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Abstract

Background Coronal malalignment occurs frequently in

TKA and may affect implant durability and knee function.

Designed to improve alignment accuracy and precision, the

patient-specific positioning guide is predicated on restora-

tion of the overall mechanical axis and is a multifaceted

new tool in achieving traditional goals of TKA.

Questions/purposes We compared the effectiveness of

patient-specific positioning guides to manual instrumentation

with intramedullary femoral and extramedullary tibial guides

in restoring the mechanical axis of the extremity and achiev-

ing neutral coronal alignment of the femoral and tibial

components.

Methods We retrospectively reviewed 569 TKAs per-

formed with patient-specific positioning guides and 155 with

manual instrumentation by two surgeons using postoperative

long-leg radiographs. For all patients, we assessed the zone

in which the overall mechanical axis passed through the

knee, and for one surgeon’s cases (105 patient-specific

positioning guide, 55 manual instrumentation), we also

measured the hip-knee-ankle angle and the individual com-

ponent angles with respect to their mechanical axes.

Results The overall mechanical axis passed through the

central third of the knee more often with patient-specific posi-

tioning guides (88%) than with manual instrumentation (78%).

The overall mean hip-knee-ankle angle for patient-specific

positioning guides (180.6�) was similar to manual instrumen-

tation (181.1�), but there were fewer ± 3� hip-knee-ankle

angle outliers with patient-specific positioning guides (9%)

than with manual instrumentation (22%). The overall mean

tibial (89.9� versus 90.4�) and femoral (90.7� versus 91.3�)

component angles were closer to neutral with patient-specific

positioning guides than with manual instrumentation, but the
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rate of ± 2� outliers was similar for both the tibia (10% versus

7%) and femur (22% versus 18%).

Conclusions Patient-specific positioning guides can assist in

achieving a neutral mechanical axis with reduction in outliers.

Level of Evidence Level III, therapeutic study. See

Guidelines for Authors for a complete description of levels

of evidence.

Introduction

The long-held tenet in TKA of restoration of a neutral overall

mechanical axis (OMA) is supported by numerous biome-

chanical [28], finite element [2, 44], and clinical studies [5,

17, 27, 35, 47, 48, 52, 70, 84], both historical and contem-

porary, demonstrating increased strain, higher failure rates,

and, in many cases, lower functional scores with coronal

malalignment. Recently, three-dimensional imaging and

custom manufacturing have enabled the development of

patient-specific positioning guides (PSPGs). Designed pri-

marily to improve alignment accuracy and precision, PSPG

technology harnesses the power of computer templating yet

promotes greater surgical simplicity by eliminating the

intraoperative presence of the computer.

Unlike manual instrumentation (MI) with intramedul-

lary and extramedullary alignment rods, PSPG technology

uses preoperative MRI or CT to design custom shape-fit-

ting jigs (Fig. 1) that conform to the articular surface of the

proximal tibia and distal femur to facilitate pin placement

for traditional cutting blocks. Some designs incorporate

cutting slots into the guide.

Even in the hands of experienced surgeons, MI results in

overall coronal malalignment ([ 3� from neutral) in

approximately 28% of patients (Table 1). Although

computer-assisted navigation (CAN) reduces the number of

outliers by approximately threefold (Table 1), it requires

additional operative time compared to MI [11] and may

increase the rate of complications, such as postoperative

stress fracture [10, 55]. PSPGs purportedly eliminate many

of the disadvantages of CAN, including surgical pro-

longation and fiducial pin complications [33, 81], while

enabling individualized bone resections that match the

measured mechanical axis.

Limited, and sometimes conflicting, data exist regarding

a related PSPG technology that sets alignment based on

criteria different from the mechanical axis of the lower

limb [33, 42, 81]. More recent PSPG systems rely on the

principle of classic cuts and neutrally aligning each com-

ponent to its respective mechanical axis. A paired

cadaveric study performed by one coauthor (AVL) using

postoperative supine CT for analysis demonstrated no

outliers for tibial component alignment and 11% (one of

nine) versus 33% (three of nine) outliers for the femoral

component comparing PSPGs to MI [45, 46].

We examined the relative effectiveness of PSPGs and

MI in achieving neutral mechanical axis alignment of the

lower extremity and of the femoral and tibial components.

Patients and Methods

Between January 2009 and December 2010, one of the

authors (AVL) performed primary TKA in 310 patients

using PSPGs (SignatureTM Personalized Patient Care Sys-

tem; Biomet Inc, Warsaw, IN) and 875 patients using MI

(extramedullary tibial and intramedullary femoral jigs). In

addition, another author (JHD) performed primary TKA

using PSPGs and MI in 507 and 872 patients, respectively,

Fig. 1 A–B The photograph displays the PSPG and its use intraoperatively to facilitate accurate pin placement on the (A) femur and (B) tibia for

standard cutting blocks.
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Table 1. Percent of coronal alignment outliers in conventional (manual) instrumentation and computer navigation in prior studies

Study Year Number of

navigated

TKAs

Navigated

outliers [ ± 3�
Percentage of

navigation

outliers

Number of

conventional

TKAs

Conventional

outliers [ ± 3�
Percentage of

conventional

outliers

Stulberg et al. [82] 2000 15 0 0.0% 15 5 33.3%

Saragaglia et al. [72] 2001 25 4 16.0% 25 6 24.0%

Jenny and Boeri [36] 2001 30 5 16.7% 30 9 30.0%

Sparmann et al. [80] 2003 120 0 0.0% 120 16 13.3%

Oberst et al. [64] 2003 12 0 0.0% 13 5 38.5%

Bathis et al. [3] 2004 50 2 4.0% 50 12 24.0%

Bathis et al. [4] 2004 80 3 3.8% 80 18 22.5%

Chauhan et al. [14] 2004 35 2 5.7% 35 10 28.6%

Matsumoto et al. [56] 2004 30 2 6.7% 30 10 33.3%

Perlick et al. [68] 2004 40 3 7.5% 40 11 27.5%

Perlick et al. [69] 2004 50 4 8.0% 50 12 24.0%

Victor and Hoste [86] 2004 48 0 0.0% 49 13 26.5%

Anderson et al. [1] 2005 116 6 5.2% 51 8 15.7%

Böhling et al. [9] 2005 50 3 6.0% 50 27 54.0%

Chin et al. [16] 2005 30 3 10.0% 60 22 36.7%

Confalonieri et al. [20] 2005 38 5 13.2% 77 21 27.3%

Daubresse et al. [21] 2005 50 0 0.0% 50 14 28.0%

Haaker et al. [29] 2005 100 21 21.0% 100 72 72.0%

Jenny et al. [37] 2005 235 18 7.7% 235 65 27.7%

Kim et al. [39] 2005 69 4 5.8% 78 21 26.9%

Skowronski et al. [78] 2005 100 21 21.0% 100 44 44.0%

Zorman et al. [89] 2005 71 0 0.0% 64 19 29.7%

Chang and Yang [13] 2006 48 9 18.8% 29 12 41.4%

Macule-Beneyto et al. [51] 2006 102 53 52.0% 84 59 70.2%

Seon and Song [75] 2006 49 3 6.1% 53 6 11.3%

Bertsch et al. [7] 2007 34 2 5.9% 35 7 20.0%

Ensini et al. [26] 2007 60 1 1.7% 60 12 20.0%

Kim et al. [41] 2007 100 28 28.0% 100 35 35.0%

Martin et al. [53] 2007 100 8 8.0% 100 24 24.0%

Matziolis et al. [58] 2007 32 1 3.1% 28 7 25.0%

Mullaji et al. [61] 2007 282 29 10.3% 185 40 21.6%

Park and Lee [66] 2007 32 3 9.4% 30 9 30.0%

Seon et al. [76] 2007 42 2 4.8% 42 8 19.0%

Bonutti et al. [12] 2008 50 3 6.0% 50 1 2.0%

Chotanaphuti et al. [18] 2008 90 5 5.6% 90 12 13.3%

Dutton et al. [23] 2008 52 4 7.7% 56 18 32.1%

Ek et al. [24] 2008 50 11 22.0% 50 19 38.0%

Lüring et al. [49] 2008 30 0 0.0% 60 5 8.3%

Lützner et al. [50] 2008 40 5 12.5% 40 7 17.5%

Mizu-uchi et al. [59] 2008 37 3 8.1% 39 9 23.1%

Oberst et al. [63] 2008 34 2 5.9% 35 7 20.0%

Rosenberger et al. [71] 2008 50 5 10.0% 50 21 42.0%

Tingart et al. [85] 2008 500 26 5.2% 500 128 25.6%

Yau et al. [87] 2008 52 15 28.8% 52 13 25.0%

Biasca et al. [8] 2009 20 0 0.0% 20 0 0.0%

Cheung and Chiu [15] 2009 47 10 21.3% 47 27 57.4%

Kim et al. [40] 2009 160 20 12.5% 160 30 18.8%
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between June 2008 and December 2009. We considered all

patients who had disabling knee arthritis, were at an

acceptable medical risk, and failed nonoperative manage-

ment to be candidates for TKA and evaluated them for

applicability of PSPGs. The indications for PSPGs were (1)

the ability and willingness to undergo preoperative MRI,

(2) the willingness to wait 4 to 6 weeks before surgery, and

(3) the acceptance of the relatively new technology.

Exclusion criteria for PSPGs were (1) metallic hardware

within 10 cm of the knee or prior THA and (2) a prior MRI

performed by their primary care physician. At the time of

the study, the currently available CT option for preopera-

tive imaging in patients with metallic hardware was not

ready. An MRI performed by an outside physician typically

was not adequate for PSPG technology since it did not

include the knee or hip, and a repeat MRI was not per-

formed. Patients who did not fit the PSPG criteria

underwent TKA with MI. The capability for standing AP

long-leg radiographs (LLRs) was acquired in January 2010,

and the first 105 PSPG patients (January 2010 to December

2010) and 55 MI patients (February 2010 to September

2010) who returned for followup were imaged and included

for retrospective analysis. For surgeon JHD, the capability

had been established for longer. LLRs from 464 PSPG

TKAs (June 2008 to December 2009) and from 100 con-

secutive MI TKAs (March 2008 to May 2008) were

included. We excluded patients with lower limb fractures

after TKA or poor-quality LLRs. Both groups were highly

representative of each surgeon’s overall patient population.

Proceedings were in accordance with the Western Institu-

tional Review Board (Olympia, WA), Protocol Number

20041825, Study Number 1063398.

The surgeons used the PSPG system according to the

manufacturer’s instructions. A preoperative MRI was per-

formed and the data sent to Biomet, Inc, which forwarded it

to Materialise (Leuven, Belgium), where it was uploaded

onto a proprietary software planner. After the surgeons

reviewed the templating and alignment of components in

multiple planes and approved the plan, rapid-prototyping

computer-assisted design/computer-assisted manufacturing

technology created PSPG jigs. After exposure of the knee,

we carefully positioned PSPG jigs over the articular sur-

faces, ensuring an accurate fit. Then, guided by the PSPG

jig, we placed drill holes and pins in the periarticular bone,

which then determined the orientation of standard cutting

guides. We then carried out the remainder of the TKA

procedure as usual. In all cases, the PSPG could be used,

and in no patient was it necessary to convert from PSPG to

MI intraoperatively.

Two independent reviewers evaluated LLRs using dig-

ital tools. In all patients, we analyzed the relationship of the

center of the knee to the OMA of the lower limb. In the

subset of patients for AVL, we recorded the additional

following measurements: (1) the angle between the tibial

(TMA) and femoral mechanical axis (FMA), (2) the angle

between the tibial component and the TMA, (3) the angle

between the femoral component and the FMA, and (4) the

angle between the femoral anatomic axis (FAA) and the

FMA. In addition, we used preoperative standard AP

weightbearing films of the knee to estimate original ana-

tomic alignment. Both groups were similar in alignment

and amount of flexion contracture (Table 2). We randomly

selected 20 LLRs for repeat analysis to assess intra- and

interobserver reliability, which demonstrated Pearson cor-

relation coefficients of 0.67 to 0.96 and 0.64 to 0.95,

respectively.

The center of the femoral head was determined using

digital circles. We defined the center of the ankle as the

center of the proximal surface of the talar dome and the

OMA as a line connecting these two points. The medio-

lateral width of the tibial tray was divided into three equal

zones and the OMA was assessed as to whether it passed

Table 1. continued

Study Year Number of

navigated

TKAs

Navigated

outliers [ ± 3�
Percentage of

navigation

outliers

Number of

conventional

TKAs

Conventional

outliers [ ± 3�
Percentage of

conventional

outliers

Pang et al. [65] 2009 35 2 5.7% 35 9 25.7%

Seon et al. [74] 2009 43 2 4.7% 42 9 21.4%

Hernández-Vaquero

et al. [32]

2010 40 2 5.0% 40 21 52.5%

Lee et al. [43] 2010 60 5 8.3% 56 16 28.6%

Hasagawa et al. [31] 2011 50 3 6.0% 50 11 22.0%

Ishida et al. [34] 2011 26 5 19.2% 27 10 37.0%

Schmitt et al. [73] 2011 57 15 26.3% 30 6 20.0%

Total 3798 388 10.2% 3677 1038 28.2%

Ng et al. 2011 569 (PSPG) 82 (PSPG) 14.4% (PSPG) 155 (MI) 43 (MI) 27.7% (MI)

PSPG = patient-specific positioning guide; MI = manual instrumentation.
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medial to, lateral to, or through the central third. We

defined the center of the knee as midway across the

proximal resected surface of the tibia and determined the

FMA and TMA by connecting this point to the center of

the femoral head and the center of the ankle, respectively

[60]. The position of the femoral component was defined as

a line tangent to the distal aspects of the medial and lateral

femoral condyles, and the tibial component as a line along

the surface of the tibial tray. The FAA was defined as a line

connecting the mediolateral midpoint of the femur at the

midshaft and at 10 cm proximal to the knee [60].

We deemed neutral alignment to be 90� for the indi-

vidual components and their respective mechanical axes

and 180� for the FMA-TMA or hip-knee-ankle (HKA)

angle. We measured all angles on the lateral aspect of the

intersecting lines, except the FAA-FMA angle, which we

measured as the more acute angle. Angles greater than and

less than neutral alignment were deemed varus and valgus,

respectively. For the HKA angle and both components, we

calculated the mean individual patient error from neutral

alignment in addition to the all-patient mean angulation

since varus and valgus errors offsetting one another would

tend to neutralize the latter. The percent of cases in which

the HKA angulation was different from neutral in incre-

ments of 1� was calculated (Fig. 2).

We integrated the data for AVL and JHD regarding the

distance of OMA from the center of the knee. The overall

mean angle and mean individual deviation angles for the

tibial component, the femoral component, the HKA, and

FAA-FMA between PSPGs and MI were analyzed accord-

ing to a parametric distribution using an unpaired two-tailed

Student’s t test. The proportion of outliers and the relation-

ship of the OMA to the center of the knee between PSPG and

MI were analyzed using a chi square test.

Results

The OMA passed through the central third of the knee

more often (p \ 0.001) with PSPG (88%) than MI (78%).

The overall mean HKA angle for PSPG (180.6�) was

similar (p = 0.17) to MI (181.1�), but there were fewer

(p = 0.018) ± 3� HKA angle outliers with PSPG (9%)

than MI (22%). The overall mean tibial (89.9� versus

90.4�) and femoral (90.7� versus 91.3�) component angles

were closer (p = 0.005, p \ 0.001) to neutral with PSPG

compared to MI, but the rate of outliers ± 2� was similar

(p = 0.21, p = 0.14) for both the tibia (10% versus 7%)

and femur (22% versus 18%). The mean FAA-FMA angles

were similar in both groups (Table 3).

Discussion

PSPG technology for TKA integrates the time-honored

principle of mechanical alignment with computer tem-

plating and advanced imaging. The majority of literature

supports the restoration of a neutral axis as a contributing

factor in implant longevity [5, 27, 28, 35, 52, 70]. Intra-

operative CAN improves precision and accuracy of

alignment compared to MI [54] but is hindered by time-

consuming landmark registration, increased operative

length, greater cost, risk of pin loosening, and a substantial

learning curve [45]. A necessary step in validating the

usefulness of any new system such as the PSPG is to

Table 2. Summary of preoperative knee measurements*

Measurement parameter Patient-specific positioning guides Manual instrumentation p Value

Total number of TKAs 105 55

5�–10� valgus� 19 (18%) 16 (29%) 0.11

[ 10� valgus� 12 (11%) 6 (11%) 1

\ 5� valgus� 74 (71%) 33 (60%) 0.18

Outliers C 15� valgus or C 5� varus 18 (17%) 11 (20%) 0.66

Flexion contracture [ 10� 7 (7%) 5 (9%) 0.58

* For TKAs performed by coauthor AVL; �anatomic alignment of the knee.

Fig. 2 The graph demonstrates the range of deviation from neutral

alignment for the HKA angle for the PSPG and MI systems.
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establish its equivalence or superiority to existing modali-

ties. We sought to determine its ability to achieve neutral

coronal mechanical alignment and compared it to both MI

and published reports of CAN.

There are several potential limitations of this study.

First, coronal alignment and standing LLRs are the

traditional gold standard for assessment of TKA [60].

However, with the recent widespread introduction of three-

dimensional imaging and CAN, there is additional focus on

sagittal and axial alignment [19, 30, 77, 88]. While post-

operative CT is routinely acquired to evaluate component

rotation in patients with patellar maltracking issues [6], the

costly nature of routine postoperative scanning is prohibi-

tive in large-scale studies. Although sagittal alignment is

undoubtedly important in TKA as well, parameters of ideal

orientation have been studied far less than in the coronal or

axial planes [77]. Second, several recent studies challenged

the premise of a coronal safe zone and associated dura-

bility. Parratte et al. [67] found mechanical alignment in

292 TKAs did not confer a significant advantage compared

to malalignment (± 3�) in 106 cases in terms of survival.

In a smaller study, Matziolis et al. [57] reported no dif-

ference in patient outcome between aligned TKA and a

subset of varus outliers and no revisions in either group.

Nevertheless, their findings implied not that coronal

alignment was unimportant but rather that assessment of

alignment as a dichotomous variable (aligned versus

malaligned) was limited and could only serve as a general

guideline. Additionally, there was no substantial evidence

that any target other than neutral would lead to better

results. Likely, the benefits of improved coronal alignment

lie along a gradient, and other factors, such as soft tissue

balance, if not optimized as well, can overshadow subtle

perfections in alignment. Third, reimbursement schematics

for TKA have become more parsimonious, and surgeons

are challenged with balancing limited financial resources

and the near-infinite potential for technologic advance-

ment. The initial capital cost for CAN is approximately

$150,000 to $300,000 and, for an even newer technology,

robotics, is up to $800,000 [83]. A conservative estimate

per procedure for CAN is $1500 [62]. As the number

of TKAs performed in the hospital decreases, the expense

of CAN substantially increases [62]. Because low- to

intermediate-volume surgeons and hospitals perform a

sizable proportion of TKAs [38, 79], the PSPG may offer a

viable alternative to CAN since it does not incur a sub-

stantial initial investment. The costs of a preoperative MRI

and a PSPG jig vary considerably by geographic location,

and revenue generated by the MRI may offset the expense

of PSPGs. While a cost-effective analysis of PSPGs is

beyond the scope of this study, the potential savings from

reduced instrument tray processing and implant inventory

may offset a portion of the added expenses. Furthermore,

the actual patient benefit of any technology directly cor-

relates to the surgeon’s proficiency with MI and ability to

achieve desired technical outcomes without additional

tools. In this study, high-volume surgeons with extensive

experience with both PSPGs and MI performed the TKAs.

As with any instrumentation system, there is a learning

curve with PSPGs, and whether less experienced surgeons

are able to integrate its unfamiliar yet intuitive skill set into

their armamentarium remains to be seen. Fourth, the

objective of this study was not to examine parameters such

as patient satisfaction, early functional scores, or length of

hospitalization, but there was evidence that improved

alignment was associated with better function and quality

of life [17, 24, 47]. Indeed, the benchmark of new tech-

niques and technology is not merely achieving a

statistically significant difference but also producing a

clinically important and tangible improvement in patient

outcome. However, demonstrating these effects often

requires lengthy followup. With the proliferation of PSPGs

Table 3. Alignment of TKA

Alignment parameter Patient-specific positioning guides Manual instrumentation p Value

Central third* 88% 78% \ 0.001

Tibial component-TMA angle� 89.9� 90.4� 0.005

Individual tibial component deviation from neutral� 0.9� 0.8� 0.47

Tibial component [ 2� outlier� 10% 7% 0.21

Femoral component-FMA angle� 90.7� 91.3� \ 0.001

Individual femoral component deviation from neutral� 1.3� 1.3� 0.89

Femoral component [ 2� outlier� 22% 18% 0.14

HKA angle� 180.6� 181.1� 0.17

Individual HKA angle deviation from neutral� 2.0� 2.1� 0.5

HKA angle [ 3� outlier� 9% 22% 0.018

FAA-FMA angle� 5.6� 5.3� 0.1

Values are expressed as means; * includes patients of both JHD and AVL; �includes patients only of AVL; TMA = tibial mechanical axis;

FMA = femoral mechanical axis; HKA = hip-knee-ankle; FAA = femoral anatomic axis.
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by multiple major manufacturers and its popularity among

surgeons for several years, published validation of its

performance is due. The extent of acceptance of this

technology in principle is likely a reflection of not only its

compatibility with existing TKA principles but also the

recognition of a promising segue between the surgeon and

the computer.

We found the use of PSPGs reduced the percentage of

HKA outliers at rates superior to many previously reported

CAN and nearly all MI rates including the coauthor’s own

(Table 1). Outliers for the tibial and femoral component in

this study for both PSPG (10%, 22%) and MI (7%, 18%)

were lower than those in a meta-analysis for MI (20%,

34%) but higher than those using CAN (5%, 10%) [54].

The mean postoperative FAA-FMA angles for both PSPG

and MI fell within the 5� to 7� range typically assumed for

TKA performed using intramedullary guides and without

preoperative LLRs [22, 25]. Further studies are necessary

to examine the effect of compensatory or compounding

effects of individual component malalignment on the

overall lower limb alignment and on implant function.

While accurate and precise alignment guides are impor-

tant tools in restoring the proper overall mechanical axis,

they are not a substitute for careful preoperative planning,

good clinical and intraoperative judgment, appropriate soft

tissue balancing, and precise implantation technique. Indeed,

there are many variables that affect TKA performance and

patient satisfaction, and static coronal alignment is only one

measure of technical success by the surgeon. Nevertheless, it

is a cornerstone of TKA and carries a weighty import that is

backed by an abundance of data. In concert with existing

literature, the findings reported here demonstrate the PSPG is

effective in achieving overall coronal alignment with accu-

racy and precision better than MI and, in select regard,

comparable to CAN.
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