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Abstract

A meta-analysis was conducted to determine the maintenance energy requirements of adult dogs. Suitable publications
were first identified, and then used to generate relationships amongst energy requirements, husbandry, activity level,
methodology, sex, neuter status, dog size, and age in healthy adult dogs. Allometric equations for maintenance energy
requirements were determined using log-log linear regression. So that the resulting equations could readily be compared
with equations reported by the National Research Council, maintenance energy requirements in the current study were
determined in kcal/kg®”> body weight (BW). Ultimately, the data of 70 treatment groups from 29 publications were used,
and mean (*+ standard deviation) maintenance energy requirements were 142.8+55.3 kcal.kgBW °”>.day~'. The
corresponding allometric equation was 81.5 kcal.kgBW~°?3>.day™" (adjusted R*=0.64; 70 treatment groups). Type of
husbandry had a significant effect on maintenance energy requirements (P<<0.001): requirements were greatest in racing
dogs, followed by working dogs and hunting dogs, whilst the energy requirements of pet dogs and kennel dogs were least.
Maintenance energy requirements were less in neutered compared with sexually intact dogs (P<<0.001), but there was no
effect of sex. Further, reported activity level tended to effect the maintenance energy requirement of the dog (P=0.09). This
review suggests that estimating maintenance energy requirements based on BW alone may not be accurate, but that
predictions that factor in husbandry, neuter status and, possibly, activity level might be superior. Additionally, more
information on the nutrient requirements of older dogs, and those at the extremes of body size (i.e. giant and toy breeds) is
needed.

Citation: Bermingham EN, Thomas DG, Cave NJ, Morris PJ, Butterwick RF, et al. (2014) Energy Requirements of Adult Dogs: A Meta-Analysis. PLoS ONE 9(10):
€109681. doi:10.1371/journal.pone.0109681

Editor: Antonio Gonzalez-Bulnes, INIA, Spain
Received May 15, 2014; Accepted September 8, 2014; Published October 14, 2014

Copyright: © 2014 Bermingham et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Data Availability: The authors confirm that all data underlying the findings are fully available without restriction. All relevant data are within the paper and its
Supporting Information files.

Funding: This review was funded by the WALTHAM Centre of Pet Nutrition (http://www.waltham.com). Further, employees of the funding body (RJB, PJM) are
included authors. Although these authors participated in the initial discussions regarding the project, and reviewed the manuscript, they were not directly
involved in performing the literature review, or in deciding on which publications and treatment groups to include.

Competing Interests: ENB is an employee of AgResearch Ltd and was contracted by WALTHAM Centre for Pet Nutrition during the course of the study. RJB and
PJM are employed by the WALTHAM Centre for Pet Nutrition. AJG's Readership is funded by Royal Canin. These competing interests do not alter the authors’

adherence to PLOS ONE policies on sharing data and materials.

* Email: ajgerman@liv.ac.uk

Introduction

In 2006, the National Research Council (NRC) published the
latest version of the Nutrient Requirements of Dogs and Cats, in
which there was considerable detail on maintenance energy
requirements of dogs [1]. Based upon a review of the available
literature at the time, maintenance energy requirements for adult
pet dogs varied between 95 and 200 keal/kg””® depending on
breed, activity level or husbandry type (i.e., laboratory or home)
[1]. Since then, further studies have been published concerning
energy requirements of dogs [2,3,4]. Determining the energy
requirements of pet dogs is a particular challenge, since data from
other populations, particularly those from dogs in kennelled
environments, are not representative [1]. As a consequence, a
number of recent studies have specifically estimated maintenance
energy requirements in populations of pet dogs [3,5,6,7,8].

All studies, both recent and historical, have their place and can
provide a valuable contribution. However, limitations were also
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identified, such as the husbandry of the animals in the study (e.g.,
colony dogs vs. pet dogs), the signalment of the dogs (i.e., the breed
size, age range, sex, and neuter status), activity levels, and the
method of measuring energy requirement. When studies are taken
in isolation, these limitations can introduce experimental bias, and
can affect the way in which the results are interpreted. Meta-
analysis is an advanced statistical procedure whereby the results of
multiple experiments are combined in order to minimise the
effects of bias in the individual studies [9]. The resultant dataset is
larger, making the findings more robust, and differences in
experimental conditions amongst individual studies can be offset,
increasing the accuracy of extrapolation to the wider population.
Meta-analyses are now commonplace in medical science, and have
rapidly become an important tool to help clinicians to determine
the best clinical information, to assist healthcare policy makers
when assessing the risks and benefits of interventions, to help
funders in deciding whether new research in a particular field is
warranted, and to assist the editors of scientific journals to
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determine if there is a need to publish a new manuscript in a
particular field [10]. Although most commonly used to determine
the efficacy of therapeutic interventions, the principles can readily
be used to assess other scientific questions on which sufficient
published data exist.

Recently, a meta-analysis was conducted examining mainte-
nance energy requirements of cats [11]. Its key finding was that the
maintenance energy requirements reported by the NRC [1] over-
estimate the true energy requirements of the domestic cat. It also
highlighted that maintenance energy requirements are inaccu-
rately predicted if based upon body weight (BW) alone, with age,
sex and neuter status of the cat also affecting requirements [11].
However, to the authors’ knowledge such an approach has not
previously been undertaken to examine maintenance energy
requirements of dogs. Therefore, the objective of the present
review was to conduct a meta-analysis of the energy requirements
for maintaining BW in adult domestic dogs, and specifically pet
dogs, in order to (a) determine predicted differences in energy
requirements with BW, and (b) determine the factors that
influence the requirements. For ease of comparison with the
NRC [1], we have reported energy requirements in kcal/kg BW,
rather than using System Internationale units (M]/kg BW).

Materials and Methods

Study protocol

This study was a meta-analysis of publications concerning
metabolisable energy requirements for maintenance (also known
as: maintenance energy requirements) in adult dogs, and has been
reported in accordance with the Preferred Reporting Items for
Systematic reviews and Meta-Analyses (PRISMA) statement [12]
with reference to the explanation and elaboration document [10].
Two of the authors (EB, AG), met in November 2012 to
conceptualise the study and agree in advance on protocol. This
information was subsequently shared with and agreed by all
authors before proceeding. Although the protocol of the current
study was not made publically available prior to the study, the
approach was similar to a meta-analysis published recently on
energy requirements of domesticated cats [11].

Information sources and searches

The primary author (EB) searched the scientific literature
electronically in order to identify publications that estimated the
maintenance energy requirements of healthy, adult, domesticated
dogs. Online resources searched included OVID databases
(Medline, BIOSIS, FSTA, CAB Abstracts)) SCOPUS, and
PUBMED. The search terms used to identify suitable publications
are listed in Table 1, and included relevant terms covering dog,
energy, maintenance energy requirements, obesity, and weight loss

Table 1. Search terms.

Adult Dog Energy Requirements

and gain. The electronic searches commenced on 13/11/2012,
and the last search was performed on 26/11/2012.

Eligibility criteria

A ‘publication’ was defined as a distinct piece of published work,
be it full paper or research communication (abstract) at a scientific
meeting. The term ‘treatment group’ was defined as a distinct
group of dogs within a publication. Groups of dogs within a
publication could include those with differing baseline character-
istics (e.g., breed), husbandry type (e.g., racing [including sight
hounds and arctic breeds], working, hunting, kennel, or pet),
activity (e.g., resting, low, moderate, or high), or method used to
determine maintenance energy requirements. The authors of each
publication defined the treatment groups. Only publications in the
English language were considered, but no date limits were set for
inclusion. To maximise the number of publications available,
original prospective studies using a variety of study types were
allowed, including prospective cohort studies, observational
studies, and case-control studies. However, maintenance energy
requirements based on survey data (e.g., information gathered by
questionnaire) were not included, in view of concerns with the
reliability of such data [13,14,15]. In addition, various experi-
mental designs were allowed, including single group, parallel
group, crossover, and Latin square designs. Further, various
methods for estimation of metabolisable energy were allowed
including feeding experiments (FE), indirect calorimetry (IC), and
tracer studies including doubly-labelled water (DLW). Whilst
methodologies, such as ICG and DLW, estimate of energy
expenditure rather than energy requirements per se, for the
purpose of this meta-analysis, it was assumed that these estimates
approximated one another. In the case of FE studies, in order to
be certain that the reported energy requirements truly represented
maintenance energy requirements, only studies of greater than 7
days duration, with a maximum allowed variation in BW of =5%,
were included [16]. Given that pathological conditions might
influence maintenance energy requirements, publications were
only included if dogs were free from disease, and were not
overweight (e.g., BCS<<6/9 [BCS<4/5]). Finally, publications
where the primary focus of the research was on the method of
estimation itself (e.g., method validation studies) were not included,
since this focus might have had an undue influence on the results
generated. For most groups, activity level was subjectively classed
as low (<lh/day), medium (1-3 h/day), high (>3 h/day) based
upon previously defined criteria [17]. However, activity levels were
classed as ‘resting’ when activity was deemed to be negligible,
based upon the fact that measurements were made either when
lying still in lateral recumbency, or when cage rested.

Maintenance energy requirements
Obesity
Weight loss or gain

Term Sub-terms
Dog* Pet, working, police, farm, colony, laboratory
Energy* Requirements, expenditure, intake

*Denotes ‘wild card’ search.
doi:10.1371/journal.pone.0109681.t001
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through database
searching

102 records identified

J [oenTIFicATION |

l

and recent

104 records after
duplicates removed

publications added

SCREENING

\

39 records screened

65 records excluded
because eligibility

criteria clearly not met

54 treatment groups

39 publications
containing 124

ELIGIBILITY

(Table 2)

treatment groups full-
text articles included in
qualitative synthesis

excluded for the following
reasons:

No bodyweight data (32)
Overweight / obese dogs (10)
Data in graphs only (5)
Survey data (5)

— l

Bodyweight unstable (1)
Data outliers (1)

29 publications

synthesis

containing 70 treatment
groups full-text articles
included in qualitative

|

INCLUDED

29 full-text articles
containing 70 treatments
included in quantitative
synthesis (meta-analysis)

Figure 1. Summary of database searching and inclusion of final groups.

doi:10.1371/journal.pone.0109681.g001

Study selection and data collection process

The primary author (ENB) reviewed all publications identified
from the electronic search, and assessed study eligibility in a
standardised, unblinded, manner. A copy of all eligible publica-
tions was first obtained, either as a portable document format
(PDF) file, or as a photocopy of the original paper document. If the
primary author could not access the material, a second author,
who worked at a different academic institution (AJG), then
attempted to access it. If neither of the authors could access the
publication, the corresponding author was contacted, and a copy
requested. A decision was made to contact each corresponding

PLOS ONE | www.plosone.org 9

author twice, and the publication was deemed to be unavailable if
there was either no response or the request was refused.

The primary author extracted relevant data from all eligible
publications that were available. This included dog-specific
information, environmental information, and information re-
quired for maintenance energy requirement calculations (Table 2).
Dog size (breed size; toy, small, medium, large, giant; determined
by breed of the dog) was allocated according to the criteria
described previously [18,19]. Biological age was defined as a
function of chronological age and breed, since smaller dogs
typically have longer life expectancy compared with giant breeds
[19,20]. Given that body condition score was only reported in 4
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SD
33.1
16.8

146.9
1311

MER (kcal.kgBW °7°.day ")
Min Max

4.5

85.9

Mean
103.1
117.3

SD
11.0

5.2

MER (kcal.kgBW '.day ")

Mean Mi Max
29.7 62.0
46.5 61.1

47.0
54.7

SD
8.6
89

Max
32.0
31.5

1.7

BW
Mean Min
226 10.9
224

SD
615
492

1958
1695

Max

Min
338
544

MER (kcal.day ")

Sub-group N Mean
10 1140
6 1226

Tracer

'Size subjectively scored as toy, small, medium, large, and giant, using the criteria of Hawthorne et al 2004 [18] and Hosgood & Scholl 1998 [85].

Table 3. Cont.

Factor
IC

2For most groups, activity level was classed as low (<1 h/day), medium (1-3 h/day), high (>3 h/day) based upon the criteria of Butterwick and Hawthorne (1998) [7]; however, activity levels were classed as ‘resting’ when

measurements were taken either when lying still in lateral recumbency or when cage rested. BW: body weight; DLW: doubly-labelled water; F: female; FE: feeding experiment; I: intact; IC: indirect calorimetry; MER: maintenance

energy requirement; M: male; Mix: study contains a mix of sexes or different neuter status; N: number of treatments; Neu: neutered; SD: standard deviation.

doi:10.1371/journal.pone.0109681.t003
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publications [4,21,22,23], and was never abnormal (2/9<BCS<
6/9 [1/5<BCS<4/3]), this information was not included in the
final dataset. Data were entered into a computer spreadsheet
(Excel version 2010, Microsoft, Redmond, USA). The daily
maintenance energy requirements of all publications were plotted
against bodyweight in order to assess any outliers in the data set; a
decision was made, based on eligibility criteria, whether or not to
include the publications and their treatment groups, and outliers
were removed from the dataset at this point (Table 2). All
decisions regarding inclusion of each publication and treatment
group were subsequently reviewed and verified by a second author
(AJG). Any discrepancies, errors or omissions were resolved by
consensus between the two authors.

Data handling and statistical analysis

The primary author conducted all statistical analyses using
computer software (Microsoft Excel 2010, and GenStat 15
Edition SP1). All data are reported as mean (standard deviation,
SD or standard error, SE) or median (range), as appropriate. Data
were tested for normality, by assessing residual plots of the data,
and were found to be of normal distribution. The level of statistical
significance was set at P<<0.05 for two-sided analyses.

In order to account for any inter-publication variability a
weighted mixed model analysis using restricted maximum
likelihood (REML; GenStat Version 15) was used, where the
weights for each observation were inversely proportional to the
stated standard deviation (1/SD) quoted in the publication. An
average standard deviation of all the data was used if the standard
deviation (or alternate measure of error, e.g., SEM, SE) was not
published. The publication was considered to be a random effect
in the model, whilst fixed effects included activity level, sex, neuter
status, method, age-range, husbandry and size.

The allometric equation Y =aBW" were used to determine the
relationship between the amount of metabolisable energy required
for maintenance and the bodyweight. In this equation, Y=
metabolisable energy required for maintenance (kcal), BW =
bodyweight (kg), and b = the allometric exponent [24]. Addition-
ally, a regression model was used to determine the relationship
between log BW (log kg) and log maintenance energy requirement
(log kcal/d) [24]. In order to report data on a “kcal.kgBW™'”
basis, the log data generated by Genstat were back-transformed
using the inverse of log-basel0. Data are, therefore, expressed as
an energy equivalent (the coefficient), and the algometric exponent
which is used to adjust BW, and the adjusted R value (a measure
of fit of the model). For all equations, a subjective assessment of the
suitability was made based upon the adjusted R? value, with values
<0.50, 0.50-0.70, and>0.70 representing poor, moderate and
reasonable fit for the model, respectively.

Results

Study selection and study characteristics

After adjusting for duplicate records, the initial searches
identified a total of 102 publications, with an additional two
publications identified from interactions at conferences [4,6]
increasing the dataset to 104 publications (Figure 1). Abstracts
and titles of these publications were reviewed, and 65 were
discarded because they did not meet the eligibility criteria.
Therefore, 39 papers that contained appropriate subject matter
remained (Table 2). The primary author was able to locate full
text versions of all but 13 of these publications, 8 of which were
successfully located by a second author (AG). The corresponding
authors of the remaining 5 publications were then contacted, by
email and, for each one, full-text copies were successfully accessed
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and included in the analysis. The primary author then screened all
39 publications, in detail, for relevance and 124 treatment groups
were identified (Table 2). This was reduced to 29 publications and
70 treatment groups after the removal of 54 treatment groups
(Figure 1), most commonly because the publication did not
include bodyweight data (32 treatment groups). The remaining
treatment groups were removed because dogs were classed as
overweight or obese (10 treatment groups), data were reported in
graphical form only (5 treatment groups), maintenance energy
requirements were based on survey data (5 treatment groups),
bodyweight was unstable (1 treatment group), or because the
publications were deemed to be outliers (1 treatment group with
energy requirements of 11257 kcal/day [25]). Therefore, the final
dataset comprised a total of 29 publications, with 70 treatment
groups, and comprising a total of 713 dogs (Spreadsheet S1). The
median study duration was 56 days (range 0.3 to 2920 days); the
study with the shortest duration was an indirect calorimetry study
[26]. In this final dataset, energy requirement was determined by
FE (39 treatment groups), DLW (15 treatment groups), other
tracer studies (6 treatment groups), or by IC (10 treatment groups).
For the feeding studies, maintenance energy requirement was
determined from the amount of food consumed and the
metabolisable energy content of the diet. For this, metabolisable
energy content was measured by feeding trials and bomb
calorimetry (8 treatment groups) as previously described [27,28],
or calculated from proximate analysis of the diets and use of
predictive equations using modified Atwater factors (29 treatment
groups). In the remaining two treatment groups, the method by
which maintenance energy requirement was determined was not
given.

Dogs

Signalment. Age data were reported for 44 treatment groups.
Median age was 4.1 years (range 1.6-12.4 years; Table 3). Most
treatment groups were classified as young adult dogs (33 treatment
groups), with lesser numbers classified as adult (9 treatment
groups) and old (2 treatment groups) dogs (Table 3). Twenty-six
treatment groups did not specify the age of the dogs studied
(Table 3). As indicated in Table 2, the majority of publications
either did not report the sex or neuter status of the dogs used, or
used a mixed group (42 publications for sex and 61 publications
for neuter status). Twenty treatment groups were female only,
whilst 8 were male only. For neuter status, 7 treatment groups
comprised only intact dogs, whilst 2 treatment groups comprised
only neutered dogs. A range of breeds were represented in the
various treatment groups including Beagle (16 treatment groups),
Border collie (8 treatment groups), Brittany spaniel (6 treatment
groups), English springer spaniel (2 treatment groups), German
short-haired pointer (2 treatment groups), Great Dane (1
treatment group), Greyhound (4 treatment groups), mixed hunting
dogs (1 treatment group; exact breed not reported), Husky (9
treatment groups), Kelpie sheepdog (1 treatment group), Labrador
retriever (4 treatment groups), miniature dogs of various breeds (1
treatment group), mixed breed (13 treatment groups, comprising
studies with dogs of mixed breeding [10 treatment groups] or those
where a range of breeds was used [3 treatment groups]), and
Papillon (1 treatment group). Breeds were classed as medium (34
treatment groups), large (22 treatment groups), giant (1 treatment
group) and toy (1 treatment group). For the remaining treatment
groups, it was not possible to classify their breed size, usually
because a mixture of dog breeds was used.

Husbandry and method of determining maintenance
energy requirement. In total, 36 and 16 treatment groups
comprised kennel dogs and pet dogs, respectively, with the
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remainder comprising either hunting (7 treatment groups), racing
(7 treatment groups), or working (4 treatment groups, all
sheepdogs) dogs (Table 3). As indicated in Table 3, the dogs in
most treatment groups were classified as having low activity (<
1 h/day; 42 treatment groups), with lesser numbers described as
having high activity (>3 h/day; 15 treatment groups), moderate
activity (1-3 h/day; 5 treatment groups) or resting (8 treatment
groups). Maintenance energy requirements were assessed with FE
in 39 treatment groups, with IC in 10 treatment groups, and with
tracer studies in 21 treatment groups (15 of which were DLW
studies) (Table 3).

Metabolisable energy requirements for maintenance

Overall, mean bodyweight was 20.1%8.8 kg (range 3.0-
62.8 kg), whilst maintenance energy requirements were 1351
639.8 kcal/day (range 206-4014 kcal/day), or 142.8%55.3
keal kgBW %7 day ' (range 54.5-441.1 kcal kgBW ™ 7> day ")
(Table 3). Information regarding the effects of activity level, age
range, husbandry type, method used to determine energy
requirement, neuter status, sex, and dog size on maintenance
energy requirements for dogs are reported in Table 4.

Effect of breed, age, sex and neuter status. Not surpris-
ingly, when assessed in terms of metabolisable energy per day
(kcal.day ™ "), there was a significant breed size effect (P<<0.001),
but the effect disappeared when size was factored in
(keal. kgBW ™ ".day ™', P =0.29; keal. kg BW "7’ day”!, P=0.23;
Table 4). The age of the dog had no effect on maintenance energy
requirements, with young adult dogs (79.7+10.4 kcal kgBW ™"
day™'; 165.6+20.1 kcal. kgBW ™", day™ ") having similar require-
ments to old adult dogs (84.3%14.6 kcalkgBW ™ '.day '
172228.3 keal kgBW "7 day” ', P=0.99).

There was no effect of sex on maintenance energy requirements
of dogs, with similar requirements in male (184.5*
22.4 kcalkgBW " day ") and female (163.5+22.6 kcalkg
BW %7 .day ") dogs (P =0.39). In contrast, the neuter status of
the dog did have a significant effect, with the maintenance energy
requirements  of neutered dogs (146.4%+21.5 kcal kgBW 077,
day ') being less than the requirements of intact dogs
(195.7%23.4 kcal kgBW ™ °7°.day ™ '; P<0.001).

Effects of husbandry and activity. The husbandry setting
of the dog had a significant effect on maintenance energy
requirements (kcal kgBW™ """ day™") (P=0.007; Table 4). Not
surprisingly, racing dogs had the greatest energy requirements
(202.9+30.6 kcal kgBW 7’ day™"),  followed by  working
(188.6+31.5 kcalkgBW *"°.day™!) and hunting (164.8+37.7
kcal kgBW ™ %7°.day ') dogs. The energy requirements of pet
dogs (141.0%22.7 kcal kgBW ™ *7°.day™") were similar to those of
kennel dogs (137.7%+18.1 kealkgBW ™ %7°.day ™ !). Interestingly,
however, a trend was evident whereby maintenance energy
requirements were greater in dogs that were more active (Table 4;
P =0.09).

Methodology effects. The method used to investigate
maintenance energy requirements did not have any effect on
reported energy requirements (Table 4, P=0.20).

Generation of allometric equations

The back-transformed allometric equations determined the
daily maintenance energy requirement of all study dogs to be
81.5 kcal.kgBW "% day~'. However, there was large variability,
and the model fitted the data only moderately well (Adjusted R?
0.64; Table 5). The effects of signalment factors were then
assessed.

Breed, age, sex, and neuter status effects. As indicated by
the poor Adjusted R? values (Table 5), the available data for breed
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Table 4. Cont.
Method

2294
231

157.5
139.2
103.4
89.6

214
22

193.5
176.1
144.5
153.9
0.20

112.3
105.1
89.4

75

1.1

93.6
8

2391

1750
1548
1638
1051

DLW 2070 191.1

FE
IC

66.7
474

11.4
12.5
20.1

5.9

2214

198.4
230.3

1881

185.7
218.1

245

68.4

2141
2179

1754
1615

383

109.1

41.5

753

355.8

Other tracer

0.19

0.39

P-value®

'Size subjectively scored as toy, small, medium, large, and giant, using the criteria of Hawthorne et al 2004 [18] and Hosgood & Scholl 1998 [85].

2p-values representative the results of comparisons amongst signalments. For most groups, activity level was classed as low (<1 h/day), medium (1-3 h/day), high (>3 h/day) based upon the criteria of Butterwick and Hawthorne

(1998) [7]; however, activity levels were classed as ‘resting’ when measurements were taken either when lying still in lateral recumbency or when cage rested. BW: body weight; Cl: confidence interval; DLW: doubly-labelled water; F:

female; FE: feeding experiment; I: intact; IC: indirect calorimetry; MER: maintenance energy requirement; M: male; Mix: study contains a mix of sexes or different neuter status; Neu: neutered; SD: standard deviation.

doi:10.1371/journal.pone.0109681.t004
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were too variable to enable reliable individual allometric equations
to be determined for dogs based on breed size. When effects of age
were assessed, adult dogs had a daily maintenance energy
requirement of 79.3 kcal kgBW ™% day ' (Adjusted R? 0.99). A
further equation was generated using data from young adults only
(103.8 keal kgBW "% day 1), and this model was a moderate fit
(Adjusted R? 0.66). In contrast, equations for old dogs could not be
generated because not enough treatment groups were available for
analysis. Estimated daily maintenance energy requirements for
male and female dogs were 225 kcalkgBW % .day ' and
34.8 kcal kgBW ™ '** day ', but only the model for male dogs
was a reasonable fit (Adjusted R? 0.75). Further data for entire and
neutered dogs were too variable for the models generated to be
acceptable (Table 5).

Husbandry and activity effects. Pet dogs had a mean daily
energy requirement of 62.5 kcal kgBW ™% .day™" (Adjusted R”
0.79), whilst kennel dogs had a mean requirement of
76.4 kcal kgBW "% day ' (Adjusted R? 0.78). Unfortunately,
either high variability or low numbers of treatment groups in each
category meant that the effects of husbandry on daily maintenance
energy requirements could not be determined for hunting, racing
and working dogs (Table 5).

Estimates of daily maintenance energy requirements were most
reliable for dogs classed as resting (69 kcal.kgBW ™ *%2.day !
Adjusted  R?  0.98) or with low activity levels
(64.3 kcalkgBW ™ "% day!; Adjusted R® 0.70; Table 5). In
contrast, there was more variation in the data for dogs classed as
having moderate and high activity levels, meaning that reliable
estimates could not be made (moderate activity Adjusted R? 0.55;
high activity, Adjusted R? 0.07).

Methodology effects. Different allometric equations were
generated for the different methods used to determine energy
requirements (Table 5). Equations determined from studies using
IC (7.6 kcalkgBW ™ '*.day ', adjusted R? 0.99) and tracer
studies (50.7 kcal kgBW ™% .day ™ '; adjusted R? 0.95) were most
reliable, with equations derived from feeding studies
(105 kcal kgBW % day~'; adjusted R? 0.75) and those using
DLW (102 keal.kgBW ™ "% day~'; adjusted R? 0.55) less reliable
(Table 5).

Energy requirements in pet dogs

The maintenance energy requirements of pet dogs were
investigated in a total of 16 treatment groups, the majority of
which were of either medium (7 treatment groups) or large (5
treatment groups) breed (Table 6). Unfortunately, age was not
reported in the majority of pet dogs studied (10 treatment groups;
Table 6); where age was reported, most were either classed as
adult (4 treatment groups) or young adult (2 treatment groups).
The majority (11 treatment groups) of pet dogs were classed as
mixed sex, with 5 treatment groups having all male dogs, whilst all
subjects were of mixed neuter status (i.e., a mix of neutered and
entire dogs). Most pet dogs had low activity (8 treatment groups),
followed by moderate activity (4 treatment groups) and resting
categories (3 treatment groups). Only one treatment group was
classed as high activity. Tracer studies were used in 6 treatment
groups, followed by feeding studies (5 treatment groups) and
indirect calorimetry (4 treatment groups; Table 6).

Within the pet dog subcategory, age range, method, sex and
breed did not affect maintenance energy requirements (Table 7),
but there was an effect of activity level (P<<0.001). Unsurprisingly,
pet dogs with high activity levels had the greatest maintenance
energy requirements (183.1+23.4 kcalkgBW™""".day™ "), and
resting dogs had the least (95.7%11.7 kcalkgBW ™ %7°.day ™ !).
Surprisingly, pet dogs classed as having moderate activity levels

October 2014 | Volume 9 | Issue 10 | €109681
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Constant coefficient (a)

2.02
0.88
1.71
aBW®; where Y: energy requirement; a: allometric coefficient; BW: bodyweight; b: allometric exponent.

N
39
10
6

Other tracer

FE
IC

The format of the allometric equations is as follows: Y

Table 5. Cont.

'Back-transformed using the inverse of log-base10.
2Size subjectively scored as toy, small, medium, large, and giant, using the criteria of Hawthorne et al 2004 [18] and Hosgood & Scholl 1998 [85].

measurements were taken either when lying still in lateral recumbency or when cage rested. DLW: doubly-labelled water; F: female; FE: feeding experiment; I: intact; IC: indirect calorimetry; M: male; Mix: study contains a mix of

sexes or different neuter status; N: number of treatment groups; Neu: neutered; SE: standard error.

3For most groups, activity level was classed as low (<1 h/day), medium (1-3 h/day), high (>3 h/day) based upon the criteria of Butterwick and Hawthorne (1998) [7]; however, activity levels were classed as ‘resting’ when
doi:10.1371/journal.pone.0109681.t005
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(1-3 h/day; 114.1 kcal kgBW ™~ %7°.day ") had lower maintenance
energy requirements than those classed as having low activity
levels (1 h/day; 125.4 kealkg BW™*7° day ™ !).

The ability of allometric equations to predict the maintenance
energy requirements of pet dogs from the current study
(62.5 kcal kgBW "% day™") were compared to those predicted
for inactive pet dogs (95.0 kcal. kgBW™%7°.day™") and active pet
dogs (105.0 kcal kgBW ™~ %7°.day ") by the NRC [1] (Figure 2).
The allometric equation from the current study provided the best
fit for the data, being superior to the NRC equations, both of
which underestimated requirements, especially at heavier body-
weights.

Discussion

This meta-analysis aimed to determine the maintenance energy
requirement of adult dogs using available published information.
Although an evidence-based review has previously been under-
taken examining nutritional and other management of obesity
[29], to the authors’ knowledge, this is the first meta-analysis to be
conducted in the field of canine clinical nutrition. Meta-analyses
are a subcategory of systematic review and, as such, represent a
superior level of evidence to individual trials [30], given their
ability to examine large datasets and to minimise bias from
individual publications. In this study, the final data set was
obtained from 29 independent publications, comprising 70
separate treatment groups of adult dogs, covering a wide spectrum
of breeds, body size, sexual status, age, husbandry conditions, and
activity levels. The information it provides should be of use to
veterinarians, nutritionists, pet food manufacturers, and pet
owners, in understanding the nutritional requirements of dogs.

Average maintenance energy requirements of adult dogs were
142.8+55.3 kcal kgBW ™~ %7°.day ™!, corresponding to an allome-
tric equation of 81.5 kcal.kgBW ™ *?%.day ™ '. A number of factors
affected maintenance energy requirements including husbandry,
and neuter status. A trend also existed for an effect of activity level
on energy requirements of all dogs. The majority of dogs studied
were maintained in a kennel environment, including those from
laboratory settings, with a proportionately lesser contribution from
pet dogs, working dogs and hunting dogs. As previously suggested
[31], care must be taken when extrapolating such data since they
may not be representative of dogs maintained in different
husbandry settings, including pet dogs in the home. For this
reason, data from pet dog studies were examined separately, and
average maintenance energy requirements for this subgroup were
less than for the full dataset (124.1+38.0 kcal kgBW~7°.day "),
with a predicted allometric equation of 62.5 kcal kgBW ™7 -
day™". In this subgroup, the level of activity was the main factor of
significance, with maintenance energy requirements, being great-
est in the most active dogs, and least in resting dogs. This confirms
previous recommendations that adult pet dogs have different
maintenance energy requirements from other populations.

Given current concerns regarding the prevalence of obesity in
companion animals [32], this review placed specific emphasis on
determining maintenance energy requirements for pet dogs.
Reliable data from this cohort were limited, with only 16
treatment groups (23% of the groups included) meeting eligibility
requirements for inclusion in the final meta-analysis. The main
reasons for exclusion were the fact that the data were presented in
a format which precluded their use (i.e., only presented in
graphical form [7,8], or because the energy requirements were
estimated from client survey data [5,6]. We chose to exclude
survey data for the current review due to the inherent difficulties in
obtaining accurate information. Under-reporting is a well-known
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phenomenon in human nutritional studies [13,14,15,33], making
the accuracy of data obtained in this manner highly questionable.
Indeed, for this reason, the UK’s Scientific Advisory Committee
on Nutrition, chose to base the latest dietary reference values for
human energy requirements on DLW measurements, and to
disregard studies using self-reported food intake [34]. Owner
estimates of food intake in pet dogs are thought to be similarly
flawed [35], with errors in owner recall of food information, errors
in the measurement of food portions [36], regular switching
between different foods, the use of home-cooked recipes, and
feeding treats and table scraps [37]. Finally, the method by which
energy content of food is determined might be important, namely
whether measured in feeding trials, or calculated and, if so, by
what method (modified Atwater factors [38] or NRC 2006 [1]).
Calculations based upon modified Atwater factors often under-
estimate the actual energy content of commercial foods of dogs
[35]. Therefore, for studies based upon survey data, actual energy
intake could be under-estimated if the energy content of a
significant number of diets were estimated in this way.

The discrepancy between maintenance energy requirements
determined from feeding survey data and data derived from
other methods is illustrated by the fact the most recent study
using feeding survey data suggested requirements of
97.8 kcal. kgBW ™7 day ™' [5], markedly less than the estimate

Adult Dog Energy Requirements

for pet dogs from the current study (124.1 kcal kgBW ™ %7°.day ™ !).
Future studies on pet dogs should consider using more robust
methods of determining energy requirements, which could include
using food laboratories [39,40], or methods such as DLW
measurement, the preferred method to determine energy require-
ments in human studies of [34]. In addition, more objective
measures of physical activity could be considered. In humans,
Techniques such as heart rate monitoring (HRM) and accel-
erometry provide minute-by-minute data and give information on
the total levels of physical activity, as well as its intensity, duration
and frequency [34]. Indeed, accelerometers have been validated
for use in dogs [41].

The allometric equation generated for pet dogs in the current
study (e.g. 62.5 kcal kgBW ™ *%.day™") was a more accurate
predictor of average maintenance energy requirements than the
equations currently recommended by the NRC [1] (Figure 2).
This equation was generated from the data from pet dogs only,
and the better accuracy may partly be explained by the use of
stringent eligibility criteria, which excluded data derived from less
reliable methods of measurement. However, despite an improved
ability to predict the mean, the marked variability in requirements
within the population must be emphasised and, arguably, as with
previous equations, the mean requirement will not adequately
reflect the actual requirement for many dogs. Similar variability is
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Figure 2. Effect of bodyweight (BW) on the maintenance energy requirements (MER; kcal/d) in the pet dog (open circles), compared
with the predicted requirements from the present study for all dogs (line with alternating long and short dashes;
81.5 kcal.kgBW °?3.day ') and pet dogs only (solid line; 62.5 kcal.kgBW %°’.day ). For comparative purposes, lines are also included
depicting NRC 2006 [1] estimates for inactive (dotted line; 95.0 kcal.kgBW~°7%.day ") and active line with short dashes; 105.0 kcal.kgBW*".day ")

pet dogs.
doi:10.1371/journal.pone.0109681.9002

PLOS ONE | www.plosone.org

October 2014 | Volume 9 | Issue 10 | €109681



seen with energy requirements in man [34]. Such variability may
be explained by the fact that energy requirements comprise a
number of components including the basal metabolic rate, diet-
induced thermogenesis, energy required for physical activity, and
thermoregulation [1]. Diet-induced thermogenesis can vary as a
result of meal frequency [42], and dietary macronutrient content
especially protein, although the contribution from the latter is
relatively minor [1]. These factors were not specifically assessed in
the meta-analysis, and could account for some of the unexplained
variability. Furthermore, factors such as environment and
seasonality were also not assessed, and could well have contributed
further to the variability in the estimates of energy requirement.

Whatever the reason for the variability in maintenance energy
requirements estimates, caution is recommended when using this,
or any other, allometric equation to predict maintenance energy
requirements, and it is critical to adjust intake based upon
response. Follow-up, based upon weight and BCS measurements,
is simple and non-invasive, although it requires a change in mind-
set of practising veterinarians. In this respect, first opinion
practitioners do not regularly perform body condition scores,
and body weight is typically measured only once every four
consultations [43]. A further concern with recommendations for
maintenance energy requirements is the fact that common
methods for measuring food portions tend to over-estimate
portion size [36], and many pet dogs receive considerable
additional food from treats and table scraps [37]. To ensure
feeding of appropriate amounts, owners should be counselled
about using accurate methods to determine portion sizes such as
with electronic scales. Furthermore, owners should be made aware
of the dangers of feeding additional food, particularly table scraps,
and of the need to take such additional food into account when
determining the daily food intake of an individual dog.

Perhaps surprisingly, there was not a consistent effect of activity
on maintenance energy requirements in dogs. This may be due to
limitations in the methodology used to quantify activity, and
diversity in the types of dog represented including racing, hunting,
working, and pet dogs. In the current study, we classified activity
based upon the time spent exercising [17], but this classification
did not take account intensity of activity, which is likely to have a
marked effect on energy consumption. For example, both
greyhounds and huskies would be classed as racing dogs, but the
nature of the exercise differs greatly between them: greyhounds
typically undertake short bouts of extreme activity, often covering
a distance of 500 m in a 33s race [44]. In contrast, huskies
undertake long periods of endurance activity. During races such as
the Iditarod trail, the dogs travel 700 km over a period of 10 days
[45]. Not surprisingly, therefore, estimates of maintenance energy
requirement were least reliable (i.c. R* was worst) for dogs with
moderate and high activity levels. For future studies involving
active dogs, the energy cost of different types of exercise should be
better defined, since this would permit maintenance energy
requirements to be more accurately defined in different groups
of racing dog. Further, objective methods of measuring physical
activity should be used in preference to subjective methods, such as
HRM and accelerometry, as recommended for humans [34]. The
main advantage of such an approach is that it is then possible to
tailor dietary reference values for energy values based upon the
amount of physical activity undertaken [34].

In contrast to the complete dataset, activity level was found to
be of importance in influencing energy requirements of the pet
dogs in the study. Not surprisingly, maintenance energy require-
ments for those dogs undertaking high levels of activity were
greater than for other groups. However, maintenance energy
requirements for dogs classed as having moderate activity
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(114.1 keal. kgBW ™ *7°.day ™ ") were not significantly different from
dogs classed as resting (95.7 keal kgBW ™ *7°.day ™ '), and less than
dogs reported to have low activity levels (125.4 kcal kgBW ™7,
day™"). This discrepancy both questions the reliability of reporting
of activity levels in the publications, which were often based upon
owner reports, and also suggests that the typical exercise that most
pets undertake is minimal and does not markedly alter energy
requirements. Most pet dogs are inactive or only moderately active
[17], with median weekly activity equating to only 4 walks of
40 minutes each, and 40% of pet dogs not being walked at all [46].
These low activity levels are in contrast to owner perceptions, with
most believing that their dogs receive adequate exercise, even
though some receive no exercise at all [47].

Therefore, although our findings indicate that activity, most
notably high activity levels, influence the maintenance energy
requirements in pet dogs, the challenge for the veterinary
profession is to develop clear guidelines that will not be
misinterpreted by dog owners. Currently, many commercial foods
provide different recommendations for active and inactive pet
dogs. However, given the tendency for owners to overestimate the
activity of their dog reliably, it would be preferable either not to
include different recommendations based upon activity, or to
choose the terminology used carefully. For instance, rather than
using terms such as “inactive” or “low activity”, the term “typical
pet” or “standard” might be more appropriate. Further, it might
be preferable to use the terms “very active” or “working dog” to
note an energy requirement for the minority of dogs with
genuinely increased activity levels.

The majority of publications examined used dogs of both sexes,
or did not specify the sex, making it difficult to determine the
effects of sex and neuter status on maintenance energy require-
ments. In kennelled dogs, maintenance energy requirements were
greater in entire than in neutered females, but this difference was
not evident in either working dogs or pet dogs, most likely because
of smaller numbers of neutered working and pet dogs in these
categories. Although the effects of neutering have been widely
investigated in cats [11], work has been less extensive in dogs.
Anantharaman-Barr [48] found that energy expenditure de-
creased by 30 days after neutering in mixed-breed female dogs.
However, the difference was no longer evident at day 90 post-
neutering, probably due to the fact that body weight increased by
7% over this period. Decreases in energy expenditure in neutered
animals were also seen in another study [21] and, together with
the increase in voluntary food intake that is also observed, suggests
that close monitoring is required after neutering to prevent
unwanted weight gain.

This meta-analysis included data from studies using a range of
experimental methods including DLW, IC, and FE. With FE,
direct estimates of the metabolisable energy required for mainte-
nance can be made, provided that body weight remains stable
during the experimental period. In contrast, methods such as
DLW and IC measure energy expenditure rather than mainte-
nance energy requirements. For this meta-analysis, it was assumed
that the dogs in these studies were in energy balance and,
therefore, that energy expenditure was equivalent to energy
requirement. This is a limitation of the current study, since this
might not have been the case. Nonetheless, the same approach has
been used when setting energy reference values for humans [34].
The influence of experimental method on maintenance energy
requirements was also examined statistically in the current meta-
analysis, and there were no significant differences amongst
methods. That said, markedly different allometric equations were
generated, with constant coefficients varying between 7.6 (IC) and
105 (FE), and exponents varying between 0.85 (FE) and 1.59 (IC).
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Therefore, whatever the reason for these differences, we would
advise that direct comparisons amongst studies using different
methodologies should be made cautiously in the future. As well as
differences in the allometric equations themselves, marked
discrepancies were seen in the reliability of the different allometric
equations, with r? varying between 0.55 (DLW) and 0.99 (IC). The
reason for this is also not clear, but it is noteworthy that, when
allometric equations were generated for dogs with different activity
levels, the most reliable equation was generated for resting dogs.
Thus, the superior reliability of the allometric equation generated
from IC studies might actually be because dogs undergoing 1C
must be resting during the procedure.

The species Canis familiaris is unusual in that it encompasses
many different breeds, which vary greatly in size, from toy (e.g.,
Chihuahua, Papillon) to giant (e.g., Saint Bernard or Great Dane).
Breed differences not only have a marked effect on stature and
body shape, but also on lifespan and internal anatomy (e.g., the
relative size of the digestive tract) [20]. These differences also make
it inherently difficult to determine maintenance energy require-
ments accurately across the species [20], and might explain the
fact that no breed size differences were observed in the current
study. Typically, the data available were too variable to determine
allometric equations reliably for dogs based on breed size, as
indicated by poor Adjusted R? values (Table 5). This is likely due
to the fact that breed size in the current study was mainly based on
BW, meaning that breeds of broadly similar size were grouped.
For example, the Husky and Greyhound are both considered to be
large dogs, but their shape, body composition, overall volume, and
coat characteristics differ, all of which are likely to affect
maintenance energy requirements [49,50]. One limitation of the
current study was that data for toy breeds and giant breeds were
sparse. Thus, whilst the maintenance energy requirements are
likely to be accurate for mid-size and large-breed dogs, caution
should be exercised when extrapolating these results to the
extremes. The popularity of miniature dog breeds is increasing,
relative to other breeds [51], likely due to their convenience and
reduced costs. As a result, more data regarding the nutritional
requirements of such breeds are needed in the future, to ensure
that feeding recommendations are soundly based.

Related to breed differences is the possible effect of age on
maintenance energy requirement, since growth, ageing and
lifespan differ markedly amongst breeds [20]. Giant dogs are
growing until 2 years of age, but their lifespan is considerably
shorter than for other breeds such as toy breeds. Thus, biological
age depends not only on chronological age, but also upon the
breed, and makes interpretation of the effects of age on
maintenance energy requirements complicated [52]. Age is likely
to have been an additional confounding factor when examining
the effect of differences in breed.

Longevity is increasing in companion animals [53] and, with
this, comes an increased likelihood of developing chronic diseases
such as osteoarthritis and chronic kidney diseases. Therefore,
knowledge of the nutrient requirements of ageing pets is an area of
increasing importance. In cats, data on the energy requirements of
older cats are contradictory, with some publications reporting a
decrease in daily maintenance energy requirements at approxi-
mately 6-7 years of age [54,55], whilst others report no affect of
age [11,56,57]. Ageing in cats may also result in decreased
digestibility of nutrients, most notably fat [53,58,59]. To the
authors’ knowledge, few publications have examined the effects of
ageing on the physiology of domestic dogs. The limited work
conducted to date has suggested that there are no effects on
intestinal permeability [60], but changes in intestinal morphology
are seen [61]. Thus, more ageing-related work is required in dogs.
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Unfortunately, allometric equations could not be generated for old
dogs because not enough of the treatment groups used in the
analysis contained such dogs. This likely reflects the difficulty in
obtaining the participation of older dogs in research studies;
sporting, hunting, working, and laboratory dogs are often retired
before they reach old age, whilst the development of ageing-
related diseases can preclude the participation of older pet dogs in
research studies. Therefore, older dogs would be a priority for
future studies assessing maintenance energy requirements in pet
dogs, so that the knowledge base in this area can be improved.

One final limitation of the current study was the fact that data
were not available for lean mass or body composition. This is not
surprising because determining lean body mass is expensive,
invasive, and may not always be practicable, not least for pet dogs.
Lean body mass is known to be a better predictor of resting energy
expenditure in humans [62], and the best predictor of mainte-
nance energy requirements in cats [11]. As a result, acquiring
body composition data should be a priority in future studies of
maintenance energy requirements in dogs.

In conclusion, the current meta-analysis has estimated mainte-
nance energy requirements of adult dogs. Although the allometric
equation generated was a better estimate for maintenance energy
in dogs than previous estimates, great variability in requirements
was still seen. Such variability could be reduced if energy
requirements were not solely based upon BW data, but included
information on the activity level (predominantly for pet dogs),
husbandry, and neuter status. For future studies, consideration
should be given to generating reference data for energy
requirements using objective measurements, such as DLW, in a
‘representative’ target population, and utilising objective measures
of determining physical activity such as accelerometry. More
attention should also be paid to generating data on the nutritional
requirements of older dogs and dogs at the extremes of the body
size continuum (i.e., giant and toy breeds). Finally, care should be
taken when using the current study findings to develop recom-
mendations for specific groups of dog, most notably those in the
pet population. A programme of owner education will be
necessary to ensure that overfeeding is avoided, and that caution
is exercised when modifying food intake based upon activity levels,
given owners’ misperception between perceived and actual
activity.
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