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Abstract
Purpose We report the six year implant survivorship, tibial
component alignment and knee and limb function measured
by the Oxford Knee Score andWestern Ontario andMcMaster
Universities Osteoarthritis Index ((WOMAC) score after ki-
nematically aligned total knee arthroplasty (TKA) and tested
the hypothesis that varus alignment of the tibial component,
knee, or limb does not adversely affect implant survival and
function.
Methods We prospectively followed 214 consecutive patients
(219 knees) treated with a kinematically aligned TKA in 2007.
Kaplan–Meier survival analysis and revision rate per 100
component years determined implant failure. The Oxford
Knee Score (0 worst, 48 best) and WOMAC score (0 worst,
100 best) were used tomeasure function.We categorised tibial
component alignment as in-range (≤ 0°) or varus (>0°), knee
alignment as in-range (between -2.5° and -7.4°), varus (>-
2.5°), or valgus (<-7.4°), and limb alignment as in-range (0°
±3°), varus (>3°) or valgus (<-3°).

Results At a mean of 6.3 years (range, 5.8–7.2), implant sur-
vivorship was 97.5 % and revision-rate per 100 component
years 0.40. Three implants had been revised (deep infection
one, loose tibial component one and patella instability [1); two
loose patella components were pending revision and consid-
ered failures. The average Oxford Knee Score was 43 and
WOMAC 91. Function of tibial components (80 %), knees
(31 %) and limbs (7 %) that were aligned in varus was similar
to patients aligned in-range.
Conclusions At amean of 6.3 years after kinematically aligned
TKA, varus alignment of the tibial component, knee and limb
did not adversely affect implant survival or function, which
supports the consideration of kinematic alignment as an alter-
native to mechanical alignment for performing primary TKA.

Level of evidence, III; therapeutic study.

Keywords Kinematic . Alignment . Knee . Arthroplasty .

Survival

Introduction

The effects of alignment on implant survivorship and function
after total knee arthroplasty (TKA) are of great interest to the
surgeon and patient [1–3]. Varus malalignment is mentioned
as a major risk factor for implant survivorship, postoperative
pain and functional impairments [4–6]. This widespread opin-
ion is based, in part, on historical data derived from implanta-
tions performed in the late 1970s and early 1980s with rudi-
mentary implant designs (that is, the Denham knee) [4, 7, 8].
However, results from several studies that used more modern
implants and placed the limb or tibial component in varus do
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not support the opinion that varus alignment adversely affects
implant survivorship and function [4, 9, 10].

Kinematically aligned TKA is a new alignment technique
with no reports of implant survivorship beyond three years
[10]. A Level 1 randomised clinical trial showed that kinemat-
ically aligned TKA provided better pain relief, function scores
and flexion than mechanically aligned TKA at two years [11].
Kinematic alignment corrects the arthritic deformity to the
constitutional alignment of the patient with the intent of posi-
tioning the femoral and tibial components, restoring the natu-
ral tibial–femoral articular surface, alignment and natural lax-
ities of the knee [11, 12]. However, aligning joint-line com-
ponents with those of the normal knee also aligns the tibial
component in varus, creating concern that varus alignment
might result in poor function and early catastrophic failure.
Accordingly, there is a need to determine whether varus align-
ment of the tibial component, knee and limb adversely affects
implant survivorship and function at mid-term follow-up.

The purpose of this study was to analyse the six year implant
survivorship, alignment of the tibial component, knee, and limb
and assess function as measured by the Oxford Knee Score and
WOMAC score after kinematically aligned TKA. We also test-
ed the hypothesis that varus alignment of the tibial component,
knee or limb does not adversely affect survival and function.

Materials and methods

We prospectively followed 228 consecutive patients treat-
ed with 233 primary TKAs with kinematic alignment be-
tween January and December 2007 (Table 1). Indications
were: (1) disabling knee pain and functional loss unre-
solved with nonoperative treatment modalities; (2) radio-
graphic evidence of Kellgren-–Lawrence grade 3 or 4 ar-
thritic change or osteonecrosis; (3) and any severity of
varus or valgus deformity. We excluded one patient with
rheumatoid arthritis, one who became paraplegic from
transverse myelitis, one whose knee was mechanically
aligned because the wrong patient-specific guide was de-
livered for surgery, one with a giant-cell tumor of the tibia
and ten with a workers’ compensation claim, because they
are known to have lower function scores than patients
without claims [13]. An institutional review board ap-
proved the analysis.

The study cohort consisted of 214 patients (219 knees) with
an average age of 68 years (range, 39-93) (Table 2). There
were more women (133) than men (81) men, and average
body mass index (BMI) for both sexes was 31 kg/m2 (range,
14–49) at the time of surgery. Pre-operative knee diagnoses
were degenerative osteoarthritis, 193 knees (88 %), traumatic

Table 1 Study participants

Variables Statistics

Eligible participants (number of knees) 228 (233)

Excluded participants 14 (14)

Reasons: workers’ compensation claim (n=10), rheumatoid arthritis (n=1), acquired paraplegia from transverse myelitis (n=1), knee
mechanically aligned because wrong patient-specific guide delivered for surgery (n=1), giant-cell tumor of tibia (n=1)

Included participants 214 (219)

Postoperative radiographic status

Participants with a long-leg scanogram 195 (200)

Participants with no long-leg scanogram 20 (20)

Reasons: not available for elective use at time of discharge (n=19),; malrotated (n=1),

Postoperative status at 6 years

Participants with a response concerning reoperation 203 (208)

Source: patient (n=178), family member because patient was deceased (n=20), family member because patient was mentally
incompetent due to stroke or dementia (n=5)

Participants with no response concerning reoperation 11 (11)

Reasons: Multiple people search websites and primary care contact information failed to locate a family member of a deceased patient
(n=4),or to locate a patient not known to be deceased or their family member (n=7)

Participant with a reoperation 5

Reasons: revision of loose tibial component associated with reverse posterior slope (n=1), revision of well-fixed components because
of patella instability (n=1), revision of well-fixed components for infection (n=1), lateral release for patella instability (n=2)

Participants with a complication not treated with surgery 2

Reasons: loose patella component (n=2)

Participants with a response concerning function 173 (178)

Participants with no response concerning function 41 (41)

Reasons: deceased (n=24), mentally incompetent due to stroke or dementia (n=5), multiple people-search websites failed to locate a
patient not known to be deceased or their family member (n=7), knee reoperated on (n=5)
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osteoarthritis, 24 knees (11 %) and osteonecrosis, two knees
(1 %). Pre-operative knee alignment was measured from a
standing radiograph of the knee and ranged from 34° (-20°)
valgus to 14° varus (Fig. 1). Median time to follow-up was
6.3 years (range, 5.8–7.2).

The lead author (SMH) performed all kinematically
aligned TKAs using patient-specific femoral and tibial cutting
guides (OtisMed, Alameda, CA, USA), a cemented cruciate-
retaining component (Vanguard; Biomet, Inc, Warsaw, IN,

USA) and a previously described technique [11, 10, 14, 15].
The basic concept of kinematically aligned TKA is scientifical-
ly supported and is not controlled by the US Food and Drug
Administration (FDA) or regulatory agencies in other countries
[11, 12, 16]. Kinematically aligned TKA is currently performed
with manual instruments, which achieves accurate alignment
and restores high function [12]. Kinematically aligned TKA
can no longer be performed with patient-specific guides, as
they are no longer being manufactured. Varus and valgus

Table 2 Patient characteristics

Preoperative clinical characteristics, motion,
knee deformity and function

Number of patients or knees Mean (SD) or numbers (%) Range

Preoperative clinical characteristics

Age (years) 205 68 (10.1) 39–93

Sex (male) 214 82 (38 %)

Body mass index (kg/m2) 199 31 (6.6) 14–49

Preoperative motion and deformity

Extension (°) 190 10 (8.6) -5 to 40

Flexion (°) 190 113 (12.6) 80–150

Varus (+)/valgus (-) Deformity (°) measured
from standing radiograph

213 -1.1 (6.3) 14 varus to -20 valgus

Preoperative function

Oxford score (48 best, 0 worst) 151 18 (7) 4–39

Knee Society Score (100 best, 0 worst) 145 43 (16.9) 0–75

Knee Function Score (100 best, 0 worst) 145 42 (18.4) 0–90

SD standard deviation

Fig. 1 Change between
pre-operative and postoperative
knee alignment measured on
standing radiograph and supine
scanogram of the limb.
Postoperative knee alignment
range (11°) was three times less
than pre-operative alignment
(34°), which shows the degree of
correction achieved with
kinematically aligned total knee
arthroplasty (TKA). Ellipse
covers 99 % of points that
represent knee alignment; 114×
101 mm (300×300 DPI)
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deformities and flexion contractures were corrected, and the
knee was balanced by positioning the bone cuts so the compo-
nents restored the natural tibial–femoral articular surface with-
out releasing collateral, posterior cruciate or retinacular liga-
ments [17, 10, 12]. Knee balance and patellar tracking were
determined qualitatively by manual and visual examination.
The patella was resurfaced. All components were cemented.
On the day of discharge, an anteroposterior rotationally con-
trolled long-leg computed tomograph (CT) scanogram of the
limbwas obtained with the patient supine and non-weight bear-
ing, using a previously described technique [18, 19].

One of the two observers (SP, LRG), blinded to align-
ment, contacted patients independently of the treating sur-
geon between October 2013 and March 2014. Whether the
patient had further surgery on the knee for any reason,
including stiffness, instability, wear, component loosening,
fracture, infection and haematoma drainage was recorded,
and the operative note was obtained. The source for deter-
mining a re-operation on the 203 patients (208 knees) was
the patient (n=178), a family member because the patient
was deceased (n=20) or a family member because the pa-
tient was mentally incompetent due to stroke or dementia
(n=5). Mentally competent patients without re-operation
and alive at the 6-year follow-up (173; 178 knees) com-
pleted the Oxford Knee Score (48 best, 0 worst) and
WOMAC questionnaires (100 best, 0 worst).

One observer (KK), blinded to re-operation status and
function scores, measured and categorised coronal align-
ment of the limb, knee and tibial component in 195 pa-
tients (200 knees) independent of the treating surgeon
using a previously described technique [20, 15, 19].
Alignment of the tibial component was the angle between
the joint line of the tibial component and the mechanical
axis of the tibia; knee alignment was the angle between
the anatomic axes of the femur and tibia; limb alignment
was the angle between the mechanical axes of the femur

and tibia [8, 5]. We categorised tibial component align-
ment as in-range (≤ 0°) or varus (>0°) [5]; knee alignment
as in-range (between -2.5° and -7.4°), varus (>-2.5°) or
valgus (<-7.4°) [5]; and limb alignment as in-range (0°±
3°), varus (>3°) or valgus (<-3°) [8]. Interclass coeffi-
cients for the methods of measuring limb (0.86) and knee
(0.87) alignment indicate good reproducibility [19].

Statistical analysis

Pre-operative clinical characteristics, motion, varus–valgus
deformity measured on a standing radiograph and function
scores were expressed as mean, standard deviation (SD), and
95 % confidence interval (CI) (Table 2). Kaplan–Meier sur-
vival analysis of time to failure was performed, including any
pending revisions, defined as failure with four endpoints:

1. Revision for any reason
2. Revision for any reason other than infection
3. Revision for tibial collapse
4. Revision due to instability, including patella
Censoring occurred at the date of the last clinical ex-

amination, date of death, or date on which implant failure
was determined. Implant survival was computed as the
rate of revision per 100 component years. This is equiva-
lent to the yearly rate of revision expressed as a percent-
age and is calculated by dividing the number of implants
revised by the observed component years multiplied by
100 [21]. The exact 95 % CI of the revision rate per
100 component years, the overall Oxford Knee Score
and the overall WOMAC score were computed. A sin-
gle-factor, completely randomised analysis of variance
(ANOVA) determined whether there were differences in
mean scores between patients grouped by in-range, varus
and valgus alignment of the tibial component, knee and
limb.

Fig. 2 Kaplan–Meier
survivorship for four revision
endpoints; 165×101 mm (300×
300 DPI)
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Results

Regarding implant survivorship, re-operation data were avail-
able for 208 knees (95 %). At 6 years, implant survivorship
was 97.5 % when the endpoint was revision for any reason
and per 100 component years was 0.40 (95 % CI 0.18–0.93)
(Fig. 2). Three implants were revised for, respectively, deep
infection, loose tibial component and patella instability; two
loose patella components were pending revision (Table 3)
(Fig. 3).

For alignment measurements, a long-leg scanogram of the
lower limb was available for 195 patients (200 knees)
(Table 1): 80 % of tibial components, 31 % of knees and
7 % of limbs were varus. Tibial component alignment ranged
from -7° valgus to 7° varus (mean 1.9° varus, 95 % CI 1.6–
2.3°); knee alignment ranged from -9° valgus to 2° varus
(mean -3.6° varus, 95 % CI -3.3° to -3.8°); limb alignment
ranged from -10° valgus to 8.5° varus (mean -0.8° varus, 95%
CI -0.4° to -1.1°); preoperative knee alignment of 34° (-20°
valgus to 14° varus) was corrected to a postoperative knee
alignment of 11° (-9° valgus to 2° varus) (Fig. 1).

Function scores were available for 178 knees (81 %)
(Table 1). At 6 years, the overall Oxford Knee Score averaged
42.7 (95%CI 41.6–43.7) and the overallWOMAC score 91.1
(95 % CI 89.0–93.1).

In regards to the effect of alignment category on function,
both a long-leg scanogram of the lower limb and a six year
function score were available for 175 knees (80 %) (Table 1).
Mean Oxford Knee andWOMAC scores were no different for
patients grouped as varus, valgus or in-range according to
tibial component, knee, limb alignment (Table 4).

Discussion

The most important findings of this study were that kinemat-
ically aligned TKA had an acceptable implant survivorship,
high average function and varus alignment of the tibial com-
ponent, knee and limb that did not adversely affect implant
survival or function at a mean follow-up of 6.3 years.

Three limitations should be discussed before interpreting
the findings of our study. Firstly, these results, of a designer
surgeon’s case series, require independent confirmation be-
cause designing surgeons tend to report lower failure rates
and higher function, which might not be reproducible and
applicable to the typical surgeon [22]. However, the study’s
25-point improvement from pre-operative function to an av-
erage Oxford Knee Score of 43 at 6 years has been reproduced
by nondesigning surgeons, who reported a comparable 20-
point improvement from pre-operative function to an average
Oxford Knee Score of 40 at 2 years [11]. Secondly, the lack of
follow-up of 5 % of patients (11 patients, 11 knees) might
have positively biased implant survivorship if some of these T
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patients had revision surgery and were omitted from the
revision-rate computation. Such bias would be more likely if
these patients were contactable and refused to participate;
however, a comprehensive search failed to retrieve reliable
contact information from their last listed primary care physi-
cian, hospital admission records and multiple people-search
websites. The final limitation is that imaging studies were not
part of the final follow-up, so we are unable to report on the
location and extent of radiolucent lines that indicate reduced

implant–bone contact and are suggestive of an implant at risk
for loosening.

Our implant survivorship of 97.5 % and revision rate per
100 component years of 0.40 (95 % CI 0.18–0.93) after a
mean of 6.3 years for kinematically aligned TKA are compa-
rable with those of mechanically aligned TKA of 0.64 (95 %
CI 0.44–1.19) reported by a knee arthroplasty registry for the
same implant design at six years (Table 3) [23]. Although
patient population, follow-up and methodology of our study

Fig. 3 Alignment on computer tomography (CT) scanogram or
radiograph of the pertinent projections of failure due to tibial loosening
(1A–C), revision due to patella instability (2A–C), one pending revisions
due to loose patella component. Tibial loosening may have been
associated with tibial component placement in reverse slope due to a
poor-fitting tibial component (1B). Revision for patellar instability may
have been associated with a difficult-to-treat bilateral congenital lateral
patellar instability (2C). Patellar looseningmay have been associated with

flexed femoral component due to poor-fitting femoral guide (3C). The
final case of patellar loosening may have been associated with an overly
thin patella remaining after resection (not shown). None of these patients
had malalignment of the limb (hip–knee–ankle angle) in the coronal
projection (1A, 2A, 3A). Hence, these failures are not associated with
the principle of kinematic alignment and are associated with multiple
factors that should be preventable with use of manual instruments instead
of patient-specific guides; 203×101 mm (300×300 DPI)

Table 4 Tibial component, knee and limb alignment according to Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) Score
and Oxford Knee Score

Alignment parameter/function score In-range* Varus * Valgus* Significance

Tibial component alignment (tibial
component/mechanical axis of tibia)

≤0° 20 %, n=43 >0° 80 %, n=168

Oxford Knee Score (48 best, 0 worst) 42 (40–45), n=37 43 (41–44), n=138 NS, p=0.6658

WOMAC (100 best, 0 worst) 91 (86–95), n=36 91 (89–93), n=139 NS, p=0.9012

Knee alignment (femoral–tibial angle) -7.4 to -2.5 degrees
64 %, n=136

> -2.5° 31 %, n=65 < -7.4° 5 %, n=10

Oxford Knee Score (48 best, 0 worst) 42 (41–44), n=115 43 (41–45), n=52 41 (36–46), n=8 NS, p=0.8261

WOMAC (100 best, 0 worst) 91 (88–93), n=115 92 (88–95), n=52 88 (79–99), n=8 NS, p=0.8721

Limb alignment (hip–knee–ankle angle) 0±3° 73 %, n=154 >3° 7 %, n=15 <-3° 20 %, n=42

Oxford Knee Score (48 best, 0 worst) 43 (41–44), n=126 42 (38–46), n=15 42 (40–45), n=34 NS, p=0.9379

WOMAC (100 best, 0 worst) 91 (89–94), n=126 92 (85–99), n=15 89 (85–94), n=34 NS, p=0.7945

NS not significant

*Values are percent of total knee arthroplasties (TKAs), number of TKAs (n), mean function score rounded to nearest integer and the 95 % confidence
interval (CI) for function score
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and the arthroplasty registry are different, comparable implant
survivorship and revision rate suggests that kinematically
aligned TKA does not fail prematurely at a mean of 6.3 years’
follow-up.

Three reasons explain why a kinematically aligned TKA
that restores the natural constitutional alignment of the limb
and knee resulted in an acceptable implant survival and revi-
sion rate per 100 component years at a mean of 6.3 years, even
though 80 % of tibial components, 31 % of knees and 3 % of
limbs were categorised as varus: (1) Kinematically aligned
TKA avoids the wide range of collateral ligament imbalances
that are complex, cumulative and not correctable by collateral
ligament release, and the wide range of change in the natural
alignment of the limb and knee, which are caused by mechan-
ically aligned TKA. The -9° valgus to 2° varus range of knee
alignment of the kinematically aligned TKAs is comparable
with the -9° valgus to 0° varus range of the natural knee
alignment, which indicates an average correction of the con-
stitutional alignment [24]. (2) Kinematically aligned TKA that
restores constitutional alignment of the limb and joint line of
the knee has more physiological strain in collateral ligaments
than does mechanically aligned TKA that is unnaturally
aligned to a neutral mechanical alignment [25]. (3) There is
new evidence suggesting that primary osteoarthritis is not
caused by the patient’s constitutional alignment, which would
suggest that restoring this alignment does not predispose the
implant to premature failure. The primary cause of osteoar-
thritis is hypothesised to be adverse changes in cartilage me-
tabolism associated with aging and obesity. Articular cartilage
is a mechanosensitive tissue that, when healthy, increases an-
abolic activity and thickens when loaded. Chondrocytes expe-
rience age-related declines in their anabolic activity and thick-
ening response and cause osteoarthritis because of gradual
loss of the ability to respond and compensate for high loads
from activity and obesity [26]. Clinical findings of bilateral
osteoarthritis with a varus deformity in one knee and a valgus
deformity in the other (wind-swept), lack of osteoarthritis in
the majority of elderly Asian patients with severe constitution-
al varus, and the report that patients with pre-operative varus
have better clinical outcome and function scores and no revi-
sions when alignment is left in mild constitutional varus—
compared with patients with alignment correction to neu-
tral—at a mean follow-up of 7.2 years, support the indication
that adverse change in cartilage metabolism is the primary
cause of osteoarthritis [9].

Finally, the high function scores reported in this study are
comparable with a Level 1 randomised clinical trial. That trial
reported that the kinematically aligned group had a 7-point
better Oxford Knee Score, 26-point better WOMAC score, 8°
better flexion and 1.7 higher odds ratio of having a pain-free
knee at 2 years’ follow-up [11]. Similarly, the average Oxford
Knee Score of 43 (95 % CI 41.6—43.7) at 6 years in the study
reported here is 10 points higher than the average of 33 (95 %

CI 31.9–33.4) reported for a case series of mechanically aligned
TKA at 6 years [27]. Although patient population, follow-up
and methodology of our study and the case series of mechan-
ically aligned TKA are different, our study and the Level 1
randomised clinical trial of kinematically aligned TKA report
encouraging functional and clinical results.

In summary, the acceptable implant survivorship and cor-
rection of knee alignment associated with a varus alignment of
the tibial component and/or knee, and the high patient func-
tion at a mean follow-up of 6.3 years, support the consider-
ation of kinematic alignment as an alternative to mechanical
alignment for performing primary TKA.
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