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The lower limb alignment is influenced by the geometry of
the joint surfaces1,2 and surrounding soft tissue tension,3–5

resulting in a final femorotibial mechanical angle (FTMA) that
has been classified as varus (< 180 degrees) or valgus (> 180
degrees). The mechanical behavior changes in a normal,
osteoarthritic, and postoperative knee.6–8

The ultimate purpose of knee replacement is to relieve
pain and restore asmuch functionality as possible with a high
survival rate of the prosthesis. The key to success has been

considered to be restoring a neutral mechanical axis in a
range of � 3 degrees to achieve uniform medial and lateral
loading of the polyethylene insert.

It is not clearly established which is the optimal alignment
due towide variations between individual patients.9 Further-
more, there are changes in the coronal mechanical axis10

from extension to flexion of the knee; this is called dynamic
alignment. On the preoperative planning, and even more
important, during the surgical procedure, the surgeon must
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Abstract The lower limb alignment is influenced by the geometry of the joint surfaces and
surrounding soft tissue tension. The mechanical behavior changes in a normal,
osteoarthritic, and postoperative knee. The purpose of this study is to determine the
dynamic coronal femoral tibial mechanical angle (FTMA) in osteoarthritic knees using
computer navigation. The authors hypothesize that there are different varus-valgus
patterns between flexion and extension in the osteoarthritic knee. We conducted a
transversal observational study and included patients with osteoarthritis who under-
went primary navigation TKA (Orthopilot version 4.2; B. Braun Aesculap, Tuttlingen,
Germany). In total, 98 consecutive patients with 100 osteoarthritic knee joints, on which
total knee arthroplasty was performed in our institution from 2009 to 2010, were
enrolled in this prospective study. The FTMAwas measured with the patient supine with
maximum knee extension possible (considering the value as 0), 30, 60, and 90 degrees.
All FMTA data obtained were segmented by hierarchic cluster measuring method.
Through the clustering system, five segments were generated for varus patients and
three for valgus patients: expected varus, expected valgus, severe varus, severe valgus,
structured varus, structured valgus, concave varus, mixed varus-valgus, and mixed
valgus-varus. The findings of the present study have demonstrated that there is a well-
defined dynamic alignment in osteoarthritic knees, resulting in a wide kinematic
variation in the coronal FTMA between flexion and full extension. Further studies will
be necessary to determine whether this dynamic approach to FTMA has clinical utility in
the surgeon’s decision-making process.
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be aware of the dynamic alignment because flexion and
extension gaps could change significantly while performing
bone cuts or soft tissue release.11–17

Computer-assisted navigation has been developed to pro-
vide surgeons quantitative measurement tools for real-time
assessment of lower limb alignment and kinematics.18–27 The
purpose of this study is to determine the dynamic coronal
FTMA in osteoarthritic knees using computer navigation. We
hypothesize that there are different varus-valgus patterns
between flexion and extension in the osteoarthritic knee.

Materials and Methods

Weconducted a transversal observational study in our hospital
and included patients with osteoarthritis who underwent
primary navigation TKA (Orthopilot version 4.2; B. Braun
Aesculap, Tuttlingen, Germany). The inclusion criteria were
patients with osteoarthritic knees and receiving a posterior
stabilized (PS) total knee replacement (Columbus, B. Braun
Aesculap) due to substantial pain and loss of functionality and
with any degree of deformity. Patients were excluded if they
underwent any previous knee or hip surgery, had any major
lower limb trauma resulting in an abnormal limb alignment, or
had flexion contracture > 10 degrees.

All patients provided written informed consent, and the
study was approved by the Hospital Committee for Medical
and health Research Ethics.

Sample Description
In total, 98 consecutive patients with 100 osteoarthritic knee
joints, onwhich total knee arthroplasty was performed in our
institution from 2009 to 2010, were enrolled in this prospec-
tive study. After evaluating their eligibility, 94 knees (93
patients) were included in the final analysis. The reasons to
exclude the patients were the following: (1) three of them
planned for an ultracongruent implant, (2) two presented
prior hip prosthesis, and (3) one had 20 degrees of knee
flexion contracture.

Demographic data were collected on the cohort included
age, sex, and body mass index (BMI).

Dynamic Coronal Femorotibial Mechanical Angle
Determination
After the registration process and through a standard anterior
knee approach, optical infrared (IR) trackers were screwed
into the femur and tibia in a fashion manner.

To allow the system to determinate the coronal FTMA, the
rotational centers of the hip, knee, and ankle were necessary.
The centers of the hip and knee were obtained using a
kinematic method, whereby the hip is rotated and the knee
extended and flexed to allow the navigation system to
determine the centers of the movement. The center of the
ankle was calculated anatomically using the most prominent
zone of the lateral and medial malleoli and the anterior joint
line. The FTMA was assessed at this moment of the surgical
procedure, prior to any soft tissue release or bone cut. The
FTMAwas measured with the patient supine with maximum
knee extension possible (considering the value as 0), 30, 60,

and 90 degrees with the surgeon applying axial compression;
the range of movement from extension to full flexion was
recorded (►Figs. 1 and 2).

The femoral rotation was determinate by the navigation
system according to the posterior condyle axis.

Femorotibial Mechanical Angle Data Clustering
All FMTA data obtainedwere segmented by hierarchic cluster
measuring the squared-Euclidean distance and grouping by
Ward’s minimumvariancemethod. To contrast the generated
segmentation and the ability to classify new patients, the
Wilks method, as a discriminant analysis, was used consider-
ing the individual patient assignment as the variable to
discriminate from the FTMA values at 30, 60, and 90 degrees.

Minimizing the variability within the group was a main
objective to achieve an adequate segment selection so the
clustering system classified the individuals grouping the
patients in homogeneous segments, with a significant num-
ber of patients and with statistically significant differences
between them.

Statistical Analysis
For a confidence level (CI) of 95% and assuming a probability
p ¼ q 50%, a priori power analysis indicated that for a
sampling error < 10%, a sample size of 90 kneewas adequate.

Data were assessed for normality using the Kolmogorov-
Smirnov (K-S) test. If normality hypothesis was rejected,
nonparametric analysis was performed. Analysis of variance
(ANOVA) was used to compare the demographic variables.
Spearman’s test was used to determinate correlation between
kinematical FMTA values.

Statistical analysis was performed using IBM SPSS Statistics
version 22 software (IBM Corporation, Armonk, New York).
A p < 0.05 was considered statistically significant.

Results

Demographics
Of the study cohort, 64 of 94 TKAs were performed in females
(one bilateral) and 29 inmales. Therewere 52 right knees and
42 left knees. The average age range at the time of surgerywas

Fig. 1 The FTMA was measured with the patient supine with the
surgeon applying axial compression.
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74.1 � 6.5 years (range: 51–89 years). The average BMI was
32.4 � 5.2 kg/m2 (range: 11–48 kg/m2).

Dynamic Coronal Femorotibial Mechanical Angle
Analysis
There were no significant differences in the dynamic coronal
FTMA regarding the demographic variables. Preoperative
knee alignment in the four different positions measured is
summarized in ►Table 1. In the FMTA, negative values
indicate varus (< 180 degrees) and positive values indicate
valgus (> 180 degrees).

As shown in►Table 2, the analysis of FTMAvalues at 0, 30, 60,
and 90 degrees determinates that there is a different correlation
between FTMAvalues at 0 and 30 degrees of flexionwith respect

to 60 and 90 degrees, representing a totally different pattern in
the full range dynamic alignment. Based on this, it may be
inferred that the kinematic FTMA values at 60 and 90 degrees
provide additional information to the standard varus versus
valgus static classification in lower limb full extension.

Dynamic Coronal Femorotibial Mechanical Angle
Clustering
Through the clustering system, five segments were generat-
ed for varus patients and three for valgus patients.
The segmentation obtained was named empirically by the
authors (►Tables 3 and 4).

The segmentation varus-valgus discriminating analysis
confirms the cluster segmentation, so a well-defined

Fig. 2 The range of movement from extension to full flexion was recorded at 0 (A), 30 (B), 60 (C), and 90 (D) degrees. Eje mecánico, mechanical
axis; Valgo, valgus; Varo, varus.

Table 1 Changes in the average coronal FTMA from extension to flexion of the knee

Average SD Minimum Maximum Range

Preoperative alignment at 0° �5 7.3 �20 16 36

Preoperative alignment at 30° �5 6.5 �16 15 31

Preoperative alignment at 60° �4.6 5 �14 12 26

Preoperative alignment at 90° �3.2 4.1 �13 8 21

Abbreviations: FTMA, femorotibial mechanical angle; SD, standard deviation.

The Journal of Knee Surgery Vol. 30 No. 9/2017

Dynamic Alignment Analysis Larrainzar-Garijo et al. 911



dynamic alignment can be established in osteoarthritic
knees, resulting in a wide kinematic variation in the coronal
plane between flexion and full extension in the sample
analyzed.

Varus Segmentation
On the behavior of the varus segmentation, three different
patterns can be observed. By the discriminant analysis, 95.8%
of the varus patients were correctly classified. Errors in the
classified individuals are mainly due to not considering FTMA
values at 30 degrees of flexion.

The first pattern is characterized by the FTMA value
reduction as the knee is bent. Within this group, two seg-
ments are differentiated: “expected varus” inwhich the FTMA
values trend to neutral as the knee bends and the “structured
varus” with a constant varus FTMA in the complete range of
motion and far from neutral at 90 degrees.

The second pattern, called by the authors “MIXED:_Varus–
valgus” is characterized by being varus at full extension and
changing to valgus as the knee is flexed.

The third pattern maintains varus dynamic alignment as a
constant and also increases as the knee isflexed. As in thefirst
pattern, two segments can be differentiated in this group: the
so-named “structured varus” inwhich varus value is constant
in the total range of motion from full extension to flexion and
the “concave varus” in which varus alignment is increased as
the knee is flexed, especially at 30 and 60 degrees of flexion
(►Fig. 3).

Valgus Segmentation
There are two different patterns in the behavior of the valgus
segmentation. By the discriminant analysis, 100% of the
valgus patients were correctly classified. Errors in the classi-
fication of individuals occur mainly because FTMA values at
30 degrees of flexion are not considered.

The first valgus pattern clearly shows that FMTA values
decrease as the knee is flexed. Within this group, two seg-
ments are differentiated: “expected valgus” in which the
FTMA values trend to neutral as the knee bends and the
“structured valgus” with a constant valgus FTMA in the
complete range of motion and far from neutral at 90 degrees.

Table 4 Number of patients classified by the clustering system
and the percentage versus the valgus segmentation and the
total sample

Valgus segments Patients % vs. Total % vs. Valgus

Valgus expected 15 16% 71%

Valgus severe 2 2.1% 10%

Valgus varus 4 4.3% 19%

Total valgus 21 22.3% 100%

Table 3 Number of patients classified by the clustering system
and the percentage versus the varus segmentation and the total
sample

Varus segments Patients % vs. Total % vs. Varus

Varus expected 21 22.3% 28.8%

Varus severe 11 11.7% 15.1%

Varus concave 12 12.8% 16.4%

Varus structured 14 14.9% 19.2%

Varus valgus 15 16% 20.5%

Total varus 73 77.7% 100%

Table 2 The Spearman correlation value changes dramatically
when bending the knee

Spearman
correlation

FTMA 0° FTMA
30°

FTMA
60°

FTMA
90°

FTMA 0° 1 0.901 0.745 0.491

FTMA 30° 1 0.879 0.650

FTMA 60° 1 0.871

FTMA 90° 1

Abbreviation: FTMA, femorotibial mechanical angle.
Note: There are two different segments in the dynamic FMTA alignment:
0 and 30 versus 60 and 90 degrees.

Fig. 3 The more the knee is bent, the more the FMTA trends to
neutral. On the varus structured and the varus concave, this does not
occur. In the varus valgus segmentation, the behavior of the knee
changes from mild varus in flexion to mild valgus in flexion.

Fig. 4 The more the knee is bent, the more the FMTA trends to
neutral. On the valgus severe, this does not occur. In the valgus varus
segmentation, the behavior of the knee changes from mild valgus in
flexion to mild varus in flexion.
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The second pattern, “MIXED:_Valgus-varus,” is character-
ized by being valgus at full extension and changing to varus as
the knee is flexed (►Fig. 4).

Discussion

The most important finding of the present study was demon-
strating a wide dynamic variation in the coronal FTMA be-
tween flexion and full extension. Based on the results, our
study questionswhether dichotomizing an osteoarthritic knee
in varus or valgus is too simple an approach because the same
kneemight changebetweenvarus andvalgus, dependingon its
grade of flexion. This same dynamic knee behavior has been
recently describe by Deep et al.28

The findings of the current study proved that there is a
well-defined dynamic alignment in osteoarthritic knees,
resulting in a wide kinematic variation in the coronal plane
between flexion and full extension: expected varus, ex-
pected valgus, severe varus, severe valgus, structured var-
us, structured valgus, concave varus, mixed varus-valgus,
and mixed valgus-varus.

We consider that the clustering system was an adequate
election while analyzing the FMTA data. The clustering of the
data is an analysis used in the “big data” medical field, in
which researchers look to classify data and find trends. It may
be a powerful tool and probably will be used increasingly
more in medical research.29,30

We believe that the patients included in the present study
may be considered a representative sample of the osteoar-
thritic population because the age, sex, BMI, and coronal
FTMAmatchwith the patients requiring knee replacement.31

The conclusions are therefore applicable, at least in an
investigational frame. The number of patients included and
the method described allow the development of a powerful
statistical analysis of the varus-valgus laxity in a total range of
motion with potentially important implications.

Because of the new three-dimensional (3D) technology
available, a great paradigm shift is actually happening as
orthopedic surgeons “watch” the bone and joint structures.
A simple division between varus and valgus, in just the
coronal plane, can conduct to a minimization of a 3D
structure, such as the knee. The IR technology used in
this study provided a real-time kinematic dynamic mea-
surement of the FTMA, resulting in a powerful tool for
intraoperatively supporting and guiding the surgeon in a
very demanding challenge, such as the adequate postoper-
ative balance of the knee.6,32–35

A change in coronal alignment between standing and supine
positions has been previously demonstrated in normal, osteoar-
thritic, and postoperative knees.6,7 Patients who are in varus or
up to 2.5 degrees valgus while supine, tend to become more
varus on standing.6 This trend is also observed in a flexed
position when compared with hyperextending. This kinematic
pattern for the three groups suggests that the soft tissue con-
straints, rather than the underlying deformity, are more influ-
ential in the control of the alignment from lying to standing. At
this point, it is critical for the surgeon to determine which
anatomical structures are causing this effect, to release them

and achieve a uniformmedial and lateral loading of the postop-
erative polyethylene insert.36

Recently, in cadavers, the coronal knee joint laxity is related
to low-stress behavior rather than structural properties of the
collateral ligaments.26 With respect to this, our kinematic
FTMA assessment results suggest that, in an osteoarthritic
knee, the physiologic behavior is altered; when bending an
osteoarthritic knee, the coronal plane is displaced to valgus,
but there are structures that prevent this,24,37,38 resulting in at
least nine consistent kinematic patterns.

The authors named “expected” as the situation in which,
regardless of varus or valgus in extension, the final FTMA is
close to neutral. As has been previously discussed, this
situation can be considered normal and, as such, the behavior
expected. The most important soft tissue structures in exten-
sion—posterior capsule and collateral medial ligament in
varus and posterior capsule and iliotibial band in valgus—
explain this situation. The more the knee is bent, the more
these structures are flexed, resulting in a physiologic coronal
knee laxity in full flexion. Importantly, in these cases, the
slope of the line representing the dynamic FTMA decreases
gradually. When this does not happen and only in the final
degrees of flexion, the neutral FTMA is assessed; we have
called the situation “severe,” reflecting that other anatomical
structures constrain, such as pes anserinus in varus or popli-
teal tendon in valgus.

If the neutral FTMA is never achieved, we called this
pattern “structured,” which represents a total soft tissue
constraint, affectingmedial collateral ligament (MCL) in varus
and lateral collateral ligament (LCL) in valgus. One may think
that this global constraint occurs in the patients with exces-
sive varus or valgus deviation, but this is not really the case. A
deep look shows that in the most cases, there is a deviation
of < 7 degrees varus or 6 degrees valgus from neutral in
extended position. In these cases of “structured” varus or
valgus, undoubtedly the underlying joint deformity is less
important than the soft tissue constraints, but it may also
represent anatomical hypoplasia of the femur condyle, and
the surgeon must be aware of this.3,16,36

There is a very specific pattern for varus deformity called
“concave.” In this situation, the dynamic FMTA course draws a
concave line, and the neutral position is not achieved. The
clinical relevance of this pattern may be minor and most
probably may be similar to those with the “structured”
pattern; however, in accordance with the statistical analysis,
this behavior has a specific array for itself.

Whereas in the majority of the kinematic patterns described
previously, a well-experienced surgeon will have no major
problem, in the “MIXED:_Varus–valgus” and “MIXED:_Valgus–
varus” things may be different. We used “mixed” because the
FTMAcrosses fromone part to another regardless of the starting
coronal alignment and thefinal FTMAis far fromneutral. This is a
very challenging situation to explain and certainly may have
implications for surgeons performing TKA because soft tissue
releases must be performed in a conservative and step-by-step
manner to avoid unintentional changes in the flexion extension
gaps3; it is also very well known that each procedure in the
medial aspect increases the lateral gap.19,20
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The “mixed valgus-varus” reflects a great constraint of
the lateral stabilizers, such as iliotibial band, gastrocnemi-
us, popliteal tendon, posterior capsule, and LCL, but also the
MCL, more specifically the posterior region of this struc-
ture. It may be possible that the needed external rotation of
the future femoral component will correct and compensate
the medial flexion constraint,39 such that the surgeon may
not need to release the MCL and keep him or her focused on
releasing the lateral side.

Much more difficult to resolve is the “mixed varus-valgus”
because the external rotation of the femoral component, if
needed,willworsen the lateralflexion constraint and itmay be
necessary to release the LCL. This is a very difficult and highly
demanding procedure. A complete release of the LCL should be
avoided.14,15,22,33,38 It has been described by Yagishita et al
that in varus knees, the step-by-step soft tissue release in-
creases gap opening, ranging, on average, from 0.3 to 4.1 mm
medially and laterally in extension and flexion.3 In any case,
there is a likelihood of unstable medial-lateral/flexion-exten-
sion knee replacement due to the difficult procedures of soft
tissue release. In this kind of situation, a semiconstrained knee
prosthesis may be an option to consider.

The authors are aware that the study has several limitations
to be considered, and it is unknownwhether the dynamic FTMA
will relate to clinical outcome for TKA. The cluster statistical
analysis used in this study does not have inferential statistical
properties; despite this, it is useful for determining structures
and behavior patterns, so it may be assumed an adequate
approach to the complex knee ligament balance. It may also
be argued that the dynamicmeasurement has been assessed in a
non–weight-bearing condition, but this does not, in any way,
invalidate the different kinematic patterns described. However,
the knee is stabilized not only by ligaments but by muscles and
tendons crossing the joint, making it impossible at present to
intraoperatively simulate the weight-bearing condition.

In TKA, assessment of the laxity is critical information
and a routine component during the surgical
procedure.3,4,13,15,16,18–21,23,24,27,31,32,37,38 We have devel-
oped a reproducible method when using navigation systems,
representing the first step in this line of investigation, and are
committed to increasing the relevance of the quantitative
data provided by navigation systems, especially in postoper-
ative analysis.

Conclusion

The findings of the present study have demonstrated that
there is a well-defined dynamic alignment in osteoarthritic
knees, resulting in a wide kinematic variation in the coronal
FTMA between flexion and full extension.

Further studies will be necessary to determine whether
this dynamic approach to FTMA has clinical utility in the
surgeon’s decision-making process.
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