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Abstract.

Objective To create an interpretive categorical classification for the transition in Oxford Knee Scores (OKS)

change score (AOKS) using the anchor-based method.

Study design and setting Registry data from 46 094 total knee replacements from the year 2014/15,
accessed via the Health and Social Care Information Centre (HSCIC) official website. Data included pre-
operative and 6-month follow-up OKS and response to the transition anchor question. Categories were

determined using Gaussian approximation probability and k-fold cross-validation.

Results 4 categories were identified with the corresponding AOKS intervals; “1. Much Better” (> 16), “2. A
Little Better” (7-15), “3. About the Same” (1-6) and “4. Much Worse” (< 0) based on the anchor questions’
original 5 categories. The mean 10-fold cross-validation error was 0.35 OKS points (95 % confidence interval

0.12 to 0.63). Sensitivity ranged from 0.34 to 0.68, specificity ranged from 0.74 to 0.95.

Conclusion We have categorized the change score into a clinically meaningful classification. We argue it
should be an addition to the continuous OKS outcome to contextualize the results in a way more applicable to

the shared decision making process and for interpreting research results.
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What is new?
e This study is to our knowledge the first to categorize the change in Oxford Knee Score (OKS).
e Using gaussian approximation probability is a new take on the methodology in this field, and
adds to the discussion of a “best practice”.

e This categorized change in OKS will enable an easier interpretation of research results, aiding

communication with natients and non-healthcare nrofessionals.

1. Introduction

The Oxford Knee Score (OKS) is one of the most common knee specific patient reported outcome measures
(PROM) used to evaluate the outcome of knee replacement[1]. The continuous score offers rich, high
granularity information, however, it can be harder to interpret and communicate to non-healthcare
professionals than a categorical outcome. In 2016 Rolfson et al.[2] found that a total of 13 knee arthroplasty
registries collected PROM data, either on all patients or on a sample population. Of these three registries had
OKS as one of the PROMs, all of which included a 6 months follow up data collection[2]. As PROMs are
increasingly included in national registries and randomized clinical trials there is also an increasing need for
better interpretive tools[3-5]. Improved interpretation helps patient decision making and increases research
finding validity. Whilst acknowledging the need, categorizing PROMs is a field where there is no consensus on

“best practice” or how we insure they are applied correctly[6].

Categorization requires the setting of boundaries or “cut offs” and there are several ways to establish these
boundary scores. Cut-offs for Patient Acceptable Symptom State (PASS) and Minimal Important Change (MIC)
are usually determined using the anchor based method, which seems to be more widely accepted than the
distribution based method. A number of different methods have been applied to statistically determine the
boundary value, of which the Receiver Operating Characteristic (ROC) analysis is widely used [7,8]. We propose
Gaussian approximation probability as an alternative. We argue Gaussian approximation is better for data in
which there is a large effect size to counteract an uneven distribution of patients in the groups when
determined by the anchor question. The ROC is based on a confusion matrix which makes it vulnerable to
prevalence bias, with skewing towards the groups with a large number of observations when using the “best
fit” approach(9,10]. In contrast, the Gaussian approximation uses the data to fit functions which are then used
to calculate the cut-off between groups, thus minimizing prevalence bias. Classifications like MIC, PASS and the
categories originally developed on the Oxford Hip Score proposed by Kalairajah et al.[11] are all widely used.
Both PASS and Kalairajah's categories pertain to the final score, and the MIC interprets change. Kalairajah's
categories divide the score into four categories; poor, fair, good and excellent based on cumulative frequency

distribution. PASS introduces a measure of the treatments success, whereas the MIC concept aims to
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determine the change score value where patients have an important clinical change (both benefit and
detriment)[12]. An important concept for examining outcome scores is the distinction between final outcome
(an absolute score) or how much the score has changed over a set time period (transition or delta change). To
evaluate the outcome from knee replacement fairly, both transition and final outcome should be considered.
We believe there is a need for a classification which interprets the transition in a meaningful way to patients
and other non-healthcare professionals. We thus sought to expand on the MIC concept and define categories

which capture the distribution of changes on a group level after knee replacement.

Our aim was to categorize the change in OKS from pre-operative to 6 months follow-up (AOKS) for
interpretation of the transition in a way which describes the range of different outcomes available after knee

replacement surgery.

2. Method

2.1 Data Source and Participants
The data set consisted of 46 094 total knee replacements from the April 1. 2014 to March 31. 2015, accessed

via the National Health Service (NHS)-digital website. PROMs data has been collected by the Health and Social
Care Information Centre (HSCIC) on all NHS funded knee replacements in England as part of the NHS PROMs
program since 2009, mandated by the Department of Health. The PROMs are collected at baseline and at 6
months follow-up. 6-months was chosen because it was believed to be the earliest time point where an
average patient had reached the clinically important benefits[13]. A total of 83 450 total knee replacements
were done during that time, 47 743 had record level data available on the NHS-Digital website, and of these 46
094 (55%) had complete PROMs data and were included in the study. This data has previously been presented

in A. Gao’s thesis[14].

2.2 Study design

Categories were determined using the anchor-based method [15].Our variables were pre-operative and 6

months follow-up of both the OKS and patients’ response to the transition anchor question:

1. “How are the problems now in the operated knee compared to pre-operation?" Please select one of the

following: "much better", "a little better", "about the same", "a little worse" and "much worse".

The OKS is a 12 item knee specific PROM evaluating two domains; knee pain and function. Each question has 5

response options and the score range is 0-48 with high scores indicating low disability[16].
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2.3 Statistics
To evaluate the assumption of an ordered distribution within the transition question's categories distribution

of the change score in relation to the transition question was investigated through qualitatively assessing
histograms, box plots and quartiles for each group. If groups overlapped to a degree where they were deemed
interchangeable by the author group, they were collapsed into one group, to avoid violating the ordered
assumption.

Thresholds between groups were determined using Gaussian approximation probability. This meant fitting
normal approximation functions to each group. The thresholds were then determined by identifying the root
between adjacent group’s functions. Roots were identified using the uniroot function in R[17], which applies
Brent's Method[18].

To validate the thresholds a 10-fold cross-validation was performed, as described by Casella et al.[19]. The 10-
fold cross-validation randomly splits the dataset into ten smaller datasets and tests them individually against
the remainder of the original dataset. It thereby assesses the analyses' ability to be generalized onto an
independent cohort, by evaluating the accuracy of the estimates. This evaluation yields a cross validation error.
We presented the cross validation error as a mean distance in OKS points from the test data prediction to that

of the training data defined by the following equation:

n

cv.error = %Z ( (Yi _ f(xi))z)'

i=1

where y; is the ith training threshold and £ (x;) is the prediction for f made from the it" smaller test set (fold).
The thresholds chosen as final outcome were the mean over the 10 training data sets. 95 % confidence
intervals (Cl 95 %) were also calculated using the 10 training sets. A further measure of supervision of the
anchor-based method we calculated sensitivity and specificity based on the one group against the rest
approach.

The robustness of this method was evaluated by calculating the thresholds and Cl 95 % for other established
methods (ROC (Youden best fit), predictive modelling and adjusted predictive modelling) and compare the Cl
95 % ranges, the narrower the range the more robust the method. The Cl 95 % were calculated using 1000
bootstrap replications[10,20]. To assess the impact of the correlation between baseline OKS and the

thresholds, we did sub-analysis stratifying patient into two groups based on the mean baseline OKS.

All statistics were calculated using R version 3.6.0[17].
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3. Results

3.1 Participants:

46,094 patients were included in the study, 54.3 % female, 84.3 % were 60 years of age or older when they had

their knee replacement and 77.1 % suffered from arthritis. Additional patient demographics are available in

Table 1.

Variable
Number (%)
N 46094
Gender
NA 2939 (6.4)
Male 18123 (39.3)
Female 25032 (54.3)
Age band
NA 2939 (6.4)
40-49 62 (0.1)
50 -59 4239 (9.2)
60 - 69 15835 (34.4)
70-79 17763 (38.5)
80 -89 5256 (11.4)
Mean (SD)
Pre-OP Oxford Knee Score 19.17 (7.74)
Pre-OP EQ-5D Index 0.42 (0.31)

Pre-OP EQ-5D VAS

Comorbidity
Arthritis
Heart Disease
Hypertension
Stroke
Circulatory Disease
Lung Disease
Diabetes
Kidney Disease
Nervous Disorder
Liver Disease
Cancer
Depression

68.42 (19.77)
Number (%)

35519 (77.1)
4573 (9.9)
20740 (45.0)
778 (1.7)
2969 (6.4)
4276 (9.3)
5975 (13.0)
869 (1.9)
466 (1.0)
254 (0.6)
2290 (5.0)
4068 (8.8)

Table 1: Patient demographics at time of Surgery
EQ-5D = EuroQol-5 dimensions questionnaire
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3.2 Descriptive statistics to determine number of categories and appropriateness of

statistical approach.
The distributions of OKS in the groups were ordered ( Figure 1). "3. About the same" and "4. A little worse"

were collapsed into one category labelled “3. About the same” due to very similar distributions, ranges and
because both categories represent minimal or no improvement but also do not need to be identified as having

a substantially inferior outcome.

40+
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204 Transition
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Figure 1. The distribution of change scores within the anchor question categories. OKS = Oxford Knee Score.
Figure 2 and Table 2 show the distributions of the final four groups. All groups displayed an approximate
normal distribution (Figure 2) and the smallest group contained 1050 patients (Table 2), thus the methods

assumptions were satisfied.
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Figure 2. The distribution within the categories after groups "about the same" and "a little worse" have been combined. OKS =

Oxford Knee Score

Mean 1t Quartile Medial 4t Quartile N (%)
1. Much better 19.4 14 19 25 33637 (73.0)
2. Alittle better 10.02 5 10 15 7521 (16.3)
3. About the same 3.78 -1 3 8 3886 (8.4)
4. Much worse -2.69 -7 -2 2 1050 (2.3)

Table 2: Distribution of change in Oxford Knee Score across the anchor questions' 4 final groups.

Change Score Interval

1. Much better
2. A little better
3. About the same

4. Much worse

Table 3: Oxford Knee Scores' change score intervals derived from the calculated

thresholds.
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3.3 The classification and its thresholds.

The classifications’ final four categories are presented in table 3 and ranges from “much worse” to “much
better”. We identified the cut-offs and their Cl 95 % using the 10-fold cross-validation. AOKS = 15.11 (CI 95 %
15.07-15.14) marked the cut-off between “1. Much better” and “2. A little better”. Between “2. A little better”
and “3. About the same” it was AOKS = 6.98 (Cl 95 % 6.91-7.02). And between “3. About the same” and “4.
Much worse” it was AOKS = 0.56 (Cl 95 % 0.47-0.62). The cross-validation error presented as mean distance
from test to training data in OKS points was 0.35 (Cl 95 % 0.12 to 0.63), visualized in Figure 3. The sensitivity
ranged from 0.34 to 0.68, and the specificity ranged from 0.74 to 0.95 (Table 4).

The robustness of our method compared to established methods is presented in Table 1 in Supplementary
Materials. It showed Gaussian approximation has narrower Cl 95 % than the other methods for all thresholds.
The sub-group analysis based on baseline OKS showed a clinical significant difference, based on the minimal
important difference (MID) of 5 points, between the groups. With patients demanding a larger change if they

have a low baseline OKS (Table 2 in Supplementary Materials).

g: \/
\
o o v

T
2 4 6 8 10

cv.errorD
|

0.1

Index

Figure 3. Cross validation error (cv.errorD) as distance in OKS for all 10 test folds (index).

Sensitivity Specificity
1. Much better 0.68 0.85
2. A little better 0.47 0.74
3. About the same 0.34 0.92
4. Much worse 0.64 0.95

Table 4: Sensitivity and specificity of the change score intervals.
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4. Discussion

We set out to categorize the change score, using a 5 category anchor questions, into a tool for interpretation of
research results. We developed the 4 category classification of the transition in OKS presented in table 3,
describing the range of outcomes possible for knee replacement surgery, from “much worse” to “much
better”. Improvements 16 points or above represents a change described as “much better” by the patients.
The relatively low threshold of 16 points allows patients with a higher pre-operative score to still achieve a
large perceived benefit from the intervention. However a baseline score of 33 makes it impossible to achieve a
“much better” transition using this classification. This is partly the reason we argue both the final outcome and

the transition should be evaluated.

The score distributions within the categories were ordered. "3. About the same" and "4. A little worse" were
collapsed into one group; “3. About the same” with the range AOKS 1-6. As a result 4 categories were identified
(table 3).The intervals displayed large variation in range size, meaning the change between groups is not linear.
The non-linearity cause the relative elevation in change score from “about the same” to “a little better” to be
small, but a corresponding change to “much better” requires more than double the change score than to be
described as “a little better”. This non-linearity also adds to explanation for the low sensitivity in the “about the

same” to “a little better” groups.

There are two methods for categorizing PROMs, the anchor-based method and the distribution-based method.
The anchor-based method displays a large number of strengths compared to the distribution-based method. It
has potentially greater clinical relevance as the categorization is referenced to the patients’ own experience. As
a result the resultant categorization is more relatable and easy to communicate to patients. In effect this
reduces the risk of assigning clinical meaning to a statistical term, and is contrary to the distribution method in
this context. Consequently the anchor-based method has become the dominant approach for other PROM

classifications e.g. PASS and MIC.

The transition in OKS score was evaluated at 6 months. To some extent this was a forced time point for the
analysis and was the time used by the NHS PROMs program based on clinical rationale. Six months was
considered sufficiently far enough into the recovery window that patients could adequately report on near final
outcome, but still close enough to the time of surgery to prevent substantial recall bias and contamination[13].
In recent years a case for using 1 year rather than 6 months has been made[2,13]. Furthermore, studies

indicate a time dependency for MIC and PASS[22,23], thus these tools should only be used for PROMs assessed

10



210
211
212

213
214
215

216
217
218
219
220
221
222
223
224
225
226

227
228
229
230
231
232
233
234
235
236
237
238

at the same time point for which they were designed for. It could be beneficial to calculate values for the 1 year
follow-up if available, but this will be dependant on how it aligns with the collection for various national

registries[2,3,5].

Our data is from 2014-2015, and is now 5 years old. A point about obsolescence could be argued but we feel it
has little consequence for the validity of these categories since there have been no major changes to design,

practice or outcome for TKA in the last 5 years[21].

When assessing the performance of the categories in terms of sensitivity and specificity, we largely avoid
misclassification in the "1. Much better" and "4. Much worse" groups. However, "2. A little better" and "3.
About the same" have larger misclassification errors. These two groups have the smallest score ranges and
have adjacent groups in both ends of their ranges, meaning their misclassifications are not dichotomous. This
complicates the interpretation of the misclassification, and means the patients can either be falsely classified
to 1) having a more positive outcome or 2) a more negative outcome. Using the “3. About the same” group as
an example, the high specificity means that 92% of those who did were in the group by using the criteria score
range 1 — 6 do consider themselves to be “about the same”. In other words: 8% of those who did not find
themselves to be “about the same” where incorrectly classified as such. The sensitivity is much lower,
indicating there are quite a large proportion of patients (66%) who in fact did consider to be “about the same”,

but when using the criteria OKS change 1-6, they are misclassified into another category.

The variety in sensitivity observed is largely due to the overlap between groups seen in figure 2, and their small
ranges. A way to increase the sensitivity could be to combine the "2. A little better" and "3. About the same"
groups, reducing the misclassification by increasing the ranges and decreasing the number of groups. We have
chosen not to because we believe the cut between these two groups describes a clinically important threshold
the MIC. What gives us confidence in this threshold is its similarity to the MIC calculated using the same anchor
in a previous publication (OKS = 6.5). And its similarity to the only other published MIC using the anchor-based
method (OKS = 8), but at 1 year follow-up with a different anchor-question and a cohort from a different
country [15,20]. Clement et al. found that the average patient improved 1.1 points from 6 months to 1 year
follow-up, which makes an increase in MIC of approximately 1 point likely. An additional MIC value of 3.8
points at 6 months follow up was calculated by Browne et al, who used the mean change method and
calculated the MIC as the difference in change scores between those responding “a little better” and

“unchanged”. The methodological dissimilarity explains their smaller MIC value. The sensitivity and specificity

11
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corresponds to those found in studies which determined a MIC value using the same anchor question, which
could indicate the misclassification also has to do with the anchor question itself[15]. Exploring this further,
one reason the anchor might partially be to blame, is the five transition response structure. Using seven
responses might have increased the sensitivity, not by making a classification with additional categories, but by
reducing the impact of erroneously choosing outside the true classification by diluting the giving nuance to
choose the right groups to combine. The argument for seven response categories is that the distance from “a
little” to “much” is too large, however adding two more response options might give the opposite problem,
where patients find it harder to distinguish between two categories. Anchors used for determining MIC have as
few as three or as much as fifteen response options[12,24]. Lastly sensitivity and specificity are based on a
confusion matrix making them sensitive to unbalanced numbers of observations in the groups[9], which was

the reason we opted not to use the ROC approach.

The robust methodology and the large number of patients in this study are its largest strengths. Using Gaussian
approximation is new in a PROMs context. It makes us less vulnerable to skewing of the thresholds compared
to e.g. ROC analysis, due to its independence of the relative group sizes [9].We did 10-fold cross validation to
determine the predictive robustness of it and found a cross-validation error of 0.35 OKS points. This indicates a
threshold determined on a different dataset with different baseline characteristics would on average vary less
than 0.35 points from the ones determined here, showing a high degree of validity. However before using this
tool, one should compare the baseline characteristics to those from this cohort. Other methods for
determining thresholds, using the anchor base method, are ROC and predictive modelling and adjusted
predictive modelling. To further contextualize Gaussian approximations robustness we calculated the
thresholds using all four methods, and used the range of the Cl 95 % as the measure of robustness. Compared
to all three alternatives and for all thresholds Gaussian approximation produced the most narrow CI 95 %

(Table 1 in supplementary materials).

One limitation of the study methodology is that we cannot control for the potential effect of the baseline pre-
operative scores on the change score, since the baseline is part of our outcome. This is seen in the sub-analysis
based on this where thresholds are significantly smaller for patient with a higher than average baseline OKS
(Table 2 in Supplementary Materials). This has two consequences; first, using this classification one should
compare baseline scores with this cohort beforehand. And second, interpretation on an individual level is
discouraged and should only be done on a group level. Building on this, the lack of BMI in this cohort limits the

comparison of other cohorts to ours. Limitations connected to the OKS are that, patients might misinterpret

12
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the score and answer it consistently with opposite directionality. This misinterpretation is likely part of the
reason for the outliers in the “1. Much better” and “4. Much worse” groups in figure 2. Regarding the anchor
guestion we are aware that recall bias and response shifts are present, and account for part of the
misclassification seen in the sensitivity (table 4) [25]. As discussed earlier in this section the anchor itself can be
a reason for misclassification. Other factors unknown to us are influencing the patient perceived treatment
benefit and might also explain part of the misclassifications. However, the cross-validation error gives us an
indication on how sensitive the thresholds are to changes in baseline characteristics. Furthermore, the large
number of loss to follow-up (45%) makes this study vulnerable to attrition bias. To, investigate this we
compared the age and gender distributions, to those published by the National Joint Registry for England,
gualitatively we did not see a difference between our cohort and the complete cohort for the NJR including

2015 (Table 3 in supplementary materials).

In summary we have presented a categorization method which we believe has value in interpreting treatment
outcome, presenting research results and evaluating clinical practice. We believe the strength of this approach
is the ability to interpret transition at a group/population level, rather than on the patient specific level. On a
group-level, the categorization is applicable to assign individual patients into the categorical treatment
response, and can therefore be used for responder analysis. However, we still encourage conclusions being

made on a group level, and not on a single individual.

In conclusion, we present a clinically meaningful four category classification of the change score, which is easy
to apply to any data set and understandable for patients. We believe this classification can be a useful addition
to the current continuous OKS outcome and can be used for contextualizing results to help the interpretation

of research outcome.
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365 Supplementary materials:

366 Tabel 1 Comparison of thresholds calculated by four different methods.

Gaussian (C1 95%)  ROChest (C1 95 %) Predicted (CI95 %) Adjusted (Cl 95 %)

“Much better” - 15.11 (15.07- 15.5 (14.5-15.5) 14.64 (14.54- 14.01 (13.92-
“A little better” 15.14) 14.73) 14.11)
“A little better” - 6.98 (6.91-7.02) 6.5 (5.5-7.5) 6.90 (6.75-7.04) 6.63 (6.48-6.78)
“About the same”
“About the same” 0.56 (0.47-0.62) 2.5 (-0.5-2.5) 0.57 (0.33-0.81) 0.02 (-0.20-0.25)
- “Much worse”
367
368 Tabel 2 Sub-group analysis based on baseline Oxford Knee Score, stratified by the mean score (19.17).
Threshold Threshold value (Cl 95 %) Cross-validation error (Cl 95 %)
Low 0.36 (0.15-0.61)
“Much better” — “A little better” 18.17 (18.13-18.20)

“A little better” — “About the same”  9.40 (9.32-9.46)
“About the same” — “Much worse” 3.21(3.12-3.28)
High 0.43 (0.20-0.72)
“Much better” — “A little better” 10.78 (0.20-0.72)
“A little better” — “About the same”  3.34 (3.23-3.44)
“About the same” — “Much worse” -3.76 (-3.87 - -3.66)

369
370 Tabel 3 Comparison of patient demographics to assess attrition bias.
PROMs cohort NJR cohort
N 46094 772809
Syrgery year 2014-2015 2003-2015
Gender
NA 6.4 % 0%
Male 39.3% 43 %
Female 54.3% 57 %
Age median (IQR) 70 (64-76)
Age band
NA 6.4%
40-49 0.1%
50-59 9.2%
60 -69 344 %
70-79 385%
80-89 114 %
371
372
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