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Extramedullary (EM) tibial alignment guides have demonstrated a limited degree of accuracy in total knee
arthroplasty (TKA). The purpose of this study was to compare the tibial component alignment obtained using
a portable, accelerometer-based navigation device versus EM alignment guides. One hundred patients were
enrolled in this prospective, randomized controlled study to receive a TKA using either the navigation device,
or an EM guide. Standing AP hip-to-ankle and lateral knee-to-ankle radiographs were obtained at the first,
postoperative visit. 95.7% of tibial components in the navigation cohort were within 2° of perpendicular to the
tibial mechanical axis, versus 68.1% in the EM cohort (P b 0.001). 95.0% of tibial components in the navigation
cohort were within 2° of a 3° posterior slope, versus 72.1% in the EM cohort (P = 0.007). A portable,
accelerometer-based navigation device decreases outliers in tibial component alignment compared to
conventional, EM alignment guides in TKA.
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Recently, the importance of overall mechanical alignment in total
knee arthroplasty (TKA) and its impact on implant survivorship have
been questioned [1]. However, the majority of studies demonstrate
component alignment to play a crucial role in clinical outcomes
following TKA [2,3]. Berend et al, in a review of 3152 TKAs
demonstrated a tibial varus alignment to increase the odds of implant
failure by roughly 17 times [2].

Therefore, the majority of surgeons continue to aim for a neutral
mechanical axis in TKA. Most commonly, an extramedullary (EM)
tibial alignment guide and an intramedullary (IM) femoral alignment
guide are used to achieve proximal tibial and distal femoral resections
perpendicular to their mechanical axes. Unfortunately, these “con-
ventional” methods have a limited degree of accuracy [4–8]. In a
meta-analysis of 29 studies comparing computer-assisted surgical
(CAS) to conventional techniques in TKA, Mason et al demonstrated
65.9% in the conventional group to achieve a femoral varus/valgus
alignment within 2° of perpendicular to the femoral mechanical axis
(vs. 90.4% in the CAS group), and 79.7% to achieve a tibial varus/valgus
alignment within 2° of perpendicular to the tibial mechanical axis (vs.
95.2% in the CAS group) [8]. However, despite improvements seen
with CAS techniques, concerns regarding the learning curve required,
increased capital costs, and longer operative times have limited its
widespread acceptance [9].

Recently, a portable, accelerometer-based navigation device for
total knee arthroplasty was introduced (KneeAlign, OrthAlign Inc.,
Aliso Viejo, CA). This device attempts to combine the accuracy of
large-console CAS systems, with the familiarity of conventional
alignment methods. Preliminary studies have demonstrated approx-
imately 97% of tibial components to be aligned within 2° of
perpendicular to the tibial mechanical axis using this device [10,11].
However, these studies were single surgeon, retrospective case
series. Therefore, a multi-surgeon, prospective, randomized con-
trolled trial was designed to compare the use of the portable,
navigation device to conventional, EM alignment guides for
performing the tibial resection in TKA. The study’s purposes were
to determine if 1) use of the navigation device increases the
accuracy of obtaining a tibial resection within 2° of perpendicular to
the tibial mechanical axis in the coronal plane, and within 2° of a 3°
posterior slope in the sagittal plane, 2) improves the surgeon’s
ability to achieve a desired intraoperative alignment, 3) leads to
improved overall, mechanical alignment, and 4) increases the
amount of time required to perform the tibial resection when
compared to conventional, EM alignment guides. Our primary
hypothesis is that use of the portable, accelerometer-based
navigation device will result in a significant improvement in the
accuracy of tibial component alignment compared to conventional,
EM alignment guides.
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Materials and Methods

The Consolidated Standards of Reporting Trials (CONSORT)
statement [12] was followed to conduct this multi-surgeon, prospec-
tive, randomized, patient and observer-blinded controlled study. The
study protocol received appropriate Institutional Review Board
approval (clinical trial registration number NCT01797731). From
January to December of 2012, 353 patients undergoing unilateral TKA
for a diagnosis of osteoarthritis were assessed for study eligibility. 100
patients signed informed consent and were enrolled in the trial. Five
fellowship-trained, attending orthopaedic surgeons specializing in
adult reconstruction and joint arthroplasty participated in the study.
Prior to this trial, all five surgeons utilized conventional alignment
methods (EM tibial and IM femoral alignment guides) during TKAs. Of
note, the senior author of this manuscript did not enroll patients due
to the presence of a potential conflict of interest. Patients were
excluded if they had a distal femoral or proximal tibial defect
requiring a metal or allograft augment, required the use of either
femoral or tibial stem extensions, or were scheduled to receive a
unicondylar knee arthroplasty, or revision procedure.

A computer randomization system was used to allocate each
surgeon’s patients to either the conventional or KneeAlign cohort.
Prior to each surgery, the surgeon opened an opaque, sealed
envelope to determine the allocation. The CONSORT diagram is
shown in Table 1.

Prior to the study, a power analysis was conducted to assess the
primary hypothesis that the navigation device will increase the
accuracy of obtaining a tibial resection within 2° of perpendicular to
the tibial mechanical axis, compared to an EM guide. A sample size of
70 patients in each cohort would provide appropriate power (beta
level = 0.80, alpha level = 0.05) to detect a 20% improvement in
accuracy between the two groups (i.e. a 20% decrease or increase in
the number of “outliers”). A mid-term analysis and radiographic
Table 1
CONSORT Diagram for the Present Trial.
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review after enrollment of approximately 100 patients were planned
to determine if a statistical significance was present, and if continued
enrollment was necessary.

Preoperatively, standing anteroposterior (AP) and lateral knee
radiographs were obtained for each patient, from which the lower
extremity anatomic tibiofemoral axis, the tibial anatomic varus/valgus
alignment, and tibial anatomic posterior slope were measured. For
convention, a positive value for all radiographic measurements in this
study represents a varus alignment, while negative values represent a
valgus alignment.

Patients allocated to the navigation cohort received a TKA using
the KneeAlign to perform the proximal tibial resection. The KneeAlign
is a portable, accelerometer-based navigation device. It does not
require the use of a large, computer console, and is compatible with
any total knee arthroplasty system. It consists of a disposable display
console (2 × 4 × 2 inches in size) and reference sensor (Fig. 1). The
display console and reference sensor each contain triaxial accelerom-
eters that communicate wirelessly with one another. The surgical
technique for using the navigation device has previously been
described [10,11]. Briefly, the tibial jig has two primary components
(a fixed component and a mobile component) connected by a
proximal articulation (Fig. 2). The fixed component, with the attached
reference sensor, is first pinned to the tibia with the proximal aiming
arm placed at the footprint of the anterior cruciate ligament (the
proximal tibial mechanical axis point). Once secured, the fixed
component accounts for movement of the tibia during cutting block
alignment. The mobile component (to which the display console and
tibial cutting block are attached) is used to register the medial and
lateral malleoli, and the distal tibial mechanical axis point is
approximated via weighted interpolation of these two points. The
system establishes the mechanical axis of the tibia, and determines
the orientation of the cutting block relative to the tibial mechanical
axis in both the coronal (varus/valgus) and sagittal (posterior slope)
rtable, Accelerometer-Based Navigation for Tibial Alignment in Total
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Fig. 2. Intraoperative photograph demonstrating the proximal aiming arm used to locate
component of the KneeAlign system.

Fig. 1. Image showing the face of the KneeAlign display console, which provides the
surgeon with real-time feedback of the alignment of the tibial cutting block, prior to
performing the tibial resection. PS = posterior slope, V/V = Varus/Valgus. (Image
provided by OrthAlign Inc., Aliso Viejo, CA).
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planes. The surgeon then adjusts the alignment of the cutting block, as
the display console provides real time feedback of its orientation. A
measured resection stylus (as with conventional guides) is used to
measure the depth of the tibial resection. Once satisfied with its
position, the surgeon pins the cutting block to the tibia, assesses the
final varus/valgus and posterior slope alignment, then performs the
tibial resection. Each surgeon was shown an instructional video,
attended a cadaveric demonstration of how to use the navigation
device, and used the navigation device during three TKAs, prior to
enrolling participants in the clinical trial.

Patients allocated to the “conventional” cohort received a TKA
using a conventional, EM guide to perform the tibial resection. All
surgeons in both cohorts utilized an intramedullary alignment guide
to perform the distal femoral resection. For knees in a preoperative
varus alignment, a fixed resection angle of 5° of valgus relative to the
anatomic axis was used, versus 3° of valgus relative to the anatomic
axis in knees with a preoperative valgus alignment. All surgeons
implanted a fixed-bearing, cemented, posterior cruciate ligament
substituting TKA.

Intraoperatively, the time from when the surgeon was handed the
navigation device or the extramedullary guide, to when the surgeon
began their tibial resection was recorded (in seconds). At their
discretion, the surgeons were allowed to “recut” the tibia at any point
during the procedure. Postoperatively, for each patient, the surgeon
recorded their intraoperative goal for both the tibial component’s
varus/valgus alignment, and posterior slope. In 88% of the cases, the
intraoperative goal for tibial component varus/valgus alignment was
0° (perpendicular to the tibial mechanical axis). Similarly, in 88% of
the cases, the intraoperative goal for posterior slope was 3°. The
intraoperative goal recorded by the surgeon never deviated greater
than 1° from a 0° resection in the coronal plane or a 3° resection in the
sagittal plane. In addition, if a tibial recut was performed, the surgeon
the footprint of the anterior cruciate ligament, the mobile component, and the fixed
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Fig. 4. Anteroposterior radiograph demonstrating measurement of the femoral compo-
nent varus/valgus alignment. This component was measured to be in 0.8° of valgus.
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was asked whether it was to increase or decrease the tibial varus/
valgus alignment, posterior slope, or the amount of bone resected. A
study coordinator collected and recorded this information following
each surgery.

At the patient’s first postoperative clinic visit (approximately
6 weeks postoperatively), standing AP hip-to-ankle radiographs and
standing lateral knee-to-ankle radiographs were obtained fromwhich
the tibial component varus/valgus, tibial component posterior slope,
femoral component varus/valgus, and lower extremity mechanical
alignment were digitally measured (PACS imaging system, Phillips
Medical Systems, Sectra Imtec AB, Sweden). For all AP radiographs,
care was taken to ensure the patellae were facing forward to control
for rotation. The methods for performing these measurements have
previously been described [11,13] and are demonstrated in Figs. 3 and
4, respectively. For convention, varus/valgus measurements were
recorded as the difference between the measurement angle and 90°,
with negative values representing a valgus alignment (i.e. −0.8°
represents a component in 0.8° of valgus relative to the mechanical
axis). Two, independent observers, blinded to the surgical technique,
independently measured all radiographic measurements and the
results were assessed for inter-observer reliability.

The number of “outliers” in each cohort, defined as a tibial or
femoral component alignment outside of 2° of perpendicular to the
mechanical axis in the coronal plane, a tibial posterior slope outside of
3° ± 2° in the sagittal plane, or an overall lower extremity mechanical
alignment outside of 3° of a neutral mechanical axis, was determined.
For individual component alignment, a deviation of greater than 2°
from perpendicular was selected as an “outlier” based on prior studies
assessing the accuracy of component alignment in TKA [7,8,14].
Similarly, a deviation of greater than 3° from a neutral mechanical axis
was selected as an “outlier” based on prior studies assessing the
importance of overall, lower extremity alignment in TKA [1,3]. The
ability to achieve the surgeon’s intraoperative goal for tibial alignment
using each method was assessed by measuring the difference
between the intraoperative goal recorded and the postoperative
Fig. 3. Anteroposterior radiograph (A) and lateral knee-to-ankle radiograph (B)
demonstratingmeasurement of the tibial component varus/valgus alignment andposterior
slope. This component was measured to be in 0.5° of valgus and 3.2° of posterior slope.
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radiographic alignment. The mean, absolute difference using each
device was then calculated.

Statistical Analysis

All data were collected and analyzed using Microsoft Excel
software (Microsoft Corporation, Redmond, WA). Statistical com-
parisons between the two cohorts regarding preoperative demo-
graphic variables, mean radiographic alignments, and the time
required to utilize each device were performed using a Student’s
two-tailed t-test, with statistical significance set at a P value of b0.05.
A Fisher’s exact test was used to compare the number of “outliers” in
each cohort, with statistical significance set at a P value of b0.05.
Interclass correlation coefficients for postoperative radiographic
measurements were graded using previously described semi-quanti-
tative criteria: excellent for 0.9 ≤ r ≤ 1.0, good for 0.7 ≤ r ≤ 0.89,
fair/moderate for 0.5 ≤ r ≤ 0.69, low for 0.25 ≤ r ≤ 0.49, and poor
for 0.0 ≤ r ≤ 0.24 [15].

A mid-term analysis was performed after enrolling 50 patients in
each cohort. The minimal effect size detectable after this period of
enrollment was a 24% difference in the number of outliers between
the two cohorts for tibial component alignment, with a 20% effect size
considered clinically significant. A statistically significant difference
was found between the two cohorts, and no further patients were
enrolled in the study.

Results

Fifty patients were randomized to the KneeAlign cohort, and 50 to
the conventional cohort. All patients received a TKAwith the assigned
intervention. However, 2 patients in each cohort did not receive the
appropriate AP radiographs at their first, postoperative visit. 1 patient
in the KneeAlign cohort sustained a contralateral lower extremity
fracture and was unable to stand for their follow-up radiographs,
rtable, Accelerometer-Based Navigation for Tibial Alignment in Total
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Table 2
Preoperative Demographic Variables and Anatomic Alignment.

KneeAlign
Cohort

Conventional
Cohort P Value

Gender
Male 18 20 N/A
Female 29 27
Side
Left 28 26 N/A
Right 19 21
Age (years) 67.1 ± 7.5 66.1 ± 10.1 0.60
Body Mass Index (kg/m2) 31.1 ± 5.9 31.2 ± 5.6 0.93
Tibial Anatomic Varus/Valgus (°) 3.2 ± 2.6 3.7 ± 2.9 0.47
Tibial Anatomic Posterior Slope (°) 7.4 ± 2.8 7.6 ± 3.1 0.76
Overall Anatomic Alignment (°) −2.5 ± 7.1 −3.4 ± 6.7 0.17
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while 1 patient in the conventional cohort passed away prior to their
first postoperative visit. 47 patients in each cohort were available for
radiographic review. A comparison of preoperative demographic
variables and radiographic alignment between the two cohorts is
presented in Table 2.

Forty-seven patients in each cohort received the appropriate
standing AP, hip-to-ankle radiographs, and 43 patients in each cohort
received the appropriate lateral, knee-to-ankle radiographs. Themean
tibial component varus/valgus alignment was −0.6° ± 0.9° in the
KneeAlign cohort versus −0.9° ± 1.6° in the conventional cohort
(P = 0.26). However, 95.7% of tibial components in the KneeAlign
cohort were within 2° of perpendicular to the tibial mechanical axis,
versus 68.1% in the conventional cohort (P b 0.001) (Table 3).
Similarly, no significant difference was appreciated between the
mean, tibial component posterior slope in the KneeAlign cohort (3.3°
± 1.5°) versus the conventional cohort (3.3° ± 2.5°, P = 0.79).
However, 95.0% of the tibial components in the KneeAlign cohort
were within 2° of a 3° posterior slope, versus 72.1% in the
conventional cohort (P = 0.007).

Eighteen patients in the KneeAlign cohort had a tibial recut
performed: 14 to increase the degree of valgus, 2 to increase varus, 2
to increase the amount of bone resected, and 0 to adjust the degree of
posterior slope. Twelve patients in the conventional cohort had a tibial
recut performed: 8 to increase the degree of valgus, 1 to increase
varus, 3 to increase the amount of bone resected, and 0 to adjust the
degree of posterior slope. Only 1 tibial recut in each cohort resulted in
an “outlier” for tibial component varus/valgus alignment postopera-
tively. Excluding patients in which a recut was performed, 96.5% (28
of 29) of tibial components in the KneeAlign cohort were within 2° of
perpendicular to the tibial mechanical axis, versus 60.0% (21 of 35) in
the conventional cohort (P b 0.001).

The absolute difference between the intraoperative goal and
postoperative radiographic alignment for tibial component varus/
valgus was 0.9°± 0.7° in the KneeAlign cohort, versus 1.5° ± 1.1° in
the conventional cohort (P b 0.001). For posterior slope, the absolute
difference was 0.9° ± 1.2° in the KneeAlign cohort, versus 1.8° ± 1.7°
in the conventional cohort (P = 0.01).
Table 3
Comparison of Component and Overall Mechanical Alignment Between the KneeAlign
and Conventional Cohorts.

KneeAlign
Cohort

Conventional
Cohort P Value

Tibial Component Varus/Valgus:
% within 2° of neutral

95.7 68.1 b0.001

Tibial Component Posterior Slope:
% within 3° ± 2°

95.0 72.1 0.007

Femoral Component Varus/Valgus:
% within 2° of neutral

70.2 66.0 0.66

Overall Mechanical Alignment:
% within 3° of neutral

89.4 74.5 0.10
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No statistically significant difference was appreciated when
comparing the mean, overall mechanical alignment between the
two cohorts (−0.2° ± 2.6° in the KneeAlign cohort, versus −0.6° ±
3.1° in the conventional cohort, P = 0.44). In addition, there was no
significant difference in the number of TKAs within 3° of a neutral
mechanical alignment between the two cohorts (89.4% in the
KneeAlign cohort vs. 74.5% in the conventional cohort, P = 0.1).
This was likely due to the high degree of variability in femoral
component alignment. Only 70.2% of femoral components in the
KneeAlign cohort and 66.0% of femoral components in the conven-
tional cohort (P = 0.66) were within 2° of perpendicular to the
femoral mechanical axis.

The mean time to perform the tibial resection was significantly
increased in the KneeAlign cohort versus the conventional cohort
(290.0 ± 125.3 s versus 70.6 ± 28.1 s, P b 0.001). The blinded,
interobserver correlation coefficients were good for both the tibial
varus/valgus alignment and tibial posterior slope (r = 0.84 and
0.85, respectively), and excellent for both the femoral component
varus/valgus and overall mechanical alignment (r = 0.96 and 0.97,
respectively).

Discussion

Component malpositioning remains a concern in TKA, as implant
survival has been associated with component alignment [3,16].
Unfortunately, conventional alignment methods are known to have
a limited degree of accuracy [4,7,14,17–21] versus computer-assisted
surgical techniques [5,8,22,23]. Typically, CAS systems are CT-guided,
image-based, or imageless, and intraoperatively require a large
computer console and placement of reference arrays. Encouraging
results have been reported with the use of a portable, accelerometer-
based navigation device, initially for the tibial component, but more
recently for both the femoral component and overall mechanical
alignment [10,11,13]. This study demonstrates that a portable,
navigation system decreases the incidence of outliers for tibial
component alignment in both the coronal and sagittal planes, and
improves the surgeon’s ability to achieve a specific, intraoperative
goal, when compared to tibial, EM alignment guides in TKA.

Several prior reports have noted the importance of tibial
component alignment on the survivorship of TKA, most notably
with a varus component alignment [2,3]. Furthermore, the likelihood
of medial tibial bone collapse is magnified with a body mass index
greater than 33.7 kg/m2, and an overall postoperative varus me-
chanical axis [2]. While the overall mechanical axis of the limb should
inherently be most critical in determining survivorship, as it impacts
the load distribution through the knee, the alignment of the tibial
component directly affects the postoperative mechanical alignment.
Furthermore, Ritter et al have demonstrated that “correction” of
varus or valgus alignment of the first implanted component by
placement of the second component to attain neutral tibiofemoral
alignment was associated with increased failure rates [3]. Therefore,
while the overall, mechanical axis is crucial, tibial alignment plays
a role in the overall mechanical alignment achieved following TKA,
and malpositioning can independently be a risk factor for early
aseptic failure.

This study was a prospective, randomized controlled trial, but
possesses several limitations. First, standing AP hip-to-ankle radio-
graphs and lateral knee-to-ankle radiographs were used. It is possible
that computed tomography is a more accurate radiologic method, as
radiographs can be subject to rotational variations. However,
computed tomography has several disadvantages, including radiation
exposure and metal artifact, and hip-to-ankle radiographs are easily
obtained in the routine follow-up setting. Second, it is difficult to draw
conclusions regarding the “learning curve” required to use the
KneeAlign device from this study. The enrollment period took a
considerable amount of time, and surgeons in the study would often
rtable, Accelerometer-Based Navigation for Tibial Alignment in Total
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go several months between using the KneeAlign. However, a prior
cadaveric study has demonstrated a rapid learning curve with this
device [24]. Third, all patients did not receive the appropriate
postoperative radiographs. These radiographs are not routinely
performed for follow-up at our institution, and thus incorrect
radiographs (i.e. standard lateral of the knee versus standing knee-
to-ankle) were unintentionally performed. Given the relatively small
number of patients, the appropriate follow-up of these patients could
have impacted our overall results. Lastly, clinical data are not
presented in this study. However, the purpose of the study was to
compare radiographic outcomes between the two surgical methods.

This study demonstrates that the portable, accelerometer-based
navigation significantly reduces the number of “outliers” for tibial
component alignment in both the coronal and sagittal planes. These
results are similar to those previously reported comparing the results
of large-console computer navigation versus conventional, EM
alignment methods [8,22]. In this study, in the conventional cohort,
only 68.1% of tibial components were within 2° of perpendicular to
the mechanical axis in the coronal plane, and 72.1% within 2° of a 3°
posterior slope in the sagittal plane. In a prospective, randomized
study of 135 TKAs comparing tibial IM and EM alignment guides,
Reed et al demonstrated correct tibial varus/valgus alignment to be
present in only 65% of patients in the EM cohort [20]. Therefore,
significant variability in component positioning can be seen with the
use of tibial EM alignment guides, even in the hands of experienced,
arthroplasty surgeons.

Similarly, portable, accelerometer-based navigation reliably allows
surgeons to achieve their intraoperative goal for tibial component
alignment (within a mean of 1° in the coronal and sagittal planes). To
our knowledge, this is the first study where the surgeon’s specific,
intraoperative goal for alignment was recorded, and compared to the
postoperative radiographic alignment. This degree of precision could
prove useful in the future as surgical techniques continue to evolve.
Recently, the concept of “constitutional varus” has been introduced
[25], which hypothesizes that patients with a developmentally varus
knee, may have improved survivorship and functional outcomes with
a TKA aligned in slight varus. While this concept remains controver-
sial, in the future, target alignments for component positioning in TKA
may evolve, and instruments that allow precise achievement of a
specific goal may prove useful.

With respect to overall mechanical alignment, no statistically
significant difference was appreciated between the two groups, with
89.4% in the KneeAlign cohort, and 74.5% in the conventional cohort,
being within 3° of a neutral mechanical axis. Mason et al demon-
strated 91.0% of TKAs performed using large-console CAS techniques
to be within 3° of a neutral alignment, versus 68.2% with the use of
conventional, alignment methods [8]. Thus, the results of our two
cohorts are comparable to those previously reported in the literature.
Most likely, no significant difference in overall alignment was
achieved due to the high variability seen in femoral component
positioning. Using an IM alignment guide, only 70.2% in the
KneeAlign and 66.0% in the conventional cohort achieved a femoral
varus/valgus alignment within 2° of perpendicular to the femoral
mechanical axis. The variability of femoral component positioning
likely diminished the effect of improved tibial component alignment
on the overall mechanical axis in the navigation cohort. As noted, a
femoral IM guide using a fixed resection angle was used for all
patients, which is susceptible to various sources of error. These
include variability in the relationship between the femoral anatomic
and mechanical axes, lack of a rigid fit of the IM rod in the femoral
canal, and errors in position of the starting point of the IM rod at the
distal femur [26]. However, despite not reaching statistical signif-
icance, the number of outliers for overall mechanical alignment was
reduced in the navigation cohort.

However, while this study demonstrates portable, accelerometer-
based navigation to improve tibial component alignment, there is an
Please cite this article as: Nam D, et al, Extramedullary Guides Versus Po
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increased time associated with use of this device when compared to a
conventional, EM alignment guides. In addition, continued follow-up
is required to determine if these improvements in alignment result in
improved survivorship and function. However, this study demon-
strates portable, accelerometer-based navigation to achieve a high
degree of alignment accuracy, while also possessing several advan-
tages compared to large-console CAS systems. The KneeAlign avoids
the use of additional pin sites and reference arrays in the femur and
tibia, does not require a large computer with an infrared camera, and
eliminates intraoperative line of site issues between the camera and
reference arrays. In addition, surgeons enrolling patients in this trial
were able to use the navigation device with a high degree of accuracy,
despite only using conventional, alignment methods in the past. Most
importantly, this study demonstrates that a portable, navigation
system decreases the incidence of outliers for tibial component
alignment in both the coronal and sagittal planes, and improves the
surgeon’s ability to achieve a specific, intraoperative goal, when
compared to tibial, EM alignment guides in TKA.
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