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Abstract
Background: Overweight and obesity are the most common nutritional disorders in dogs and may lead to various
secondary diseases and decreased lifespan. In obesity research, measurement of energy expenditure (EE) and
determination of the energy requirements are essential. The objective with this study was to validate and evaluate the
suitability of the oral 13C-bicarbonate technique (o13CBT) for measuring EE in dog obesity studies. A further objective
was to investigate the impact of body weight (BW) reduction and changes in body composition on the EE when
measured under conditions corresponding to the basal metabolic rate (BMR).
Results: The EE in five privately owned, overweight dogs was measured simultaneously with the o13CBT and indirect
calorimetry (IC) for comparison of the results. Two measurements per dog were performed under the same
standardised conditions (i.e. fasted and resting state) at the start, and after completing a 12-week BW reduction
program. Additionally, measurements of body composition by Dual-energy X-ray absorptiometry (DEXA) were
conducted at the beginning and at the end of the BW reduction program. There were no differences in EE results
obtained by the o13CBT and IC. Overweight and the BW reduction did not affect the estimates for the respiratory
quotient (RQ) or the recovery factor for the 13C-tracer (RF), both needed when using the o13CBT. The dogs lost
16% (SD ± 2.0) of their initial BW in reduced fat mass (P < 0.001), whereas fat free mass (FFM) remained unchanged.
There was no effect of the BW reduction on the determined EE expressed in kJ/kg BW/d, or in kJ/kg BW0.75/d. However,
EE was lower (P < 0.001) after the BW reduction program when expressed in relation to FFM (kJ/kg FFM/d).
Conclusions: Results from the present study show that the o13CBT can be a used in obesity research to determine EE
in fasted dogs and under resting conditions. Furthermore, the results suggest that the BMR does not change with
reduced BW in overweight dogs as long as the FFM remains unchanged. This indicates that the BMR to maintain one
gram of fat is equal to maintaining one gram of FFM in overweight dogs.
Keywords: Energy expenditure, Energy requirements, Obesity, Dogs, Stable isotopes, 13C, Tracer technique

Background
Although several factors may contribute to obesity, such
as genetic predisposition, neutering and underlying diseases, it is the life style, i.e. too high dietary intake and
lack of physical activity that are primary causes. Obesity is
a result of imbalance between energy intake (EI) and energy expenditure (EE) and a sustained increase of the EI
not matching the EE, will lead to increased fat deposition
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and body weight (BW) gain. Previous studies in the United
States, Australia, France and the United Kingdom have
shown that 34% and up to 59% of the dog populations
were overweight or obese [1-4]. Apart from being the
most common nutritional disorder in dogs, obesity is
often associated with a number of secondary diseases
and shortened life span [5]. It is also assumed that overweight and obesity are increasing problems in the dog
population [2,5].
Analysis of EE is essential to obesity research. The
maintenance energy requirement (MER) depends on the
energy required to maintain the basal metabolic rate
(BMR), heat increment of the diet, thermoregulation,
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spontaneous activity and moderate exercise [6]. These
factors may vary and lead to large individual variations
in the MER. For most moderately active dogs, the BMR,
together with the heat increment of the diet are the largest
components of their daily MER. The body composition of
an animal, usually divided into fat free mass (FFM), fat
mass (FM) and bone mineral content (BMC), seems to be
the major factor determining the BMR where the FFM is
assumed to be the most metabolic active part [7-9].
However, due to variations in the proportions of the
metabolically active components making up the FFM, i.e.
the skeletal muscles and other organs, individuals with
the same body composition might still have different
BMR [10].
As many dogs regain BW after a successful BW reduction program, it has been suggested that MER decreases
as a result of the BW reduction [11-13], but the knowledge
in this field is still very limited. The "golden standard"
method for determination of EE is indirect calorimetry
(IC), a method based on measurements of respiratory gas
exchange (i.e. CO2 production and O2 consumption). However, apart from respiration units being expensive to build
and maintain, this method requires that the dog is confined
to a respiration chamber during the measurements, and
not all dogs are easily adapted to lie relaxed in the
chamber. Alternatively, stable isotope techniques, like the
13
C-bicarbonate technique (13CBT), can be used to estimate the EE in animal and human individuals [14-20].
The advantage with the 13CBT is that this method can be
used minimally invasive, i.e. by using oral administration
of the 13C-tracer [18,20] and collection of breath samples.
In addition, if the breath samples are collected into breath
bags [18,19,21], the method can be used to estimate EE in
a more natural environment, or in the veterinary clinic.
However, when using the 13CBT, appropriate estimates are
needed for the respiratory quotient (RQ) and the recovery
factor (RF) of the 13C-tracer. These important estimates
can be found by validating the o13CBT against IC, as previously done for lean dogs in the fasted state and during
resting conditions [20].
The objective of this study was to evaluate the suitability of the oral 13C-bicarbonate technique (o13CBT) for

obesity studies in dogs and to investigate if BW reduction
affects the estimates for RQ and RF. A further objective
was to investigate the impact of BW reduction and
changes in body composition on the BMR.

Methods
The experimental procedures followed the Danish National
Legislation and guidelines approved by the Member States
of the Council of Europe for the protection of vertebrate
animals [22], and the experiment was performed at the
Faculty of Health and Medical Sciences, University of
Copenhagen, Denmark.
Animals

Five privately owned female dogs were included in the
present study (Table 1). All dogs were overweight, with
body conditions score (BCS) ≥ 7 on a 9-point scale system
where 1 corresponds to emaciated, and 9 to grossly obese
[23]. All dogs were scored by the same two observers, both
experienced veterinary surgeons. The dogs were allocated
to a 12-week BW reduction program at the University Hospital for Companion Animals, University of Copenhagen,
Denmark, and BCS was determined at the start and at the
end of this program.
During the BW reduction program all dogs were fed
the same diet (Royal Canin Satiety Support, Royal Canin,
Aimargues, France) rationed to about 260 kJ ME/kg
BW0.75/d for the estimated target BW (see Calculations).
The amount of feed was adjusted every second week if
not a BW reduction of 1-2% per week was achieved.
All but one dog (dog 2), were exercised at the hospital
three days a week during the BW reduction program.
Sessions lasted for one hour, using a combination of underwater treadmill (Hydro Physio HP200, Shor-Line, Kansas
City, USA) and dry treadmill (Ultimate Fit Fur Life prototype, Fit Fur Life Ltd., Haslemere, UK) exercise. Dog 2 was
exercised by daily walks (~1.5 h) with its owner. All dogs
remained healthy throughout the study.
Measurement of energy expenditure

The dogs were fasted overnight before measurement of
EE, and they had free access to water during the time

Table 1 Dogs included in the study
BW (kg)

BCS

Dog

Breed

Sex

Age (yr)

Start

End

Target

Start

End

1.

Australian shepherd

FS

3

27.2

23.9

23

7

7

2.

Labrador retriever

FS

4

34.1

29.0

28

7

5

3.

Labrador retriever

F

8

35.0

30.0

29

7

6

4.

Australian shepherd

FS

10

26.7

22.3

22

7

6

5.

Border collie

F

11

26.0

22.5

19

9

8

Breed, sex, age, body weights (BW) and body condition scores (BCS) at the start and at the end of the BW reduction program, and the estimated target BW of the
five dogs. FS = Female spayed, F = Female.
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for measurements. Before measurement started, the dogs
were weighed and taken for a short walk on a leash. Thereafter, the dogs were placed in a respiration chamber as
described in a previous validation study of the o13CBT
in dogs [20]. Energy expenditure was estimated from simultaneous measurements with the o13CBT and with IC.
For measurement with the o13CBT, samples of breath air
were drawn from the respiration chamber every third
minutes and analysed online for 13C/12C ratios by means
of an infrared 13C isotope analyser (IRIS, Wagner Analysentechnik, Bremen, Germany). After a baseline value was
recorded, a dose (5 mg/kg BW) of 13C labelled sodium
bicarbonate (NaH13CO3, 98% atom% 13C, Sigma-Aldrich,
St Louis, MO, USA) mixed with a small amount (~20 g)
of liver paté was given orally to the dog. Continuous online IC measurements of the respiratory gas exchange (O2
consumption (RO2) and CO2 production (RCO2)) started
immediately after tracer administration. Measurements
with both IC and the o13CBT lasted for about 4–5.5 h, depending on the behaviour of the dog and the time for the
13
C/12C ratios to return to baseline level. The behavior
of the dogs was observed by the same person during all
measurements. If a dog was considered not resting, i.e.
if it started to become restless or uncomfortable by showing signs such as barking incessantly or moving around
more than changing position for resting, the dog was
taken out of the chamber. The principles and procedures
used for calibration and gas exchange measurements in the
respiration chamber have been described previously [24],
as well as the detailed procedure used for the o13CBT [20].
Heart rate

Heart rate (HR) was recorded during the time in the respiration chamber using a human heart rate monitor and
sensor belt (Polar RS800G3, Kempele, Finland). The sensor
belt was attached around the thorax and was further held
in place by an elastic bandage. The monitor was attached
to the collar.
Measurement of body composition

At the start and the end of the study, BMC, FM, and FFM
were determined by Dual-energy X-ray absorptiometry
(DEXA), using a Lunar Prodigy whole-body fanbeam
scanner (GE Healthcare, Freiburg, Germany). The dogs
were anaesthetized with a premedication of methadone
(0.3 mg/kg BW, Comfortan Vet, Dechra Veterinary Products,
United Kingdom) in combination with acepromazin
(0.015 mg/kg BW, Plegicil Vet, Dechra Veterinary
Products, United Kingdom) or diazepam (0.25 mg/kg
BW, Stesolid, Actavis, Iceland), followed by intravenous
propofol (4 mg/kg BW, PropoVet Multidose, Orion Pharma,
Finland) and isoflurane inhalation (Isoflo Vet, Orion
Pharma, Finland). The dogs were thereafter scanned in
ventral recumbency (head not included). Purpose-designed
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computer software, validated for humans (enCORE 13.60,
GE Healthcare, Freiburg, Germany), was used for data
analysis.
It was sought to perform the measurements of EE and
measurements of body composition as close in time as
possible, which in most cases were within two weeks.
Dog 1 and dog 4, however, had the last respiration measurements taken about four weeks after the DEXA-scans
and the termination of the supervised treadmill exercise.
In this period, these two dogs were exercised by jogging
3–5 km with their mutual owner 3–4 times per week, in
addition to daily walks of about 1.5 hours.
Calculations
Estimation of target BW

The target BW for the dogs was estimated from their
start BW and BCS. A BCS of 7 (dog 1–4) corresponded
to an overweight of approximately 20%, and target BW
was calculated as: BW (kg)/1.2. A BCS of 9 (dog 5) corresponded to an overweight of approximately 40% and the
target BW was calculated by dividing the start BW (kg)
with 1.4 (Table 1).
Estimation of EE from IC measurements

EE (kJ/d) was estimated from the measured RCO2 (l/d)
and RO2 (l/d), using the following equation [25]:
EE ¼ 5:02⋅RCO2 þ 16:18 ⋅RO2 −5:9⋅N u

ð1Þ

Urine was not collected, because the contribution of the
urinary nitrogen excretion (Nu) to the value of EE is usually
smaller than 1% [26]. Therefore, the last term of Eq. (1)
was neglected.
Estimation of EE by using the o13CBT

The 13C enrichment (ppm) of expired CO2 was calculated
on the basis of the results from the IRIS. The area under
the 13C enrichment-time curve (AUC, (ppm . min)) was
determined by using the compartmental modelling
module in the SAAM II software [20,27]. Generally,
the complete dose of 13C administrated (D, (mol)) will
not be recovered in the expired air and therefore also
an estimate for the RF is needed. The RF was calculated
from the CO2 production measured with IC and data
obtained from the o13CBT according to the following
equation:
RF ¼

RCO2;IC
ðD=AUCÞ

ð2Þ

By using the AUC, the tracer dose administrated and
the estimated RF, the RCO2,13C was calculated according
to the following equation [28]:
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ð3Þ

EE (kJ/d) was estimated using the same equation (Eq.1)
as from IC measurements [25], but since the o13CBT only
provides an estimate for the RCO2 and not the RO2, an estimate for the RQ is needed (Eq.4). The individual RQ´s
were obtained by IC measurements (RQ = RCO2/RO2)
and the mean values from measurements before and after
BW reduction were used:
EE13C ¼ 5:02⋅RCO2; 13C þ 16:18

RCO2; 13C
RQ

ð4Þ

Results were standardized to 24 h, and the estimated
EE (kJ/d) was further calculated in relation to BW (kJ/kg
BW/d), metabolic BW (kJ/kg BW0.75/d), and FFM (kJ/kg
FFM/d).
Heart rate

From the recordings taken when the dogs were in the
chambers, mean values for HR, expressed in beats per
minute (bpm) were calculated.
Statistical analysis

Data from the measurements were statistically analysed
using the MIXED procedure in SAS® (SAS® Version 9.3,
SAS Institute Inc. Cary, North Carolina, USA). The effect
of BW reduction on the measured parameters: HR, RO2,
RF, RQ, BW, FM, FFM, were analysed with time, i.e. the
start and the end of the BW reduction program, as fixed
effect and dog as random effect. The estimated values of
RCO2 and EE determined with IC or the o13CBT were
tested for difference between the methods, the time for
measurements and their interactions as fixed effects, and
dog as random effect. The model was then reduced for
non-significant interaction effects. Results are presented
as least square means (LS-means) with their 95% confidence intervals (95% CI). Effects were considered significant if P < 0.05. Additionally, a Bland-Altman analysis was
used to compare the EE results determined by IC and the
o13CBT (Figure 1). The differences between the paired
measurements were plotted against the averages of the
two data values [29].

Results
Body weight, body composition and heart rate

The dogs lost on average 4.8 kg (± 0.5 kg), resulting in
16% decrease of their BW (P < 0.001) at the end of the
BW reduction program. The FM values were also lower
(P < 0.01) than the start values for all dogs, whereas FFM
remained unchanged (Table 2).
It was the intention to record HR throughout the measurements. However, for four of the dogs, actual recording time was shorter, since the HR monitor had slipped
and lost connection. On two occasions the recording time

Figure 1 Bland-Altman plot of determined EE values. The
differences between the paired measurements (EE estimated
from measurements with indirect calorimetry (EEIC) and with the
o13CBT (EE13C) are plotted against the averages of the two data
values. The 95% confidence interval (mean ± 2 SD: 5.1 ± 69.2) is
the expected range of the difference between measurements in
which 95% of the tests will lie.

was reduced to two hours and on two other occasions
there were no recordings at all. The average HR did not
differ between measurements performed at the start and
the end of the BW reduction program (Table 3).
Respiratory quotient and recovery factor

There was no effect of the BW reduction on the estimates
of the RF or the RQ (Table 3). The average value for the
RF was 0.74 and for the RQ it was 0.76. These values were
used as the estimates for RF and RQ in the calculations of
RCO2,13C and EE13C, respectively.
O2 consumption, CO2 production and energy expenditure

There was no difference between methods on the estimated CO2 production or EE. The individual estimated EE
values determined by IC and o13CBT, plotted in the BlandAltman plot (Figure 1), were evenly distributed and within
the 95% CI.
There was no effect of the BW reduction on the measured RO2 or RCO2 (l/kg BW0.75/d). The EE in kJ/d was
lower (P < 0.001) after BW reduction but was not affected
after adjustment to BW or BW0.75. However, EE expressed
in relation to FFM, resulted in lower (P < 0.001) values
Table 2 Parameters determined by Dual-energy X-ray
absorptiometry (DEXA) in dogs (n = 5) allocated to a BW
reduction program
Start

95% CI

End

95% CI

P-value

BW

29.8

24.7 - 34.9

25.7

20.6 – 30.8

< 0.001

FFM

14.0

9.7 - 18.3

13.7

9.4 - 18.1

NS

FM

14.2

12.7 - 15.8

10.7

9.2 - 12.3

< 0.01

Body weights (BW), fat free mass (FFM) and fat mass (FM) in kg, determined
by DEXA-scans performed at the start and at the end of a 12-week BW reduction
program. Results are shown as LS-means with the 95% confidence intervals (CI).
NS = not significant.
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Table 3 Parameters measured in overweight dogs (n = 5) before and after body weight reduction
P-value

o13CBT

IC
Start

95% CI

End

95% CI

Start

95% CI

End

95% CI

Method

RO2, l/kg BW0.75/d

16.7

15.4-18.0

15.5

14.3-16.7

BW reduction

RCO2, l/kg BW0.75/d

12.7

11.7-13.7

11.9

10.9-12.9

RF

0.75

0.69-0.82

0.72

0.65-0.78

RQ

0.76

0.71-0.82

0.76

0.72-0.81

NS

HR, bpm

74

65-82

76

68-85

NS

EE, kJ/d

4231

3879-4584

3511

3169-3854

4136

3793-4478

3629

3286-3971

NS

< 0.001

EE, kJ/kg BW/d

145

129-161

140

125-156

142

126-157

147

131-162

NS

NS

EE, kJ/ kg BW0.75/d

336

311-362

314

289-338

329

304-354

327

302-352

NS

NS

EE, kJ/ kg FFM/d

314

246-382

263

195-331

309

240-377

275

207-344

NS

< 0.001

NS
12.5

11.5-13.4

12.4

11.4-13.4

NS

NS
NS

13

13

Parameters measured in five overweight dogs by indirect calorimetry (IC) and the oral C-bicarbonate technique (o CBT), two times at the start (n = 10) and two
times at the end (n = 10) of a body weight (BW) reduction program. Results are shown as LS-means with the 95% confidence intervals (CI). RO2 = O2 consumption,
RCO2 = CO2 production, RF = recovery factor, RQ = respiratory quotient, HR = heart rate, bpm = beats per minute, EE = energy expenditure, FFM = fat free mass,
NS = not significant.

(kJ/kg FFM/d) after BW reduction. The LS-mean values
and the 95% CI for the RO2, RCO2 and EE are shown in
Table 3.

Discussion
The main objective of this study was to evaluate whether
the o13CBT may be a useful tool for measurements of
EE in BW reduction programs. A further objective was
to investigate whether the EE, measured under conditions
comparable to BMR, decreases or remains unchanged in
dogs after BW reduction. The definition of BMR is the energy required to maintain homeostasis in an animal in a
post-absorptive state where the individual is lying down,
awake and in a thermoneutral environment to which it
has been acclimatized [6]. Prior reported estimates for the
BMR in dogs have varied widely with individual values
ranging from 200 to 477 kJ/kg BW0.75/d [30].
In this study, it could not be controlled if the dogs
were sleeping, or moved a little (e.g. sat up and lay down
again) during the time in the respiration chamber and
this may have affected the results and thereby overestimated their actual BMR. However, if a dog was moving
around more than just to change position of rest and
showed signs of not be resting calmly or comfortable any
longer, the measurement in the chamber was ended. The
assumption that the EE measurements were close to BMR
in this study is thereby based on the subjective observations of the person outside the chamber and the interpretation of recorded HR data measured while the dogs were
inside the chamber. Measurements of HR before and after
the time in the chamber would though likely have supported this assumption.
Two methods were used for the estimation of EE, the
IC as the reference method and the o13CBT. There were no
differences between the results obtained by IC or o13CBT
in this study, confirming the findings of a previous

validation study that the o13CBT can be used in fasted
dogs during resting conditions [20]. However, that study
also clearly showed that the estimate for RF may vary depending on factors such as the behaviour of the dog. The
RF were significantly higher for dogs being more active
(RF = 0.94) during measurements, compared to those being relaxed (RF = 0.74) [20]. The results from the present
study indicate that overweight and BW reduction in overweight dogs did not affect the estimate for the RF and an
average value of 0.74 was found. This is in agreement with
previous studies in fasted dogs [20] and humans [31,32]
during resting conditions where RF values between 0.700.74 were found after oral administration of the 13C tracer.
The LS-means means for the RQ was 0.76 at the start as
well as at the end of the BW reduction program, which
also is similar to what was found previously in fasted dogs
[16,20]. Still, the estimates for the RF and RQ need to
be determined for each type of standardised measurement situation, i.e. if the estimates are affected of by for
example underweight, ageing or ambient temperature.
The dogs in this study were all calm and relaxed in the
respiration chamber, which also was reflected in the HR
measurements. However, by using breath bags [18,19] and
provided that the method is used under standardised conditions, further studies of EE in dog obesity research do
not have to be restricted to those dogs that are suitable for
measurements in a respiration chamber.
The dogs lost on average 4.8 ± 0.5 kg of their initial BW
to the time for the second measurement of body composition. This corresponds to a BW reduction of approximately 16% of their initial BW and is consistent with the
expected BW reduction of 1-2% per week. As a result of
the BW reduction, the EE (kJ/d) decreased significantly
from an average of approximately 4200 kJ/d, to about
3600 kJ/d. However, corrected for metabolic body size, the
EE was not affected by the BW reduction, being 335 kJ/kg
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BW0.75/d at the start, and 318 kJ/kg BW0.75/d at the end
of the BW reduction program.
The conditions for measurement of EE in this study
were close to the BMR. For most pet dogs, the BMR
represents the major part of their MER. As the BMR
(kJ/kg BW0.75/d) measured in this study was unaffected
by the BW reduction, the results indicate that also the
MER is unaffected after 16% BW reduction in obese dogs,
provided that the daily physical activity remains unchanged.
Physical activity has been suggested to increase the MER by
approximately 10% per hour with physical work [33]. This
estimated increase can vary greatly depending on factors
such as the type and intensity of work and the ambient
temperature [33].
The BW reduction program included restricted energy
intake combined with regular exercise. The results of measured body composition showed that the FFM remained
unchanged, meaning that the BW reduction was a result
of reduced FM only. A previous study in overweight dogs
suggested that the MER was lower in dogs after BW
reduction [13]. Contrary to the present study, the BW
reduction in that study was due to a combination of
reduced fat mass and lean tissue mass. It is likely that
if the BW reduction depends on reduced energy intake
alone, the more metabolically active muscle mass will
also be reduced. This might lead to a greater decrease
in EE (kJ/d) compared to a reduction in FM only and
may explain why BMR was affected differently in this
study. Calculations of EE in relation to the FFM will give
varying results as lean and obese animals may have the
same amount of FFM but great variations in FM and EE
in kJ/d [7,10,34]. In this study, the EE (kJ/d) decreased and
the FFM remained constant after BW reduction, and consequently, the EE expressed as kJ/kg FFM/d was reduced.
It is though possible that the time interval between measurements of body composition and EE for two of the
dogs at the end of the program might have affected the results when EE was calculated in relation to FFM. During
this time, the BW of one of these dogs was further reduced with 1.6 kg. As the exercise on treadmills was terminated with the last measurement of body composition,
the muscle mass in these two dogs would likely decrease
with time as a result of less exercise. However, in the
period between the last measurements of body composition, until the last measurements of EE four weeks later,
both dogs were exercised by regular jogging and long walks
with their owner. Thus it was assumed that FFM was not
reduced in this period and that the additional BW loss of
1.6 kg was attributable to loss of FM.
The presence of FM might stimulate the metabolic
rate of other tissues [35]. Thereby the amount of FM will
also affect the contribution of FFM to the BMR. Whether
the reduced EE (kJ/d) was a result of the decreased FM or
due to changes in the more metabolic active FFM, or a
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combination of both, could not be elucidated in this study.
When calculating the EE in relation to kg BW or kg
BW0.75, the results from this study suggest that the BMR
does not change with BW reduction as a result of reduced
FM. However, except from one dog, the BCS was still
above the ideal at the end of the study and thus, the results indicate that the BMR to maintain one gram of fat
is identical to maintaining one gram of FFM in overweight dogs.
The EE-results were based on short-term measurements
in the fasted state and in a respiration chamber and factors
such as normal daily activities and feeding were excluded.
For the o13CBT to be useful to provide accurate estimates
of the dogs´ MER, all factors influencing the daily EE also
have to be included. Further investigations are required to
elucidate if the o13CBT can be used under other conditions than in fasted and resting state (i.e. in relation to
feeding and physical activity). Nevertheless, for dogs being
inactive most of the day, the EE measured during fasting
and resting conditions may, in a feasible and harmless
way, help to improve the guidelines for the MER. Measurement of BMR could be included in BW reduction
programs as a routine examination before and after BW
reduction to give an indication whether the MER is reduced, and if the BW reduction is a result of reduced
FFM or only FM.

Conclusions
The results from this study show that the minimal invasive oral 13C-bicarbonate technique (o13CBT) may be a
useful tool for further studies in obesity research in dogs.
The estimates for the RQ and the RF before and after
16% BW reduction in overweight dogs were not different,
provided the measurements were conducted in fasted
state and during resting conditions. Energy expenditure
(kJ/BW0.75/d) measured in dogs under conditions close to
the BMR was not affected by BW reduction as a result of
reduced FM when the BW still was above ideal. Thus, the
results indicate that the BMR to maintain one gram of fat
is identical to maintaining one gram of FFM in overweight
dogs.
Abbreviations
AUC: Area under the curve; BCS: Body conditions score; BMR: Basal metabolic
rate; BMC: Bone mineral content; BW: Body weight; BW0.75: Metabolic body
size; CI: Confidence intervals; D: Dose; DEXA: Dual-energy X-ray absorptiometry;
EE: Energy expenditure; EI: Energy intake; F: Female; FFM: Fat free mass; FM: Fat
mass; FS: Female spayed; MER: Maintenance energy requirement; HR: Heart rate;
IC: Indirect calorimetry; LS-means: Least square means; Nu: Urinary nitrogen;
NS: Not significant; o13CBT: oral 13C-bicarbonate technique; RCO2: CO2
production; RO2: O2 consumption; RF: Recovery factor; RQ: Respiratory quotient;
SD: Standard deviation.

Competing interests
The authors declare that they have no competing interests.

Larsson et al. Acta Veterinaria Scandinavica 2014, 56:87
http://www.actavetscand.com/content/56/1/87

Authors’ contributions
CL conceived the study, participated in collection and verification of data,
carried out descriptive statistics and drafted the manuscript. AV helped with
recruiting dogs, clinical examinations, collection of data regarding body
composition, exercise on treadmills and helped draft the manuscript. RBJ
participated in the verification of the data and helped draft the manuscript.
PJ participated in the verification of the data and helped draft the manuscript.
AHT helped to conceive the study, verification of data and draft the manuscript.
All authors read and approved the final version of the manuscript.
Acknowledgement
Thanks to all dog owners who lent their dogs for this study, Abdalla Ali for
assistance with the respiration unit and Dorte H. Nielsen for processing the
DEXA-scans.
Author details
1
Department of Veterinary Clinical and Animal Sciences, Faculty of Health
and Medical Sciences, University of Copenhagen, Grønnegårdsvej 3, DK-1870
Frederiksberg C, Denmark. 2Department of Veterinary Clinical and Animal
Sciences, Faculty of Health and Medical Sciences, University of Copenhagen,
Dyrlægevej 16, DK-1870 Frederiksberg C, Denmark. 3Leibniz Institute for Farm
Animal Biology (FBN), Research Unit Nutritional Physiology “Oskar Kellner”,
Wilhelm-Stahl-Allee 2, D-18196 Dummerstorf, Germany.
Received: 12 June 2014 Accepted: 4 December 2014

References
1. McGreevy PD, Thomson PC, Pride C, Fawcett A, Grassi T, Jones B:
Prevalence of obesity in dogs examined by Australian veterinary
practices and the risk factors involved. Vet Rec 2005, 156:695–702.
2. Colliard L, Ancel J, Benet JJ, Paragon BM, Blanchard G: Risk factors for
obesity in dogs in France. J Nutr 2006, 136:1951S–1954S.
3. Lund EM, Armstrong PJ, Kirk CA, Klausner JS: Prevalence and risk factors
for obesity in adult dogs from private US veterinary practices. Int J Appl
Res Vet Med 2006, 4:177–186.
4. Courcier EA, Thomson RM, Mellor DJ, Yam PS: An epidemiological study of
environmental factors associated with canine obesity. J Small Anim Pract
2010, 51:362–367.
5. German AJ: The growing problem of obesity in dogs and cats. J Nutr
2006, 135:1940S–1946S.
6. Blaxter K: Energy Metabolism in Animals and Man. Great Britain: Cambridge
University Press; 1989.
7. Ravussin E, Bogardus C: Relationship of genetics, age, and physical fitness
to daily energy expenditure and fuel utilization. Am J Clin Nutr 1989,
49:968–975.
8. Cunningham JJ: Body composition as a determinant of energy
expenditure: a synthetic review and a proposed general prediction
equation. Am J Clin Nutr 1991, 54:963–969.
9. Lauten SD, Cox NR, Brawner WR, Baker HJ: Use of dual energy x-ray
absorptiometry for noninvasive body composition measurements in
clinically normal dogs. Am J Vet Res 2001, 62:1295–1301.
10. Weinsier RL, Schutz Y, Bracco D: Reexamination of the relationship of resting
metabolic rate to fat-free mass and the metabolically active components of
fat-free mass in humans. Am J Clin Nutr 1992, 55:790–794.
11. Laflamme DP, Kuhlman G: The effect of weight loss regimen on subsequent
weight maintenance in dogs. Nutr Res 1995, 15:1019–1028.
12. Nagoka D, Mitsuhashi Y, Angell R, Bigley KE, Bauer JE: Re-induction of
obese body weight occurs more rapidly and at lower caloric intake in
Beagles. J Anim Phys Anim Nutr 2010, 94:287–292.
13. German AJ, Holden SL, Mather NJ, Morris PJ, Biourge V: Low-maintenance
energy requirements of obese dogs after weight loss. Br J Nutr 2011,
106:S93–S96.
14. Speakman JR, Thomson SC: Validation of the labeled bicarbonate
technique for measurements of short-term energy expenditure in the
mouse. Z Ernahrungswiss 1997, 36:273–277.
15. Junghans P, Derno M, Gehre M, Höfling R, Kowski P, Strauch G, Jentsch W,
Voigt J, Hennig U: Calorimetric validation of 13C bicarbonate and doubly
labelled water method for determining the energy expenditure in goats.
Z Ernahrungswiss 1997, 36:268–272.

Page 7 of 7

16. Pouteau E, Mariot SM, Martin LJ, Dumon HJ, Mabon FJ, Krempf MA, Robins RJ,
Darmaun DH, Naulet NA, Nguyen PG: Rate of carbon dioxide production and
energy expenditure in fed and food-deprived adult dogs determined by
indirect calorimetry and isotopic methods. Am J Vet Res 2002, 63:111–118.
17. Junghans P, Voigt J, Jentsch W, Metges CC, Derno M: The 13C bicarbonate
dilution technique to determine energy expenditure in young bulls
validated by indirect calorimetry. Livest Sci 2007, 110:280–287.
18. Junghans P, Jentsch W, Derno M: Non-invasive 13C bicarbonate tracer
technique for measuring energy expenditure in men – A pilot study.
E Spen Eur E J Clin Nutr Metab 2008, 3:e46–e51.
19. Jensen RB, Larsson C, Junghans P, Tauson AH: Validation of the
13
C-bicarbonate tracer against indirect calorimetry for estimation of
energy expenditure in resting ponies. In Energy and protein metabolism
and nutrition in sustainable animal production. Proceedings of the 4th
International Symposium on Energy and Protein Metabolism and Nutritiom.
EAAP Publication No. 134 2013. Edited by Oltjen J, Kebreab E, Lapierre H.
The Netherlands: Wageningen Academic Publishers; 2013:243–244.
20. Larsson C, Jensen RB, Junghans P, Tauson AH: The oral 13C-bicarbonate
technique for estimation of energy expenditure in dogs: validation
against indirect calorimetry. Arch Anim Nutr 2014, 68:42–54.
21. Larsson C, Junghans P, Tauson AH: Evaluation of the oral 13C-bicarbonate
tracer technique for the estimation of CO2 production and energy
expenditure in dogs during rest and physical activity. Isot Environ Health
Stud 2010, 46:432–443.
22. Council of Europe: The European convention for the protection of
vertebrate animals used for experimental and other scientific purposes.
European Treaty Series No. 123 1986, 18.:3. Strasbourg, France.
23. Laflamme DP: Development and validation of a body condition score
system for dogs. Canine Pract 1997, 22:10–15.
24. Chwalibog A, Tauson AH, Thorbek G: Energy metabolism and substrate
oxidation in pigs during feeding, starvation and re-feeding. J Anim
Physiol Anim Nutr 2004, 88:101–112.
25. Brouwer E: Report of sub-committee on constants and factors. In Energy
Metabolism. Proceedings of the 3rd symposium. European Association of
Animal Production: Publication No. 11 1965. Edited by Blaxter KL. London:
Academic Press; 1965:441–443.
26. Junghans P, Chwalibog A: Complementary application of stable isotope
techniques and indirect calorimetry for determining energy expenditure.
In Energy Metabolism in Animals Proceedings of the 15th Symposium on
Energy Metabolism In Animals. EAAP publication No.103. Edited by Chwalibog
A, Jakobsen K. Wageningen Pers: The Netherlands; 2001:425–428.
27. Barrett PH, Bell BM, Cobelli C, Golde H, Schumitzky A, Vicini P, Foster DM:
SAAM II: Simulation, analysis, and modeling software for tracer and
pharmacokinetic studies. Metabolism 1998, 47:484–492.
28. Elia M: Estimation of short-term energy expenditure by the labeled
bicarbonate method. In New Techniques in Nutritional Research. Edited by
Whitehead RG, Prentice A. New York, NY: Academic Press; 1991:207–227.
29. Bland JM, Altman DG: Measuring agreement in method comparasion
studies. Stat Meth Med Res 1999, 8:135–160.
30. NRC: Nutrient Requirements of Dogs and Cats. Washington, DC. USA: The
National Academies Press; 2006.
31. Armon Y, Cooper DM, Springer C, Barstow TJ, Rahimizadeh H, Landaw E,
Epstein S: Oral [13C]bicarbonate measurement of CO2 stores and
dynamics in children and adults. J Appl Physiol 1990, 69:1754–1760.
32. Zanconato S, Cooper DM, Barstow TJ, Landaw E: 13CO2 washout dynamics
during intermittent exercise in children and adults. J Apl Physiol 1992,
73:2476–2482.
33. Grandjean D, Paragon BM: Nutrition of racing and working dogs. Part II.
Determination of energy requirements and nutritional impact of stress.
Compend Contin Educ Pract Vet 1993, 15:45–76.
34. Nelson KM, Weinsier RL, Long CL, Schutz Y: Prediction of resting energy
expenditure from fat-free mass and fat mass. Am J Clin Nutr 1992, 56:848–856.
35. Kaiyala KJ, Morton GJ, Leroux BG, Ogimoto K, Wisse B, Schwartz MW:
Identification of body fat mass as a major determinant of metabolic
rate in mice. Diabetes 2010, 59:1657–1666.
doi:10.1186/s13028-014-0087-6
Cite this article as: Larsson et al.: Evaluation of the oral 13C-bicarbonate
technique for measurements of energy expenditure in dogs before and
after body weight reduction. Acta Veterinaria Scandinavica 2014 56:87.

