in

Table 2 Means and standard deviations of video image analysis
(VIA), dimensional measurements of lengths, widths and areas

Trait (unit) Mean s.d.

VIA lengths (cm)
L1 75.14 3.19
L2 21.38 1.27
L3 14.66 1.70
L4 13.61 0.79
L5 91.6 3.57
Total length 96.19 3.57

VIA widths (cm)
W1 19.46 1.23
W2 16.11 1.04
W3 22.09 1.36
W4 19.22 1.06
W5 23.32 0.80
W6 25.05 1.25
W7 12.74 0.74
W8 15.15 1.19

VIA areas (cm2)
A1 14 919 1492
A2 16 779 1678
A3 4607 461
A4 10 906 1091
A5 15 785 1578

Table 3 Coefficients of determination (R2) and root mean square
errors (RMSE) of the estimation of computer tomography (CT) mea-
sures using video image analysis carcass information

Trait R2 RMSE RMSE/s.d.

2D CT
MLL-A 0.44 2.39 0.62
MLL-W 0.72 2.28 0.64
MLL-D 0.70 1.57 0.69

3D CT
Lumbar length 0.41 0.96 1.25
LRMV 0.72 54.23 0.66
LRMI 0.41 0.22 1.22

2D 5 two-dimensional; 3D 5 three-dimensional; LRMV 5 loin region muscle
volume; LRMI 5 loin region muscularity index.
MLL-A, MLL-W and MLL-D stand for area, width and depth of the Musculus
longissimus lumborum, respectively.

Table 4 Coefficients of determination (R2) and root mean square
errors (RMSE) of the estimation of primal meat yields using both
standard and refined video image analysis (VIA) prediction models

VIA-standard VIA-refined
R2 % RMSE %

VIA primals R2 RMSE R2 RMSE increase increase

LEG 0.68 0.332 0.94 0.143 38.2 56.9
CHUMP 0.79 0.110 0.87 0.087 10.1 20.9
LOIN 0.78 0.230 0.90 0.158 15.4 31.3
BREAST 0.72 0.194 0.84 0.144 16.7 25.8
SHOULDER 0.83 0.311 0.90 0.236 8.4 24.1
SMY 0.91 0.696 0.98 0.270 7.7 61.2
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the CT measurements, along with CCW. However the per-
centage of improvement in the VIA prediction models
including CT traits would probably have been smaller, if the
standard VIA prediction equations had been developed
using the present dataset. Higher prediction accuracies, for
the estimation of primal meat yields, than in the present
study were found when the dataset of an earlier study was
used to derive the VIA prediction equations (Rius-Vilarrasa
et al., 2008); in that study a larger number of lamb car-
casses (n 5 443) were used to develop the VIA prediction
models. Nonetheless, the use of CT information (MLL-A,
MLL-W, MLL-D, lumbar length, LRMV and LRMI) in the VIA
prediction models was expected to improve the prediction
models, especially on the loin area. A recent study in Norway
by Kongsro et al. (2008) reported a more precise and
reliable evaluation of weight and proportions of muscle, fat
and bone tissue on the carcass using CT scanning compared
to the evaluation using manual dissection. Therefore, using
CT measurements as a reference method to refine VIA
prediction models could also benefit from improving the
prediction of all primal joints in the carcass.

The calibration of VIA against CT could potentially provide
additional measures of carcass value online in abattoirs. The
fairly high accuracy with which E 1 V Technology predicted
MLL-W and LRMV (R2 5 0.72 for both measurements), using
VIA and the refined prediction equations, suggests that this
automatic technology could be used to estimate certain
muscularity (muscle shape) and muscling (muscle size) traits
in carcasses on the slaughter line that can currently only be
measured non-destructively using CT, with relatively high
cost and not online. The suggestion of Hopkins (1996) to use
VIA to quantify muscularity (muscle shape) seems to be
supported by the present study. The refinements to the VIA
predictions that have been made here, using CT measure-
ments to calibrate VIA predictions, could also provide the
means to distinguish the increase in loin muscling and
muscularity of TM-QTL carriers at a commercial level, as
reported in a later section of the present paper.

TM-QTL effects on computer tomography traits
estimated using a VIA system
The VIA-based predictions of CT measures showed that
heterozygous carriers of the TM-QTL had a significantly
larger MLL-D (12.7%, P , 0.05) compared to the non-
carriers (Table 5). Macfarlane et al. (2008), using the direct
CT measure of MLL-D in live lambs in the same dataset,
presented a higher difference (16.7%, P , 0.01) between
carriers and non-carriers of the TM-QTL. Direct CT measures
of MLL-A, MLL-W and LRMV were also significantly asso-
ciated with an increase of muscularity in the loin region of
the TM-QTL carriers in the previous study (Macfarlane et al.,
2008). However, here VIA-based predictions of these traits
were not found to be significantly different between carriers
and non-carriers of the TM-QTL.

The detection of increased MLL muscularity and muscling
in crossbred lambs carrying the TM-QTL by the VIA carcass
evaluation system, is of fundamental importance to facil-
itate a payment system that will provide an economical
incentive to increase muscling or muscularity through the
use of the TM-QTL. The results in Table 5 suggest that the
effect of the TM-QTL, expressed mainly as an increase in
meat yield in the loin area as detected by dissection and CT
(Macfarlane et al., 2008), could be partially quantified using
the VIA estimates of CT measures in the loin region. Further
experiments could allow a validation of these prediction
models to estimate CT measurements using a VIA system. A
validation analysis would test the robustness of the pre-
diction models and, therefore, the reliability of these esti-
mates for their use in the evaluation of carcass quality.

TM-QTL effects on carcass classification scores and VIA
characteristics
In terms of carcass classification scores, TM-QTL carrier
animals had slightly better conformation and lower fat
classes than non-carriers, although the effects were not
significant (Table 6; P . 0.05). These results indicate that
this recent scoring system would not allow any reward for

Table 5 Least square means (LSM) and standard error of difference for TM-QTL carrier and non-carriers for computer tomography (CT)
measurements

LSM QTL effect Factors

Trait Non-carrier Carrier s.e.d. P-valuea Carrier difference (%) Sex Weight-

2D CT
MLL-A 22.83 22.74 0.69 ns 20.4 * ***
MLL-W 72.44 72.78 0.69 ns 0.5 ns *
MLL-D 29.96 30.78 0.33 * 2.7 ** ***

3D CT
Lumbar length 19.81 19.86 0.14 ns 0.3 ns **
LRMV 665.8 677.7 9.25 ns 1.8 * ***
LRMI 2.97 2.93 0.03 ns 21.4 ns *

QTL 5 quantitative trait locus; TM-QTL 5Texel muscling-QTL; 2D 5 two-dimensional; 3D 5 three-dimensional; LRMV 5 loin region muscle volume; LRMI 5 loin
region muscularity index; ns 5 non-significant.
MLL-A, MLL-W and MLL-D stand for area, width and depth of the Musculus longissimus lumborum, respectively.
-Live weight fitted in the model as a covariate.
ans 5 non-significant; *P , 0.05; **P , 0.01; ***P , 0.001.
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the producers using the muscle-growth-enhancing effect of
the TM-QTL in heterozygous crossbred lambs. In addition to
standard and refined predictions of the primal weights,
E 1 V Technology also provided some simple carcass mea-
sures (lengths, widths and areas) as illustrated in Figure 1.
The effect of the TM-QTL on all of these traits was relatively
small (26.3 to 11.3%) and mostly not significant, with the
exception of one VIA measurement (W8) measured on the
side of the carcass in the leg region, where carriers showed
a shorter width (P , 0.05; 22.1%) compared to the non-
carriers. Similar results were reported by Johnson et al.
(2005), where another QTL affecting muscle growth (cur-
rently known to be an allele of the myostatin gene), did not
show any effect on length and width as direct linear

measurements taken on the carcass after slaughter. In
contrast, Marcq et al. (2002) reported evidence that a QTL
associated with muscular hypertrophy (probably the same
as that studied by Johnson et al. (2005)) also resulted in an
increase in carcass width. This finding was later confirmed
in a study by Laville et al. (2004), where lambs homozygous
for that QTL showed an increase in the width of the pelvis
and shoulder.

The effect of the TM-QTL on primal cuts, estimated using
both standard and refined VIA prediction equations, was
found to be non-significant for most of the traits (Table 6;
only predictions based on the standard VIA predictions are
shown). Using the refined VIA prediction equations the
BREAST primal cut showed a lower primal weight (23.8%,

Table 6 Least square means (LSM) and standard error of difference for TM-QTL carrier and non-carriers for Meat and Livestock Commission (MLC)
subjective scores of conformation and fat class and cold carcass weight, video image analysis (VIA) dimensional measurements (length, width and
area) and VIA primal cuts-

LSM QTL effect Factors

Trait Non-carrier Carrier s.e.d. P-value Carrier difference (%) Sex CCWy

MLC scores
Conformation 2.97 3.06 0.08 ns 2.9 ns ***
Fatness 11.03 10.57 0.35 ns 24.4 ** ***
CCW 19.25 18.77 0.5 ns 22.6 ns –

VIA lengths
L1 75.33 74.99 3.9 ns 20.5 ** ***
L2 21.65 21.21 2.37 ns 22.1 ns ns
L3 14.95 14.41 3.27 ns 23.8 ns ns
L4 13.52 13.7 1.05 ns 1.3 ** ***
L5 91.82 91.46 4.43 ns 20.4 ** ***
TL 96.61 95.87 4.47 ns 20.8 ** ***

VIA widths
W1 19.44 19.5 1.87 ns 0.3 ns ***
W2 16.16 16.06 1.33 ns 20.6 *** ***
W3-

-

22.08 22.29 1.84 ns 0.9 ns ***
W4 0.17 0.16 1.57 ns 26.3 ns ***
W5 23.31 23.35 1.05 ns 0.2 * ***
W6 25.07 25.12 1.53 ns 0.2 *** ***
W7 12.67 12.81 0.97 ns 1.1 ** ***
W8 15.31 15 1.55 * 22.1 ** ***

VIA areas
A1 14 939 14 906 1035 ns 20.2 * ***
A2 16 842 16 741 1107 ns 20.6 * ***
A3 4603 4615 462 ns 0.3 * ***
A4 10 911 10 926 970 ns 0.1 ** ***
A5 15 832 15 800 1339 ns 20.2 ** ***

VIA-based predicted primal weights
LEG 5.18 5.19 0.09 ns 0.2 ns ***
CHUMP 1.52 1.52 0.01 ns 0 ns ***
LOIN 3.47 3.45 0.02 ns 20.6 *** ***
BREAST 1.67 1.69 0.01 ns 1.2 ns ***
SHOULDER 6.65 6.64 0.03 ns 20.2 ** ***
SMY 19.66 19.65 0.08 ns 20.1 ** ***

QTL 5 quantitative trait locus; TM-QTL 5Texel muscling-QTL; SMY 5 saleable meat yield; ns 5 non-significant.
-Estimations from the standard VIA prediction equations.
-

-

Rearing rank fitted in the model as fixed effect.
yCold carcass weight fitted in the model as a covariate.
*P , 0.05; **P , 0.01; ***P , 0.001.
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P , 0.01; results not shown in tables) associated with the
effect of the TM-QTL. This result is in the same direction as
the one reported by Macfarlane et al. (2008) where carriers
of the TM-QTL showed smaller breast primal weights
(22.4%, P . 0.05); however the difference was not sig-
nificant in this earlier study.

The results reported in the present study suggest that
external examination (carcass classification scores), on
which the current evaluation of carcass quality and the VIA
system both rely, is limited in its ability to detect differences
in muscling and muscularity of the MLL due to the effect of
the TM-QTL in crossbred lamb heterozygous for the QTL.
This situation could be different in homozygous carriers, as
the mode of inheritance of this QTL is not known yet. This
limited ability is probably due to the fact that the TM-QTL
effects are restricted to the loin area and are of relatively
low magnitude (Macfarlane et al., 2008). The weight of the
MLL directly measured by dissection was 17% higher in
carriers compared to non-carriers of the TM-QTL (Macfar-
lane et al., 2008). However, the current study using VIA
could not detect this difference and farmers would not be
rewarded for the use of this QTL in heterozygous crossbred
lambs in any VIA-based payment system. Therefore the
question arises: how large does the direct QTL effect on the
dissected MLL-wt needs to be, so that VIA can detect sig-
nificant differences in the LOIN primal cut, predicted by
VIA? To answer this question one has to ask first what
difference between carriers and non-carriers in the LOIN
weight (based on VIA predictions) would be significant. A
post-hoc power calculation (Rasch et al., 1978) was used to
find the magnitude of the TM-QTL effect required to be
detected by the VIA system using the sample sizes available
in the study, its standard deviation (0.36) and a probability
of the error of first kind (5%) and second kind (20%). Using
this approach it has been found that the required size of the
TM-QTL effect on the LOIN weight (based on VIA predic-
tions) is 0.18 kg. The estimated mean for non-carriers of this
trait was 3.47 kg. As a result carriers would need to have a
VIA predicted LOIN weight of 3.65 kg, which is an increase
of 15%. This value can be easily transformed into a MLL-
wt value using a simple linear regression between both
traits. The level of confidence (R2) in this prediction equation

was 65%. Given the slope (b 5 116) and the intercept
(a 5 108.4) of the prediction equation (MLL-wt 5 a 1 b 3

VIA-loin) the required direct effects in the MLL-wt to allow
VIA to detect the difference in the VIA-predicted LOIN
weight is 40 g (17.6%). This value is just slightly higher
than the difference between carriers and non-carriers found
in an earlier study (34 g; Macfarlane et al., 2008), and may
be seen in homozygous carriers of this QTL or in other
genetic backgrounds/breeds.

TM-QTL effect on other carcass quality measurements
The TM-QTL did not significantly affect the VIA dimensional
measurements (Table 6). However lambs carrying a single
copy of the TM-QTL showed a significantly higher carcass
compactness of 1.2% compared to the non-carriers (Table 7).
The same trait calculated using dimensional carcass mea-
surements was also found to be associated with the effect
of another muscular hypertrophy QTL, as reported by Laville
et al. (2004).

Other carcass measurements, such as leg compactness,
muscle to bone ratio and fat to bone ratio were not found
to be significantly different between carriers and non-car-
riers of the TM-QTL (Table 7). Holloway et al. (1994)
reported a strong correlation between muscularity and
muscle to bone ratio. Carriers of the TM-QTL had greater
MLL volume, depth, width and area using CT measurements
(Macfarlane et al., 2008). However, muscle to bone ratio
measured using VIA did not show a significant increase. The
corresponding total bone weight in the carcass was heavier
using CT for the carriers compared to the non-carriers
(Macfarlane et al., 2008), and consequently similar muscle
to bone ratios were found for both carrier and non-carriers
of the TM-QTL. Inconsistencies in the relationship between
muscularity and muscle to bone ratio, where bones were
shown to be proportionally longer or heavier, have been
reported in earlier studies (Purchas et al., 1992; Hopkins
and Roberts, 1995).

Carcass compactness has been reported to have corre-
lated with subjective conformation score, perimeter of the
leg and width of the leg, and strongly correlated with cold
carcass weight (Diaz et al., 2004; Albertı́ et al., 2005;
Indurain et al., 2008). The appearance of ‘blockiness’ of the

Table 7 Least square means (LSM), standard error of difference and TM-QTL effect for leg and carcass compactness and muscle and fat to bone
ratios

LSMs QTL effect Factors

Carcass measurements Non-carrier Carrier s.e.d. P-value Carrier difference (%) Sex CCW-

Leg compactness 0.132 0.138 0.003 ns 4.4 ns ns
Carcass compactness 0.241 0.244 0.001 ** 1.2 ns ns
Muscle : bone ratio 2.204 2.152 0.031 ns 22.4 *** ns
Fat : bone ratio 5.081 5.465 0.378 ns 7.0 ** ns
Dissection MLL-Wt 500.64 514 6.329 * 2.6 ns ***

QTL 5 quantitative trait locus; TM-QTL 5Texel muscling-QTL; MLL-Wt 5 area of the Musculus longissimus lumborum; ns 5 non-significant.
-Cold carcass weight fitted in the model as a covariate.
*P , 0.05; **P , 0.01; ***P , 0.001.
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whole carcass has been shown to have a positive influence
on conformation score (Indurain et al., 2008). The use of
this index as a measure of carcass value could be possible
with the introduction of VIA systems in UK lamb abattoirs.
However, further research is needed to investigate the
associations between increased carcass compactness and
carcass value, meat quality and animal welfare traits.

Prediction of meat quality traits using a VIA system
Variances of tenderness, as measured using the MIRINZ
tenderometer (ToughB) and Volodkevitch-type tende-
rometer (ToughA), was poorly explained by models using
VIA measurements (1% to 6%) in the leg for the two
methods respectively (Table 8). Higher proportion of var-
iance was explained in the model for IMF in the loin (18%)
or leg (21%). These low associations between VIA and
MQ traits were in the range of expected values since
MQ characteristics are very difficult to measure at a carcass
level.

Methods for the evaluation of MQ characteristics are
being increasingly investigated with the aim of improving
the effectiveness of the lamb industry at producing a con-
sistent, high quality product. CT scanning, which is currently
being used in sheep breeding programs for the evaluation
of carcass quality, could also provide the means to select on
MQ traits. In two different studies (Karamichou et al., 2006;
Navajas et al., 2006a), live CT measurements have been
reported to predict MQ traits with moderate accuracy, most
likely due to the associations between IMF and CT-mea-
sured muscle density. Karamichou et al. (2006) reported
significant phenotypic and genetic correlations between CT
and meat eating quality traits, and Navajas et al. (2006a)
also found strong associations between CT muscle density
and IMF. While CT scanning could help in the selection for
MQ traits in breeding stock, direct measurements of these
traits in slaughter lambs are still of prime interest, as pro-
cessing operations (i.e. electrical stimulation) might influ-
ence the final quality of the product. A recent study by

Lambe et al. (2008) reported an increase in the accuracy of
prediction of IMF in the loin using a combination of VIA in
live lambs together with CT measures. However, similar to
the results presented here, Lambe et al. (2008) found that
little variation in tenderness (shear force) was explained by
live-VIA traits. Using a combination of post-mortem carcass
measurements, Lambe et al. (2009) reported accurate pre-
dictions of lamb carcass composition, as well as moderate
predictions of IMF, whilst shear force could only be pre-
dicted with low to moderate accuracy. Using dual energy
X-ray absorptiometry (DEXA), Kröger et al. (2006) reported
a moderate accuracy in the estimation of tenderness of
steaks (R2 5 0.69). Near infrared reflectance spectroscopy
has also been used with some success to predict MQ traits
in lamb meat samples (Andrés et al., 2007) and has
potential to be used in a non-invasive manner, and so might
be more suitable for future online use in an abattoir.

The present study showed that VIA measurements are
poor predictors of these two MQ traits, tenderness and IMF.
However, additional information and/or technologies could
augment the VIA system in the estimation of MQ char-
acteristics. Additional benefits might be possible from
improving the VIA system further through calibration
against CT measures associated with MQ traits, which still
remains to be investigated. To date, genetic selection for
MQ characteristics has shown slow progress. This is mainly
due to the lack of economic incentives at a commercial level
and a lack of suitable online methods for measuring MQ.
However, the increasing research into objective technolo-
gies to estimate some MQ traits could provide the means to
reward the producer for these traits and therefore increase
their motivation to improve product quality. In addition, the
upcoming information on molecular genetic predictors of
MQ traits could also soon be applied in sheep breeding
programmes by marker-assisted selective breeding (Gao
et al., 2007), helping increase the genetic progress made
on these traits.

Conclusion

This study has investigated the effects of the TM-QTL on
various carcass characteristics of heterozygous crossbred
lambs measured by subjective carcass classification and a
VIA system. The potential of the VIA system in the esti-
mation of CT muscularity measurements of the loin region
and MQ was also evaluated. It has been demonstrated
earlier (Macfarlane et al., 2008) that one copy of the TM-
QTL has biologically and statistically significant effects on
the MLL muscle. However, in practice, the current industry
carcass evaluation system for carcass conformation and fat
class would not be able to identify an effect of this rela-
tively small magnitude, and so would not reward for the
total increase in MLL muscularity gained through the use of
the TM-QTL in breeding programmes. The VIA system was
shown to have moderate potential in the prediction of loin
muscle traits measured by CT, especially for loin muscle
volume. This suggests that VIA estimates of CT traits could

Table 8 Adjusted coefficient of determination (Adj-R2), root mean
squared error (RMSE) for prediction of meat quality traits using video
image analysis (VIA) information

Trait Adj-R2 RMSE RMSE/s.d. Sex CCW- VIA predictors-

-

ToughA
LOIN 0.16 1.27 0.93 ns * W3 and W10
LEG 0.06 0.73 0.99 ns ** L5

ToughB
LOIN 0.11 1.28 0.96 ns ** W3
LEG 0.01 0.60 1.00 ns ns No significant factors

IMF
LOIN 0.18 0.70 0.93 ns ** W1, W2 and W3
LEG 0.21 0.57 0.90 ns ** L9, TL and W10

IMF 5 intra-muscular fat; ns 5 non-significant.
-Cold carcass weight fitted in the model as a covariate.
-

-

Factors included in the model P , 0.05.
*P , 0.05; **P , 0.01.
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have the potential to detect differences in loin muscle traits
between carcasses from carriers and non-carriers of the
TM-QTL in the abattoir. Additionally, other carcass quality
measures calculated using VIA information, such as carcass
compactness, could provide the means to reward producers
for the use of a QTL-enhancing product quality, if the
associations between carcass compactness and carcass
value are positive.

The fine mapping of QTL affecting growth and carcass
composition would allow more precise genotyping, and
therefore, provide more reliable identification of TM-QTL
carriers and non-carriers and increase the statistical power
of the analyses to evaluate the effects of this QTL.

In summary, subjective evaluation of carcass conforma-
tion has only limited potential to identify increased
muscling due to the effect of one copy of the TM-QTL. VIA
was shown to have increased capabilities in the estimation
of MLL muscling through calibration against CT measures.
Additionally, carcass compactness calculated using VIA
information has been shown to be associated with the
effect of the TM-QTL. Further analyses will help to validate
the associations between VIA and CT carcass traits and
provide more information of the value of the TM-QTL for
the UK sheep industry.
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Indurain G, Goñi V, Horcada A, Insausti K, Hernández B and Beriain MJ 2008.
Colour differences among carcasses graded with similar score for conformation
and fatness. Animal 2, 1093–1100.

Johnson PL, McEwan JC, Dodds KG, Purchas RW and Blair HT 2005. A directed
search in the region of GDF8 for quantitative trait loci affecting carcass traits in
Texel sheep. Journal of Animal Science 83, 1988–2000.

Jones HE, Lewis RM, Young MJ and Wolf BT 2002. The use of X-ray computer
tomography for measuring the muscularity of live sheep. Animal Science 75,
387–399.

Karamichou E, Richardson RI, Nute GR, Mclean KA and Bishop SC 2006. A
partial genome scan to map quantitative trait loci for carcass composition, as
assessed by X-ray computer tomography, and meat quality traits in Scottish
Blackface Sheep. Animal Science 82, 301–309.

Kempster AJ, Cook GL and Grantley-Smith M 1986. National estimates of the
body composition of British cattle, sheep and pigs with special reference to
trends in fatness. A review. Meat Science 17, 107–138.

Kongsro J, Røe M, Aastveit AH, Kvaal K and Egelandsdal B 2008. Virtual
dissection of lamb carcasses using computer tomography (CT) and its
correlation to manual dissection. Journal of Food Engineering 88, 86–93.

Koohmaraie M, Shackelford SD, Wheeler TL, Lonergan SM and Doumit ME
1995. A muscle hypertrophy condition in lamb (callipyge): characterization of
effects on muscle growth and meat quality traits. Journal of Animal Science 73,
3596–3607.
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