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OBJECTIVE
To explore relationships between 9-axis inertial measurement unit (IMU) output and activities of varying intensity in
dogs of various sizes.

ANIMALS
20 healthy, agility course-trained dogs of various ages and sizes.

PROCEDURES

Height, weight, body condition score, age, length from IMU to the ischium, and height of IMU to the floor were
recorded. Dogs performed a series of activities (rest, walk, trot, and agility course) while wearing the IMU device.
IMU and video output were reviewed by independent investigators. Correlations and multiple regression models
were used to explore relationships between independent variables and IMU output.

RESULTS

Calibration demonstrated excellent correlation and concordance between IMUs (intraclass correlation > 0.9) and
that the IMUs reliably measured a known acceleration (gravity at rest). Resultant vector magnitude {sqrt[(x"2) +
(y*2) + (z°2)]} normalized to body size was calculated from the data. IMU output clearly discriminates between
activities of varying intensity in the dog.

CLINICAL RELEVANCE

The inability to accurately measure chronic pain is a barrier to the development of new, or critical evaluation of,
therapeutics. Activity monitors (AM) may be the ideal diagnostic target since they are small and provide objective
data that can be collected while the pet remains in its natural environment. These results demonstrate the concur-
rent and predictive validity of the IMU tested. Our long-range goal is to validate an open-source algorithm for the
IMU so activity in a pet’s natural environment can be used as an outcome measure in future studies.

To improve the diagnosis and treatment of chronic
conditions in companion animals, such as pain,
obesity, and cardiovascular disease, the veterinary
field must address the lack of validated objective
measurement modalities that assess pets in their
natural environment. An inability to reliably measure
disease burden (initial or change) in pets affects the
diagnosis of disease and the development of new
therapeutics. For example, a primary outcome mea-
sure currently used in regulatory, pivotal clinical tri-
als for the study of chronic pain in dogs has been an
owner survey.r-4 Clinical metrology instruments can
be useful but are limited by their subjective nature,
inherent caregiver placebo effect®, not directly mea-
suring a change in the patient, and high variation

restricting use to large group sizes.®’ Additional
assessments have included veterinarian examina-
tions and force platform gait analysis; however,
these are either subjective or evaluate the pet for
a small period of time outside of their natural envi-
ronment, respectively. Limitations assessing com-
panion animals with chronic pain also handicap our
opportunity to utilize them as large animal, sponta-
neous chronic pain models as a translational model
for people, a problem with an economic impact of
$600 billion annually.”8

Accelerometers are often used as activity
monitors (AMs) and are a component of an iner-
tial measurement unit (IMU). They may be the
ideal diagnostic tool since they are small, minimally
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invasive, mobile, and provide objective data that
can be collected remotely while the pet remains in
its natural environment. While many AMs are com-
mercially available and marketed to veterinarians,®10
none are fully validated, provide access to raw data,
or have open-source algorithms; these are necessary
for an outcome measure to be used in a regulatory
study and sustain quality assurance.ll In addition,
AMs used in published veterinary studies!?-20 almost
exclusively report an “activity count.” Since there is
no standard “activity count” in companion animals,
nor an explanation of how it is calculated in quad-
rupeds, the clinical relevance of the activity count
is challenging to interpret, particularly across dif-
ferent AMs. Furthermore, the direct translation of
existing algorithms developed for people to quadru-
peds seems speculative given obvious differences in
morphometrics and activities performed (eg, people
rarely jump from a height that equals their own or
run at a full sprint).

Criterion validity is essential for the objective
measure of physical activity. While there is extensive
research addressing the criterion validity of acceler-
ometersin people,2t-28 |ittle work has been performed
in dogs.1 The critical steps of criterion validity are
(1) concurrent validity to ensure the instrument mea-
sures what it is intended to measure compared to a
gold standard and to establish interinstrument vari-
ability, and (2) predictive validity to document the
extent to which the instrument functions relative to
the purpose for which it is going to be used.23:27

The objectives of this research were to (1) docu-
ment the accuracy and precision of IMU acceleration
output relative to a known acceleration (gravity),
(2) determine intra- and inter-IMU variability, and
(3) demonstrate the relationship between IMU out-
put (acceleration vector magnitude) and canine
activity of varying intensity. We hypothesized that
IMU output (acceleration vector magnitude) would
(1) accurately and precisely measure a gold stan-
dard, (2) have low intra- and inter-IMU variability,
and (3) be able to discern between activities of dif-
fering intensity in dogs.

Material and Methods

Animals

Twenty, client-owned dogs were enrolled in this
prospective clinical study. The study protocol was
reviewed and approved by the Institutional Animal
Care and Use Committee (IACUC; No. 2204-39913A).
Written, informed client consent was obtained before
enrollment. Owners received a $25 VISA card as an
incentive for participation. Inclusion criteria included
the dogs had to be of adult age, have no reported
health conditions, be normal on physical exam, and
be trained to complete an agility course. Exclusion
criteria included pregnancy, use of medications for
neuromuscular or musculoskeletal disease, and an
inability to successfully complete the agility course.

Before the activities were performed, dog breed,
age, body weight (recorded using an electronic
scale), body condition score (1to 9), and length from

2

the IMU to the ischiatic tuberosity (measurements
were made by the same investigator using the same
tape measure with the dog standing) were docu-
mented. The length of the IMU to ischiatic tuberosity
was recorded to help normalize differences in sub-
ject center of mass.2°

Inertial measurement units

Calibration of the inertial measurement units
(Shimmer3 IMU; Shimmer Research) was performed
according to the manufacturer’s manual (Shimmer
9DoF Calibration Application; Shimmer Research)
using the calibration stand. Before data collection,
the IMU was programmed to a collection frequency
of 51.2 Hz (default frequency that also would allow
for capturing the majority of canine movements
since sampling rates up to 20 Hz are reported to
capture the majority of human movements) with a
wide range accelerometry (+ 8 g); no other filters or
algorithms were applied.3931 Data collection was set
to start and end when the IMU was undocked and
then redocked, respectively. The IMU docking station
was connected to a dedicated computer equipped
with software (ConsensysPRO; Shimmer Research)
designed for data download and storage.

To assess concurrent validity, acceleration out-
put from 4 IMUs was compared relative to gravita-
tional acceleration as a reference (x-axis = 0 m/s?,
y-axis = 0 m/s2, and z-axis = 9.81 m/s2) and com-
pared to each other. After calibration, the IMUs were
taped together in the same orientation, positioned
at rest on a table with the z-axis directed toward the
room floor and the x- and y-axis parallel to the room
floor, afteraperiod of 5to 10 seconds the 4 IMUs were
picked up and shaken for 5 to 10 seconds and then
returned to the rest position on the table; this pro-
cess was repeated 7 times. Before data evaluation,
200 data points of IMU output were deleted from the
beginning and end of the experiment to ensure only
data associated with the experiment was tested.

To assess predictive validity, an IMU device
(51 mm X 34 mm X 14 mm) was secured into a neo-
prene battery holster (OP/TECH USA Battery Holster)
and a nylon dog collar was fed through the sewn-in
loop attachment and firmly secured in place. The IMU
was placed away from the metal ring used for leash
attachment on the collar to prevent interference. One
of 2 IMU devices from the concurrent validity experi-
ment was used throughout this predictive validity
experiment; the IMU used was randomly selected (coin
flip). Two IMUs were selected to decrease inter-IMU
variability and ensure a backup IMU was available to
complete data collection if needed. The collars were
adjusted to ensure a snug fit so that the collar could
not be pulled over the dog’s head and that 2 fingers
could fit between the neck and collar. The IMU was
placed on the ventral neck as previously described.®
Simultaneous video of all activities from IMU undock-
ing to redocking was captured at 100 Hz using a camera
phone (Apple iPhone 12 and iPhone 13; Apple Inc).

Data collection was performed over 3 separate
days at a single indoor canine agility facility (Fusion Pet
Retreat). An agility course was mapped out to ensure
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the same course and distances were prepared for each
participant. The agility course consisted of 2 tunnels,
an A-frame, and 4 jumps that were set to each par-
ticipant’s competition jump height. Before the collec-
tion of data, owners were instructed about the series
of activities their dog would perform and they were
allowed to familiarize their dog with the agility course.

The IMU device was undocked, placed on a table
to rest for several seconds, shaken approximately
10 times, and placed in the neoprene case ventrally
on the dog’s neck, and then the activities were initi-
ated. The initial resting and shaking of the IMU were
to help ensure IMU and video output was synchro-
nized by creating recognizable acceleration vector
magnitude (VM; VM = sqrt[x2 + y2 + z2]) output (VM is
a flat line when resting on a table is and VM is a sinu-
soidal waveform when shaken). The dogs (with the
owner’s guidance) performed the following activities:
rest (sitting or laying down) for 15 to 30 seconds, a
walk on a leash led by the owner for 30 to 60 seconds,
rest for 15 to 30 seconds, a trot on a leash led by the
owner for 30 to 60 seconds, rest for 15 to 30 seconds,
and repeated completion of the agility course for
60 seconds. Dogs repeated this activity series 3 times
with a rest period of 15 to 30 minutes between each
repeat. The same IMU was used for all of the dog’s
data collected for the 3 repeats. At the completion
of a series of activities, the IMU was removed from
the collar and redocked. IMU data (.csv file) and
video output were downloaded and reviewed after
each trial to ensure data were collected. Digital out-
put (IMU and video) was manually synchronized by
matching the initial IMU output (when the IMU was
removed from the docking station) to the video of
the IMU removed from the docking station and doc-
umenting this as 0 seconds. Synchronization was
checked by confirming the IMU output when resting
on a table, when shaken and when redocked.

Dog activities were categorized as rest, walk, run,
or agility by a single investigator using direct obser-
vation from the video, and a time stamp from the
video was recorded. For example, when a dog was
seen to begin a period of rest, a time was recorded;
when that period of rest ended, a time was recorded.
Since the synchronization process could have been
incorrect by fractions of a second, 1 second plus any
fraction of a second were removed from the activity
time stamp at the beginning and end of each activ-
ity. For example, if a dog began a period of rest at
45.67 seconds on the video, the time stamp recorded
for statistical evaluation was 47.0 seconds. While this
resulted in slightly less data for evaluation, it helped
ensure the IMU output was correctly associated with
the intended observed activity. Transitions between
specific activities were not tested. The direct obser-
vation time stamps of the first investigator were con-
firmed by a second investigator.

Statistical analysis

Since we found no description of the variability
of acceleration VM between different exercise inten-
sities in a heterogeneous population of dogs, IACUC
approval included an initial investigation of 20 dogs
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followed by statistical evaluation and, if needed,
an additional 20 dogs could be studied. Summary
morphometric statistics are presented as mean #*
standard deviation (range).

Acceleration output (.csv file) was evaluated
using RStudio (RStudio Inc; Version 2022.02.3+492).
While raw acceleration data for the x-, y-, and z-axis
are IMU output, VM was also IMU output and was
evaluated because, when in use, IMU orientation is
constantly changing. A 1-second epoch was created
by using the percentiles computed for each second of
data.2>:30.32-34 \/alues of interest included the median
acceleration (g,,), and the acceleration difference
between the 10th and 90th percentile (Aggy). All VM
values were converted to g-forces (1 g = 9.81 m/s2)
so that the expected value of g,, at rest was 1.0.

For concurrent validity, 5,955 consecutive data
points that were simultaneously collected from each
of 4 IMU devices were evaluated for intradevice and
interdevice reliability. To estimate the accuracy and
precision of IMU acceleration output relative to a
known acceleration (gravity) and intradevice reli-
ability of g,, and Aggy when the device was at rest,
the mean and standard deviation were calculated for
each device for the rest portions in the first and sec-
ond minute separately. We would expect g,, to be
consistently near 1.0 and Agg, to be small. To esti-
mate interdevice reliability of Aggy when the device
was in motion (defined as mean Agg, > 0.3), intra-
class correlation between the devices was evaluated.
To estimate the concordance between devices, we
computed the relative differences between the value
for each device and the mean across devices and
reported the median absolute deviation and the 95th
percentile of deviation.

For predictive validity, the recorded time stamp
from each activity (rest, walk, trot, and agility) was
compared to VM. To determine the interdog and intra-
dog variability of Aggy at each activity level, random
effects models were fit with terms for dog, trial, and
period within trial (for the rest data only). The per-
cent variation (the increase or decrease over time as
a percentage) over time for each term was reported.
Finally, to determine if Agg, was useful in distinguish-
ing the activity levels of the dogs, optimal cutoffs
across all dogs were determined using the average
percent agreement across all 4 activity types.

Finally, to determine if there was an influence of
morphometrics on IMU output,?® individual optimal
cutoffs were first computed for each dog separately
using the average percent agreement across all 4 activ-
ity types for each individual dog. These cutoffs were
then used as responses in linear regressions, 1 for each
cutoff, using the distance from IMU to ischium as the
predictor variable. These were then used to make equa-
tions for cutoffs based on this distance, and the average
percent agreement again computed for each dog.

Results

When the 4 IMU devices that were taped
together were at rest, mean g,, across all 4 devices
and the 8 rest periods ranged from 0.989 to 1.03 g
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(SD <0.0005), and the mean Aggy ranged from 0.0031 population included 8 spayed females, 2 intact
to 0.0047 g (SD < 0.0005; Figure 1). When the females, 5 neutered males, and 5 intact male dogs.
4 IMUs were in motion (defined as mean Agg, > 0.3), Border Collies (n = 5) were the most common
the intraclass correlation of Agg, between devices breed followed by mixed breed dogs (3), Miniature
was at 0.995. For concordance between devices, the Australian Shepherds (2), Australian Shepherds (2),
median absolute deviation from the mean across the and 1 of the following breeds: Bull Terrier, Labrador
4 devices was 1.5% and the 95th percentile was 6.2%. Retriever, Doberman Pinscher, Portuguese Water Dog,

Twenty healthy adult dogs were enrolled Dachshund, Flat Coated Retriever, English Setter, and
and completed the study (Figures 2 and 3). The Miniature American Shepherd. Mean subject age was

Figure 1—Acceleration vector magnitude (y-axis) simultaneously collected from 4 inertial measurement units (IMU).
Seven cycles of rest and shaking were performed to document the accuracy and precision of IMU acceleration output
when at rest (flat lines) relative to a known acceleration (gravity = 9.81 m/s2) and to determine intra- and inter-IMU
variability when at rest and in motion.

eleration VM (m/s"2)

Horizontal (Value) Axis
o 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 12000 13000 14000 15000 16000 17000 18000 19000
Data Point Number

12 3 4 5 6 7 8 9

Figure 2—OQOverview of acceleration vector magnitude from a single session from undocking of inertial measurement
unit (IMU) to redocking of IMU. During this session, 18,338 data points were generated. Numbered arrows identify
different aspects of a session. 1 = IMU resting on table; 2 = shaking the IMU; 3 = dog resting period 1; 4 = dog walk-
ing;| 5 :ddgg resting period 2; 6 = dog trotting; 7 = dog resting period 3; 8 = dog performing agility; and 9 = agility
trial ended.
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Figure 3—Example of selected data points from a session used to identify activities performed by a dog enrolled in
the trial. Note that although there the waves formed for each activity appears similar, the magnitude of acceleration
(y-axis) differs.

4.9 + 1.7 years (range, 1.5 to 7.0 years). Mean subject Interdog variability of Agg, at rest, walk, trot,
body weight was 16.4 + 8.0 kg (range, 4.9 to 30.7 kg). and agility when output was not adjusted for sub-
Mean subject BCS was 4.6 + 0.5 (range, 4 to 5). Mean ject morphometrics was 28%, 52%, 44%, and 18%,
length from the IMU to the ischiatic tuberosity was respectively (Table 1). The optimal Agg, cutoffs for
59.9 + 11.4 cm (range, 41.0 to 79.0 cm). all dogs in this population were rest at < 0.25 g, walk
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Table 1—Percent variation within and between dogs for
each activity.

Activity Interdog variation Intradog variation
Rest 28% 24%

Walk 52% 13%

Trot 44% 10%

Agility 18% 2%

at0.25t01.15¢g, trotat >1.15t0 2.44 g9, and agility at
>2.44 g. With the use of these VM Agg, cutoffs across
all dogs, the median proportion of activities correctly
identified was 80.2% (range, 38.3% t0 93.7%) (Figure 4;
Supplementary Figure S1). Using morphometrically
adjusted cutoffs (linear regressions associated with
distance from IMU to ischium), the median propor-
tion of activities correctly identified slightly declined
compared to the overall cutoffs, from 80.2% to 77.4%,
although the mean proportion correct increased from
76.9% to 77.9%, and the minimum proportion correct
increased from 38.3% to 57.0%.

1.0-

o ofo @4

o
®
'

O g0 o0 R—0Q
o—axo

oo

Proportion Correct, by Dog
o
>

0.4-
o

Shared Thresholds Individual Thresholds

Figure 4—The median overall proportion identified cor-
rectly using the acceleration difference between the
10th and 90th percentile (Aggy) cutoffs for all dogs (left)
and individual dogs (right). For all dogs, 80.2% (range,
38.3% t0 93.7%) were correctly identified without adjust-
ing for participant morphometrics (data shown).

Intradog variability of Agg, at rest, walk, trot, and
agility was 24%, 13%, 10%, and 2%, respectively. The
optimal Aggg cutoffs for individual dogs in this popu-
lation were rest at < 0.38 g, walk at 0.38 to 1.25 g,
trot at 1.26 to 2.30 g, and agility > 2.30 g. This is the
maximum improvement possible because this treats
each dog individually and thus takes each dog’s mor-
phometrics into account. When individual cutoffs
were created for each dog, the median overall pro-
portion correct was 89.1% (range, 74.6% to 97.1%).

6

Discussion

In this study, we found that when the IMUs were
at rest, VM was within 1.1% of a standard (gravity)
with very small variation. Thus, we accepted our
hypothesis that IMU output would accurately and
precisely measure a gold standard. When the IMUs
were in simultaneous motion, intraclass correlation
and concordance between the 4 IMUs tested were
excellent;3536 thus, we accepted our hypothesis that
IMU output would have low inter-IMU variability.
While alternative methods of testing acceleration
are available (eg, having the IMU on a rotating fan
of known radius and revolutions/minute or using
a shaker device), we elected to perform a test that
could be easily performed as a standard operating
procedure before the use of any IMU or accelerom-
eter in a clinical investigation. Many IMUs (includ-
ing the one used in this study) provide real-time
Bluetooth data reporting. Following calibration,
investigators could check acceleration output rela-
tive to what is expected from gravity with the IMU at
rest before placing the IMU on a clinical patient.

In this study of a heterogeneous population of
dogs, we found that activities of different intensity
could be correctly identified (Agg, acceleration VM
unadjusted or adjusted for subject morphometrics)
approximately 80% of the time across all dogs and
approximately 90% of the time for individual dogs.
Thus, we accepted our hypothesis that IMU output
would be able to discern between activities of differ-
ing intensity in dogs. It was expected that the pro-
portion of activities correctly identified in individual
dogs would be higher than across all dogs because
subject morphometrics does not influence output
from an individual dog. Subject morphometrics can
influence acceleration output because the IMU is
at a different distance from the subject’s center of
mass.2? Although we found adjusting acceleration
output relative to subject length and body weight?®
had little impact on the mean or median propor-
tion of activities correctly identified, it improved the
minimum proportion correct by nearly 20%. It seems
prudent to utilize this adjustment when acceleration
is studied in a heterogeneous population of dogs.

Moving forward, work could be performed to
attempt replication of these results. Assuming simi-
lar results, then the “group cutoffs” determined
could be used in clinical studies with this, or a simi-
lar, device. Another aspect that could be investi-
gated is whether our determined cutoffs hold true
for activity in the home environment, which is likely
predominately off-leash. Since the walk and trot
took place with the dog on a leash, by default the
owner selected subject velocity for these activities
and different owners likely selected different walking
and trotting velocities. The influence of the owner on
subject walk and trot velocity is likely an important
contributor to the large difference in variation we
found between interdog and intradog variation for
these 2 activities. The influence of the owner may be
less important in a clinical trial because (1) dogs are
likely not on a leash most of the time when in their
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natural environment, and (2) dogs are likely not often
on a leash when performing moderate to vigorous
activities. This could be important because people
that suffer from chronic pain reportedly spend less
time performing moderate to vigorous activity.37:38 In
this study, interdog variation was comparatively low
when dogs performed agility activities, again sug-
gesting the influence of the owner on leash-direct
activities is large.

We elected to use the devices described because
they provided a fast sampling rate, sufficient data
storage and battery life for the proposed work, access
to all raw data, control of all algorithms, software that
allowed for IMU calibration, easy data download and
proved to be reliable when we performed concurrent
validity testing. There are likely other accelerometers
that would be reasonable alternatives. The sampling
rate used, 51.2 Hz, was the default when the IMUs
were calibrated. While we could have changed this,
we selected a relatively fast sampling rate to ensure
the capture of the majority of movements. Sampling
rates up to 20 Hz, are reported to capture the major-
ity of human movements.30:31 We believe this is also
true in dogs; exploration of accelerations induced by
dogs jumping over an obstacle and landing in this
study could have been consistently identified with
a sampling rate of 20 Hz. While a faster sampling
rate ensures all activity is captured, a fast sampling
rate results in an enormous amount of data; approxi-
mately 12,000 data points for each trial in this study.
For translation to a clinical situation, data collection
at 20 Hz for 14 days would generate over 24 million
data points. Thus, identifying an IMU that had ade-
quate data storage and battery life was essential and
the development of statistical methods to rapidly
manage and analyze this volume of data was consid-
ered. Access to raw data and reporting algorithms
was important because it allows for easier interpre-
tation between studies and it would be necessary for
quality assurance.!?

The IMUs used in this study also collect motion
data from a magnetometer and gyroscope. We
focused on acceleration VM because it has a
strong correlation to metabolic equivalents in peo-
ple27.30.39 and would be easy to reproduce for future
research. The 1-second epoch (time interval of a
data set)?530.32-34 was selected because it has been
reported that short epochs are needed to classify
physical activity when a short burst of vigorous
activity could be expected® and if newer methods
are being developed.*® The mathematical descrip-
tion of output for the epoch can vary from a simple
sum, mean, or median to something slightly more
complicated like a percentile. We focused on the dif-
ference between the 10th and 90th percentile (Aggg)
of acceleration VM for each second of data across
the duration of recording because this would report a
range of acceleration generated by motion. In effect,
less motion results in less acceleration and decelera-
tion and a smaller delta between the 10th and 90th
percentiles of output; larger motions result in larger
accelerations and decelerations and a larger delta
between the 10th and 90th percentiles of output.
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This clinical investigation only studied normal
dogs performing scheduled and, at times, owner-
led activities. The clinical importance of measuring
time spent at rest or performing light, moderate or
vigorous activity in dogs remains unknown. It may
be that dogs with chronic pain spend more time at
rest or less time performing moderate to vigorous
activity compared to a population of normal dogs,
as suggested recently,*! but this has not been inves-
tigated using validated methods. Similarly, one could
investigate activity dogs with cardiovascular disease
before or after an intervention or the IMU could be
used to monitor subject activity after surgery to con-
firm activity recommendations.4243 Also, the popu-
lation studied did not include extremes in subject
age and morphometrics. This study did not include
exclusion criteria beyond adult dogs and the popula-
tion was heterogeneric but, there are several popu-
lations not represented including puppies, elderly
dogs, obese dogs, toy, or giant breed dogs.

In conclusion, acceleration VM from the IMU
studied provided valid data because it accurately
and precisely measured a gold standard, had low
intra- and inter-IMU variability, and was able to dis-
cern between activities of differing intensity in the
majority of dogs in our study.

Acknowledgments

The authors declare that there were no conflicts of interest.
No third-party funding or support was received in connection
with this study or the writing or publication of the manuscript.

References

1. Rausch-Derra L, Huebner M, Wofford J, Rhodes L. A pro-
spective, randomized, masked, placebo-controlled multisite
clinical study of grapiprant, an EP4 prostaglandin receptor
antagonist (PRA), in dogs with osteoarthritis. J Vet Intern
Med. 2016;30(3):756-763. doi:10.1111/jvim.13948

2. Hanson PD, Brooks KC, Case J, et al. Efficacy and safety
of Firocoxib in the management of canine osteoarthritis
under field conditions. Vet Ther. 2006;7(2):127-140.

3. Zoetis Inc. Freedom of information summary. Rimadyl;
carprofen. NADA 141-111. US Food and Drug
Administration; 2014.

4. Novartis Animal Health. Freedom of information sum-
mary. Deramaxx; deracoxib. NADA 141-203. US Food and
Drug Administration; 2011.

5.  Conzemius MG, Evans RB. Care giver placebo effectin dogs
with osteoarthritis. JAVMA. 2012;241(10):1314-1319.

6. Lascelles BDX, Brown DC, Conzemius M, Gill M, Oshinsky M,
Sharkey M. Measurement of chronic pain in companion
animals: priorities for future research and development
based on discussions from the Pain in Animals Workshop
(PAW) 2017. Vet J. 2019;252:105370. doi:10.1016/
j.tvjl.2019.105370

7. Lascelles BDX, Brown D, Conzemius M, Gill M, Oshinsky M,
Sharkey M. Measurement of chronic pain in companion ani-
mals: discussions from the Pain in Animals Workshop (PAW)
2017. VetJ. 2019;250:71-78.doi:10.1016/].tvjl.2019.07.001

8. Institute of Medicine (US) Committee on Advancing
Pain Research, Care, and Education. In: Relieving Pain in
America: a Blueprint for Transforming Prevention, Care,
Education and Research. National Academies Press; 2011.

9. Belda B, Enomoto M, Case BC, Lascelles BDX. Initial evalu-
ation of PetPace activity monitor. Vet J. 2018;237:63-68,
d0i:10.1016/j.tvjl.2018.05.011

Unauthenticated | Downloaded 03/16/23 07:11 AM UTC



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Hansen BD, Lascelles BD, Keene BW, Adams AK, Thomson
AE. Evaluation of an accelerometer for at-home moni-
toring of spontaneous activity in dogs. Am J Vet Res.
2007;68(5):468-475. doi:10.2460/ajvr.68.5.468

Davies B, London C, Lascelles B, Conzemius M. Quality
assurance and best research practices for non-regulated
veterinary clinical studies. BMC Vet Res. 2017;13(1):242.
Dow C, Michel KE, Love M, Brown DC. Evaluation of opti-
mal sampling interval for activity monitoring in companion
dogs. Am J Vet Res. 2009;70(4):444-448. doi:10.2460/
ajvr.70.4.444

Brown DC, Boston RC, Farrar JT. Use of an activity moni-
tor to detect response to treatment in dogs with osteo-
arthritis. J Am Vet Med Assoc. 2010;237(1):66-70.
d0i:10.2460/javma.237.1.66

Brown DC, Michel KE, Love M, Dow C. Evaluation of
the effect of signalment and body conformation on
activity monitoring in companion dogs. Am J Vet Res.
2010;71(3):322-325. doi:10.2460/ajvr.71.3.322

Michel KE, Brown DC. Determination and application of
cut points for accelerometer-based activity counts of
activities with differing intensity in pet dogs. Am J Vet
Res. 2011;72(7):866-870. doi:10.2460/ajvr.72.7.866
Wernham BG, Trumpatori B, Hash J, et al. Dose
reduction of meloxicam in dogs with osteoarthritis-
associated pain and impaired mobility. J Vet Intern Med.
2011;25(6):1298-1305.

Knazovicky D, Tomas A, Motsinger-Reif A, Lascelles BD.
Initial evaluation of nighttime restlessness in a naturally
occurring canine model of osteoarthritis pain. PeerdJ.
2015;3:e772.

Lascelles BD, Knazovicky D, Case B, et al. A canine-
specific anti-nerve growth factor antibody alleviates
pain and improves mobility and function in dogs with
degenerative joint disease associated pain. BMC Vet Res.
2015;11:101.

Yashari JM, Duncan CG, Duerr FM. Evaluation of a novel
canine activity monitor for at-home physical activ-
ity analysis. BMC Vet Res. 2015;11:146. doi:10.1186/
s12917-015-0457-y

Scott RM, Evans R, Conzemius MG. Efficacy of an oral nutra-
ceutical for the treatment of canine osteoarthritis: a double-
blind, randomized, placebo-controlled prospective clinical
trial. Vet Comp Orthop Traumatol. 2017;30(5):318-323.
Freedson PS, Melanson E, Sirard J. Calibration of the
Computer Science and Applications, Inc. accelerometer.
Med Sci Sports Exerc. 1998;30(5):777-1781.

Hendelman D, Miller K, Baggett C, Debold E, Freedson P.
Validity of accelerometry for the assessment of moder-
ate intensity physical activity in the field. Med Sci Sports
Exerc. 2000;32(9 suppl):S442-S449.

Welk GJ. Principles of design and analyses for the calibra-
tion of accelerometry-based activity monitors. Med Sci
Sports Exerc. 2005;37(11 suppl):S501-S511.

Berntsen S, Hageberg R, Aandstad A, et al. Validity of
physical activity monitors in adults participating in free-
living activities. Br J Sports Med. 2010;44(9):657-664.
Crouter SE, Clowers KG, Bassett DR. A novel method of
using accelerometer data to predict energy expenditure.
J Appl Physiol. 2006;100(4):1324-1331. doi:10.1152/
japplphysiol.00818.2005

Jago R, Zakeri |, Baranowski T, Watson K. Decision
boundaries and receiver operating characteristic
curves: new methods for determining accelerom-
eter cutpoints. J Sports Sci. 2007;25(8): 937-944.
doi:10.1080/02640410600908027

Bassett DR Jr, Rowlands A, Trost SG. Calibration
and validation of wearable monitors. Med Sci Sports
Exerc. 2012;44(1 suppl 1):S32-S38. doi:10.1249/
MSS.0b013e3182399cf7.

Calabro M, Lee JM, Saint-Maurice PF, Yoo H, Welk GJ.
Validity of physical activity monitors for assessing lower

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

intensity activity in adults. Int J Behav Nutr Phys Act.
2014;11(1):119.

Johnson TA, Gordon-Evans WJ, Lascelles BDX,
Conzemius MG. Determination of the center of mass
in a heterogeneous population of dogs. PLoS One.
2022;17(4):e0267361.

Sasaki JE, Samara da Silva K, Goncalves Galdina da Costa
B, John D. Chapter 2—measurement of physical activ-
ity using accelerometers. In: JK Luiselli and AJ Fischer
(eds). Computer-Assisted and Web-Based Innovations in
Psychology, Special Education and Health. 1st ed. 2016;
Elsevier-Academic Press:33-60.

Bouten CVC, Koekkoek KTM, Verduin M, Kodde R,
Janssen JD. A ftriaxial accelerometer and portable data
processing unit for the assessment of daily physical activ-
ity. IEEE Trans Biomed Eng. 1997;44(3):136-147.

McClain  JJ, Abraham TL, Brusseau TA U,
Tudor-Locke C. Epoch length and accelerometer out-
puts in children: comparison to direct observation. Med
Sci Sports Exerc. 2008;40(12):2080-2087. doi:10.1249/
MSS.0b013e3181824d98

Matthews CE, Hagstromer M, Pober DM, Bowles HR. Best
practices for using physical activity monitors in population-
based research. Med Sci Sports Exerc. 2012;44(1 suppl 1):
S68-576. d0i:10.1249/MSS.0b013e3182399e5b
Saunders TJ, Gray CE, Borghese MM, et al. Validity of
SC-StepRx pedometer-derived moderate and vigorous
physical activity during treadmill walking and running in a
heterogeneous sample of children and youth. BMC Public
Health. 2014;14:519. doi:10.1186/1471-2458-14-519
Koo TK, Li MY. A guideline of selecting and reporting
intraclass correlation coefficients for reliability research.
J Chiropr Med. 2016;15(2):155-163.

Kwiecien R, Kopp-Schneider A, Blettner M. Concordance
analysis: part 16 of a series on evaluation of scien-
tific publications. Dtsch Arztebl Int. 2011;108(30):
515-521. doi:10.3238/arztebl.2011.0515

Haider S, Sedlak M, Kapan A, et al. Factors associated
with objectively measured physical activity in patients
with seropositive rheumatoid arthritis. /nt J Environ Res
Public Health. 2020;17(23):9008.

van den Berg-Emons RJ, Schasfoort FC, de Vos LA,
Bussmann JB, Stam HJ. Impact of chronic pain on
everyday physical activity. Eur J Pain. 2007;11(5):
587-593. doi:10.1016/j.ejpain.2006.09.003

Matthew CE. Calibration of accelerometer output for
adults. Med Sci Sports Exerc. 2005;37(suppl):S512-S522.
Rowlands AV . Accelerometer assessment of physi-
cal activity in children: an update. Pediatr Exerc Sci.
2007;19(3):252-266.

Rowlison de Ortiz A, Belda B, Hash J, Enomoto M,
Robertson J, Lascelles BDX. Initial exploration of the
discriminatory ability of the PetPace collar to detect
differences in activity and physiological variables
between healthy and osteoarthritic dogs. Front Pain Res.
2022;3:949877. doi:10.3389/fpain.2022.949877

Kaizu Y, Tajika K, Miyata K. Measurement of physical
activity and prevention of physical inactivity/sedentary
behaviors in patients with septic knee arthritis before and
after hospital discharge: a case report. Physiother Res Int.
2022;27(3):1943.

Nicolson PJA, Hinman RS, Wrigley TV, Stratford PW,
Bennell KL. Effects of covertly measured home exercise
adherence on patient outcomes among older adults
with chronic knee pain. J Orthop Sports Phys Ther.
2019;49(7):548-556.

Supplementary Materials

Supplementary materials are posted online at the jour-

nal website: avmajournals.avma.org

AJVR

Unauthenticated | Downloaded 03/16/23 07:11 AM UTC


http://avmajournals.avma.org

