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abstract
orthopaedic management of femoral head os-

teonecrosis remains problematic, partly because 
of inability to systematically compare treatments in 
an animal model whose natural history parallels 
the human in terms of progression to femoral head 
collapse. recently, it was determined that collapse 
could be consistently achieved for cryogenically 
induced osteonecrosis in the emu. toward delin-
eating the comparative hip joint biomechanics of 
emus versus humans, for purposes of establish-
ing the emu as a model for human femoral head 
osteonecrosis, habitual hip joint activity level was 
quantified for a group of seven healthy adult emus 
housed in an outdoor research pen typical of those 
used in emu farming operations. the daily number 
of steps taken, and the time spent with the hips 
loaded (standing, or squatting/sitting) versus un-
loaded (recumbent), were quantified from 24-hour 
videotape recordings, analyzed by four independent 
observers. the average number of steps taken per 
day was 9,563, which extrapolates to 1.8 million 
hip loadings per year, a value that falls in the same 
general range as seen in normal adult humans. on 
average, the emus spent 4:05 hours per day idly 
standing, 2:12 hours squatting/sitting, and 10:44 
hours recumbent; they underwent an average of 
37 transitions per day between the respective 
posture/activity states.

introduction
Osteonecrosis of the hip remains an important un-

solved problem in the field of orthopaedic surgery. This 
disorder is caused by a disruption in blood perfusion to 
the cancellous bone of the femoral head (occurring for 
any of several reasons), and results in the death of often 
large regions of weight-bearing bone. Left untreated, 
osteonecrosis generally progresses to femoral head 
collapse and subsequent secondary osteoarthritis.1 Due 
to the mechanical nature of the collapse phenomenon, 
interventions to hopefully preclude its occurrence ide-
ally should be systematically evaluated at the whole-joint 
level, under a loading regime as close as practicable to 
that in humans. 

Many animals models have been developed to study 
pharmacologically- or surgically-induced osteonecrosis. 
Species utilized have included dogs, rabbits, pigs, horses, 
goats, rats, and mice.2-9 However, while (usually) success-
ful in reproducing early tissue-level pathology, none of 
these models has managed to replicate the clinically all-
important phenomenon of progression to femoral head 
collapse. Plausibly, the reason for non-progression has 
been that all of these species have been quadrupeds, 
which has allowed spontaneous load-protection of the af-
fected limb, thereby presumably involving lesser hip joint 
mechanical demand that that typical of the human. 

Recently, Conzemius et al.10 demonstrated that cryo-
genically-induced osteonecrosis progresses to femoral 
head collapse in the emu, a large flightless (bipedal) 
bird native to Australia. Emus (Figure 1) are the second-
largest member of the ratite family, which along with 
their bigger cousin the ostrich also includes rheas, cas-
sowaries, and kiwis. Adult emus typically stand about 5 
feet (150 cm) tall, and weigh about 100 pounds (440 N). 
Although not a species previously utilized in biomedical 
research, emus are potentially attractive for studying 
various musculoskeletal disorders where bipedal gait 
is an important consideration, and where human-size-
relevant surgical interventions are of interest. Emus 
nowadays are farmed commercially in many areas of 
the US as a source of meat and (especially) of cosmetic 
oils, so they are inexpensive to procure. They also are 
relatively easy to maintain, requiring only a penned 
outdoor enclosure/run with sufficient space to freely 
ambulate year-round, and with shelter available for times 
of inclement weather. 
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Although osteonecrosis in the Conzemius et al. 
model10 was histologically and morphologically similar to 
that in the human, the time needed to achieve collapse in 
that series averaged twelve weeks. This is substantially 
faster than the average time of twenty-three months11 
needed for untreated human femoral head osteonecrosis 
to progress to collapse. Understanding the reason(s) for 
the faster-than-human natural history of osteonecrosis 
progression in the emu is obviously an important consid-
eration for interpreting results from studies potentially 
using that species as a disease model. 

Activity level difference stands out as one obvious 
possibility. To the casual observer, penned emus appear 
to relentlessly pace in their enclosure, spending very 
little time with their hips unloaded. Although most of the 
lesions induced in that earlier series by Conzemius et al. 
were more severe than those in many human cases, the 
emu’s apparent high activity level therefore might have 
contributed appreciably to pathogenesis acceleration. 
Moreover, in the Conzemius et al. study, histology for 
two of the three animals that did not develop lameness 
showed end-stage osteonecrosis, suggesting that emus 
either experience less pain with structural collapse, 
or that they are better able to tolerate hip pain, than 
humans. Besides osteonecrosis, the emu’s seeming 
stoic behavior may also prove useful for modeling other 
musculoskeletal disorders (e.g., osteoarthritis) whose 
pathophysiology is influenced by unprotected loading 
of the involved extremity. Therefore, in addition to 
helping understand the potential role of the number 
of loading cycles and the duration of static hip loading 
as contributors to the rapidity of emu necrotic femoral 

head collapse per se, an appreciation of the daily activ-
ity levels of emus would be informative in the broader 
context of this species being considered for modeling 
other musculoskeletal disorders. 

For these reasons, a study was undertaken to formally 
catalog the daily activity levels of emus. An important 
caveat to the high activity level apparent on casual 
observation is that emus are at best semi-domesticated 
animals, that react apprehensively to interactions with 
humans. An observer being visible to the emus would 
potentially constitute a disturbance that could result in 
a substantial artifactual increase of their habitual activity 
level. The study design therefore relied upon a data cap-
ture protocol that involved minimal human presence. 

metHods
Seven normal adult emus were sedated and marked 

with spray paint for individual identification. The animals 
were housed within a 28.2 x 2.8 m outdoor enclosure 
(Figure 2) that contained a 5.3 x 2.8 m covered shed at 
one end. This overall enclosure area corresponded to 
11.25 m2 per animal. They were allowed food and water 
ad libitum. These conditions were similar to those typi-
cally used in emu farming operations, and were approved 
by the Iowa State University Institutional Care and Use 
Committee. Three video cameras were placed along the 
fence of the enclosure: one in the covered shed, one next 
to the feeder, and one at the opposite end of the pen, 
looking towards the shed. 

A week before the videotaping, one observer (HJL) 
spent the night inconspicuously observing the emus in 
their enclosure, to gain an appreciation of their nocturnal 
activity level. It was determined that around-the-clock 
videotaping was appropriate, since the animals occa-
sionally got up and walked around at night, although 
in general such activity was appreciably less than in 
daylight hours. To facilitate nocturnal videotaping, 
three small incandescent lights were placed along the 
enclosure fence, and one light was placed inside the 
shed, providing just enough illumination to distinguish 
between emus, while not substantially disturbing their 
nocturnal behavior.

Videotaping commenced at 3:45 PM. At approximately 
9:00 PM the lights were turned on and the cameras were 
loaded with new tapes. Tapes were exchanged again 
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Figure 1. Adult emus in an enclosure pen. The animals are about 5 feet in height,
and weigh typically 100 pounds. In the presence of human observers, they tend to
continually pace, particularly along the edges of the enclosure. Note that the 
ground within the pen is worn down to bare dirt, due to the animals’ activity.  

Figure 2. Layout of the outdoor enclosure (not to scale) showing locations of 
lights and cameras.
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at approximately 4:30 AM, which caused the emus to 
awaken and stand for several minutes before returning 
to sleep. At approximately 10:30 AM the tapes were ex-
changed a third time. Videotaping was stopped at 3:50 
PM. The experiment was conducted during a period of 
clear summer weather.

Quantifying the video recordings proved to be a 
substantial undertaking. Due to the animals’ frequent 
intermingling, only one individual could be tracked at 
any given time. Thus, a total of 504 hours of videotape 
(3 cameras x 7 emus x 24 hours) needed to be analyzed. 
Moreover, owing to the seemingly random motions 
of the animals from site to site within the pen, it was 
frequently necessary to switch from tape to tape, with 
corresponding tape rewindings and/or fast forwards 
to preserve time synchrony. Because of the length and 
tediousness of videotape analysis, the task was split up 
among four observers. Each observer processed data 
(three cameras’ tapes) from one of the four (approxi-
mately 6-hour) time segments recorded. For each emu 
the number of steps taken (both walking and running), 
and the time spent sitting/squatting and lying (Figure 3) 
were quantified. Occasionally, animals mingled together 
into tight clusters, such that the particular animal that 
was being observed was obscured. During the intervals 
that a particular animal was not distinctly visible on any 
of the three tapes, its time spend standing, sitting/squat-
ting, and lying, and its numbers of steps were estimated 
in context by the observer, based on all of the animals’ 
activity patterns. Cumulative results of all four observers 
were then merged to produce a 24-hour compilation of 
activity levels for each of the seven emus. To verify that 

observers were counting steps and measuring the stand-
ing, sitting/squatting, and lying periods in a consistent 
manner, three emus in three 30-minute representative 
segments of video were analyzed by all four observers. 
The number of steps taken, and the time spent stand-
ing, sitting/squatting, and lying, were compared using 
Kendall’s W coefficient of concordance, a measure of 
observer agreement.12 In this statistic, an extremum 
of 1.0 indicates perfect agreement, and 0.0 indicates 
absolute disagreement.

As an additional point of reference, two emus that 
had undergone osteonecrosis-inducing cryo-surgery 
four weeks previously were videotaped for a two-hour 
period. These two animals were housed indoors in 3 x 
3 m pens, the same management procedure as used in 
the earlier series.10 These two surgery animals were 
videotaped during daytime hours. Their numbers of 
steps, and their times spent sitting/squatting and lying 
down, were quantified by one of the four observers 
(KLT). These data were then extrapolated to estimate 
an average of these quantities per hour, for comparison 
to the non-operated emu cohort.

results
The Kendall’s W statistic for the 30-minute compari-

sons between all four observers was 0.845 (p=0.0004), 
which indicates very strong inter-observer agreement. 
This agreement was judged sufficient to compile the 
results of the entire 24-hour period as if a single observer 
had analyzed all the data. 

On average, the non-operated emus took 9,653 steps 
per day (Table 1). This figure extrapolates to 1.8 mil-

15

Figure 3.  (a) Sitting/squatting posture versus (b) lying posture for the emu. For sitting squatting, 
the proximal-most joint making ground contact is the tibio-tarsus (analog of the human ankle). The 
hip joint is weight-bearing, in an orientation slightly more flexed than that for standing. The tail 
makes only marginal contact with the ground, and therefore provides negligible load bypass of the 
hip. For the lying posture, by contrast, the hips are minimally weight-bearing. Most of the hours of 
darkness were spent in the lying posture. 
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Figure 4. Average number of steps taken by each animal per hour, for the four intervals during the 
24-hour taping period. Recording periods ran for approximately 6 hours each, commencing at 3:45 
PM (period 1). The *s indicate the average number of steps taken per hour for the two post-
operative animals. 
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is the tibio-tarsus (analog of the human ankle). the hip joint is weight-bearing, in an orientation slightly more flexed that that for standing. the 
tail makes only marginal contact with the ground, and therefore provides negligible load bypass of the hip. for the lying posture, by contrast, 
the hips are minimally weight-bearing. most of the hours of darkness were spent in the lying posture.

figure 3a figure 3b



K. L. Troy, H. J. Lundberg, M. G. Conzemius, and T. D. Brown

20  The Iowa Orthopaedic Journal

lion loading cycles per hip per annum. An average of 10 
hours and 45 minutes per day was spent in a recumbent 
(hips unloaded) position. For this lying posture, since 
interest was in the hip joint, no distinction was made 
between the alert (head held up) versus sleeping (head 
tucked under the wing or on the ground) states. Both 
idle standing time and sitting/squatting time represent 
conditions of static hip loading, and plausibly contribute 
to osteonecrotic femoral head collapse. The emus spent 
an average of four hours, five minutes each day stand-
ing (without walking), and two hours, thirteen minutes 
sitting/squatting with their hips loaded. Idle standing 
time was estimated by assuming that a single step took 
one second to complete. (This one-second average step 
duration was estimated by measuring the time and step 
count for several typical walking episodes). On average, 
emus had 37 transitions per day between sitting/squat-
ting, standing, and/or lying.

Not surprisingly, activity level varied appreciably over 
the course of the day (Figures 4 and 5). The animals 
were most active in the afternoon to mid-evening pe-
riod (recording period 1, and the first part of period 2). 
For the most part, they slept through the night (most 
of recording period 2), occasionally rising for short 
periods of time. Some animals were substantially more 
active than others, with one taking as many steps dur-
ing recording period 1 as another did during the entire 
24-hour period. The early morning (recording period 3) 
had the most variability in how much time the animals 
spent lying down, presumably because some awoke 
earlier than others.

In the two-hour videotape of the two animals that had 
undergone cryo-insult surgery, one took 2,955 steps, and 
the other took 3,981. The animal that took fewer steps 

spent 28 minutes lying down, but the other one remained 
standing for the entirety of the two-hour videotape. The 
corresponding 1,478 and 1,991 steps per hour for these 
two animals are labeled with by asterisk in Figure 4, for 
comparison to the non-operated animals. 

Over the course of cataloguing the 24-hour video-
tapes, it was noted that emus often arbitrarily paused 
during walking, while midway through weight shift 
from one leg to the next. Often they stood frozen in 
this posture for multiple seconds, and even tens of sec-
onds, before either continuing on with the next step, or 
shifting the weight back to the trailing leg to adopt a 
two-legged stance. 

discussion
Historically, formal quantification of activity level has 

usually been lacking in animal studies where functional 
loading is important (such as in the case of physical 
loading stimuli to bones and joints). In the past several 
years, however, much interest has arisen in cataloging 
the habitual loading activities both in humans and in 
experimental animals such as turkeys, dogs, and sheep. 
For example, Adams et al.13 used 24-hour videotaping 
to document the daily activity patterns responsible for 
mechanical homeostasis of turkey ulnae. That work was 
expanded by Fritton et al.,14 who placed strain gauges 
on the tibiae and ulnae of turkeys, dogs, and sheep, to 
record 12-24 hour loading histories. Both of those studies 
were conducted to quantify the numbers and magnitudes 
of strain-producing activities that contribute to bone 
maintenance versus remodeling. Habitual activity levels 
in humans have been documented in a number of stud-
ies, primarily in the context of assessing polyethylene 
wear rates in total hip arthroplasty.15-17 

table 1. summary of activity data compiled for all seven animals over a 24-hour period

13

Table 1 Summary of activity data compiled for all seven animals over a 24-hour period. 

Animal # Steps (L+R) Sitting Time Lying Time Idle Standing Time

1 7894 3:04 12:40 3:36 

2 9375 0:22 13:31 4:25 

3 6926 2:04 10:54 2:50 

4 4371 5:18 9:13 4:05 

5 15809 2:10 7:20 6:10 

6 11488 0:50 12:51 2:55 

7 11708 1:37 8:37 4:31 

Average 9653 2:12 10:44 4:05 

St. Dev. 3742 1:15 2:24 1:05 
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The manual cataloguing methodology used in the 
present study is similar to that used by Adams et al.13 In 
each tape, only one emu could be followed at a time, due 
to their intermingling. Because of the sheer volume of 
data generated by the videotapes (3 cameras x 7 emus 
x 24 hours) and the tediousness of the cataloguing mea-
surements, it was necessary to divide the work among 
several observers, whose consistency it was necessary to 
verify with Kendall’s W statistic. Adams et al. resorted to 
similar usage of multiple observers, linked via statistical 
documentation of inter-observer reproducibility, when 
categorizing wing activity events of turkeys.

Because of the fast progression to femoral head col-
lapse seen in the pilot study by Conzemius et al.,10 it 

was initially supposed that emus would be documented 
to have substantially higher habitual activity levels than 
humans. However, the measured average number of 
steps per day taken by healthy emus (9,653) turns out 
to be strikingly consistent with the average number of 
steps that a healthy human takes each day15,18 (10,400 
for men and 8,900 for women, and 8804 for men and 
8913 for women, respectively). The present emu data fall 
near the middle of the range reported by Goldsmith et 
al.15 for healthy adult humans (395 to 17,718 steps per 
day). A Student’s t-test showed that emus do not take 
significantly more steps than humans (p=0.55), when 
compared to data obtained by Sequeira et al.18 Although 
humans are highly variable, the ~11 hours per day that 
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emus spend with their hips bearing weight empirically 
seems appreciably greater than the corresponding period 
for most humans (and may have contributed to the quick 
progression to femoral head collapse in the pilot study). 
While the initial supposition that emus are more active 
(in terms of number of daily loading cycles on the hip) 
than humans was clearly not borne out by the data, this 
similarity in activity levels may prove useful in terms of 
future comparisons between the two species.

Goldsmith et al.15 and Schmalzried et al.16 both 
remarked on the high levels of inter-subject and intra-
subject variability in their studies. The ratios of maxi-
mum to minimum number of steps per day in these two 
studies were 5:1 and 45:1 respectively. (The latter high 
number is likely due to the very low number of steps 
by the least-active individual in that particular study). 
The present study in emus shows only a 3.6:1 ratio, and 
suggests that emus have less variable activity levels than 
do humans. 

While the average number of loading cycles per day 
for normal emus approximated that seen in humans, it is 
important to note that the human data described above 
were for normal (healthy) subjects. As regards human 
osteonecrosis patients, we are not aware of any studies 
that have examined their daily loading regime. While 
osteonecrosis patients tend to be young “high demand” 
individuals, many have co-morbidities, and almost cer-
tainly their activity level tends to decrease when the hip 
becomes symptomatic. 

Concern was allayed as regards operated-upon ani-
mals potentially having reduced activity levels, either due 
to increased pain or due to the change in environmental 
conditions (indoors versus outdoors). While the initial 
sample size described here (two animals for a two-hour 
period) is insufficient to draw formal statistical conclu-
sions about the overall activity level of post-operative 
versus pre-operative animals, it does provide anecdotal 
evidence that activity levels after surgery remain reason-
ably high. 

Goldsmith et al.,15 whose study methodology utilized 
pedometry, noted that activity levels varied seasonally 
for the younger of two subjects whom they monitored 
over the course of a year: activity was highest during 
the summer. The videotaping in the present emu study 
was performed in midsummer during clear weather. 
Variations in emu activity due to weather would obvi-
ously affect these estimates of emu yearly activity. These 
animals are typically housed outdoors year-round. It 
seems a reasonable assumption that they would spend 
more time in the covered area of their pen during wet 
or colder weather, which presumably would involve less 
activity than that presently reported. Although daily life 
in an emu pen seemingly holds less variety of hip joint 

loadings than do the lifestyles of most humans (e.g., 
stair-climbing, sit-to-stand, stooping to pick something 
up, etc.19), the emu videotapes nevertheless showed a 
range of occasional activities seemingly involving high 
hip demand. These included episodes of running, jump-
ing, confrontations between birds (kicking, scratching, 
etc.) plus the numerous (average 37 per day) sit-to-stand 
transitions. Our impression is that the variety of emu 
hip loadings is not substantially different from that of 
humans, and probably exceeds that of sedentary indi-
viduals.

Of the various indices of activity level here measured, 
the number of daily loading cycles seems most relevant 
to studying osteonecrosis, since femoral head collapse 
is probably a fatigue-related process, driven by cyclic 
fluctuation of stress in the at-risk osseous lattice. The 
measured average number of emu daily loading cycles, 
which extrapolates to 1.8 million per year, is remarkably 
similar to the recent estimates for healthy humans of 1.7 
million per year by Seedholm and Wallbridge20 and of up 
to 2.0 million per year estimate by Silva et al.21 

Finally, the above observations and data of course 
apply only to emus housed in a farm-type pen enclosure. 
However, the activity level of emus in the wild, while 
presumably higher, is of lesser practical interest in the 
context of this animal serving as a model for necrotic 
femoral head collapse, because any individual animal 
potentially used for surgical research would probably be 
housed in such a (sheltered) pen, or for short durations 
in an indoor enclosure, rather than being free-ranging. 
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