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Abstract Multiple differing surgical techniques are cur-

rently utilized to perform total knee arthroplasty (TKA). We

compared knee arthroplasties performed using either a

measured resection or gap balancing technique to determine

if either operative technique provides superior coronal plane

stability as measured by assessment of the incidence

and magnitude of femoral condylar lift-off. We performed

40 TKA using a measured resection technique (20 PCL-

retaining and 20 PCL-substituting) and 20 PCL-substituting

TKA were implanted using gap balancing. All subjects were

analyzed fluoroscopically while performing a deep knee

bend. The incidence of coronal instability (femoral condylar

lift-off) was then determined using a 3-D model fitting

technique. The incidence of lift-off greater than 0.75 mm

was 80% (maximum, 2.9 mm) and 70% (maximum,

2.5 mm) for the PCL-retaining and substituting TKA groups

performed using measured resection versus 35% (maxi-

mum, 0.88 mm) for the gap-balanced group. Lift-off greater

than 1 mm occurred in 60% and 45% of the PCL-retaining

and -substituting TKA using measured resection versus none

in the gap-balanced group. Rotation of the femoral compo-

nent using a gap balancing technique resulted in better

coronal stability which we suggest will improve functional

performance and reduce polyethylene wear.

Introduction

Stability of total knee arthroplasty is dependent on correct

and precise rotation of the femoral component. Femoral

component malrotation has been associated with numerous

adverse sequelae, including patellofemoral and tibiofemo-

ral instability, knee pain, arthrofibrosis, and abnormal knee

kinematics [1, 3, 4, 12, 21, 23]. Controversy exists, how-

ever, regarding the most favorable method to determine

accurate femoral component rotation. Some favor a mea-

sured resection technique in which bony landmarks

(femoral epicondyles, posterior femoral condyles, or the

anteroposterior axis) are the primary determinants of

femoral component rotation [2, 10, 18, 20, 22, 24]. Others

recommend a gap-balancing methodology in which the

femoral component is positioned parallel to the resected

proximal tibia with each collateral ligament equally

tensioned [5, 9, 15].

We therefore asked whether a measured resection or gap

balancing technique would result in (1) a higher incidence
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of coronal plane instability, as measured by the presence of

femoral condylar lift-off greater than both 0.75 mm and

1.0 mm, was higher using; (2) a greater mean maximum

lift-off; (3) a greater maximum lift-off; and (4) a differing

lift-off location.

Patients and Methods

We analyzed 60 selected patients who had TKA performed

using one of two operative techniques. Only TKAs judged

clinically successful (Hospital for Special Surgery Knee

scores [13] [ 90 points), with no substantial ligamentous

laxity or pain were included. Ligamentous assessment

was performed manually by the operating surgeon. Addi-

tional selection criteria included a preoperative diagnosis

of osteoarthritis, a minimum of six months of postopera-

tive followup duration to assure complete recovery before

analysis, preoperative deformity of less than 15 degrees,

and patient willingness to participate in the testing

protocol. Patient selection was nonsequential and non-

randomized. All procedures were performed from 2003 to

2006. Forty were performed using a measured resection

technique in which a combination of bony landmarks

(femoral epicondyles, posterior condylar axis, and anterior-

posterior axis) was used to determine proper rotation of the

femoral component (Fig. 1); of those 40, 20 had a PCL-

retaining (PCR) TKA and 20 received a PCL-substituting

(PS) TKA design. The remaining 20 patients received a PS

TKA implanted using a gap-balancing technique in which

the extension gap was initially established by resection of

the distal femoral and proximal tibial articular surfaces. A

spacer block was then inserted into the extension gap and

alignment and soft tissue balance were assessed. If either of

these factors was deemed to be suboptimal, additional soft

tissue ligamentous balancing was performed to obtain a

balanced extension gap and satisfactory alignment along

the mechanical axis. Thereafter, the femoral component

was positioned parallel to the resected proximal tibia with

each collateral ligament tensioned as equally as possible

with two laminar spreaders. The patella was subluxated and

not everted in an attempt to lessen extensor mechanism

tension and distortion of the true dimensions of the flexion

gap (Fig. 2). The preoperative femorotibial alignment of all

three study groups was similar. Preoperative varus femo-

rotibial alignment predominated in each study cohort

(Table 1). All TKA implants were from the same implant

design system (PFC Sigma; DePuy Orthopaedics, Inc;

Warsaw, IN). All patients were evaluated clinically and

fluoroscopically at a minimum of 6 months (range, 6–

24 months) following their operative procedure and were

considered fully recovered before analysis. IRB approval

was received for this study from each center of investiga-

tion and informed consent was obtained from every patient

participating in this study.

Each patient was asked to perform a deep knee bend

from full extension to maximum knee flexion while under

fluoroscopic surveillance. Fluoroscopic images were cap-

tured and then downloaded to a workstation computer for

analysis. Three-dimensional kinematics for each knee were

recovered from the 2-D fluoroscopic images using a pre-

viously described automated model-fitting technique that

determined the in vivo orientation of the femoral compo-

nent relative to the tibial component [7, 11]. Error analyses

of this 3-D model-fitting technique have shown a 3-D error

of less than 0.5 mm in translation, less than 0.5� in rotation,

and less than 0.75 mm in determining femoral condylar

lift-off [17]. Fluoroscopic images initially were analyzed to

determine the three dimensional position of the femoral

and tibial components at full extension, and then at 30�
increments of knee flexion to maximum flexion. The mean

Fig. 1 Femoral component rotation was determined using a mea-

sured resection technique.

Fig. 2 A femoral component is positioned using a gap-balancing

technique. (Reprinted with permission from SLACK, Inc. from

Dennis DA. Measured resection: an outdated technique in total knee

arthroplasty. Orthopedics. 2008;31:940, 943–944.)
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maximum weight-bearing flexion among the three TKA

patient cohorts was similar when tested in a passive, non-

weight-bearing fashion (PCR measured resection 127�;

PS measured resection 123�; PS gap balancing 127�).

Assessment of weight-bearing flexion during testing

revealed 110� and 118� in the PCR and PS measured

resection groups respectively versus 124� in the PS gap

balancing cohort.

After the model fitting process was completed, coronal

plane instability was assessed by rotating the images to a

frontal view to assess for coronal instability as measured by

the presence of femoral condylar lift-off. This was deter-

mined by performing digital measurements of the distances

from the medial and lateral femoral condyles to the tibial

tray [8] (Fig. 3). The incidence of femoral condylar lift-off

greater than both 0.75 mm and 1 mm which occurred at

any of the flexion values analyzed (full extension, 30�, 60�,

90�, and maximum flexion) in each subgroup was then

determined and statistically compared. Lastly, the mean

maximum and maximum magnitude of femoral condylar

lift-off at any flexion increment was recorded and

compared.

We determined the differences in the incidence of

femoral lift-off greater than 0.75 mm and 1.0 mm between

the gap balancing and measured resection techniques using

Fisher’s exact test. For this analysis 2 9 2 contingency

tables were created comparing the gap balancing cohort

versus the PCR measured resection cohort, the gap bal-

ancing versus the PS measured resection cohort and PCR

measured resection versus the PS measured resection

cohorts. For comparison of mean of the maximum lift-off

values, the groups were analyzed for normality using the

Shapiro-Wilks test which yielded probability values of

0.0637, 0.7084 and 0.2032 for PCR measured resection, PS

measured resection, and gap balancing groups respectively.

Therefore a comparison was first performed using the

nonparametric Kruskal-Wallis test. Since the Kruskal-

Wallis test yielded a low probability value, comparisons of

all pairs using the Tukey-Kramer HSD was performed to

analyze which groups had differing mean values. All sta-

tistical tests were carried out in the commercially available

JMP1 Statistical DiscoveryTM Software (SAS Institute Inc,

Cary, NC).

Results

The incidence of coronal instability (femoral condylar lift-

off) greater than 0.75 mm occurring at any flexion interval

analyzed (0�, 30�, 60�, 90�, and maximum flexion) was

lower (p = 0.003) in the gap balancing group (7 of 20)

than in either group performed using measured resection;

coronal instability greater than 0.75 mm occurred 16 of 20

and 14 of 20 of the PCR and in PS TKA groups respec-

tively performed using a measured resection technique

(Table 2). Femoral condylar lift-off greater than 1 mm

occurred more frequently (p \ 0.0001) in the measured

resection than the than in gap balancing TKA subjects who

exhibited no femoral condylar lift-off greater than 1 mm:

Table 1. Preoperative alignment of subjects analyzed

Study cohort Preoperative varus FTA Preoperative valgus FTA Preoperative FTA range

PCR MR 15 of 20 5 of 20 9� varus–11� valgus

PS MR 16 of 20 4 of 20 6� varus–10� valgus

PS GB 17 of 20 3 of 20 7� varus–8� valgus

MR = measured resection; GB = gap balancing; FTA = femorotibial angle.

Fig. 3 Frontal plane analysis of a 3-D model was used to determine

the presence of femoral condylar lift-off.
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lift-off greater than 1 mm was seen in 14 of 20 and 11 of 20

of the PCR and PS TKA groups respectively performed

using a measured resection technique.

The mean maximum femoral condylar lift-off values for

the PCR and PS TKA groups performed using a measured

resection technique were 1.45 mm (SD = 0.74) and

1.11 mm (SD = 0.60), respectively, which were both

greater (p = 0.0003) than the mean maximum femoral

condylar lift-off value of 0.67 mm (SD = 0.16) for those

implanted using gap balancing. We observed no differ-

ences when comparing mean maximum femoral condylar

lift-off values of the PCR and PS TKA groups in which a

measured resection technique was chosen.

The maximum magnitude of femoral condylar lift-off

observed at any flexion increment was also less

(p = 0.0002) in the TKA group implanted using gap bal-

ancing (0.9 mm) than with either the PCR (3.1 mm) or PS

TKA (2.5 mm) groups in which measured resection was

used. We observed no differences in maximum femoral

condylar lift-off values of the two measured resection

groups.

The lift-off location (medial or lateral) was highly var-

iable in all three cohorts with some knee arthroplasties

lifting off laterally, some medially, and others exhibiting

lift-off both medially and laterally depending on the flexion

interval evaluated. There were no major differences noted

in location of lift-off among the three groups. We observed

no statistical correlation in any of the groups when com-

paring preoperative alignment versus the location,

incidence, or magnitude of lift-off although the numbers of

subjects analyzed may be inadequate to determine statis-

tical differences in these parameters.

Discussion

Obtaining satisfactory stability in the coronal plane is

critical for the long-term success of TKA and requires

precise rotational alignment of the femoral component.

Malrotation of the femoral component has been associ-

ated with numerous undesirable conditions including

patellofemoral and tibiofemoral instability, arthrofibrosis,

knee pain, and disturbed knee kinematics [1, 3, 4, 11, 19,

21]. The best method to determine correct femoral com-

ponent rotation and subsequent coronal plane stability is

debated. Many utilize a measured resection technique

[2, 10, 18, 20, 24] in which bony landmarks (femoral

epicondyles, anterior-posterior axis, posterior condylar

axis) are used alone or in combination to determine femoral

component rotation. Advocates of this technique recom-

mend placement of the femoral component either parallel

to the transepicondylar axis [2, 10, 20], perpendicular to

the anteroposterior axis [24], or approximately 3� to 48
externally rotated relative to posterior condylar axis [19].

Others prefer using a gap-balancing methodology in which

the femoral component is positioned parallel to the resected

proximal tibia with equal collateral ligamentous tension [5,

9, 15]. We therefore asked whether a measured resection or

gap balancing technique would result in (1) a higher inci-

dence of coronal plane instability, as measured by the

presence of femoral condylar lift-off greater than both

0.75 mm and 1.0 mm; (2) a greater mean maximum lift-

off; (3) a greater maximum lift-off; and (4) a differing lift-

off location (medial versus lateral).

The first limitation of this study is that selected patients

were not consecutive or randomized and only those with

high clinical and functional knee scores were analyzed.

This methodology was chosen to assure that only subjects

judged clinically excellent were analyzed and therefore

limit variables such as pain, stiffness, or instability which

might impair a patient’s ability to perform a deep knee

bend maneuver. It is unknown if similar results would be

obtained if subjects with inferior clinical results were

analyzed. A second limitation is the authors’ inability to

state, with 100% certainty, that all of the kinematic findings

observed in this analysis are only limited to variations in

surgical technique. Previous kinematic analyses performed

in our laboratory have documented substantial kinematic

variances are common following TKA [6–8, 23]. Multiple

factors influence kinematics including technique type and

quality, implant design, and variances in the individuals

tested (motion, stability, alignment, etc.). All of these

factors have likely played a role in the kinematic variability

we have observed in previous studies. The authors have

tried to control as many variables as possible by having

only one experienced surgeon perform all of the operative

procedures, selecting only patients who were considered

clinically excellent (knee scores[ 90 points), and by using

a single implant design system in which the three different

implants analyzed had similar prosthetic dimensions.

Third, some observers may question whether the presence

Table 2. Incidence and magnitudes of femoral condylar lift-off

Variable Measured resection Gap

balancing

PCR TKA PS TKA PS TKA

Number 20 20 20

Femoral lift-off

[ 0.75 mm

80% (16/20) 70% (14/20) 35% (7/20)*

Femoral lift-off

[ 1.0 mm

70% (14/20) 55% (11/20) 0% (0/0)�

Mean femoral lift-off 1.45 mm 1.11 mm 0.67 mm�

Maximum femoral

lift-off

3.1 mm 2.5 mm 0.9 mm§

Gap balancing versus both measured resection groups: *p = 0.003;
�p \ 0.0001; �p = 0.0003; §p = 0.0002.

Volume 468, Number 1, January 2010 Gap Balancing versus Measured Resection for TKA 105

123



of femoral condylar lift-off will have adverse effects on the

clinical results of TKA. We believe lift-off will prove to be

a major factor in the long term polyethylene wear of TKA.

This is supported by the work of Jennings et al. [14], who

studied the effect of femoral condylar lift-off on wear of

ultra high molecular weight polyethylene of both fixed

bearing and rotating platform TKA using a physiologic

knee simulator. In the absence of lift-off, the rotating

platform knees exhibited a lower wear rate of 5.2 ± 2.2

mm3 per million cycles (mm3/MC) compared with 8.8 ±

4.8 mm3/MC for the fixed bearing knees. The presence of

femoral condylar lift-off substantially accelerated (greater

than two fold) the wear of the fixed bearing and rotat-

ing platform knees tested to 16.4 ± 2.9 and 16.9 ± 2.9

mm3/MC, respectively [14]. Fourth, the findings pertain to

the patients selected, the specific implants utilized and the

technique and skill of the operating surgeon and may not be

reflective of results that might be obtained in a similar

analysis with a different patient population, implant design

or operating surgeon. Finally, a combination technique,

using gap balancing in conjunction with the bony land-

marks used in a measured resection approach, was not

evaluated. Use of a combination of these two techniques

was not utilized so that each technique could be individu-

ally analyzed. The senior surgeon currently selects gap

balancing as the primary determinant of femoral rotation

and uses the transepicondylar and anteroposterior axes as

secondary assessment factors.

Our analysis demonstrated less coronal plane instability

(incidence and magnitude) in subjects who received a TKA

using gap balancing. The authors hypothesize these findings

are related to surgeon inability to precisely identify critical

bony landmarks when deciding correct femoral component

rotation using a measured resection methodology. Numer-

ous reports support this hypothesis. Kinzel et al. [16]

reported on a series of 74 TKA in which the femoral

epicondyles were marked with pins intraoperatively and

postoperative CT scans performed to assess the accuracy of

epicondylar identification. They observed that the epicon-

dyles were correctly identified to within ± 3� in only 75%

of the cases with a wide range of error (6� of external

rotation to 11� of internal rotational error). Yau et al. [25]

performed an additional analysis and similarly found a wide

range of error in intraoperative surgeon identification of the

femoral epicondyles (28� error range; 11� external rotation

to 17� of internal rotation). In this same report [25], a 32�
range of error with use of the anteroposterior axis was

observed (15� external rotation to 17� of internal rotation)

while Nagamine et al. [19] reported substantial external

rotation error with use of the anteroposterior axis in varus

knees with medial compartment osteoarthritis.

The problem with use of the posterior condylar axis as a

measured resection reference to determine proper femoral

component rotation is twofold. First, selection of 3� to 48 of

femoral component external rotation relative to this axis is

based on mean data and investigations demonstrate wide

anatomic variations in the relationship of the posterior

condylar axis to the transepicondylar axis (1–10�) [18, 20].

Therefore, if a patient’s anatomical relationship of the

posterior condylar axis is 78 of external rotation versus the

transepicondylar axis and instrumentation is used which

places the femoral component in 38 of external rotation, the

femoral component will actually be internally rotated 48
relative to the transepicondylar axis. Second, hypoplasia or

erosion of the posterior aspect of the lateral femoral con-

dyle in knees with valgus deformity (and also the posterior

aspect of the medial femoral condyle in varus knees with

chronic insufficiency of the anterior cruciate ligament) will

lead to erroneous femoral component position if the pos-

terior condylar axis is used as the primary determinant of

femoral component rotation. This is supported by the

analysis of Schnurr et al. [22] who assessed flexion gap

stability in a series of 100 TKA implanted using computer

navigation and observed a rectangular flexion gap would

have been obtained in only 51% of cases if the posterior

condylar axis had been utilized to determine femoral

component rotation.

Similar findings to the current analysis were reported

by Fehring [9] who found superior stability and femoral

component rotational alignment was obtained when gap

balancing was utilized to perform TKA. He compared

flexion gap balance in 100 TKAs using gap balancing

versus a measured resection technique and found rotational

errors of at least 3� occurred in 45% of patients when

rotation was determined using fixed bony landmarks.

Use of gap balancing is not without potential errors. It is

dependent on the surgeon’s ability to make an accurate

proximal tibial resection. Should this technique be used and a

varus tibial cut is made, placement of the femoral component

parallel to the resected tibia will result in internal rotation of

the femoral component. Conversely, if a valgus error is made

during proximal tibial resection, excessive external rotation

of the femoral component will result. The gap balancing

method is also dependent on integrity of the collateral liga-

ments. Particularly if the superficial medial tibial ligament is

deficient, tensioning of the medial flexion gap will result in

excessive medial flexion gap width and excessive internal

rotation of the femoral component if the component is placed

parallel to the resected tibia. Similarly, excessive femoral

component external rotation will occur if the lateral collat-

eral ligament-popliteus tendon complex is deficient. Because

of these factors, the authors recommend secondary use of

bony landmarks to ensure the chosen rotational position of

the femoral component using gap balancing is not widely

divergent from the position that would be selected if bony

landmarks (measured resection) were used.
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This study emphasizes that coronal plane stability and

precision of femoral component rotation can be affected by

the type of surgical technique utilized. The findings of this

report support use of a gap balancing method to obtain

optimal coronal stability.
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