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Background: We previously reported the short-term radiographic and functional results of a randomized controlled trial
(RCT) comparing computer-assisted and conventionally performed total knee replacement. We currently report the 2-year
clinical results from this trial.

Methods: One hundred and ninety patients were randomly allocated to undergo either computer-assisted or conven-
tional total knee replacement. One hundred and seventy-two patients were available for clinical evaluation at 2 years, and
167 (97%) of those answered all patient-reported outcome measures (PROMs), including the Knee Injury and Osteoar-
thritis Outcome Score (KOOS), Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC), Knee Society
Score (KSS), visual analog scale (VAS), and EuroQol-5 Dimensions (EQ-5D). Patients and clinical evaluators were blinded
to the method of surgery. Surgical outcome was assessed using the Outcome Measures in Rheumatology-Osteoarthritis
Research Society International (OMERACT-OARSI) criteria to calculate responder rates, divided into high responders,
moderate responders, and nonresponders.

Results: The computer-assisted group had significantly more improvement than the conventional group in the mean
scores for 2 subscales of the KOOS (7.4 for symptoms [p = 0.02] and 16.2 for sport and recreation [p < 0.01]) and in
1 subscale of the WOMAC (8.8 for stiffness [p = 0.03]).The computer-assisted group also had significantly more high
responders (82.8%) than the conventional group (68.8%; p = 0.03) at 2 years, with the number needed to treat determined
to be 8.

Conclusions: In this study, the use of computer navigation provided better pain relief and restored better function than
the use of the conventional surgical technique at 2 years after total knee replacement.

Level of Evidence: Therapeutic Level I. See Instructions for Authors for a complete description of levels of evidence.

T
he benefits of total knee replacement (TKR) in patients
with advanced osteoarthritis of the knee are well
documented1,2. Nonetheless, up to 20% of patients

continue to have pain or other knee symptoms after TKR2-4.
These symptoms can be related to postoperative malalignment
of the knee2. Computer navigation in TKR has been used for
over a decade to improve the alignment of the extremity and
the positioning of the implant5-13. One meta-analysis of ran-

domized controlled trials (RCTs) concluded that computer
navigation significantly improved the mechanical axis of the leg
and component positioning in TKR14. Another meta-analysis
found fewer outliers in the mechanical axis of the leg with
computer navigation compared with conventionally aligned
TKR, but the difference was not significant15.

Despite these prior findings, the role of computer navi-
gation in TKR continues to be debated. It remains controversial
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whether improved alignment leads to better clinical results or
implant longevity7-9,13,16. The current consensus is that im-
proved placement of the implants does lead to better clinical
results and survival of the implants17-19. Most surgeons agree
that postoperative limb alignment should be corrected to
within 3� of neutral alignment (0�) of the mechanical axis of
the leg16,20. However, this viewpoint has recently been chal-
lenged by Bellemans21. Nonetheless, Choong et al. concluded in
their study that there is a correlation between neutral alignment
and good function22. They viewed this result as supporting the
use of computer navigation. However, their comparison was
between well-aligned and malaligned knees, not between com-
puter navigation and conventional TKR.

Most RCTs that we are aware of found no significant
differences in functional outcomes or patient-reported out-
come measures (PROMs) between computer-assisted and
conventional TKR, but many of those had a small sample size
and did not evaluate individual responses, only the mean
change in the scores10,12,23-25. One RCT showed significant dif-
ferences in functional scores in favor of computer navigation26,
but the differences were small and most likely of no clinical
interest. Some studies have compared differences in PROMs by
evaluating group changes in mean values, without employing
the more appropriate methods of investigating the attainment
of the minimal clinically important difference (MCID) in
individual patients or studying responders and nonresponders,
as recently recommended27,28.

The MCID can be used to determine treatment efficacy
or to compare the efficacy of 2 active treatments in clinical
trials. To do so, an investigator first must calculate the pro-
portion of patients in each treatment group who meet the
MCID criteria for responders28. Escobar et al. concluded in
their study that the Outcome Measures in Rheumatology-
Osteoarthritis Research Society International (OMERACT-
OARSI) criteria can be used to define TKR responders27. One
common error when determining treatment efficacy in clinical
trials is to calculate mean differences (pretreatment compared
with post-treatment) for the treatment groups and then com-
pare mean differences between the groups with the MCID. The
MCID is a metric that is based on longitudinal differences in
individual patients and should be used in the same context28.
Moreover, recovery after TKR is time-dependent, as Knee
Injury and Osteoarthritis Outcome Score (KOOS) scores typ-
ically improve until 2 years postoperatively, after which there is
often a slight decline in function, so the timing of evaluation
should be carefully considered29.

This RCT was designed to compare computer-assisted
and conventionally performed TKR, with the null hypothesis
that there would be no group differences in pain or function 2
years postoperatively. Early results have previously been re-
ported for 54 patients analyzed with radiostereometric analysis
(RSA) up to 24 months after the operation30. One-year results
and radiographic findings were also previously reported, with the
conclusion that computer-assisted TKR was more predictable,
with fewer outliers, than conventional TKR with regard to
mechanical alignment and positioning of the prosthesis13. At

the 1-year follow-up, clinical results were marginally in favor of
computer navigation using mean values of change. The present
analysis describes the clinical outcomes at the 2-year follow-up
using OMERACT-OARSI criteria for responders and nonre-
sponders and assesses whether differences in alignment are
associated with differences in PROMs.

Materials and Methods

Study design and implementation follow the Consolidated
Standards of Reporting Trials (CONSORT) statement

guidelines for reporting parallel-group randomized trials31.
The regional committee for medical and health research
ethics in Bergen, Norway, approved the trial in September 2007.
The trial was registered with ClinicalTrials.gov (NCT00782444) in
October 2008.

From May 2009 to August 2011, 190 patients were pro-
spectively enrolled in the study and were randomly allocated
at a ratio of 1:1 to either computer-assisted TKR (n = 96) or
conventional TKR (n = 94). Inclusion criteria were men and
women between 50 and 85 years old with inflammatory
arthritis and primary or secondary osteoarthritis of the knee
who needed a TKR. Exclusion criteria included an American
Society of Anesthesiologists (ASA) category of >3, which
indicates severe systemic disease32. Patients with severe neu-
rological disease, dementia, previous cancer, a body mass
index (BMI) of >35 kg/m2, a previous tibial or femoral shaft
fracture, severe preoperative valgus alignment of the knee
(>15� from the mechanical leg axis), previous tibial or femoral
osteotomy, recent knee injury (<1 year preoperatively), severe
ipsilateral hip stiffness, ipsilateral hip replacement, or metal
allergies were also excluded. For patients who had 2 knee re-
placements during the study period, only the first 1 was in-
cluded in the trial.

Eight experienced surgeons (defined as those who had
done >100 conventional TKRs) performed the TKRs in 4 or-
thopaedic clinics in Norway. Each surgeon had also performed
‡10 computer-assisted TKRs before recruiting patients into the
trial.

A detailed description of the intervention has been previ-
ously published13. As the computer-assisted procedure required a
stab incision in the midpart of the tibia, a similar sham incision
was used in patients managed with the conventional technique, in
order to be able to blind patients and observers (physiotherapists
and radiologists).

The primary outcome of the study was the clinical results
analyzed with RSA, which were previously reported by Pe-
tursson et al.30. The present study describes the secondary
outcome, which was the function of the knee. The primary
outcome for this part of the study was the KOOS pain score33.
The follow-up period was 2 years, with scheduled follow-up
visits at 3, 12, and 24 months. KOOS is a 42-item self-
administered questionnaire with 5 subscales: pain (9 items),
other symptoms (7 items), activities of daily living (17 items),
sport and recreational function (5 items), and knee-related
quality of life (QoL) (4 items). The MCID for KOOS used on
knee replacement patients has not been determined; however, a
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change in the KOOS pain score of 8 to 10 has been used earlier
as a suggested MCID33.

Secondary outcomes were the Knee Society Score
(KSS)34, EuroQol-5 Dimensions (EQ-5D)35, Western Ontario
and McMaster Universities Osteoarthritis Index (WOMAC)36,
and visual analog scale (VAS) together with alignment and
rotational positioning of the implant. Radiographic findings
were published previously13. KSS functional scores were as-
sessed preoperatively, after 1 week (only range of motion), and
after 3, 12, and 24 months by 8 physiotherapists. The WOMAC
is a widely used, disease-specific measure for knee osteoar-

thritis with a multidimensional scale consisting of 24 items
grouped into 3 dimensions: pain (5 items), stiffness (2 items),
and physical function (17 items). WOMAC scores can be
derived from the KOOS questionnaire37.

OMERACT-OARSI criteria were applied to calculate re-
sponder rates at 2 years using WOMAC scores27. By definition, a
high responder was considered to be a patient who had an
improvement in pain or function of ‡50% and an absolute
change of ‡20 points. If the patient did not meet these criteria,
improvement in 2 of the following 3 subscales was considered to
indicate a moderate responder: (1) improvement of ‡20% in the

Fig. 1

Flowchart illustrating patient selection for the trial. *Twopatientswere converted fromcomputer-assisted surgery (CAS) to the conventional (CONV)method

because of technical problems with computer-assisted surgery (analyzed as intention to treat). **One patient in the computer-assisted group did not want

to continue his participation in the trial owing to the long traveling distance fromhis home to the hospital. One patient in the conventional group changed his

mind after inclusion and declined participation. PROMs = patient-reported outcome measures, and OMERACT OARSI = Outcome Measures in Rheu-

matology-Osteoarthritis Research Society International.
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pain score and an absolute change of 10 points, (2) functional
improvement of ‡20% and an absolute change of 10 points, and
(3) KOOSQoL improvement of ‡20% and an absolute change of
10 points. According to these criteria, patients were categorized at
the 2-year follow-up evaluation as high responders, moderate
responders, or nonresponders38.

The Charnley classification systemwas used to categorize
patients according to the level of comorbidity and to adjust for
potential group differences39.

Statistical Analysis
We used the intention-to-treat principle for all analyses. The
KOOS developers suggested that the minimum important
change (MIC) is a difference of 8 to 10 points on an aggregated
and averaged KOOS subscale40. A power analysis indicated that
we needed 64 patients in each group to detect thisMICwith 80%
power, a 5% significance level, and a standard deviation of 20.

A clinical research unit handled the randomization
procedure using SPSS Statistics software (version 19.0; IBM).
We used a separate randomization list for each surgeon so that
group assignment was balanced across surgeons13.

Data were checked for normality using the Kolmogorov-
Smirnov test. We used an independent samples t test with 95%
confidence intervals (CIs) to compare mean angles, means, and
mean improvements on the KSS, KOOS, EQ-5D, and WOMAC.
The Mann-Whitney U test was used for skewed variables. The
Pearson chi-square test was used for comparisons of OMERACT-
OARSI responder rates27 by sex, side, ASA status, and Charnley
classification39. Multiple testing procedures on subgroups were
analyzed with post hoc tests. Significance was defined as a p value
of <0.05, and all tests were 2-sided. We used SPSS Statistics
software (version 24.0; IBM) for all statistical analyses.

TABLE I Demographic Data and Preoperative Findings

Computer-Assisted
TKR (N = 87)

Conventional
TKR (N = 80)

Men (no. [%]) 36 (41.4) 29 (36.3)

Age* (yr) 67.9 (6.8) 67.6 (6.6)

Right side (no. [%]) 51 (58.6) 49 (61.3)

Charnley category (no. [%])

1 27 (31.0) 24 (30.0)

2 59 (67.8) 50 (62.5)

3 1 (1.1) 6 (7.5)

Diagnosis (no. [%])

Osteoarthritis 75 (86.2) 67 (83.8)

Other 12 (13.8) 13 (16.3)

Body mass index* (kg/m2) 27.7 (3.5) 28.5 (3.8)

Preoperative motion* (deg)

Mean lack of extension 4.6 (5.4) 4.6 (5.7)

Mean flexion 110 (15.2) 111 (18.3)

Preoperative anteroposterior
stability (no. [%])

<5 mm 80 (92.0) 68 (85.0)

5 to 10 mm 7 (8.0) 11 (13.8)

>10 mm 0 1 (1.3)

Missing 0 0

Preoperative mediolateral
stability (no. [%])

<5 mm 36 (41.4) 38 (47.5)

5 to 10 mm 40 (46.0) 33 (41.3)

>10 mm 11 (12.6) 7 (8.8)

Missing 0 2 (2.5)

*The values are given as the mean, with the standard deviation in
parentheses.

TABLE II The Number of Responders in Each Study Group
According to the OMERACT-OARSI Criteria

Computer-
Assisted

TKR (N = 87)
Conventional
TKR (N = 80) P Value*

Pain (no. [%])

High responders 68 (78.2) 51 (63.8) 0.04†

Function (no. [%])

High responders 61 (70.1) 43 (53.8) 0.04†

Overall (no. [%])

High responders 72 (82.8) 55 (68.8) 0.03‡

Moderate responders 10 (11.5) 22 (27.5)

Nonresponders 5 (5.7) 3 (3.8)

Overall, dichotomized
(no. [%])

Responders 82 (94.3) 77 (96.3) 0.72§

Nonresponders 5 (5.7) 3 (3.8)

*Pearson chi-square test. †The proportion of patients classified as high
responders, based on either pain or function, was higher in the computer-
assisted group than in the conventional group. ‡Compared with the con-
ventional group, the computer-assisted group had a higher proportion of
high responders and a lower proportion of moderate responders, based on
either pain or function, or both. §The proportion of responders (high and
moderate combined) versus nonresponders did not differ by treatment
group.

Fig. 2

The response to surgery determined using the OMERACT-OARSI criteria to

calculate responder rates. CAS = computer-assisted TKR, and CONV =

conventional TKR.
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TABLE III Clinical Outcome: Mean Score at Preoperative and 2-Year Postoperative Evaluations, Change in Mean Score, and Number of
Patients with Highest Possible Score

Computer-Assisted TKR
(N = 87)

Conventional TKR
(N = 80) P Value*

KOOS

Pain

Preop.† 44.0 (14.7) 46.0 (16.0) 0.41

2 yr† 88.2 (15.8) 85.6 (15.0) 0.27

Change† 44.2 (20.6) 39.6 (19.7) 0.14

Highest possible score (no. [%]) 24 (27.6) 11 (13.8) 0.03‡

Symptoms

Preop.† 52.4 (18.1) 55.7 (21.1) 0.28

2 yr† 86.3 (13.2) 82.2 (14.3) 0.05

Change† 33.9 (18.5) 26.5 (20.5) 0.02‡

Highest possible score (no. [%]) 13 (14.9) 8 (10.0) 0.33

Activities of daily living

Preop.† 48.4 (15.6) 50.0 (15.2) 0.50

2 yr† 87.4 (15.5) 83.4 (17.5) 0.12

Change† 38.9 (18.7) 33.4 (20.3) 0.07

Highest possible score (no. [%]) 21 (24.1) 9 (11.3) 0.03‡

Sport/rec.

Preop.† 12.1 (11.9) 15.3 (16.5) 0.16

2 yr† 57.0 (27.5) 44.7 (24.8) <0.01‡

Change† 44.9 (26.6) 28.7 (28.9) <0.01‡

Highest possible score (no. [%]) 8 (9.2) 0 0.02‡

Quality of life

Preop.† 24.5 (15.0) 25.5 (14.9) 0.67

2 yr† 79.1 (20.7) 74.0 (21.2) 0.12

Change† 54.6 (24.6) 48.5 (23.7) 0.11

Highest possible score (no. [%]) 22 (25.3) 13 (16.3) 0.15

WOMAC

Pain

Preop.† 47.6 (15.7) 49.7 (16.8) 0.41

2 yr† 89.4 (15.4) 88.7 (14.2) 0.76

Change† 41.8 (21.4) 39.0 (19.2) 0.38

Highest possible score (no. [%]) 32 (36.8) 25 (31.3) 0.45

Stiffness

Preop.† 42.4 (21.4) 49.3 (21.5) 0.04‡

2 yr† 81.9 (17.8) 79.6 (19.5) 0.44

Change† 39.5 (24.1) 30.3 (25.4) 0.03‡

Highest possible score (no. [%]) 30 (34.5) 23 (28.8) 0.26

Physical function

Preop.† 48.4 (15.6) 50.0 (15.2) 0.50

2 yr† 87.4 (15.5) 83.4 (17.5) 0.12

Change† 38.9 (18.7) 33.4 (20.3) 0.07

Highest possible score (no. [%]) 21 (24.1) 9 (11.3) 0.03‡

KSS

Knee score

Preop.† 37.9 (16.7) 41.5 (14.4) 0.14

2 yr† 69.7 (17.8) 69.2 (18.0) 0.86

Change† 31.8 (22.7) 27.7 (20.7) 0.23

Highest possible score (no. [%]) 0 0

continued
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TABLE IV Mean Change in KOOS Scores (Pain and Symptoms) After 2 Years, by Degree of Radiographic Alignment

<–3� –3� to 3� >3� P Value*

Long axis alignment <177� (valgus) Near goal of 180� >183� (varus)
No. of knees 17 115 35

Pain† 41.7 (19.6) 42.3 (21.3) 40.0 (17.1) 0.89

Symptoms† 37.7 (14.2) 28.7 (20.6) 31.8 (19.4) 0.16

Tibial flexion-extension <83� (flexion) Near goal of 86� >89� (extension)
No. of knees 3 97 67

Pain† 38.0 (8.9) 42.2 (18.8) 41.0 (22.7) 0.90

Symptoms† 40.5 (24.3) 30.0 (18.3) 29.8 (21.6) 0.51

Tibial rotation <77� (external) Near goal of 80� >83� (internal)
No. of knees‡ 62 65 34

Pain† 43.0 (21.4) 42.5 (19.3) 38.8 (19.5) 0.55

Symptoms† 32.6 (21.0) 28.7 (18.2) 27.1 (20.2) 0.34

Tibial valgus/varus <87� (valgus) Near goal of 90� >93� (varus)
No. of knees‡ 0 138 28

Pain† 41.5 (20.0) 42.2 (21.5) 0.87

Symptoms† 29.0 (19.8) 35.6 (18.6) 0.10

Femoral flexion-extension <87� (flexion) Near goal of 90� >93� (extension)
No. of knees 72 83 12

Pain† 41.3 (21.4) 41.5 (19.5) 44.7 (18.8) 0.83

Symptoms† 32.1 (21.1) 29.1 (18.2) 25.0 (21.5) 0.29

Femoral rotation <87� (external) Near goal of 90� >93� (internal)
No. of knees 11 112 44

Pain† 46.8 (20.9) 41.1 (19.6) 42.6 (21.5) 0.61

Symptoms† 32.4 (20.9) 29.2 (20.1) 32.1 (19.0) 0.84

Femoral valgus-varus <87� (valgus) Near goal of 90� >93� (varus)
No. of knees 19 138 10

Pain† 42.7 (16.6) 41.7 (21.0) 38.9 (16.8) 0.83

Symptoms† 33.3 (18.7) 30.2 (20.3) 22.0 (11.7) 0.18

*One-way analysis of variance test.†The values are given as the mean, with the standard deviation in parentheses.‡Some knees could not be measured
because of artifacts.

TABLE III (continued)

Computer-Assisted TKR
(N = 87)

Conventional TKR
(N = 80) P Value*

Function

Preop.† 61.1 (15.0) 59.4 (15.8) 0.49

2 yr† 87.7 (17.6) 83.4 (18.4) 0.12

Change† 26.7 (18.0) 23.9 (18.6) 0.34

Highest possible score (no. [%]) 48 (55.2) 33 (41.3) 0.07

EQ-5D

Preop.† 55.9 (19.5) 57.6 (18.5) 0.58

2 yr† 88.0 (15.2) 85.9 (15.8) 0.39

Change† 32.0 (24.4) 28.7 (21.6) 0.37

Highest possible score (no. [%]) 47 (54.0) 39 (48.8) 0.63

*Independent samples t-test. †The values are given as the mean, with the standard deviation in parentheses. ‡The difference was significant.
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Results

Of the 172 patients available for the 2-year follow-up, 167
(97%) completed all PROMs 2 years postoperatively and

were included in this analysis (Fig. 1). We had a dropout rate of
12.1%, which included 2 patients who withdrew, 3 who died, 3
who had a revision, 10 who were lost to follow-up, and 5 with
incomplete PROM data (Fig. 1). Radiographic analyses were
performed 3 months postoperatively13. There were no differ-
ences between the 2 groups with respect to baseline charac-
teristics (Table I).

At the 2-year follow-up, similar proportions of patients in
the 2 groups were considered responders on the basis of the
OMERACT-OARSI criteria: 94.3%of 87 patients in the computer-
assisted group and 96.3% of 80 patients in the conventional group
(p = 0.72) (Table II). However, 72 (82.8%) of patients in the
computer-assisted group were high responders and 15 (17.2%)

were moderate responders or nonresponders compared with 55
(68.8%) and 25 (31.3%), respectively, in the conventional group
(p = 0.03) (Fig. 2 and Table II). The number needed to treat
(NNT) was 8 in favor of computer navigation.

The computer-assisted group had better mean change in
the results on all KOOS subscales compared with the conven-
tional group, with 2 of the subscale results reaching significance.
The group differences were 4.6 points for pain (p = 0.14), 7.4
points for symptoms (p = 0.02), 5.5 points for activities of daily
living (p = 0.07), 16.2 points for sport and recreational function
(p < 0.01), and 6.1 points for QoL (p = 0.11). In the computer-
assisted group, significantly more patients had the highest pos-
sible score on 3 of the 5 KOOS subscales (Table III).

The computer-assisted group also reported significantly
better results than the conventional group on the WOMAC
stiffness subscale, with a difference of 8.8 points (p = 0.03). A

TABLE V Mean Change in KOOS Scores After 2 Years Among Patients with Varus Alignment Preoperatively Who Had Either Normal or Varus
Alignment Postoperatively

Change in KOOS Score by Postoperative Alignment*

KOOS Subscale Normal Alignment (N = 22) Varus Alignment (N = 60) P Value

Pain 42.2 (20.2) 41.1 (17.8) 0.82

Symptoms 28.2 (20.0) 30.3 (17.0) 0.67

Activities of daily living 35.4 (19.8) 34.9 (18.4) 0.92

Sport and recreational function 42.2 (26.1) 29.4 (28.4) 0.06

Quality of life 51.9 (23.0) 50.7 (23.3) 0.83

*The values are given as the mean, with the standard deviation in parentheses.

TABLE VI Preoperative PROM Values by Responder Type

High Responder*
(N = 127)

Moderate Responder*
(N = 32)

Nonresponder*
(N = 8) P Value†

KOOS

Pain 41.4 (13.1) 53.2 (16.6) 67.4 (12.6) <0.01‡

Symptoms 51.1 (19.2) 62.3 (19.5) 68.3 (11.2) <0.01§

Activities of daily living 45.6 (13.9) 58.5 (14.5) 68.0 (13.4) <0.01§

Sport/rec. 12.5 (13.9) 14.8 (12.0) 26.9 (22.2) 0.02#

Quality of life 22.9 (13.5) 28.4 (14.9) 45.0 (21.2) <0.01‡

WOMAC

Pain 44.6 (13.5) 58.1 (18.0) 71.6 (17.4) <0.01‡

Stiffness 43.1 (21.2) 50.0 (21.1) 70.3 (13.3) <0.01‡

Physical function 45.7 (13.9) 57.7 (14.9) 68.0 (13.4) <0.01‡

KSS

Knee score 38.3 (15.0) 40.4 (15.9) 57.4 (16.4) <0.01#

Function 58.8 (14.7) 64.8 (14.9) 66.2 (24.3) 0.07

EQ-5D 54.9 (19.0) 59.6 (18.2) 73.9 (13.1) 0.02#

*The values are given as the mean score, with the standard deviation in parentheses. †One-way analysis of variance test, ‡Tukey post hoc test shows
significant difference between all groups. §Tukey post hoc test shows significant difference between high responders and moderate responders or
nonresponders but not between moderate responders and nonresponders. #Tukey post hoc test shows only significant difference between high responders
and nonresponders.
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large number of patients had the highest possible score on the
WOMAC pain and stiffness subscales in both groups and on
the WOMAC physical function subscale in the computer-
assisted group (Table III).

There were no significant group differences in terms of
change in KSS or EQ-5D scores. As with the WOMAC, the KSS
function subscale and EQ-5D had a high number of patients
who had the highest possible score in both groups (Table III).

Most of the PROM data were not normally distributed.
All data were therefore evaluated using both parametric (Table
III) and nonparametric tests (see Appendix), and the results
were comparable.

We compared patients achieving optimal alignment and
those with malalignment (>3� of target), independent of the
study groups. Early results (3 months) showed that internal
malrotation of the femoral component (>3�) led to inferior
results according to the KSS function score, KOOS subscale for
sport and recreational function, and VAS at 3 months. How-
ever, these differences were no longer significant at 1 year13.
Patients in whom the tibia had a posterior slope of <1�, or an
anterior slope, were found to have worse KSS scores and KOOS
QoL subscale scores at 3 months, and worse KSS function
scores and VAS scores at 1 year13. At the 2-year follow-up, we
did not find any significant differences in pain or function in a
comparison of malaligned and well-aligned knees (Table IV);
however, the number of patients was small and therefore the
analyses were underpowered.

We also compared patients with varus alignment prior to
surgery who ended up with varus alignment postoperatively,
according to Bellemans’ theory21, and patients who had varus
alignment prior to surgery but had normal alignment post-
operatively. We found no difference between the groups (Table
V); however, the number of patients was small and the analyses
were underpowered.

When comparing the 3 responder groups, we found that
high responders had significantly worse preoperative scores
than moderate responders and nonresponders on most of the
tests, and a similar pattern was evident when comparing
moderate responders and nonresponders (Table VI).

Discussion

To our knowledge, the present investigation is the first
randomized, double-blinded responder analysis compar-

ing computer-assisted and conventional TKR. The main find-
ing was that computer-assisted TKR had significantly better
clinical results after 2 years evaluated with the KOOS and
WOMAC scores. More patients were pain-free and had better
function in the computer-assisted group at 2 years compared
with the conventional group. In contrast, the KSS and EQ-5D
scores did not show any significant differences. A similar result
has been previously described, but it was thought to be
attributable to ceiling effects41. We therefore rejected the null
hypothesis that there would be no difference between the 2
groups at 2 years.

The higher proportion of pain-free knees in the computer-
assisted group is important both at an individual patient level and

from a health system perspective, considering a previous report
on the economic expenses involved in investigating and treating
painful TKRs42 and the burden to the individual patients43.

Whenever a new surgical method of alignment in TKR is
introduced, there is a legitimate question about its impact on
the survival of the prosthesis. Data from the New Zealand Joint
Registry showed that patients with a higher Oxford Knee Score
are unlikely to require early revision44. In a registry-based study
from the Australian Orthopaedic Association National Joint
Replacement Registry comparing the longevity of computer-
assisted and conventional TKR, the main conclusion was that,
at 10 years postoperatively, the use of computer navigation in
TKR had reduced the overall rate of major revision in the entire
study population and the rate of revision for loosening or lysis
in patients who were <65 years old45. The same tendency was
also evident in the 8-year follow-up from the Norwegian
Arthroplasty Registry, although it did not reach significance46.
It is possible that the better outcome scores in the computer-
assisted group in our study may be predictive of a lower rate
of revision. However, in another registry-based study from
the Norwegian Arthroplasty Registry, the authors found that
computer navigation was a risk factor for revision at the 2-year
follow-up47.

Previously published alignment data for the patients in the
present study13 showed that computer-assisted TKR provided
more precision than conventional TKR and resulted in fewer
outliers in the computer-assisted group. At 2 years, we did not
find any differences in PROMs when comparing well-aligned
and malaligned knees within all responder groups. However,
there were few patients in the malaligned group, and thus this
subgroup analysis was probably underpowered. In a recent
overview of the literature on revision rates and functional
outcome, Gromov et al. concluded that neutral overall coronal
alignment is currently the gold standard19. In the present study,
we were not able to prove a causal relationship between good
alignment and good clinical outcome. Other explanations for
better functional outcome in the knees that had computer-
assisted TKR could be that computer navigation might allow
the surgeon to achieve more accurate ligament balancing and
more proper sizing of implant components. Furthermore,
computer navigation might result in less extensive impact on
the soft tissues, as improved alignment theoretically might need
less surgical balancing of the ligaments and thus cause minimal
tissue insult and less postoperative pain.We previously evaluated
blood loss and found no differences between the 2 groups13. We
did not register the extent of ligamentous release. However, we
tested the stability of the knee preoperatively and postoperatively
and found no group differences13.

Earlier studies found no clinically important differences
between computer-assisted and conventionally performed
TKR5,10,12,13,23-25. All of those studies, as well as our earlier results,
compared the groups by analyzing mean changes in PROM
values and comparing themwith the suggested MCID33. To our
knowledge, there has been no evaluation of responders and
nonresponders in earlier studies13,27,28, even though this type of
analysis is considered more clinically relevant28.
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In most studies on computer navigation and alignment,
the definition of malalignment is based on the conclusion in
the study by Jeffery et al., in 1991, that an alignment within 3�
of a neutral mechanical axis is necessary for good implant
survival48. Others have questioned this conclusion and sug-
gested other acceptable alignment values21. We were not able to
find any differences using Bellemans’ criteria for constitutional
varus in this trial.

Differences in the preoperative PROMs between re-
sponder groups are strong reminders of the importance of
patient selection. These preoperative differences cannot explain
the difference between computer-assisted and conventionally
performed TKR in this trial, which suggests minimal selection
bias; however, it is important to note that all of the nonre-
sponders had high PROM values prior to surgery, indicating
better function. If patients with higher preoperative function
aremore likely to become nonresponders, regardless of surgical
method, this may have implications for the patient selection
process for TKR.

The main strength of our study is a high follow-up rate of
88% at 2 years. This is one of the largest double-blinded RCTs
of its kind, and the sham incision ensured blinding of patients,
which we believe is important when a novel method is com-
pared with an older method. This multicenter study involving a
relatively large number of surgeons also had several limitations.
Although we had a detailed surgical protocol, there may have
been differences in surgical methods across hospitals and sur-
geons. There were unavoidable differences in physician expe-
rience, clinical skills, and patient selection for surgery, in
addition to differences among clinical evaluators and rehabil-
itation programs. We tried to balance these differences through
rigorous preparations prior to implementation of the study and
balancing the randomized group assignment for each sur-
geon13. Further, other implants and other navigation systems
may, of course, lead to different results.

In this study, use of computer navigation provided better
pain relief and restored better function 2 years after TKR than
the use of the conventional surgical technique. We believe that
this difference is of clinical importance.

Appendix
A table showing the change in scores on the PROMs is
available with the online version of this article as a data

supplement at jbjs.org (http://links.lww.com/JBJS/E839). n
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