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Abstract
AIM: To determine the feasibility and potential role of 
combining radiostereometric analysis (RSA), gait analysis 
and activity monitoring in the follow-up of fracture pa-
tients.

METHODS: Two patients with similar 41B3 tibial pla-
teau fractures were treated by open reduction internal 
fixation augmented with impaction bone grafting and 
were instructed to partial weight bear to 10 kg for the 
first six postoperative weeks. Fracture reduction and 
fixation were assessed by postoperative computer to-
mographic (CT) scanning. Both patients had tantalum 
markers inserted intra-operatively to monitor their frac-

ture stability during healing using RSA and differentially 
loaded RSA (DLRSA) at 6 and 12 wk postoperatively. 
Gait analyses were performed at 1, 2, 6, and 12 wk 
postoperatively. Activity monitors were worn for 4 wk 
between the 2 and 6 wk appointments. In addition to gait 
analysis, knee function was assessed using the patient 
reported Lysholm scores, and doctor reported knee range 
of motion and stability, at 6 and 12 wk postoperatively.

RESULTS: There were no complications. CT demon-
strated that both fractures were reduced anatomically. 
Gait analysis indicated that Patient 1 bore weight to 
60% of body weight at 2 wk postoperative and 100% 
at 6 wk. Patient 2 bore weight at 10% of body weight 
to 6 wk and had very low joint contact forces to that 
time. At 12 wk however, there was no difference be-
tween the gait patterns in the two patients. Patient 1 
increased activities of moderate-vigorous intensity from 
20 to 60 min/d between 2 and 6 postoperative weeks, 
whereas Patient 2 remained more stable at 20-30 min/d. 
The Lysholm scores were similar for both patients and 
did not improve between 6 and 12 wk postoperatively. 
DLRSA examination at 12 wk showed that both patients 
were comfortable to weight bear to 80 kg and under 
this weight the fractures displaced less than 0.4 mm. 
RSA measurements demonstrated over time fracture 
migrations of less than 2 mm in both cases. However, 
Patient 2, who followed the postoperative weight bear-
ing instructions most closely, displaced less (0.3 mm vs  
1.6 mm). 

CONCLUSION: This study demonstrates the potential 
of using a combination of RSA, gait analysis and ac-
tivity monitoring to obtain a comprehensive evidence 
base for postoperative weight bearing schedules during 
fracture healing. 
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limb trauma

Core tip: The extent to which patients follow rehabilita-
tion instructions, likely affects not only the early recov-
ery, but also the long-term outcomes that are depen-
dent on maintenance of fracture reduction. We have 
demonstrated the feasibility of using radiostereometric 
analysis, gait analysis and activity monitoring to assess 
early fracture healing. Future larger clinical studies us-
ing this novel combination of assessment tools may 
provide an evidence base for particular rehabilitation 
schedules following different fracture types and fixation 
techniques.
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INTRODUCTION
Outcomes of  tibial plateau fractures (TPF) have been 
correlated with the degree of  initial articular fragment 
reduction and the maintenance of  reduction[1-3]. In the 
laboratory, articular steps of  greater than 1.5 mm of  
the tibial condyles were shown to cause significantly in-
creased pressure on the surrounding cartilage[4]. In clini-
cal practice, reduction of  the articular surface of  the tibia 
with articular steps of  less than 2 mm have been labeled 
as “anatomical”[5,6], while articular steps of  more than 
3 mm have been associated with worse outcomes and 
identified as a risk factor for post-traumatic knee osteo-
arthritis[2,3]. The problem with correlating outcomes of  
TPF, and for that matter of  any articular fracture, with 
small articular steps measured on standard radiographs, is 
that the method is known to have a poor accuracy of  ± 
5 mm[7-10]. This has limited the previous reported results 
and outcome correlations considerably. In contrast to 
standard radiographs, radiostereometric analysis (RSA) 
has been shown to be a highly accurate and precise meth-
od to measure fracture displacement in clinical practice[11]. 
When applied to small TPF fragments, the method has 
been shown to have an accuracy of  ± 0.037 mm and a 
precision of  ± 0.016 mm[12]. The limitations of  RSA are 
that it requires expensive equipment and software, is time 
consuming, requires experienced personnel and can only 
be used in prospective studies. However, imaging tech-
niques with such a degree of  accuracy are required to es-
tablish any objective correlations between the quality of  
reduction and maintenance of  reduction and outcomes 
in these fractures.

To date, there is no consensus on how TPF patients 
should be rehabilitated after open reduction and internal 
fixation (ORIF), with current recommendations varying 
from non-weight bearing for up to 12 wk[13] to partial 

weight bearing in all cases[5,6]. It is reasonable to assume 
that most surgeons would recommend various postop-
erative weight bearing prescriptions for their patients, 
depending on the type of  fracture and the “quality” of  
fixation achieved. Such prescriptions are largely empirical. 
In addition, it is well established that most patients can-
not observe, or disregard, the postoperative weight bear-
ing instructions set by their surgeon[14-16].

To our knowledge, we have performed the only study 
to investigate the stability of  TPF in patients allowed 
to weight bear in the first six postoperative weeks[17]. 
We used RSA and differentially loaded RSA (DLRSA) 
performed under weight bearing load to assess fracture 
fragment stability[17]. Patients were recommended a post-
operative partial weight-bearing regimen of  20 kg for 
the first six postoperative weeks, followed by progressive 
weight bearing as tolerated. However, during the DLRSA 
examinations performed under weight-bearing as tol-
erated at two and six postoperative weeks, two out of  
seven patients exceeded 20 kg at 2 wk and three were full 
weight bearing at 6 wk. Despite all fracture movements 
under load being reported to be elastic (the final position 
of  the fracture returned to the preload position), the frac-
tures were found to have migrated over time up to 2 mm 
in the cranio-caudal and medio-lateral directions[17]. These 
results suggest that during the first six postoperative 
weeks, the patients either loaded more than their body 
weight through their injured knee and/or the direction 
of  the joint reaction forces during ambulation differed 
from that during standing for the DLRSA examinations. 
Monitoring patients’ activity and investigating their joint 
reaction force through gait analysis combined with mus-
culoskeletal modeling, may provide a better understand-
ing of  fracture migration during different rehabilitation 
protocols. In addition, combining the results provided by 
monitoring fracture stability during healing with an ac-
curate technique, namely RSA, with objective snapshots 
of  patient activity level and objective biomechanical 
data from gait analysis has the potential to provide an 
evidence base for particular rehabilitation schedules to 
be recommended following different fractures types and 
fixation techniques.

The aim of  this study was therefore to investigate the 
feasibility of  monitoring the healing of  TPF patients with 
RSA, gait analysis and physical activity monitoring. Using 
these combined assessment tools in larger clinical stud-
ies may provide more comprehensive and objective data 
to confirm the appropriateness of  current postoperative 
weight bearing regimes in lower limb articular fractures. 

MATERIALS AND METHODS
This work has been carried out in accordance with the 
Declaration of  Helsinki (2000) of  the World Medical As-
sociation. This study was approved by the Royal Adelaide 
Hospital Research Ethics Committee (Protocol Numbers 
060621 and 080107). All patients provided informed 
written consent. 
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Two consecutive patients treated in our institution for 
a similar pattern 41B3 fracture, involving a split compo-
nent of  the posterior medial tibial condyle and a split de-
pression of  the lateral tibial condyle, who agreed to have 
their fracture healing monitored with RSA, activity moni-
toring and gait analysis were included in this study (Figures 
1 and 2). Both patients were male of  a similar age (56 and 
60 years respectively) and both sustained their TPF as an 
isolated injury in a low speed motorbike accident. Both 
patients lived with supportive families. At the time of  the 
accident, Patient 1 was on a long-standing disability sup-
port pension for a traumatic amputation of  two fingers, 
while Patient 2 was self-employed as an electrician. Each 
fracture had multiple split and depressed fragments with 
the maximum depression on preoperative CT scans mea-
sured 19 and 22 mm respectively. Both patients had ORIF 
by the same surgeon within 24 h of  their injury through 
a combined anterolateral and posteromedial approach to 
allow buttressing of  the posteromedial, posterolateral and 
anterolateral cortical components of  the fracture and to 
contain the lateral tibial condyle cancellous bone defect 
to allow impaction bone grafting. The internal fixation 
was completed by impaction bone grafting and a raft of  
subchondral screws (Figures 1 and 2). At the time of  sur-
gery, tantalum beads (1.0 mm, RSA Biomedical, Umea, 
Sweden) were inserted in the largest depressed fracture 

fragment as well as in the unfractured tibial metaphysis, 
to allow for RSA and DLRSA. Postoperatively, the pa-
tients were instructed and educated to partial weight bear 
to 10 kg on the injured limb for the first six postoperative 
weeks and to progress to full weight bearing as tolerated 
afterwards. Unrestricted knee range of  motion was en-
couraged immediately after surgery.

In the first postoperative days, the patients had stan-
dard radiographs and a fine cut computer tomographic 
scan to assess the fracture reduction. An RSA radio-
graphic examination was taken as a baseline for measure-
ment of  fracture displacement. Following radiographic 
imaging, each patient had gait analysis.

The patients were reviewed at 2, 6 and 12 postopera-
tive weeks. Clinical examination, plain radiographs, RSA 
radiographs and gait analysis were repeated at each of  
these times. The patients were given a physical activity 
monitor to wear between their 2 and 6 wk outpatient ap-
pointments. Lysholm patient reported outcomes were 
completed at the 6 and 12 wk outpatient appointments. 
Knee range of  motion and stability were recorded during 
the 6 and 12 wk outpatient appointments.

RSA and DLRSA 
Baseline RSA radiographs were taken in the supine posi-
tion, centering the patient’s knee over the RSA calibration 
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Figure 1  Radiographic imaging of the fracture of Patient 1 illustrating the initial displacement as well as the operative reduction and fixation achieved. A: 
Preoperative X-ray; B: Post operative X-ray; C: Preoperative transverse computed tomography (CT); D: Post operative transverse CT; E: Preoperative coronal CT; F: 
Post operative coronal CT; G: Preoperative sagittal CT; H: Post operative sagittal CT.
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walking at their self-selected pace along a 10-m walkway. 
A minimum of  five successful trials were recorded at 
all assessments. Patients were allowed rest periods be-
tween trials, if  required. Small reflective markers were 
attached to the lower limbs and pelvis of  the patient[18]. 
The trajectories of  the markers were recorded using a 
12-camera Vicon MX-F20 motion capture system (Vicon 
Inc., Oxford, United Kingdom) at 100 Hz. Ground 
reaction forces were recorded simultaneously through 
Vicon Nexus 1.8 (Vicon Inc., Oxford, United Kingdom) 
with the motion data, using two AMTI (AMTI, Water-
town, United States) and two Kistler (Kistler Inc., Swit-
zerland) force platforms at 400 Hz. Data were exported 
to Visual3D (C-Motion, Inc., United States) where the 
motion was reconstructed[19] and the knee joint angles and 
loads (forces and moments) calculated. Joint angles were 
calculated using the joint coordinate system[20]. Joint loads 
were computed using inverse dynamics. From Visual 3D, 
further processing was performed in Matlab (Mathworks, 
United States). Using a musculoskeletal model[21], the joint 
reaction forces were calculated. From the gait analysis, 
the peak vertical ground reaction force, peak vertical knee 
joint reaction force, the peak knee flexion and extension 
moments, the peak knee adduction moment and the knee 
joint range of  motion were extracted. 

Patient activity monitoring 
Each patient was asked to wear a GENEActiv acceler-
ometer on their non-dominant wrist after their discharge 
from the hospital. These activity monitors are small, 

cage (Cage No. 43, RSA Biomedical, Umea, Sweden). 
Radiographs were analyzed using specialized software 
(UmRSA v6.0, RSA Biomedical, Umea, Sweden). The 
mean error of  rigid body fitting accepted was less than 
0.35 mm.

DLRSA examinations were performed at 6 and 12 
wk with each patient standing on a custom built platform 
that allows centering of  the patient’s knee in front of  the 
RSA calibration cage, as described previously[17]. Dur-
ing the RSA examination, a digital foot scale was used 
to measure the load applied whilst weight bearing. RSA 
radiographs were taken with the foot placed on the scale 
but applying 2-5 kg (pre-load), followed by radiographs 
with the patient applying a maximum weight bearing load 
on the scales, as tolerated without pain (loaded). A final 
pair of  radiographs was taken while applying 2-5 kg load 
(post-load). Parallel bars were used by patients as sup-
port during examination to allow a “controlled static” 
weight bearing. Inducible displacement of  fracture frag-
ments was calculated as the difference in position of  the 
fracture fragment relative to the proximal tibia using the 
pre-load radiographs as the reference examination. Two 
dimensional (2D) migration was calculated as the vecto-
rial sum of  proximal-distal and medio-lateral migrations. 
The subsequent apparent stiffness was calculated as the 
force (applied maximum tolerated load) divided by the 
displacement (2D migration).

Gait analysis 
The gait analysis was undertaken with the patients 

Figure 2  Radiographic imaging of the fracture of Patient 2 illustrating the initial displacement as well as the operative reduction and fixation achieved. A: 
Preoperative X-ray; B: Post operative X-ray; C: Preoperative transverse computed tomography (CT); D: Post operative transverse CT; E: Preoperative coronal CT; F: 
Post operative coronal CT; G: Preoperative sagittal CT; H: Post operative sagittal CT.

A

B

C

D

E

F

G

H

Callary SA et al . RSA, gait and activity monitoring



263 October 18, 2013|Volume 4|Issue 4|WJO|www.wjgnet.com

lightweight, wireless devices that provide a continuous 
record of  activity patterns over extended periods of  time. 
Data obtained were used to quantify the amount of  time 
the patients spent in activity of  light and moderate-to-
vigorous intensity following their discharge. 

The patients were instructed to wear the wrist moni-
tor 24 h a day, including during water-based activities 
(showering/bathing) and sleeping. The GENEActiv is 
a triaxial accelerometry-based activity monitor with a 
dynamic range of  +/- 8 g (www.geneactiv.co.uk, Gravity 
Estimator of  Normal Everyday Activity, ActivInsights 
Ltd, Cambridgeshire, United Kingdom). GENEActiv 
PC software was used to configure the GENEActivs to 
collect data at 10 Hz, upload the data and convert the 
.bin files to 15 s epoch .csv files for data analysis. The 
sampling frequency of  10 Hz was selected to enable data 
collection for over one month.

Periods of  non-wear were identified using an algo-
rithm that identified minute-by-minute changes of  posi-
tion. No changes of  position in a rolling 60-min window 
were classified as non-wear. Sixty-minute windows of  
no movement have been used previously to classify non-
wear[22]. A minimum of  10-hour wear time during day-
time was required for a valid day[22]. The sum and mean 
of  the vector magnitude (VM) of  the 15 s epochs were 
calculated for each valid day. Outcome variables for each 
valid day were: time in light and moderate-to-vigorous 
intensity physical activity (classified using published cut-
points[23]). Light activity includes activity greater than one 
and a half  times resting metabolic rate and moderate-
to-vigorous activity includes activities with an intensity 
at and above that of  a brisk walk. Data analysis was per-
formed using Microsoft Excel 2010.

RESULTS
There were no complications. Both patients had an un-
eventful recovery with a continuous improvement in their 
knee symptoms and function. The postoperative CT scan 
demonstrated that both fractures were reduced anatomi-
cally (Figures 1 and 2). No measurable fracture displace-

ment over time was identifiable on plain radiographs 
in any of  the patients. At six weeks Patient 1 reported 
a Lysholm score of  51, his knee was stable and had a 
range of  motion of  5°-100°. At 12 wk Patient 1 reported 
a Lysholm score of  48, his knee was stable and had a 
range of  motion of  0°-110°. At 6 wk Patient 2 reported a 
Lysholm score of  49, his knee was stable and had a range 
of  motion of  10°-90°. At 12 wk Patient 2 reported a 
Lysholm score of  47, his knee was stable and had a range 
of  motion of  5°-100°.

RSA and DLRSA 
RSA measurements demonstrated that the two-dimen-
sional (2D) fracture migration over time was less than 
2mm in both cases (Figure 3). There was a difference in 
size and pattern of  fracture migration, with the fracture 
fragment of  Patient 1 migrating almost 1.6 mm com-
pared to 0.3 mm for Patient 2. The majority of  the mi-
gration occurred within the first six postoperative weeks 
(Figure 3).

Fracture displacement during DLRSA examinations 
was elastic, with the post-load examinations demonstrat-
ing that that the fracture fragments returned to their pre-
load position. During DLRSA examinations, Patients 1 
and 2 applied 47 kg and 30 kg respectively, at 6 wk and 
both applied 80 kg at 12 wk. The 2D translations under 
the 80 kg loads at 12 wk were both below 0.4 mm (Figure 
4). The calculated apparent stiffness value for the fracture 
construct of  Patient 2 at 6 wk (261 N/mm) was lower 
compared to that of  Patient 1 (1064 N/mm) (Figure 5). 
Conversely, Patient 2 had a higher apparent stiffness at 
12 wk than Patient 1 (Figure 5). Both fractures showed 
increased stiffness over time, consistent with other mea-
sures of  fracture healing.

Gait analysis
At one week postoperative, Patient 1 had a peak Fz of  
0.7 times their total body weight (bw). In contrast, Pa-
tient 2 loaded to only 0.15 bw. Between 1 wk and 12 wk, 
increases of  0.49 and 1.05 bw were observed in the peak 
Fz for Patients 1 and 2, respectively (Figure 6A). At 1 wk 
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postoperative, Patient 1 had a peak knee JRFz of  1.11 bw, 
which was comparable to that calculated for Patient 2 of  
0.86 bw. Between 1 and 12 wk, increases of  1.45 and 2.04 
bw were observed in the peak JRFz for Patient 1 and 2, 
respectively (Figure 6B). Besides a peak in the knee ROM 
at week 2 for Patient 2, no substantial changes were ob-
served in the knee ROM (Figure 6C). Patient 1 showed 
an increase of  both the knee flexion and adduction mo-
ment between 1 and 12 wk postoperative, with a magni-
tude of  0.25 and 0.11 Nm/kg, respectively. No change 
was observed in the knee extension moment. Patient 2 
showed a similar percentage increase in the knee flexion 
moment to Patient 1, with the peak moment increasing 
by 0.12 Nm/kg between 1 and 12 wk (Figure 7A). The 
knee extension moment increased by 0.27 Nm/kg (Figure 
7B); however, no change was noted in the knee adduction 
moment (Figure 7C).  

Patient activity monitoring 
Patient 1 did not wear the monitor for a period of  10 
days in the middle of  the investigated period. Between 
2 and 6 wk post-surgery, light activity increased by ap-
proximately one hour per day in Patient 1 (from 270 
min/d to 330 min/d) and stayed fairly constant in Patient 
2 (approximately 300 min/d) (Figure 8A). Patient 1 also 
increased from approximately 20 min/d of  moderate-
vigorous intensity physical activity at 2 wk post-surgery 
to approximately 60 min/d of  moderate-vigorous inten-
sity physical activity 6 wk post-surgery (Figure 8B). In 
contrast, Patient 2 maintained fairly stable levels of  20-30 
min/d moderate-vigorous intensity physical activity be-
tween 2 and 6 wk post-surgery.

DISCUSSION
The influence of  rehabilitation instructions and the ex-
tent to which patients follow them likely affects not only 
the early recovery, but also the long-term outcomes that 
are dependent on maintenance of  fracture reduction. 
This study investigated the feasibility of  using a number 
of  postoperative outcome tools to provide a better un-
derstanding of  the stability of  TPF during rehabilitation 

and healing. The highly accurate technique of  RSA was 
used in conjunction with physical activity monitors, pa-
tient assessment forms and specific gait analyses. 

This case study of  two fracture patients was, to the 
best of  the authors knowledge, the first time that RSA, ac-
tivity monitors and gait analysis had all been used to mon-
itor fracture healing and functional improvement during 
the early postoperative period. While the results suggest 
the feasibility of  applying these particular analyses, clearly 
no conclusion can be drawn from this case study regard-
ing the way patients follow rehabilitation instructions and 
their long-term outcomes. Larger scale studies using RSA, 
gait analysis and activity monitoring are required to obtain 
an evidence base for particular schedules following differ-
ent fracture types and fixation techniques. 

The postoperative rehabilitation of  fractures is argu-
ably as important for uncomplicated fracture healing as 
their surgical management. It is well known that lengthy 
periods of  immobilization can have severe detrimental ef-
fects on wellbeing of  patients, while over aggressive mo-
bilization can equally lead to severe complications. Such 
complications have implications not only for the wellbe-
ing of  the patient but also on the direct and indirect costs 
of  treatment to the health care providers. Conversely, 
significant improvements have been made in fracture care 
over time due partly to more aggressive rehabilitation of  
patients. Unfortunately, changes in fracture rehabilita-
tion remain empirical and speculative. Such changes are 
compounded by most patients’ inability to follow partial 
weight bearing instructions[14-16] and, until recently, by the 
absence of  objective tools to assess fracture stability dur-
ing healing. 

Objective biomechanical data and activity monitoring 
reported in this study are examples of  the different com-
pliance of  patients when following rehabilitation instruc-
tions. The amount of  activity patients perform in the first 
few postoperative weeks can be extremely variable along 
with the amount of  weight bearing. Interestingly in the 
cases investigated, the non-compliant weight bearing ap-
plied by Patient 1 did not lead to excessive displacement 
of  the fracture according to current definitions of  ana-
tomical reduction (less than 2 mm of  articular step)[5,6]. 
The results of  Patient 1 also suggested that his fracture 
stabilization was adequate and in these cases weight bear-
ing as tolerated after a TPF may lead to a quicker rehabili-
tation. Recovery of  a gait pattern similar to the uninjured 
limb was observed as early as 6 wk after surgery for Pa-
tient 1 compared to 12 wk for Patient 2. Finally, Patient 2, 
who did adhere to postoperative weight bearing instruc-
tions, displayed larger elastic displacement under load at 6 
wk, but did not displace as much over time. Larger scale 
clinical studies that apply the combination of  technolo-
gies used in the current investigation may provide more 
information to suggest which postoperative weight bear-
ing regimes are appropriate for different fracture types 
and internal fixation techniques. In addition, the accurate 
measurement of  fracture stability, combined with objec-
tive activity monitoring and patient outcomes, could as-
sist to better define terms such as “anatomical reduction” 
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and objective correlations between articular fracture dis-
placements and outcomes.

In conclusion, this case study demonstrates the po-
tential of  using a combination of  RSA, gait analysis and 
activity monitoring to provide, for the first time, an evi-
dence base for the application of  particular rehabilitation 
schedules following fracture. Such large scale studies are 
required before rehabilitation protocols can be optimized 
by objective data.
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Figure 7  The mean and standard deviation over time. A: Peak knee flexion moment; B: Peak knee extensions moment; C: Peak knee adduction moment. 
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Figure 8  The physical activity of each patient over time. A: Light intensity; B: Moderate-to-vigorous intensity.
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to monitor the movement of a fracture fragment over time and under load.
Peer review
This case report presents a good concept of combining three assessment tools 
to monitor two patients after tibial plateau fracture. Using these methods in 
larger studies may allow novel improvements to clinical practice.
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