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ABSTRACT
Background: The purpose of this study was to develop predictive models to estimate
post-operative mechanical axis as measured on long radiographs using anatomic and
component alignment measured on short radiographs.
Methods: We retrospectively studied 653 participants (788 knees) who elected to
undergo total knee arthroplasty (TKA) between September 2005 and December 2010.
Multiple linear regression was conducted to predict post-operative mechanical axis
(POSTMA) from pre-operative tibiofemoral angle (PRETFA), post-operative
tibiofemoral angle (POSTTFA), and component alignment angles. Multinomial logistic
regression was used to predict the risk of lower extremity alignment deformity from
POSTTFA and component alignment angles.
Results: The predictive accuracy of the linear regression models to estimate POSTMA
from PRETFA and POSTTFA was 4% and 22%, respectively. Nearly 100% of the knees
with actual neutral POSTMA of 0° + 3° were accurately predicted to have a POSTMA of
0° &+ 3°. There were zero knees with actual varus or valgus alignment over 3° that were
accurately predicted to have a POSTMA over 3° of varus or valgus. Logistic regression
analyses revealed the risk of having POSTMA deformity was significantly effected (p <
0.0001) by POSTTFA. The model indicated that for every 1° increase in valgus
POSTTFA, the odds of predicting any degree of varus POSTMA decreased by 0.29
times, and the odds of predicting any degree of valgus POSTMA increased by 1.36 times.
The model indicated that for every 1° increase in valgus POSTTFA, the odds of
predicting a varus POSTMA > 3° decreased by 0.41 times and the odds of predicting a

valgus POSTMA > 3°increased by 1.63 times. The percentages of knees correctly
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predicted into deformity category was high for neutral POSTMA but not for predicting
the risk of varus or valgus deformity.

Conclusions: The linear and logistic regression models were not adequate to estimate
POSTMA using either PRETFA or POSTTFA. We do not recommend the use of short
radiographs as a substitute for long radiographs when evaluating lower extremity
alignment to determine component position before TKA and for assessment of post-

operative alignment outcomes following TKA.
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PART I
INTRODUCTION

Osteoarthritis (OA) is a degenerative disease involving progressive deterioration
of the joint structures, initially marked by swelling of the articular cartilage and sclerosis
of the underlying bone'. As OA progresses, an array of changes occurs including the
development of osteophytes?, bone attrition, ligament damage, meniscal degeneration’,
and a reduction in articular cartilage volume over time*. At the end-stages of OA,
erosions of the articular cartilage extend to subchondral bone leaving the joint surfaces
unprotected resulting in severe pain, stiffness and disability'.

The prevalence of OA is the highest among all forms of arthritis'~ affecting
approximately 27 million adults in the United States®, and most commonly occurs in the
knee joint’. While the cause of OA in the knee is unclear, malalignment of the lower
extremity has been identified as a risk factor for the development and progression of the
disease®. Greater varus or valgus alignment has been associated with osteoarthritic
structural changes in the medial or lateral compartments of the knee respectively”™*'°.
Varus malalignment has been identified as the single most influential factor for increased
pain and functional decline in advanced OA of the knee''. Malalignment has been
associated with an increased contact area between degraded femoral and tibial joint
surfaces augmenting the severity of symptoms'?. A primary objective of surgical
interventions for OA are to realign the knee with the hip and ankle joints to alleviate
symptoms and restore function'?.

Total knee arthroplasty (TKA) is a common surgical option for treatment of end-

stage OA in the knee joint through resurfacing degenerated bone with implanted femoral



and tibial components. A seven fold increase in the rate of TKA surgeries has been
observed since the inception of the procedure in the early 1970’s". The estimated annual
number of TKA procedures has increased from 143,000 in 1986 to 662,700 in 2007".
The annual prevalence of TKA is projected to rise to 3.48 million procedures
accompanied by a concomitant increase in revision surgeries due to TKA failure by the
year 2030"°.

Total knee arthroplasty failure imposes devastating consequences for patients
including severe disability'®, pain and emotional distress'’. Post-operative lower

18-20

extremity malalignment has been significantly associated with TKA failure along

with poorer clinical outcomes including greater knee pain and decreased functional
ability*' . Polyethylene wear has been identified as the most common indication for
revision TKA, followed by aseptic loosening of the components'’. Varus malalignment
of the lower extremity has been significantly associated with loss of polyethylene
thickness in the medial compartment of TKA®. Post-operative malalignment of the knee
was significantly related to subsequent component loosening®®. Therefore, an important
goal of TKA has been to correct lower extremity malalignment through accurate
component placement®' ",

Lower extremity alignment and post-operative component position are routinely
assessed from radiographs in the anteroposterior (AP) view’. The gold standard
measurement of lower extremity alignment is considered to be the angle between the
mechanical axes of the femur and tibia®' . Theoretically, alignment of the center of the

knee with the centers of the hip and ankle joints produces an overall mechanical axis of

0° passing through the center of the knee®®. Neutral alignment of the knee has been



defined as an overall mechanical axis of 0°°7

, while a more widely accepted mechanical
axis guideline is that the axis pass through the central third of the knee®.

Assessment of mechanical axis from long radiographs has been recommended to
achieve accurate alignment measurements with the ability to view lower extremity
deformities®®. However, the efficacy of this method for post-operative evaluation
following TKA is controversial. Long radiographs are not standard care or available in
many clinics while short radiographs provide an inexpensive tool to quickly assess
TKA® alignment. The use of long radiographs for measurement of lower extremity
alignment has been criticized for increased administration of radiation to the patient and
increased technical difficulty in acquiring accurate images due to the soft tissue
differences at the hip and ankle®*. Due to the potential increased health risks to patients,
limited availability and cumbersome method of obtaining long radiographs, alternative
methods for the assessment of lower extremity alignment have been developed**>.

Tibiofemoral angle has commonly been used as an alternative to the mechanical
axis for measurement of lower extremity alignment and has widely been reported to be
associated with TKA failure when malaligned in varus or valgus deformity”**'=*.
Tibiofemoral angle has been measured as the angle between the midline (anatomic) axes

41,42 . . .
21.22394142 * The femoral and tibial anatomic axes calculations do

of the femur and tibia
not require hip or ankle joint center locations. Therefore, tibiofemoral angle can be

obtained from both long and short radiographs. A mean difference ranging from 1.4° to
1.9° was reported in earlier investigations between the mean post-operative tibiofemoral

41,4344

angle measured on short and long radiographs following TKA . Tibiofemoral angle

obtained from short radiographs has recently been reported be reliable with high intra- (r



=0.92) and inter-observer (r = 0.81) correlation coefficients®.

Linear regression models have been developed to estimate overall mechanical
axis from tibiofemoral angle with a wide range of predictive accuracy (R* = 0.21 —
0.78)***>*%% " Tibiofemoral angle measured on long radiographs of osteoarthritic knees
has been reported to account for approximately 42%* and 77%° of the variance in
mechanical axis. Chang et al.”® conducted the only investigation to estimate mechanical
axis from tibiofemoral angle measured on short radiographs in a sample of participants
with TKA. Results of their investigation indicated increasing the distance on the femoral
and tibial bone shafts to locate the distal points of the anatomic axes improved estimates
of mechanical axis as much as 18%°°. Tibiofemoral angle was the only predictor variable
considered in the development of these regression models***>*®. Post-operative lower
extremity alignment following TKA has been widely reported to be dependent on femoral
and tibial component position’’. However, estimation of post-operative lower extremity
alignment from femoral and tibial component position, using post-operative mechanical
axis as a criterion measure, has not been investigated in a sample of TKA participants.

4 .
35,3846 are available for use

To our knowledge only three linear regression models
with short radiographs. Regression models with greater predictive accuracy would
provide clinicians with a practical and efficacious alternative to determine mechanical
axis, without sacrificing the ability to detect risk factors for post-operative TKA failure.
Therefore, the purpose of this study was to develop predictive models to estimate post-

operative mechanical axis as measured on long radiographs using anatomic and

component alignment measured on short radiographs.



Research Hypotheses:

1.

Pre-operative tibiofemoral alignment measured from separate short radiographs
will be significantly associated with post-operative mechanical axis in participants
with TKA.

Post-operative tibiofemoral alignment measured from separate short radiographs
will be significantly associated with post-operative mechanical axis in participants
with TKA.

Femoral and tibial component alignment measured from separate short
radiographs will be significantly associated with post-operative mechanical axis
in participants with TKA.

Post-operative tibiofemoral alignment measured from separate short radiographs
will be significantly associated with the risk of any degree of post-operative varus
or valgus deformity relative to neutral in participants with TKA.

Post-operative tibiofemoral alignment measured from separate short radiographs
will be significantly associated with the risk of varus or valgus post-operative

deformity greater than 3° relative to neutral in participants with TKA.



METHOD

Research Design

A retrospective radiographic review was conducted to determine if a greater
proportion of the variability in estimated mechanical axis could be accounted for with the
inclusion of component alignment angles. The dependent variable was mechanical axis
measured as a continuous variable on long radiographs. Mechanical axis was also
converted into alignment ranges (varus, neutral, and valgus) to assess the risk of post-
operative malalignment due to TKA approach and component position. The independent
variables included surgical group (standard and minimally invasive approaches:
midvastus, and subvastus) along with tibiofemoral, femoral component, and tibial
component angles measured as continuous variables on short radiographs.
Participants

This study included a total of 788 surgeries in 653 participants (372 females and
281 males) who elected to undergo TKA through either the standard or minimally
invasive surgical (MIS) approaches between September 2005 and December 2010. The
same Board Certified orthopedic surgeon who was fellowship trained in MIS TKA
surgeries performed all procedures. Standard TKA was performed through a medial
parapatellar approach and MIS TKA was performed through either the midvastus or
subvastus approaches. Inclusionary criteria for all participants were: 1) diagnosis of OA,
2) no history of previous lower extremity fracture, osteotomy, or joint replacement’® 3)
no knee flexion contracture greater than 15°*’, and 4) records of pre- and post-operative
radiographs permitting visualization of all structures necessary for alignment

measurements™ . This study was approved by the Institutional Review Board’s



Committee for Human Studies.
Instruments

Computed Radiography (CR). Digital imaging of the lower extremities on
radiographs was conducted using a CR system (FCR XG5000, CR-IR 362, Fujifilm
Medical Systems U.S.A., Inc., Stamford, CT). Digital radiographs including the hip and
ankle joints were recorded in the AP view using a 35.4 x 124.5 cm cassette (Type LC)
loaded with three 35.56 x 43.18 cm photostimulable storage phosphor image plates (Type
ST-VI). Each image plate contained barium fluorohalide (BaFX) phosphors in a high-
density a matrix of 3520 x 4280 pixels with a spatial resolution of 10 pixelsmm™. Short
digital radiographs of the knee in the AP view were obtained using the same CR system
with one 35.56 x 43.18 cm image plate. All images were obtained at source to image
distance of 90 cm to standardize magnification with a setting of ~80-100 mA-sec”' and 80
kV®*®, and with an optimum sensitivity parameter of 200 — 600 nm®*. Participants were
instructed to stand, evenly distributing weight bilaterally with both knees fully

2 50
extended?®*%3"

and both feet slightly adducted to ensure forward placement of all
anatomic landmarks. All digital radiographs were processed and archived using Picture
Archiving and Communication Systems (PACS) software (Synapse”® v. 3.1.1., Fujifilm
Medical Systems U.S.A., Inc., Stamford, CT). The minimum detectable change in
alignment angles was 1°. All lower extremity alignment and TKA component angles
were measured digitally using a multimodality workstation (Intel® Pentium® 4, Santa

Clara, CA) equipped with a 38.1 cm flat panel monitor with a resolution of 1024 x 768

pixels (Compaq 5017, Houston, TX). All alignment measurement data were collected by



the same National Athletic Trainers’ Association Board of Certification Certified Athletic
Trainer with high average intraobserver reliability (ICC = 0.95) (table 1).

Intraobserver Reliability. Intraclass correlation coefficients (ICC,,) "and the
standard error of the mean (SEM)> were calculated to examine the intraobserver
reliability of all alignment angles measured twice, separated by two weeks, by the
aforementioned independent observer on a sub-sample of 30 randomly selected

radiographs (table 1).

Table 1. Reliability (ICC,) for Alignment Angles on Long and Short Radiographs

Alignment Angle Long Radiographs Short Radiographs

ICC SEM ICC SEM

Time 1-Time 2 Time 1-Time 2 Time 1-Time 2 Time 1-Time 2

Mechanical Axis (°) 0.987 0.256 ~ ~
Tibiofemoral (°) 0.983 0.344 0.958 0.477
Femoral Component (°) 0.949 0.426 0.950 0.527
Tibial Component (°) 0.925 0.356 0.921 0.354
Procedures

Medical Record Review. Demographic characteristics, anthropometric
measurements, and intraoperative variables were obtained via review of electronic and
paper-based medical records. An electronic medical record review was conducted to
obtain the following clinical outcome data: history of TKA surgery and other lower
extremity surgeries; age, height, body mass, and body mass index at the date of TKA
surgery; pre-operative diagnosis; hospital length of stay; discharge disposition; anesthesia
physical status and analgesic medications used prior to and following surgery; arthrotomy
type; component characteristics; tourniquet time; anesthesia type; radiographic lower

extremity alignment; pre- and post-operative Knee Society Scores™ (Appendix A); pre-



discharge blood transfusions, hematocrit and hemoglobin levels; perioperative physical
therapy outcomes; and the incidence(s) of any post-operative complications.

All pre-operative radiographs were obtained within two weeks prior to TKA
surgery and post-operative radiographs were obtained at the participant’s regularly
scheduled six week follow-up appointment. The following lower extremity and
component alignment angles were measured using PACS software.

Long Mechanical Axis. Digital measurement of mechanical axis was performed
using the technique described by Sailer et al.>*. The mechanical axis was measured on
long radiographs in the AP view between the mechanical axes of the femur and

1 . . .
9313638~ The mechanical axis of the femur was measured as a line between the

tibia
centers of the femoral head and intercondylar notch®®. The mechanical axis of the tibia
was measured from the center of the tips of the tibial spines to the center of the talus™.
The center of the femoral head was identified by locating the center of a close-fit circle
generated at the edge of the femoral head using the elliptical function of the PACS
software’>>. A mechanical axis greater than 0° was defined as valgus and expressed as a
positive value. A mechanical axis less than 0° was defined as varus and expressed as a
negative value.

Tibiofemoral Angle. Digital measurement of tibiofemoral angle was performed
using the same anatomical landmarks as Peterson and Engh®. Tibiofemoral angle was
defined as the angle between the anatomic axes of the femur and tibia*>. The femoral
anatomic axis on long radiographs was defined as a line extending through the middle

cortex of the femur from a point at the height of the lesser trochanter to a point

approximately 10 cm above the intercondyar notch®. Falling in line with the mechanical



axis, the tibial anatomic axis on long radiographs was defined as a line extending from
the tips of the tibial spines to the center of the talus’>. Femoral and tibial anatomic axes
on short radiographs were located between the same proximal points from the knee joint
line to far distal points as allowed on the radiographs in the middle cortex of the femur
and tibia respectively”’. A post-operative tibiofemoral angle of 6°, ranging from 3° to 9°
valgus was considered to be acceptable for this investigation. Ranges of 2° to 12°°°, 4° to
10°77, 5° to 7°*°, and 3° to 7° valgus®' for the tibiofemoral angle have also been
considered acceptable to restore limb alignment through TKA.

Component Alignment. Alignment of the femoral component was measured in
the AP view as the medial angle between the anatomic axis of the femur and a horizontal
axis tangent to the femoral condyles®’. The femoral component angle was recorded as a
deviation from 90°, with a position of 6°, ranging from 3° to 9° of valgus considered to be
acceptable for this investigation. A range of 4° to 7° valgus for femoral component
position has been previously recommended*'°. Alignment of the tibial component was
measured in the AP view as the medial angle between the anatomic axis of the tibia and
horizontal axis tangent to the tibial tray’’. The tibial component angle was recorded as a
deviation from 90°, and a perpendicular position to the anatomic axis of the tibia was

considered to be acceptable for this investigation®'=**!

. A tibial component angle greater
than 0° was defined as valgus and expressed as a positive value. A tibial component
angle less than 0° was defined as varus and expressed as a negative value.

Statistical Analyses

Descriptive statistics including means, standard deviations, and 95% confidence

intervals were generated for all demographic characteristics and variables of interest.

10



Multiple linear regression using a hierarchical approach was conducted to predict post-
operative mechanical axis from tibiofemoral and component alignment angles. Pearson
product moment correlation coefficients were used to determine the relationship of
selected alignment variables with post-operative mechanical axis. Constant error (CE)
was calculated as: actual — predicted post-operative mechanical axis. Standard error of

estimate (SEE) was calculated as:

SEE = \/E (predicted - actual)’ | N

The Kolmogorov-Smirnov test was used to test homogeneity of the residuals
obtained using the regression model. Multinomial logistic regression was used to predict
the alignment range (varus, neutral, and valgus) from tibiofemoral, femoral component,
and tibial component angle, along with surgical group (standard, midvastus, and
subvastus). A categorical variable for surgical group was created using dummy coding
assigning participants with the standard TKA approach to the control group. All
statistical analyses were conducted using Statistical Analysis Software (SAS) v9.1 (SAS

Institute Inc., Cary, NC) with an alpha level of p <0.05.

11



RESULTS
Descriptive data for the participants is presented in table 2. Pre- and post-
operative alignment data by gender are presented in tables 3 and 4, respectively. The
mean pre-operative mechanical axes were -6.2° + 7.4° and -4.5° + 7.9° for males and
females, respectively. The mean post-operative mechanical axes were -0.1° £+ 2.3° and
0.0° + 2.3° for males and females, respectively.

Table 2. Means and standard deviations for descriptive data for all
TKA participants

Females Males
N 372 281
Age (years) 703 £ 94 69.0 £ 9.2
Height (cm) 157.0 + 8.1 173.0 + 8.8
Body Mass (kg) 735 £ 17.2 90.8 + 184
BMI 29.7 £ 6.0 302 £+ 53
Length of Stay* 3.1 + 1.4 26 £ 1.3

*Length of stay: calculated for 365 females and 277 males;
participants excluded for extended hospital stays unrelated to TKA
Multiple Linear Regression

The best fitting prediction equations to estimate post-operative mechanical axis
(POSTMA) using alignment angles measured on short radiographs are presented in table
5. Multiple linear regression using a hierarchical approach for all participants indicated
POSTMA was significantly [F; 786 = 34.86 , p < 0.0001] effected by pre-operative
tibiofemoral angle measured on short radiographs (PRETFA). Equation 1 predicted
POSTMA using PRETFA with an R* = 0.04 (p < 0.001) and was found to have a small

correlation (» = 0.21) with the measured POSTMA.

12



Table 3. Means, standard deviations, and 95% confidence intervals (CI) by gender for pre-operative mechanical
axis, tibiofemoral angle, femoral angle, and tibial angle

Female Male
N 446 knees 342 knees
Mean + SD 95% CI Mean + SD 95% CI

Pre-operative

Mechanical Axis (°) 45 * 79 -53 - -38 -62 £ 74 -7.0 - 5.5
Tibiofemoral Angle Long (°) 1.7 £ 7.9 09 - 24 02 = 72 -05 - 1.0
Tibiofemoral Angle Short (°) 1.6 £ 6.8 1.0 - 23 03 £ 6.5 04 - 1.0
Femoral Angle (°) 92 + 2.7 89 - 94 81 £ 26 78 - 84
Tibial Angle (°) 3.8 £ 26 4.0 - -35 41 * 24 44 - -39

Table 4. Means, standard deviations, and 95% confidence intervals (CI) by gender for post-operative
mechanical axis, tibiofemoral angle, femoral component angle, and tibial component angle measured on long

and short radiographs

Female Male
N 446 knees 342 knees
Long Short Long Short

Mechanical Axis (°) 0.0 £ 23 ~ -0.1 £ 23 ~

95% CI (0.2 - 0.3) (-0.4 - 0.1
Tibiofemoral (°) 63 * 23 6.2 * 2.1 62 * 24 59 £ 2.0

95% CI (6.1 - 6.5) (6.0 - 64 59 - 64 (5.6 - 6.1)
Femoral Component (°) 6.1 * 1.8 64 £ 19 6.0 £ 20 6.1 * 1.8

95% CI (59 - 6.3) (6.2 - 6.5) (5.8 - 6.2) 59 - 63)
Tibial Component (°) 04 = 15 00 £ 1.2 04 £ 13 -0.1 = 1.1

95% CI (0.2 - 0.5) (-0.2 - 0.1 0.2 - 0.5) (-0.2 - 0.1
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Considering post-operative alignment measured on short radiographs, POSTMA was
significantly [F4.7s3) = 63.08 , p < 0.0001] effected by gender, height (cm), femoral
component angle (POSTFCA), and tibiofemoral angle (POSTTFA). Approximately 24%
of the variance in POSTMA was attributed to the predictor variables. Pearson correlation
coefficients were used to investigate the relationships between individual predictor

variables and POSTMA (table 6).

Table 5. Equations and coefficients of determination (R?) to estimate post-
operative mechanical axis for all participants and by gender

Equation R’
All Participants (N = 788 knees)
Equation 1 -0.11 + 0.07 PRETFA (°) 0.04*
Equation 2 -3.15+0.51 POSTTFA (°) 0.22%*
Females (N = 446 knees)
Equation 3 -0.05 + 0.05 PRETFA (°) 0.03+
Equation 4 -3.07 + 0.50 POSTTFA (°) 0.22%
Males (N = 342 knees)
Equation 5 -0.17 + 0.09 PRETFA (°) 0.07*
Equation 6 -3.27 +0.53 POSTTFA (°) 0.22%

PRETFA: pre-operative tibiofemoral angle measured from short
radiographs, POSTTFA: post-operative tibiofemoral angle measured from
short radiographs

*p <0.0001, p < 0.0005
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Table 6. Zero-order correlations between all predictor variables and post-operative
mechanical axis (N = 788 knees)

Variable POSTMA Gender Height PRETFA POSTFCA POSTTFA

POSTMA  1.00 20.04 0.02 0.21% 0.28* 0.47*
Gender 1.00 0.69* -0.10% -0.07+ -0.09%
Height 1.00 -0.01 0.11% -0.16*
PRETFA 1.00 0.07 0.07
POSTFCA 1.00 0.73*
POSTTFA 1.00

POSTMA: post-operative mechanical axis, PRETFA: pre-operative tibiofemoral angle
measured from short radiographs, POSTFCA: post-operative femoral component angle
measured from short radiographs, POSTTFA: post-operative tibiofemoral angle
measured from short radiographs

*p < 0.0001, Tp < 0.05

The high correlation between gender and height (r = 0.69, p <0.001), and
between POSTFCA and POSTTFA (r =0.73, p <0.0001) indicated the presence of
multicollinearity in the full regression model. The unique effects of height and
POSTFCA accounted for approximately 1.7% and 1% of the variance, respectively in
POSTMA. Approximately 16% of the variance in POSTMA was attributed to the unique
effect of POSTTFA. Therefore, height and POSTFCA were removed from the model.
The reduced model indicated POSTMA was significantly [F 736y = 217.39 , p < 0.0001]
effected by POSTTFA.

Equation 2 predicted POSTMA using POSTTFA with an R* = 0.22 (p < 0.001)
and was found to have a moderate correlation (» = 0.46) with the measured POSTMA.
Separate regression models were generated for females (Equations 3 and 4) and males
(Equations 5 and 6). The gender specific analyses produced similar equations and

coefficients of determination to the equations generated for all participants.
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Table 7 presents the mean and standard deviation values for the predicted

POSTMA, constant error, absolute error, standard error of estimate, and correlation

coefficients for each of the prediction equations. Results of the Kolmogorov-Smirnov

test indicated that the residuals obtained using Equation 1 (D =0.12,p <0.01)and 2 (D =

0.10, p <0.01) for all participants were not normally distributed. The Kolmogorov-

Smirnov test also indicated that the residuals obtained using the separate equations for

males and females were not normally distributed (D ranging from 0.10 - 0.15, p <0.01).

Table 7. Means and standard deviations for the predicted post-operative
mechanical axis, constant error, standard error of the estimate (SEE),
and correlation coefficients

Predicted Constant Absolute SEE ;
Mean Error Error

All Participants (N = 788 knees)
Equation1 -0.04 + 0.47 0.00 £ 2.23 1.58 1.57 223 0.21
Equation2 -0.04 = 1.06 0.00 = 2.02 1.48 1.37 2.02 0.46
Females (N = 446 knees)
Equation 3 0.04 = 0.36 0.00 £ 2.25 1.59 1.59 2.25 0.16
Equation4  0.04 £ 1.06 0.00 = 2.02 1.50 1.35 2.02 0.46
Males (N = 342 knees)
Equation5 -0.14 £ 0.61 0.00 = 2.19 1.57 1.53 220 0.27
Equation6 -0.14 £ 1.06 0.00 = 2.01 1.45 1.40 2.02 0.47
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Multinomial Logistic Regression

Multinomial logistic regression analyses produced four separate models that each
included one variable. The regression coefficients for each significant logistic model are
presented in table 8. In models one and two, the outcome variable of POSTMA
contained three categories based on the mechanical axis as any degree of varus (n = 252),
any degree of valgus (n = 215), or neutral (0°) (n =321). Reduced models with the single
main effect of POSTTFA were found to explain POSTMA as adequately as a full model
which included interactions between surgical approach (midvastus, subvastus, or
standard) and POSTTFA (y* difference = 2.48, df = 4).

The probability of having post-operative varus, valgus, or neutral mechanical axes
was significantly effected (x> = 154.11, df =2, p <0.0001) by POSTTFA. The regression
coefficients, odds ratios, and 95% Wald confidence limits for each model are presented in
table 9. In model one, the regression coefficient for POSTTFA was negative, indicating a
decreased POSTTFA angle was associated with greater probability of having a predicted
varus POSTMA. The model indicated that for every 1° increase in valgus POSTTFA, the
odds of predicting any degree of varus POSTMA decreased by 0.29 times. In model
two, the regression coefficient for POSTTFA was positive, indicating an increased
POSTTFA angle was associated with greater probability of having a valgus POSTMA.
The model indicated that for every 1° increase in valgus POSTTFA, the odds of
predicting any degree of valgus POSTMA increased by 1.36 times.

When POSTMA was categorized as > 3° varus (n = 53), > 3° valgus (n = 58), or
neutral (3° varus to 3° valgus) (n = 677), the probability of having post-operative varus,

valgus, or neutral mechanical axis was significantly effected (y* = 104.07, df =2, p <
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0.0001) by POSTTFA. Reduced models with the single main effect of POSTTFA were
found to explain POSTMA as adequately as a full model which included interactions
between surgical approach (midvastus, subvastus, or standard) and POSTTFA (3
difference = 6.44, df = 4). In model three, the regression coefficient for POSTTFA was
also negative, indicating a decreased POSTTFA angle was associated with greater
probability of having a POSTMA greater than 3° varus. The model indicated that for
every 1° increase in valgus POSTTFA, the odds of predicting a varus POSTMA > 3°
decreased by 0.41 times. In model four, the regression coefficient for POSTTFA was
also positive, indicating an increased POSTTFA angle was associated with greater
probability of having a POSTMA of greater than 3° valgus. The model indicated that for
every 1° increase in valgus POSTTFA, the odds of predicting a valgus POSTMA > 3°

increased by 1.63 times.
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Table 8. Logistic regression data for predicting post-operative mechanical axis by
alignment category™ (varus, neutral, or valgus) and deformity{ (> 3° varus or
valgus) in all knees with TKA (N = 788 knees)

*Post-operative mechanical axis categorized as any degree of varus, neutral
(0°), or any degree of valgus

Parameter Estimate Wald Chi-square Pr>Chi Sq

Model 1:

Varus vs. Neutral

Intercept 1.68 33.42 <0.0001
POSTTFA (°) -0.35 46.96 <0.0001
Model 2:

Valgus vs. Neutral

Intercept -2.45 50.42 <0.0001
POSTTFA (°) 0.31 38.72 <0.0001

tPost-operative mechanical axis categorized as > 3° varus, neutral (3° varus to
3° valgus), or as > 3° valgus

Parameter Estimate Wald Chi-square Pr>Chi Sq

Model 3
Varus vs. Neutral
Intercept 0.17 0.18 0.67
POSTTFA (°) -0.53 38.98 <0.0001
Model 4

Valgus vs. Neutral

Intercept -5.88 109.94 <0.0001
POSTTFA (°) 0.49 48.25 <0.0001

POSTTFA: post-operative tibiofemoral angle measured from short radiographs
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Table 9. Regression coefficients, odds ratios, and 95% Wald confidence limits for
predicting post-operative mechanical axis (varus, neutral, or valgus) using each of
the four models in all knees with TKA (N = 788 knees)

Plfll:gﬁztzr Odds Ratio Conz"lst;)/eonzzz?mits

Model 1:

POSTTFA (°) -0.35 0.71%* 0.64 -0.78
Model 2:

POSTTFA (°) 0.31 1.36* 1.24 - 1.50
Model 3:

POSTTFA (°) -0.53 0.59* 0.50 -0.69
Model 4:

POSTTFA (°) 0.49 1.63* 1.42 -1.87

POSTTFA: post-operative tibiofemoral angle measured from short radiographs

* eparameter( 19

Sensitivity and Specificity for Logistic Regression Models. The frequencies,
percentages of knees predicted for each category, and cumulative percentages for models
1 and 2 are presented in table 10. Models 1 and 2 provided correct estimates of the risk
of post-operative deformity for 53% of the knees. The cumulative percentages for knees
correctly predicted into their respective categories indicated the sensitivity of the models.
The sensitivity of models 1 and 2 was approximately 72% for accurately predicting
neutral POSTMA for knees with actual neutral POSTMA. Sensitivities for models 1
(39%) and 2 (43%) were lower for correctly predicting varus or valgus POSTMA values
for knees with actual varus and valgus POSTMA.

The percentages of knees with actual post-operative valgus alignment incorrectly

estimated to have post-operative neutral or varus alignment were 49% and 8%,
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respectively. Similarly, the percentages of knees with actual post-operative varus
alignment incorrectly estimated to have post-operative neutral or valgus alignment were
52% and 10%, respectively. The specificity of models 1 and 2 was approximately 50%
for detecting the absence of neutral POSTMA. The specificities for models 1 and 2 were
approximately 89% and 87%, respectively for detecting the absence of varus or valgus
POSTMA.

Table 10. Frequency, predicted percent, and cumulative percent
deformity prediction for models 1 and 2

Frequency Actual Actual Actual Total

% predicted  Neutral Valgus Varus

Cumu. %

Predicted 232 105 129 466

Neutral 29.44 13.32 16.37 9.14
72.27 48.84 51.19

Predicted 49 93 24 166

Valgus 6.22 11.80 3.05 21.07
15.26 43.26 9.52

Predicted 40 17 99 156

Varus 5.08 2.16 12.56 19.80
12.46 7.91 39.29

Total 321 215 252 788
40.74 27.28 31.98 100.00

The frequencies, percentages of knees predicted for each category, and
cumulative percentages for models 3 and 4 are presented in table 11. Models 3 and 4
provided correct estimates of the risk of post-operative deformity for 86% of the knees.
The sensitivity of models 3 and 4 was approximately 99% for accurately predicting
neutral POSTMA for knees with actual neutral POSTMA. The sensitivities for models 3
and 4 were only 0% and 2%, respectively for correctly predicting varus or valgus
POSTMA values for knees with actual varus and valgus POSTMA. The percentage of

knees with actual post-operative valgus deformity greater than 3° incorrectly estimated to
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have post-operative neutral was 98%. There were zero knees with actual post-operative
varus deformity greater than 3° varus that were correctly predicted into the varus
category. All knees with actual post-operative varus deformity were incorrectly predicted
to have a post-operative neutral alignment using model 3. The specificity of models 3
and 4 was only 1% for detecting the absence of neutral POSTMA. The specificities for
models 3 and 4 were approximately 100% and 99%, respectively for detecting the
absence of varus or valgus POSTMA greater than 3°.

Table 11. Frequency, predicted percent, and cumulative percent
deformity prediction for models 3 and 4

Frequency  Actual Actual Actual Total

% predicted  Neutral Valgus Varus

Cumul. %

Predicted 675 57 53 785

Neutral 85.66 7.23 6.73 99.62
99.70 08.28 100.00

Predicted 2 1 0 3

Valgus 0.25 0.13 0.00 0.38
0.30 1.72 0.00

Total 677 58 53 788
85.91 1.72 6.73 100.00
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DISCUSSION

The most important findings of the present study were that tibiofemoral angles
measured from short standing radiographs provided poor estimates of post-operative
mechanical axis (POSTMA) in individuals with TKA. The accuracy of equation 1 to
estimate POSTMA using pre-operative tibiofemoral angle (PRETFA) was only 4%. The
accuracy of equation 2 to estimate POSTMA using the post-operative tibiofemoral angle
(POSTTFA) was 22%. The inclusion of pre-operative femoral and tibial angles did not
increase the accuracy of equation 1 above that of PRETFA. Similarly, post-operative
femoral and tibial component angles did not increase the accuracy of equation 2 above
that of POSTTFA. Measurements of POSTMA, PRETFA, and POSTTFA as obtained
from the digital radiographs are presented in figure 1.
Linear Regression Models to Estimate Mechanical Axis

Estimation of Mechanical Axis in Patients with Mild to Moderate OA. Linear
regression analysis resulted in selection of the same predictor variable (tibiofemoral
angle) as models reported in previous investigations for estimation of mechanical
axis®*****% Hinman et al.* reported a strong relationship (r = 0.88, p < 0.001) between
mechanical axis and tibiofemoral angle measured on 40 knees in 40 participants with
medial compartment OA with 77% predictive accuracy®”. Kraus et al.** reported a
moderately high relationship (r = 0.75, p <0.0001) between mechanical axis and
tibiofemoral angle measured on 114 knees with symptomatic and radiographic OA in 57
participants with 56% predictive accuracy’*. Similarly, McDaniel et al.* also reported a
moderately high relationship between mechanical axis and tibiofemoral angle measured

on 104 knees in 52 participants with 55% predictive accuracy.
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Figure 1. Radiograph measurements of the outcome variable: A)
post-operative mechanical axis (POSTMA) and predictor variables:
B) pre-operative tibiofemoral angle (PRETFA), C) post-operative
tibiofemoral angle (POSTTFA)
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Compared to measurements obtained from long radiographs, the aforementioned authors
agreed that tibiofemoral angle measured from short radiographs was a valid and more
accessible method for the clinic setting to evaluate alignment in participants with
OA****%_ Conversely, the findings of the present study indicated a considerably lower
relationship between mechanical axis and tibiofemoral angle obtained from short
radiographs with extremely low predictive accuracy for participants with TKA.
Interpretation of our results in comparison to the findings of the previous investigations
may be further explained by methodological differences in obtaining tibiofemoral
alignment and sample selection®*>>*.

Radiographic Methodological Considerations. Examination of the methods used

] : . . . . 4 4
to assess alignment angles in previous investigations®**>*

may explain the contradictory
findings of the relationship between tibiofemoral angle and mechanical axis compared to
the results of the present study. Variability in alignment measurements between

radiographs due to magnification, rotation, and knee position has widely been recognized

4 . .
363740434557 The strong relationship between

as a limitation in previous investigations
tibiofemoral angle and mechanical axis reported by Hinman et al.*” is to be expected as
both angles were obtained from the same radiograph, as opposed measurement
techniques drawn from separate short radiographs by Kraus et al.**, McDaniel et al.*,
and the present study. Consequently, Hinman et al.> reported the highest predictive
accuracy of all previous investigations and this interpretation may be exaggerated. Their

method did not permit assessment of alignment measurements obtained from separate

short radiographs as a valid substitute for long radiographs.
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The moderately high relationships between tibiofemoral angle and mechanical
axis reported by Kraus et al.** and McDaniel et al.*® are surprising as separate short
radiographs with the knee flexed to 30° were used to measure tibiofemoral angle in the

posteroanterior view. Yamanaka et al.”®

investigated the effect of the degree of knee
flexion (15°, 30°, and 45°) on tibiofemoral angle measured from 113 knees in 95
participants with medial tibiofemoral OA. Differences in tibiofemoral angles measured
with the knee extended and flexed at 15° were significantly (p < 0.0007) less than the
differences between measurements with the knee extended and flexed at 30°°°.
Therefore, the authors recommended knees be positioned in no more than 15° of flexion
for tibiofemoral alignment on short radiographs. Both the long and separate short
radiographs in the present study were obtained with the participant in the exact same
position with both knees in full extension. Therefore, it is unlikely the error in predicting
POSTMA using the linear regression models in the present study was due to
methodological errors associated with knee position.

Estimation of Mechanical Axis in Patients with TKA. Whereas the samples in

. . . . 4.35.4
the previous investigations®*>>*

consisted of individuals with a wide range of mild to
severe OA, all participants in the present study had severe end-stage OA prior to TKA.
Chang et al.*® also evaluated a sample of 102 patients with advanced OA prior to TKA
surgery (OA group) and following TKA (TKA group). The R? values (males: 0.66,
females: 0.78) for the best performing equations to estimate mechanical axis from
tibiofemoral angle for the OA group were similar to the values reported in previous

investigations®*~>*®. Similar to the present study, the R values (males: 0.33, females:

0.21) reported by Chang et al.”® were considerably lower for the TKA group compared to
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the OA group. The low predictive accuracy for the linear regression models in the
present study are in agreement with Chang et al.*® for the TKA group that nearly 80% of
the variance in POSTMA was attributed to unknown factors and error. Examination of
the error between the actual and predicted measurements of POSTMA using the
equations generated in the present study may provide further insight on factors attributing
to the prediction error.

Prediction Error in Estimating Mechanical Axis.

The residuals resulting from both equations 1 and 2 were not found to be normally
distributed. The residuals between the predicted and actual POSTMA were plotted
against the actual POSTMA using Bland-Altman plots™ for both equations (figures 2 and
3). Greater error was associated with predicting POSTMA for participants as the
magnitude of the actual POSTMA increased in either the varus or valgus position

providing an indication of the error for each individual alignment measurement.

Bland-Altman Plot - Equation 1
R?=0.04

. > - - - - -

Mean=0.0

(actual - predicted (°))

=========’=?========================n 28D=-446

Delta Post-operative Mechanical Axis
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Post-operative Mechanical Axis (°)

Figure 2. Bland-Altman Plot for equation 1
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Bland-Altman Plot - Equation 2
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Figure 3. Bland-Altman Plot for equation 2

Considering only the mean differences between the actual and predicted
POSTMA measurements may be misleading. The mean differences between the actual
and predicted POSTMA measurements were 0.00° + 2.23° and 0.00° + 2.02° for equations
1 and 2, respectively. The mean absolute differences between the actual and predicted
POSTMA measurements were 1.58° + 1.57° and 1.48° + 1.37° for equations 1 and 2,
respectively. Therefore, 95.44% (+ 2 standard deviations of the mean absolute error) of
any individual predicted POSTMA values may vary from the actual measurement using
equation 1 by a minimum of -1.56° to at most 4.72°. Similarly, approximately 95.44% of
any individual predicted POSTMA values may vary from the actual measurement using
equation 2 by a minimum of -1.26° to at most 4.22°.

The highest level of precision is required when using alignment measurements
from radiographs as a factor leading to surgical decisions such as in the application of

equation 1 when a pre-operative measurement is used for the surgical plan. Many
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surgeons continue to rely on measurements obtained from short rather than long
radiographs prior to TKA to determine the appropriate component position for correcting
lower extremity malalignment. Increased incidences of TKA failure have previously
been associated with POSTMA greater than 3° of varus or valgus alignment'®'***%,
Therefore, a POSTMA of 0° + 3° has been widely used as a post-operative goal for
correcting lower extremity alignment through TKA?®**7. There were 53 and 58 knees in
the present study with an actual POSTMA greater than 3° of varus or valgus alignment
respectively. There were 677 knees with actual neutral POSTMA of 0° + 3°.  All 677
knees with actual neutral alignment were accurately predicted to have a POSTMA of 0° +
3° using equation 1. In contrast, zero knees with actual varus or valgus alignment over 3°
were accurately predicted to have a POSTMA over 3° of varus or valgus using equation
1. All knees with actual varus or valgus POSTMA were inaccurately predicted to have a
neutral alignment when using PRETFA to estimate post-operative mechanical axis.

A high level of precision is also required when using alignment measurements
from radiographs to assess post-operative alignment following TKA such as in the
application of equation 2. There were 675 knees with an actual POSTMA of 0° + 3° that
were accurately predicted to have a neutral POSTMA using equation 2. There were zero
knees with an actual POSTMA over 3° varus that were accurately predicted to have a
POSTMA over 3° varus using equation 2. Only one knee with an actual POSTMA over
3° valgus was accurately predicted to have a POSTMA over 3° valgus.

These findings suggest that the ability to estimate mechanical axis from
tibiofemoral angle may be influenced by the magnitude of the actual mechanical axis.

Sheehy et al.** recently investigated the effect of the magnitude of knee deformity on the
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relationship between mechanical axis and tibiofemoral angle measured from 120 knees
stratified into four equal groups based on deformity of severe varus ( <-5.0°), mild varus
(0.0° to -4.9°), mild valgus (0.1° to 4.9°), and severe valgus ( > 5.0°). Results indicated
the offset (difference between mechanical axis and tibiofemoral angle) was greater for the
severe varus and valgus groups than knees in the milder ranges®. Therefore, the greater
error in predicting POSTMA for individuals with severe varus or valgus deformity in the
present study may be influenced by the varying relationship between mechanical axis and
tibiofemoral angle across the range of knee deformity.

The relationship between continuous measurements of alignment previously
reported may not be consistent when evaluated as a categorical variable (varus, valgus,
and neutral)®’. When using linear modeling, assessment of the error in agreement
between the actual and predicted measurements indicated that estimates of POSTMA as a
categorical variable may result in misclassification of the severity of deformity. The
results of logistic regression analysis in the present study supported this assessment.
When post-operative deformity was categorized as any degree of valgus, neutral
alignment of 0°, and any degree of varus based on POSTMA, nearly half of the knees
with actual varus or valgus malalignment were incorrectly classified as neutral. This
finding indicated use of tibiofemoral angle from a short radiograph to evaluate post-
operative alignment would potentially lead to an inaccurate assumption of a neutral
mechanical axis when a true varus or valgus deformity is present. When post-operative
deformity was categorized as greater than 3° of varus or valgus deformity, all knees with
actual malalignment were incorrectly classified as neutral. These findings indicated more

detrimental consequences of using tibiofemoral angle from short radiographs, which
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resulted in 100% misclassification of post-operative alignment as neutral for patients with
deformity in the extreme ranges of varus or valgus malalignment.
Logistic Regression Models to Estimate Mechanical Axis

The regression coefficients for POSTTFA were negative in both models 1 and 3,
while the regression coefficients for POSTTFA were positive in both models 2 and 4 for
predicting post-operative deformity (table 8). The regression coefficient for the
comparison of varus to neutral was similar in magnitude but opposite in sign to the
regression coefficient for the comparison of valgus to neutral alignment. Therefore, a
less valgus POSTTFA was associated with a greater probability of predicting a varus
POSTMA while a more valgus POSTTFA was associated with a greater probability of
predicting a valgus POSTMA.

A concomitant effect of POSTTFA on the odds ratios (ORs) was revealed for the
models comparing varus to neutral alignment (model 1: OR = 0.707 per degree, model 3:
OR =0.587), and the models comparing valgus to neutral alignment (model 2: OR = 1.36
per degree, model 4: OR = 1.63 per degree) (table 9). Models 2 and 4 produced slightly
higher risks of predicting a valgus POSTMA compared to the risks when using models 1
and 3 for predicting a varus POSTMA based on POSTTFA. The percent increase in the
odds of predicting a valgus POSTMA over neutral with greater valgus POSTTFA was
approximately 36% and 63% for models 2 and 4, respectively. Similarly, the percent
increase in the odds of predicting a varus POSTMA over neutral with decreased valgus
POSTTFA was approximately 29% and 41% for models 2 and 4, respectively.

The probabilities of predicting POSTMA as varus, valgus, or neutral over the

range of POSTTFA measurements using the two sets of models are presented in figures 4
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and 5, respectively. The mean (£ SD) POSTTFA for all knees in the present study was
6.06° £ 2.07° with a range of 1° to 14° valgus. The highest probabilities of predicting a
neutral POSTMA were found to be within one standard deviation of the mean POSTTFA
for both sets of models. The probabilities of predicting a neutral POSTMA for knees
within the neutral POSTTFA range were from 43% to 45% using models 1 and 2,
respectively. The probabilities of predicting a neutral POSTMA for knees within the
neutral POSTTFA range were from 87% to 91% using models 3 and 4, respectively.
Categories for post-operative malalignment based on POSTTFA have previously
been reported to be varus (< 4.0° valgus), neutral (5.0° to 8.0° valgus), and valgus (> 9.0°
valgus)®. Survival rates for TKA have been found to be significantly lower (p < 0.05)
for knees with POSTTFA varus malalignment compared to neutral and valgus groups
with no significant difference in survival rate between neutral and valgus groups”. Being
within one standard deviation of the mean POSTTFA resulted in placement of knees in
the present study into similar categories as varus (-1 SD: <4.0° valgus), neutral (4.0° to
8.0° valgus), and valgus (+ 1 SD: > 9.0° valgus). An inverse relationship was observed
between the probabilities of predicting POSTMA as varus or valgus relative to neutral
over the range of POSTTFAs (figures 4 and 5). The probabilities of predicting a varus
POSTMA were the highest for knees with varus POSTTFA between 50% and 77% using
model 1. Similarly, the probabilities of predicting a valgus POSTMA were the highest
for knees with valgus POSTTFA between 53% and 86% using model 2. However, both
models 1 and 2 resulted in prediction of a neutral POSTMA for knees with varus or
valgus POSTTFA up to 38%. Both models 3 and 4 resulted in a greater prediction of a

neutral POSTMA than varus or valgus for knees with varus or valgus POSTTFA.
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Probability of Predicting Post-operative Deformity from Post-operative

Tibiofemoral Angle using Models 1 and 2
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Figure 4. Probability of predicting post-operative deformity from POSTTFA using

models 1 and 2

Probability of Predicting Post-operative Deformity from Post-operative
Tibiofemoral Angle using Models 3 and 4
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models 3 and 4
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Sensitivity and Specificity of the Logistic Regression Models. Examination of
the percentages of knees correctly predicted into their respective actual categories
provided an indication of the predictive power of the models (tables 10 and 11). Overall,
approximately 53% of all knees were correctly predicted into their respective categories
indicating the ability to estimate post-operative deformity can be detected with moderate
predictive power half of the time using models 1 and 2. Comparisons of the sensitivities
and specificities for predicting neutral, varus, or valgus POSTMA provides a clearer
indication of the precision of the models for each category. The sensitivity of models 1
and 2 was high for detecting neutral POSTMA (72%) but not for predicting the risk of
varus (39%) or valgus (43%) deformity. The specificity of models 1 and 2 was low
(50%) with respect to predicting the absence of neutral alignment and high for predicting
the absence of varus (89%) or valgus (87%) POSTMA. Although sensitivity was high
for predicting neutral POSTMA, models 1 and 2 lacked specificity for the neutral
alignment category. Conversely, while sensitivity was low for predicting varus and
valgus POSTMA, models 1 and 2 provided high specificity for the deformity categories.

Overall, approximately 86% of all knees were correctly predicted into their
respective categories using models 3 and 4 indicating a high predictive power for the
models. However, considering the overall predictive power for models 3 and 4 is
misleading for the precision of the models in detecting varus or valgus deformity.
Indices of sensitivity and specificity were difficult to discern for the models. Models 3
and 4 demonstrated very high sensitivity for predicting neutral POSTMA with no

specificity. Conversely, models 3 and 4 were not sensitive enough to predict varus or
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valgus deformity but the models were specific at least to detect the absence of varus or
valgus deformity for each respective category.

In summary, as hypothesized, tibiofemoral angles measured from short standing
radiographs before (PRETFA) and after (POSTTFA) TKA were statistically associated
with POSTMA but not clinically able to detect varus or valgus deformity. In contrast to
the research hypothesis, tibial component alignment was not significantly associated with
POSTMA. The femoral component angle was statistically associated with POSTMA,
however this variable did not improve the predictive accuracy of equation 2 above that of
POSTTFA. Although PRETFA and POSTTFA were found to be related to POSTMA,
the majority of the variance in POSTMA was unaccounted for by the linear regression
models and was attributed to unknown factors or error. Due to advancements in
radiographic technology and methods employed in the present study for obtaining digital
alignment measurements, it was unlikely prediction of POSTMA in the models was
inhibited by methodological error. With no improvement in the relationship between
POSTMA and tibiofemoral alignment by adding femoral and tibial component
measurements, data from the present study demonstrated alignment measurements
obtained from short radiographs were not adequate to estimate POSTMA.

The research hypothesis was confirmed that POSTTFA was associated with the
probability of any degree of varus or valgus POSTMA deformity relative to neutral
alignment. Similarly, as hypothesized, POSTTFA was associated with the probability of
varus or valgus POSTMA deformity greater than 3° relative to neutral alignment.
However, none of the logistic models demonstrated both high sensitivity and specificity

for estimating the risk of POSTMA deformity. Both sets of logistic models demonstrated
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high percentages of misclassification of POSTMA as neutral for patients with actual
varus or valgus deformity. All models were found to be only sensitive enough to detect
neutral POSTMA but not specific enough to detect the absence of neutral POSTMA. The
models were less effective for predicting varus or valgus deformity and at best could only
detect the absence of deformity in either direction but not specifically varus or valgus
malalignment.

Within the limitations of the present study, the linear and logistic models were not
adequate to estimate POSTMA using either PRETFA or POSTTFA. Use of short pre-
operative radiographs for determining component position to correct lower extremity
malalignment indicated that neutral alignment was inaccurately suggested even when
extreme varus and valgus deformities were present. Use of short radiographs on post-
operative TKA patients indicated that neutral alignment was inaccurately suggested even
when extreme varus and valgus deformities were present. Consequently, we do not
recommend the use of short radiographs as a substitute for long radiographs when
evaluating lower extremity alignment to determine component position before TKA and

for assessment of post-operative alignment outcomes following TKA.
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PART II
REVIEW OF LITERATURE

The orientation of the hip, knee, and ankle joints accounts for a large majority of
lower extremity alignment. Theoretically, alignment of the center of the knee with the
centers of the hip and ankle joints produces a neutral axis of the lower extremity.
Deviations from neutral position have been shown to be associated with musculoskeletal
injury, degeneration, and even structural failure of the affected joint. Alignment
measurements are valuable for identifying factors contributing to musculoskeletal
conditions, determining the severity of joint damage, and assessing outcomes following
clinical and surgical treatments. Assessment of lower extremity alignment is a key
component of the clinical examination for the population of individuals affected by
degenerative arthritis of the knee that eventually require joint replacement surgery.

Radiographs are the optimum modality used to obtain an image of the lower
extremity for assessment of alignment. The methods used to measure alignment have
changed considerably as technology has evolved leading to little consensus regarding a
standard protocol for clinical practice. Therefore, the purpose of this literature review is
to discuss the application of radiography for detecting osteoarthritis and measuring lower
extremity alignment before and after knee replacement surgeries along with how
radiography has evolved over time. The first sections of this review are to provide a brief
overview of osteoarthritis and a description of knee replacement surgeries relative to
lower extremity alignment. The remaining sections focus on a description of
radiographic imaging modalities and how the methods of obtaining alignment measures

vary across investigations of clinical outcomes following knee replacement.
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Prevalence and Incidence of Osteoarthritis

Osteoarthritis (OA) is a degenerative disease involving progressive deterioration
of the joint structures'. The prevalence of OA is the highest among all forms of
arthritis'* affecting approximately 27 million adults in the United States® and most
commonly occurs in the knee joint’. Increasing in prevalence with increasing age, OA

affects females more than males’®?

. Prevalence and incidence rates will vary according
to the definitions of OA in the knee along with stratification by age and gender. Previous
investigations have reported these rates according to radiographic and symptomatic
definitions of OA.

Radiographs are a widely employed diagnostic tool to evaluate structural changes
associated with OA including joint space narrowing, osteophytes, sclerosis and cysts’ .
The Kellgren and Lawrence® grading system is considered one of the main reference
standards for defining radiographic OA. Inter- and intra-observer differences in this
grading system was previously determined from 510 radiographs of the hand, cervical
spine, lumbar spine, hips, knees and feet in 85 participants. Radiographic evidence of
OA in the knee included the presence of 1) osteophytes on the tibial spines, 2)
periarticular ossicles, 3) cartilage narrowing, and 4) pseudocystic areas with sclerosis.
The severity of OA in the joint was graded as 0) none, 1) doubtful, 2) minimal, 3)
moderate, and 4) severe. Correlation coefficients of r = 0.83 both between two observers
and within the same observer indicated low inter- and intra-observer error for grading OA

using this system. The authors concluded that radiographs should preferably be read by

two observers or the same observer for grading OA®.
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Felson et al.” were among the first to establish prevalence and incidence rates of
OA in the large population-based Framingham OA Study. Radiographic and
symptomatic OA of the knee were evaluated in 1,420 participants stratified into age
groups (<70, 70-79, >80 years). Radiographic OA was defined according to the Kellgren
and Lawrence grading system® and symptomatic OA was defined as the presence of pain
in or around the knee joint. The prevalence of radiographic OA was found to be 33% in
all participants and significantly increased (p<0.001) with age at 27.4% (age <70 years),
34.1% (ages 70-79 years), and 43.7% (age >80 years). Radiographic OA was detected in
more females (34.4%) than males (30.9%) with increasing prevalence with age in females
but not males. The prevalence of symptomatic OA was 9.5% in all participants and
significantly increased (p<0.05) with age at 9.5% (age <70 years), 11.0% (ages 70-79
years), and 11.2% (age >80 years). Symptomatic OA was reported by more females
(11.4%) than males (6.8%) with increasing prevalence with age in females but not males.
The prevalence of symptomatic OA also increased with radiographic severity from 7.6%
in participants with a normal grade to 40% at the highest severity. The authors concluded
the age-related increase in OA may lead to further lower extremity dysfunction and
decreased mobility’.

Felson et al.%?

followed-up with 869 participants at 8.1 + 0.3 years following their
previous study to determine the incidence rates of knee OA. Radiographic and
symptomatic OA were determined using similar methods as the original Framingham OA
Study. The authors modified the Kellgren and Lawrence scale® used in this study to

include joint space narrowing along with the presence of osteophytes as an indicator of

OA. The incidence of radiographic OA was higher in females (18.1%) than males
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(11.1%). Similarly, the development of symptomatic OA was higher in females (8.1%)
versus males (4.3%). The incidence rates for both males and females did not increase
with increases in age. Overall, the annual rate of progression for radiographic OA was
between 3% and 4% for both genders. Although the findings from the present study
indicated a slow development in the disease over time, the authors concluded that new
cases continue to occur during this age of life augmenting the prevalence of OA®,
Oliveria et al.** found similar incidence rates of OA of the knee to that of Felson
et al.*” among members of a local health maintenance organization plan in Massachusetts.
Potential incident cases included continuous members (ages 20 to 89 years) of the plan
between 1988 and 1991 or between 1989 and 1992 with an index radiograph of the hand,
hip, or knee at 1991 or 1992 respectively. An incident case was defined as the presence
of radiographic OA at the index radiograph with symptomatic OA concurrently or within
one year prior to the radiograph in the respective joint. Radiographic OA was defined
according to the Kellgren and Lawrence grading system® and symptomatic OA was
defined as the presence of pain, stiffness, soreness, swelling, aching, discomfort and
tenderness. The overall age- and sex-standardized incident rate of OA was highest in the
knee (240 per 100,000 person-years) compared to rates of OA in the hip (88 per 100,000
person-years), and OA in the hand (100 per 100,000 person-years). Among 1,155
members with an index knee radiograph obtained from 1991 and 1992, 461 participants
demonstrated incident OA. When stratified by age groups, the highest incidence rates of
knee OA in females was ~0.66% per year (60-69 years), ~1.08% per year (70-79 years)
and ~1.05% per year (80-89 years). The highest incidence rates of knee OA in males was

~0.49% per year (60-69 years), ~0.84% per year (70-79 years) and ~0.62% per year (80-
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89 years). The authors concluded the incidence of OA increases with the age up to age
80 and is higher in females than males after age 50%*.
Lower Extremity Alignment and Osteoarthritis

Although the specific cause of OA is unknown, lower extremity malalignment has
been associated with structural changes in the knee® and the progression of the

811 Brouwer et al.® investigated the effect of lower extremity malalignment on

disease
the development and progression of OA in 1,501 participants (892 female, 609 male;
mean age 66.4 + 6.7 years; BMI 26.3 + 3.6 kg/m?). Lower extremity alignment and OA
severity were measured on 36.0 x 43.0 cm radiographs in the AP view obtained with a
setting of 70 kV at baseline and a follow-up period (6.6 years). All participants were
positioned 120 cm from the x-ray tube, weight bearing fully extending both knees. The
Kellgren and Lawrence grading system® was used to define the presence (grade > 2) and
severity of radiographic OA. Lower extremity alignment was measured as the medial
angle between the midline axes of the femur and tibia from which participants were
stratified into three alignment groups as normal (182° to 184°), varus (< 182°), and valgus
(>184°). Logistic regression analyses indicated participants with varus alignment had a
significantly higher risk of developing OA (OR = 2.06, 95% CI = 1.28 — 3.32, p = 0.003)
and for the progression of OA (OR =2.90, 95% CI=1.07 — 7.88, p = 0.037) compared to
participants with normal alignment. Considering BMI as another independent variable,
varus alignment and BMI significantly increased the risk for the development of OA in
participants with a BMI between 25 and 30 kg/m?® (OR = 2.02, 95% CI=1.07 — 3.84,p =

0.031) and with a BMI > 30 kg/m* (OR = 5.06, 95% CI = 1.71 — 14.94, p = 0.003). There

was no significant effect of valgus alignment on the risk of OA development or
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progression, however, there was a trend towards an increased risk in OA development
(OR =1.54,95% CI =0.97 — 2.44, p = 0.065) in all participants. When stratified
according to BMI, participants with valgus alignment and a BMI > 30 kg/m’ were at a
significantly increased risk for the development of OA (OR =3.25,95% CI =1.14 —
9.27, p = 0.028). The authors concluded that malalignment of the lower extremity at
baseline was associated with the risk of the development and progression of knee OA
with an increased risk in overweight individuals®.

Similarly, Sharma et al.” investigated the influence of lower extremity alignment
on the progression of OA and function. A total of 230 participants (173 female, 57 male;
mean age 64.0 + 11.1 years; BMI 30.3 + 5.8 kg/m”) were stratified into a bilateral valgus
alignment group (n = 126; < 5° varus), unilateral varus alignment group (n = 52; > 5°
varus), and bilateral varus alignment group (n = 37; > 5° varus) based on baseline
mechanical axis. The remaining 15 participants were not included in this portion of the
analysis as they could not complete the functional assessment. Radiographs were
obtained for all participants using a 36 x 130 cm graduated grid cassette in the AP view
including the hip and ankle joints. Mechanical axis was defined as the angle between the
mechanical axes of the femur and tibia. Function was assessed at baseline and 18 months
later for all participants from chair stand performance measured as the rate of sit to stand
transfers from a chair per minute. Logistic regression indicated participants with more
than 5° of varus alignment in both knees demonstrated a significant decline in functional
performance across time compared to participants with less than 5° of varus bilateral
alignment. To assess the effect of alignment on the progression of OA, participants were

classified according to baseline mechanical axis in varus alignment (n = 117; > (°),
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valgus alignment (n = 97; < 0°), and neutral (n = 16; 0°). Logistic regression indicated
patients with varus malalignment at baseline demonstrated a 4-fold increase in the odds
for OA progression in the medial compartment compared to non-varus aligned patients.
Patients with varus malalignment at baseline also demonstrated increased joint space
narrowing and pain across time compared to patients with non-varus alignment’.
Cicuttini et al.* assessed the influence of alignment on change in the volume of
knee articular cartilage over two years in 117 participants (mean 68 female, 49 male; age
67.0 £ 10.6; BMI 28.7 + 5.1 kg/m?) with moderate OA. Baseline radiographs were
obtained from all participants in the AP view to measure tibiofemoral angle. Magnetic
resonance imaging (MRI) scans were obtained from all participants at baseline and at a
two-year follow-up period to measure cartilage volume. The rate of change in cartilage
volume was determined by subtracting the baseline measurement from the follow-up
measurement and then dividing this value by the time between the MRI scans. Increased
malalignment in the varus or valgus direction at baseline was associated with decreased
cartilage volume in the respective joint compartment. Multiple linear regression analysis
indicated an increase in baseline varus alignment of 1° was significantly (p = 0.04)
associated with an annual loss (17.7 ul) in medial femoral cartilage volume. A similar
trend was observed between increased baseline varus alignment of 1° and medial tibial
cartilage volume loss (2.6 ul loss), however, this finding was not significant. An increase
in baseline valgus alignment of 1° was significantly (p = 0.02) associated with a loss (8.0
ul) in lateral tibial cartilage volume per year. There was no significant association
between valgus alignment and lateral femoral cartilage change. The findings of this

investigation supported previously observed relationships between the progression of OA
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and alignment of the knee. The authors concluded there was an association between
lower extremity alignment and annual cartilage loss across all grades of radiographic
OA*.

In addition to articular cartilage volume, Hunter et al.> conducted a cross-sectional
analysis to investigate the influence of other structural joint changes on lower extremity
malalignment in 132 participants (58 female, 74 male; mean age 66.5 + 9.7; BMI 30.2 +
4.4 kg/m”). Magnetic resonance imaging (MRI) scans were obtained from all participants
at a baseline and two follow-up examinations (15 and 30 months) to assess the following
structural changes in the knee joint: anterior and posterior cruciate ligament integrity,
medal and lateral collateral ligament integrity, cartilage morphology, bone attrition,
osteophytes, and meniscal degeneration. Long radiographs including the hip and ankle
joints in the AP view were obtained using a 130.0 x 36.0 cm graduated cassette and
mechanical axis was measured according to the parameters described by Moreland et
al.*®. Partial correlation coefficients for univariate regression analysis indicated medial
bone attrition (R*= 0.51), meniscal degeneration (R*= 0.36), meniscus subluxation (R*=
0.35), cartilage morphology (R*= 0.34), and osteophytes (R*= 0.31) contributed to the
variance in varus malalignment. Multiple regression analysis with stepwise backward
elimination indicated varus malalignment was significantly (p < 0.0001) affected by
cartilage morphology, and bone attrition adjusted for age, sex, and BMI. Approximately
50% of the variance in varus malalignment was attributed to these structural factors with
a relative proportion of the variance explained by bone attrition (R*= 0.50) and cartilage
morphology (R*=0.51). The authors concluded multiple structural factors along with

cartilage loss contribute to malalignment in individuals with OA. As this was a cross-
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sectional design, the authors recommended longitudinal investigations of contributing
factors to malalignment should be conducted to clarify a cause and effect relationship
between these variables”.

Chang et al.'" investigated the prevalence of radiographic structural changes
associated with advanced OA with varus malalignment and predictors of symptom
severity. A review of a prospectively collected database and radiographs was conducted
for 341 knees in 217 participants (208 female, 9 male; mean age 68.7 + 5.9; height 151.6
+ 5.9 cm, weight 60.5 + 9.2 kg) that underwent TKA between November 2003 and
February 2005 for severe OA in the medial compartment of the knee. Long radiographs
including the hip and ankle joints in the AP view were obtained using a 130.0 x 36.0 cm
graduated cassette and mechanical axis was measured according to the parameters
described by Moreland et al.*® in digital format. All participants were positioned using a
reference template with a standard foot angle to control rotation of the knee on
radiographs. The severity of symptoms was determined using the pre-operative pain and
function scores from the Western Ontario McMaster Universities OA Index
(WOMAC)®. Univariate linear regression analysis indicated the degree of varus
alignment along with subluxation and radiographic OA scores of the tibiofemoral joint
were significantly (p < 0.05) associated with decreased WOMAC function scores. Varus
alignment was the only variable that was significantly (p < 0.05) associated with
increased pain. Multivariate linear regression analysis indicated the degree of varus
alignment was the only variable significantly associated with poorer WOMAC function
(p = 0.003) and pain scores (p = 0.017). The authors concluded the severity of symptoms

in patients with advanced OA was better explained by overall radiographic severity of the
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knee. Individual radiographic characteristics were not sensitive enough to detect
symptom severity while the degree of varus malalignment was the primary predictor of
increased pain and functional impairment'".

While the exact causes of OA in the knee continues to remain unknown, the
recent investigations™ identified lower extremity malalignment as a risk factor for the
development and progression of the disease. Greater varus alignment was reported to be
associated with structural changes in the medial compartment of the knee including bone
attrition, ligament damage, meniscal degeneration’, increased osteophytes® and a
reduction in articular cartilage volume over time’. Greater valgus alignment was
associated with a similar pattern of degenerative changes in lateral compartment of the
knee”™*!'’. Most recently, Chang et al.'' identified varus malalignment as the most
influential factor for increased pain and functional decline in advanced OA of the knee.
When conservative treatments have failed to manage this irreversible disease and
alleviating side effects outweighs the need to preserve the natural joint structures, many
individuals elect to undergo total knee arthroplasty (TKA) surgery.

Total Knee Arthroplasty

Introduced in the early 1970°s®®, TKA has been reported as the most effective
surgical option for treatment of end-stage arthritis in the knee joint®”*®. The rate of TKA
procedures between the periods of 1971 to 1976 was reported to be 31.2 per 100,000
person years and increased to 220.9 per 100,000 person years for the period of 2005 to
2008". The estimated annual amount of TKA procedures has increased from 143,000 in
1986 to 662,700 in 2007"°. Nationwide hospital discharge records indicated the

prevalence of TKA each year is projected to rise to 3.48 million by 2030"°. The rise in
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TKA procedures has been accompanied by a projected increase in revision TKA from
38,300 in 2005 to 268,200 by 2030'°. The most common surgical technique of TKA is
the standard medial parapatellar approach®.

Standard Surgical Technique. The standard TKA approach begins with an

1 Ce .
h7%7! " The incision

anterior midline skin incision approximately 15-25 cm in lengt
begins five to ten cm®® proximal to the superior pole of the patella, extending over the
medial aspect of the patella through the patellar tendon to approximately one cm medial
to the tibial tuberosity’". A capsular incision (arthrotomy) is then made splitting the

273 and medial patellar retinaculum®

medial one third of the quadriceps tendon
continuing parallel with the patellar tendon, ending five to ten mm medial to the tibial
tuberosity’’. The patella is everted laterally and the medial portion of the quadriceps
tendon is retracted medially over the femoral condyle with the knee flexed to gain access
the knee joint™. The anterior cruciate ligament along with the anterior portions of the
medial and lateral menisci are cut and a portion of the infrapatellar fat pad is removed.
Once access to the knee joint is achieved with adequate exposure, the sequence of bone
resections will vary according to surgeon preferences, however, the femoral cuts are
commonly performed first’’.

With the knee flexed to 90°, access to the intramedullary canal of the femur is
obtained using a drill with an entry hole approximately one cm to the origin of the
posterior cruciate ligament’’. An intramedullary rod is passed through the center of the
canal and a distal femoral cutting guide is positioned at the end of the rod and pinned into

place on the distal femur. A distal femoral cut ranging from 4° to 7° valgus (depending

on the degree of preoperative varus or valgus deformity) relative to the femoral canal is
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made’. The contents of the intercondylar notch including the posterior cruciate ligament
are removed. An AP femoral axis (Whiteside’s line) extending from the deepest aspect

h’*” is identified and

of the trochlear groove to the center of the intercondylar notc
marked on the distal surface of the femur. A referencing guide is pinned into place on the
distal femur to determine the appropriate femoral component size. A distal femoral
cutting jig is then pinned into place to visually determine appropriate external rotation of
the femoral component relative to Whiteside’s line. The remaining cuts along the
posterior aspects of the femoral condyles and intercondylar notch are made to complete
contouring of the distal femur.

An extramedullary guide is pinned into place on the proximal tibia in alignment
with the tibial tuberosity, center of the tibial plateau, long axis of the tibia, and center of
the ankle™®. A proximal tibial cutting jig is then pinned into place and the proximal tibial
cut is made perpendicular to the mechanical axis of the tibia. The menisci are then
removed along with any posterior femoral osteophytes. Soft tissue releases are used as
necessary to balance the femoral and tibial joint surfaces of the knee. Balance of flexion
and extension of the knee is determined using spacer blocks. A sizing guide is pinned
into place on the proximal tibia to determine the appropriate tibial component size. The
sizing guide is positioned in alignment with tibial tubercle and the proximal tibia is
prepared to accept the tibial trial component. Femoral and tibial trial components are
then placed and the knee is examined through full range of motion to confirm stability
and balance. Once the knee is felt to be mechanically ideal, the trial components are
removed, and the final components are cemented into place along with the polyethylene

insert. The femoral component has commonly been positioned in 4° to 7° valgus’*’®
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relative to the femoral anatomic axis with 3° of external rotation relative to Whiteside’s
line*’. The tibial component is positioned perpendicular to the mechanical axis of the
tibia in the coronal plane with approximately a 3° to 5° posterior slope in the sagittal
plane70.

Minimally Invasive Surgical Techniques. Minimally invasive (MIS) is a broad
term encompassing a variety of surgical approaches to TKA that emerged in the late
1990°s’” and were designed to involve less trauma to the knee joint structures than the
standard approach®. The definition of MIS TKA has been stated to include a skin
incision less than 15 cm along with the use of specific MIS instrumentation®®’®. More
accurate descriptions of MIS TKA specify the degree and location of trauma to the knee
joint and surrounding structures. Thus, various MIS TKA techniques are used including
the midvastus, and subvastus approaches.

The midvastus approach begins with an anterior skin incision approximately 6-13
cm in length beginning one to two cm proximal to the superior pole of the patella,
extending along the medial aspect of the patella to approximately one cm medial to the
tibial tuberosity®*®7**_ A medial capsular arthrotomy is made incising the medial
parapatellar retinaculum and continuing along the medial aspect of the patellar tendon to
the tibial tubercle®®. An oblique incision extending one to three cm proximal from the
superomedial pole of the patella is made splitting the vastus medialis obliquus (VMO)
musc]ef6-688182
The subvastus approach begins with an anterior midline skin incision similar in
length to the midvastus approach extending from the superior pole of the patella over the

medial aspect of the patella, and extending through the patellar tendon to the tibial
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tuberosity”>. A medial capsular arthrotomy is made along the medial border of the patella
and patellar tendon to the tibial tubercle leaving the quadriceps tendon intact”>. The
arthrotomy is then extended using blunt dissection from the medial border of the patella
approximately 10 cm along the inferior edge of the VMO muscle to the adductor

tubercle®®*?

. The patella and distal portion of the extensor mechanism are retracted
laterally to gain access the anterior compartment of the knee joint*.

Clinical Outcomes Following MIS TKA. The popularity of MIS TKA has
increased due to potential benefits of the surgical features including decreased blood loss,
reduced post-operative pain, and earlier return of range of motion*’. Comparisons of
clinical outcomes between standard and MIS TKA have previously been conducted to
ensure the safety and efficacy of the procedure has not been compromised. Boerger et
al.* compared short-term clinical and radiographic outcomes between MIS and standard
TKA. Comparisons were made between equal groups of patients selected to undergo
MIS TKA through the mini-subvastus approach (45 female, 15 male; mean age 69 + 6
years; BMI 28 + 4 kg/m?) and standard TKA through the medial parapatellar approach
(46 female, 14 male; mean age 68 + 5 years; BMI 29 + 4 kg/m”) matched for age, gender,
BMI, knee range of motion, and lower extremity deformity. Pre-operatively, patients
with less than 90° of knee flexion, a flexion contracture greater than 15°, loss of tissue
mobility due to severe scarring, or previous knee surgery were excluded from the MIS
TKA group. The authors claimed pre-operative knee ROM as the only predictive
variable of poor post-operative ROM. Immediate outcomes evaluated within the initial
24 hour post-operative period included overall operation time, tourniquet time, blood

loss, and pain as assessed by the visual analog scale. Radiographs were obtained 2 weeks
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post-operatively in the lateral, AP, and long views including the hip and ankle to
determine overall lower extremity alignment along with femoral and tibial component
position. Independent t-tests indicated significantly greater (p < 0.001) operation time,
tourniquet time, and total blood loss for the MIS TKA versus the standard TKA group.
Participants in the MIS TKA group demonstrated significantly earlier (p < 0.001) return
of knee flexion, ability to perform straight leg raising, and significantly (p < 0.001) less
pain than the standard TKA group. The MIS TKA group also demonstrated significantly
greater (p < 0.02) knee flexion at 30, 60, and 90 days post-operatively than the standard
TKA group. Neutral overall alignment and component alignment was achieved in all
participants except one patient in the MIS TKA group with a tibial component in 3° of
varus position. Complications occurred in two patients in the MIS TKA group including
one fracture of the lateral femoral condyle and one rupture of the patellar ligament. The
authors concluded the immediate advantages that were observed following MIS TKA
diminished with time and the approach resulted in longer operation times and more
complications™.

Karpman and Smith” conducted a prospective randomized clinical trial to
evaluate post-operative clinical and radiographic outcomes following TKA through three
different surgical approaches all performed by a single surgeon. Comparisons were made
between three groups of patients randomly assigned to undergo TKA through the
standard medial parapatellar approach (n = 19; mean age 73 = 5.1 years; BMI 29 + 4.6
kg/m?), quad sparing approach (n = 20; mean age 73 + 7.4 years; BMI 28 + 4.4 kg/m”) or
mini midvastus approach (n = 20; mean age 74 + 7.7 years; BMI 30 + 7.3 kg/m?%). All

patients completed the SF-36 and WOMAC questionnaires along with a return to
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function form weekly for the first 6 weeks and again at the 3 and 6 month post-operative
periods. The return to function form involved an assessment of distance walked, the use
of assistive devices, and return to work. Additional clinical outcomes included, the Knee
Society Score™ and rehabilitation assessment conducted at the same post-operative time
periods. The rehabilitation assessment involved pain scores (visual analog scale), range
of motion, and quadriceps strength. Tibiofemoral alignment and tibial slope were
assessed for all participants at 6 weeks post-operatively. Although all radiograph
measurements were performed by the same independent reviewer blinded to the TKA
approach, the methods utilized to obtain alignment angles were not described.
Independent t-tests indicated no significant differences in post-operative tibiofemoral
alignment or tibial slope between groups. Participants in the quad-sparing group
demonstrated significantly greater (p < 0.05) distance walked and significantly less pain
(p <0.01) than both the mini midvastus and standard TKA groups. Participants in the
mini midvastus group demonstrated significantly less (p < 0.05) dependence on walking
assistive devices than the standard TKA group. Participants in the quad sparing group
demonstrated improved KSS pain scores, flexion, quadriceps strength and were also less
dependent on walking assistive devices than the standard TKA group, however these
finding were not statistically significant. The authors concluded that TKA surgery
performed through the quad sparing approach produced significantly improved clinical
outcomes at 2 weeks post-operatively compared to the mini midvastus and standard
medial parapatellar approaches. The authors attributed nonstatistical trends to a small

sample size and possible influence of additional medical comorbitities’.
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Subsequently, Chin et al.** conducted a prospective randomized controlled trial to
evaluate post-operative radiographic outcomes following TKA through the same three
surgical approaches. A control group of patients undergoing TKA through the medial
parapatellar approach (n = 30; 63.4 years; BMI 29 kg/m?) was compared to two
experimental groups randomized to undergo TKA through the mini midvastus approach
(n = 30; mean age 67.4 years; BMI 28 kg/m?) or quad sparing approach (n = 30; mean
age 69.0 years; BMI 30 + 28 kg/m?®). All TKA procedures were performed by two
different surgeons familiarized with MIS TKA techniques (cadaveric workshops).
Overall mechanical axis, AP femoral and tibial components angles, lateral femoral
component flexion angle, and tibial slope were assessed for all participants. Alignment
measurements were performed by three independent researchers on three separate
occasions on long hip to ankle radiographs. Pearson’s chi square analysis indicated the
control and mini midvastus group had a higher proportion of patients with optimal
femoral and tibial component alignment compared to the quad-sparing group. This
analysis also indicated a significantly higher proportion of patients with an optimal angle
between the mechanical axes of the femur and tibia in the control group (83.8%; mean
angle 1.03° varus, -6.0° to 6.0°) and mini midvastus group (83.3%; mean angle 0.87°
varus, -4.0° to 7.0°) compared to the quad sparing group (56.7%; mean angle 0.37° varus,
-8.0° to 8.0°). There were no significant differences among groups for lateral femoral
component flexion angle and tibial slope. The authors concluded the mini midvastus
approach produces comparable radiographic outcomes to the standard medial parapatellar

approach while greater variability was demonstrated in the quad sparing group®’.
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Kolisek et al.*® evaluated post-operative clinical and radiographic outcomes
following MIS TKA compared to standard TKA performed by six different surgeons.
Comparisons were made between two groups of patients randomly assigned to undergo
TKA through the midvastus approach (n = 40; mean age 67 years; BMI 32 kg/m?) or
standard medial parapatellar approach (n = 40; mean age 70 years; BMI 30 kg/m?). Knee
Society Scores’®, quadriceps strength, range of motion, walking, and chair rise ability
were assessed for all participants at 2, 6, and 12 weeks following TKA. Post-operative
femoral and tibial component angles were measured from short radiographs in the AP
and lateral views. Due to the small sample size, descriptive statistics were computed for
all variables indicating similar results for function, clinical and radiographic outcomes
across time. The mean KSS was slightly higher in the MIS group (81) compared to the
standard group (77) at 3 months following surgery. At this time, the mean function KSS
was also similar between the MIS (74) and standard group (73). The mean AP femoral
component ranged from 93-99° for all participants. The mean AP tibial component angle
was similar between the MIS (89°) and standard groups (90°). The lateral femoral
component angles were in a small degree of extension between the MIS (2°) and standard
groups (0.5°). The mean lateral tibial component angles ranged from 83° to 89° for all
participants. The authors concluded the short term clinical and radiographic outcomes
were comparable between the MIS and standard groups®.

Expanding upon comparisons of clinical and radiographic outcomes between MIS
and standard TKA groups, Tashiro et al.’® sought to determine whether additional
functional changes were evident along with these clinical outcomes. Comparisons were

made between two groups of patients randomly selected to undergo TKA through the
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medial parapatellar approach (n = 21; mean age 73.9 years; height 151.4 cm; weight 59.5
kg) or a minimally invasive approach (n = 20; mean age 76.1 years; height 147.7 cm;
weight 55.0 kg). In the MIS group, the quadriceps mechanism was not disrupted in four
patients while the VMO was snipped (midvastus approach) in 16 patients. Lower
extremity radiograph alignment, pain (VAS), and KSS outcomes were assessed for all
participants 3 weeks following surgery and at additional 3 month intervals for 1 year.
Tibiofemoral, femoral component, and tibial components angles were measured for all
participants. Assessment of functional outcomes for all participants included ability to
perform straight leg raising, knee flexion, and pre-/post-operative isometric extensor
torque ratios. Independent t-tests indicated the MIS group demonstrated significantly
higher extensor torque ratios (p < 0.05) than the standard TKA group. The MIS TKA
group also demonstrated significantly less pain (p < 0.05), earlier return of knee flexion
(p <0.001), ability to perform straight leg raising, and T-cane gait (p < 0.005). The MIS
TKA group demonstrated significantly higher KSS function scores (p < 0.05) compared
to the standard TKA group at 3 months post-operatively but not at 6 months following
TKA surgery. There were no significant differences in any radiograph alignment angles
between the MIS and standard TKA groups. The authors concluded the MIS TKA group
demonstrated higher quadriceps strength compared to the standard TKA group. The
authors attributed this finding to decreased pain with little to no disruption of the extensor
mechanism leading to a faster rehabilitation™.

Although prospective randomized clinical trials”*** have recently emerged
comparing clinical outcomes between standard and MIS TKA, these investigations are

limited by multiple surgeons, multiple institutions, and small sample sizes. It is
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important to obtain results controlling for variations in surgical technique, and protocol
differences for pain management, and post-operative rehabilitation. Both Karpman and
Smith”®, and Kolisek et al.*® reported the small sample sizes in their investigations limited
the statistical analyses and resulted in nonstatistical trends that could possibly have been
significant findings with more participants.

Another limitation of the previous investigations was the methods used to assess
lower extremity alignment and component position. Alignment has been considered an

26,36,44

important variable that should be routinely evaluated before and after TKA as

malalignment has been identified as a significant mechanism of TKA failure'®*'.
Additionally, a major criticism of MIS TKA approaches has been the potential for
compromising component position and post-operative lower extremity alignment due to
decrease visualization of the knee joint during surgery through a smaller exposure® . Due
to improvements in radiographic imaging modalities and the variety of methods reported

. . 22,42,43,54,88
to obtain alignment measurements™" """

, a thorough understanding of factors
influencing the accuracy of different protocols is necessary.
Conventional Radiography

Radiography consists of the generation, processing, archiving, and visual display
of an image obtained from the projection of x-ray beams through the human body®**".
Images are generated using a detector that absorbs exposed x-rays emitted by a standard
tube™. In conventional radiography, screen-film loaded in a cassette is used as the image
detector and is placed behind the participant during image generation®. When x-ray

beams pass through the body, photons are both absorbed and scattered (attenuated) at

varying degrees depending on the densities of anatomic structures’’. A pattern of x-rays
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are absorbed by the film as an imprint of the attenuated beams emanating from the body
onto the detector’’. The film is then removed from the cassette and processed to convert
the latent image absorbed by the film into a developed transparent radiograph for visual
display in a view box’'. As light passes through the radiograph, an image of the anatomic
structures is produced with a range of brightness from white to black referred to as the
dynamic range’'. Bony structures of higher density cause greater attenuation of photons
as x-rays pass through the body producing a whiter appearance on radiographs compared
to soft tissues’’. Among the many imaging modalities, film radiographs are reported to
have the best spatial resolution ranging from 0.05 to 0.1 mm resulting in the ability to
detect small details of high density structures®”*’. Therefore, radiographs are considered
the primary diagnostic imaging modality to detect musculoskeletal conditions”’.

Lower Extremity Alignment and TKA. Radiographic examination of the knee is
an important component of standard clinical care for patients with TKA. Routine
radiographs are obtained in the AP and lateral views’’ to measure lower extremity
alignment and post-operative component position. To obtain a radiograph in the AP
view, a patient is positioned standing in front of the image detector, fully extending both
knees with the patellae facing anteriorly, and the x-ray beam projected at a perpendicular

2 43,44 : :
630364344 " Standard measurements commonly obtained from this

angle to the cassette
view includes tibiofemoral, femoral component, and tibial component angle.
Traditionally, these angles have been measured manually using a goniometer from lines

drawn directly on short (36 x 43 cm) radiographic film?'*****!

. In earlier investigations
of post-operative alignment, tibiofemoral angle was measured manually from lines

representing the midline axes of the femur and tibia®'~**'. In both the AP and lateral
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views, femoral component alignment was measured as the angle between the midline axis
of the femur and a line tangent to the medial and lateral condyles. Similarly, tibial
component angle was measured as the angle between the midline axis of the tibia and a

line tangent to the tibial plateau®' ="'

. Both the distal femoral and proximal tibial
component angles were recorded as the deviation from 90° (perpendicular position to the
respective axes) with positive values indicating valgus alignment.

Using this methodology, Lotke and Ecker”' conducted one of the earliest attempts
to evaluate the outcome of TKA using radiographs to measure lower extremity and
component alignment. Their investigation involved examination of the relationship
between clinical outcomes and component position. Between May 1972 and June 1974,
a total of 76 TKA surgeries were performed in 66 patients diagnosed with OA (n = 48),
rheumatoid arthritis (n = 27), and ankylosing spondylitis (n = 1). Clinical outcomes were
assessed pre-operatively and between one to three years post-operatively using a Knee
Evaluation Index developed by the authors from information gathered during the clinical
evaluation. This index allocated points (perfect score = 100) for pain, function, and
neutral alignment with deductions for flexion contracture, stability, and deformity (varus
or valgus). Lower extremity alignment and component position were assessed at an
initial post-operative period using a Roentgenogram Index that allocated points (perfect
score = 100) for tibiofemoral angle, tibial component placement in the AP and lateral
views, and femoral component placement in the AP view. Based on this index, criteria
for optimal component positioning included a tibiofemoral angle of 3° to 7° valgus, an AP
femoral component angle of 4° to 6° valgus along with both an AP and lateral tibial

component angle of 0°. The mean clinical outcome scores improved from 50 points pre-
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operatively to 82 points post-operatively with a mean post-operative roentgenogram score
of 78.2 points in OA patients. Correlation coefficients and paired t-tests indicated a
significant (p < 0.05) correlation between clinical outcomes and roentgenogram scores.
The authors concluded that component positioning influenced clinical outcomes
following TKA and suggested that malalignment may lead to deterioration of the joint
components. As less than 10% of all patients had a perfect roentgenogram score, the
authors also concluded that accurate position of the components is difficult to achieve®'.

Subsequently, Hood et al.*” investigated the success rate of TKA using
radiographs in a series of 225 consecutive TKA surgeries performed in 181 patients
diagnosed with OA (84%) and rheumatoid arthritis (16%) between November 1978 and
March 1980. In this series, 43 patients underwent revision TKA and 182 patients
underwent primary TKA surgery. Radiographs were obtained pre- and post-operatively
for all patients using the same method as that reported by Lotke and Ecker®'. The authors
reported long radiographs including the hip and ankle joints were evaluated, however
could not be used due to logistic and technical issues. The ideal range for tibiofemoral
angle was defined as 2° to 12° valgus and was achieved in 89% of the patients post-
operatively. Neutral placement of the tibial component was achieved in 42% of the
patients in the AP view and within 2.0° in 72% of the patients in the lateral view. The
highest amount of patients (n = 39) demonstrated AP femoral component placement in 7°
valgus with 67% between 4° and 8° valgus. The authors concluded their results provided
a valid representation of post-operative alignment and component position following

TKA surgery”.
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With earlier investigations of TKA outcomes reporting acceptable ranges for post-
operative alignment, Tew and Waugh® hypothesized TKA would be most successful
with post-operative tibiofemoral alignment between 4.0° to 10.0° valgus. A retrospective
review of 428 records of TKA was conducted to assess tibiofemoral alignment recorded
initially between 6 and 14 months post-operatively and again from 6 months to 9 years
following the first measurement. Clinical measurement of tibiofemoral angle (Q-angle)
was obtained using a short-armed goniometer during the initial years when TKA surgery
was performed. To improve the accuracy of this method, tibiofemoral angle was later
measured using a goniometer with longer arms extending to the hip and ankle joints with
the patients in the supine position. The authors stated due to a lack of consistency and
reliability with radiographs, clinical measurements of tibiofemoral angle were the
preferred method. The knees reviewed were stratified into subgroups based on
tibiofemoral alignment for analysis as 1) > 2.0° varus, 2) between 2.0° varus to 2.0°
valgus, 3) 3.0° to 7.0° valgus, 4) 8.0° to 12.0° valgus, and 5) > 12.0° valgus. Results
indicated failure rates were significantly higher (p < 0.001) in knees with > 2.0° varus and
> 12.0° valgus alignment compared to the intermediate alignment groups. Drift into
deformity over time was indicated by the increased amount of knees in the groups with >
2.0° varus (31 to 57) and > 12.0° (22 to 41) valgus from the first to last review period. In
knees initially aligned between 2.0° varus and 12.0° valgus, the rate of failure was
significantly higher (p <0.001) in knees that drifted out of this range (32 of 53; 60.4%)
compared to knees that retained initial post-operative alignment (65 of 322; 20.2%). Out
of the total failures (n = 122), 65 knees retained initial post-operative alignment between

2.0° varus and 12.0° valgus. Knees aligned between 3.0° to 7.0° valgus demonstrated
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significantly less (p < 0.001) drift into deformity compared to the other alignment groups
and accounted for 23 of the total 122 knee failures (18.9%). The authors concluded that
knees realigned between 2.0° varus and 12.0° valgus demonstrated the lowest risk of
failure and a post-operative tibiofemoral angle of 5.0° valgus was optimal to retain this
alignment rangezo.

Although reference guides for measurement of post-operative lower extremity
alignment and component positioning were provided in the preceding investigations, the
reliability of these measurements had yet to be reported. Ilahi et al.*” investigated the
inter- and intra-observer variability of tibiofemoral angle measured on radiographs
obtained from 36 patients (20 males and 16 females; age range = 19 to 64 years). Short
radiographs (35 x 43 cm) in the AP view were obtained at a source to image distance of
1.1 m from all participants in a standing position (knees together). Tibiofemoral angle
was measured twice, bilaterally for all participants by four different physicians separated

d*'3%*! Tibiofemoral

by one month using conventional methods as previously describe
angle was also measured clinically as the angle between the palpable shafts of the femur
and tibia using a standard goniometer with the knee fully extended. The mean clinical
and radiographic tibiofemoral angles were 5.6° and 4.0° of valgus respectively. Intra-
observer variation of radiographic tibiofemoral angle was assessed with comparisons of
the two measurements performed by the same physician. Inter-observer variation was
assessed with comparisons of the measurements performed by each physician to each
measurement of the other three physicians. The intra-observer variation was estimated

with 95% and 98% confidence to be within 3.1° and 4.0° respectively. The inter-observer

variation was estimated with 95% confidence to be within 3.7° among measurements of
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the four physicians. A one-way ANOVA indicated significant differences (p<0.05)
among measurements of the four physicians. The authors concluded the variability in
tibiofemoral angle measured from short radiographs should be considered during the pre-
operative planning process and the post-operative evaluation of alignment™.

While short radiographs were an established tool to quickly assess TKA, the
accuracy of measurements obtained from this modality continued to be criticized due to
the limited distances provided above and below the knee joint line for locating the

404  Along with high variability™, the use of short

femoral and tibial anatomic axes
radiographs have previously been reported to magnify the center of the intramedullary
canal at the intersection of the femoral and tibial axes*’, and underestimate tibiofemoral
alignment®. Whereas the routine use of longer radiographs was not yet feasible™, and
lacked reliability®”, subsequent investigations established protocols for obtaining
radiographs including the hip and ankle joints. In these investigations, measurement of
tibiofemoral angle was based on protocols involving more defined anatomic landmarks to
locate the femoral and tibial anatomic axes****°.

Previous attempts had been made to assess alignment using long radiographs,
however, due to logistical and technical problems no method had been established for
routine use in clinical practice®”. Moreland et al.*® developed a method to measure
mechanical axis of the lower extremity on long radiographs obtained from 25
asymptomatic males. A 35.6 x 129.5 cm cassette loaded with three 35.6 x 43.2 cm
conventional screen-films was used to obtain radiographs including the hip and ankle

joints. To obtain radiographs in the AP view, all participants were positioned 2.4 m from

the x-ray tube that projected beams at a setting of 50 mA-s™ and 70 kV. The center of the
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femoral head was located using a template of concentric circles developed by Mose’.
The center of the knee was visually selected as the midpoint of five points including the
centers of the 1) femoral intercondylar notch, 2) femoral condyles at the level of the top
of the intercondylar notch, 3) tibia, 4) tips of the tibial spines, and 5) soft tissue at the
level of the cartilaginous space. The center of the ankle was located in a similar manner
by visual selection of the midpoint of the following three points including the centers of
the 1) talus, 2) external surface of the malleoli, and 3) soft tissue proximal to the level of
cartilaginous space. The mechanical axis of the femur was measured by drawing a line
from the center of the femoral head to the center of the knee. The mechanical axis of the
tibia was defined as a line drawn from the center of the knee to the center of the ankle.
The overall mechanical axis of the lower extremity was defined as a line drawn from the
center of the femoral head to the center of the ankle. The mean angle of intersection
between the mechanical axes of the femur and tibia was 178.5° £ 2.0° for the right knee
and 178.9° + 2.1° for the left knees. The authors concluded varus alignment with high
variation was to be expected in the normal knee™.

With normative values now established for mechanical axis, Peterson and Engh*
investigated lower extremity alignment from long radiographs obtained from patients
following TKA. Radiographs in the AP view on 14 x 17 inch short films and 14 x 51
inch long films were obtained for 50 knees with TKA in 43 patients (35 female, 15 male;
mean age 68.7 years). The authors also expanded upon the findings of Moreland et al.*°
with the addition of methods to measure tibiofemoral angle on long and short radiographs
using defined anatomic landmarks. Tibiofemoral alignment of the knee was defined as

43,44

the angle between the anatomic axes of the femur and tibia™"" with an acceptable range
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of 4° to 10° valgus. On the long radiographs, the femoral anatomic axis was defined as a
line extending from the isthmus to a point 10 cm above the knee joint line in the middle
cortex of the femur. The full-length tibial anatomic axis was defined as a line extending
from a point 10 cm below the knee joint line to the center of the talus. Femoral and tibial
anatomic axes on short radiographs were located between the same 10 cm points from the
knee joint line to far proximal points as allowed on the radiographs in the middle cortex
of the femur and tibia respectively. The mechanical axis was measured as described by
Moreland et al.*®. A significant difference (p < 0.001) was reported between the mean
tibiofemoral angle measured on short films (5.8° £ 3.1°) and long films (7.2° + 3.9°). The
authors further examined the radiographs in nine cases with alignment differences greater
than 3° attributing measurement variances to femoral and tibial bowing along with
difficulty locating the anatomic axes on short films. The authors stated short radiographs
were inaccurate due to the limited distances provided above and below the knee joint line
for locating the femoral and tibial anatomic axes. Another limitation of the short
radiographs were indices with the radiographic plate not centered on the joint resulting in
further limited distances to located the anatomic axes. The authors concluded that due to
the significant amount of knees outside of the acceptable alignment range, surgeons
should critically analyze the results when evaluating TKA in terms of alignment. The
authors did not make any final recommendations regarding the preferred use of either
short or long radiographs®.

Patel et al.** found similar results to the previous investigation® in their
comparison of tibiofemoral alignment measured from short and long films in a series of

50 knees with TKA in 34 participants (24 female, 10 male; mean age 69.7). Tibiofemoral

64



alignment was measured as previously described* from AP radiographs on 14 x 16 inch
short films and 14 x 38 inch long films. A mean difference of 1.6° was reported between
the mean tibiofemoral angle measured on short films (5.3° £ 2.6°) and long films (6.9° +
3.0°). No significant differences were reported between the groups of short and long film
measurements. A Mann-Whitney U two-tailed test indicated there were significant
differences (p< 0.0013) between the pairs of measurements obtained from both films.
The authors concluded that although short radiographs underestimated tibiofemoral
alignment, this method was adequate for routine TKA follow-up appointments in the
clinic setting. Long radiographs were recommended for research and scientific
documentation™.

Due to the inconsistency in lower extremity alignment reported in previous
investigations>®*~°, Jenny et al.*” proposed this variability may be attributed to the small
sample size (n = 25) used to established the normative data for mechanical axis in the
investigation by Moreland et al.*®. Therefore, variability in various alignment angles of
the lower extremity in a larger sample (n = 100; 69 males and 31 females; age range = 17
to 62 years) was further investigated®’. Long radiographs in the AP view were obtained
with a source to image distance of 2.5 m for one randomly selected lower limb. All
participants were instructed to stand, fully weight bearing on the selected leg with the
knee in full extension. The mechanical femoral axis was defined as a line from the center
of the femoral head to the highest point of the femoral intercondylar notch. Mose
circles’® were used to locate the center of the femoral head. A bicondylar femoral axis
was defined as a line between the lowest points on the medial and lateral femoral

condyles. The anatomic tibial axis was defined as a line between the center of the tibial
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spines and the lowest point of the tibial plafond. The bicondylar tibial axis was defined
as a line between lowest points of the medial and lateral tibial condyles. A goniometer
was used to manually measure 1) femoro-tibial angle, 2) distal femoral angle, and 3)
proximal tibial angle. Similar to the mechanical axis, the femoral-tibial angle was
measured between the mechanical femoral and anatomic tibial axis. The distal femoral
angle was measured between the mechanical and bicondylar femoral axes. The proximal
tibial angle was measured between the anatomic and bicondylar axes of the tibia. Both
the distal femoral and proximal tibial angles recorded after subtracting 90° with a positive
value for varus alignment. Criteria for neutral alignment included a femoro-tibial angle
of 0°, a distal femoral angle of -3°, and a proximal tibial angle of 3°. The mean femoro-
tibial angle (1.4° + 2.8°) was estimated with 95% confidence to be between -3.5° and 8.5°.
The mean distal femoral angle (-1.5° £ 2.2°) was estimated with 95% confidence to be
between -6.5° and 3.0°. The mean proximal tibial angle (1.9° & 2.3°) was estimated with
95% confidence to be between -2.5° and 6.5°. No participant demonstrated the three
angles to meet “normal criteria. Regression analyses indicated none of the alignment
angles measured in this study were significantly affected by age. Student’s t-tests
indicated no significant differences between males and females for all alignment angles.
Similar to the findings of Moreland™, the authors concluded there was high variability in
all lower extremity alignment angles that were not significantly influenced by age and
gender”’.

33,45

The most recent investigations comparing alignment between short and long

41,4344

radiographs have lead to conflicting results to that of previous reports . Skyttd et

al.*” expanded upon these previous investigations with the addition of comparisons
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between component alignment angles on short and long radiographs along with
tibiofemoral angle and mechanical axis. Inter- and intra-observer variability of all
alignment angles were also investigated from measurements conducted by two
radiologists on a sub-sample of radiographs. The mean post-operative mechanical axis
was 179.2° £ 3.9° with high intra- (r = 0.92) and inter-observer (r = 0.907) correlation
coefficients. On long radiographs, the mean tibiofemoral angle was 175.5° + 3.8° with
high intra- (r = 0.958), and inter-observer (r = 0.911) correlation coefficients. On short
radiographs the mean tibiofemoral angle was 175.4° £+ 3.6° with slightly lower intra- (r =
0.917) and inter-observer (r = 0.807) correlation coefficients. On long radiographs, the
mean femoral component angle was 95.2° & 2.8° with moderately high intra- (r = 0.775)
and inter-observer (r = 0.840) correlation coefficients. On short radiographs the mean
femoral component angle was 95.8° & 2.6° with moderately high intra- (r = 0.879) and
inter-observer (r = 0.880) correlation coefficients. The tibial component angle was nearly
identical between long (89.0° + 2.0°) and short (89.0° + 2.1°) radiographs. The intra-
observer variation was moderately high for the tibial component angle on long (r = 0.716)
and short radiographs (r = 0.813). The inter-observer reliability of the tibial component
angle was moderately low between the long (r = 0.596) and short (r = 0.512) radiographs.
The authors concluded that tibiofemoral angle and component position can be reliably
and accurately measured from both short and long radiographs *°.

The high test-retest reliabilities of the mechanical axis and tibiofemoral
measurements in the previous investigation® were attributed to a standardized technique
of patient positioning and obtaining the radiographs. While radiographs have generally

been obtained with patients standing, foot position has been emphasized in many
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investigations in an attempt to minimize rotation of the knee on the radiographs which
has been reported to distort alignment of the lower extremity’***. External and internal
rotation of the knee have been reported to exaggerate the degree of varus and valgus
alignment respectively’®. Another factor that can distort alignment on knee radiographs
1s magnification. The projected image on the detector becomes enlarged due to the
diverging x-ray beams emanating from the tube’’. To minimize magnification, it is
recommended that a standard object be placed next to the patient when the radiograph is
taken to calibrate measurements of length®’. Peterson and Engh® identified radiographic
magnification as a source of error in their investigation. Inconsistent source to image
distance (distance from the x-ray tube to the patient) can also contribute to magnification
error. Previous investigations reported radiographs were obtained at a source to image
distance ranging from 1.1 to 2.5 m*®*"*.

Along with the technical sources of error associated with obtaining radiographs,
conventional screen-film systems are limited by a fixed non-linear gray scale response

and contrast’®’?

. Linear gray scale response refers to the capacity of the detector to
accurately display exposure levels as differences in various tissue densities*. As long
radiographs have become incorporated into routine clinical evaluations for TKA,
increased technical difficulty in acquiring an accurate image has been reported due to the
differences in soft tissue densities at the hip and ankle®*. These variations in tissue
thickness can result in overexposure around the hip and underexposure around the ankle
on radiographs”. Although conventional screen-film has multiple functions as the image

detector, storage, and display medium, loss of permanent information is a risk in the

event radiographs become lost or misplaced”®. Other limitations of conventional
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radiography includes the cost of film, the inability to view the same image
simultaneously in more then one location, and the capacity to produce only one copy of

.. . . 4
an original radiograph at a time’"”’

. Advancements in technologies have lead to the
production of radiographs using digital imaging techniques with the capacity for image
reprocessing, permanent storage of information, electronic distribution of images to
multiple locations, and the potential to reduce radiation to patients through greater
detector efficiency’ .

Digital Radiography

Digital imaging consists of four separate steps of image generation, processing,
archival, and display®. Images are generated using a digital detector that absorbs
exposed x-rays emitted by a standard tube. Image processing is completed using post-
processing software that organizes the raw data into a clinically meaningful image. The
final images are then sent to a digitized storage medium by an image acquisition device
for archiving and digital presentation on a computer workstation®. As many radiology
departments have transitioned into digital format, conventional radiographs have been
transformed into digital images using film digitizers’>*®. The four steps of digital
imaging are commonly obtained using computed radiography.

Computed Radiography (CR). Introduced in 1980, cassette-based storage-
phosphor image plates were first used to generate digital images from x-rays**’. In
contrast to conventional radiography, storage-phosphor image plates are used instead of
film in the cassette serving as the digital detector in current CR systems****>*7. Most

widely used for digital imaging’**®, storage-phosphor image plates contain a detective

layer of photostimulable phosphor crystals scattered unstructurally into resin material
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(termed unstructured scintillators)***’. Image generation in CR involves two steps.
First, the image plate is exposed to x-rays exciting the phosphor crystals for absorption
and temporary storage of energy in the detective layer*®**’. The quality of the image
obtained with CR systems depends upon several properties of the digital detector

. . . . . . 4
including spatial resolution, dynamic range, and contrast resolution®"”

. Defining the
shape of characteristics within an image, spatial resolution refers to the spacing of pixels
in reference to the original image size producing separation between high-contrast

89,94

objects” . After the x-ray beam passes through the patient, the energy in the phosphor

crystals is stored as picture elements (pixels) collected two-dimensionally into a matrix

producing a digital image™**

. Thus, a larger the matrix or smaller pixel size maximizes
spatial resolution. The amount of x-ray exposure in each pixel is measured as a gray
level (expressed as bits). Therefore, the dynamic range of the image refers to the range of
gray levels in each pixel representing the range of x-ray exposure that a meaningful
image can be generated. Lastly, contrast resolution refers to the distribution of various
gray level values contained in the dynamic range of the image”*.

Following x-ray exposure is the readout process in which the image plate is
scanned pixel by pixel with a laser beam and stored energy is converted into electrical
charges. Defined as photostimulable luminescence, during scanning of the image plate,
radiation from the laser stimulates the phosphor crystals to released stored energy as
emitted light (luminescence radiation)”®**>. The light is collected into an array of
photomultiplier tubes and converted to electrical charges with an analog-to-digital

4 . . . .
converter™*>?7 Following image generation, software is used to process the raw

image data for digital presentation.
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Picture Archiving and Communications Systems (PACS). Developed in
response to the increased demand for radiographic images with digital modalities, PACS
are commonly used in the busy outpatient clinic setting’”. The components of PACS
include an image acquisition device, data management system, data storage device,
transmission network, and digital image display stations’’. An analog-to-digital
converter serves as the image acquisition device inputting the digital image from the CR
system into PACS for image processing, archival, and presentation”. Interface between
PACS and the physician occurs at computer workstations where digital images are
displayed for assessment using compatible PACS software’’. Algorithms within the
software alter processing of digital images with noise reduction, artifact removal, edge
and contrast enhancement™. Among the technical properties of detectors previously
discussed, spatial resolution cannot be changed once the digital image is generated®’.
However, PACS can be used to further enhance image quality during image processing
through alteration of dynamic range and contrast resolution. The window level function
in PACS software can be used transform the gray scale levels of pixels within a specific
range to be displayed over the full dynamic range enhancing the contrast of the

93,94

image . Additional software functions including pan, zoom, and gray scale inversion

can be used to manipulate digital images to further improve the visibility of anatomic
structures on digital radiographs®**®.

The same standard alignment measurements that have been established for
radiographic examination of TKA can be conducted using CR systems. In recent

investigations, digital alignment measurements have involved selection of the same

anatomic landmarks by mouse-click on a PACS workstation for automatic angle
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calculation using custom measurement software”>**>**_ As previously defined in earlier
investigations that used conventional radiographs***, digital measurement of
tibiofemoral alignment follows the same definition as the angle between the anatomic
axes of the femur and tibia. The middle cortex of the femur and tibia involved selection
of two points on the cortical margins at the distal and proximal levels on the femur and
tibia. Following selection of these points, the axes of the femur and tibia along with the
tibiofemoral angle were automatically displayed on the workstation?. Other
investigations have involved the use of measurement software with icons to draw the
relevant axes on the digital image following location of anatomic landmarks®®.
Mechanical axis has been measured digitally as the angle between the mechanical axes of
the femur and tibia as previously described®®. The center of the femoral head was located
center as the of a close-fit circle inserted around the edge of the femoral head**™. The
center of the knee and ankle were located as the midpoint of a line between the lateral
and medial margins of the tibial plateau and plafond, respectively*>™.

Digital Lower Extremity Alignment Measurements. Digital measurements
obtained using CR systems have been shown to be valid and reliable for assessment of

22.42.54 . . . .
425488 - Qanfridsson et al.** established intra- and inter-

lower extremity alignment
observer reliability for a digital method of measuring lower limb alignment in ten healthy
asymptomatic participants (1 female, 9 males; age range 35-55 years). All participants
were positioned in a frame and digital radiographs were obtained using a CR system (Fuji
AC-2) with three 35 x 43 cm photostimulable phosphor storage plates (Fuji ST-V). All

digital radiographs were archived, processed and displayed at a workstation using PACS

software. Bony landmarks were manually selected by mouse-click for calculation of nine
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different alignment angles and ten distances of the lower limb. The capito-midcondylar
axis was calculated from selections of the centers of the femoral head and intercondylar
notch. The capito-midmalleolar axis was calculated from selections of the centers of the
femoral head and mid-point between the medial and lateral malleoli. The transcondylar
axis was defined as a line tangent to the medial and lateral femoral condyles. The nine
angles were calculated between the 1) capito-midcondylar axis and tibial shaft, 2)
femoral and tibial shafts, 3) capito-midcondylar axis and femoral shaft, 4) capito-
midcondylar and capito-midmalleolar axes, 5) femoral neck and femoral shaft, 6) femoral
shaft and transcondylar axis, 7) capito-midcondylar and transcondylar axis, §) tibial
plateau and tibial shaft, and 9) flexion. All lower limb alignment angles were measured
twice, bilaterally for all participants by two different radiologists separated by 1 to 7 days
for a total of 80 measurements. Intra-observer variation was assessed with comparisons
of all measurements performed between the two radiologists. All measurements were
also performed once by an orthopaedic surgeon. Inter-observer variation was assessed
with comparisons of the first measurements performed by one radiologist and
measurements of the same exposure performed by the orthopedic surgeon. Mean
differences with 95% confidence limits indicated both intra- and inter observer variation
was low for lower limb alignment measurements except for the angle between the
femoral neck and shaft. The intra-observer variation for the angle between the capito-
midcondylar axis and tibial shaft (mechanical axis) was =0.40° in both the flexed and
extended position. The inter-observer variation for this angle was +0.46° and +0.48° in
the flexed and extended positions, respectively. The intra-observer variation for the angle

between the femoral and tibial shafts (anatomic axis) was +0.36° and +0.40° in the flexed
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and extended positions, respectively. The inter-observer variation for this angle was
+0.48° and +0.50° in the flexed and extended positions, respectively. The authors
concluded the QPR method reduced variability in measurements of lower limb alignment
and was reliable for radiographic assessment of the weight-bearing knee*.

Similarly, Takahashi et al.” investigated the validity and reliability of a digital
method for measuring tibiofemoral alignment on radiographs of 73 knees in 52
participants (42 females, 10 males; age range 43-92 years) diagnosed with OA. Using the
Kellgren and Lawrence® classification system, the severity of OA among the knees
measured was found to be grade 2 (n = 30), grade 3 (n =31), and grade 4 (n = 12). Short
radiographs on film (30 x 40 cm) recorded by phosphor storage plates were obtained
using a computer radiography system and archived in a multimodality workstation.
Measurement of the tibiofemoral angle was performed twice by three orthopaedic
surgeons using the digital method, and once using the manual method. Similar to
Peterson and Engh®, the tibiofemoral angle was defined the angle between the anatomic
axes of the femur and tibia. The anatomic axis of the femur was defined as the line
between a point 10 cm above the knee joint line to another point as far proximal as
allowed over 15 cm above the joint in the middle cortex of the femur. The tibial
anatomic axis was defined as the line between a point 10 cm below the knee joint line to
another point as far distal as allowed over 15 cm below the joint in the middle cortex of
the tibia. Manual measurement was conducted using a goniometer. Digital
measurements consisted of manual selection by mouse-click of the two points on the
cortical margins at the distal and proximal levels of the femur and tibia. Following

selection of these points, the axes of the femur and tibia along with the tibiofemoral angle
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were automatically displayed on the workstation. Intra-class correlation (ICC)
coefficients indicated approximately 97% of measurements among each of the three
observers and between the two measurements of all observers, were within 1.125° and
1.12° respectively. Variability between the manual and digital measurements was also
low (ICC range 0.915 to 0.932). Based on these findings, the authors concluded their
computer-assisted method provided accurate digital measurements of tibiofemoral
alignment™.

Similarly, Sailer et al.”* compared full-length lower extremity alignment between
conventional and digital radiographs obtained from 24 participants (16 female, 8 male;
mean age 68.6 = 10.2 years). Original sized radiographs were obtained using a
conventional film screen system (20 x 96 cm or 30 x 120 cm) with a measurement grid.
Digital radiographs were obtained using a full-length cassette holder (ADC, AGFA
Diagnostic center) with three overlapping 35 x 43 cm phosphor storage plates
(ADCC/MD, AGFA Diagnostic Center Cassette). Lower extremity alignment was
quantified as the axial deviation of the mechanical axis. Measurements of mechanical
axes of the femur and tibia were performed on conventional and digital radiographs by
three board-certified radiologists. Conventional measurements were performed using a
goniometer. Digital radiograph measurements consisted of manual selection of the same
anatomic landmarks by mouse-click on a PACS workstation using custom measurement
software (IMPAX, AGFA-GEVART, Belgium). The mechanical axes were
automatically drawn with the angle displayed by the software. Dependent t-tests
indicated no significant differences in the mean axis deviation on conventional (6.71 +

3.84°) and digital radiographs (6.08 + 3.67°). Spearman’s correlation coefficient
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indicated higher interobserver reliability for digital radiographs (p = 0.91) compared to
the conventional method (p = 0.74). Additionally, the mean time requirement for each
measurement was significantly lower using the computer-assisted method (1.08
min/patient) compared to conventional radiographs (4.9 min/patient). The authors
concluded computer-assisted measurement on digital radiographs was a valid method to
determine lower extremity axial alignment angle™.

Whereas Sailer et al.>* compared conventional and digital measurements of lower

1.3 conducted a similar

limb alignment in healthy participants, Rozzanigo et a
investigation in 40 participants (19 females, 21 males; age range 12-82 years) with a
congenital or acquired alignment deformity. All participants were positioned standing
with a radiopaque graduated marker between both limbs for digital calibration of all
measurements. All digital radiographs were obtained using a remote-controlled device
(Omnidiagnost, Philips Medical Systems, Eindoven - Netherlands) then archived,
processed, and displayed at a workstation (Easy Vision, Philips Medical Systems,
Eindoven - Netherlands). All digital radiographs were printed in 35 x 43 cm format and
an orthopaedic surgeon conventionally measured all alignment angles on transparent
paper placed over the image. All digital measurements were performed by a radiologist
and alignment angles were automatically calculated by the software program following
manual selection of 9 anatomic landmarks. Comparisons were made between
conventional and digital measurements angles between 1) the femoral mechanical axis
and line tangent to the femoral condyles (medial distal femoral angle), 2) the tibial

anatomic axis and line tangent to the tibial plateau (medial proximal tibial angle), and 3)

femoral mechanical and tibial anatomic axes (femoral-tibial angle; mechanical axis).
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Dependent t-tests indicated no significant differences in all three alignment angles
measured between conventional and digital radiographs. In addition to the analyses of
differences between the two methods, conventional and digital measurements of the same
alignment angles were conducted from a sub-sample of 20 lower limbs by five different
orthopaedic surgeons to assess inter-observer variability. Fisher’s F-test indicated no
significant differences in conventional and digital measurements in 78% of the cases for
inter-observer variability. Alignment was found to be less variable when measured
digitally compared to conventional measurements in the remaining cases at 5% and 17%,

1.>* the authors

respectively. Similar to the findings of Sanfridsson et al.** and Sailer et a
concluded computer-assisted measurements of lower limb alignment on digital
radiographs was comparable in accuracy and reliability to conventional radiography™.
Although methods were emerging for digital measurement of the knee alignment,
Goker and Block’” reported a need for further simplified methods with higher sensitivity
in assessing the lower limb with radiographs. The authors sought to validate
quantification of knee alignment angles through a new method that used standard full-
limb radiographs and software freely available to the public for access. A total of 14
patients (10 females, 4 males; mean age = 60.1 + 8.3 years, BMI = 29.2 + 4.5 kg/m?) with
symptomatic OA were included in this study. Mechanical axis was measured

conventionally according to Moreland et al.*®

and on digital radiographs twice, bilaterally
for all participants by the same observer separated by one to two days. All digital
measurements were obtained using PACS software (Image J, National Institutes of

Health, Bethesda, MD) that is freely available to the public (http://rsb.info.nih.gov/ij/).

The mechanical axis was measured using the software macro “measure angle and length”
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after the mechanical axes of the femur and tibia were drawn digitally. The mechanical
axis of the femur was generated as a line extending from the center of the femoral head to
the center of the intercondylar notch. The center of the femoral head was located as the
center of a close-fit circle inserted around the edge of the femoral head. The tibial axis
was generated as a line extending from the proximal and distal tibial midpoints. The
proximal and distal tibial midpoints were located as the midpoint of a line between the
lateral and medial margins of the tibial plateau and plafond respectively. Linear
regression indicated approximately 96% (R* = 0.96) of the variance in the digital
measurement of mechanical axis (1.52° & 3.41° varus) was attributed to conventional
measurements (1.75° & 3.49° varus). Bland-Altman plots indicated the minimum
detectable change in measurements between both days was lower when obtained digitally
(0.4°) compared to the conventional method (1.6°). The authors concluded precision and
reproducibility in measuring mechanical axis of the lower limb on long radiographs is
improved when using digital compared to conventional radiography methods™.

Previous researchers reported the validity and reliability of various digital
methods to assess lower limb alignment, however, these investigations involved
participants with a wide spectrum of joint conditions ranging from asymptomatic to
severe knee pathology. Although Sailer et al.>* included participants with TKA, their
investigation compared mechanical axis between conventional and digital radiographs in
participants who also had THA along with varus or valgus deformity with no joint

replacement. Similar to Takahashi et al.”, Prakash et al.'®

compared manual and digital
methods of tibiofemoral alignment, however, their investigation involved measurements

of 65 knees with TKA. Tibiofemoral alignment was measured manually twice by two
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orthopaedic surgeons and two clerical observers as described by Peterson and Engh*
from AP radiographs on 30 x 40 cm short films. Conventional radiographs were
digitized using a flatbed scanner (JX-610, Japan) and converted to a grey scale by a
computer algorithm that automatically identifies edges of the femur and tibia. The
digitized image was then subtracted leaving a plot of the grey scale values. The anatomic
axes of the femur and tibia with same locations used for the manual measurements were
determined by another algorithm for calculation of the tibiofemoral angle. A mean
difference of 1.6° was reported between the mean tibiofemoral angle measured on short
films (5.3 = 2.6°) and long films (6.9 = 3.0°). Paired t-tests indicated there were no
significant differences in the pairs of measurements, between observers and both
methods. Pearson’s correlation coefficients indicated moderately high reliability between
the two measurements conducted by the same observer (ranging from 0.792 to 0.873) and
among observers (ranging from 0.712 to 0.810). There was a moderate to high
association between conventional and digital measurements obtained by each observer
(ranging from 0.553 to 0.809). The authors concluded their computer assisted method
reduced the errors in tibiofemoral alignment by eliminating manual selection of reference
points by the operator'™.
Alternative Assessment of Lower Extremity Alignment

The use of long radiographs for measurement of lower extremity alignment has
been criticized for increased administration of radiation to the patient and increased
technical difficulty in acquiring an accurate image due to the soft tissue differences at the

hip and ankle. Due to the potential increased health risks to patients and cumbersome

79



method of obtaining long radiographs, investigations of alternative methods for the
assessment of lower extremity alignment have recently emerged®*=>~*.

Kraus et al.** investigated the relationship between three alternative methods to
assess lower extremity alignment. Participants included 40 females (mean age 65.7 +
11.9; BMI 31.7 + 6.7 kg/m?), and 17 males (mean age 68.8 + 8.1; BMI 29.6 + 18.3
kg/m?) with symptomatic and radiographic OA. Lower extremity alignment was assessed
for both knees in all participants using the mechanical axis measured on full-length
radiographs in the AP view. Alternative assessments of lower extremity alignment were
also conducted for both knees including measurements of anatomic axis from 1) fixed-
flexion radiographs in the posteroanterior view, 2) full-length radiographs in the AP
view, and 3) physical examination using a goniometer. To obtain a fixed-flexion
radiographs, participants were positioned in a frame for placement of the feet in 10° of
external rotation and with the knees in contact with the anterior portion of the frame. The
anatomic axis was defined as the angle between lines extending from the center of the
tibial spine tips to a point 10 cm distally bisecting the femur and tibia respectively.
Bivariate analysis indicated BMI (r = 0.36, p = 0.005) and the severity of OA (r =0.41, p
=0.001) were significantly associated with the degree of malalignment but not age or
gender. Multivariate analysis indicated the severity of OA (p =0.0005) was significantly
associated with the degree of malalignment but not BMI. Linear regression analysis
indicated a significant correlation between mechanical axis and anatomic alignment
measured on the fixed-flexion (r = 0.75, p < 0.0001) and AP long radiographs (r = 0.65, p
<0.0001). Analysis resulted in the following prediction equation for mechanical axis

using anatomic axis measured from the fixed flexion radiograph: mechanical axis = 53.69
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+ 0.69(anatomic axis). The prediction equation for mechanical axis using anatomic
alignment from the long radiograph in the AP view was: mechanical axis = 55.86 +
0.67(anatomic axis). Additionally, linear regression analysis was used to determine the
angle offset for anatomic axis using the alternative methods resulting in a 4.3° valgus
offset from mechanical axis. The authors concluded the alternative methods for
measuring lower extremity alignment were valid and more accessible for the clinic
setting in comparison to measurements obtained from long radiographs™”.

Similarly, Hinman et al.** investigated the relationship between mechanical axis
and anatomic alignment measured clinically and on radiographs of knees with medial
compartment OA in 40 participants (mean age 64.7 + 9.4; BMI 29.6 + 4.2 kg/m?; 24
female; 16 male). Conventional radiographs in the AP view including the hip and ankle
joints were obtained with a 35.6 x 91.4 cm or a 35.6 x 129.5 cm (depending on height)
cassette with all participants positioned using foot maps 2.4 m from the x-ray tube that
projected beams at a setting of 25 mA-s” and 100 kV. Mechanical axis was measured as
previously described by Sharma et al.” and anatomic axis was measured as described in
the previous investigation by Kraus et al.>*. Similar to the previous investigation®, linear
regression analysis indicated a significant correlation between mechanical axis and
anatomic alignment (r = 0.88, p < 0.001) with the following prediction equation:
mechanical axis = 13.915 + 0.915(anatomic axis). The authors concluded the anatomic
axis, inclinometer, and calipers are valid methods for measuring alignment in participants
with OA™.

While the previous investigations®” reported estimates of mechanical axis using

anatomic alignment in participants with mild to moderate OA, Chang et al.*® evaluated
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the influence of gender, advanced OA, and TKA on mechanical axis in addition to
tibiofemoral angle. Post-operative lower extremity alignment was evaluated for a control
group of 45 females (mean age 44.8 = 11.7; BMI 24.2 + 4.9 kg/m”) and 54 males (mean
age 33.5+ 11.1; BMI 24.1 + 2.9 kg/m?) and in a cohort of 52 females (mean age 68.7 +
6.2; BMI 26.5 + 3.6 kg/m?®) and 50 males (mean age 70.3 + 5.4; BMI 26.1 + 2.9 kg/m?)
with advanced OA prior to TKA surgery (OA group) and following TKA (TKA group).
All participants were positioned weight-bearing on a reference template with a set foot
angle and with the knee in full extension to obtain short and long radiographs in the AP
view. All radiograph images were processed digitally using PACS for measurement of
mechanical axis, anatomic alignment, femoral and tibial bowing angles, and tibial plateau
shift angle. Mechanical axis was measured as previously described by Moreland et al.*®.
Tibiofemoral angle was measured using two different methods. The first method
involved measuring the femoral and tibial anatomic axes using points 10 cm proximal to
the knee. The second measurement involved extending these points to 15 cm proximal to
the knee. Linear regression analyses indicated the second measurement for tibiofemoral
angle accounted for a greater portion of the variability (ranging from an increase of 11%
to 18%) in overall mechanical axes than the first measurement. Based on the findings of
this study, the authors recommend the use of more distant reference points (15 cm from
the knee) for standard measurement of tibiofemoral angle when using short radiographs®®.
Implications of Alignment on TKA Qutcomes

An important goal of TKA is to correct lower extremity malalignment through
accurate component placement to restore neutral mechanical and anatomical axes> >,

Post-operative lower extremity malalignment has been reported to be a significant
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18-20

predictor of TKA failure ", and has been associated with poorer clinical outcomes

including greater knee pain and decreased functional ability due to excessive uneven

stress within the knee joint*'2*

. Therefore, the purpose of realigning the knee with the
hip and ankle through component position is to redistribute forces evenly across the knee
joint *°.

The consequences of improper component positioning including post-operative
lower extremity malalignment, early aseptic loosening, and ultimately TKA failure have
been well documented ''°2*%7*° Dorr et al.*! investigated of factors associated with
mechanical loosening of the components in a series of 55 TKA surgeries performed in 43
patients diagnosed with OA (n = 17, knees = 19) and rheumatoid arthritis (n = 26,
knees=36). Short radiographs (17 inches in length) were obtained pre- and post-
operatively for all participants for measurement of tibiofemoral and component alignment
as described by Lotke and Ecker”. Alignment measurements were categorized into three
groups based on tibiofemoral angle as group 1 (< 3° valgus), group 2 (3 to 9° valgus), and
group 3 (> 9° valgus). Density of the tibial condyles obtained from a densitometer (X-
Rite model 301) was expressed as a ratio between the medial and lateral condyles. A
ratio of 0.89 obtained from density measurements of 27 radiographs of knees with no
acute and history of injury was considered normal. Categorized according to
tibiofemoral alignment, higher ratios indicated a higher density in the medial plateau
(varus). Participants aligned in less than 3.0° valgus demonstrated significantly greater (p
<0.001) density in the medial tibial condyle than the normal ratio. There were no
significant differences between density ratios for the normal group and knees aligned in

3.0° to 9.0° valgus, however, the mean ratio for eight knees with medial tibial plateau

83



loading (contact of the femoral and tibial condyles on either the medial or lateral side) in
this alignment group was 1.14. Based on the postoperative densitometry ratios, the
authors stated accurate lower extremity alignment evenly distributes load in the knee joint
and results in a lower incidence of TKA failures*'.

Jeffery et al.”® investigated the association between post-operative mechanical
axis and the incidence of component loosening following TKA surgery. A total of 115
TKA surgeries were performed in 102 patients diagnosed with OA (n = 50) and
rheumatoid arthritis (n = 52) between 1976 and 1981. Long radiographs were obtained
pre- and post-operatively for all participants for measurement of mechanical axis,
tibiofemoral angle, and the distance from the mechanical axis to the center of the tibial
plateau. Long radiographs were obtained again for 68 knees in 58 patients available at a
minimum of eight years for long-term review. The percentage of knees with a post-
operative mechanical axis passing through the central third of the knee improved from
13% pre-operatively to 68% post-operatively with a corresponding tibiofemoral angle
between 4° and 10° valgus. This finding was demonstrated in 65% of the knees at the
long-term follow-up period. A total of 11 (10%) knees in this series demonstrated
clinical and radiographic signs of component loosening or underwent revision TKA
surgery. A Fisher’s exact test indicated post-operative alignment passing outside of the
central third of the knee was significantly (p = 0.001) related to subsequent component
loosening. A total of 37 knees with post-operative varus or valgus alignment outside of
the central third of the knee resulted in 9 incidences (24%) of component loosening. The
authors concluded the post-operative mechanical axis should pass through the central

third of the knee which corresponds to a tibiofemoral angle of 7.0° + 3.0° valgus®®.

84



Due to discrepancies in the literature regarding the location of the post-operative
mechanical axis, Ritter et al.”’ investigated the degree of varus or valgus alignment that
can be tolerated and still result in successful TKA outcomes. A total of 421 TKA
surgeries (113 bilateral; 308 unilateral) were performed between 1975 and 1983 in knees
with OA (n = 253), rheumatoid arthritis (n = 60), and osteonecrosis (n = 10).
Tibiofemoral alignment was measured from 14 x 17 inch short radiographs in the AP
view with the patient in standing position. The patients were initially stratified into six
groups based on tibiofemoral angle as 1) > 5.0° varus, 2) 1.0° to 5.0° varus, 3) 0.0° to 4.0°
valgus, 4) 5.0° to 8.0° valgus, 5) 9.0° to 10.0° valgus, and 6) > 10.0° valgus. Due to the
small amount of participants with extreme varus or valgus alignment, groups one through
three were combined to form a varus group (n = 35; < 4.0° valgus), group 4 represented
the normal group (n = 234; 5.0° to 8.0° valgus), and groups 5 and 6 represented the valgus
group (n = 82;>9.0° valgus). In this series there were a total of eight failures that
underwent revision TKA surgery. The varus and normal groups accounted for five and
three failures respectively. Kaplain-Meir curves indicated the survival rates for TKA
were significantly different (p < 0.05) between the varus and normal groups; and between
the varus and valgus groups. There was no significant difference in survival rate between
the normal and valgus groups. The authors conducted a subsequent review of 442
revision TKA surgeries performed between 1975 and 1990 at the same institution. In this
series 244 knees that underwent revision TKA demonstrated varus alignment, while 140
were in neutral and 58 in valgus. The authors concluded surgeons should strive to
achieve post-operative tibiofemoral alignment in neutral or slight valgus with placement

of TKA components”.
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Sharkey et al.'” conducted a retrospective review to investigate the mechanisms of
TKA failure. A total of 212 consecutive revision TKA surgeries were performed in 128
females (mean age 68.4 years; height 161.884 cm; weight 87.14 kg) and 75 males (mean
age 68.7 years; height 177.8 cm; weight 95.93 kg). Participants requiring revision TKA
less than two years following their initial TKA surgery were classified as the early failure
group. Participants requiring revision TKA more than two years following their initial
TKA surgery were classified as the late failure group. The most common overall
mechanism of TKA failure was polyethylene wear (25%), followed by component
loosening (24.1%), and instability (21.2%). The most common mechanisms of TKA
failure for the early failure group were infection (25.4%), instability (21.2%), component
loosening (16.9%), and arthrofibrosis (16.9%). The most common mechanisms of TKA
failure for the late failure group were polyethylene wear (44.4%), component loosening
(34.4%), and instability (22.2%). Malalignment or malposition of the components
accounted for 11.9% and 12.2% of the TKA revisions in the early and late failure groups,
respectively. Although this mechanism of TKA failure was lower than other rates, the
authors reported it was likely that component malalignment or malposition lead to
subsequent loosening and ultimately TKA failure. The authors concluded improvements
in instrumentation and technique are vital for optimum component placement and
fixation'.

While previous investigations found polyethylene wear to be the most common
mechanism for TKA failure'’, Berend et al.' sought to determine the cause of tibial
component failure in the absence of this mechanism. Between 1983 and 2000, 3152

TKA surgeries performed in 2125 patients for OA were reviewed at a minimum follow-
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up period of two years. Radiographs in the AP and lateral views were obtain from 14 x
17 inch cassettes for all participants. Tibiofemoral anatomic axes were measured
conventionally using a goniometer to determine overall limb alignment. Additional
radiographic assessments included measurement of tibial component alignment,
polyethylene wear, and radiolucent lines. Tibial component failure occurred in 41 of the
total 3152 (1.3%) TKA surgeries. The most prevalent mechanism of failure was medial
tibial collapse accounting for 20 of the 41 knees that failed. Regression tree analysis
indicated placement of the tibial component in more than 3° varus alignment significantly
(p <0.0001) increased the odds for TKA failure. Varus tibial component malalignment,
pre- and post-operative varus tibiofemoral malalignment were significant predictors (p <
0.0001) of this mechanism of failure. When varus tibial component alignment was
combined with BMI, there was a 168-fold increase (p < 0.0001) in TKA failure. The
authors reported the findings of this study supported the theory that excessive loading of
the medial compartment could be the path of TKA failure as the combination of BMI and
varus tibial component alignment along with varus lower extremity malalignment
significantly influenced medial tibial collapse'®.

Fang et al."” expanded upon the previous investigation of Berend et al.'® with the
addition of TKA patients comprised in the subsequent six years. Their study included a
retrospective review of 6070 TKAs in 3992 patients performed between 1983 and 2006.
The purpose of this follow-up investigation was to determine the necessity of lower
extremity alignment correction in the coronal plane and all mechanical failures.
Participants were stratified into a neutral alignment group (n = 4029; 4.8° £+ 2.5° valgus

tibiofemoral angle), varus alignment group (n = 1222; < 1 SD mean tibiofemoral angle),
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and valgus alignment group (n = 819; > 1 SD mean tibiofemoral angle). Pre- and post-
operative AP tibiofemoral angles were measured from 14 x 17 inch short radiographs for
all participants. Kaplan-Meier survivor analysis indicated the revision rate for knees
placed in neutral tibiofemoral alignment at 0.5% was significantly lower than that of
varus or valgus aligned knees at 1.8% (p < 0.0017) and 1.7% (p < 0.0028), respectively.
Similarly, the fail rate for knees placed in neutral tibiofemoral alignment at 0.5% was
significantly lower than that of varus or valgus aligned knees at 1.8% (p < 0.0004) and
1.5% (p <0.0027), respectively. Medial tibial collapse accounted for 13 of the 18 varus
malaligned knees that failed. The risk for failure due to medial tibial collapse was 6.9
times higher (p < 0.0001) for TKAs placed in varus tibiofemoral malalignment compared
to neutrally aligned knees. Furthermore, this analysis indicated no significant differences
in survivorship based on pre-operative tibiofemoral varus, valgus, or neutral alignment.
With a relatively low failure rate for TKAs placed within £5° of neutral alignment, the
authors concluded there was no single degree that can be defined as the optimal post-
operative tibiofemoral angle. Based on the survivorship of TKA in this investigation, the
authors recommend surgeons strive to correct lower extremity malalignment to between
2.4° and 7.2° valgus for post-operative tibiofemoral alignment'’.

Bankes et al.”” investigated the effect of pre-operative lower extremity deformity
on post-operative clinical outcomes and component alignment. A total of 198 TKA
surgeries were performed in 194 patients with varus deformity secondary to OA (n = 159)
or valgus deformity secondary to rheumatoid arthritis (n = 39). A subsample of
participants were further stratified into a varus group (n = 86) or valgus group based on

pre-operative coronal alignment of the knee. Radiographs on 18 x 48 cm short film were

88



obtained for all participants in the AP and lateral views. Coronal alignment of the knee
was defined as the angle between the anatomic axes of the femur and tibia. The authors
considered 4 to 10° of valgus ideal for post-operative lower extremity alignment. The AP
femoral component alignment was defined as the medial angle between the anatomic axis
of the femur and horizontal axis tangent to the femoral condyles. The AP tibial
component alignment was defined as the medial angle between the anatomic axis of the
tibia and horizontal axis tangent to the tibial tray. Sagittal femoral component alignment
was defined as the angle between the midline axis of the femur and a line perpendicular
to the femoral component. Sagittal tibial component alignment was defined as the
posterior angle between the midline axis of the tibia and horizontal axis tangent to the
tibial tray. These component alignment angles are similar to the reference guides reported
by Lotke and Eckerm, and Hood, Vanni, and Insall*®’. The mean AP femoral and tibial
component angles were 96.04° £ 2.94° and 88.23° £ 1.81°, respectively. The mean sagittal
femoral and tibial component angles were 4.05° = 1.21° and 89.67° + 1.96°, respectively.
The mean tibiofemoral angle was 4.28° + 3.56° with 64.6% of patients within the ideal
range of 4° to 10° of valgus. Factorial ANOVA indicated patients with varus deformity
demonstrated significantly higher (p < 0.001) varus alignment of the tibial component,
KSS, and KSS function scores. Pre-operative coronal alignment had no significant effect
on AP femoral component alignment or lateral femoral and tibial component alignment
angles. The authors concluded excessive varus placement of the tibial component
produced tibiofemoral malalignment®’.

With the association between post-operative malalignment and TKA failure'

18.19.2 . . g .
81925 surgeons are recommended to restore lower extremity alignment within a neutral
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range. However, the optimum range for neutral alignment continues to be a topic of
debate among orthopaedic surgeons. A variety of ranges for post-operative tibiofemoral
angle have been reported in the literature including valgus alignment between 2.4° to
7.2"19, 4° to 10"26’27’43, 2° to 12"39, and 3° to 7°*!. Due a reportedly low failure rate for
TKAs placed within +5° of neutral tibiofemoral alignment, it has been concluded that
there is no single degree that can be defined as the optimal for post-operative tibiofemoral
angle'”. A mechanical axis of 0° has been previously suggested’’, however a general
guideline recommending that the mechanical axis pass through the central third of the
knee is more widely accepted”®. While there have been fewer recommendations
regarding placement of the femoral component, a neutral range has been previously

021

defined as valgus positioning between 4° to 6°°". Neutral placement of the tibial

component has been considered to be perpendicular to the long axis of the tibia or within

: 21
3° of varus or valgus alignment®'>"’,

Considering the high variability in post-operative outcomes in previous
investigations, it has been acknowledged that “normal” alignment is difficult to achieve
as a moderate amount of patients have demonstrated alignment outside ideal
ranges’ 2***#_ Nevertheless, radiographic examination is still recommended during pre-

operative planning and post-operative evaluation of TKA*** with careful consideration

40,43

of this variability ™. Digital radiography has been shown to reduce variability in

42,54,88

alignment measurements through the reprocessing and image enhancement

capabilities of CR systems”

. Regardless of imaging technique, it is important to
understand how to interpret radiographic parameters when evaluating lower extremity

and component alignment. Understanding the overall variability of post-operative
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alignment outcomes in practice and recognizing component malalignment as a

mechanism of TKA failure provides information to improve implant longevity.
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APPENDIX A

KNEE SOCIETY SCORE
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ID Surgery Date:

Follow-up Period:
Pre-op

Patient Category:

Today’s Date:

6 weeks 3 mo 6 mo lyr 2yr 3yr

Al. Bilateral, opposite normal knee

A2. Unilateral, opposite normal knee
B. Unilateral, other knee symptomatic
C. Multiple arthritis or medial infirmity

Objective Scoring
Pain
None
Mild or occasional
Stairs only
Walking & stairs
Moderate
Occasional
Continuous
Severe

Range of Motion
(5°=1 point)

Stability

AP
<5 mm
5-10 mm
10 mm

Mediolateral
<5°
6°-9°
10°-14°
15°

Subtotal:

Deductions
Flexion Contracture
5°-10°
10°-15°
16° -20°
>2(0°
Extension Lag
<10°
10° - 20°
>2(0°
Alignment
5°-10°
0°-4°
11°-15°

Total deductions:

Knee score:

Functional Scoring

Points
50 Walking
45
40 Unlimited
30 >10 blocks
5-10 blocks
20 <5 blocks
10 Housebound
0 Unable
Stairs

25 Normal up & down

Normal up, down with rail

Up & down with rail

Up with rail; unable down
10 Unable
5
0 Subtotal:
15 Functional Deductions
10
5 Cane
0 Two Canes

Crutches or walker

Total deductions:

2 Function Score:
5
10
15
5
10
15
0

3 points each degree
3 points each degree
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Points

50
40
30
20
10
0

50
40
30
15

10
20
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