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Experiment 1(a). DEXA bone prediction using tissue phantoms 

Introduction 
In recent years Dual-Energy X-ray Absorptiometry (DEXA) has been successfully adapted to 

scan lamb carcases at line speed for determination of body composition as determined by 

computed tomography (CT). Proof-of-concept testing has demonstrated that the DEXA system 

can successfully predict the chemical fat, lean and bone composition of a carcase using a single 

DEXA value applied to each image pixel. However, DEXA prediction of carcase composition 

may be improved if the bone content of a carcase could be determined independently to fat and 

lean tissue using the bone DEXA value for bone-containing pixels. To achieve this, the base 

relationships between DEXA values, bone composition and the thickness of bone-containing 

tissues need to be established. These relationships could then be applied to the calculation of 

DEXA bone % within a carcase independent to the calculation of DEXA chemical fat and lean 

%. 

Materials and Methods 
To establish the base relationship between DEXA values and bone composition, samples of 

bone, fat and lean tissue were dissected from Merino lamb carcases and homogenised 

separately. The fat and lean tissues were then combined to create tissue phantoms composed 

of fat: lean ratios of 100:0, 75:25, 50:50, 25:75 and 0:100. Following grinding and 

homogenising, subsamples of each phantom mixture was taken for determination of dry matter 

and chemical fat percentage (Table 1). Each fat: lean mixture was applied to custom-built 

moulds to create calibration blocks of 3 different uniform sizes, 12.5mm, 80mm and 160mm 

thickness, creating 15 blocks in total. 

 

Table 1. Dry matter and chemical fat percentage of dissected fat and lean mixtures. 

Fat:Lean ratio Dry Matter % Chemical Fat % 

100:0 91.4 87.99 

75:25 70.1 60.56 

50:50 53.4 39.99 

25:75 36.4 18.33 

0:100 26.6 6.25 

 

Bone tissue phantoms were created separately using ground and homogenised bones dissected 

from the same Merino lamb carcases. Custom built moulds were again used to transform the 

ground bone into standard square calibration blocks of 12mm thickness. The bone phantoms 

were then used individually (12mm thickness) or combined for scanning (24mm thickness). 

The 15 fat: lean tissue phantoms (5 mixtures, 3 thicknesses) were each scanned 3 times; without 



a bone phantom, with a 12mm bone phantom, and with a 24mm bone phantom. This created 

45 tissue phantoms that differed in tissue composition and thickness.  

 

The tissue phantoms were then scanned using the DEXA system installed at JBS abattoir in 

Bordertown, South Australia. The 45 tissue phantoms were each scanned 5 times in total, 

ensuring that each scan captured different regions of the block to enable an estimation of 

repeatability. X-ray images were generated using a single emission from a 140kV X-ray tube. 

A set of 2 images were captured using 2 photodiodes separated by a copper filter. The first 

photodiode used ZnSe as the scintillant and the second used CsI.  

 

Prior to carrying out image analysis, regions of interest within each calibration block image 

were selected corresponding to one of the 15 tissue mixtures (5 mixtures of fat and lean, 

combined with 0, 12 and 24mm of bone tissue). The corresponding pixels within the low and 

high energy images were then used to calculate an R value for these pixels according to the 

following formula: 

(R = ln(ILow/AirAtten) / ln(IHigh/AirAtten));   

Where:  ILow represents the pixel value in the low energy image (ZnSe Photodiode) 

 IHigh represents the pixel value in the high energy image (CsI Photodiode) 

AirAtten represents the pixel value corresponding to the un-attenuated photons (I0) in 

the white part of each image.   

 

The R values for the pixels of each tissue mixture were then averaged to give a single R-value 

representing the tissue mixture. By this method 15 R-values were calculated representing the 

15 different tissue mixtures in each calibration block. As each of the 45 different tissue 

phantoms were each scanned 5 times, 225 data points were produced.  

 

Linear mixed effects models (SAS) were used to analyse R-value using a simple and a complex 

model (Table 2). The simple model included chemical fat %, tissue thickness and bone % as 

covariates, while the complex model included these same covariates along with their squared 

terms and interactions between these terms. To assess the potential for predicting tissue depth 

directly, the log(pixel value) from the low energy (ZnSe Photodiode) image was also analysed 

using two linear mixed effects models in SAS (Table 3). The first model contained only tissue 

thickness as a covariate, while the second model contained tissue thickness, chemical fat % 

and the interaction between these covariate terms (Table 3).  

Results 
There was a positive linear relationship between increasing bone content and the corresponding 

R-value, though this relationship varied with increasing tissue thickness and fat composition 

(Figure 1, Figure 2Figure 3). In tissue with a fat content of 10% (Figure 1), increasing bone 

content from 0% to 100% increased the average R-value by 0.20 units in 12.5 mm of tissue, by 

0.22 units in 80 mm of tissue, and by 0.43 units in 160 mm of tissue.  

In tissue containing 50% chemical fat, increasing bone content from 0% to 100% increased 

the average R-value by 0.48 units in 12.5 mm of tissue, by 0.31 units in 80 mm of tissue, and 

by 0.39 units in 160 mm of tissue (Figure 2). When the tissue fat content increases to 90%, 



increasing bone content increases the average R-value by 0.51 units in 12.5 mm of tissue, by 

0.39 units in 80 mm of tissue, and by 0.51 units in 160 mm of tissue (Figure 3). 

 

Figure 1. Relationship between R value and bone content (%) in calibration blocks containing 10% chemical 

fat, of 12.5mm, 80mm, and 160mm thickness. 

 

Figure 2. Relationship between R value and bone content (%) in calibration blocks containing 50% chemical 

fat, of 12.5mm, 80mm, and 160mm thickness. 

 

Figure 3. Relationship between R value and bone content (%) in calibration blocks containing 90% chemical 

fat, of 12.5mm, 80mm, and 160mm thickness. 
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This relationship was described with a high degree of precision (96.8% of variance described) 

using the simple linear mixed effects model, with coefficients as described in Table 2. This 

implies that we can solve for bone % but must have knowledge of R-values, tissue thickness 

and tissue chemical fat %. The more complex model described in Table 2 increased precision 

slightly, this model describing 97.7% of variance in R-value.  

Table 2. F-values and coefficients for the prediction of R value using a simple model with covariates for bone 

%, thickness of the calibration blocks and chemical fat % , and using a more complex model containing these 

same covariates and their squared terms and interactions. 

Parameter  Simple Model   Complex Model  

  F Value Estimate ± SE F Value Estimate ± SE 

     

intercept 
 

1.346 ± 0.003 
 

1.376 ± 0.006 

% bone  8875** 4.07x1010-3 ± 4.30x10-5 612** 4.70x10-3 ± 1.90x10-4 

thickness 2228** -8.60x10-4 ± 1.80x10-5 50.7** -9.00x10-4 ± 1.27x10-4 

% chemical fat  310.9** -5.70x10-4 ± 3.20x10-5 82.1** -1.61x10-3 ± 1.78x10-4 

thickness * thickness   0.12 -0.22x10-6 ± 0.00x10-10 

% chemical fat * % chemical fat   1.20 1.69x10-6 ± 1.54x10-6 

thickness * thickness * % chemical  fat   16.5** 4.07x10-3 ± 4.30x10-5 

% bone * thickness * thickness   41.6** 2.00x10-7 ± 0.00x10-10 

% bone * % chemical fat * % chemical fat   16.1** -1.83x10-7 ± 0.00x10-10 

thickness * % chemical fat   23.9** 1.10x10-5 ± 2.20x10-6 

% bone * % chemical fat    16.2** 2.2 x10-5 ± 5.44x10-6 

% bone * thickness   77.6** -5.00x10-5 ± 5.89x10-6 

% bone * thickness * % chemical fat   22.3** 2.14x10-7 ± 0.00x10-10 
 

Tissue thickness had a negative linear association with the log(pixel value) for the low energy 

image (P < 0.05), though this association varied with changing chemical fat % (Figure 4). In 

tissue composed of 10% fat, log pixel values reduced by 2.90 as tissue thickness increased from 

12.5mm to 160mm. This effect reduced slightly with increasing fat content, log pixel values 

reduced by 2.66 with increasing thickness of tissue containing 50% fat, and by 2.42 with 

increasing thickness of tissue containing 90% fat (Figure 4).  



 

Figure 4. The relationship between ln(low energy value) and thickness of tissue composed of 10%, 50% and 

90% chemical fat.  

This relationship was described by a linear mixed effects model with a high degree of precision 

(94.0% of variance described) using only tissue thickness as the predictor (Model 1, Error! 

Reference source not found.). Inclusion of chemical fat % in the prediction model improved 

the precision of the estimate slightly, describing 94.8% of variance in log pixel value (Model 

2, Table 3). The effect of chemical fat % is small relative to the effect of tissue thickness, as 

demonstrated by the F-values in Error! Reference source not found.and the relationship 

shown in Error! Reference source not found.. 

Table 3. F-values and coefficients for the prediction of log(pixel value) from the low energy image using 

thickness of calibration block only (Model 1), and thickness of calibration block and chemical fat % (Model 2).   

Parameter Model 1   Model 2  

 

  F Value Estimate ± SE   F Value Estimate ± SE 

      

intercept 
 

7.791 ± 0.020  
 

7.850 ± 0.033 

thickness 10836** -0.018 ± 0.000  4751** -0.020 ± 0.000 

% chemical fat   
 

 5.20* -1.28x10-3 ± 5.62x10-4 

thickness*  % chemical fat   
 

 60.59** 4.09x10-5 ± 5.26x10-6 
  

Discussion 
The R values produced by the DEXA at Bordertown abattoir demonstrated a strong association 

with % bone content in tissues of varying composition. The association between R values and 

the bone content of tissues was however influenced by the proportion of fat: lean in the tissue 

mixture and by the tissue thickness or depth. Therefore, the depth of a carcase and the chemical 

fat content of carcases will need to be corrected for in the calculation of R values for individual 
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bone-containing pixels. Chemical fat % of a carcase may be determined using the R values of 

non-bone-containing pixels in DEXA images, while tissue depth may be estimated through its 

association with increasing attenuation of X-rays. This association is shown through the 

relationship between tissue depth and log(pixel values). This estimate is further improved with 

knowledge of chemical fat %. However, in this experiment chemical fat % of each pixel was 

known due to the use of homogenised tissue mixes, while in industry only the average chemical 

fat % of a carcase will be known, not the fat content of individual pixels. The inability to 

determine pixel fat content is unlikely to influence DEXA predictions given the greater relative 

importance of tissue thickness than chemical fat % in the models describing log(pixel value) 

and pixel R values. Nonetheless, incorporation of carcase chemical fat % will provide some 

adjustment for carcase fatness and thereby slightly improve DEXA prediction of carcase bone 

content.  



Experiment 1(b). DEXA bone prediction of lamb carcases 
 

Introduction 
Dual-Energy X-ray Absorptiometry (DEXA) can predict lamb carcase composition as 

determined by computed tomography (CT) with high precision and accuracy. Proof-of-concept 

testing of the DEXA system has used an image analysis method where CT chemical fat, lean 

and bone % of a carcase have been predicted from a single number derived individual pixel R 

values. Predicted carcase fat, lean and bone % are therefore correlated using this method. 

DEXA prediction of carcase composition may be improved if the bone content of a carcase 

could be determined independently to fat and lean tissue using a separate value for bone-

containing DEXA pixels. To test this, an improved method for DEXA prediction of bone 

content (%) has been developed that focuses solely on bone-containing pixels in a lamb carcase 

(Experiment 1a). Calibration work is required to determine if the precision and accuracy of 

DEXA prediction of CT bone % in lamb carcases can be improved using this new method that 

predicts bone content independent to lean and fat content.  

Materials and Methods  

Animal selection and experimental design 

A broad range in lamb weight and fatness were required to test the capacity of DEXA bone 

values to predict CT bone % independent to fat and lean determination in a diverse population 

of lambs. Seven separate datasets were used to test the novel method of DEXA bone prediction. 

The first data set consisted of 48 lamb carcasses selected over a 45 minute period immediately 

following slaughter at a commercial abattoir near Bordertown, SA. The lambs were selected to 

represent a broad range of fatness and carcass weight (Table 4).  

The other 6 groups of lambs (datasets 2-7) were sourced from Meat and Livestock Australia’s 

nucleus flock experiment, the design of which have been previously detailed  (Fogarty, Banks, 

van der Werf, Ball, & Gibson, 2007; van der Werf, Kinghorn, & Banks, 2010). As part of this 

experiment, around 600 lambs were produced from artificial insemination of Merino or Border 

Leicester-Merino dams between 21 September and 16 October 2014 in Kirby NSW. The lambs 

(Merino, Maternal x Merino, Terminal x Merino and Terminal x Border Leicester-Merino) 

were the progeny of 163 industry sires, representing the major sheep breeds used in the 

Australian industry. The sires types included Terminal sires (Poll Dorset, Suffolk, Texel, White 

Suffolk), Maternal sires (Border Leicester, Coopworth, Dohne Merino), and Merino sires 

(Merino, Poll Merino). The lambs were grazed on extensive pasture following weaning at 90 

days and castration of male lambs. The lambs were re-located to South Australia in April 2015 

for lot-feeding around 100km from the JBS abattoir at Bordertown. 

Slaughter protocol and carcase measurements 

The nucleus flock lambs were divided into 6 groups based on live weight and sent to slaughter 

in these groups over a 4 month time period (datasets 2-7). A carcase weight of 21.5 kg was 



targeted in all groups except the last, which targeted 28kg carcase weight. Attempts were made 

to represent progeny from each sire in each group, however this was not always possible due 

to limited numbers of progeny for some sires. Prior to each slaughter, lambs were yarded, 

maintained off-feed for at least 6 hours before trucking for 2 hours to JBS Bordertown abattoir. 

The lambs were held overnight in lairage at the abattoir prior to slaughter.  

All carcases in this study were electrically stimulated and trimmed according to AUSMEAT 

standards (Anon, 1992). Hot standard carcase weight (HCWT) was measured within 40 

minutes of slaughter and GR tissue depth was measured 12 cm from the midline over the 12th 

rib (total tissue depth over the surface of this rib).  

DEXA scanning  

Carcases were DEXA scanned at 24 hours post-mortem, with the brisket oriented towards the 

X-ray source. The DEXA hardware consisted of a 140kV X-ray tube with an aluminium filter, 

and ZnSe and CsI photodiodes separated by a copper filter (Sens-tech, UK). Each time that 

carcasses were scanned, images were generated using a single emission from the x-ray tube, 

with a set of 2 images captured on the ZnSe (low energy image) and CsI (high energy image) 

photodiodes. From these two images, the ratio of the photon attenuation for corresponding 

pixels within the low and high energy images was then used to calculate an R-value for each 

pixel (Pietrobelli et al. 1996) according to the formula detailed in Experiment 1(a) of this report. 

The average R-value for all pixels in the carcass image was calculated, setting a threshold value 

with pixels below this value removed from the image, eliminating predominantly fat- and lean-

containing pixels and retaining predominantly bone-containing pixels. Pixel R values were then 

converted to bone %, weighted based on thickness, and then the mean calculated. This 

conversion of R values for each pixel into the corresponding bone % and associated tissue 

thickness was based on the relationships described in Experiment 1(a) of this report. 

CT scanning 

Following DEXA scanning carcases were transported at 2˚C to Murdoch University, WA for 

computed tomography (CT) scanning. A Picker PQ 5000 spiral CT scanner was used 

according to the same protocols detailed in Anderson et al. (2015). Carcases were CT 

scanned at 5 to 6 days post mortem after being cut into fore, saddle, and hind sections. This 

enabled the estimation of percent lean (CT lean %), fat (CT fat %), and bone (CT bone %) in 

each of these 3 sections (Table 4).   

Analysis  

Of the 600 lambs from the nucleus flock slaughtered, only 559 carcases had complete data for 

analysis. Data was mainly excluded from analysis due to one batch of carcases being oriented 

incorrectly during DEXA scanning during the first nucleus flock slaughter (dataset 2). 

Combined with the initial 48 carcases scanned, a total of 607 lamb carcases were analysed in 

this experiment.  



Initially, general linear models (SAS) were used to predict CT bone% within each dataset, 

with DEXA bone value and hot carcase weight (HCWT) as covariates (Table 5). Both the 

simple and complex bone models described in Table 2 were tested (Table 5). CT bone % was 

then modelled using DEXA bone value and hot carcase weight (HCWT) as covariates, and 

identification of dataset used as a fixed effect. Interactions between these terms were tested, 

but removed due to non-significance (P > 0.05).  

To demonstrate transportability, the equations derived in each dataset separately were then 

further validated in each of the remaining 6 datasets. Thus 7 models were tested, each across 

6 datasets producing a total of 42 validation tests (Table 6 ). For the relationship between 

actual versus predicted CT  bone %, R-square (R2) of the prediction and root mean square 

error of the prediction (RMSEP) are shown as indicators of precision, and slope of the 

relationship and bias estimates are shown to represent accuracy. Bias represents the 

difference between the predicted and actual values at the mean of the dataset.  

Results 
The descriptive statistics of the lamb carcases in this experiment are shown in Table 4, 

demonstrating the range in carcase weight and composition of the lambs tested.  

Table 4. Descriptive statistics for carcases from each dataset that were scanned using computed tomography 

(CT) and on-line dual energy x-ray absorptiometry (DEXA) at Bordertown in 2015. Values represent the 

number of animals in each group (N), the mean ± standard deviation (minimum, maximum) of each measure.  

Data set  

(N) 

Hot Carcase Weight 

(kg) 

GR Tissue 

Depth (mm) 

CT fat % CT lean % CT bone % 

1 

(48) 

24.7 ± 4.4 

(17.4 – 32.2) 

15.0 ± 5.0 

(5 - 27) 

21.74 ± 3.99 

(12.70 – 33.81) 

61.30 ± 3.10 

(51.96 – 67.84) 

16.96 ± 1.48 

(13.56 – 21.36) 

2  

(74) 

19.9 ± 3.1 

(13.5 - 29.0) 

9.3 ± 3.5 

(2 - 17) 

22.86 ± 3.33 

(15.76 - 31.77) 

61.02 ± 2.66 

(54.84 - 66.80) 

16.12 ± 1.35 

(12.40 - 21.04) 

3 

(95) 

23.6 ± 4.8 

(13.5 - 35.0) 

17.3 ± 5.6 

(4 - 30) 

27.96 ± 3.91 

(19.03 - 37.17) 

57.57 ± 3.09 

(50.15 - 64.39) 

14.47 ± 1.39  

(11.07 - 18.63) 

4 

(98) 

23.5 ± 4.6 

(13.0 - 34.2) 

15.3 ± 5.1 

(6 - 28) 

27.32 ± 3.52 

(20.16 - 34.56) 

58.11 ± 2.78 

(52.39 - 64.31) 

14.57 ± 1.21  

(11.97 - 17.18) 

5 

(98) 

21.4 ± 4.9 

(12.3 - 33.5) 

14.4 ± 5.5 

(5 - 30) 

26.05 ± 3.98 

(18.62 - 36.55) 

59.18 ± 3.14 

(50.29 - 65.60) 

14.78 ± 1.33  

(11.86 - 17.86) 

6 

(100) 

22.2 ± 5.4 

(10.9 - 37.1) 

15.7 ± 6.0 

(2 - 36) 

27.69 ± 4.20 

(17.11 - 36.47) 

57.39 ± 3.16 

(49.57 - 65.91) 

14.91 ± 1.70  

(12.05 - 20.91) 

7 

(94) 

26.1 ± 6.1 

(13.2 - 39.3) 

19.6 ± 7.5 

(5 - 44) 

29.57 ± 4.54 

(18.41 - 39.53) 

55.46 ± 3.33 

(47.29 - 62.19) 

14.96 ± 1.64  

(12.28 - 20.17) 

 

DEXA bone values and hot carcase weight (HCWT) predicted CT bone % in each of the 7 

datasets in this study with high precision (Table 5). The RMSE of the simple model for CT bone 

% prediction ranged from 0.52 to 0.73, and from 0.51 to 0.58 using the complex bone prediction 

model. When expressed as a proportion of the data range in CT bone %, the RMSE represented 

about 8.9% of this range using the simple model and 8.2% using the complex model. The R-

square ranged from 0.73 to 0.90 between datasets using the simple model, and from 0.78 to 0.90 

using the complex model. Furthermore, the F-values in Table 5 demonstrate that the DEXA bone 

value has far greater importance determining this prediction than HCWT (Table 5). 



Table 5. Prediction of CT bone % trained in 7 datasets using simple (top) and complex (bottom) models. The F-value and estimate ± standard error of the intercept and the 

covariate effects (DEXA bone and hot carcase weight, HCWT) are shown in addition to the R-squared and the root mean square error (RMSE) of the prediction in each 

dataset. Details on the Simple and Complex models used to determine DEXA bone R values are detailed in Table 2. 

  Parameter Dataset 1 Dataset 2 Dataset 3 Dataset 4 Dataset 5 Dataset 6 Dataset 7 

 
               

    
F Value 

Estimate ± 

 SE 
F Value 

Estimate ± 

SE 
F Value 

Estimate ± 

SE 
F Value 

Estimate ± 

SE 
F Value 

Estimate ±  

SE 
F Value 

Estimate ± 

SE 
F Value 

Estimate ±  

SE 

CT bone % 

Simple 

model 

               

Intercept 
 

-3.11 ± 3.477 
 

2.76 ± 1.990 
 

-2.35 ± 2.050 
 

-2.02 ± 1.796 
 

-2.76 ± 1.714 
 

4.35 ± 1.771 
 

1.13 ± 1.284 

DEXA bone 57.2** 0.54 ± 0.071 101** 0.38 ± 0.038 111.3** 0.52 ± 0.049 131** 0.51 ± 0.044 161** 0.54 ± 0.042 88.2** 0.40 ± 0.043 240** 0.48 ± 0.031 

 
HCWT 0.44 0.03 ± 0.044 0.00 0.00 ± 0.039 1.98 0.04 ± 0.027 2.25 0.03 ± 0.022 1.48 0.03 ± 0.021 15.85** -0.09 ± 0.023 19.36** -0.06 ± 0.014 

 
  

 
 

 
 

 
 

 
 

 
 

 
 

 

 
R2 0.77 0.80 0.73 0.75 0.80 0.85 0.90 

 
RMSE 0.72 0.62 0.73 0.61 0.60 0.66 0.52 

CT bone % 

Complex 

model 

               

Intercept 
 

-4.03 ± 3.219 
 

0.37 ± 2.355 
 

-2.02 ± 1.741 
 

-1.42 ± 1.447 
 

-4.16 ± 1.455 
 

1.12 ± 1.923 
 

2.45 ± 1.196 

DEXA bone 71.6** 0.51 ± 0.060 90.2** 0.44 ± 0.047 150** 0.49 ± 0.040 195** 0.48 ± 0.034 254** 0.54 ± 0.034 106** 0.45 ± 0.043 242** 0.42 ± 0.027 

 
HCWT 3.66* 0.09 ± 0.045 0.14 0.02 ± 0.043 4.55* 0.05 ± 0.025 5.54* 0.05 ± 0.020 14.92** 0.08 ± 0.020 0.20 -0.01 ± 0.028 4.44 -0.03 ± 0.015 

 
  

 
 

 
 

 
 

 
 

 
 

 
 

 

 
R2 0.80 0.78 0.78 0.80 0.86 0.87 0.90 

 
RMSE 0.68 0.64 0.66 0.54 0.51 0.63 0.51 



 

These 7 trained prediction equations also had high precision, accuracy and minimal variation 

when validated across the other 6 datasets (Table 6). The simple model to predict CT bone % 

had an average R-squared value of 0.782 across the 42 validation tests, ranged from 0.683 to 

0.897, with a standard deviation of only 0.05. RMSEP values averaged 0.667 CT bone % units 

across the 42 validation tests, ranging between 0.530 and 0.789, with a standard deviation of only 

0.066 CT bone % units (Table 6). These values demonstrate the small variation in precision of 

DEXA prediction of CT bone %. The trained models also varied little in accuracy when validated 

across 42 datasets. Bias values ranged between -0.750 and 0.530 CT bone % units, with a 

standard deviation of 0.276 (Error! Reference source not found.). Furthermore, the slope of 

these relationships did not deviate far from 1, averaging 1.013, ranging from 0.721 to 1.526, with 

a standard deviation in slope values of 0.198 (Error! Reference source not found.).  

The complex bone prediction model detailed in Table 2 predicted CT bone % with slightly higher 

precision and lower accuracy than the simple model (Error! Reference source not found.). The 

complex model had slightly reduced variability in precision and in the deviation of the slope 

from 1, though slightly increased variability in the bias of the prediction (Error! Reference 

source not found.).  

Table 6. Summary of the transported prediction equations for CT bone % using the simple and complex models 

described in Table 2. The mean, standard deviation (Stdev), minimum and maximum values of R-squared (R2), 

root mean square error (RMSE), intercept, slope and bias of the 42 validation tests are shown.*The mean bias is 

the mean of the absolute bias values. 

Model  Mean St Dev Minimum Maximum 

Simple model    

CT bone %  

R2 0.782 0.050 0.683 0.897 

RMSE 0.667 0.066 0.530 0.789 

 Intercept -0.174 2.880 -7.796 4.020 

 Slope 1.013 0.198 0.721 1.526 

 Bias* 0.212 0.276 -0.750 0.530 

      

Complex model    

CT bone % 

 

R2 0.813 0.040 0.751 0.902 

RMSE 0.620 0.062 0.513 0.718 

Intercept 0.073 0.947 -1.567 1.565 

 Slope 0.998 0.076 0.885 1.168 

 Bias* 0.268 0.355 -0.728 0.993 

 

Figure 5 provides an example of the process of training the model. In this case an equation was 

trained in dataset 4, with an RMSE of 0.54 and R-squared of 0.80, and then validated across the 

remaining 6 datasets. The slope, intercept, R-squared and RMSEP are shown to represent how 

well the prediction equation performed in the other datasets. Another 6 of such validation tests 

underpin the averages presented in Table 6. 



Dataset 4 

 
 

                  Dataset 1                                                                                                     Dataset 2 

 
                 Dataset 3                                                                                                     Dataset 5 

 
 

                 Dataset 6                                                                                                    Dataset 7 

 

Figure 5  Relationship between actual CT fat % and predicted CT fat % from a model containing hot carcase 

weight (kg) and DEXA R value. A small number of datasets are selected to demonstrate how the model was 

trained (in this case in dataset 4) and then validated in the other data sets. Dashed lines represent a perfect 

prediction; solid lines show the average prediction in the validation dataset.   



A “combined” group of all of the data from validation tests have been pooled together in Figure 

6. All 607 carcases were used to form 7 prediction equations that was then tested in all datasets, 

therefore a total of 4249 data points were used in validation testing of the CT bone % prediction 

models (Figure 6).  

 

Figure 6. Relationship between CT bone % and DEXA values for bone (Predicted CT bone %) in lamb carcases 

in the transportability validation testing. The dots in this figure represent the 607 lamb carcases transported 

across 7 datasets (4249 data points).  

Discussion 
These results demonstrate a strong association between DEXA bone value and CT bone %. 

DEXA bone R values, derived from the novel analysis described in experiment 1(a) was 

capable of predicting CT bone % with higher precision and accuracy than the previous method 

of CT bone % prediction where CT fat, lean and bone % were derived from a single pixel value. 

The results of the transportability testing demonstrate that DEXA prediction of CT bone % is 

robust, with minimal variation in R-square, RMSE, bias and slope when trained equations were 

transported to novel datasets. When assessed as a proportion of the data range, RMSE of the 

complex model represented 8.2% of the data range for CT bone %. This is a substantial 

improvement in accuracy compared to previous analyses where bone prediction was based on 

single pixel value differentiated into lean, fat and bone, where the RMSE represented 12% of 

the data range in CT bone %. The results of this study therefore support that the novel method 

for DEXA prediction of bone content (%) focusing solely on bone-containing pixels does 

provide a more precise and accurate prediction of CT bone % than previous methods predicting 

the fat, lean and bone composition of a carcase using a single DEXA value applied to each 

image pixel. Furthermore, the lack of influence of hot carcase weight within the prediction 

models indicates that the DEXA bone value is not simply reflecting carcase weight when 

determining the % of bone content. 
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