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Abstract

ment using an imageless robotic-assisted TKR.

showed moderate-to-excellent reliability.

except for the intra-rater reliability of “flexion lateral”

knee replacement

Background Ligament tension balance is a major determinant for the success of total knee replacement (TKR). The
present study aimed at determining the inter-rater and intra-rater reliability in performing ligament tension assess-

Methods Twenty-four knees in 21 patients who received robotic-assisted TKR for end-stage varus osteoarthritis were
examined. Three orthopedic specialists and six orthopedic trainees participated in the operations. Data from the liga-
ment tension assessment were collected during the operations.

Results For the inter-rater reliability, “extension medial”and “flexion medial” had excellent reliability whilst “extension
lateral”and “flexion lateral”had good-to-excellent reliability. For the intra-rater reliability, “extension medial” showed
excellent reliability, “extension lateral”and “flexion medial” showed good-to-excellent reliability, and “flexion lateral”

Conclusions Robotic-assisted technology provides a reliable solution to improve ligament tension assessment. All
ligament tension assessments with the use of the technology could demonstrate at least good-to-excellent reliability

Keywords Ligament tension assessment, Pre-excision, Reliability analysis, Robotic-assisted surgery, Imageless, Total

*Correspondence:

Michael Tim-Yun Ong

michael.ong@cuhk.edu.hk

! Department of Orthopaedics & Traumatology, Alice Ho Miu Ling
Nethersole Hospital, Hong Kong SAR, China

2 Office of Research and Knowledge Transfer Services, Chinese University
of Hong Kong, Hong Kong SAR, China

3 Department of Orthopaedics and Traumatology, Chinese University

of Hong Kong, Hong Kong SAR, China

4 Department of Orthopaedics and Traumatology, Prince of Wales
Hospital, Hong Kong SAR, China

° Department of Orthopaedics and Traumatology, CUHK Medical Centre,
Hong Kong SAR, China

B BMC

Background
Total knee replacement (TKR) is one of the most fre-
quently performed elective procedures in the field of
orthopedic surgery across the globe [1]. The most com-
mon indication for the procedure is osteoarthritis, which,
as a potentially disabling condition, poses a leading
public health burden worldwide [2]. TKR is an effective
surgical treatment to improve function and reduce pain
when conservative or medical treatment fails [3].

Soft tissue balance, in addition to accurate implant
alignment, is one of the major determinants for the
success of TKR contributing to the durability of the
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prostheses and long-term clinical outcomes [4]. Joint
instability due to soft tissue imbalance was found to be
culpable for one-fourth of revision TKR operations in the
literature [5-7].

In conventional TKR, soft tissue balancing is performed
by orthopedic surgeons after the bone cut, depending on
subjective judgment, with the knee extended and flexed
90 degrees [8]. The introduction of new technologies in
recent years, such as intra-articular pressure sensors and
robotic systems, has provided orthopedic surgeons with
objective quantifiable measurements for evaluating soft
tissue balance throughout the entire range of motion
[9-11].

One of the commercially-available robotic-assisted
TKR systems is CORI (Smith and Nephew Inc., USA)
[12]. Ligament tension assessment is an important step
in the surgical procedure of robotic-assisted TKR. The
information it generated is essential for the planning of
bone cut (i.e., component position), implant sizing, and
guiding soft tissue release. Therefore, the reliability of lig-
ament tension assessment is crucial for the system. Dur-
ing the ligament tension assessment, the robotic system
measures joint gap size between tibia and femur of the
knee joint. Varus and valgus stress are manually applied
across the entire range of motion.

As a new field of orthopedic surgery, literature has
provided little evidence regarding the inter-rater and
intra-rater reliability of CORI in performing gap balanc-
ing. A study conducted in Japan looked at the inter-rater
reliability of the CORI ligament tension assessment and
suggested that the result might be affected by the experi-
ence of the surgeon. The experienced surgeon produced a
larger gap in both the medial and lateral compartments at
nearly all flexion angles [13].

The objective of this study was to determine the inter-
rater and intra-rater reliability of performing gap bal-
ancing in the CORI robotic-assisted TKR in the present
study. We hypothesized that CORI robotic-assisted TKR
ligament tension assessment has a high inter-rater and
intra-rater reliability. Only after the reliability of the sys-
tem is established could we further proceed to investigate
the optimal figures for soft tissue balance, as well as to
proceed with further investigations to determine if there
are long-term clinical benefits for our patients.

Methods

Overview of design

This was a prospective study conducted from 19 Janu-
ary 2022 to 24 February 2023. The inclusion criteria were
patients over 40 years old who suffered from end-stage
osteoarthritis of the knee (Kellgren and Lawrence grade
3-4) and underwent CORI robotic-assisted TKR. The
implant used was a Journey II BCS (Smith and Nephew
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Inc., USA). The exclusion criteria included post-trau-
matic arthritis, active infection or sepsis, revision sur-
gery, medial or lateral collateral ligament insufficiency,
significant knee deformities (varus deformity > 30 or val-
gus deformity >20) and not meeting the indications for
TKR according to the specific Smith & Nephew Knee
System’s Instructions For Use (IFU). Ethical approval was
obtained from the Institutional Ethics Review Committee
(Ref. No.: CRE 2022.146).

Clinical data collected included age, gender, body mass
index (BMI), preoperative maximum extension, and
flexion angles of the patients. The data from the liga-
ment tension assessment during CORI TKR planning
stage were collected. The values for the medial and lat-
eral compartment gap during flexion and extension were
recorded. Patients’ demographics, knee range of motion,
and BMI were also recorded.

Surgical procedures and gap quantification

Three orthopedic specialists with extensive experience in
CORI robotic-assisted TKR (having performed at least
30 robotic-assisted TKR surgeries in the preceding year)
served as the chief surgeons, and six orthopedic trainees
who were inexperienced in CORI TKR system worked
as assistants in the study. During the operation, osteo-
phyte removal was performed first. During ligament ten-
sion assessment, a Z-shaped special retractor (Fig. 1) was
inserted into the medial and lateral joint space to help
tension the respective collateral ligament. Gap assess-
ment was performed in the following orders: (1) the
chief surgeon applied varus force to tension the lateral
collateral ligament throughout the range of motion, fol-
lowed by valgus force applied to tension the medial col-
lateral ligament. The ligament tension assessment data
were saved and labeled as S1; (2) the assistant surgeon
repeated the procedure, and the ligament tension assess-
ment data were saved and labelled as Al; (3) the chief
surgeon repeated the process with varus and valgus force
again. The ligament tension assessment data were saved
and labeled as S2. Each step (S1, Al, S2) in the ligament
tension assessment was repeated three times and the
CORI robot recorded the largest joint gap size attained
in all three trials. The surgeons were instructed to apply
varus and valgus force until firm endpoint was felt. Only
the extension gap and flexion gap of the medial and lat-
eral compartments generated by CORI robots were used
for comparison instead of the whole range of motion data
to simulate ligament tension assessment as in conven-
tional TKR.

Statistical analysis
Statistical analysis was performed using IBM SPSS Sta-
tistics for Windows, Version 26.0. (IBM Corp, Armonk,



Yee et al. Arthroplasty (2024) 6:44

Page 3 of 6

Fig. 1 Z-shaped special retractor for distraction of medial and lateral joint gap

Table 1 Demographics of patients (n=24)

Age (years), Mean+SD 71.8+£6.0

Gender Female:Male=19:5
BMI (kg/m?), Mean +SD 281445
Preoperative maximum extension angle (°), 8.1+84

Mean +SD

Preoperative maximum flexion angle (°), Mean+SD  106.3+9.2

Knee Range of Motion (%), Mean +SD 98.1+15.1
Pre-operative hip knee ankle angle (°), Mean+SD —-132+78

SD Standard deviation, BMI Body mass index

NY, USA). For the intra-rater reliability, intra-class corre-
lation (ICC) estimates and their 95% confidence intervals
(95% CI) were calculated based on a mean rating (k=2),
absolute agreement, and 2-way mixed-effects model. For
the inter-rater reliability, a two-way random effects model
was used. Cohen’s Kappa values with 95% CI were calcu-
lated to look for inter-rater and intra-rater agreements.
An ICC of 1 indicated perfect reliability. An ICC of<0.5
was indicative of poor reliability, values between 0.5 and
0.75 indicated moderate reliability, values between 0.75
and 0.9 indicated good reliability, and values greater
than 0.9 indicated excellent reliability [14]. A Pearson
correlation was computed to determine the relationship
between joint gap size and preoperative Hip-knee-ankle
(HKA) angles. If the coefficient value lay between +0.50
and +1.00, it indicated a strong correlation. If the value
stood between+0.30 and £0.49, it indicated a medium
correlation. When the value was below +0.29, it indicated
a weak correlation.

Results

Twenty-four knees in 21 patients with end-stage osteo-
arthritis who underwent CORI robotic-assisted TKR
were recruited. The demographics of the patients are
summarized in Table 1. The mean age of the patients

at operation was 74.8 years (SD): 13.7). Among the 24
knees, 19 were female patients and 5 were male ones.
Eight knees were from patients with BMI>30. The
mean knee range of motion was 98.1 (SD: 15.1). All
patients had either varus or neutrally-aligned knee
osteoarthritis. The mean joint gap size of extension
medial (EM), extension lateral (EL), flexion medial
(FM), and flexion lateral (FL) was —2.97 mm +4.23 mm,
1.83 mm + 2.08 mm, 0.07 mm + 3.68 mm,
1.57 mm+2.61 mm, respectively. Figure 2 shows the
scatter plot of joint gap size and preoperative HKA
angle. EM gap size and the preoperative HKA were
found to be strongly correlated, [r(22)=0.50, P=0.01].
In addition, there was also a non-significant rela-
tionship between preoperative HKA angles and EL
[r(22)=0.19, P=0.39], FM [r(22)=0.22, P=0.30], and
FL [r(22)=0.05, P=0.83].

Figure 3 shows the mean and 95% CI of joint gap sizes
of EM, EL, FM, and FL grouped according to surgeon
experience (specialist orthopaedic surgeons versus
orthopaedic trainees). No significant differences exist
between the two groups was demonstrated.

Inter-rater reliability in joint gap assessment was
assessed by comparing S1/A1/S2 data (Table 2). Flexion
lateral had the worst reliability and extension medial
had the best reliability. In terms of ICC (95% CI), the
medial gap in both extension and flexion had excellent
reliability whilst the lateral gap in extension and flexion
had good-to-excellent reliability.

Table 3 shows the intra-rater reliability of joint gap
assessment between 2 measurements by the chief sur-
geon. Similar to inter-rater reliability, flexion lateral
had the worst reliability, and extension medial had the
best reliability. Extension medial showed excellent reli-
ability, extension lateral and flexion medial showed
good-to-excellent reliability, and flexion lateral showed
moderate-to-excellent reliability.
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Fig. 2 Scatter plot showing joint gap size (means of chief surgeon assessments and assistant surgeon assessments) and preoperative
Hip-knee-ankle (HKA) angle (EM: extension medial; EL: extension lateral; FM: flexion medial; FL: flexion lateral)
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Fig. 3 Means and 95% Cl of joint gap size for extension medial (EM), extension lateral (EL), flexion medial (FM), flexion lateral (FL) grouped
by specialist orthopedic surgeons vs. orthopedic trainees (Cl: Confidence interval)

Discussion

Accurate assessment of joint gap size is essential for
achieving favorable outcomes in TKR, as it helps decide
the optimal position and size of the prosthetic compo-
nents, ensuring proper balance and stability of the joint
and improved postoperative outcomes, including Knee
Society Knee Score, Western Ontario and McMaster

Universities Osteoarthritis Index, Forgotten Joint Score
[15, 16]. Conventionally, ligament tension assessment is
done manually [8, 17]. However, manual method is not
quantitative, is often subject to inter-rater variability, and
relies heavily on the surgeon’s experience [8, 17, 18]. The
recent technologies, such as intra-articular pressure sen-
sors, have provided orthopedic surgeons with objective
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Table 2 Inter-rater reliability between surgeons and assistants

S1-A1-S2 1CC (95% CI) Cronbach’s a
Extension Medial 0.972 (0.944-0.987) 0.971
Extension Lateral 0.938 (0.879-0.971) 0.941
Flexion Medial 0.956 (0.913-0.980) 0.959
Flexion Lateral 0.933 (0.868-0.969) 0.931

S1:The chief surgeon applied varus force to tension the lateral collateral
ligament throughout the range of motion, followed by valgus force to tension
the medial collateral ligament. The ligament tension assessment data were
saved and labelled as S1

A1:The assistant surgeon repeated the procedure, and the ligament tension
assessment data were saved and labelled as A1

S2:The chief surgeon repeated the process with varus and valgus force applied
again. The ligament tension assessment data were saved and labelled as S2

ICC: Intra-class correlation; Cl: Confidence interval

Table 3 Intra-rater reliability of between 2 measurements by the
chief surgeons

S1-S2 1CC (95% CI) Cronbach’s a
Extension Medial 0.967 (0.923-0.986) 0.965
Extension Lateral 0.928 (0.833-0.969) 0.931
Flexion Medial 0.905 (0.781-0.959) 0.909
Flexion Lateral 0.885 (0.732-0.950) 0.881

S1:The chief surgeon applied varus force to tension the lateral collateral
ligament throughout the range of motion, followed by valgus force to tension
the medial collateral ligament. The ligament tension assessment data were
saved and labelled as S1

S2:The chief surgeon repeated the process with varus and valgus force applied
again. The ligament tension assessment data were saved and labelled as S2

ICC: Intra-class correlation; Cl: Confidence interval

quantifiable measurements for evaluating soft tissue bal-
ance [10, 11]. However, these electronic sensors are used
after bone resection. Surgeons must perform tibia and
femur cut before quantitative data on ligament tension
can be reviewed.

The robotic-assisted technology has emerged as a
promising solution to address these challenges, in the
hope for more precise and reproducible joint gap assess-
ment. In 2022, Sohmiya et al. published research on the
reliability of joint gap size assessment using the CORI
surgical system [13]. They showed that there existed an
inter-rater difference in joint distraction force with the
senior surgeon having a larger joint gap size compared
with the junior surgeon. In another cadaveric study, 7
arthroplasty surgeons examined the inter-rater and intra-
rater reliability of the ligament tension assessment using
the CORI surgical system [19]. There was inconsistency
in measured joint gap sizes collected during the range of
motion both among surgeons (inter-rater variability) and
for each surgeon (intra-rater variability). The use of a Z
retractor during gap tensioning helped to provide more
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mechanical leverage and to stress the ligaments in deep
flexion. This trend was only observed on the lateral side
though, and the author postulated this might be related
to the looser nature of the lateral compartment, which
led to a higher variability in measured joint gap sizes. A
recent study evaluated the repeatability and reproducibil-
ity of ligamentous laxity assessment of robotic-assisted
total knee replacement using a digital tensioner in 12
cadaveric knees with three experienced surgeons [20].
On average, for pre-resection ligamentous laxity assess-
ment, the variation within a surgeon was 0.33+0.26 mm
and 0.69 +0.33 mm when compared among different sur-
geons. These results were consistent with our findings of
excellent repeatability and reproducibility achieved in lig-
amentous laxity assessment in robotic-assisted total knee
replacement.

This study looked into the reliability of ligament ten-
sion assessment with CORI surgical system. We showed
that, for both inter-rater and intra-rater reliability, exten-
sion and medial joint gap assessment had better reliabil-
ity whilst flexion and lateral joint gap assessment yielded
worse reliability. However, all ligament tension assess-
ments had at least good-to-excellent reliability except
flexion lateral for intra-rater assessment. For this study,
we involved 3 specialist orthopedic surgeons and 6 ortho-
paedic trainees so that the data produced were more gen-
eralizable. This lays a platform for future research on the
performance of balancing assessments in robotic-assisted
total knee replacement, and the impact of different align-
ment strategies on patients’ functional outcomes.

Conclusions

In conclusion, robotic-assisted technology provides a
reliable solution for improving ligament tension assess-
ment. Flexion and lateral joint gap size assessment are
associated with worse reliability.

Abbreviations

TKR  Total knee replacement

IFU Instructions for Use

BMI  Body Mass Index

ICC Intra-class correlation

@ Confidence interval

HKA  Angle Hip-knee-ankle angle
SD Standard deviation

EM Extension medial

EL Extension lateral
FM Flexion medial
FL Flexion lateral

Acknowledgements
Not applicable

Authors’ contributions

DKH.Y, JTCL,V.C,GYTL, JKYL, T-LC, JPN, KK-W.H, PS-HY, and MT-Y.O.
Designed the research; DKH.Y, JTCL,V.C, GYTL,JKYL, T-L.C,and JPN. col-
lected the data, and wrote the paper; GM,, GYTL, JKYL, T-L.C, and W-W.C:
assembled the data, analysed, and interpreted the data and wrote the paper.
All authors took part in the writing and final editing of the manuscript. All



Yee et al. Arthroplasty (2024) 6:44

authors have been given a copy of the manuscript, all have approved the final
version of the manuscript, and all are prepared to take public responsibility for
the work and share responsibility and accountability for the results.

Funding
This research did not receive any specific grant from funding agencies in the
public, commercial, or not-for-profit sectors.

Availability of data and materials
The datasets used and/or analysed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate

Ethical approval was obtained from the ethics review board of the Joint NTEC/
CUHK Ethics Committee (Research Ethics Committee Ref. No.: CRE 2022.146).
The study was performed in accordance with the Declaration of Helsinki and
ICH-GCP. Written informed consent was obtained from all participants to
participate in this research project.

Consent for publication
Written informed consent was obtained from all subjects and/or their legal
guardian(s) for the publication of identifying information/images.

Competing interests
The authors declare that they have no competing interests.

Received: 3 March 2024 Accepted: 6 June 2024
Published online: 02 September 2024

References

1. Abdelaal MS, Restrepo C, Sharkey PF. Global perspectives on arthroplasty
of hip and knee joints. Orthoped Clin. 2020;51:169-76.

2. Cross M, Smith E, Hoy D, et al. The global burden of hip and knee
osteoarthritis: estimates from the Global Burden of Disease 2010 study.
Ann Rheum Dis. 2014;73:1323-30. https://doi.org/10.1136/annrh
eumdis-2013-204763.

3. Skou ST, Roos EM, Laursen MB, et al. A randomized, controlled trial of total
knee replacement. N Engl J Med. 2015;373:1597-606. https://doi.org/10.
1056/NEJMoal1505467.

4. Matsuda SI, Lustig SB, Van der Merwe W. Soft tissue balancing in total
knee arthroplasty. Berlin: Springer; 2017.

5. Jorgensen NB, McAuliffe M, Orschulok T, et al. Major aseptic revision
following total knee replacement: a study of 478,081 total knee replace-
ments from the Australian Orthopaedic Association National Joint
Replacement Registry. J Bone Joint Surg Am. 2019;101:302-10. https://
doi.org/10.2106/jbjs.17.01528.

6. Pitta M, Esposito Cl, Li Z, et al. Failure after modern total knee arthro-
plasty: a prospective study of 18,065 knees. J Arthroplasty. 2018;33(407-
414):20170925. https://doi.org/10.1016/j.arth.2017.09.041.

7. Sharkey PF, Lichstein PM, Shen C, et al. Why are total knee arthroplas-
ties failing today—has anything changed after 10 years? J Arthroplasty.
2014;29(1774-1778):20140705. https://doi.org/10.1016/j.arth.2013.07.024.

8. Elmallah RK, Mistry JB, Cherian JJ, et al. Can we really “feel”a balanced
total knee arthroplasty? J Arthroplasty. 2016;31(102-105):20160413.
https://doi.org/10.1016/j.arth.2016.03.054.

9. Bollars P, Boeckxstaens A, Mievis J, et al. Preliminary experience
with an image-free handheld robot for total knee arthroplasty: 77
cases compared with a matched control group. Eur J Orthop Surg
Traumatol. 2020;30(723-729):20200116. https://doi.org/10.1007/
500590-020-02624-3.

10. Jaffe WL, Dundon JM, Camus T. Alignment and balance methods in total
knee arthroplasty. J Am Acad Orthop Surg. 2018;26:709-16. https://doi.
0rg/10.5435/jaaos-d-16-00428.

11. Yapp LZ, Robinson PG, Clement ND, et al. Total knee arthroplasty
and intra-articular pressure sensors: can they assist surgeons with

Page 6 of 6

intra-operative decisions? Curr Rev Musculoskelet Med. 2021;14(361-
368):20211228. https://doi.org/10.1007/512178-021-09724-5.

12. Han S, Rodriguez-Quintana D, Freedhand AM, et al. Contemporary
robotic systems in total knee arthroplasty: a review of accuracy and
outcomes. Orthop Clin North Am. 2021;52(83-92):20210210. https://doi.
0rg/10.1016/j.0cl.2020.12.001.

13. Sohmiya K, Ogawa H, Nakamura Y, et al. Joint gap produced by manual
stress is dependent on the surgeon’s experience and is smaller in flexion
in robotic-assisted total knee arthroplasty. Knee Surg Sports Trauma-
tol Arthrosc. 2023;31(963-968):20220815. https://doi.org/10.1007/
500167-022-07107-y.

14. Koo TK, Li MY. A Guideline of selecting and reporting intraclass correla-
tion coefficients for reliability research. J Chiropr Med. 2016;15(155-
163):20160331. https://doi.org/10.1016/jjcm.2016.02.012.

15. Gustke KA, Golladay GJ, Roche MW, et al. Primary tka patients with quan-
tifiably balanced soft-tissue achieve significant clinical gains sooner than
unbalanced patients. Adv Orthop. 2014;2014(628695):20140818. https://
doi.org/10.1155/2014/628695.

16. Golladay GJ, Bradbury TL, Gordon AC, et al. Are patients more
satisfied with a balanced total knee arthroplasty? J Arthroplasty.
2019;34:5195-5200. https://doi.org/10.1016/j.arth.2019.03.036. 20190319.

17. Meneghini RM, Ziemba-Davis MM, Lovro LR, et al. Can intraoperative
sensors determine the “target” ligament balance? Early outcomes in total
knee arthroplasty. J Arthroplasty. 2016;31(2181-2187):20160404. https://
doi.org/10.1016/}.arth.2016.03.046.

18. Chang MJ, Lim H, Lee NR, et al. Diagnosis, causes and treatments of insta-
bility following total knee arthroplasty. Knee Surg Relat Res. 2014;26(61-
67):20140530. https://doi.org/10.5792/ksrr.2014.26.2.61.

19. 2022.SN.Tensioner whitepaper supporting evidence. Internal Report
10073166 REV A.

20. Scholl LY, Hampp EL, Caba M, et al. Robotic-assisted total knee arthro-
plasty technology provides a repeatable and reproducible method
of assessing soft tissue balance. J Knee Surg 2024. https://doi.org/10.
1055/a-2232-7511.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.1136/annrheumdis-2013-204763
https://doi.org/10.1136/annrheumdis-2013-204763
https://doi.org/10.1056/NEJMoa1505467
https://doi.org/10.1056/NEJMoa1505467
https://doi.org/10.2106/jbjs.17.01528
https://doi.org/10.2106/jbjs.17.01528
https://doi.org/10.1016/j.arth.2017.09.041
https://doi.org/10.1016/j.arth.2013.07.024
https://doi.org/10.1016/j.arth.2016.03.054
https://doi.org/10.1007/s00590-020-02624-3
https://doi.org/10.1007/s00590-020-02624-3
https://doi.org/10.5435/jaaos-d-16-00428
https://doi.org/10.5435/jaaos-d-16-00428
https://doi.org/10.1007/s12178-021-09724-5
https://doi.org/10.1016/j.ocl.2020.12.001
https://doi.org/10.1016/j.ocl.2020.12.001
https://doi.org/10.1007/s00167-022-07107-y
https://doi.org/10.1007/s00167-022-07107-y
https://doi.org/10.1016/j.jcm.2016.02.012
https://doi.org/10.1155/2014/628695
https://doi.org/10.1155/2014/628695
https://doi.org/10.1016/j.arth.2019.03.036
https://doi.org/10.1016/j.arth.2016.03.046
https://doi.org/10.1016/j.arth.2016.03.046
https://doi.org/10.5792/ksrr.2014.26.2.61
https://doi.org/10.1055/a-2232-7511
https://doi.org/10.1055/a-2232-7511

	Reliability of pre-resection ligament tension assessment in imageless robotic assisted total knee replacement
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Overview of design
	Surgical procedures and gap quantification
	Statistical analysis

	Results
	Discussion
	Conclusions
	Acknowledgements
	References


