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Abstract Navigation systems have been developed to

achieve more reliable prosthetic alignment in TKAs.

However, the component alignment in the sagittal plane is

reportedly less reliable than in the coronal plane even with

navigation systems. We measured and compared sagittal

prosthetic alignments for TKAs with the conventional

technique and three navigation approaches to establish

reference frames, using radiographs of the entire lower

extremity while standing. The sagittal alignments simu-

lated on the radiographs with the conventional technique

and navigation systems differed by a mean of 2� to 4�. Use

of navigation systems resulted in a mean of 1� to 4�
hyperextension between the femoral and tibial components

and use of the conventional technique resulted in a mean of

1� flexion. Use of different reference points on the distal

femoral condyle for the navigation systems resulted in

differences of as much as 3� alignment in the sagittal plane.

Although optimal prosthetic alignment for TKA in the

sagittal plane is unknown, surgeons and technicians using

navigation systems should be aware of this difference in

the sagittal plane and the risk of hyperextension between

the femoral and tibial components, which might be asso-

ciated with osteolysis and anterior post-cam impingement.

Introduction

Alignment of the prosthesis is one factor in determining the

longevity of a TKA [1, 6, 12, 16, 17]. Navigation systems

have been developed to provide more reliable alignment

and are coming into widespread use. Previous studies

showed navigation systems for TKA improve mean

alignment only a few degrees in, but reduce the number of

outliers of femoral and tibial component alignment relative

to the mechanical axis in the coronal plane compared with

conventional techniques [3, 7, 10, 14, 15]. However, the

component alignment in the sagittal plane is less reliable

than in the coronal plane even with navigation systems

[3, 7, 10, 14, 15]. Although the relationship between sag-

ittal alignment and long-term outcomes is unknown,

hyperextension between the femoral and tibial components

reportedly increases the risk of osteolysis [4] and anterior

tibial post impingement with posterior-stabilized prosthe-

ses [2, 8]. Therefore, sagittal component alignment is

important.

Optimal prosthetic alignment for a TKA in the sagittal

plane is unknown. Thus, the methods used to decide sag-

ittal prosthetic alignment using conventional techniques

and navigation systems are conceptually different. With

conventional techniques, sagittal prosthetic alignment is

based on limited anatomic features that are palpable during

surgery and determined intraoperatively with intramedul-

lary or extramedullary rods. With navigation systems,

sagittal prosthetic alignment is based on the mechanical
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axis of the entire femur and tibia. Thus, sagittal alignments

intended with conventional techniques and navigation

systems might differ. If the intended sagittal alignments

between these techniques differ, then postoperative sagittal

alignments between these techniques inherently differ.

Therefore, it is important to analyze the sagittal alignments

intended with conventional techniques and navigation

systems. The targeted sagittal prosthetic alignment toward

femoral and tibial axes differs according to the prosthetic

design, because some prostheses are designed to be

implanted with a posterior slope toward these axes. Even

for such prostheses, however, sagittal prosthetic alignment

was established on the basis of the femoral and tibial axes.

Our first purpose was to determine if the sagittal align-

ments targeted by conventional TKA instruments and by

navigation systems were substantially different by com-

paring the axes for the sagittal prosthetic alignments. Our

second purpose was to determine if the intended sagittal

angles between the femoral and tibial components while

standing were in the extended position by comparing the

relationship between the femoral and tibial axes for sagittal

prosthetic alignments.

Materials and Methods

We obtained standing sagittal radiographs from 20 lower

limbs from 10 male Japanese volunteers (mean age, 27 years;

range, 24–31 years) who had no radiographic abnormalities

of the lower extremities. Their mean height was 172 cm

(range, 160–178 cm) and mean body weight was 68 kg

(range, 52–90 kg). Using lateral radiographs of the subject’s

whole lower extremity while in one-legged stance, we sim-

ulated the sagittal femoral and tibial axes for TKA with the

conventional technique and navigation systems. Differences

between the axes using the conventional technique and three

navigation approaches were evaluated to establish reference

frames and the relationship between femoral and tibial axes

while standing were analyzed. Owing to the lack of previous

long-term clinical reports measuring sagittal alignment, a

clinically important size of difference was unclear. Previous

reports on TKA navigation often used 3� as the threshold for

outliers of component alignment in coronal and sagittal

planes [3, 7, 10, 14, 15]. Therefore, we used 3� as effect size.

Our results showed the standard deviations of navigation

femoral axis (NFA) 1–3, navigation tibial axis (NTA), con-

ventional femoral axis (CFA), and conventional tibial axis

(CTA) were smaller than 3�. We thus used 3� as standard

deviation for a post hoc power analysis. When the power was

set at 0.9 (relatively high power) and the significance was set

at p \ 0.05, 12 cases were required. Each volunteer provided

informed consent to participate in this study, which was

approved by our Institutional Review Board.

Lateral radiographs of the lower extremity with the

patients in one-legged stance were obtained using the

method described by Minoda et al. (Fig. 1) [11]. Film size

252 x 905 mm (SR-G; Konica, Tokyo, Japan) and a screen

(LC-S3; Toshiba, Tokyo, Japan) were used. The xray beam

was centered at the knee at a distance of 200 cm. A grid

(film-focus distance, 130 cm-?; grid ratio, 6:1; grid line,

34/cm) (Mitaya Co, Tokyo, Japan) was used. The settings

of the xray beam were 90 kV and 20 to 40 mA, depending

on limb size. Radiographs were obtained in the following

Fig. 1 A lateral radiograph of the lower extremity is shown. The

sagittal mechanical axis is the line drawn from the center of the

femoral head to the center of the talocrural joint (white line).
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manner: (1) the knee was fully extended in weightbearing;

(2) subjects were instructed to face laterally so the posterior

edges of the medial and lateral femoral condyles were

aligned; and (3) a graduated, lead-loaded acrylic filter (0.2

mpb) was placed in front of the collimated xray beam for

lateral radiographs so the femoral head received high-

energy exposure with the knee and ankle receiving rela-

tively low-energy exposure. If both posterior condyles

were not aligned, another radiograph was taken.

Because few parameters have been reported for analysis

of sagittal alignment of the lower extremity during

weightbearing [11], we defined the following parameters:

(1) The sagittal mechanical axis was defined as the line

drawn from the center of the femoral head, as detected by a

concentric circle template, to the center of the talocrural

joint (Fig. 1) [11]. We considered the sagittal mechanical

axis the baseline for analysis of sagittal alignment of the

lower extremity during weightbearing; (2) With the con-

ventional technique, the targeted femoral axis is usually the

direction of the intramedullary guide rod, whereas the

targeted tibial axis is usually the direction of the extra-

medullary guide rod. We therefore defined the CFA as the

line through the center of the femoral canal at 10 cm and

20 cm proximal to the distal femoral condyle and the CTA

as the line through the anterior edge of tibial cortex at

10 cm and 20 cm distal to the tibial plateau, which is

commonly used as the anatomic reference landmark during

surgery (Fig. 2A); (3) For the navigation systems, we

defined the femoral axis as one of three lines from the

center of the femoral head to one of the following three

points: (a) point of insertion of the intramedullary rod, the

CFA was used to determine the direction of the

Fig. 2A–B (A) The diagrams

show the targeted prosthetic

alignments for the femoral

and tibial components using the

(A) conventional technique and

(B) navigation systems. CFA =

conventional femoral axis;

CTA = conventional tibial axis;

SMA = sagittal mechanical axis.

NFA = navigation femoral axis;

NTA = navigation tibial axis.
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intramedullary rod (navigation femoral axis 1 [NFA1]), (b)

the center of the anteroposterior direction of the femoral

condyle (NFA2), and (c) the most distal point of the fem-

oral condyle (NFA3) (Fig. 2B). If the most distal points of

the medial and lateral femoral condyles were not same, the

midpoint between the most distal points of the medial and

lateral femoral condyles was used; and (4) The targeted

tibial axis with the navigation systems (navigation tibial

axis [NTA]) is defined as the line from the center of the

talocrural joint to the center of the tibial plateau in an

anteroposterior direction. The center of the tibial plateau in

the sagittal plane is defined as the midpoint of the line

vertical to the NTA and 10 mm distal to the tibial joint

surface, because the usual thickness of the tibial cut and

tibial component is approximately 10 mm.

If the bone cut was perpendicular to these axes, the

angle between the femoral and tibial axes represented the

intercomponent angle between the femoral and tibial

components while standing. We thus defined the inter-

component angle while standing as the angle between the

femoral and tibial axes on lateral radiographs of the

patient’s lower extremity in one-legged stance.

One experienced surgeon (YM) measured the angles

between the sagittal mechanical axis and the six defined

axes. If the axis was in flexion to the sagittal mechanical

axis, degrees were assigned positive values, whereas if the

axis was in extension to the sagittal mechanical axis,

degrees were assigned negative values. If the alignment

between the femoral and tibial components was in flexion,

the intercomponent angle was assigned positive values,

whereas if it was in extension, the intercomponent angle

was assigned negative values. All parameters on radio-

graphs were measured using computer software (Quick

Grain Standard; Inotech, Hiroshima, Japan) and calculated

to two decimal places. Interobserver and intraobserver

variability were assessed for each measurement using a

subset of 10 cases, and 95% confidence limits (CLs) were

defined (ie, mean ± 2 standard deviations). Intraobserver

analysis indicated mean differences of 0.11 to 0.42� in each

parameter. Interobserver analysis indicated mean differ-

ences of 0.16 to 0.44� in each parameter (Table 1).

Differences between the femoral axes (CFA, NFA 1,

NFA2, NFA3) and between the intercomponent angles

(CFA-CTA, NFA1-NTA, NFA2-NTA, NFA3-NTA) were

determined using analysis of variance and Fisher’s post hoc

test. Difference between the tibial axes (CTA and NTA)

was determined using the paired t test. Computer software

(StatView15.0; Abacus Concepts, Berkeley, CA) was used

for analysis.

Results

Femoral sagittal alignment targeted by two navigation

approaches to establish reference frames (NFA2

[p = 0.01] and NFA3 [p = 0.0007]) were more flexed than

femoral sagittal alignment targeted by one navigation

approach (NFA1) (Table 2). Thus, the different reference

points on the distal femur for the navigation systems

resulted in different targeted sagittal axes for the femoral

component. However, femoral sagittal alignment targeted

by conventional TKA instruments was similar to femoral

sagittal alignment targeted by three navigation approaches

to establish reference frames. The tibial sagittal alignment

targeted by a navigation approach (NTA) was more flexed

than tibial sagittal alignment targeted by conventional TKA

instruments (CTA) (p \ 0.0001) (Table 2). Therefore, the

targeted sagittal axes for the tibial component with the

conventional technique and navigation systems were

different.

Navigation systems placed the mean intercomponent

angle in approximately 2� to 5� greater extension than the

conventional technique (Table 3). Intercomponent angles

by two navigation approaches (NFA2-NTA [p = 0.007]

Table 1. Interobserver and intraobserver difference in each parameter

Axes of sagittal plane Interobserver difference (degrees) Intraobserver difference (degrees)

Mean 95% CLs Mean 95% CLs

lower upper lower upper

Femoral component

CFA 0.44 -0.23 1.11 0.28 -0.06 0.62

NFA 1 0.38 -0.25 1.02 0.42 -1.57 2.40

NFA 2 0.16 -0.02 0.34 0.11 -0.18 0.39

NFA 3 0.21 -0.02 0.43 0.12 -0.10 0.35

Tibial component

CTA 0.32 -0.26 0.89 0.17 -0.06 0.39

NTA 0.35 -0.03 0.74 0.11 -0.10 0.32

CLs = confidence limits.
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and NFA3-NTA [p = 0.002]) were more extended than the

intercomponent angle by conventional TKA instruments

(CFA-CTA).

Discussion

Navigation systems have been developed to provide more

reliable alignment and their use is becoming more wide-

spread. Previous studies suggest navigation systems for

TKA improve mean component alignment by only a few

degrees, if at all but reduce the number of outliers of

femoral and tibial component alignment compared with

conventional techniques [3, 7, 10, 14, 15]. However, the

methods used to decide sagittal prosthetic alignment using

conventional techniques and navigation systems are con-

ceptually different. Thus, sagittal alignments intended with

conventional techniques and navigation systems might

differ. To our knowledge, there is no information on this

issue. If the intended sagittal alignments between the

conventional technique and navigation systems differ,

postoperative sagittal alignments between these techniques

inherently differ. Therefore, it is important to analyze the

sagittal alignments intended with conventional techniques

and navigation systems. We thus compared the axes for

chosen sagittal prosthetic alignments of TKA with the

conventional technique and various navigation approaches

to establish reference frames.

There are some limitations to this study. First, the sub-

jects were healthy Japanese men, and results of this study

therefore may not be directly applicable to nonJapanese

subjects or elderly women, who are the main candidates for

TKA. Elderly women have shorter and more anteriorly

bowed femurs [5]. In such patients, the differences in the

femoral axes between the conventional technique and

navigation systems might be even more marked than those

we observed. Second, the evaluation performed in our

study was two-dimensional and not three-dimensional.

However, it is difficult to perform CT while the patient is

standing. The effective radiation dose is approximately 10

times as large as that required for radiographs [5]. Owing to

potential radiation hazards to the gonads, our method using

radiographs is more desirable than using CT, because our

subjects were young volunteers. Third, although the rela-

tionship between postoperative implant alignment in the

coronal plane and long-term clinical results has been

reported [6, 16, 17], there have been only a few reports on

the relationship between the implant alignment in the

sagittal plane and long-term clinical results [2, 4]. To

assess implant alignment accurately, it was necessary to

obtain coronal and sagittal radiographs of the entire lower

extremity on weightbearing with the knee in full extension.

However, it was technically difficult to obtain a sagittal

radiograph of the entire lower extremity [14]. This tech-

nical difficulty has made it difficult to analyze the

relationship between implant alignment in the sagittal

plane and long-term clinical results [11]. Even the studies

using short film, which was less reliable in assessing

implant alignment, revealed an excessive extended angle of

the femoral component relative to the tibial component,

owing to flexion of the femoral component or/and posterior

slope of the tibial component, which led to osteolysis [2,

4], polyethylene wear of the anterior post, [2, 8] or post

fracture [2, 8]. Additional studies using more precise

methods, such as long films for the entire leg using our

method [11] or CT, could determine whether the difference

Table 2. Femoral and tibial axes to determine reference frames

Axes of sagittal plane Alignment to SMA (�)* p Value

Mean ± SD Range

Femoral component

CFA 0.45 ± 2.28 -3.04 to 4.56

NFA1 -0.70 ± 2.12 -3.86 to 3.53

NFA2 1.07 ± 2.05 -2.22 to 5.47 0.0102�

NFA3 1.67 ± 2.05 -1.22 to 5.71 0.0007�

Tibial component

CTA -1.63 ± 2.83 -4.72 to 6.87

NTA 1.84 ± 2.77 -2.15 to 9.77 \ 0.0001�

* If the axis was in flexion to SMA, degrees were assigned positive

values, whereas if the axis was in extension, degrees were assigned

negative values; �compared with NFA1 using analysis of variance;
�compared with CTA using paired t test; SMA = sagittal mechanical

axis; SD = standard deviation; CFA = conventional femoral axis,

NFA = navigation femoral axis; CTA = conventional tibial axis,

NTA = navigation tibial axis.

Table 3. Intercomponent anglea

Conventional technique

CFA - CTA

Navigation approaches

NFA 1 - NTA NFA 2 - NTA NFA 3 - NTA

-1.19 +/- 4.65 1.13 +/- 4.67 2.91 +/- 4.59* 3.51 +/- 4.60*

a If the alignment between femoral and tibial component was in flexion, degrees were assigned positive values, whereas if the alignment was in

extension, degrees were assigned negative values; *Statistical significance was observed compared with conventional technique with ANOVA

(p \ 0.01); CFA = conventional femoral axis; CTA = conventional tibial axis; NFA = navigation femoral axis; NTA = navigational tibial

axis; SMA = sagittal mechanical axis.
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in sagittal alignment affects long-term outcomes. We sus-

pect those outcomes would be implant-specific.

Our data suggest the targeted sagittal alignments using

the conventional technique and navigation systems differ

within a mean of 2� to 4�. Thus, the postoperative sagittal

prosthetic alignment in TKA using the conventional tech-

nique and those using navigation systems theoretically

produce different values. The difference was small, but

clinical reports suggest navigation systems improve align-

ment by only a few degrees in mean alignment [3, 7, 10,

14, 15]. Simple comparison of mean postoperative sagittal

prosthetic alignment between the conventional technique

and navigation systems might not be appropriate for eval-

uation of these methods, because intended sagittal

alignments might differ.

Extension between the femoral and tibial components

risks anterior tibial post impingement with posterior-sta-

bilized prostheses, which may lead to excessive

polyethylene wear of the anterior part of the tibial post and

post fracture [2, 8]. Extension of 10� between components

increased the odds ratio of osteolysis by 1.4 times, even

with cruciate-retaining prostheses that do not have a tibial

post [4]. Some have recommended 5� to 7� of posterior

tibial slope toward the tibial axis in the sagittal plane for a

better postoperative flexion angle [9]. If 7� of posterior

tibial slope toward the tibial axis in the sagittal plane is

planned with navigation systems, extended alignment

between the femoral and tibial components will be more

prominent, and 30% to 50% of our cases with the navi-

gation systems resulted in greater than 10� extended

alignment between the components (30% with NFA1 and

NTA, 45% with NFA2 and NTA, and 50% with NFA3 and

NTA). This might lead to excessive polyethylene wear and

osteolysis. For the intercomponent angle, the insertion

point of the intramedullary rod (NFA1) was preferred to

the reference point on the distal femur for the navigation

systems, and there should be no excessive posterior tibial

slope.

The most important problem with use of navigation

systems in TKA is that optimal prosthetic alignment on the

sagittal plane is not uniform and might differ from patient

to patient depending on their anatomy, activities, and other

considerations including implant design. The reliability of

navigation systems in the sagittal plane is reportedly less

than that in the coronal plane [3, 7, 10, 14, 15]. Matziolis

et al. [10], in a prospective, randomized study of conven-

tional technique and a navigation system for TKA,

evaluated postoperative implant alignment using a precise

three-dimensional technique. In the coronal plane, the

mean deviation was 1.0� ± 0.6� for the femoral component

and 1.4� ± 0.9� for the tibial component. In the sagittal

plane, however, it was 3.4� ± 2.7� for the femoral com-

ponent and 2.1� ± 1.3� for the tibial component. They

concluded the navigation system was more reliable for

coronal alignment, but not sagittal alignment, compared

with the conventional technique. They also mentioned it

was unclear whether sagittal alignment corresponding to

the mechanical or anatomic axis should be sought.

Our data suggest the targeted sagittal prosthetic align-

ments of TKA with the conventional technique and various

navigation systems differed by 2� to 4�. Use of navigation

systems resulted in 1� to 4� hyperextension between the

femoral and tibial components. Surgeons and technicians

using navigation systems for TKA should be aware of the

existence of this difference in the sagittal plane.
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