
1MacDessi SJ, et al. BMJ Open 2019;9:e027812. doi:10.1136/bmjopen-2018-027812

Open access 

Does soft tissue balancing using 
intraoperative pressure sensors improve 
clinical outcomes in total knee 
arthroplasty? A protocol of a multicentre 
randomised controlled trial

Samuel J MacDessi,1,2,3,4 Aziz Bhimani,5,6 Alexander W R Burns,7,8 
Darren B Chen,1,2 Anthony K L Leong,5,6,9 Robert B Molnar,1,10 
Jonathan S Mulford,11 Richard M Walker,12,13 Ian A Harris,14,15 Ashish Diwan,1,4 
Jil A Wood3

To cite: MacDessi SJ, 
Bhimani A, Burns AWR, et al.  
Does soft tissue balancing 
using intraoperative pressure 
sensors improve clinical 
outcomes in total knee 
arthroplasty? A protocol of 
a multicentre randomised 
controlled trial. BMJ Open 
2019;9:e027812. doi:10.1136/
bmjopen-2018-027812

 ► Prepublication history and 
additional material for this 
paper are available online. To 
view these files, please visit 
the journal online (http:// dx. doi. 
org/ 10. 1136/ bmjopen- 2018- 
027812).

Received 10 November 2018
Revised 12 March 2019
Accepted 14 March 2019

For numbered affiliations see 
end of article.

Correspondence to
Dr. Samuel J MacDessi;  
 samuelmacdessi@ sydneyknee. 
com. au

Protocol

© Author(s) (or their 
employer(s)) 2019. Re-use 
permitted under CC BY-NC. No 
commercial re-use. See rights 
and permissions. Published by 
BMJ.

AbstrACt 
Introduction Soft tissue imbalance is considered to be a 
major surgical cause of dissatisfaction following total knee 
arthroplasty (TKA). Surgeon-determined manual assessment 
of ligament tension has been shown to be a poor determinant 
of the true knee balance state. The recent introduction of 
intraoperative sensors, however, allows surgeons to precisely 
quantify knee compartment pressures and tibiofemoral 
kinematics, thereby optimising coronal and sagittal plane 
soft tissue balance. The primary hypothesis of this study is 
that achieving knee balance with use of sensors in TKA will 
improve patient-reported outcomes when compared with 
manual balancing.
Methods and analysis A multicentred, randomised 
controlled trial will compare patient-reported outcomes in 
222 patients undergoing TKA using sensor-guided balancing 
versus manual balancing. The sensor will be used in both 
arms for purposes of data collection; however, surgeons will 
be blinded to the pressure data in patients randomised to 
manual balancing. The primary outcome will be the change 
from baseline to 1 year postoperatively in the mean of the 
four subscales of the Knee Injury and Osteoarthritis Outcome 
Score (KOOS

4) that are most specific to TKA recovery: pain, 
symptoms, function and knee-related quality of life. Secondary 
outcomes will include the surgeon’s capacity to determine 
knee balance, radiographic and functional measures and 
additional patient-reported outcomes. Normality of data will 
be assessed, and a Student’s t-test and equivalent non-
parametric tests will be used to compare differences in means 
among the two groups.
Ethics and dissemination Ethics approval was obtained 
from South Eastern Sydney Local Health District, Approval 
(HREC/18/POWH/320). Results of the trial will be presented at 
orthopaedic surgical meetings and submitted for publication in 
a peer-reviewed journal.
trial registration number ACTRN#12618000817246

IntroduCtIon
Total knee arthroplasty (TKA) is a successful 
operation in alleviating pain and improving 

function for the majority of people with 
end-stage knee osteoarthritis. However, up to 
20% of patients undergoing TKA internation-
ally report some dissatisfaction following their 
surgery.1–3 The Australian Clinical Outcomes 
Registry,4 and the Swedish Knee Arthroplasty 
Registry5 report similar results in terms of 
patients who rate their knee as either ‘fair’, 
‘poor’ or ‘unknown/no answer’ at follow-up.

Dissatisfaction following TKA is a multi-
factorial problem. The surgical causes are 
commonly related to soft tissue imbalance 
or malalignment. Both of these can result 
in knee stiffness, instability, asymmetric 
joint laxity and patellofemoral maltracking. 
Malalignment may also result in early compo-
nent failure, implant loosening, polyethylene 
wear or osteolysis.3 5–8

Achieving balance of soft tissues through a 
range of motion is now considered a primary 
surgical goal to optimise patient outcomes. 
The main surgical technique for surgeons 

strengths and limitations of this study

 ► This will be a large, multicentre, randomised con-
trolled trial that will inform future practice about the 
benefits of using intraoperative pressure sensors for 
soft tissue balancing in total knee arthroplasty (TKA) 
surgery.

 ► The study will be investigator-initiated, theoretically 
minimising selection and reporting bias.

 ► It will be pragmatic, aiming to include all patients 
who routinely undergo TKA in the general population.

 ► The secondary outcomes will provide rich multimod-
al data, including objective radiological and func-
tional information and significant patient-derived 
evidence.

http://bmjopen.bmj.com/
http://dx.doi.org/10.1136/bmjopen-2018-027812
http://dx.doi.org/10.1136/bmjopen-2018-027812
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to determine knee balance is subjective intraoperative 
assessment using varus and valgus stressing of the knee. A 
recent study at our institution found that surgeon-deter-
mined assessment of knee balance was poor, particularly 
when determining if the knee was unbalanced, with a 
specificity of 37.7%.9 Other methods that have been used 
to optimise balance have included gap balancing (where 
femoral extension and flexion osteotomies are made 
based on ligament tension) and computer-assisted navi-
gation, which can assess ligament elongation. However, 
none of these methods is able to quantify knee compart-
ment pressures and tibiofemoral kinematics.

Intraoperative pressure ‘sensors’ have recently been 
introduced for use during TKA to quantify soft tissue 
balance and tibiofemoral kinematics (figure 1A and 
B). The Verasense System (OrthoSensor, Dania Beach, 
Florida, USA) uses microelectronic sensors embedded 
in a standardised trial spacer to determine pressures at 
peak contact points in the medial and lateral tibiofemoral 
compartments during component trialling. Real-time 
analysis of compartmental loads allows a combination 
of ligamentous releases and bone readjustments to be 
performed to optimise coronal and sagittal plane soft 
tissue balance. The sensor also allows dynamic optimi-
sation of tibiofemoral positioning through a range of 
motion.10

In 2013, Gustke and colleagues evaluated 176 patients 
using pressure sensors for soft tissue balancing.11 The 
cohort was separated into balanced versus unbalanced 
groups based on recorded intercompartmental pres-
sure differentials. At 6 months, the balanced cohort 
demonstrated significantly better patient-reported scores 
compared with the unbalanced group. However, there 
was no control group in this study (both groups used 
sensor data), and the number of patients in the unbal-
anced group (13%) was significantly smaller than those 

in the balanced cohort (87%). A 2-year follow-up report 
found that satisfaction scores were significantly higher in 
the balanced cohort (96.7% satisfied) versus the unbal-
anced group (82.1% satisfied).12

Elmallah et al reported on a series of 22 patients who 
received either sensor-guided assessment (n=10) or 
manual gap balancing (n=12).13 Patients with sensor-
guided balancing (SGB) had significantly lower medial 
compartmental loads at 10°, 45° and 90° of flexion, 
compared with the manual balancing (MB) cohort. Addi-
tionally, the sensor group had a lower mean difference 
between medial and lateral compartment loads and a 
greater need for soft tissue releases to balance the knee. 
This study also found improved tibiofemoral congruence 
in the sensor group versus the MB group, but it did not 
include patient-reported outcomes.

Because soft tissue imbalance may lead to patient 
dissatisfaction and potentially to revision knee surgery, it 
is important to determine whether improvements in soft 
tissue balance during TKA significantly improve clinical 
outcomes. There are no published randomised controlled 
trials (RCTs) that have quantified knee balance and deter-
mined whether surgical balancing using sensors improves 
patient outcomes compared with manual techniques.

The primary aim of this study is to determine if there is 
benefit in using sensors to achieve knee balance in TKA 
surgery. Our primary hypothesis, using an intention-to-
treat analysis, is that achieving knee balance with use 
of sensors will improve KOOS4 outcomes at 12 months 
when compared with current MB techniques. Secondary 
hypotheses are that functional and additional patient-re-
ported outcomes will improve using sensors for knee 
balancing, and that surgeon-determined (manual) assess-
ment of knee balance is a poor predictor of the true state 
of soft tissue balance.

MEthods And AnAlysIs
study design
We will conduct a multicentred, investigator-initiated 
RCT comparing the clinical outcomes of SGB versus MB 
in patients undergoing TKA. Sensors will be used in both 
arms for objective analysis of balance; however, in the MB 
group, the surgeon will be blinded to the data provided 
by the insert.

Eight surgeons will undertake surgeries at 11 different 
sites, in both public and private hospitals. All surgeons 
have a minimum experience of 8 years in specialist prac-
tice (range 8–13 years) and an annual TKA surgical 
volume ranging from 50 to 300 TKA cases per annum. Five 
of eight surgeons have used the sensor for a minimum 
of 1 year, while the other three have used the sensor for 
15–30 cases. All surgeons will follow the surgical tech-
nique as per the manufacturer’s product guidelines.14

In order to increase pragmatism of this study, we will 
aim to include all patients who would routinely undergo 
elective TKA surgery in the general population. As such, 
we will include both unilateral and bilateral procedures, 

Figure 1 Pressure sensor trial inserts. (A) Variants of 
Verasense inserts that are available in both cruciate-retaining 
and posterior-stabilised designs. (B) Wireless graphical 
display of compartmental loads and tibiofemoral contact 
points in real time.



3MacDessi SJ, et al. BMJ Open 2019;9:e027812. doi:10.1136/bmjopen-2018-027812

Open access

patients with extra-articular deformity from prior fracture 
or osteotomy and those with severe stiffness. These vari-
ables will be analysed in regression models.

Eligibility
Inclusion criteria
1. All patients suitable for TKA aged 20–85 years.
2. Patients who meet the indications for primary TKA 

using the Legion or Genesis II cruciate-retaining or 
posterior-stabilised TKA system (Smith & Nephew, 
Memphis, Tennessee, USA). These prostheses have 
identical articular geometric characteristics with pos-
terior condylar design differences being adjusted for 
through surgical technique.

3. Subjects diagnosed with one or more of the following 
conditions:
 – Osteoarthritis.
 – Rheumatoid or other inflammatory arthritis.
 – Posttraumatic osteoarthritis.

Exclusion criteria
1. Requirement of constrained prostheses (constrained 

condylar or rotating hinge prosthesis) due to signifi-
cant ligament deficiencies.

2. TKA for acute fracture or tumour.
3. Participants unable to provide consent or complete 

questionnaires due to cognitive incapacity or English 
language deficiency.

4. Participants unable to commit to full follow-up sched-
ule over 2 years.

Potential participants received a patient information 
sheet, with invitation for participation and explanation 
of the trial. All participants consented before allocation 
(online supplementary appendix 1: Master Patient Infor-
mation Sheet and Consent Form).

Allocation
Randomised allocation (1:1) per patient will occur at the 
commencement of surgery through the National Health 
and Medical Research Council Clinical Trial Centre’s 
centralised telephone service. Stratification factors will 
include patient age, surgeon and gender. The surgeon 
will be notified of the treatment allocation only after data 
have been independently recorded on the state of knee 
balance and immediately prior to any knee balancing 
being undertaken.

For those patients undergoing bilateral TKA (or 
sequential unilateral TKA at different time points during 
the trial), both knees will be allocated to the same arm, 
as randomisation will be done at the level of the patient, 
not the knee. This is because the primary outcome instru-
ment partly measures overall function and quality of life, 
outcomes that patients are unable to attribute to one limb 
over another.

Although the surgeons will not be blinded to the allo-
cation, the participants, assessors and statisticians will 
be blinded to enable unbiased collection and analysis of 
outcomes. Independent data collectors will be employed 

to undertake randomised allocation and data recording, 
and to ensure transparency, concealment and integ-
rity of blinding. Sensor data will be concealed from the 
surgeon while the initial assessment of knee balance is 
undertaken. Data will then be available to the surgeon for 
balancing in those patients allocated to the SGB group 
only. Concealment of sensor data will be maintained in 
the MB group. Consolidated Standards of Reporting 
Trials 2010 guidelines will be used to report enrolment, 
allocation, follow-up and analysis of the study group 
(figure 2). SPIRIT 2013 checklist and SPIRIT-PRO exten-
sions are also provided in online supplementary table 1 to 
ensure adherence to study protocol.

Unblinding will occur only when knowledge of the 
treatment allocation is essential for further clinical 
management, such as a need for revision knee surgery for 
instability or malalignment.

Interventions
Treatment (SGB) Group
In the SGB group, surgeons will be allowed to use intra-
operative sensor data to balance the knee as per surgical 
protocol. Compartmental pressure loads will be recorded 
prior to, and then on completion of knee balancing at 
10°, 45° and 90° of flexion.

Control (MB) Group
In MB group, surgeons will use their method of choice 
to achieve knee balance. This may include manual assess-
ment of soft tissue balance with ligaments stressing, gap 
balancing methods with spacer blocks, use of comput-
er-assisted stress curves of coronal laxities or use of 
tensiometers. The technique to achieve knee balance 
will be recorded. Compartmental pressure loads will be 
recorded prior to, and on completion of knee balancing 
with the sensor in situ, but the sensor data will not be 
viewed during knee balancing.

baseline measures
Baseline data
Baseline data will include age, gender, laterality of surgery, 
body mass index and primary diagnosis of TKA. In addi-
tion, description of extra-articular deformities (degree 
and location), prior knee ligament surgeries and prior 
osteotomy surgeries will be recorded.

Operative data
Operative data to be recorded will include type of pros-
thesis (cruciate-retaining, posterior-stabilised), and size 
and fixation method of each implant. The decision to 
resurface the patella and implant characteristics will 
be recorded. Other operative details will include oper-
ating time (wound incision to skin closure), alignment 
technique (conventional guides, image-derived guides, 
computer-assisted, robotic-assisted), surgical approach 
and intraoperative complications. The American Society 
of Anaesthesiologists grade15 will be recorded.

https://dx.doi.org/10.1136/bmjopen-2018-027812
https://dx.doi.org/10.1136/bmjopen-2018-027812
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Figure 2 Sensor-guided balancing in TKA RCT protocol. Patient flow diagram. #, number; KOOS4, Knee Osteoarthritis 
Outcome Score, including mean aggregated components of four domains: pain, symptoms, function in daily living and knee-
related quality of life; PROMs, patient-reported outcome measures; RCT, randomised controlled trial; t, time point; TKA, 
total knee arthroplasty.
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Primary outcome measure
The primary outcome measure will be the difference 
between preoperative and 1 year postoperative mean of 
the four subscales of the Knee Injury and Osteoarthritis 
Outcome Score (KOOS4) that are most specific to TKA 
recovery: pain, symptoms, function in daily living and 
knee-related quality of life. The fifth subscale, function 
in sport/recreation, has a significant floor effect in this 
population and therefore will not be included.16 17 The 
KOOS4 is an aggregated mean of the four subscales, each 
scored 0–100 (worst to best). This method of analysis is 
based on recommendations by the score designers for use 
in RCTs.16 The KOOS4 will be administered 12 months 
postoperatively.

secondary outcome measures
In-hospital data
In-hospital data to be obtained are as follows:
1. Length of stay (from day of surgery to day of discharge).
2. Discharge destination:

 – Home.
 – In-patient rehabilitation unit.
 – Nursing home facility.

Patient-reported outcome measures
1.  KOOS: at 6 months and 2 years to assess longitudinal 

progress.16 17

2. Knee Society Score (KSS 2011): preoperatively and at 1 and 
2 years postoperatively. The KSS is both patient-derived 
and physician-derived, and assesses pain, function and 
objective clinical and radiographic outcomes.18

3. Forgotten Joint Score: preoperatively and at 1 and 2 years 
postoperatively. The FJS-12 focuses on patients’ aware-
ness of their knees in everyday life. Low ceiling effects 
and good relative validity allow monitoring of long-
term outcomes, particularly in well-performing groups 
after TKA.19

4. EQ5D-5L: preoperatively and at 1 and 2 years postoper-
atively. EQ5D is a standard measure of overall health 
status that provides a simple descriptive profile and an 
index value for health status.20 21

Strategies for improving adherence to protocol 
outcomes will include clear elucidation during consenting 
of the importance of committing to follow-up visits, 
patient-reported outcome measures (PROMs) and X-rays. 
Participants will have the opportunity to ask questions, 
and key messages about the study will be reinforced at 
each visit. In order to prevent missing data, administrative 
systems will be employed to diligently schedule follow-up 
appointments, provide reminders and monitor retention.

Intraoperative outcome measures
Surgeon determination of knee balance
 Without assistance of sensor data, the surgeon will be 
asked about the status of knee balance at 10°, 45° and 90° 
of knee flexion with the sensor in situ (Balanced: Yes or 
No). ‘Agreement’ is defined as the agreement with the 
sensor at two out of three knee positions.

Tibiofemoral compartmental pressure loads
Initial and final medial and lateral compartmental pres-
sure loads will be compared in both groups at assessment 
angles of knee flexion. ‘Balanced’ using the sensor will 
be defined as a pressure difference of <15 psi between 
medial and lateral compartments at all flexion angles, 
with no individual pressure exceeding 40 psi.10

Tibiofemoral match
The sensor provides tibiofemoral rotational alignment 
data as a measure of tibiofemoral match between the 
femoral component and sensor insert. Tibiofemoral 
match will be compared in both groups at 10°, 45° and 
90° of knee flexion and is recorded in degrees. External 
rotation will be recorded as a positive value and internal 
rotation as a negative value. Deviation of >5° from neutral 
will be defined as a mismatch. Optimal rotation will be 
defined as the rotational coupling of ≤5° at two out of 
three knee positions.

The surgical assistant will also perform a blinded assess-
ment of knee balance as well as record pressuring loads 
and tibiofemoral match. The experience of the assistant 
will be recorded (fellow, senior resident, junior resident). 
Relationships between level of experience and capacity 
to determine balance will be explored as well as level of 
agreement between assessors. Repeatability of quantita-
tive measures will be analysed using intraclass correlation 
coefficients with two-way mixed-effects models. However, 
surgeon-recorded data only will be used as the end point 
for analysis as this is more representative of surgical 
practice.

Radiographic measures
Preoperative and postoperative radiographs will include 
hip-to-ankle alignment films and knee AP erect, 30° 
lateral and skyline x-rays as per the study assessment time-
line. Radiographic data will include hip-knee-ankle angle, 
lateral distal femoral angle, medial proximal tibial angle 
and any extra-articular femoral or tibial angular deformi-
ties measured in the coronal and sagittal planes.

Functional outcome measures
Knee range of motion
This will be measured at 10 weeks and 6 months post-
operatively. Measurements will be performed in supine 
position based on the photographic method of Naylor et 
al.22 This method was found to be superior to goniom-
etry alone, and a photographic record allows repeatability 
and blinding. This will allow the surgeons and their assis-
tants to image active range of motion, but not evaluate 
it at the time, minimising observer bias. Markers will 
be placed on the greater trochanter, lateral epicondyle 
of the femur and lateral malleolus. Knee flexion will be 
recorded as a positive value and knee hyperextension as a 
negative value. The following will be recorded: maximal 
active extension (with hyperextension as negative, full 
extension as zero and flexion contracture as positive) and 
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maximal active flexion. From these two values, the arc of 
knee motion will be calculated.

Timed up and go test
 This will be measured at 6 months postoperatively. Partic-
ipants will be asked to stand up from a standard chair 
(seat height 44–47 cm), walk a distance of 3 m (marked 
on the floor) at a comfortable pace, turn, walk back and 
sit down. Participants will be permitted to use routine 
walking aids. No physical assistance will be given. This 
task will be performed twice. Shorter times indicate better 
performance.23

Six-minute walk test (6MWT)
This will be measured at 6 months postoperatively. The 
participant will be instructed to walk as far as possible for 
6 min up and down a 25 m path, pivoting to turn at the 
end of each lap. Timing will commence as the participant 
steps over the start line. Standardised encouragement 
will be given to the patient after each minute. If they 
are unable to complete 6 min, they will be instructed to 
maintain their position while the assessor measures the 
final partial lap with a trundle wheel. The use of a walking 
aid and standing rests will be permitted. This task will be 
performed once. High repeatability of the 6MWT has 
been established in patients awaiting TKA.24

Complications
Recorded complications will include serious adverse 
events related to the operation (eg, stiffness requiring 
manipulation under anaesthesia [reoperation] or total 
or partial component exchange [revision]) and adverse 
events unrelated to the operation (box 1). Intraoper-
ative and postoperative complications will be assessed 
and recorded at all time points (table 1). Incidents will 
be reported to Human Research Ethics Committee and 
RGO offices as per NSW Health policy and procedures.

PROMs will be monitored throughout the study to 
supplementally inform the clinical care of individual 
participants.

sample size
Roos and colleagues recommend the minimum clinically 
important change in KOOS4 to be between 8 and 10 with 
an SD of 15. The four subscales, each a score out of 100, 
will be aggregated as a mean value.16 25 An RCT investi-
gating TKA versus non-operative treatment for osteo-
arthritis by Skou et al used the KOOS4 with subscales of 
pain, symptoms, function and QoL. They found a 1 year 
change in KOOS4 of 32.5 points (95% CI 26.6 to 38.3) in 
the TKA group.26

Using a one-to-one allocation, 5% significance, an SD 
of 15 and a 90% power to detect the minimum 8-point 
difference in change on the KOOS4, a sample size of 75 
patients per group will be required to test the primary 
hypothesis. Assuming a 10% loss to follow-up, a minimum 
of 167 patients in total will be required to ensure adequate 
sample size with an intention-to-treat analysis of SGB 
versus MB.

However, previously published data from the principal 
investigator noted that use of an intraoperative pressure 
sensor results in an additional 46.5% of surgical adjust-
ments beyond what the surgeon believed was required on 
manual assessment to achieve knee balance.27 Hence, we 
anticipate that there will be approximately half of TKAs 
in the MB group that will be balanced, and that all knees 
in the SGB group will be balanced.

Assuming any difference in clinical outcomes between 
groups will most likely result from improvement in knee 
balance as opposed to use of the sensor, a further sample 
size calculation was undertaken on an as-treated basis 
comparing balanced versus unbalanced knees. With a 
three-to-one allocation of balanced to unbalanced knees 
(three of four knees being balanced once treated), an SD 
of 15 and a 90% power to detect the minimum 8-point 
difference in change on the KOOS4 score, we will require 
150 patients in the balanced group and 50 in the unbal-
anced group if the null hypothesis were to be rejected. A 
total sample size of 200 patients will be required, with a 
10% loss to follow-up requiring a total sample size of 222.

data collection and monitoring
All PROM data will be obtained from patients at preoper-
ative and postoperative consultations in paper form, and 

box 1 Complications

 ► Bleeding 
 ►  Cardiac event 
 ►  Cellulitis 
 ►  Death 
 ►  Deep venous thrombosis (specify index leg, other leg, both legs) 
 ►  Delirium 
 ►  Dislocation or joint instability requiring bracing or surgery 
 ►  Drug reaction 
 ►  Fall 
 ►  Fat embolus 
 ►  Fracture 
 ►  Index joint reoperation/revision during study period 
 ►  Joint or lower limb swelling 
 ►  Joint stiffness requiring surgery (manipulation or revision) 
 ►  Leg length discrepancy 
 ►  Muscle weakness 
 ►  Nerve injury 
 ►  Parasthaesia or numbness 
 ►  Pressure area 
 ►  Pulmonary embolus 
 ►  Respiratory infection 
 ►  SSI requiring intravenous antibiotics 
 ►  SSI requiring oral antibiotics 
 ►  SSI requiring surgery with prosthetic removal 
 ►  SSI requiring surgery without prosthetic removal 
 ►  Stroke 
 ►  Unexpected pain 
 ►  Urinary infection or retention
 ►  Wound dehiscence 
 ►  Other, specify

SSI, surgical site infection.
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then stored centrally in a password-protected database 
accessed only by the study coordinator. Intraoperative 
data will be collected by the data collector and forwarded 
to the study coordinator. Postoperative follow-ups will be 
completed by the treating surgeons and their assistants. 
A research physiotherapist who is blinded to patient allo-
cation will be recruited to undertake functional outcome 
measures at the relevant time points.

No formal data monitoring committee is deemed 
necessary for this trial because of its minimal risks and 
because both trial arms will offer standard, accepted 
surgical interventions. The accumulating data, however, 
will be monitored continuously by the principal investi-
gator and the study coordinator to determine if the trial 
should be modified or discontinued.

Auditing of trial conduct will be carried out by South 
Eastern Sydney Local Health District Human Research 
Ethics Committee.

stopping rules
This trial will not involve a primary safety endpoint, nor 
activities of high risk to study participants. It will use a 
device already entered onto the Australian Register of 
Therapeutic Goods. The risks of participating in the study 
will be comparable to standard medical care, and the 
sensor will be used within its approved product indica-
tions by experienced clinicians performing an established 
intervention in line with local, national and international 
protocols (Type A Risk Category).

In the course of a routine TKA, trial tibial inserts are 
used to provisionally determine the correct size of the 
final tibial insert. The sensor takes the place of the usual 
trial insert, performing the same indicative sizing func-
tion, while also providing measurements of pressure 
within the tibiofemoral compartments.

For these reasons, formally articulated stopping rules 
for harm will be considered unnecessary for this study. 
Similarly, because the trial investigates outcomes asso-
ciated with a device that is approved and already being 
used routinely, and because recruitment will be finished 
before the primary outcome measure is collected, it is not 
anticipated that there will be a need for stopping rules 
for benefit.

Interim monitoring for a pattern of unexpected serious 
adverse effects will be conducted weekly by the study 
coordinator to determine if the trial should be modified 
or discontinued early.

data analysis
Normality of data distribution will be assessed, and 
Student’s t-test will be used to compare differences 
in means with continuous variables. Chi-squared test 
and Fisher’s exact test will be used for categorical data 
analysis as appropriate. Intention-to-treat analysis will 
be performed in the primary analysis. In addition, an 
as-treated analysis including participants according to 
treatment received will be added as a secondary anal-
ysis. Any differences in baseline patient and operative Ta
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characteristics between groups will be adjusted for in 
regression models.

If >20% of data are missing from the randomised sample, 
the missing data will be imputed. However, attempts will 
be made to minimise missing data by contacting patients 
directly by phone or via mail follow-up.

Patient and public involvement
Neither patients nor the public were involved in the 
development of the research question, study design or 
implementation of this trial.

EthICs And dIssEMInAtIon
safety considerations
As the two groups being analysed will be offered current 
routine standards of care, we do not anticipate either the 
intervention or control arm will be associated with any 
adverse events beyond those that patients are normally 
exposed to during TKA.

All sites where the trial is conducted will have provi-
sions for liability insurance, and it will be a requirement 
for each site to maintain their own indemnity insurance. 
There will be additional information in the Patient Infor-
mation Sheet and Consent form instructing participants 
to notify the principal investigator of any adverse events 
or complications that arise during the course of the trial.

data management
Data from local site investigators will be submitted securely 
to the study coordinator and stored in a password-pro-
tected database in the chief-investigator’s rooms. All 
records that contain names or other personal identifiers 
will be stored separately from study records identified 
by code numbers. The electronic database will be main-
tained on a password-protected computer and any papers 
are locked in a filing cabinet accessible only to the study 
coordinator. At the end of the study, all paper copies will 
be scanned and destroyed. During the trial period, only 
the study coordinator will have access to the full trial data 
set.

dissemination
The aggregate, deidentified results of this research will 
be presented at national and international orthopaedic 
surgical meetings and submitted to a high impact journal 
for publication. Additionally, the authors will publish a 
deidentified, participant-level data set and statistical code 
after journal publication to enable verification and repli-
cation of the study.

Author affiliations
1Orthopaedic Surgery, St George Private Hospital, Kogarah, New South Wales, 
Australia
2Orthopaedic Surgery, The Canterbury Hospital, Campsie, New South Wales, 
Australia
3Clinical Research, Sydney Knee Specialists, Kogarah, New South Wales, Australia
4St George Clinical School, University of New South Wales, Kogarah, NSW, Australia
5Orthopaedic Surgery, Wollongong Private Hospital, Wollongong, New South Wales, 
Australia

6Orthopaedic Surgery, Wollongong Public Hospital, Wollongong, New South Wales, 
Australia
7Orthopaedic Surgery, Canberra Private Hospital, Deakin, Australian Capital Territory, 
Australia
8Orthopaedic Surgery, Calvary John James Private Hospital, Deakin, Australian 
Capital Territory, Australia
9Orthopaedic Surgery, Kareena Private Hospital, Caringbah, New South Wales, 
Australia
10Orthopaedic Surgery, The Sutherland Hospital, Caringbah, New South Wales, 
Australia
11Orthopaedic Surgery, Calvary St Luke's Hospital, Launceston, Tasmania, Australia
12Orthopaedic Surgery, Sydney Southwest Private Hospital, Liverpool, New South 
Wales, Australia
13Orthopaedic Surgery, The Fairfield Hospital, Prairiewood, New South Wales, 
Australia
14South West Sydney Clinical School, University of New South Wales, Liverpool, New 
South Wales, Australia
15Whitlam Orthopaedic Research Centre, Ingham Institute for Applied Medical 
Research, Liverpool, New South Wales, Australia

Collaborators Samuel MacDessi, Aziz Bhimani, Alexander Burns, Darren Chen, 
Anthony Leong, Robert Molnar, Jonathan Mulford, Richard Walker, Ian Harris, Ashish 
Diwan, Jil Wood

Contributors SJM, DBC and IAH were involved in the conception and trial design. 
SJM and JAW were involved in drafting this article and will draft the study report. 
DBC, IAH, ADD, AB, AWRB, AKLL, RBM, JSM and RMW were involved in critical 
revision of this article for intellectual content. All authors will be involved in final 
approval of the study report. IAH provided statistical expertise. All authors will 
take the responsibility for study design; collection, management, analysis and 
interpretation of data; and decision to submit the report for publication.

Funding This work will be supported by grants from OrthoSensor (Dania Beach, 
Florida, USA) and Ramsay Hospital Research Foundation (Sydney, Australia) to 
cover costs of additional personnel (data collectors, data analyst, physiotherapists, 
radiographer), and by Smith and Nephew who will be providing the inserts needed 
to conduct this trial at no additional cost to patients. The grant will be held in a 
dedicated research account and administered through the Ingham Institute of 
Applied Medical Research (Liverpool, NSW). 

Competing interests None of the participants in this study will be paid. None of 
the investigators has any financial or other conflicts of interest in the process of 
outcomes of this trial. 

Patient consent for publication Not required.

Ethics approval South-Eastern Sydney Local Health District Human Research 
Ethics Committee (HREC).

Provenance and peer review Not commissioned; externally peer reviewed.

open access This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http:// creativecommons. org/ licenses/ by- nc/ 4. 0/.

rEFErEnCEs
 1. Ali A, Sundberg M, Robertsson O, et al. Dissatisfied patients after 

total knee arthroplasty: a registry study involving 114 patients with 
8-13 years of followup. Acta Orthop 2014;85:229–33.

 2. Choi YJ, Ra HJ. Patient Satisfaction after Total Knee Arthroplasty. 
Knee Surg Relat Res 2016;28:1–15.

 3. Williams DP, O'Brien S, Doran E, et al. Early postoperative predictors 
of satisfaction following total knee arthroplasty. Knee 2013;20:442–6.

 4. ACORN, A.C.O.R. ACORN Annual Report, 2015. 2015 http://www. 
acornregistry. org/ images/ ACORN_ AnnualReport_ 2015. pdf.

 5. Dunbar MJ, Richardson G, Robertsson O. I can't get no satisfaction 
after my total knee replacement: rhymes and reasons. Bone Joint J 
2013;95-B(11 Suppl A):148–52.

 6. Sakellariou VI, Poultsides LA, Ma Y, et al. Risk Assessment for 
Chronic Pain and Patient Satisfaction After Total Knee Arthroplasty. 
Orthopedics 2016;39:55–62.

http://creativecommons.org/licenses/by-nc/4.0/
http://dx.doi.org/10.3109/17453674.2014.916487
http://dx.doi.org/10.5792/ksrr.2016.28.1.1
http://dx.doi.org/10.1016/j.knee.2013.05.011
http://www.acornregistry.org/images/ACORN_AnnualReport_2015.pdf
http://www.acornregistry.org/images/ACORN_AnnualReport_2015.pdf
http://dx.doi.org/10.1302/0301-620X.95B11.32767
http://dx.doi.org/10.3928/01477447-20151228-06


9MacDessi SJ, et al. BMJ Open 2019;9:e027812. doi:10.1136/bmjopen-2018-027812

Open access

 7. Nam D, Nunley RM, Barrack RL. Patient dissatisfaction following 
total knee replacement: a growing concern? Bone Joint J 2014;96-
B(11 Supple A):96–100.

 8. Scott CE, Oliver WM, MacDonald D, et al. Predicting dissatisfaction 
following total knee arthroplasty in patients under 55 years of age. 
Bone Joint J 2016;98-B:1625–34.

 9. MacDessi SJ, Gharaibeh MA, Harris IA. How Accurately Can 
Soft Tissue Balance Be Determined in Total Knee Arthroplasty? J 
Arthroplasty 2019;34:290–4.

 10. Gustke K. Use of smart trials for soft-tissue balancing in total 
knee replacement surgery. J Bone Joint Surg Br 2012;94(11 Suppl 
A):147–50.

 11. Gustke KA, Golladay GJ, Roche MW, et al. A new method for 
defining balance: promising short-term clinical outcomes of sensor-
guided TKA. J Arthroplasty 2014;29:955–60.

 12. Gustke KA, Golladay GJ, Roche MW, et al. Increased satisfaction 
after total knee replacement using sensor-guided technology. Bone 
Joint J 2014;96-B:1333–8.

 13. Elmallah RK, Mistry JB, Cherian JJ, et al. Can We Really "Feel" 
a Balanced Total Knee Arthroplasty? J Arthroplasty 2016;31(9 
Suppl):102–5.

 14. Martin W, Roche PAM. Verasense (Orthosensor) Surgical Reference 
Guide. 2015 https://www. orthosensor. com/ resources/ product- 
information- 2/.

 15. Doyle DJ, Garmon EH. American Society of Anesthesiologists 
Classification (ASA Class), in StatPearls. Treasure Island (FL: 
StatPearls Publishing StatPearls Publishing LLC, 2017.

 16. Roos EM. The 2012 User's Guide to: Knee injury and Osteoarthritis 
Outcome Score (KOOS). 2012 http://www. koos. nu/ index. html (cited 
29th Apr 2018).

 17. Roos EM, Lohmander LS. The Knee injury and Osteoarthritis 
Outcome Score (KOOS): from joint injury to osteoarthritis. Health 
Qual Life Outcomes 2003;1:64.

 18. Scuderi GR, Bourne RB, Noble PC, et al. The new Knee Society 
Knee Scoring System. Clin Orthop Relat Res 2012;470:3–19.

 19. Hamilton DF, Loth FL, Giesinger JM, et al. Validation of the English 
language Forgotten Joint Score-12 as an outcome measure for 
total hip and knee arthroplasty in a British population. Bone Joint J 
2017;99-B:218–24.

 20. EuroQol Group. EuroQol–a new facility for the measurement of 
health-related quality of life. Health Policy 1990;16:199–208.

 21. Herdman M, Gudex C, Lloyd A, et al. Development and preliminary 
testing of the new five-level version of EQ-5D (EQ-5D-5L). Qual Life 
Res 2011;20:1727–36.

 22. Naylor JM, Ko V, Adie S, et al. Validity and reliability of using 
photography for measuring knee range of motion: a methodological 
study. BMC Musculoskelet Disord 2011;12:77.

 23. Podsiadlo D, Richardson S. The timed "Up & Go": a test of basic 
functional mobility for frail elderly persons. J Am Geriatr Soc 
1991;39:142–8.

 24. Ko V, Naylor JM, Harris IA, et al. The six-minute walk test is 
an excellent predictor of functional ambulation after total knee 
arthroplasty. BMC Musculoskelet Disord 2013;14:145.

 25. Collins NJ, Prinsen CA, Christensen R, et al. Knee Injury and 
Osteoarthritis Outcome Score (KOOS): systematic review and 
meta-analysis of measurement properties. Osteoarthritis Cartilage 
2016;24:1317–29.

 26. Skou ST, Roos EM, Laursen MB, et al. A Randomized, 
Controlled Trial of Total Knee Replacement. N Engl J Med 
2015;373:1597–606.

 27. MacDessi S, Gharaibeh M. Accuracy of Manual Surgeon-Defined 
Assessment of Soft Tissue Balance in TKA In Comparison to Sensor-
Guided Measures and its Effect on Final Balance. Orthop J Sports 
Med 2017;5(5_suppl5):2325967117S0016.

http://dx.doi.org/10.1302/0301-620X.96B11.34152
http://dx.doi.org/10.1302/0301-620X.98B12.BJJ-2016-0375.R1
http://dx.doi.org/10.1016/j.arth.2018.10.003
http://dx.doi.org/10.1016/j.arth.2018.10.003
http://dx.doi.org/10.1302/0301-620X.94B11.30621
http://dx.doi.org/10.1016/j.arth.2013.10.020
http://dx.doi.org/10.1302/0301-620X.96B10.34068
http://dx.doi.org/10.1302/0301-620X.96B10.34068
http://dx.doi.org/10.1016/j.arth.2016.03.054
https://www.orthosensor.com/resources/product-information-2/
https://www.orthosensor.com/resources/product-information-2/
http://www.koos.nu/index.html
http://dx.doi.org/10.1186/1477-7525-1-64
http://dx.doi.org/10.1186/1477-7525-1-64
http://dx.doi.org/10.1007/s11999-011-2135-0
http://dx.doi.org/10.1302/0301-620X.99B2.BJJ-2016-0606.R1
http://dx.doi.org/10.1016/0168-8510(90)90421-9
http://dx.doi.org/10.1007/s11136-011-9903-x
http://dx.doi.org/10.1007/s11136-011-9903-x
http://dx.doi.org/10.1186/1471-2474-12-77
http://dx.doi.org/10.1111/j.1532-5415.1991.tb01616.x
http://dx.doi.org/10.1186/1471-2474-14-145
http://dx.doi.org/10.1016/j.joca.2016.03.010
http://dx.doi.org/10.1056/NEJMoa1505467
http://dx.doi.org/10.1177/2325967117S00161
http://dx.doi.org/10.1177/2325967117S00161

	Does soft tissue balancing using intraoperative pressure sensors improve clinical outcomes in total knee arthroplasty? A protocol of a multicentre randomised controlled trial
	Abstract 
	Introduction
	Methods and analysis
	Study design
	Eligibility
	Inclusion criteria
	Exclusion criteria

	Allocation
	Interventions
	Treatment (SGB) Group
	Control (MB) Group

	Baseline measures
	Baseline data
	Operative data

	Primary outcome measure
	Secondary outcome measures
	In-hospital data
	Patient-reported outcome measures
	Intraoperative outcome measures
	Surgeon determination of knee balance
	Tibiofemoral compartmental pressure loads
	Tibiofemoral match

	Radiographic measures
	Functional outcome measures
	Knee range of motion
	Timed up and go test
	Six-minute walk test (6MWT)


	Complications
	Sample size
	Data collection and monitoring
	Stopping rules
	Data analysis
	Patient and public involvement

	Ethics and dissemination
	Safety considerations
	Data management
	Dissemination

	References


