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Abstract
Purpose  Achieving a balanced knee is accepted as an important goal in total knee arthroplasty; however, the definition of 
ideal balance remains controversial. This study therefore endeavoured to determine: (1) whether medio-lateral gap balance in 
extension, midflexion, and flexion are associated with improved outcome scores at one-year post-operatively and (2) whether 
these relationships can be used to identify windows of optimal gap balance throughout flexion.
Methods  135 patients were enrolled in a multicenter, multi-surgeon, prospective investigation using a robot-assisted surgical 
platform and posterior cruciate ligament sacrificing gap balancing technique. Joint gaps were measured under a controlled 
tension of 70–90 N from 10°–90° flexion. Linear correlations between joint gaps and one-year KOOS outcomes were 
investigated. KOOS Pain and Activities of Daily Living sub-scores were used to define clinically relevant joint gap target 
thresholds in extension, midflexion, and flexion. Gap thresholds were then combined to investigate the synergistic effects 
of satisfying multiple targets.
Results  Significant linear correlations were found throughout extension, midflexion, and flexion. Joint gap thresholds of an 
equally balanced or tighter medial compartment in extension, medial laxity ± 1 mm compared to the final insert thickness 
in midflexion, and a medio-lateral imbalance of less than 1.5 mm in flexion generated subgroups that reported significantly 
improved KOOS pain scores at one year (median ∆ = 8.3, 5.6 and 2.8 points, respectively). Combining any two targets 
resulted in further improved outcomes, with the greatest improvement observed when all three targets were satisfied (median 
∆ = 11.2, p = 0.002).
Conclusion  Gap thresholds identified in this study provide clinically relevant and achievable targets for optimising soft tis-
sue balance in posterior cruciate ligament sacrificing gap balancing total knee arthroplasty. When all three balance windows 
were achieved, clinically meaningful pain improvement was observed.
Level of Evidence  Level II.
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Introduction

A poorly balanced, unstable or stiff joint is a leading cause 
of residual pain [36], dissatisfaction [12], and revision 
after Total Knee Arthroplasty (TKA) [1–3, 19, 23]. The 
quantitative definition of a well-balanced joint, however, 
remains a source of controversy [17]. Traditional balance 
(mechanical alignment (MA)) aims to create a neutrally 
aligned joint (± 3° from mechanical axis) and achieves 
equal flexion and extension gaps through soft tissue 
releases [13]. Whereas a gap balancing (GB) approach 
executes a neutral tibial resection then modifies the femo-
ral component placement to generate equal flexion and 
extension gaps. Both techniques have suffered from an 
historic difficulty in accurate characterisation and control 
of midflexion laxity [24]. As a result, a target joint balance 
for optimising patient outcomes has not been well-defined.

Golladay et al. measured medial and lateral joint forces 
through an instrumented tibial trial in extension, and at 
45° and 90° flexion using measured resection MA and GB 
techniques [12]. Knees which were more balanced across 
an average of all three flexion angles reported significantly 
improved Knee Society Score (KSS) and Forgotten Joint 
Score. The study, however, did not investigate the effect 
of balance at distinct flexion angles on patient outcome.

The relationship between joint balance measurements 
and patient outcome at flexion angles other than exten-
sion (0°–10°) and flexion (90°) has not yet been investi-
gated. Identifying a relationship between TKA balance 
and outcome throughout flexion may allow the develop-
ment of intra-operative balancing targets for improved out-
comes. This study therefore endeavoured to determine: 
(1) whether medio-lateral gap balance in extension, mid-
flexion, and flexion are associated with improved KOOS 

scores at one-year post-operatively and (2) whether these 
relationships can be used to identify windows of optimal 
gap balance throughout flexion. The hypotheses were that 
joint balance under a controlled force is associated with 
one-year patient outcomes throughout flexion, and that 
clinically relevant balance windows of improved outcomes 
can be identified.

Methods

A prospective, investigation involving five surgeons at five 
sites was performed between November 2017 and Decem-
ber 2018. All patients provided informed consent to par-
ticipate and IRB approval was obtained from the New Eng-
land Institutional Review Board (No: 120170260). Patients 
were eligible if they presented with a diagnosis of end-stage 
degenerative joint disease and were scheduled to undergo a 
primary TKA. Exclusion criteria included BMI > 45 kg/m2, 
neurological disease, diagnosis of cancer, a mental condition 
that may affect the subject’s ability to respond to question-
naires, joint sepsis, and metal sensitivity. If metal sensitivity 
was suspected or confirmed by the surgeon, the patient was 
not offered inclusion in the study.

All surgeries were performed using the OMNIBotics 
robot-assisted TKA platform and BalanceBot device (Corin 
Ltd, Rayham, MA, Fig. 1). The posterior cruciate ligament 
(PCL) was routinely resected and APEX implants (Corin 
Ltd, Rayham, MA) were used in all cases implanting a CR 
femoral component with an Ultra-congruent (UC) tibial 
insert. The patella was resurfaced in all cases. A mixture 
of tibia-first GB and femur-first (targeting MA) approaches 
were performed. The alignment philosophies were per-
formed as follows: surgeons using the GB technique targeted 
a neutral tibial resection followed by a femoral component 

Fig. 1   Example view of post-
operative joint balance reported 
by the robotic platform. Joint 
gaps throughout flexion is 
shown on right with tensioning 
device in-situ on left. The green 
lines indicate the measured gaps 
medially and laterally under 
constant load through the con-
tinuous range of motion
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placement to balance the knee; in the femur first MA tech-
nique a neutral tibial and femoral coronal resections, three 
external femoral rotation and a hip-knee-ankle angle ± 3° 
was targeted, followed by soft tissue releases to achieve bal-
ance; both techniques aim for equal medial and lateral gaps 
in extension and flexion; however, surgeons were not pro-
vided with a prescribed balance target and were free to target 
any joint balance or gap profile.

After performing the tibial and femoral resections and 
any final soft tissue balancing, the BalanceBot was inserted 
into the knee and the final gaps were measured under a digi-
tally controlled load throughout flexion. Medial and lateral 
joint gaps were recorded by the BalanceBot with the patella 
reduced and under an applied load of 70–90 N as described 
by Shalhoub et al. [34]. Accuracy and repeatability of the 
gap measurements has been reported to be within 0.5 mm, 
with an average variation of 0.25 mm laterally and 0.17 mm 
medially throughout flexion across multiple trained surgeons 
[37]. All surgeons received training on the correct use of 
the BalanceBot to avoid external forces impacting the data 
capture. The force applied by the BalanceBot was chosen by 
the surgeon on a patient-specific basis based on intra-oper-
ative feel of the soft tissue properties. While capturing joint 
gap data, the surgeon supported the femur posteriorly with 
the tibia in flexion preventing the weight of the femur from 
affecting the measurement. Adequate support of the supe-
rior posterior aspect of the knee was performed by ensuring 
the heel was not in contact with the operating table during 
data capture. The knee was then extended with care not to 
apply a varus/valgus or internal/external rotation force to 
the joint. In extension, the heel was supported, and the knee 
was allowed reach full extension, defined as: the position 
achieved with the heel supported, the posterior surface of 
the knee raised off the operating table, and without applying 
additional pressure at the knee. Medial, lateral, and aver-
age gaps and the medio-lateral (ML) gap difference were 
calculated (Fig. 2). The thickness of the final tibial insert 
implanted was subtracted from the joint gap measurements 
to give final gap values.

Knee Injury and Osteoarthritis Outcome Score (KOOS) 
was collected at one-year post-op and were investigated for 
correlations with the measured joint gaps.

Statistical analysis

Due to the reported ceiling effect observed using the KOOS 
questionnaire [33], Kruskal–Wallis non-parametric tests 
were used to determine significant differences between 
groups, and the median difference reported. Patients were 
also subdivided into groups which achieved the Patient 
Acceptable Symptom State (PASS) for further analysis 
of the pain subscore (> 84.5) [8]. The PASS criteria is a 
threshold value validated for use in TKA [7, 22]. Patients 
with individual scores above the relevant PASS threshold 
value are likely to consider themselves satisfied. In contrast 
to the minimal clinically important difference (MCID) of 
8–10 KOOS points [32], PASS allows the evaluation of the 
rate of individual satisfaction rather than group differences 
in scores, although PASS and MCID both identify clinically 
relevant patient reported outcome measures (PROMs) dif-
ferences from the patient perspective. Revision operations 
for study participants were recorded in an online database. 
Revisions were assessed in October 2020, giving a revision 
follow-up timeframe of 22–35 months.

Correlations between joint gaps in extension (10–20°), 
midflexion (30°–40°), and full flexion (> 70°) and KOOS 
outcome were performed using Spearman’s correlation. A 
critical p value of 0.05 was used to determine significance. 
All statistical analysis was performed using R 3.5.3 (R Pro-
ject, Vienna, Austria).

Results

A total of 135 patients (29 femur first and 106 tibia first tech-
nique) received TKA surgery using the BalanceBot device 
and completed one-year KOOS outcome scores. The patient 
demographics are typical of a TKA population (Table 1) [1]. 
Diagnosis for TKA surgery was evaluated during analysis: 
one hundred thirty-two (132) patients were diagnosed with 

Fig. 2   Knee models showing medial, lateral and gap difference 
recorded by throughout flexion

Table 1   Demographics of TKA population

Demographic Value

Gender (% F) 57
Side (% L) 47
Age (y/o) 67.0 ± 8.1
BMI (kg/m2) 31.9 ± 4.8
Coronal deformity (°Varus) 4.9 ± 6.3
Maximum pre-op extension (°) 4.0 ± 4.6
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osteoarthritis, two (2) patients with inflammatory arthritis 
and one (1) with post-traumatic osteoarthritis.

Soft tissue balance correlated significantly with the 
KOOS Pain score in extension, midflexion, and flexion. 
Balance targets were identified at each flexion angle that 
reported significantly improved pain scores (Fig. 3). These 
targets are: in extension, equal balance (up to 0.5  mm 
imbalance on either side) or tighter medially than laterally 
(p = 0.002); in midflexion, medial laxity within ± 1 mm of 
the final insert thickness (p = 0.003); and in flexion, absolute 
balance within 1.5 mm mediolaterally (p = 0.029).

Further improved KOOS pain outcomes were found when 
any two balance targets were combined, see Fig. 4a–c. The 
distribution of soft tissue balance for each combination 
of two targets is overlaid by a classification of achieving 
the KOOS pain PASS threshold of 84.5 [8] in Fig. 4d–f. 
The proportion of knees that satisfy the PASS criteria is 
greater in all target combinations than knees which only sat-
isfy one or neither criteria (Flexion/Extension: p = 0.032, 
Midflexion/Extension: p = 0.040 and Midflexion/Flexion: 
p = 0.041). The greatest improvement in KOOS pain, how-
ever, was found when all three soft tissue balance criteria 
were achieved (p = 0.002), Fig. 5. Patients which achieved 
all three balance criteria were more likely to achieve the 
PASS threshold compared to those who did not satisfy all 
balance targets (p = 0.040). However, there was no signifi-
cant difference compared to those who satisfied any two 
criteria (p = 0.194). No significant differences in patient 
demographics were found between the study population and 
patients which satisfied any combination of balance targets, 
see Table 2.

Soft tissue balance also correlated significantly with the 
KOOS ADL score in midflexion, and flexion. In flexion, 
a similar window for improved pain outcome was identi-
fied; knees that were balanced within 1.5 mm mediolater-
ally (p = 0.035, Fig. 6a). In addition, knees that reported less 
than 1.5 mm residual lateral laxity compared to the implant 
thickness also reported improved ADL outcomes (p = 0.025, 
Fig. 6b). No window was identified for coronal imbalance 
in midflexion.

A single revision surgery was recorded during this inves-
tigation. The revision was a tibial liner exchange, follow-
ing instability resulting from a fall, injuring the MCL after 
one-year KOOS scores were recorded. Prior to the fall, the 
patient satisfied the midflexion and flexion balance criteria 
and reported a one-year KOOS pain score of 91.7.

All correlations investigated between intra-operative 
gap measurements and KOOS scores are reported in the 
Appendix.

Discussion

The most important finding of this study was that knees 
which satisfied intra-operative gap thresholds in extension, 
midflexion, and flexion, reported an improvement in the 
median KOOS Pain outcome beyond the MCID [32] com-
pared to knees that did not achieve these gap windows.

Although ligament balance and laxity are known to affect 
TKA success, few studies have associated optimal ranges 
for gap balance throughout flexion with clinical outcomes. 
In this study, post-operative medial and lateral joint gaps 

Fig. 3   Comparison of KOOS pain subscore at 1 Year between knees 
which satisfy balance thresholds (Green) and those which do not 
(Red) throughout flexion. a Extension, threshold is defined as a knee 
that is equally balanced or tighter medially compared to those tighter 
laterally, b midflexion, joint gap window is a medial laxity that is 
equal to the tibial insert thickness ± 1 mm compared to those with a 

greater gap difference, c flexion, joint gap window is absolute medio-
lateral imbalance < 1.5 mm compared to those with a greater medio-
lateral imbalance. Thresholds were informed by the results of linear 
correlations. Median change in score and significance indicated on 
the figure
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as well as coronal joint imbalance were investigated for 
correlations with KOOS outcomes. KOOS Pain scores cor-
related with gap and imbalance measurements across all 
flexion angles investigated and allowed clinically achiev-
able windows of improved outcomes to be defined. KOOS 
ADL scores correlated with gap and imbalance in midflexion 

and flexion, and clinically relevant windows of improved 
outcomes were defined in flexion.

A balanced or medially favoured extension space has 
previously been correlated with improved PROMs and 
function outcomes by Kamenaga and Tsukiyama [20, 37] 
in agreement with pain results presented here. In these stud-
ies and other work by Azukizawa et al. [5], flexion joint 
balance was also investigated with post-operative outcomes 
favouring a balanced joint in which medial stability was 
preserved throughout flexion. Azukizawa reported reduced 
KSS scores in knees with ≥ 4 mm medial laxity in flexion. 
This result, however, is not repeated here and may be due 
to different data ranges. Azukizawa reported 61% (28/46) 
of knees with ≥ 4 mm medial laxity in flexion; however, the 
data presented here only report 4% (6/135) of knees with this 
amount of laxity. Furthermore, the low rate of high coronal 
imbalance measured in extension has prevented identifica-
tion of an association between excessively medially favoured 
imbalance and worse pain outcomes. As such, the results 
from this study are unable to define an outer boundary to the 
extension threshold target.

The results support findings of improved pain outcomes 
when medial stability is preserved, albeit in midflexion, and 

Fig. 4   Comparison of KOOS pain and KOOS PASS percentage 
resulting from combining two gap windows (Green = satisfied 2 
gap windows, Red = does not satisfy 2 gap windows). a–c Box plots 
showing the change in KOOS pain score when two joint gap windows 
are combined. Median change in score and significance indicated on 
the figure. a flexion and extension; b: midflexion and extension; c 
midflexion and flexion. d–f: Dot plots showing combinations of joint 

gaps and thresholds identified in Fig. 3. Dot colour denotes patients 
which have achieved the Patient Acceptable Symptom State (PASS) 
for 1  year KOOS pain (84.5 points). Green regions denote areas in 
which both gap criteria defined in a–c are satisfied. Fraction of 
patients which satisfy the PASS criteria in the green zone vs outside 
the green zone is indicated on the figure

Fig. 5   Comparison of knees which satisfy all balance criteria (Green) 
with those who do not (Red). The improvement in outcomes within 
this 3-dimensional zone are greater than a combination of only two 
windows (median ∆ = 11.2, p = 0.0018), and further improved com-
pared to any single joint gap window
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improved pain and ADL outcomes when a balanced knee in 
flexion is achieved. Aunan et al. [19] examined joint gaps 
statically at full extension and at 90° flexion and showed a 
negative correlation of increasing medial laxity with KOOS 
Pain scores. Gustke et al. [4, 14] have investigated the impact 
of joint pressures and found a more balanced knee, with 
coronal imbalance < 15 lbs, correlated with improved early 
KSS and KOOS outcomes but did not investigate the effect 
of imbalance at individual flexion angles. Within this cohort, 
achieving multiple balance targets throughout flexion pro-
duced an additive improvement in outcome as well as sup-
port findings of improved outcomes when a knee is balanced 
dynamically throughout the range of motion with a consist-
ent, internally applied force. One of the drivers behind this 
additive effect may be that when all balance targets are satis-
fied, medial stability is maintained throughout flexion. This 
medial ligament isometry and other combinations of coronal 
balance between flexion angles may represent a further joint 
gap target for improved outcomes.

In contrast, studies which targeted Kinematic Alignment 
(KA) have found that greater lateral laxity in flexion [26] 
correlates with improved OKS and KOOS scores. KA is 
predominately a cruciate retaining approach while all knees 
in this study had the PCL resected. The presence of the PCL 

restraint on the medial compartment, particularly in flexion, 
combined with non-neutral alignment in KA may be respon-
sible for a different target balance in flexion for improved 
outcomes. Furthermore, all tibiae in the present study were 
targeted with a neutral coronal resection. Tibia native coro-
nal angles are varied and patient-specific [6] such that a neu-
tral tibial coronal resection represents a significant deviation 
from the native articulating surface and modification to the 
resultant knee kinematics. This represents a different kin-
ematic environment than KA which balances the joint by 
modifying the tibial component placement after resurfacing 
the femur [18]. Soft tissue balance targets, therefore, may 
not be the same across all techniques and may explain why 
a more balanced knee in flexion is found here to be optimal 
rather than a trapezoidal lateral flexion gap favoured by KA 
[31]. Ideal target balance, therefore, remains a controversial 
topic that may be technique dependent. The present study 
provides further insight into target ligament balance using 
a cruciate sacrificing, tibial first gap balancing technique.

There are several limitations to this study. It is unknown if 
the ideal distraction force for TKA is between 70 and 90 N. 
It is possible that the ideal force is patient-specific and based 
on the individual’s ligament properties. The force used here 
was chosen as it has previously been demonstrated to be 

Table 2   Demographics of population inside combination zones

P values indicate comparisons with population outside of each zone. No significant differences were found between any zones

Demographics Extension/flexion zone Mid-flexion/extension zone Mid-flexion/flexion zone Extension/midflexion/flexion

Gender (% F) 55 (p = 0.63) 62 (p = 0.80) 48 (p = 0.40) 59 (p = 0.99)
Side (% L) 46 (p = 0.80) 62 (p = 0.23) 52 (p = 0.85) 59 (p = 0.38)
Age (y/o) 67.7 ± 7.3 (p = 0.21) 68.2 ± 7.1 (p = 0.42) 64.9 ± 7.9 (p = 0.20) 67.3 ± 8.2 (p = 0.75)
BMI (kg/m2) 31.9 ± 5.1 (p = 0.71) 31.6 ± 4.7 (p = 0.73) 32.4 ± 4.2 (p = 0.45) 31.7 ± 4.6 (p = 0.95)
Coronal deformity (°Varus) 6.1 ± 5.2 (p = 0.07) 5.7 ± 6.1 (p = 0.44) 5.3 ± 5.8 (p = 0.69) 5.8 ± 4.7 (p = 0.41)
Maximum pre-op extension (°) 4.6 ± 4.1 (p = 0.14) 3.4 ± 5.2 (p = 0.48) 3.4 ± 4.9 (p = 0.53) 3.2 ± 5.3 (p = 0.47)

Fig. 6   Comparison of KOOS 
ADL subscore at 1 Year 
between knees which satisfy 
balance thresholds (Green) and 
those which do not (Red) in 
flexion. a medio-lateral imbal-
ance in flexion, b Lateral laxity 
in flexion. Thresholds were 
defined and informed by linear 
correlations. Statisitical sig-
nificance and median difference 
indicated on the figure
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safe clinically [16, 28], and assessed by experienced ortho-
paedic surgeons to result in suitable post-operative stability. 
Applying a greater distraction force, however, may result 
in an overly tight joint and an externally rotated femoral 
component when using a gap balancing technique [29]. The 
relationship between applied force, ligament response and 
patient outcomes, therefore, is the subject of ongoing inves-
tigation. PCL sacrificing TKA using a UC tibial insert only 
was investigated in this study. Femoral rollback and flexion 
balance when using a PS insert or a PCL retaining tech-
nique are expected to differ significantly. Further investiga-
tion is required to determine if these targets are applicable 
to other implant types. A mixture of GB and femur first 
MA approaches were used in this study. Although both tech-
niques target a neutral tibial resection, the method of achiev-
ing joint balance is different. In GB, balance is achieved by 
modifying the femoral component placement; however, in an 
MA technique, final balance is achieved through soft tissue 
release. The impact of soft tissue releases on outcome in this 
cohort was not investigated. KOOS scores in this study were 
collected at one-year post-surgery. Additional time points 
should be considered to build a more complete picture of the 
impact of joint balance on patient outcomes during short-
term recovery and long-term survival. The effect of joint 
balance on outcome may be present at both earlier (e.g. 3 
and 6 months) as well as later (e.g. 2 years) time points. For 
example, Connelly, et al. showed improving KOOS scores 
between 1 and 3 years post-operatively [8]. Conversely, 
Nilsdotter et al. reported KOOS scores that peaked at one 
year and were lower at the 5 year interval [30]. Addition-
ally, Giesinger and colleagues evaluated the responsiveness 
of PROMs, including WOMAC but not KOOS specifically 
[11]. After one-year WOMAC and most other measures 
were much less responsive to changes in outcome compared 
to earlier intervals. Consideration of additional noise in 
early outcome data that may be associated with joint swell-
ing and healing regardless of the soft tissue balance will be 
needed to understand the independent effect of balance on 
the knee. Later time points will need to consider the effect 
of soft tissue remodelling as part of the post-TKA kinematic 
environment. Revision data, however, were recorded for all 
participants. A low rate of revision was reported, in which 
only 1 tibial insert was revised due to a patient fall, indicat-
ing the balancing technique employed here did not result 
in an increase in early implant failure. Murer et al. [27], 
have identified threshold joint gaps in extension (medial: 
5.2 mm, lateral: 4.6 mm) and midflexion (medial: 6.1 mm, 
lateral: 5.7 mm) associated with an increased risk of revi-
sion under a valgus and varus stress of 15 N. Although these 
thresholds were obtained using a different method, the result 
indicates that a high level of imbalance is required to pre-
dispose a knee to revision TKA. The imbalance observed in 
this study does not exceed these thresholds, consistent with 

the low revision rate observed. The gap data investigated 
here are not normalised for patient-specific anatomic, demo-
graphic or pre-operative outcome data. Previous literature 
has reported several pre-operative factors that are predictive 
of patient outcome [9, 15, 25, 38, 39]. Major demographic 
factors such as age, sex, and BMI were not found to be sig-
nificantly different between groups that satisfied different 
combinations of target windows indicating an absence of 
selection bias. The gap windows identified here, therefore, 
can be interpreted as population-wide targets within the 
cohort under investigation for minimising post-operative 
pain. Future investigations of pre-operative patient factors 
and post-operative outcomes such as activity, mental health, 
disease progression, native laxity, range of motion (ROM) or 
pain catastrophising scores may allow further subdivisions 
of patients and gap targets for optimising a variety of patient 
outcome measures (e.g. post-operative ROM, activity level, 
satisfaction) [9, 35].

This investigation was able to successfully characterise 
three joint gap windows for identifying improved pain out-
comes. Combining these windows identified subgroups of 
patients who reported further improved outcomes with the 
greatest improvement identified in patients which satisfied 
all target windows. The digital ligament tensioning tool 
used in this study has previously been shown to predict and 
achieve post-operative joint gaps based on femoral compo-
nent planning reliably with sufficient accuracy to execute 
the windows described in this study [34]. However, a sub-
stantial proportion of knees in this study did not achieve the 
balance windows. In this study, surgeons were not advised 
on an optimal joint balance, however, robotic arthroplasty 
surgeons can now use these targets with digital tensioning 
tools to achieve a joint balance for improved pain outcomes.

While incremental costs may represent a significant bar-
rier against broader adoption of robotic technology at pre-
sent, some early reports suggest that use of such technolo-
gies may lead to reduced readmissions, revisions and 90-day 
episode of care costs along with functional improvements 
which may help to offset costs and increase future adoption 
[10, 21]. Further research is required to better understand 
how these potential benefits, along with improved intra-
operative balance targets, will impact the value equation.

Conclusions

Using a digitally controlled distraction device, intra-opera-
tive joint gaps were found to correlate with one-year post-
operative outcomes throughout flexion. By combining joint 
gap target windows in extension, midflexion and flexion, 
subpopulations were identified with clinically significant 
improved pain outcomes.
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