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Abstract

Introduction Intraoperative kinematic analysis using a

navigation system in total knee arthroplasty (TKA) has

been increasing. The purpose of the present study was to

assess the reproducibility of the intraoperative kinematics

analysis in TKA using the image-free knee navigation

system.

Materials and methods Fifty-one knees in 45 patients

who received TKA, performed by a single surgeon (the

senior consultant) with the resident, were included in this

retrospective study. There were 7 men and 38 women and

the mean age was 74.3 years. Cruciate retaining (CR) type

and posterior stabilized (PS) type implants were inserted

into 38 and 13 knees. The senior consultant and the resi-

dent analyzed initial kinematics, the axial rotation of the

tibia and the coronal alignment of the lower limb, three

times in each knee on manual passive knee flexion intra-

operatively using the navigation system. Intra-class corre-

lation coefficients (ICC) with 95 % confidence intervals

were calculated to determine the reproducibility of this

analysis.

Results In regard to intra-rater reproducibility with axial

rotation of the tibia, the ICC of the senior consultant was

0.965 for CR knees and 0.972 for PS knees while the ICC

of the resident were 0.966 and 0.956. Inter-rater repro-

ducibility was excellent for both knee types (ICC, 0.885 for

CR knees and 0.864 for PS knees). In regard to intra-rater

reproducibility with coronal alignment of the lower limb,

ICC of the senior consultant was 0.990 for CR knees and

0.996 for PS knees while those of the resident were 0.990

and 0.995. Inter-rater reproducibility was also excellent for

both knee types (ICC, 0.978 for CR knees and 0.994 for PS

knees).

Conclusions Manual intraoperative kinematic analysis

using a navigation system in TKA showed excellent

reproducibility. This result may encourage further studies

about intraoperative kinematic analysis using a navigation

system in TKA.

Keywords Navigation system � Total knee arthroplasty �
Rotational kinematics � Reliability study � Intra-class
correlation coefficients

Introduction

Total knee arthroplasty (TKA) has become one of the most

common and successful orthopedic interventions. Despite

favorable long-term implant survival after TKA, as many

as 20 % of patients are not satisfied with their improvement
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[1]. Another study reported that patients undergoing pri-

mary TKA seem to have worse clinical outcomes than

patients undergoing primary total hip arthroplasty at 1-year

follow-up [2]. A previous study indicated that this problem

has not been resolved by only using the navigation system

[3]. On the other hand, this dissatisfaction could be

explained partly by the change of knee kinematics between

pre-arthritis and TKA [4–6]. To evaluate kinematics in

TKA, various evaluation methods have been reported [7–

9]. Particularly, kinematic analysis using a navigation

system is advantageous in that it provides intraoperative

information with a high accuracy in the measurement of

angles and distances [10, 11]. Thus, reports of intraopera-

tive kinematic analysis using a navigation system have

been increasing.

However, the reliability of intraoperative kinematic

analysis has been questioned because the analysis is done

by hand in anesthetized patients. Nevertheless, only a few

previous studies have focused on the reliability of intra-

operative kinematic analysis using a navigation system [12,

13]. To our knowledge, no study has evaluated intra-rater

and inter-rater reproducibility of navigation-based intra-

operative kinematic analysis. The aim of this study was to

determine the reproducibility of intraoperative kinematics

analysis done by hand using a navigation system in TKA.

Materials and methods

After obtaining approval from the institutional review

board of our hospital, data from 51 knees in 45 consecutive

patients who underwent TKA between March and

December 2008 were reviewed. There were 44 female and

9 male patients and their average age was 74.3 years (range

62–84). The average height was 150.9 cm (range 136–165)

and the average weight was 58.3 kg (range 45–75). The

image-free knee navigation system (Stryker Navigation

version 1.0, Kalamazoo, MI, USA) with infrared cameras

and light-emitting diodes was used, and the Scorpio NRG

(Stryker Orthopaedics, Mahwah, NJ, USA) was implanted

in all patients. The cruciate retaining (CR) type implant

was inserted into 38 knees while the other 13 received the

posterior stabilized (PS) type. All patients provided

informed consent for this study.

Surgical procedure

Every surgery was performed using a tourniquet and a

standard medial parapatellar approach. Registration of the

navigation system was done in each case following the

manufacturer’s protocol. The measured resection technique

was used for bone resection. The posterior cruciate liga-

ment (PCL) was sacrificed if its tension was insufficient, as

it would poorly resist the posteriorly directed shear force

on the tibia derived from the extensor mechanism. If a CR

type implant was selected, the bony island resection was

performed while preserving the PCL. The femoral rota-

tional axis was set parallel to the surgical epicondylar axis,

and the tibial rotational alignment was directed along the

line from the medial border of the tibial tubercle to the

middle of the posterior cruciate ligament [14]. The width of

the flexion–extension gap and ligament balance were

checked using a spacer block to avoid laxity, and the

thickness of the polyethylene insert was determined. The

patella was always resurfaced. After releasing the tourni-

quet, the components of tibia and patella were cemented.

Finally, the cementless femoral component was assembled.

A single surgeon, the senior consultant, performed all the

procedures with the aid of the resident.

Evaluation of intraoperative kinematics

After assembling each component and cementation onto

the tibia surface, the capsule was closed with two forceps.

In each knee, kinematic analysis was performed three

times by the senior consultant and the resident using the

navigation system. The knee was flexed by placing the

patient’s heel on the examiner’s palm, and the other hand

of the examiner was placed beside the patient’s knee for

support without the tourniquet. Care was taken to avoid

intentional rotation of the knee throughout flexion. The

navigation system automatically recorded the rotation

angle of the tibia (internal rotation as positive) and

coronal alignment of the lower limb (valgus alignment as

positive) at 30�, 60�, 90� and 120� during continuous knee

passive flexion.

Statistical analysis

All statistical analyses were performed using IBM SPSS

statistical software (SPSS v.21.0 for Mac OS X). Intra-class

correlation coefficients (ICC) were used to quantify

reproducibility for two evaluations. The ICC is a well-

established statistical tool for estimating reliability [15].

The ICC (1, 1), as an intra-rater ICC, was calculated from

data from three evaluations performed by the senior con-

sultant and the resident. The ICC (2, 1), as an inter-rater

ICC, was also calculated from data of the first evaluation

with comparison between the two examiners. According to

a previous study [16], intra-rater ICC and inter-rater ICC

were evaluated for reproducibility. The thresholds for

assessment of intra-class correlations as suggested by

Landis et al. [17] were used: \0.2, slight correlation;

between 0.21 and 0.40, fair correlation; between 0.41 and

0.60, moderate correlation; between 0.61 and 0.80, sub-

stantial correlation; [0.81, almost perfect correlation. A
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threshold of P\ 0.05 was considered statistically signifi-

cant for all statistical analyses.

Results

Patient data are summarized in Table 1. The axial rotation

angle of the tibia at each angle of knee flexion, in CR knees

and PS knees, are shown in Figs. 1 and 2. Both CR and PS

knees showed internal rotation during knee flexion. The

coronal alignment of the lower limb was slightly valgus

during knee flexion (Figs. 3, 4). Each parameter is also

summarized in Table 2.

Data of the ICC are given in Table 3. In regard to intra-

rater reproducibility with axial rotation of the tibia, the ICC

of the senior consultant was 0.965 for CR knees and 0.972

for PS knees, while those of the resident were 0.966 and

0.956, respectively. These results demonstrated almost

perfect reproducibility (ICC[ 0.81). Inter-rater repro-

ducibility was excellent with both knee types (ICC, 0.885

and 0.864). In regard to intra-rater reproducibility with the

coronal alignment of the lower limb, the ICC of the senior

consultant was 0.990 for CR knees and 0.996 for PS knees,

while those of the resident were 0.990 and 0.995, respec-

tively. Inter-rater reproducibility was also excellent for

both knee types (ICC, 0.978 and 0.994).

Table 1 Patient characteristics

Component type CR PS

Sex, knees 32/6 11/2

Female/male

Age, years 74.6 (63–84) 74.3 (62–82)

Mean (range)

Height, cm 150.2 (136–165) 152.9 (143–162)

Mean (range)

Weight, kg 58.4 (45–75) 58.1 (48–67)

Mean (range)

Diagnosis, knees 38/0 11/2

OA/RA
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Fig. 1 Internal rotation of the tibia during knee flexion in CR knees.

Error bars indicate standard deviation
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Fig. 2 Internal rotation of the tibia during knee flexion in PS knees.

Error bars indicate standard deviation
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Fig. 3 Coronal alignment of the lower limb during knee flexion in

CR knees. Error bars indicate standard deviation
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Fig. 4 Coronal alignment of lower limb during knee flexion in PS

knees. Error bars indicate standard deviation
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Both intra- and inter-rater ICC indicated almost perfect

reproducibility of the intraoperative kinematic analysis by

manual passive knee flexion.

Discussion

The most important finding of the present study was that

the reproducibility of intraoperative kinematic analysis

using the image-free navigation system is almost perfect.

Despite the subjective evaluation by manual flexion, intra-

and inter-rater ICC were high in 51 knees.

With the widespread use of a navigation system in TKA,

reports of intraoperative kinematic analysis using a navi-

gation system have been increasing. Klein et al. [18]

evaluated the effect of two different tibial inserts and

reported a significant difference in femoral–tibial rotational

motion using a navigation system. Mihalko et al. [19]

assessed the change in coronal deformity throughout knee

flexion using a navigation system. Ishida et al. [20] divided

rotational patterns into four groups and evaluated correla-

tion of preoperative contracture and varus deformity with

both pre- and postoperative maximum flexion angles.

Matsuzaki et al. [21] measured soft-tissue balance param-

eters in a navigation system using an offset-type tensor.

From the point of view of surgical technique, Baier et al.

[22] described a modified gap-balancing technique with

navigation of the tibia.

Intraoperative kinematic analysis using a navigation

system has been conducted extensively, but few studies

have evaluated the reliability of knee kinematics. Some

studies demonstrated reliability of kinematics during

surgery for anterior cruciate ligament (ACL) injury [23,

24]. However, these studies revealed reliability by

assessing the size of standard deviation or performing the

Mann–Whitney test, not by examining ICC. In addition,

in relation to kinematics in TKA, it has been suggested

that the kinematics of the natural knee were not main-

tained in all respects after arthroplasty using an implant

that had equal sized circular femoral condyles, when

loaded and moved in vivo [5]. Therefore, an analysis of

the reliability of knee kinematics especially in TKA using

a navigation system is needed. Although various authors

have demonstrated poor intra- and inter-rater reliability,

Hauschild et al. [25] described excellent inter- and intra-

rater ICC for dynamic monitoring of coronal leg align-

ment and extension range in TKA using a navigation

system in a cadaveric study. Baier et al. [26] assessed the

difference in pre- and postoperative in vivo kinematics

between CR and PS TKA using a navigation system in

passive range of movement. For each patient, the com-

bination of movements was registered three times. An

electric leg holder was used rather than hand support.

They performed statistical comparisons but did not assess

reliability. Use of an electric leg holder might be required

to prevent rotation of the lower leg, which would alter the

rotational kinematics of the tibia. Nevertheless, it is

important that intraoperative kinematic evaluation in

Table 2 Rotational angle of

tibia and coronal alignment of

lower limb in each knee

Knee flexion 30� SD 60� SD 90� SD 120� SD

CR Rotation angle (�) Senior consultant 6.03 5.70 6.03 5.97 7.25 6.70 9.22 7.40

Resident 6.54 6.18 6.99 6.79 7.92 6.92 9.33 7.01

Coronal alignment (�) Senior consultant 1.36 1.83 2.95 2.01 3.10 2.13 2.56 2.12

Resident 1.45 1.83 3.03 2.08 3.22 2.10 2.64 2.11

PS Rotation angle (�) Senior consultant 0.54 6.16 0.88 5.65 1.82 5.79 3.18 5.66

Resident 0.98 5.44 1.99 5.17 3.35 5.28 4.58 5.29

Coronal alignment (�) Senior consultant 0.62 2.04 2.23 2.81 2.95 3.43 2.51 3.07

Resident 0.76 2.10 2.32 2.88 2.97 3.38 2.55 3.28

SD Standard deviation

Table 3 Summary of intra-

rater and inter-rater ICC
ICC

CR

Rotation angle

Senior consultant 0.965

Resident 0.966

Inter-rater 0.885

Coronal alignment

Senior consultant 0.990

Resident 0.990

Inter-rater 0.978

PS

Rotation angle

Senior consultant 0.972

Resident 0.956

Inter-rater 0.864

Coronal alignment

Senior consultant 0.996

Resident 0.995

Inter-rater 0.994
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TKA using a knee navigation system is commonly done

by manual knee flexion. Casino et al. [12] described

in vivo kinematic evaluation of knee stability before and

after total and unicondylar knee replacement by utilizing

navigation. The procedures were conducted by the same

surgeon who performed the reconstruction and navigated

the acquisitions. The reliability of three repeated motions

for each patient was assessed only with intra-rater ICC,

but not with the inter-rater ICC. Seon et al. [13] assessed

the repeatability of preoperative and postoperative ante-

rior–posterior femoral translation and internal–external

rotation of the femur in passive knee flexion by calcu-

lating only the intra-rater ICC. They reported that intra-

rater ICC in postoperative knees ranged from 0.96 to 0.99

for anterior–posterior femoral translation, and the ICC

ranged from 0.96 to 0.98 for internal–external rotation.

They pointed out that their study has limitations in that all

kinematic measurements were taken by a single surgeon

and inter-rater reliability, as reproducibility, was not

measured. Our results, including high reproducibility,

may support previous studies and encourage future ones

about intraoperative kinematics analysis using a naviga-

tion system in TKA.

There are several limitations to our study. First, mea-

surements were performed only for internal rotation of the

tibia and alignment of the lower limb. There is a lack of

kinematic data on anteroposterior, mediolateral and

superoinferior dimensions because knee kinematics

includes 6 degrees of freedom. However, in previous

studies, rotational axis and coronal alignment were mostly

used to evaluate knee kinematics. Our data are meaningful

for previous and future studies because they were shown

to be highly reproducible. Second, although the repro-

ducibility of intraoperative kinematics by manual passive

flexion was verified, the relationship between intraoper-

ative kinematics in a passive unloading situation and

postoperative kinematics in an active loading situation

was not examined. Furthermore, we do not know whether

the intraoperative kinematic pattern persists during

recovery. It is important to investigate the correlation

between postoperative kinematics and intraoperative

kinematics to predict postoperative function based on

intraoperative evaluation. A solution to overcome this

limitation was suggested in a recent study which reported

that intraoperative kinematics directly affects postopera-

tive deep knee flexion angle and patient-reported out-

comes after TKA. Nishio et al. [27] suggested that

patients who showed an intraoperative medial pivot pat-

tern had significantly better outcomes as evaluated by the

Knee Society Score. The correlation between not only

postoperative kinematics but also postoperative clinical

outcomes and intraoperative kinematics should probably

be assessed.

Conclusion

Reproducibility of intraoperative kinematic analysis using

a knee navigation system in TKA with passive knee flexion

by hand was almost perfect. This indicates that intraoper-

ative kinematic analysis has a high reproducibility.
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