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SUMMARY
Background. Post-traumatic joint contracture (PTJC), characterized by loss of motion 
and permanent stiffness, affects up to 50% of patients following elbow joint dislo-
cation or fracture. Mechanisms governing successful conservative treatment methods 
aimed at preventing elbow PTJC and avoiding operative treatments (e.g., physical 
therapy) are poorly understood. Using a previously established rat model of elbow 
PTJC, the purpose of this study was to explore the effect of varying timing, intensity 
and duration of active, functional exercise on joint motion outcomes.
Methods. Following a surgically-induced unilateral elbow dislocation in rats, injured 
limbs were immobilized in bandages for 42 days followed by free mobilization for 
42 additional days producing long-term PTJC. This work summarizes several stud-
ies (Phases I-III) that investigated the effects of early versus delayed therapy (timing), 
free mobilization versus forced treadmill walking (intensity), and limited-time versus 
unlimited use (duration) on elbow PTJC.
Results. Joint motion outcomes in therapy groups showed no improvements compared 
to non-treated injured animals when therapy began day 14 post-injury or later regard-
less of timing, intensity or duration. Improved joint range-of-motion was only achieved 
when bandages were permanently removed at day 3 post-injury, regardless of whether 
added treadmill walking was performed.
Conclusions. Early motion is essential to preserving range-of-motion following trau-
matic elbow injury in a rat model.
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BACKGROUND
Post-traumatic joint contracture (PTJC), characterized by 
loss of motion and permanent stiffness, affects up to 50% 
of patients following elbow joint dislocation or fracture 
(1, 2). Not only is the elbow the most commonly dislo-
cated joint in the pediatric population and second most 
common in adults (3), it is also particularly susceptible 
to PTJC due to its high degree of joint congruency and 
constraint (4, 5). Conservative treatment protocols to 
prevent elbow PTJC including physical therapy, bracing, 

and manual manipulation have varying degrees of success 
(6-10). In more severe elbow injuries, permanent func-
tional deficits often remain with nearly 12-15% of patients 
requiring surgical intervention when standard non-opera-
tive treatments are unsuccessful (11). While conservative 
treatment protocols such as physical therapy are desirable 
to prevent PTJC and avoid operative treatments, mech-
anisms governing successful protocols are poorly under-
stood (6). To date, published studies on this topic have 
been predominantly case series or retrospective analyses, 
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so there is little comparative data with which to evalu-
ate different approaches (6, 12-15). The lack of random-
ized control trials makes determination of optimal clinical 
treatment approaches challenging, leading to subjective 
and inconsistent physical therapy protocols.
Despite the lack of guidance on specific levels of physical 
therapy dosage and timing, clinicians generally agree that 
active, functional exercises along with patient education are 
key components to a successful rehabilitation program (16). 
An animal model offers an ideal approach to test and define 
general therapy guidance focused on active, functional exer-
cises aimed at preventing elbow PTJC. Animal models allow 
for a repeatable injury pattern, consistent therapy proto-
col and controlled joint testing. To this end, a previously 
established rat model of elbow PTJC that shows function-
al, mechanical and histological changes similar to human 
patients (17-20) was leveraged to explore the effect of vary-
ing timing, intensity and duration of active, functional exer-
cise on joint motion outcomes. This work summarizes sever-
al studies (Phases I-III) that investigated the effects of early 
versus delayed therapy (timing), free mobilization versus 
forced treadmill walking (intensity), and limited-time versus 
unlimited use (duration) on elbow PTJC. We hypothesized 
that (1) a higher intensity therapy of forced treadmill walk-
ing as compared to free mobilization would increase joint 
motion outcomes when physical therapy is delayed (Phases 
I and II), and (2) a longer duration therapy of unlimited 
use as compared to limited-time use would increase joint 
motion outcomes when physical therapy is administered 
early (Phase III).

MATERIALS AND METHODS

Injury model
In this Institutional Animal Care and Use Committee 
approved study, a clinically-relevant elbow dislocation was 
surgically-induced in male Long-Evans rats (n = 10, Charles 
River Laboratories, Wilmington, MA, USA) (17, 18). While 
anesthetized, one elbow of each animal was subjected to a 
lateral collateral ligament transection and anterior capsulo-
tomy to replicate the soft tissue damage that occurs during 
a simple elbow dislocation injury in humans (figure 1). Due 
to surgery complications, one animal was excluded, leaving 
nine injured animals. Following surgery, the injured fore-
limbs were immobilized in bandages for 42 days. Bandag-
es were removed and animals were allowed free mobiliza-
tion (unrestricted cage activity) for an additional 42 days. 
Age-matched control animals (n = 10) received no injury 
and were allowed free mobilization for the entire 84-day 
period (figure 2 A).

Therapy and treadmill protocols
Experimental groups consisted of three chronologically 
conducted studies (figure 2, Phases I-III). Physical thera-
py to the injured elbow was administered by increasing the 
intensity of forelimb use via forced, flat treadmill walking 
and/or varying the timing and duration of free mobilization. 
A commercially available, home fitness treadmill (Horizon 
Fitness, Cottage Grove, WI, USA) was modified to reduce 
the speed range suitable for walking rodents (figure 3). Brief-
ly, four small magnetics were spaced evenly around the front 

Figure 1. (A) The left forelimb of the animal was prepared 
for surgery under sterile conditions. (B) Surgical exposure 
consisted of creating full-thickness skin flaps to the level of 
forelimb muscle fascia on the lateral side of the elbow. This 
provided ample visualization of the lateral ulnar collateral 
ligament (LUCL) and adjacent anterior capsule. (C) The LUCL 
was transected and the radiocapitellar joint was then visu-
alized. The anterior capsule is evident anterior to the joint 
space. (D) The capsule (shown here at the tip of the scalpel 
blade) was divided. (E) Once the LUCL had been divided, the 
radiocapitellar joint could be subluxated posteriorly, confirm-
ing complete transection of the LUCL. (F) The wound was 
closed in layered fashion with sutures in the muscular layer 
and staples on the skin. 
This is a simulated surgery on a euthanized animal.
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roller (as opposed to the original single magnet) causing the 
speed sensor to maintain the belt speed at a four-fold reduc-
tion from the displayed speed. Custom acrylic boxes with 
lanes were built and mounted on the treadmill to restrict 
movement along the direction of belt motion (figure 3).
Phase I investigated if forced treadmill walking would 
improve joint motion outcomes to a greater extent than free 
mobilization alone (figure 2 A). Following elbow dislocation 
surgery and 42 days of immobilization, animals (n = 3) were 
allowed free mobilization for 7 days (i.e., study days 42-49). 
For the remaining 35 days of the free mobilization period 
(i.e., study days 49-84), animals were subjected to treadmill 
walking for 60 minutes at 10 m/min 3x/week. Previous stud-
ies subjecting rats to treadmill walking used protocols with 
up to 60 minutes per session at 12 m/min 6x/week (21, 22).
After reviewing results from Phase I, Phase II was devel-
oped to begin therapy earlier and alter intensity while main-
taining the established 42-day immobilization period (figure 
2 A). During Phase II, experimental animals (n = 12) were 
removed from immobilization bandages 3x/week begin-
ning at day 14 post-injury (instead of day 42) to perform 
free mobilization for 60 minutes (n = 4), treadmill walking 
for 30 minutes at 12 m/min (instead of 10 m/min) plus free 
mobilization for 30 minutes (n = 4), or treadmill walking for 
60 minutes at 12 m/min (n = 4). Following their prescribed 
therapy each day (total of 60 minutes), animals were placed 
back in immobilization bandages. Because animals did 
not have several days of free mobilization before begin-
ning treadmill walking as they did in Phase I, an acclima-
tion period was designed in the walking protocol. Tread-
mill duration and speed were gradually increased during 
the first week until reaching the full 30 or 60 minutes at 
12 m/min on day 21; during this week of reduced tread-
mill time, animals spent the remaining time with free mobi-

lization. Therapy continued until day 42 when bandages 
were permanently removed allowing free mobilization for 
an additional 42 days (i.e., until study day 84). One animal 
in the group performing treadmill walking for 60 minutes 
refused to walk so was removed from the study leaving only 
three animals in this group.
After reviewing results from Phase II, Phase III was designed 
to more aggressively investigate therapy intensity and dura-
tion (figure 2 B). During Phase III, experimental animals (n 
= 9) began therapy at day 3 post-injury. This day was chosen 
because previous results with this animal model suggested 
the joint is likely unstable during these first few days (19). 
Limb use during this period could potentially cause damaging 
effects. One group of animals were removed from immobili-
zation bandages 5x/week to perform treadmill walking for 30 
minutes at 12 m/min (n = 3). Following each therapy session, 
these animals were placed back in immobilization bandages 
similar to Phase II. Two separate groups were removed from 
immobilization bandages permanently at day 3 post-injury: 
one group performed only free mobilization (n = 3) while the 
other group performed treadmill walking for 30 minutes at 
12 m/min 5x/week in addition to the free mobilization (n = 
3). Treadmill duration and speed were gradually increased 
during the first two sessions (day 3-4) until reaching the full 30 
minutes at 12 m/min on day 7; during these days of reduced 
treadmill time, animals spent the remaining time with free 
mobilization. Other ongoing studies determined that range-
of-motion (ROM) loss in this injury model was significant 
as early as day 21 post-injury (19). Therefore, Phase III was 
designed with a day 21 terminal time point including a sepa-
rate control (n = 3) and injury (n = 3) group in order to signifi-
cantly decrease the overall length of the animal study. Animals 
were euthanized via CO2 inhalation and stored in a - 20 °C 
freezer at either day 84 (Phases I and II) or day 21 (Phase III).

Figure 2. (A) Phase I and II delayed therapy and (B) Phase III early therapy protocols explored the timing, intensity and dura-
tion of active, functional exercise on joint motion outcomes. 
IM: immobilization; FM: free mobilization; LM: time-limited free mobilization; TR: treadmill walking; group border color corresponds to data column 
shading in figure 4.
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Joint mechanical testing
After thawing animals for 24 hours, both forelimbs from 
control animals (day 84: n = 20; day 21: n = 6) and injured 
forelimbs from injured (day 84: n = 9; day 21: n = 3) and ther-
apy (n = 3-4/group) animals were tested for flexion-extension 
joint motion in a custom mechanical system (17). Following 
an established testing protocol (17), limbs were loaded for five 
cycles to ± 11.25 N × mm at 1.0 mm/s with overhead images 
taken at maximum flexion and extension. Torque and angu-
lar position data were analyzed using a MATLAB program 
(MathWorks, Natick, MA, USA) to quantify measurements 
of maximum flexion, maximum extension, total ROM and 
neutral zone (NZ) length (17). The NZ length describes the 
relatively resistance-free ROM represented by the flatter 
region on the torque-angular position curve between linear 
fits of the flexion and extension stiffness.

Statistical analysis
Within each Phase (i.e., I, II, or III), one-way analysis of vari-
ance (ANOVA) tests was used to compare each mechani-
cal testing parameter between all groups. When significance 
was found, post-hoc comparisons with Bonferroni correc-
tions compared the injured and experimental group(s) to the 
control group. Significance was defined as p < 0.05 for all tests.

RESULTS
The Phase I experimental group (delayed therapy begin-
ning at day 42 post-injury) had a significantly larger maxi-
mum extension (figure 4 A, p < 0.0001), smaller total ROM 
(figure 4 E, p < 0.0001) and smaller NZ length (figure 4 G, 

p < 0.0001) compared to controls with values remaining 
similar in magnitude to injured animals (table I). Likewise, 
Phase II experimental groups (delayed therapy beginning 
at day 14 post-injury) exhibited significantly larger maxi-
mum extension (figure 4 A, p < 0.0001), smaller total ROM 
(figure 4 E, p ≤ 0.0002) and smaller NZ length (figure 4 G, p 
≤ 0.0002) compared to controls with values remaining simi-
lar in magnitude to injured animals regardless of therapy 
intensity (table I). The Phase III experimental group (early 
therapy beginning at day 3 post-injury) performing tread-
mill walking but remaining in immobilization bandages after 
each session (Phase III TR) also showed no improvements; 
again, maximum extension (figure 4 B, p < 0.0001), total 
ROM (figure 4 F, p < 0.0001) and NZ length (figure 4 H, p 
< 0.0001) were significantly different compared to controls 
with values remaining similar in magnitude to injured 
animals (table I). However, both Phase III experimental 
groups where limbs were permanently removed from immo-
bilization bandages at day 3 post-injury (without and with 
additional treadmill walking, FM and FM + TR, respective-
ly) showed large improvements. Maximum extension (figure 
4 B), total ROM (figure 4 F) and NZ length (figure 4 H) 
in both therapy groups were only slightly, non-significantly 
different from controls (p ≥ 0.7011) with differences < 10° 
(table I). Comparatively, injured animals showed differences 
relative to controls in maximum extension, total ROM and 
NZ length of 61°, 54° and 45°, respectively (table I). Maxi-
mum flexion (figure 4 C, D, table I) showed no differences 
across all groups. In this animal model, injury is not induced 
on the posterior joint and the limb is immobilized in flexion 
so changes in maximum flexion are not expected.

DISCUSSION
This work summarizes three chronological studies investigat-
ing the effects of early versus delayed therapy (timing), free 
mobilization versus forced treadmill walking (intensity), and 
limited-time versus unlimited use (duration) on joint motion 
outcomes. Previous work with this animal model conclud-
ed that following injury and 42 days of immobilization, 
joint motion was only partially restored with free mobiliza-
tion from day 42 to 84 meaning that contracture persisted 
long-term (18, 19). Phase I increased the intensity of thera-
py via treadmill walking during this free mobilization period 
in an attempt to restore additional motion. Contrary to our 
hypothesis, joint motion outcomes showed that this proto-
col was ineffective (figure 4 A, E, G). As such, Phase II was 
developed in order to begin therapy earlier and vary intensi-
ty while maintaining the established 42-day immobilization 
protocol. Time-limited free mobilization or treadmill walking 
of injured limbs (with limbs remaining immobilized when not 

Figure 3. A home fitness treadmill with walking lane boxes 
mounted above was modified to reduce the speed range 
suitable for walking animals.
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conducting therapy) were expected to improve joint motion 
outcomes while allowing for proper healing to occur. Again, 
outcomes showed no improvements for any of the groups at 
day 84 (figure 4 A, E, G), leading to development/implemen-
tation of an aggressive Phase III early therapy protocol. Inter-
estingly, treadmill walking 3 days post-injury 5x/week (with 
limbs remaining immobilized when not conducting therapy) 
was still ineffective when compared to injured limbs receiving 
no therapy (figure 4 B, F, H). Only after removing bandages 
permanently at day 3 post-injury was there an improvement 
in biomechanical outcome, regardless of whether additional 
treadmill walking was performed (figure 4 B, F, H). Taken 
together, these results suggest that only early, unlimited use of 
the injured limbs have the potential to improve joint motion 
in this animal model of post-traumatic joint contracture.
Kaneguchi et al. saw no differences in rat knee ROM between 
animals receiving free mobilization with and without addi-
tional treadmill walking when knees were immobilized for 
21 days (23). In our model, after 42 days of full immobili-
zation (Phase I) or partial immobilization with time-limited 
limb use beginning day 14 post-injury (Phase II), altering 
intensity via treadmill walking showed no improvements 
similar to Kaneguchi et al. Trudel et al. concluded that 
immobilization effects were only fully reversible with free 
mobilization alone when immobilization was applied for 14 
days or less (24). This result agrees with the Phase III data 
where joint ROM in injured animals was restored to 92% of 
control animal values when immobilization bandages were 
removed at day 3 post-injury. Sakakima et al. showed rat 
ankle ROM increased with free mobilization and treadmill 
walking when compared to free mobilization alone after 14 
days of immobilization (21). It is possible that an immobiliza-
tion length between 42 days (Phase I) and 3 days (Phase III) 
could show similar results. These previous results suggest 
that only minimal immobilization (i.e., less than 14 days) can 
prevent joint contracture and that treadmill walking has the 
potential to further increase ROM when free mobilization 
alone fails to do so. Importantly, none of these prior studies 
included a joint injury in addition to immobilization, as is 
the case in our rat elbow model. The presence of an acute, 
traumatic injury must be considered when developing ther-
apy protocols. Joint instability and the possibility of causing 
secondary injuries is a serious concern with beginning ther-
apy too early or aggressively. While beginning limb use day 
3 post-injury might seem ideal for preventing contracture, 
early motion with a possible unstable joint could lead to 
cartilage and/or secondary soft tissue damage. These topics 
will be examined more closely in the future.
The competing ideas of early joint mobilization to benefit 
joint motion but joint immobilization to protect joint tissues 
from instability/further damage presents a dichotomy for 

Figure 4. Phase I and Phase 2 experimental group had a 
significantly different (A) maximum extension, (E) total ROM 
and (G) NZ length compared to controls and remained similar 
to injured animals. Phase III experimental group performing 
treadmill walking but remaining in immobilization bandages 
after each session also showed no improvements having a 
significantly different (B) maximum extension, (F) total ROM 
and (H) NZ length compared to controls and remained simi-
lar to injured animals. However, both Phase III experimental 
groups that were permanently removed from immobilization 
bandages at day 3 post-injury showed large improvements 
in (B) maximum extension, (F) total ROM and (H) NZ length 
compared to injured limbs and were only slightly, non-signifi-
cantly different from controls. As expected, (C, D) maximum 
flexion showed no differences across all groups.
ROM: range-of-motion; NZ: neutral zone; FM: free mobilization; LM: 
time-limited free mobilization; TR: treadmill walking; *: different from control; 
p < 0.05; data column shading corresponds to group border color in figure 2.
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clinicians. Should a clinician focus on preventing contracture 
by beginning mobilization early at the risk of causing further 
damage, or do they delay mobilization to protect the joint 
at the risk of developing a permanent contracture? After a 
simple elbow dislocation, a protective brace is often used to 
lock the elbow at 90° of flexion for the first 1-3 weeks to limit 
extension and to avoid varus stress on the lateral collateral 
ligament (8). However, early mobilization after simple elbow 
dislocation resulted in an expedited return of ROM, function 
and return to work (25). Importantly, in either scenario, the 
severity of the damaged structures, motivation of the patient, 
and pain play a major role in the strategy a clinician chooses. 
Recently, Zhang et al. identified a lack of evidence quantifying 
the effects of the timing of active mobilization on final elbow 
ROM and function after trauma (6). Future work with our 
unique animal elbow model could help answer this question. 
By controlling for injury severity, means of active, function-
al joint exercises and therapy timing, intensity, and duration, 
results could help guide clinical practice on the appropriate 
timing of active mobilization and the risk of causing further 
damage in the context of simple elbow dislocation.
This study is not without limitations. A power analysis of previ-
ous data (power = 0.8; α = 0.05) determined that n = 7/group 
was required for joint mechanical tests to detect ROM differenc-
es of 15° with a standard deviation of 10° (19). All experimental 
groups, day 21 control group, and day 21 injured group had 
only n = 3-4/group in this study. However, results showed obvi-
ous, large differences (or no differences) between experimen-
tal groups and controls that would likely be maintained with a 
correctly powered study, so additional animals were not added 

to round out the full complement in each group. This study also 
included only post-mortem, joint-level motion data. While this 
provides useful data to build upon, other key outcomes includ-
ing in vivo joint function or tissue microanatomy would provide 
a more comprehensive assessment of the effects of the various 
experimental physical therapy strategies. Nevertheless, previous 
work demonstrated that poor post-mortem joint motion data 
was associated with functional deficits of grip strength and gait, 
as well as pathological joint capsule tissue via histology, which 
would be expected in the various experimental groups where 
therapy was not effective (17-20, 26). Lastly, it is possible that 
treadmill walking was not the optimal forelimb physical ther-
apy in rats. Treadmill walking has been successfully used as a 
hindlimb joint contracture therapy in rodents (21, 23, 27) but, 
to our knowledge, we are the first to use it for forelimb therapy. 
While walking, injured forelimbs were confirmed to be used 
for locomotion and not maintained in an elevated, flexed posi-
tion where the animals only walked on the other three limbs. 
However, the actual ROM of the elbow during use could not 
be confirmed. It is currently unknown whether full or any 
partial extension of the elbow is necessary to see a beneficial 
effect. Future work could incorporate various elbow extension 
amounts via treadmill walking or other therapy means as well as 
the timing, duration or intensity in protocols.

CONCLUSIONS
In conclusion, results of this study showed that early motion 
is essential to preserving ROM following a traumatic elbow 
injury in a rat model of PTJC. To address these findings, 

Table I. Joint Motion Mechanical Testing Data.

Max Extension Max Flexion Total ROM NZ Length
                  A C E G
Control  19.4 ± 2.2 144.9 ± 3.6 125.6 ± 4.0 94.8 ± 6.0

Injured  49.0 ± 7.3 146.1 ± 2.8 97.1 ± 8.5 72.2 ± 7.4

Phase 1 FM + TR  48.7 ± 1.4 144.5 ± 4.9 95.8 ± 5.8 63.5 ± 6.9

Phase 2
LM  54.9 ± 18.0
LM + TR  51.6 ± 10.7

140.5 ± 5.2
143.2 ± 5.8

85.6 ± 22.2
91.6 ± 10.3

62.1 ± 18.1
66.9 ± 10.5

TR 45.8 ± 8.4 145.7 ± 0.8 99.9 ± 8.7 70.7 ± 3.5

                 B D F H
Control 14.5 ± 3.0 141.2 ± 3.3 126.7 ± 3.1 97.8 ± 5.3

Injured 75.5 ± 12.8 147.9 ± 1.7 72.5 ± 12.8 52.6 ± 11.4

TR 79.5 ± 16.2 146.3 ± 3.3 66.8 ± 18.9 51.3 ± 15.5

Phase 3 FM 20.9 ± 5.2 140.6 ± 5.2 119.7 ± 10.2 88.7 ± 10.5
FM + TR 23.3 ± 4.3 140.3 ± 6.3 117.0 ± 10.2 88.1 ± 8.3

ROM: range-of-motion; NZ: neutral zone; FM: free mobilization; LM: time-limited free mobilization; TR: treadmill walking; column letter A-H corre-
sponds to panel in figure 3; bolded values denotes successful therapy groups.
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ongoing work is investigating the effect of post-injury immo-
bilization and free mobilization duration on joint motion 
outcomes. Additionally, studies will explore the poten-
tial for treadmill walking or other physical therapy activi-
ties to further increase joint motion when not completely 
restored with free mobilization alone. Furthermore, in vivo 
joint function and tissue histological analyses will be includ-

ed to compliment post-mortem joint motion outcomes and 
address concerns of joint instability or secondary injuries 
associated with beginning therapy too early or aggressively. 
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