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Abstract Precise pre- and postoperative anatomic mea-

surements are necessary to plan, perform, and evaluate total

knee arthroplasty (TKA). We evaluated the relationship

between radiographic and navigation alignment measure-

ments, identified sources of error in radiographic and

navigated alignment assessment, and determined the dif-

ferences between desired and clinically accepted alignment.

Fifty-eight computer-assisted TKAs were performed and

limb alignment measurements were recorded both pre- and

postoperatively with standard radiographs and with an in-

traoperative navigation system. Intraoperative navigation

produced consistent navigation-generated alignment results

that were within 1� of the desired alignment. The difference

between preoperative radiographic and navigation mea-

surements varied by as much as 12� and the difference

between postoperative radiographic and navigation mea-

surements varied by as much as 8�. This discrepancy

depended on the degree of limb deformity. Postoperative

radiographic measurements have inherent limitations.

Navigation can generate precise, accurate, and reproducible

alignment measurements. This technology can function as

an effective tool for assessing pre- and postoperative limb

alignment and relating intraoperative alignment measure-

ments to clinical and functional outcomes.

Level of Evidence: Level II, therapeutic study. See the

Guidelines for Authors for a complete description of levels

of evidence.

Introduction

Precise pre- and postoperative measurements of limb

alignment are necessary to plan, perform, and evaluate the

success of TKA. Standard radiographs, computed tomog-

raphy, MRI, or intraoperative navigation systems can be

used to perform these measurements. Standard radiographs

can, in a controlled setting and in normal patients with

minimal deformity, be quite accurate [8, 9]. However,

these required conditions are difficult to achieve and are

not applicable to patients with extremity-deforming

osteoarthritis. The use of an intraoperative navigation

system, which has a technical accuracy previously vali-

dated to within 1� [14, 23, 25], may allow for an objective

assessment of the accuracy and reproducibility of radio-

graphic measurement of TKA components and alignment.

This type of relationship is important to examine given that

numerous previous studies have used standard radiographs

to evaluate and relate TKA limb and implant alignment to

clinical and functional outcome measures [1–3, 6, 10, 13,

16, 21, 24, 30, 33–35].

Our objectives were: (1) to evaluate the strength of the

association between standard pre- and postoperative

radiographic and intraoperative navigation alignment

measurements; (2) to determine the potential sources of

error inherent to the process of radiographic and navigated
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alignment assessment; and (3) to examine the subtle dif-

ferences that exist between desired alignment

(anteroposterior [AP] mechanical axis and sagittal tibial

and femoral axes of 0�) and clinically accepted alignment

(final alignment after the bone cuts were made and

implants placed) as assessed through an intraoperative

navigation system.

Materials and Methods

Fifty-eight consecutive computer-assisted (CAS) TKAs

were performed on 51 patients by a surgeon with extensive

prior experience in CAS TKA. Of these patients, 30

underwent unilateral CAS TKA, seven underwent bilateral

CAS TKA, and 14 underwent bilateral TKA with one side

performed using CAS. For each TKA, we obtained

weightbearing full-length AP and short film lateral radio-

graphs. The AP mechanical axis and sagittal femoral and

tibial axis measurements were recorded both intraopera-

tively using the navigation system and with standard 4-

week (short-term) and 2-year (long-term) postoperative

radiographs. Six patients (all unilateral) were lost to fol-

lowup as a result of relocation, unwillingness to continue

participation in the study, or lack of intraoperative mea-

surements. These patients were excluded from the final

analysis of the data.

Radiographs were performed with patients positioned in

a method based on the recommendations described by

Cooke et al. [8, 9]. For the weightbearing AP radiograph,

the patient was placed in the standing position with their

backside against the gridded 14 9 50-inch cassette. The

feet were positioned together, touching if possible; we

allowed patients to slightly separate the feet to provide

good balance. The central ray was directed perpendicular

to the joint space in between the patella and femoral con-

dyles. The lateral views were performed with the patient

supine lying on the affected side. The opposite leg was

positioned over and in front of the knee in question to allow

the affected knee to fully rest on the radiographic cassette.

The central ray was directed perpendicular to the film.

We made intraoperative navigation measurements pre-

operatively before any cuts were made and again

postoperatively after cuts were made and implants placed.

We used the Aesculap OrthoPilotTM (Aesculap, Tuttlingen,

Germany) navigation system for computer-assisted TKA

and to generate navigation alignment measurements.

We used the EFilm WorkstationTM (Merge Healthcare,

Milwaukee, WI) to evaluate digitized radiographs and limb

alignment according to the Knee Society Roentgenographic

Evaluation System [12]. Two observers (MAY, SSK) per-

formed these measurements and the correlation between

these measurements was determined. The observers had no

knowledge of the navigation measurements at the time the

measurements were performed.

The senior author (SDS) made the final determination of

any discrepancies between the readings of the two

observers. We evaluated the difference and degree of

variation between the measurements achieved using short-

and long-term standard radiographs and intraoperative

navigation measurements. The desired or targeted align-

ment, defined as a mechanical axis, femoral flexion, and

tibial slope of 0�, was compared with the accepted intra-

operative alignment as measured by the navigation system.

We used a two-tailed bivariate Pearson correlation to

evaluate the strength of the association between pre- and

postoperative radiographic and navigation alignment

measurements as well as the association of interobserver

measurements. An analysis was performed on pre- and

postoperative radiographic and navigation measurements

as well as desired and clinically accepted intraoperative

measurements to determine mean values, standard devia-

tion, minimum, and maximum discrepancy. All statistical

analyses were performed using a commercial statistical

software package (SPSS version 14.0; SPSS Inc, Chicago,

IL).

Results

Radiographic results exhibited a greater range and vari-

ability than the navigation data in each of the three

measurement criteria (Table 1). Radiographs had a ten-

dency to overestimate the degree of varus in the AP

mechanical axis, the degree of femoral flexion in the sag-

ittal axis, and degree of posterior tibial slope in the sagittal

axis relative to navigation measurements (Table 1). The

radiographic and navigation measurements of the

mechanical axis correlated preoperatively (r = 0.885,

p = 0.01) but not postoperatively (r = 0.081, p = 0.587)

(Tables 1, 2). Short-term and long-term radiographic

measurements were correlated (r = 0.840, p = 0.01)

(Table 1). The discrepancy between preoperative radio-

graphs and navigation measurements increased with the

degree of preoperative limb deformity (Figs. 1, 2; Table 3).

The strength of interobserver radiographic measurement

correlation depended on the ability of the observer to

accurately and reproducibly demarcate anatomic land-

marks. The interobserver measurement correlation was

greatest for assessment of the mechanical axis (r = 0.873)

and weakest for the tibial axis (r = 0.664) (Table 2).

Whereas the desired intraoperative mechanical, femoral,

and tibial axis alignments were 0�, the accepted alignment

was 0.56� varus ± 1.0� (-1� to 3�), 0.24� flexion ± 0.84�
(-2� to 2�), and 0.76� posterior slope ± 1.3� (-6� to 1�),

respectively (Table 4).
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Discussion

Precise pre- and postoperative measurements of limb

alignment are necessary to plan, perform, and evaluate the

outcomes of TKA. Under ideal circumstances standard

radiographs can in normal patients with minimal deformity

be accurate [8, 9]. However, these required conditions are

difficult to achieve and are not applicable to patients with

extremity-deforming osteoarthritis. Intraoperative naviga-

tion has an accuracy to within 1� [14, 23, 25], and may

allow objective assessment of the accuracy and reproduc-

ibility of radiographic measurement of TKA components

and alignment. The purpose of our study, therefore, was to

develop a more complete understanding of the relationship

that exists between measurements performed using stan-

dard radiographs and those obtained with an intraoperative

navigation system.

An appreciation of the limitations and potential sources

of error inherent to each of these measurement modalities

is warranted. We did not attempt to suggest navigation can

or should be considered a ‘‘gold standard’’ tool for align-

ment assessment. Navigation is, however, a validated

measurement tool capable of generating accurate and

reproducible alignment measurements, which can assist the

surgeon in achieving his or her desired and targeted

Table 1. An analysis of radiographic and navigation measurement of limb and implant alignment

Axis of measurement Measurement of interest Mean Minimum Maximum Standard

deviation

Mechanical axis

(anteroposterior) (varus +)

Preoperative radiograph 8.76 -12 22 8.24

Preoperative navigation 5.62 -12 16 5.20

Discrepancy between radiograph and navigation (preoperative) 4.66 -10.00 12.00 2.89

Postoperative (1-month) radiograph 1.91 -4 8 2.89

Postoperative (2-year) radiograph 1.43 -2 4 1.910

Postoperative navigation 0.56 -1 3 1.00

Discrepancy between radiograph and navigation (1 month) 2.73 -5.00 8.00 1.81

Femoral axis (sagittal)

(flexion +)

Postoperative (1-month) radiograph 2.05 -4 7 2.46

Postoperative (2-year) radiograph 1.73 0 4 0.961

Postoperative navigation -0.24 -2 2 0.847

Discrepancy between radiograph and navigation 3.00 -4.00 7.00 1.76

Tibial axis (sagittal)

(posterior slope -)

Postoperative (1-month) radiograph -2.10 -7 2 1.80

Postoperative (2-year) radiograph -2.93 -8 0 2.219

Postoperative navigation -0.76 -6 1 1.33

Discrepancy between radiograph and navigation 2.21 -7.00 2.00 1.66

Table 2. An analysis of radiograph to navigation correlation and interobserver correlation of limb and implant alignment measurements

Alignment measurement Radiograph:navigation

Pearson correlation coefficient

(two-tailed significance)

Observer 1:observer 2 Pearson

correlation coefficient

(two-tailed significance)

Mechanical axis (AP) preoperative 0.885* 0.762*

Mechanical axis (AP) postoperative 0.081 (0.587) 0.873*

Femoral cut (sagittal) postoperative 0.027 (0.854) 0.693*

Tibial cut (sagittal) postoperative 0.200 (0.168) 0.664*

* Correlation is significant at the 0.01 level (two-tailed); AP = anteroposterior.

Fig. 1 A comparison was made of radiograph and navigation

measurement discrepancy with limb deformity. We observed a linear

relationship between the two.
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alignment goals. The information generated by the navi-

gation system grants the surgeon a unique opportunity to

assess the subtle differences that exist between the desired

or targeted alignment and the alignment that was deemed

clinically acceptable in the operating room. Understanding

these relationships can help guide the degree of confidence

and caution one should maintain when using radiographs to

plan preoperatively or draw firm conclusions from studies

using this type of imaging modality for limb and implant

assessment.

The two additional major limitations in this study

include: (1) that alignment measurements using navigation

are obtained on extremities that are nonweightbearing; and

(2) an acceptance that according to published evidence,

navigation is an accurate measurement tool if used appro-

priately. There is no clear consensus regarding the effect of

weightbearing status on mechanical axis measurement.

Kendoff et al. found the effect of weightbearing of one-half

body weight will cause mechanical axis deviation of 0.4�
[18], whereas Specogna et al. notes an average axis

Table 4. The deviation from desired limb alignment with the use of a navigation system

Measurement Mean deviation Minimum Maximum Standard deviation

Mechanical axis (anteroposterior) (varus +) 0.56 -1 3 1.00

Femoral axis (sagittal) (flexion -) -0.24 -2 2 0.847

Tibial axis (sagittal) (posterior slope -) -0.76 -6 1 1.33

Table 3. An analysis of preoperative radiograph to navigation discrepancy*

Discrepancy Number Minimum Maximum Mean Standard deviation

Mechanical axis greater than 15� 9 4.00 12.00 7.4444 2.35112

Mechanical axis 11� to 14� 14 1.00 10.00 5.4286 2.50275

Mechanical axis 6� to 10� 19 .00 8.00 3.8421 2.29161

Mechanical axis -5� to 5� 6 1.00 3.00 1.5000 .83666

Mechanical axis -10 to -6 2 7.00 10.00 8.5000 2.12132

Mechanical axis -15� to -11� 2 0 5.00 2.5000 3.53553

Mechanical axis less than -15� 0 — — — —

* Defined by preoperative radiograph mechanical axis measurements.

Fig. 2 A case of extreme preop-

erative radiograph and navigation

alignment discrepancy in the

mechanical axis is seen.
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deviation of 1.6� in supine versus double-limb standing

radiographs [32]. Still, other studies have found no effect

of weightbearing on the apparent mechanical axis [29]. It is

not unreasonable to conclude that weightbearing may

contribute to the lack of radiograph to navigation correla-

tion seen in this study; however, we believe the magnitude

of the effect of weightbearing status is dependent on

whether proper soft tissue balance can be achieved intra-

operatively. In a previous study involving the same patient

cohort, we established average medial-lateral laxity was

2.8� ± 1.1� with more than 70% of knees balanced within

1� of equal varus and valgus laxity [36]. We believe the

narrow range of total laxity and balance of soft tissues

would likely reduce or dampen the potential impact of

weightbearing on radiographic assessment of the mechan-

ical axis. The second major limitation was the assumption

that the intraoperative navigation system is capable of

generating accurate alignment measurements if used

appropriately. An appreciation for the error inherent to the

navigation system as well as an evaluation of published

studies that have assessed the accuracy and reproducibility

of navigation is warranted. Although the navigation system

increases accuracy and precision of TKA [2, 5, 6, 10, 13,

16, 30, 33], there are several points during the acquisition

of alignment measurements in which subtle error may be

inadvertently introduced. These points include: (1) the

registration process by which visually selected anatomic

landmarks are selected and kinematic registration of the

hip, knee, and ankle are performed; (2) the measurement

process by which the image-free navigation system gen-

erates limb and implant alignment measurements based on

data acquired from the registration process; and (3) intra-

operative changes in the navigation environment (eg,

inadvertent movement of pins or rigid bodies).

The hardware component of the navigation system,

including the optical localizer, rigid bodies containing

light-emitting diodes, and hardware and software compo-

nents of the computer system is highly developed and

capable of producing measurements accurate to 1 to 2 mm

or less than 1� [14, 23, 25]. The registration process,

however, is subject to intra- and interobserver errors in

landmark registration capable of producing errors of 0.1� to

1.3� [11, 17, 28, 38]. The combined effect of these errors is

demonstrated in two studies by Pitto et al. [26] and Yau

et al. [39], who used validated precision calipers and

computed tomography, respectively, to assess the accuracy

of navigation measurements. Maximum discrepancies of

0.5� to 1.0� and up to 3.3�, respectively, were demonstrated

in assessment of navigation-generated measurements of the

mechanical axis. The errors in the registration process can

be minimized through experience with the navigation

system and developing a consistent and reliable registration

technique [34]. In addition, safeguards inherent to the

OrthoPilotTM navigation system used in this study help to

ensure accurate evaluation of the mechanical axis in the

frontal and sagittal planes. The system is redundant in that

both surface registration as well as kinematic registration

are performed to help identify the mechanical axis. If a

discrepancy between these measurements is identified by

the navigation system, the surgeon is prompted to repeat

the registration process before proceeding.

When compared with previous studies by Cooke et al.

[7, 9] in which a standardized patient positioning system

was used to radiographically evaluate the mechanical axis

of ‘‘normal’’ patients in the population (0.97� to 1.0�
varus ± 2.0� to 2.86�), our postoperative radiographic

mechanical axis measurements were relatively similar in

both average alignment and standard deviation (1.9�
varus ± 2.8�). However, the standard deviation of the

radiographic mechanical axis exhibited in Cooke et al.’s

studies [7, 9] and the present study are greater than the

standard deviation noted in the navigation-generated

measurements (0.56� ± 1.0�). This degree of radiographic

variability would make it difficult to draw firm conclusions

from small differences between radiographic and naviga-

tion measurements. We found no correlation between

intraoperative navigation measurements obtained at the

conclusion of the procedure and postoperative radiographs

(Table 2). In addition, we found the magnitude of preop-

erative radiograph to navigation discrepancy had a

tendency to increase with the degree of preoperative limb

deformity (Table 3; Fig. 1). These results are similar to

previous studies that have noted statistical differences

between mean radiographic and navigation measurements

as well as a greater discrepancy in the preoperative period

[28, 34]. A particularly noteworthy trend was identified,

namely increasing radiograph to navigation measurement

discrepancy as the degree of limb deformity increased. It is

likely limbs with greater deformity are more prone to error

introduced through the effects of weightbearing, flexion

contracture, and rotation than limbs with less severe dis-

ease. Surgeons should recognize that not only is a major

perceived deformity on a radiograph likely overestimating

the degree of deformity relative to the corresponding

navigation measurement generated in the operating room,

but also the discrepancy between these measurements has a

tendency to increase with the degree of deformity. Sur-

geons should thus be conservative with regard to initial soft

tissue releases and bone cuts early in the performance of

TKA and be careful not to overcorrect what appears to be a

major deformity on the radiograph.

There is an interplay of several additional factors that

limit the association and correlation between radiographs

and navigation seen in this study. These factors include soft

tissue conditions and patient positioning, human variability

and error in alignment measurement, and difficulty in
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radiographic landmark demarcation. Radiographic assess-

ment is prone to measurement error as a result of soft tissue

conditions such as flexion contractures and inconsistencies

in patient positioning. Previous studies by Lonner et al.

[20], Brower et al. [4], and Hunt et al. [15] have noted

variation in radiographic alignment measurements by up to

4� with varying combinations of knee flexion and internal

or external rotation. Physiological rotation of the foot with

respect to the tibia may also introduce error. Yoshioka

et al. [40] notes most individuals have a natural foot

rotation with respect to the tibia with men typically inter-

nally rotating and women typically externally rotating.

Radiographers may also have difficulty in correctly and

reproducibly positioning the limb and may only be able to

accurately place the limb within 10� of the neutral position

in the majority of clinical settings [37]. Correct positioning

is particularly difficult to judge in specific subsets of

patients such as those who are obese or those with severe

flexion deformities [8, 9]. Even with consistent positioning,

the error associated with radiographic assessment is

reportedly about 0.75� [31]. The use of a standardized

radiographic bilateral standing approach, as described by

Cooke et al. [7] and Siu et al. [29], may still only provide

angle reproducibility of ± 1.3�. Thus, even with a stan-

dardized approach to patient positioning in a controlled

environment, the degree of variability in radiographic

assessment may be noteworthy. Variability of this magni-

tude has the potential to dampen the validity of studies

using radiographic assessment to attempt to identify small

changes or differences in limb alignment. To avoid many

of the aforementioned errors associated with flexion

contractures and inconstant positioning, it may be advan-

tageous to delay radiographs until full or near full knee

extension is achieved [22]. In addition, standardization of

limb positioning should be achieved using a standardized

radiographic technique or frame-positioning system [7–9,

22, 29, 31].

Human error during the process of alignment evaluation

is a potential source of measurement variability. Intra- and

interobserver measurement of the mechanical axis on

standard radiographs can vary by more than 1� in 50% to

70% of cases and by more than 3� in 10% to 14% of cases

[19, 27]. We believe the magnitude of intra- and interob-

server variability is dependent on the degree of difficulty in

demarcating anatomic landmarks on radiographs. The

correlation of interobserver alignment measurements was

much stronger for the AP mechanical axis than for the

sagittal femoral and tibial axes in this study (Table 2); thus,

we believe radiographic measurements of the AP

mechanical axis can be performed more accurately than

measurements of the sagittal femoral and tibial axes. This

is attributable to the fact that measurement of the

mechanical axis can be made using the intersection of lines

connecting single points. These points include the center of

the femoral head, proximal point of the femoral interc-

ondylar notch, center of the proximal tibial spine, and

center of the proximal talus (Figs. 2, 3). There is a high

degree of interobserver consistency in demarcating these

anatomic points and consequently interobserver measure-

ment correlation of the mechanical axis is relatively high

[28]. In contrast, measurement of the sagittal femoral and

tibial axes cannot be performed with the same degree of

Fig. 3 A case of extreme postop-

erative radiograph and navigation

alignment discrepancy in the

mechanical axis is seen.
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precision. To determine the sagittal femoral component

axis, one must find the intersection of one line parallel to

the slope of the femoral component pegs (perpendicular to

the distal femoral cut) with a second line parallel to the

center of the femoral shaft (Fig. 4). The measurement of

the axis of the peg is prone to error as a result of the small

size of the pegs relative to the length of the shaft of the

femur and resolution of these structures on plain radio-

graph is usually less than optimal. Any rotation of the limb

inadvertently introduced will alter the apparent slope of the

pegs. The measurement of the line parallel to the midpoint

of the femoral shaft is subject to variability as a result of

asymmetric expansion of the distal femoral metaphysis,

bowing of the femoral shaft, and blurring of the precise

borders of the cortex of the femoral shaft. Assessment of

the sagittal tibial axis is made by determining the inter-

section of a line parallel to the base of the tibial component

with a line parallel to the center of the tibial shaft (Fig. 5).

Measurement of the tibial axis shares many of the same

problems as the femur, in which asymmetric expansion of

the tibial metaphysis, bowing of the tibial shaft, and blur-

ring of the tibial cortex affect the accuracy and precision of

landmark demarcation. Limb deviation in the coronal plane

will also profoundly affect the ability to accurately place a

line parallel to the base of the tibial component.

The small deviation of accepted intraoperative alignment

from desired or targeted alignment indicates it is possible to

generate consistent alignment results through the use of a

navigation system. In this study, we maintained a target

implant alignment of 0� in the AP mechanical and sagittal

femoral and tibial axes. We cannot claim this is the ‘‘correct’’

target alignment or even that it represents the alignment most

likely to yield positive clinical and functional outcomes, but

simply that it represented our target or ‘‘desired’’ alignment,

which CAS effectively helped to achieve. Although there

may be a small inherent degree of error associated with

navigation-generated measurements, this tool is highly

effective at generating precise and accurate alignment

Fig. 4 A case of extreme postop-

erative radiograph and navigation

alignment discrepancy in the fem-

oral axis is seen.

Fig. 5 A case of extreme postop-

erative radiograph and navigation

alignment discrepancy in the tibial

axis is seen.
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outcomes in TKA and may function as a valuable supple-

ment for measurement of TKA limb alignment.

Precise pre- and postoperative measurements of limb

alignment are necessary to plan and evaluate the success of

TKA. There is a wealth of published literature attesting to

the precision of intraoperative navigation systems; how-

ever, the vast majority of published studies use

radiographic measurements as ‘‘the gold standard’’ for

TKA alignment evaluation [1–3, 6, 10, 13, 16, 21, 24, 30,

33–35]. Radiographic measurements have inherent limita-

tions and do not possess the precision, accuracy, or

reproducibility necessary to function as the primary mea-

sure of limb and implant alignment in TKA. Factors

including soft tissue conditions and patient positioning,

human error in alignment measurements, and imprecise

landmark demarcation contribute to the imprecision of this

imaging modality. A degree of caution should be exercised

when attempting to draw firm conclusions from clinical

studies using plain radiographs to evaluate small differ-

ences or changes in alignment. Navigation offers the

potential to function as a highly effective tool for mea-

suring limb and implant alignment, because we believe the

error inherent to the use of a navigation system is consid-

erably less and more controllable than the error inherent to

standard radiographs. Although we believe navigation is

currently capable of generating precise, accurate, and

reproducible alignment measurements, there is a major

need for additional study in this area. It is still unclear to

exactly what degree navigation is capable of accurately

determining alignment measurements in the hands of an

experienced user and in a clinical setting. A high-quality

study comparing computed tomography, navigation, and

radiographic limb and implant alignment measurements

would provide great value. A study of this type could

further assist in the adoption and validation of navigation

as a technology capable of effectively assessing limb and

implant alignment. This has the potential to open the door

to a better understanding of the relationship that exists

between intraoperative navigation measurements and long-

term clinical and functional outcomes.
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