Received: 31 May 2022

Accepted: 18 July 2023

W) Check for updates

DOI: 10.1111/evj.13975

ORIGINAL ARTICLE

@ﬁg&i’:glVeterinary WILEY

Development of a body condition index to estimate adiposity
in ponies and horses from morphometric measurements

Samantha J. Potter® |
Edward J. Knowles? |
Caroline McG. Argo® |
Patricia A. Harris®> © |

IMelbourne Veterinary School, Faculty of
Science, The University of Melbourne,
Parkville, Victoria, Australia

2Royal Veterinary College, Hertfordshire, UK
3Scotland's Rural College, Aberdeen, UK

“4Virginia Polytechnic and State University,
Blacksburg, Virginia, USA

SEquine Studies Group, Waltham Petcare
Science Institute, Leicestershire, UK

Correspondence

Simon R. Bailey, Melbourne Veterinary School,

Faculty of Science, The University of
Melbourne, Parkville, Vic, Australia.
Email: bais@unimelb.edu.au

Present address
Katelyn Kaufman, Morehead State University,
Morehead, Kentucky, USA.

Funding information
Australian Research Council, Grant/Award
Number: LP100200224; MARS Petcare UK

Madison L. Erdody? |

Nicola Menzies-Gow? |

Bridgett J. McIntosh* |
Simon R. Bailey?

Nicholas J. Bamford® ® |
Philippa K. Morrison® |
Katelyn Kaufman® |

Abstract

Background: There is a high prevalence of obesity in ponies and pleasure horses. This
may be associated with equine metabolic syndrome and an increased risk of laminitis.
Body condition scoring (BCS) systems are widely used but are subjective and not
very sensitive.

Objectives: To derive a body condition index (BCI), based on objective morphometric
measurements, that correlates with % body fat.

Study design: Retrospective cohort study.

Methods: Morphometric measurements were obtained from 21 ponies and horses in
obese and moderate body condition. Percentage body fat was determined using the
deuterium dilution method and the BCI was derived to give the optimal correlation
with body fat, applying appropriate weightings. The index was then validated by
assessing inter-observer variation and correlation with % body fat in a separate popu-
lation of Welsh ponies; and finally, the correlation between BCl and BCS was evalu-
ated in larger populations from studies undertaken in Australia, the United Kingdom
and the United States.

Results: The BCI correlated well with adiposity in the ponies and horses, giving a
Pearson r value of 0.74 (P < 0.001); however, it was found to slightly overestimate
the % body fat in leaner animals and underestimate in more obese animals. In field
studies, the correlation between BCI and BCS varied particularly in Shetlands and
miniature ponies, presumably due to differences in body shape.

Main limitations: Further work may be required to adapt the BCI to a method that is
more applicable for Shetlands and miniature ponies.

Conclusions: This BCl was able to provide an index of adiposity which compared
favourably with condition scoring in terms of accuracy of estimating adiposity; and

was more consistent and repeatable when used by inexperienced assessors.
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Therefore, this may be a useful tool for assessing adiposity; and may be more sensitive

than condition scoring for tracking weight gain or weight loss in individual animals.
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1 | INTRODUCTION
Obesity is a major problem amongst ponies and some breeds of
horses in many developed countries. Studies conducted in Australia,
the United States and the United Kingdom have found the prevalence
of obesity in horses and ponies in these countries to be in the range
of 23%-33%.1"* Obesity is commonly associated with altered meta-
bolic states, most commonly equine metabolic syndrome (EMS), and
therefore an increased risk of laminitis.>® Furthermore, many horse
and pony owners perceive their animals as being an ideal/healthy
weight when they may be obese or overweight.>”8

The most commonly used standardised practical field method of
assessing adiposity in horses and ponies is by body condition scoring
(BCS)’~*; however, it has become clear that these BCS systems have a
number of limitations that may cause inaccuracy. From a practical per-
spective, additional inaccuracies may also be caused by the necessity to
differentiate between condition scores by visual appraisal or manual pal-
pation (both subjective). For example, during winter the horse's thicker
coat can make visual appraisal difficult. Furthermore, the identification
of a condition score, especially at higher BCS, based on the Henneke 1-
9 BCS system provides rather vague descriptions which can make differ-
entiating between condition scores difficult, especially for assessors with
only basic horse knowledge. Measuring % body fat in live horses
requires invasive, rather complex and often expensive methods, such as
deuterium dilution.}? Despite offering a good indication of total skeletal
associated soft tissue and % body fat in animals at a stable BCS,
decreased sensitivity in predicting total body fat was found in very
obese animals on a weight loss regimen.*>!* In a weight loss study
where very obese ponies lost an average of 11.4% bodyweight, BCS
was not significantly altered, although belly girth (an objective morpho-
metric measurement) did decrease as it was suggested internal fat was
lost.*® Similarly the cresty neck score (CNS),*° although it may correlate
with measures of insulin dysregulation,'® is subjectively assessed on a
6-point scale so is not as sensitive to small changes as a neck circumfer-
ence measurement; and may be more of a feature in particular breeds.

A number of alternatives to the use of BCS, which use objective
measurements, have been explored. Imaging methods such as ultra-
sound measurements of subcutaneous fat depth as a predictor of %
body fat have not been shown to be very reliable.!” The body mass
index (BM) is used widely in humans to determine whether an individ-
ual's weight is within the healthy range, using the equation: BW (kg)/
height (m).2 This, therefore, takes into account the size of the subject's
frame. Applying the above formula to equate BMI to measure adiposity
in horses has demonstrated only a moderate correlation (* = 0.60)
between BCS and BMI in horses.’® In 2009, Carter et al. used the same

principal and compared it to a method used in cats: BMI = BW (kg)/

(length x height).>*>*? Again the correlation was rather poor. How-
ever, the validity of using these particular body mass indices, extrapo-
lated from the human BMI, for estimation of body fat percentage in
horses and ponies is questionable. The inclusion of bodyweight in a
BMI for horses may be inadvisable for two reasons. First, horses and
ponies vary a lot more in overall body size and conformation than
humans do, and therefore the weight of the skeleton may differ consid-
erably. Also, not only may muscle mass vary considerably with athletic
training (which is also a problem in man, with the human BMI overesti-
mating adiposity in well-muscled individuals),?° but also the great size
of the large intestine in horses means that gut fill also has a very big
and variable impact on apparent bodyweight. Second, access to weigh
scales would be a problem for the great majority of horse and pony
owners; therefore, most would have to rely on heart girth measure-
ments as an index of bodyweight, which can be rather inaccurate.?*
Objective scoring methods have been developed to estimate
bodyweight in various equine breeds.?? However, for the reasons out-
lined above, bodyweight does not necessarily correlate with adiposity
and it would be useful to have a body condition index (BCI) based on
morphometric measurements (objectively measured) which can be
used to estimate body fat percentage. The aims of the present study
were to derive a BCl based on objective morphometric measurements
that correlate well to % body fat as determined by a gold-standard
method (deuterium dilution) in a university research herd of ponies
and horses. Then to validate this index for inter-observer variation;
assess the correlation with % body fat in a different population of ani-
mals; and determine the correlation with BCS assessments in larger
populations from studies undertaken in Australia, the United Kingdom

and the United States using experienced BCS assessors.

2 | MATERIALS AND METHODS
2.1 | Part A: Derivation of the BCI
211 | Animals

Seven Standardbred horses, seven mixed breed ponies and seven
Andalusian horses were used in the derivation of the BCI. Further
details and phenotypic information have been provided previously.?®
These were all adult animals (age range 4-15 years) and included
10 mares and 11 geldings. Height measurements (to the withers) var-
ied between 117 and 167 cm, and length between 115 and 178 cm.
Initially, all animals began in moderate body condition. Then animals
were placed on a high-calorie ration (~200% of maintenance energy
requirements) for 20 weeks until the animals had reached between BCS
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7 and 8 out of 9.2% This was followed by a weight loss phase, which con-
cluded once animals reached moderate body condition (BCS 5/9) or the
12-week period ended.?* BCS was conducted using the Henneke scor-
ing system, as modified by Kohnke.?> Weight was measured weekly

using calibrated weigh scales (Horseweigh Ltd, UK).

2.1.2 | Morphometric measurements

Morphometric measurements including heart girth circumference
(HG), belly girth circumference (BG), mid-neck circumference (NC),
body length (L) and height to the withers (H) were obtained using
measuring tapes. The exact placement of the tape measure (important
for accuracy) is shown in Figure S1. Measurements were taken at the
beginning and end of the weight gain and weight loss periods, and

were always taken by the same investigator.

2.1.3 | Body fat estimation by deuterium dilution

The deuterium dilution method was used as a gold standard technique
for estimating % body fat. Briefly, animals were weighed on calibrated
weigh scales and then an initial blood sample was taken. Then deute-
rium oxide (Cambridge Isotope Laboratories) was administered intrave-
nously at a dose of 0.12 mL/kg bodyweight.'> Four hours after
administration, once the deuterium had equilibrated within all body
water compartments, a second blood sample was taken. Samples were
analysed for deuterium using isotope mass spectrometry (Iso-Analytical
Ltd), and the fat-free mass was calculated. Percentage body fat was
then calculated by subtraction from total body mass. This procedure
was undertaken before and after each weight gain or weight loss period.
Therefore there were 68 data sets with morphometric measurements
together with concurrent % body fat measurements by deuterium dilu-
tion, used to derive the BCI equation (2 phases of weight gain and

weight loss, each with 17 animals and 4 animals set aside as controls).

214 | Development of the BCI

The BCI formula expresses the overall outer circumference of the ani-
mal (weighted average of neck circumference, heart girth and belly
girth) for a given size of animal (i.e., divided by height and length). The
length measurement was included to give a more accurate estimation
of the size of the frame/skeleton of the animal. To assess the appro-
priate weighting for each of these measurements, these regression
coefficients were derived by the principle of Newton's method. This
method, used to find the roots of a nonlinear equation, was con-
ducted using the SOLVER function in MS Excel. For each iteration,
the difference between the BCl and % body fat (deuterium dilution)
was recorded for each horse and the sum of the squares of the differ-
ences (SSD) was calculated. More than 1000 iterations were per-
formed to derive the regression coefficients that resulted in the
lowest possible SSD value (i.e., BCI values as close as possible to
the body fat percentage).

2.2 | PartB: Validation of the BCI

221 | Correlation of BCl with % body fat

A plot of BCI versus % body fat was constructed, and the data points
were fitted to both linear and nonlinear regression equations, to
determine which gave the best fit. The goodness of fit was assessed
by comparing the sum of the squares. The BCl value was correlated
with % body fat and BCS using Pearson's correlation (GraphPad Prism
software version 5.0; GraphPad Software Inc.). Sample size calcula-
tions indicated that this number of data sets was clearly able to deter-
mine whether the correlation coefficient differed significantly from
zero, with an alpha value of 0.05 and a power of >90% (https://
sample-size.net/correlation-sample-size/). The BCl was also compared
to % body fat using Bland-Altman analysis, to examine the distribu-

tion of the differences across the range of adiposity.

2.2.2 | Comparing accuracy and variability of BCI
with BCS values obtained by trained but inexperienced
investigators

A study was undertaken to compare the accuracy and variability of
the BCI (an objective measure) with the BCS (a subjective assessment)
when undertaken by less experienced evaluators. The inexperienced
participants consisted of five final year Doctor of Veterinary Medicine
students. Although the students were used to observing and handling
horses, these observers were all inexperienced in BCS of horses using
the modified Henneke method (equivalent to typical horse owners).
Participants were provided with an instructional sheet visually demon-
strating how to take measurements and conduct BCS. Researchers
also demonstrated the measurements and areas of observation before
participants commencing; thereafter, they were unassisted while they
were actually taking their measurements. Eight Ponies, 8 Andalusians
and 8 Standardbreds were available for assessment, and each student
measured and assessed between 13 and 23 of these animals using
both methods (students were not available to measure all 24 animals
for logistical timetabling reasons). Values for BCS and BCI (calculated
in a Microsoft Excel spreadsheet from the input measurements)
obtained by the students were analysed to give a coefficient of varia-
tion, derived by expressing the SD as a % of the mean. Therefore, the
variability could be compared between the two methods of assess-
ment. Scores given by participants were then also compared to those
reported by two experienced observers, assessing during the

same week.

2.2.3 | Validation in a separate population of ponies
Morphometric measurements and % body fat were obtained from a
group of 16 Welsh ponies, as part of a separate study (investigators
PKM and CMcA).2¢ Measurements were obtained before and after an
11-week weight loss protocol, starting with obese body condition (>7
out of 9) and losing ~6% of bodyweight. Percent body fat was
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calculated using the deuterium dilution method in the same way as
described in Part A.

The BCI was calculated and correlated with the % body fat as
described above, giving a Pearson's correlation coefficient r value
(GraphPad Prism software version 5.0; GraphPad Software Inc.).

To determine ranges of the BCI that equate to certain levels of
adiposity, receiver operating characteristic (ROC) curve analysis was
undertaken from this data. This was based on an animal being consid-
ered ‘fat’ if its estimated body fat was >20% (which equated to a BCS
on the Kohnke-modified Henneke scale of 6.83)'” and ‘over-condi-
tioned’ if the estimated body fat was >15%.

2.3 | Part C: Comparison of BCl with BCS in large
cohorts of ponies and horses

Data from three large field studies were used to examine the correla-
tion between the BCl and BCS. The first study, conducted by the
Royal Veterinary College, London (investigators EK, PH and NMG)?”
involved 245 ponies of mixed breeds, including Irish, cob, Welsh,
Shetland, miniature and others. The second study was conducted
across 10 Pony clubs across Victoria, Australia.® This cohort of
233 animals included a mix of ponies (various breeds and crosses
including Shetlands, miniature ponies, Australian riding ponies and
British native breeds) and also horses, mostly including Standardbreds
and Thoroughbreds.1 The third study, conducted in the United States
by investigators BJM, PH and KK obtained morphometric measure-
ments from 115 horses and 11 ponies aged between 1 and
26 years.?® The horse breeds included various Warmblood breeds
(92 Warmbloods; the tallest 182 cm in height to the withers) and also
23 Thoroughbreds, and Thoroughbred crosses; and the ponies
included Welsh, Shetland and Welsh/Connemara crosses.

The BCI values were calculated from the morphometric data using
the BCI equation and BCS was assessed by the Kohnke modified
Henneke method. All investigators were very experienced in BCS. BCI
values were plotted against the body condition scores. The correlation
between BCl and BCS was assessed by calculating the Pearsons r value,

using GraphPad Prism software (Version 5.0; GraphPad Software Inc.).

3 | RESULTS
3.1 | PartA: Derivation of the BCI
3.1.1 | Body fat estimation by deuterium dilution

The deuterium dilution method gave values for % body fat in the Uni-
versity of Melbourne research herd of ponies and horses that ranged
from 4.1% to 12.8% in animals in moderate body condition, to 11.9%
to 20.2% in obese animals (BCS 7-8 out of 9). No animals had a BCS
>8 out of 9. These body fat values (undertaken by experienced inves-
tigators) correlated very well with body condition scores (Pearson
r value 0.82; P < 0.0001; Figure S2a).

3.1.2 | Development of the BCI

To assess the appropriate weighting for each of the morphometric
measurements used in the BCI equation, >1000 iterations were per-
formed to derive the regression coefficients that resulted in the low-
est possible SSD value (i.e., a single BCI equation which gives values
as close as possible to the body fat percentage, based on a range of
individual subjects, both at moderate and obese body condition). This

provided the final equation below:

(HG1.18 JrBGO‘98+NC1.31)
BCI= ( (H1.23+L1.01> )

5.10

3.2 | PartB: Validation of the BCI

3.21 | Correlation of BCl with % body fat

Applying this equation to 68 measurements from 21 different animals,
the BCI value correlated well with the % body fat, giving a Pearson
r value of 0.74 (P < 0.0001; Figure 1). Fitting the data points to both
linear and nonlinear regression equations, the goodness of fit assessed
by the sum of the squares was very similar for the two methods
(148.9 for the straight line fit vs. 149.8 for the curve). The BCl also
correlated well with the body condition score values (Pearson r value
0.74; P < 0.0001; Figure S2b).

The Bland-Altman analysis, comparing the BCI results with %
body fat in animals in moderate and obese body conditions, showed a
very small bias overall, of just 0.23 (+SD 3.25). However, the 95%
limits of agreement ranged from —6.14 to 6.60, and the plot indicated
that the BCI overestimated the % body fat in leaner animals and

underestimated the % body fat in more obese animals (Figure 2).
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FIGURE 1 Correlation between BCl and % body fat, measured by

deuterium dilution, in ponies and horses from Study 1 (University of
Melbourne) from which the BCI equation was initially derived,
including animals in moderate and obese body condition. The data
points were fitted to a linear and nonlinear regression equation, and
the goodness of fit assessed by the sum of the squares was very
similar for the two methods (148.9 for the straight line fit vs. 149.8
for the curve). The Pearson r correlation value was 0.74 (P < 0.0001).
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FIGURE 2 Bland-Altman plot comparing body fat assessed by
deuterium dilution and estimated by the BCI method, in ponies and
horses from Study 1 (University of Melbourne) from which the BCI
equation was initially derived, including animals in moderate and
obese body condition. The bias was 0.23 (+SD 3.25), however the
95% limits of agreement (dotted lines) ranged from —6.14 to 6.60,
and the plot indicated that the BCl over-estimates the % body fat in
leaner animals and under-estimates the % body fat in more obese
animals.

3.2.2 | Comparing accuracy and variability of BCI
with BCS values obtained by trained but inexperienced
investigators

Considering the average values for the body condition scores and
BCI obtained from the morphometric measurements taken by the
trained but inexperienced assessors (mean + SD BCS 6.09 + 0.82
out of 9; BCl 12.12 + 3.08), these values were very similar to
those obtained by the experienced assessors (mean +SD BCS
6.16 £ 0.78 out of 9; BCl 11.95 * 3.59). Therefore, over a large
number of animals, the inexperienced assessors were achieving a
reasonably correct assessment on average. However, when the
coefficient of variation was calculated, by expressing the SD as a %
of the mean, the variability in the BCS scoring values arrived at by
the inexperienced assessors was greater than the variability for the
BCI values (paired t-test; P = 0.002). The mean coefficient of
variation for body condition scores between assessors was 13.9%
(7.4 SD); whereas the mean coefficient of variation for the BCI
was 10.9% (+6.0 SD).

3.2.3 | Validation in a separate population of ponies
Using the morphometric measurements and % body fat data from a
group of 16 Welsh ponies in both moderate and obese body condi-
tion, separate from the initial study (investigators PKM, PH and
CMCcA), also showed a good correlation between the BCl index (calcu-
lated using the same equation as above) and the % body fat
(calculated by deuterium dilution; Figure 3). The Pearson r correlation
value was 0.73 (P < 0.0001) and fitting the data points to both linear
and nonlinear regression equation again gave a very similar goodness
of fit (sum of the squares was 1459 for the straight line fit vs. 1477

for the nonlinear curve fit).
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FIGURE 3 Correlation between BCl and % body fat, measured by
deuterium dilution, in ponies and horses from Study 2 (SRUC) from
which the BCI equation was subsequently validated, including animals
in moderate and obese body condition. The data points were fitted to
a linear and nonlinear regression equation, and the goodness of fit
assessed by the sum of the squares was very similar for the two
methods (1459 for the straight line fit vs. 1477 for the curve). The
Pearson r correlation value was 0.73 (P < 0.0001).

The correlation between BCI and BCS in these Welsh ponies was
also very good, giving a Pearson r correlation value of 0.79
(P < 0.0001; Figure S3). However, in this case the goodness of fit
assessed by the sum of the squares was slightly better for the non-
linear equation (1077) than for the straight line fit (1165).

ROC curve analysis suggested that a cut-off BCl value of 21.7
would be most appropriate for designating an animal as ‘obese’ (esti-
mated body fat >20%), with a test sensitivity of 79.4 and specificity of
81.3 (Figure S4a). Designating a % body fat of >15% as being ‘over-
conditioned’, this would correspond to a BCl greater than 18.0 (sensi-
tivity 84.0% and specificity 87.5%; Figure S4b).

3.3 | Part C: Comparison of BCl with BCS in large
cohorts of ponies and horses

Because of differences that became apparent in the relationship and
correlation of the BCI values with BCS values in the data from differ-
ent types of animals (particularly in Shetlands and miniature ponies
vs. other pony breeds; and a weaker correlation in larger horse
breeds), the data from the three large field studies (measured in
exactly the same way) were pooled and categorised to allow evalua-
tion separately of the data from the horses (>14.2 h), pony breeds
(excluding Shetlands and miniature ponies) and Shetlands plus minia-

ture ponies.
3.3.1 | Pony breeds (excluding Shetlands and
miniature ponies)

Accurate morphometric data for the BCI, plus BCS assessment by

experienced assessors using the same modified Henneke method, was
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Body condition index (BCI)

Pearsonr = 0.74*
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FIGURE 4 Correlation between BCl and BCS in pony breeds
(excluding Shetlands and miniature ponies) from Studies 3-5. The
data points were fitted to a linear and nonlinear regression equation,
and the goodness of fit assessed by the sum of the squares was not
significantly different comparing the nonlinear equation (1836) with
the straight line fit (1861). The Pearson r correlation value was 0.74
(P < 0.0001).

available from 341 mixed breed ponies. The correlation between BCI
and BCS was highly significant (Pearson r correlation value 0.74;
P < 0.0001; Figure 4). The goodness of fit assessed by the sum of the
squares was not significantly different comparing the nonlinear equa-
tion (1836) with the straight line fit (1861), suggesting a linear
relationship.

3.3.2 | Horse breeds

BCI values were calculated from morphometric data from 216 horses
and correlated with BCS assessment (Figure 5). The relationship was
again linear, with the goodness of fit assessed by the sum of the
squares not significantly different comparing the nonlinear equation
(694) with the straight line fit (702). The Pearson r correlation value
(0.56) was still highly significant (P < 0.0001), although weaker than
the pony data.

3.3.3 | Shetlands and miniature ponies

Data were available from a total of 48 Shetlands and miniature horses
from the three studies (Figure 6). The relationship was linear (good-
ness of fit assessed by the sum of the squares not significantly differ-
ent comparing the nonlinear equation [1538] with the straight line fit
[1624]) and the Pearson r correlation value was 0.71 (P < 0.0001).
However, on closer inspection of the data on the graph, there
appeared to be several individual animals with BCI values indicating a
body fat % around 30%-35% (over a range of body condition scores
between 4 and 9) and one >50%. Furthermore, although the overall
Pearson correlation was significant, the slope of the line was quite dif-
ferent compared to the other pony breeds (the line was close to 40%
body fat at BCS 9, compared to 20% body fat for other pony breeds).
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FIGURE 5 Correlation between BCl and BCS in horse breeds

from Studies 3-5. The data points were fitted to a linear and
nonlinear regression equation, and the goodness of fit assessed by the
sum of the squares was not significantly different comparing the
nonlinear equation (694) with the straight line fit (702). The Pearson

r correlation value was 0.56 (P < 0.0001).
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FIGURE 6 Correlation between BCl and BCS in Shetland and
miniature pony breeds from Studies 3-5. The data points were fitted
to a linear and nonlinear regression equation, and the goodness of fit
assessed by the sum of the squares was not significantly different
comparing the nonlinear equation (1538) with the straight line fit
(1624). The Pearson r correlation value was 0.71 (P < 0.0001).

4 | DISCUSSION
The current work developed an objective index, based on simple mor-
phometric measurements, which can be used to estimate body fat
percentage in ponies and horses within 3-8 on the Henneke BCS
scale. A version of the BCI was first developed by Potter et al. but it
did not include body length and was developed using empirical rather
than mathematical methods.?? The current BCI, including body length,
used mathematical methods to optimise the correlation to % body fat
as determined by a gold-standard method (deuterium dilution). The
correlation was optimised as far as possible, given that: (1) it was
based upon external body measurements, and (2) that it was designed
to be applied to both ponies and horses.

The deuterium dilution method gave values for % body fat in the

research herd of ponies and horses that correlated well with body
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condition scores (assessed by experienced investigators). It has previ-
ously been shown that, up to a BCS of 7, this method (BCS) can be
very good at predicting total body fat when undertaken by experi-
enced assessors and with animals at a stable bodyweight; but is not
so accurate for monitoring weight loss in very obese animals.*? It
should be noted that unlike some other studies in obese equids,
where a significant proportion were >BCS 8 out of 9, the animals in
the present study were not intended to exceed BCS 7 out of
9, although a number of them achieved condition scores between
7 and 8. This was part of a broader diet study where the rate of
increase of adiposity was being compared in different breeds, and the
effects on insulin sensitivity. Therefore the study protocol was dic-
tated by the requirements of that study. Furthermore, the animal
ethics requirements were such that supplementary feeding with the
high-calorie diet had to be discontinued once the animals reached
BCS 7/9. Therefore severely obese animals were not included in the
derivation of the BCI formula. Internal body fat has been shown to
increase in a nonlinear relationship with BCS, with the slope steepen-
ing further up the BCS scale; and therefore the difference in body fat
change between BCS 8 and BCS 9 may be considerable.** For the cur-
rent BCI formula, based upon external morphometric measurements,
it was not expected that it would necessarily accurately reflect
changes in internal body fat. Therefore, focussing on the range up to
BCS 8 was considered reasonable. Furthermore, the slight overlap in
% body fat (determined by deuterium dilution) between animals with
a moderate BCS and those with an obese BCS almost certainly
reflects the potential discrepancy between the degree of internal adi-
posity and the amount of subcutaneous adiposity assessed by
the BCS.

The BCI formula expresses the overall outer circumference of the
animal (weighted average of neck circumference, heart girth and belly
girth) for a given size of animal (i.e., divided by height and length). The
inclusion of the belly girth measurement in the BCI may partially help
to reflect the amount of internal abdominal fat (although it will also
change with subcutaneous fat around the belly area and also any
change in muscle tone of the abdominal muscles, e.g., in pituitary pars
intermedia dysfunction). The heart girth measurement is familiar to
those owners estimating weight using a weight tape; and also is
intended to assess the subcutaneous fat which may accumulate
behind the shoulder. Regional adiposity, characteristic of EMS, would
be expected to include a cresty neck (increased neck circumference)
and also regional fat behind the shoulder.'®> However, generalised
over-conditioning would tend to increase both the heart girth and
belly girth measurements, and therefore this BCl was intended to be
applicable to both EMS-prone breeds and breeds that do not typically
exhibit this phenotype.

To assess the appropriate weighting for each of these measure-
ments, these regression coefficients were derived by the principle of
Newton's method, used to find the roots of a nonlinear equation. The
final equation gave a fairly equal weighting to each of the morpho-
metric parameters, suggesting that no one parameter was more
important than the others. This contrasted slightly with the findings of

|13

Dugdale et a who found that the belly girth measurement

correlated better with changes in adiposity than heart girth or neck
circumference; however, they were using ponies that were originally
in a more obese condition than those used to derive the equation in
the present study.

The BCl value correlated well with the % body fat, and also corre-
lated well with the BCS values. Also the body condition scores corre-
lated well with the % body fat; but it should be noted that the BCS
was undertaken by experienced investigators. However, it was impor-
tant also to directly compare the BCI results with % body fat in ani-
mals using Bland-Altman analysis to evaluate bias and the pattern of
mean difference. While there was a very small bias overall, the 95%
limits of agreement were larger and the plot indicated that the BCI
tended to overestimate the % body fat in leaner animals and underes-
timate the % body fat in more obese animals. As discussed above, this
is entirely to be expected, because more obese animals would be
expected to put on considerable amounts of intra-abdominal fat, and
any index using external morphometric measures cannot completely
account for this fat. However, the correlation between BCl and %
body fat and Bland-Altman parameters did not improve even when
an increased weighting was applied to the belly girth measurement. A
range of increased weightings (exponents of 1 up to 3) were applied
to the belly girth measurement, but none of those values gave any
improvement in correlation between BCl and % body fat, and 0.98
was found to be optimal.

The average values for the BCS (a subjective measurement) and
BCI (objective measurement) obtained from the morphometric mea-
surements taken by the trained but inexperienced assessors were sim-
ilar to those obtained by the experienced assessors, which showed
that the inexperienced assessors (albeit with some anatomic knowl-
edge) were achieving a reasonably correct assessment on average,
even with the BCS; but this was on average over a large number of
animals. However, it should be acknowledged that the inexperienced
assessors did vary between each other when determining the BCS in
some individual horses and ponies, and some individual assessors dif-
fered considerably from the experienced assessors. The coefficient of
variation demonstrated that the variability in the BCS scoring values
arrived at by the inexperienced assessors was greater than the vari-
ability for the BCl values (13.9% vs. 10.9%). This suggests that the BCI
index, being an objective measure, should be more consistent and
reproducible than the BCS when performed by the majority of horse
and pony owners. It has been shown that many horse and pony
owners tend to significantly underestimate their animals' body condi-
tion.2” This may be for various reasons, including being exposed to
images of ‘show condition’ animals in magazines/websites and also
not being able to identify subtle changes in condition of their animals
over time as they increase in adiposity. Therefore an objective mea-
sure that changes incrementally with small changes in body circumfer-
ence may have significant advantages over BCS in some situations.

For further validation of the BCI, we were fortunate to have mor-
phometric measurements and % body fat data (also obtained by deu-
terium dilution) available from a group of 16 Welsh ponies in both
moderate and obese body condition, that represented a different

cohort of animals from those used to derive the index. Applying the
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BClI to this cohort also showed a good correlation between this index
and the % body fat, with a linear relationship. As a sense-check, the
correlation between BCl and BCS in these Welsh ponies was also very
good. However, because breeds vary so much in size and shape, it
was necessary to evaluate the BCl in larger cohorts, including as wide
a range of body sizes and types as possible.

The relationship and correlation of the BCI values with BCS
values in the data from Shetlands and miniature ponies appeared to
vary from the other breeds when they were included in the analysis of
mixed breed populations. Therefore, the Shetlands and miniature
ponies were evaluated separately and the data from the other pony
breeds and the horses from the three large field studies (measured in
exactly the same way) were pooled. There was a highly significant cor-
relation between BCIl and BCS in the large cohort of mixed breed
ponies, with an apparently linear relationship. A similar relationship
was found in the horse breeds, although the Pearson r correlation
value (0.56) was weaker than the pony data. However, the fact that
most of these animals were in the moderate BCS range of 4.5-6.5,
with very few at BCS 7 or above, meant that most of the points were
centred in the middle of the graph, therefore any correlation was
going to be more difficult to establish accurately. More studies includ-
ing more horses with obese and/or very low body condition score
would be warranted to determine whether that would give an
increased r correlation value. Another consideration with horses is
that they are more likely to be used for athletic purposes, and fit
horses are likely to have more muscle and much less body fat. This
may affect any index of adiposity based on morphometric measure-
ments and could also affect body condition score.*! The 9-point Hen-
neke body condition score was originally developed for the
assessment of Quarterhorse broodmares’; and although widely used
it has been recognised that it may not be appropriate for other types
of horses (a version has also been developed for warmblood horses).*°
A separate subjective muscle scoring system, or objective index based
on morphometric measurements or ultrasonographic or impedance
measurement, would be more appropriate for horses undergoing ath-
letic training.2°~3? And a muscle scoring system has also recently been
developed for animals exhibiting muscle atrophy.3?

There may also be differences in body shape causing differences in
relative morphometric measurements between heavy vs. light horse
breeds. Therefore, measurements may not reflect the same degree of
adiposity. For example, Andalusian horses tend to be heavier in frame
than Thoroughbreds, Standardbreds or Arabian horses. Also, they are
more likely to develop a cresty neck and exhibit regional adiposity (simi-
lar to ponies), because they commonly tend to exhibit insulin dysregula-
tion and signs of EMS.3* Specific morphometric measurements and their
relationships have been determined for the Andalusian horse breed.®” It
was important in the present study that Andalusian horses as well as
Standardbreds were included in the original cohort from which the BCI
was derived, representing both types. However, potential differences in
breed characteristics need to be considered when interpreting the BCI,
and ultimately may require an optimisation for particular breeds.

The development of a cresty neck is typical of EMS-prone breeds,

including ponies, Andalusian horses and other Spanish originating

breeds; and as such it may be predictive of insulin dysregulation.'®
However, the cresty neck score, developed by Carter et al.,'® is asso-
ciated with similar issues to condition scoring, in that it is subjectively
evaluated and may not reduce very much in early weight loss. Again it
is a very effective tool for experienced evaluators, but may not be as
accurate when performed by horse or pony owners. Since the BCI
does incorporate the neck circumference, neck adiposity is taken into
account. In the present study, the BCl significantly correlated with the
cresty neck score, with an r value of 0.67 (Figure Séa). There was a
slightly better correlation between BCS and cresty neck score
(r = 0.8; Figure S6b), although all of these assessments were carried
out by an experienced investigator.

Shetlands and miniature horses appeared to demonstrate quite a
different relationship between the BCl and BCS values. Noting the
scale of the Y axis of the graph, the slope of the line was quite differ-
ent compared to the other pony breeds and the BCI values indicated
very high-body fat percentages for the equivalent BCS values.
Although Shetlands and miniature horses can get quite obese, it is
unlikely that for a particular body condition score these breeds would
have a dramatically higher % body fat than other pony breeds. It is
more likely that other factors of body shape affected the BCI. These
breeds clearly exhibit shorter limbs and therefore reduced height in
relation to their body circumference. However, the reason for the
increased BCI values that appeared as obvious outliers compared to
other pony breeds could not be attributed to height alone. The rela-
tive proportion of neck, heart girth and belly circumference to each
other, and to length, differed in these breeds; and it is likely that a
separate BCl would need to be derived specifically for them. There
were no purebred Shetland or miniature ponies in the research herd
from which our BCl was derived; and performing additional deuterium
dilution experiments on a separate cohort of Shetlands or miniature
ponies was outside the scope of the current study.

Regarding the interpretation of the BClI, since it does not necessar-
ily equate to the % body fat in all circumstances, it may be useful to con-
sider some ranges for the index that equate to a certain level of
adiposity. One definition of a horse being ‘fat’ is if its estimated body
fat is >20% (which equated to a BCS on the Kohnke-modified Henneke
scale of 6.83).2” There were few animals in the first study (Part A) with a
deuterium dilution % body fat value of >20%, and therefore the Welsh
pony cohort from Part C was used. The values from the ROC curve
analysis provide practical cut-off values for indicating to owners when
animals may be considered obese or ‘over conditioned’; however, these

values would be for guidance only, due to individual variation.

5 | LIMITATIONS OF THE STUDY

Single measurements for the BCI were taken by an experienced investi-
gator in each section of the project. However, repeatedly taking mea-
surements to make an average might have improved accuracy. In many
cases, the tape was repositioned several times to get it absolutely in the
right orientation and location. However, we did not formally record mul-

tiple values to obtain an average and therefore we cannot say whether
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this would have improved the accuracy in a significant way. Further-
more, it was not possible to calculate a coefficient of variation for com-
paring BCl and BCS measurements by experienced assessors, because
only two expert personnel were available at the one time.

The significant increase in internal body fat that occurs between
BCS 8 and 9 may be metabolically important, but it may need to be
accepted that no condition index or scoring system based on external
measurements could accurately reflect the degree of internal body fat
at that extreme end of the scale. Therefore, from a practical perspec-
tive, determining ‘cut-off’ values using ROC curve analyses (see
above and Figure Sé6a,b) to indicate a BCl value above which an animal
would be considered obese (so that appropriate dietary countermea-
sures can be taken) was thought to be the best approach.

6 | CONCLUSION

The BCI derived in the present study was able to apply objective mor-
phometric measurements to correlate with % body fat, as determined
by a gold-standard method (deuterium dilution) in a primary cohort of
ponies and horses. This index compared favourably with BCS in terms
of accuracy of estimating adiposity; however, being based on objec-
tive measurements it was more consistent and repeatable than BCS
when used by inexperienced assessors. Therefore the BCI may be a
useful measure to use when horse owners are assessing body condi-
tion or adiposity in their animals, and it may also be more useful and
sensitive than condition scoring for tracking weight gain or weight
loss in individual horses or ponies. However, it should be acknowl-
edged that the index appeared to overestimate % body fat in
Shetlands and miniature ponies, perhaps due to their different body
shape, and further work may be required to adapt the BCI to one that

is more applicable for these breeds.
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