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Background and purpose — Unicompartmental knee
arthroplasty (UKA) has increased in use. We investigated
changes to UKA revision risk over the last 20 years com-
pared with total knee arthroplasty (TKA), examined external
and patient factors for correlation to UKA revision risk, and
described the survival probability for current UKA and TKA
practice.

Patients and methods — All knee arthroplasties
reported to the Danish Knee Arthroplasty Register from 1997
to 2017 were linked to the National Patient Register and the
Civil Registration System for comorbidity, emigration, and
mortality information. All primary UKA and TKA patients
with primary osteoarthritis were included and propensity
score matched 4 TKAs to 1 UKA. Revision and mortality
were analyzed using competing risk cox regression with a
shared gamma frailty component.

Results — The matched cohort included 48,195 primary
knee arthroplasties (9,639 UKAs). From 1997-2001 to
2012-2017 the 3-year hazard ratio decreased from 5.5 (95%
CI 2.7-11) to 1.5 (CI 1.2-1.8) due to increased UKA sur-
vival. Cementless fixation, a high percentage usage of UKA,
and increased surgical volume decreased UKA revision risk,
and increased in occurrence parallel to the decreasing revi-
sion risks. Current UKA practice using cementless fixation
at a high usage unit has a 3-year implant survival of 96% (CI
97-95), 1.1% lower than current TKA practice.

Interpretation — UKA revision risk has decreased over
the last 20 years, nearing that of TKA surgery. High usage
rates, surgical volume, and the use of cementless fixation
have increased during the study and were associated with
decreased UKA revision risks.

The medial unicompartmental knee arthroplasty (UKA) has
been part of knee arthroplasty for over 4 decades. In the last
decade its relative use, in treatment of primary osteoarthritis
(OA), has doubled in select countries, reaching up to 20% of
all primary knee replacements (1-3), whereas other countries
have seen stable or decreased use (4,5). The increase in usage
has happened despite the registries reporting higher revision
rates for UKA (6), pointing to surgeons using a more multifac-
torial evaluation of outcome when assessing the different types
of knee arthroplasties (7). UKA has been shown to have fewer
complications, lower mortality, and shorter length of stays and
to be more cost-effective than total knee arthroplasty (TKA)
(8-10). These advantages combined with the development of
cementless fixation, which has been reported to decrease the
risk of revision for UKA (11), seems to have changed the atti-
tude towards the procedure. In comparison with the revision
rates in the registries, the latest clinical evidence has been
unable to show a statistically significant difference in revision
risk between UKA and TKA (8,12,13).

To some extent the incongruence in revision risk between
publications is likely due to the complexity of revision as an
outcome for comparison of UKA and TKA. It poses a multi-
tude of challenges: difference in revision thresholds (14,15),
the significant number of UKAs whose revision could have
been avoided (16), and the lack of inclusion of reoperations,
when UKAs are considerably less likely to have these (9,12).
Furthermore the changes in outcome over time are likely
based on changes for multiple factors such as changes to fixa-
tion, patient selection, UKA usage rates, and surgical volume
(11,17-20).

Specific to registry data we are vulnerable to pooling of
data across time, regardless of changes to practice. In the case
of UKA, the less restrictive patient selection, introduction of
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minimal invasive surgery, emphasis on high usage rates and
surgical volume, and the switch to cementless fixation in the
last decade is problematic (11,17,19-21).

This study primarily investigated changes in UKA revision
risks reported to a national knee arthroplasty register com-
pared with those for TKAs over the last 20 years. Second,
we determined whether patient and external factors were cor-
related to revision risk for UKA and TKA and describe any
changes in frequency for these variables over time. Third, we
compared the revision risk for the current typical UKA and
TKA patient.

Patients and method
Data

The data set consisted of all knee arthroplasties reported to the
Danish Knee Arthroplasty Register from its implementation
in 1997 to December 4, 2017. This was linked to the Danish
National Patient Registry (NPR) to obtain comorbidity infor-
mation, and to the Danish Civil Registration System to obtain
emigration and mortality data. The data link was done by the
Danish Health Data Authority. The NPR was established in
1976, and contains both inpatient (from 1977) and outpatient
(from 1994) information (22). We included all primary UKAs
and TKAs with primary osteoarthritis as the sole indication,
and excluded complex knee replacements defined by the use
of bone grafts or component supplements.

Statistics

UKA and TKA procedures were propensity score matched in
a 1:4 ratio using; sex, age, weight, date of surgery, Charlson
Comorbidity Index (CCI), anatomical alignment, and unit
type. Sex, age, weight, date of surgery, and alignment were
reported directly to the registry. CCIs were calculated from
ICD-8 and -10 codes from any hospital contact within 10 years
prior to the patient’s surgery. The propensity score was calcu-
lated by estimating the effect of confounders on the implant
type using logistic regression, and combining them into a pro-
pensity score, which was used to match UKA and TKA proce-
dures using the nearest neighbor method. Standardized mean
differences (SMD) of 0.1 or less indicated sufficient balances
between the treatment groups (23). Missingness for matching
variables (weight and alignment) was handled by multiple
imputations, using predictive mean matching for weight and
the polytomous logistic regression for alignment. Sensitivity
analyses of imputed variables were done prior to propensity
score matching.

Survival analyses were done using competing risk Cox pro-
portional hazard (PH) regression with a shared gamma frailty
component added, to account for the dependency of bilateral
cases (24). Violations of the PH assumption were examined
using Schoenfeld’s residuals. If arthroplasty type violated the
PH assumption, it was investigated in sections and reported

Knee replacements reported to the Danish Knee Arthroplasty Registry
performed between January 1, 1997 and December 4, 2017
n = 128,906
|
Surgeries with a reported laterality
n = 128,745
|

Revisions checked for reported
revision indication
n=128,713
I
] 1

Primary arthroplasties Revisions
n=118,529 n=10,153
I
Primary arthroplasties after
double entries removed
n=116,928

|
Primary arthroplasties merged with revisions
n=116,893
|
Data set limited to TKA and medial UKA
n=115,751
|
Data set limited to primary OA
n=97,373
|
Removed observations with negative time to revision
n = 97,322
I

Removed observation with complex primary surgery
(large bone grafts or component supplements)
n = 94,377

Figure 1. Flowchart of patient selection process.

as sub-hazard rates for each time-at-risk interval. Explana-
tory variables violating the PH assumption were stratified on
the hazard. Effect modifications from covariates were inves-
tigated by likelihood ratio tests (25). Cumulative incidence
plots were calculated using the Nelson—Aalen estimator. All
confidence intervals (CI) were calculated as 95%.

Usage rates and surgical volume were calculated per cal-
endar year on a unit level. Usage was defined as the percent-
age of UKAs out of all primary knee replacement at a specific
unit for that calendar year. We categorized usage as high >
20%, low < 20%, or none 0%. Surgical volume was defined
as the total number of UKAs operated at a specific unit for
that calendar year, and categorized into high or low around the
median volume of UKA (52 annually), and non-UKA units
were categorized as none (17,19,20). Thus, units could switch
between categories for both volume and usage from year to
year. The patients were assigned the category the unit had for
the year of their surgery.

All statistics were calculated using R version 4.0.3 (R Foun-
dation for Statistical Computing, Vienna, Austria).
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Table 1. Comparison of crude and matched patient characteristics: standardized mean difference

(SMD) of 0.1 or less indicates balance between groups. Data is in number (%) or mean (range)

Crude data 1:4 matched data
UKA TKA UKA TKA
n = 9,639 n = 84,738 SMD n=9,639 n = 38,556 SMD

Sex (male) 4,320 (44) 31,418 (37) 0.16 4,320 (45) 17,241 (45) 0.002
Age at surgery 66 (40-98) 70 (40-96) 0.45 66 (40-98) 66 (40-94) 0.084
Weight 85 (45-200) 85 (45-200) 0.020 85 (45-200) 85 (45-200) 0.020
Date of surgery 0.37 0.13

1997-2001 194 (2.0) 7,131 (8.4) 194 (2.0) 1,204 (3.1)

2002-2006 1,405 (14.6) 15,648 (18.5) 1,405 (14.6) 4,287 (11.1)

2007-2011 2,947 (30.6) 28,685 (33.9) 2,947 (30.6) 12,605 (32.7)

2012-2017 5,093 (52.8) 33,274 (39.3) 5,093 (52.8) 20,460 (53.1)
Alignment 0.63 0.018

< 0-4° (varus) 7784 (81) 49306 (58) 7784 (81) 30905 (81)

5-10° (neutral) 1704 (18) 23240 (27) 1704 (18) 6986 (18)

> 11° (valgus) 35 (0.4) 11058 (13) 35 (0.4) 150 (0.4)

Not examined 116 (1.2) 1134 (1.3) 116 (1.2) 515 (1.3)
Charlson Comorbidity Index 0.064 0.016

0: None 6,120 (64) 51,583 (61) 6,120 (64) 24,252 (63)

1-2: Mild 2,094 (22) 19,763 (23) 2,094 (22) 8,441 (22)

3-4: Moderate 1,163 (12) 10,465 (12) 1,163 (12) 4,739 (12)

> 5: Severe 262 (2.7) 2,927 (3.5) 262 (2.7) 1,124 (2.9)
Unit type (public) 8,791 (91) 77,921 (92) 0.027 8791 (91) 35,165 (91) < 0.001
Non-matching variables
Study knee (left) 4,942 (51) 40,856 (48) 4,942 (51) 19,211 (50)
AKSS (f) (%) 57.5 (0-100) 49.0 (0-100) 57.5(0-100)  51.5 (0—100)
Usage rate

0% None 0 (0.0) 26,702 (32) 0 (0.0) 11,518 (30)

0-20% Low 5,033 (52) 48,630 (57) 5,033 (52) 22,179 (58)

> 20% High 4,606 (48) 9,406 (11) 4,606 (48) 4,859 (13)
Surgical volume

0: None 0 (0.0) 26,702 (32) 0 (0.0) 11,518 (30)

0-51: Low 4,446 (46) 4,277 (51) 4,446 (46) 18,838 (49)

> 52: High 4,606 (48) 15,264 (18) 4,606 (48) 8,200 (21)
Fixation

Cemented 7,153 (74) 63,043 (74) 7,153 (74) 27,675 (72)

Cementless 2,393 (25) 5,823 (6.9) 2,393 (25) 2,735 (7.1)

Hybrid 47 (0.5) 15,576 (18) 47 (0.5) 8,015 (21)

NA 46 (0.5) 296 (0.3) 46 (0.5) 131 (0.3)

AKSS(f): American Knee Society Score (function).
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Figure 2. Overall cumulative incidence for revision (left) and mortality (right) for UKA and TKA.
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Results
Data

The database included 129,183
primary and revision knee
arthroplasties for all indica-
tions. After patient selection
we had cohort of 94,377 knees
with primary OA having pri-
mary UKA or TKA (Figure 1).

Weight and alignment had
missing values, which were
missing at random and thus
were imputed. Propensity
score matching yielded suf-
ficient balance between the 2
groups on all matching vari-
ables except for date of surgery
with SMD 0.13 (Table 1). The
PH assumption for arthroplasty
type was violated and the data
was split into 2 sections around
the 3-year follow-up.

Changes to risk of revision
during the last 20 years

The unadjusted revision and
mortality risk for the matched
cohort showed higher revision
risk and lower mortality risk
for UKA vs. TKA at all time
points (Figure 2 and Table 2).

To investigating changes
to revision risk over time we
use the 4 date of surgery inter-
vals from the propensity score
matching (Table 1). The unad-
justed cumulative incidences
for these intervals indicate a
decrease in revision risk for
UKA, and a stable risk for
TKA over the last 20 years
(Figure 3). Adjusting for avail-
able confounders and effect
modifiers, the 3-year adjusted
hazard ratios (HR) showed a
decrease in difference between
UKA and TKA from HR 5.5
(CI 2.7-11) for surgeries per-
formed in 1997-2001 to HR
1.5 (CI 1.2-1.8) for surgeries
performed in 2012-2017, still
in favor of TKA (Figure 4).
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Table 2. Overall cumulative incidence and 95% confidence intervals
for revision and mortality

Follow-up Revision Mortality

(years) UKA TKA UKA TKA

3 7.6 (7.0-8.1) 3.8(3.6-4.00 2.5(2.2-2.9) 3.1(2.9-3.3)
10 13 (12-14) 6.2 (5.9-6.5) 13 (12-14) 18 (17-19)
20 23 (20-26) 12 (10-14) 32 (25-38) 51 (47-54)

Cumulative incidence (%) of revision Year of surgery

100
—— 1997-2001: UKA
...... TKA 1997-2001
—— 2002-2006: UKA
75 TKA
2007-2011: UKA
TKA 2002-2006
— 2012-2017: UKA e ]
------ TKA
50
2007-2011
-
25+
2012-2017
. =
0 - - T T T - - - -
0 5 10 15 20 1 2 3 4 5 6

Years after index operation

Figure 3. Cumulative incidence
(absolute risk) for revision of UKA
and TKA categorized by year of
surgery.

Hazard ratio (95% Cl)

Figure 4. Forest plot for HR
(95% CI) between UKA and
TKA for different intervals of
surgery years. HR of less than
1 favors UKA.

Fixation, usage rates, and surgical volume

Fixation

The unadjusted 5-year cumulative incidence for UKA depend-
ing on fixation was 10 (CI 9.6-11) for cemented and 3.8 (CI
2.7-4.8) for cementless fixations (Figure 5). Adjusting for con-
founders, revision risk was lower for cementless UKA com-
pared with cemented UKA (HR 0.6, CI 0.5-78) and cement-
less TKAs had higher revision risks than cemented TKAs (HR
1.7, CI 1.4-1.9). Investigating the 20-year sub-HRs including
this interaction in the Cox model, it ranges from 1.8 (CI 0.5—
6.1) for cementless UKA vs. cementless TKA to 4.9 (1.6-15)
for cemented UKA vs. cemented TKA. Investigating revision
risk using the most common UKA type, the Oxford Partial
Knee (Zimmer Biomet, Swindon, UK), which accounts for
91% of all UKAs, we have 6,274 cemented and 2,408 cement-
less. The cemented Oxford (median follow-up 7.3 years [IQR
4.7-11] had an unadjusted cumulative incidence of 21 [CI
19-23] at maximum follow-up [15 years], and a 5-year unad-
justed cumulative incidence of 9.8 [CI 9.1-11]). Cementless
Oxfords (median follow-up 1.2 years [IQR 0.68-2.0] had an
unadjusted cumulative incidence of 3.7 [CI 2.7-4.7] at maxi-
mum follow-up [5 years]).

Usage rates
High usage rates were protective for UKA surgery revision
rates, both when investigated as an adjusted 3-year HR (HR

Cumulative incidence (%) of revision Cumulative incidence (%) of revision

100 100
—— Cemented UKA —— <20% UKAp. a.
—— Cementless UKA —— =220% UKAp. a.
751 754
50 50
25+ 25
. ‘ ‘ ‘ ’ , /
0 1 2 3 4 5 0 2 4 6 8 10

Years after index operation
Figure 5. Cumulative incidence for

Years after index operation
Figure 6. Cumulative incidence

UKA by fixation. for UKA by usage
Count Number of units
100 25
—— Cemented UKA —— No usage
—— Cementless UKA — Low usage
—— High usage
20
75|
15
50+
10
25
5
0 T T T T 0 T T T T
2000 2005 2010 2015 2000 2005 2010 2015
Year Year

Figure 8. UKA fixation mode per
annum.

Figure 9. Units’ UKA usage
rates per annum.

0.7, CI 0.6-0.8) and unadjusted 5-year cumulative incidence.
High usage UKA had a cumulative incidence of 7.6 (CI 6.6—
8.6) and low usage had a cumulative incidence of 11.5 (CI
10.6-12.5) (Figure 6). We found no benefit of TKA surger-
ies being performed at high UKA usage units (HR 0.95, CI
0.8-1.1).

Surgical volume

Surgical volume showed trends similar to usage, with UKAs
being less likely to be revised if done at a high volume unit
(HR 0.7, 0.6-0.8). 5-year cumulative incidence for high
volume was 7.7 (CI 6.8-8.6) and 12 (CI 11-13) for low
volume (Figure 7, see Supplementary data). We found no
effect of surgical UKA volume on TKA revision rates (HR
0.94,C1950.8-1.1).

Changes in fixation, usage rates, and surgical volume
over time

Cementless fixation was implemented in 2014 after the intro-
duction of the cementless Oxford UKA that year in Denmark,
and in 2017 it accounted for over 80% of UKA procedures
(Figure 8). The national usage rate of above 20% UKA has
been due to an increasing number of high-usage and high-
volume units (Figure 9 and Figure 10, see Supplementary
data).
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Figure 11. Cox PH regression 3-year survival probabilities for revision
for 66-year-old female patients with varus knee and CCI = 0, having
cemented TKA vs. cementless UKA.

Survival probability for current UKA and TKA practice

For a clinically relevant comparison of UKA and TKA, we
compared current common practices. For UKA it is the combi-
nation of cementless fixation and a high usage unit. For TKA
it is cemented fixation and a high usage unit. Thus, difference
in 3-year survival probability for a typical patient (66-year-old
female, CCI = 0, varus knee) having the most common UKA
vs. most common TKA was 1.1% in favor of TKA (Figure 11
and Table 3). The 3-year survival probability for mortality was
99% for both groups (Figure 12, see Supplementary data).

Discussion

We found the revision risk for UKA has decreased over the
last 20 years (Figures 3 and 4), coinciding with a national
change towards units with high UKA usage and high UKA
volume and a switch to cementless fixation.

The unadjusted cumulative incidence in our matched cohort
showed the overall higher unadjusted risk of revision and
lower mortality risk for UKA compared with TKA at all ana-
lyzed time points (Table 2). A pattern we have seen in multiple
other publications (6,7,9), it shows the competing risk of mor-
tality and our 10-year unadjusted difference in revision risks
(Table 2) is comparable with the up to 6% difference reported
on 7-year revision risks in the literature (6,26). The large dif-
ferences between unadjusted and adjusted revision risks shows
the large effect confounders such as fixation, usage rates, and
surgical volume have. Comparing our adjusted HR from the
time analysis (Figure 4) with that of Liddle et al. (9) we find
similar risks. They found a 4-year HR of 2.0 (CI 1.8-2.1) for
patients operated on in 2002-2013, we found a 3-year HR of
1.8 (CI 1.5-2.2). Their study also propensity score matched
and adjusted for known confounders.

We have seen large changes in practice over the last 20
years, with changes to patient demographics and external fac-
tors, here fixation, UKA usage rates, and surgical volume on
a unit level (11,17,19,20). All 3 external factors we found to be

Table 3. 3-year survival probability and HR for 66-year-old female
patients with varus knee and CCI = 0, having cemented TKA or
cementless UKA. HR less than 1 favors UKA

Survival probability % (Cl 95%)

UKA TKA HR (Cl 95%)

3 years 96 (97-95) 97 (98-97) 1.5 (1.1-1.9)

correlated to UKA revision risk. We found cementless fixa-
tion, high usage rates, and surgical volume at a unit level had
a protective effect on UKA revision risks comparable to those
previously reported on both surgeon and unit level (19,27,28).
After the introduction of the cementless Oxford UKA in Den-
mark in 2014 (1) there was an immediate shift to cementless
fixation (Figure 8), and high usage unit became the most
common unit type in 2017 (Figure 9). For usage we are confi-
dent in the effect, but looking at fixation we are dealing with
a partially uncontrolled confounder, which is very much time
dependent and implant design dependent. Thus, it is possible
we are overestimating its effect size. In an effort to address
the implant design we looked at the cemented Oxford vs. the
cementless Oxford and found similar cumulative incidences
for the Oxfords compared with the overall group. However,
this still did not account for the time factor, thus we cannot
conclude that the introduction of cementless fixation has
contributed to the decrease in UKA revision risk. However,
the simultaneous national change in surgical practice and the
decrease in revision risk make it plausible for these practice
changes to be causally linked to the decrease in UKA revision
risk.

The large changes in short-term revision risk for UKA
patients over time makes it highly likely that the 20-year
survival reported here, and in the registries, gives us limited
information on current UKA practice. So long as we see these
large changes to practice, long-term survival in registries will
be biased by these changes. Thus, to evaluate current practice
we are limited to looking at short-term outcomes. We chose
to look at short-term adjusted HR and to make individualized
survival analysis for current practice in an effort to describe the
differences between 2 treatments. The analysis was adjusted
for patient characteristics, in both the propensity score match-
ing and as covariates in the Cox regression. The external fac-
tors, usage rates and fixation mode ,were addressed as effect
modifiers in the regression analysis. Approaching the analysis
inthis way halved the 3-year UKA revision risk from a cumu-
lative incidence of 7.6 (CI 7.0-8.1) to a survival probability
of 96 (CI 97-95). The HR we found for the current practice
(Table 3) falls within the CI of the 2012-2017 interval (Figure
4), indicating that the UKA practice nationally has become
more heterogenic.

The 20-year data collection and follow-up, making inves-
tigation of time trends possible, is the main strength of this
study. The consistently high completeness of the registry and
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linking it to national patient registries minimizes attrition bias
and makes propensity score matching on patient characteris-
tics possible, reducing confounding by indication. Using reg-
istry data also offers us an unselected cohort, thus increasing
the external validity. The unselected cohort is preserved by
including bilateral cases, handling the dependencies of these
by using a shared gamma frailty component in our competing-
risk Cox PH regressions, an approach we have been unable to
find in other knee arthroplasty registry studies (24).

Using registry data we lack randomization. We partially
adjust for it by propensity score matching, but residual con-
founding from both known and unknown confounders is
expected (29). The effect of unknown confounders can also
contribute to the effect of known confounders on our outcome,
making these appear more or less modifying. Arthroplasty
registries are not established with comparative research in
mind, meaning confounding by indication is likely to be sub-
stantial (23,29). Thus, the additional bias we have in registry
studies makes us vulnerable to mis- and over-interpretation
of results and sometimes leads to sensational publications,
creating confusion for both surgeons and patients (30). A con-
sequence of registries not being compiled with comparative
research as their main purpose is the choice of variables col-
lected by the registries. An example from this study is the lack
of surgeon-level data, forcing us to look at usage rates and
surgical volume at a unit level. Investigating at a unit level
has been shown to be less sensitive than the same approach
on a surgeon level (31). Further, the registry includes only
revision and not reoperations without component exchange
or removal, which can be just as significant a complication
to the patient, and previous studies have shown to be more
likely for TKAs. Lastly, the data was extracted ultima 2017,
making follow-up of cementless UKA short, and limited us
from looking at fixations’ correlation to mid-range and long-
term survival for UKA.

In summary, we found a reduction in UKA patients’ revision
risk compared with TKA patients over the last 20 years from
a 3-year HR of over 5 to an HR of 1.5 for the most current
patients. This corresponded to a 1.1% difference in revision
risk for the current practice in favor of TKA. We found the
units” UKA usage rates and volume have increased over the
last 10 years and an almost complete change to cementless
fixation, all factors that we found to be correlated to lower
revision risks for UKA patients.

In conclusion, the short-term risk of revision for current
UKA practice is significantly reduced compared with that seen
just ten 10 years prior, and thus we do not believe the current
long-term survival rates seen in the registries accurately rep-
resent the outcome we can expect for current UKA practice.
Consequently, we encourage the knee arthroplasty registries
to add survival curves for optimized use of UKA, providing
a report of outcome reflecting contemporary and appropri-
ate practice strategies with the potential to stimulate future
improvements in treatment quality.
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