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Abstract (271 Words)

Objective

This article reviews four commonly used approaches to assess patient responsiveness to a treatment
or therapy [Return To Normal (RTN), Minimal Important Difference (MID), Minimal Clinically
Important Difference (MCID), OMERACT-OARSI (00)], and demonstrates how each of the methods

can be formulated in a multi-level modelling (MLM) framework.

Design

Cohort Study

Setting

A cohort of patients undergoing total hip and knee replacement were recruited from a single UK NHS

hospital.

Population

400 Patients from The Arthroplasty Pain Experience (APEX) cohort study undergoing total hip
(n=210) and knee (n=190) replacement who completed the Intermittent and Constant Osteoarthritis

Pain (ICOAP) questionnaire prior to surgery and then at 3, 6 and 12 months after surgery.

Primary Outcomes

The primary outcome was defined as response to treatment following total hip or knee replacement.
We compared baseline scores, change scores, and proportion of individuals defined as “responders”

using traditional and MLM approaches to patient responsiveness.

Results

Using existing approaches, baseline and change scores are underestimated, and the variance of
baseline and change scores overestimated in comparison to MLM approaches. MLM increases the
proportion of individuals defined as responding in RTN, MID, and OO criteria compared to existing
approaches. Using MLM with the MCID criteria reduces the number of individuals identified as

responders.

Conclusion
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MLM improves the estimation of the standard deviation of baseline and change scores by explicitly
incorporating measurement error into the model, and avoiding regression to the mean when making
individual predictions. Using refined definitions of responsiveness may lead to a reduction in

misclassification when attempting to predict who does and does not respond to an intervention, and
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clarifies the similarities between existing methods.
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Article Summary

Strengths and limitations of this study

e Four different approaches to patient responsiveness can be unified into a multi-level
modelling.

¢ A multi-level model framework of patient responsiveness highlights the similarities and
differences between existing methods.

e  Multi-level models provide a simple framework which incorporates measurement error and
non-linear change in trajectories of patient recovery.

e Multi-level models are technically more demanding than existing formulations of patient
responsiveness, and convergence is not guaranteed.

e  Multi-level models does not improve the arbitrary placement of the thresholds that define

responsiveness in comparison to existing methods
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INTRODUCTION

Joint replacement is an increasingly common elective procedure worldwide ** and improving patient
reported outcomes after joint replacement is a key research priority due to high prevalence of poor
outcomes after joint arthroplasty.* Poor outcomes include continuing pain, functional limitations,
and increased healthcare utilisation.® However, there is some debate on how the efficacy of
interventions can be judged due to the variety of different outcomes used in orthopaedic research.”
'8 Traditionally, objective primary outcomes such as prosthetic survivorship and mortality rates were
used.’® However, more recently there has been a shift in focus which ensures that patients’
perspective is central to assessment of intervention success.”’ Many studies now use patient
reported outcome measures (PROMs) as endpoints, and these tools can assess a variety of health
outcomes, including pain,” ** physical functioning,” mental well-being® and health-related quality of

life.?®

Although PROMs are widely used,” there is still debate in how the results should be interpreted and

how to define a clinically meaningful change.”**

From a measurement perspective, the ability to
estimate if a change has occurred depends on the application of an appropriate statistical model.
From a clinical perspective, some authors suggest that the average statistical change is insufficient to
“tell you anything about an individual’s chances of improving”.*® Therefore, the utility of simple

statistical analyses are limited when attempting to help patients weigh up the risks and benefits of

undergoing surgery.

In order to supplement simple statistical analysis, many researchers attempt to dichotomise the
population into those who have or have not responded to an intervention. There are a number of
different methods (definitions) that can be used to dichotomise the population, and these secondary
analyses are collectively referred to as responsiveness analyses.*® Four substantively different
methods of estimating the proportion of individuals who respond to an intervention have been

previously identified in orthopaedic research:* 1) Return to Normal (RTN), 2) Distribution-based

Page 5 of 25

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



©CoO~NOUTA,WNPE

BMJ Open Page 6 of 34

Minimally Important Difference (MID), 3) Anchor-based Minimal Clinically Important Difference
(MCID), and 4) the OMERACT-OARSI (OO) responder criteria. The first three approaches are generic
and used in many fields of health research, whereas the fourth approach is specific to orthopaedic

research, but in principle could be used in many fields of health research.

Each of these approaches is often thought to be methodologically distinct. However, all of the
methods can be shown to be special cases of a multi-level model (MLM). In this paper we will
describe these four approaches to calculating responsiveness and highlight the substantively
different decisions each method makes. We will then describe how each approach can be translated
into a MLM framework, emphasising the benefits of the translation, and contrast the approaches

using an example from the APEX cohort study.?’
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METHODS

We outline the four existing approaches to patient responsiveness previously used in orthopaedic
research *°, and describe their potential limitations, and how they can formulated in a MLM

framework.

Review of existing approaches to responsiveness

Return to normal (RTN)? suggests that an individual has returned to ‘normal’ if their score on a post-
intervention outcome is greater than two standard deviations (SD) from the mean baseline

response.

The use of two standard deviations appears to be justified on theoretical grounds, however it is
quite arbitrary. Assuming scores are normally distributed and measured without error, two SD’s
corresponds to a 95.5% prediction interval for the mean, which is similar to the equally arbitrary and
much criticised significance threshold p=0.05 (Type | error=0.05) criterion used throughout medical

3839
h

researc . However, there is no reason why a 1.6 or a 2.6 SD cut-offs should not be used in

preference, which correspond to 90% and 99% prediction intervals.

The method also assumes the observed change is unlikely to be due to chance alone and does not
account for any uncertainty. In order to alleviate this problem the use of the Relative Change Index

2427 The RCI constructs a

(RCI) was proposed to be used in conjunction with the RTN classification.
test of the individual’s score at follow up compared to their baseline, where the standard error of

the difference is estimated indirectly using the SD of the baseline score and an assumed reliability

coefficient from empirical research or a range of reliability values in the spirit of a sensitivity analysis.

A commonly described distribution-based Minimally Important Difference (MID) method classifies
individuals as responders if their observed change is greater than a fixed proportion of the SD of the
pre-post-surgery change score.® There has been much debate about the exact size, or proportion, of

the SD change score to use, however 0.5 SD’s has been reported widely and suggested to be a

Page 7 of 25

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



©CoO~NOUTA,WNPE

BMJ Open Page 8 of 34

difference that is minimally perceptible to patients.>** Any individual with a change score greater
than 0.5 SD is defined as responding to the treatment. Similar to the RTN criteria, the decision to use
0.5 is arbitrary and there is no reason why more or less stringent criteria of 0.25, 1 or 2 SD’s could

not be used.

Anchor-based Minimally Clinically Important Difference (MCID) is similar to the MID approach, in
that it defines an individual as a responder based on their individual change score. However, the cut-
point is determined in individuals who report themselves as having an outcome which is either
good/satisfactory or perceived as improved from baseline using an external anchoring question. The
authors proposed using a cut point at the 75th centile of the change score, in those who are
satisfied.* Therefore any individuals, whether they are satisfied or not, who has a change score

greater than the 75th centile are defined as responders.

The OMERACT-OARSI (00) criteria®® recognises that a response to an intervention may occur in one
or more different measured outcomes, i.e. a multivariate response mechanism. In keeping with
much of the orthopaedic literature they assume the proposed score has been rescaled between 0
and 100 *?, and that a responder is defined as any individual with 1. a >=50% relative change or a
>=20 point absolute change on one or more responses scales, or 2. a >=20% relative change or >=10
point absolute change in two or more response scales. Relative change is defined as the ratio of the
change to the individual baseline score multiplied by 100. Unlike the RTN, MID, or MCID it is very
clear that the thresholds for relative and absolute changes are based on a panel of expert opinions

and are fixed.

Despite the variety of existing approaches used to identifying responders there are a number of
problems common to all methods. Common assumptions include: 1) Each observed outcome is
measured without error, test-retest reliability studies indicate that this is not a realistic assumption

%2 2) Regression to the mean does not occur and therefore the variance of the change score will not
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be overestimated. 3) Floor and ceiling effects do not bias estimates of the variance of the change

score.*!

Furthermore in RTN, specific combinations of means and variances may result in a threshold beyond
the range of the measurement tool, therefore no individuals would be defined as responding to a
therapy. The MCID approach assumes the additional anchoring variable is measured without error
and the response trajectory is distinct from those who are unsatisfied.*> The method also assumes a
two parameter logistic function is an appropriate model for the cumulative proportional rank of
patients and change in outcome, and that there is no uncertainty in the calculation of the threshold
. Finally, the OO approach considers a response in two or more outcomes. However, it does not
explicitly describe how the correlation between the two outcomes is accounted for, and fails to

recognise that if not modelled appropriately may introduce bias.***

The four methods identified have a number of other limitations,” but they are difficult to compare

methods when presented as distinct approaches.

Embedding them in a unified statistical framework makes their underlying assumptions explicit,
whilst highlighting their similarities and differences. In addition, it provides a framework to
incorporate non-linear change, measurement error, and variability in the timing of measurement

occasions.

Multi-level modelling approach to responsiveness

We now present a general multi-level model for patient responsiveness and show how the four

approaches described above can be specified as special cases.

Under the assumption of linear change, the measured response at the i occasion for the j*

individual is modelled as a linear function of time.

Equation 1
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Yij = Bo g+ (B +uy iy + &
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where t;; is the time at which measurement i was taken on individual j, coded as zero at

baseline. f, is the baseline population average response, and uy; represents the j/ individual
difference from the baseline response. The sum of B, + u; is the estimated individual baseline
response. 5; represents the population average change per unit increase in time, and Uy
represents the /" individual difference from the population average change per unit increase in time.
The sumof §; + uyj is the estimated individual average change per unit increase in time.

Measurement error in the linear trajectory is represented by ¢;; .

The variance in individual deviations from the population average response at baseline and average
rate of change are g2, and g, respectively. Furthermore, the correlation between baseline
measurements and rate of change can be assumed to be independent or correlated by constraining
0y,01t0 be zero or allowing it to be freely estimated. The variances of the shrunken residuals ,; and

ﬁlj, also known as empirical bayes estimates, are typically less than the estimated population

variances 62, and 62, as they shrink towards the population averages of 8, and 3; . The extent of
the shrinkage depends on the number of measurement occasions and the within individual
variability, with greater shrinkage as the number of measurement occasions decrease and as the
within individual variance increases. A more detailed discussion of MLM can be found in most

advanced statistics textbooks.** %7 48

We now describe how the four traditional approaches to measuring patient responsiveness can be

unified into a MLM framework. General benefits of the MLM approach include: 1) with more than
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three measurement occasions a MLM directly allows for measurement error, ¢;; ; 2) the use of

jr

shrunken residuals u,, and u, allow for regression to the mean when predicting an individual’s

score *%; 3) MLM can be extended to include multivariate response models which appropriately
model the correlation between two or more outcomes; and 4) MLM allows for variability in the

timing of measurement occasions.

MLM-Return To Normal. In order to apply the RTN criteria using a MLM approach we first estimate

the baseline population SD in individuals considered to be abnormal using the model described in
Equation 1. Assuming y;; is normally distributed at baseline with a population mean Bo and variance

02,2100 - (1 - g) prediction interval for the baseline measurement can be constructed i.e.
[,BO ~ OuoZ(;_g) ,Bo + OuoZ(;_) ] where a is the type | error rate and z is the critical value from a
2 2

standard normal distribution. Importantly y; ; is not assumed to be measured without error and

therefore estimates of 0%, are less likely to be biased than using simple methods. However, it is
important to note that the choice of a is entirely that of the researcher, and whilst @ =0.05 (leading

toz = 1.96 = 2) is common, more or less stringent criteria could be applied.

The second step is to estimate the score of the individual at time j following surgery and determine if

it is within the baseline prediction interval. This prediction is simply calculated by substituting
estimates of B , B; , Upj and uy; into Equation 1, to give the empirical best linear unbiased

prediction (eBLUP) for the j individual at the i occasion.*®

Finally, in order to determine whether or not the response of the individual following surgery is
greater than one would attribute to chance alone, i.e. the null hypothesis that the /" individuals

slope is not equal to zero, a test statistic similar to RCl should be conducted,

(B +y,)/SE(B, +1y,), where SE(f, +1y;) = \/VAR([?l )+ VAR(2 ).
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MLM-Minimally Important Difference. The threshold of minimally important difference can also be

estimated using a MLM. Similar to RTN, a linear model of change is applied, as in Equation 1. Then

the population SD of the change score per unit increase in t is estimated by o0,,1. For example, if t is

coded in months and responsiveness at 3 months post-surgery was of interest, the estimated SD of
the change score at 3 months would be 30,1, and the threshold of responsiveness would be 30, /2.
By comparing the estimated change for the /" individual ([?1 + ﬁlj)t to the chosen threshold at

time t, i.e. toy, /2, the individual can be classed as a responder or not. The MID approach does not

specifically state whether a test of whether an individual’s change scores is less than the MID

threshold should be conducted, but a test statistic is simply constructed as
~ ~ to ~ A
<(ﬁ1 + 1)t — (%))/(SE(& +1;)t).

MLM-Minimally Clinically Important Difference. The MLM MCID requires a simple extension of the
univariate model presented previously (Equation 1). The outcome of interest is stratified using an

external criterion. The stratification is achieved by creating dummy variables for those who are
un/satisfied with some aspect of their treatment i.e. x,; takesthe values 0 and 1 representing

unsatisfied and satisfied individuals respectively, and x,; = 1 — x;;. These dummy variables are then

included as additional explanatory variables, with no overall model intercept, and interacted with t.

Equation 2
Yij = (Bo + uoj)xu' + (B + Uy )tij X1yt Eq45%q;

+(By +uy)xp + (Bs +usj )ty Xp; + €242

Uoj oo ]

Uy o ol
TI~N(0,Q,): Q=] vt e I

lung 0 0 oy 05
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81“ 02
[ Y1~N (0,9, ): Q, =[ £1 2]
&2ij

Therefore 5, and 5, are the mean population outcome score at baseline for those who are satisfied
and unsatisfied respectively, and §; and 35 are the corresponding mean population changes per
unit of time. Variances and covariances are similarly interpreted for those who are satisfied and
unsatisfied respectively. However, that satisfaction on the external anchoring question is assumed
to be known without error, and individual effects and errors for x;; are uncorrelated with those for

X,; because the satisfied and unsatisfied categories are mutually exclusive.

Following prediction of each individual’s trajectory, the second stage in the MCID method requires a
threshold for determining responsiveness. Using a similar suggestion to Tubach et al.,*® the 75"
centile of those who are satisfied could be used to classify all individuals as responding or not.
Similar to the MID there is no suggestion of whether a test against the null value of the 75" centile

should be constructed, but this is easily done within the MLM framework.

MLM-OMERACT-0ARSI criteria. The OO criteria can be similarly extended into a multi-variate MLM
framework by the inclusion of dummy variables and reshaping into a “double” long format with both

responses stored in a single vector. Figure 1 illustrates the data structure for a bivariate model.

Figure 1

Double Long

J t y w; W,
Single long 1 1 40 1 0
J t 7 Y2 1 2 50 1 0
1 1 40 70 1 3 60 1 0
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Dummy variables, also known as response indicators, are used to denote the response options: w;;

is coded 1 for the first measurement outcome (pain) and O for the second outcome (function),

and w,; = 1 — wy;. Theresponse indicators and their interactions with t are included as

explanatory variables to obtain the following bivariate response model.

Equation 3

Yij = (Bo +u0j)W1i + (B + Uy )tij Wy t &4Wai

+ (B, +uy)wy + (Bs +ugj )ty wy + 5wy

. 2
I[um] 050
u1-| o
| 7~N(0,0,): 0 =
Uyj Ouo2
Ug; Ouo3

~N(0,9, ): Q. = [

2
Oy
Oyu12

Oyu13

2
O¢1

O¢12

Oy2

2
Oy23 Oy3

With a similar functional form to the univariate MLM, there are separate population and individual

intercepts for the first and second outcome (B, , B, and uyj, u,; respectively), and separate

population and individual slopes are estimated for the second outcome (,81 ,B3 and uy, u3j).

Using a MLM approach the outcomes are modelled jointly, which allows for non-zero covariances
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between the intercepts and slopes of the two responses (6,02, 012, G103, Ou13 )- The measurement

errors for the two responses are not assumed to be independent, with their covariance directly

estimated (0z13).

Finally, the threshold of response must be decided and individual trajectories estimated and
classified. Similar to the other methods it is relatively simple to construct a test statistic for testing

whether individual slopes are significantly different from the chosen threshold.

Limitations of the MLM approach. The MLM approach described by Equation 1, Equation 2 and 3
assumes that change in the outcome is linearly associated with time. The linearity assumption is
imposed for simplicity. Non-linear changes are easily incorporated by including higher order

polynomials or using linear or non-linear splines.>

The standard MLM approach also fails to directly address the issue of floor and ceiling effects.
Mixed response multi-level tobit models allow for such effects and provide some adjustment.*! *

Furthermore, whilst the MLM described in Equation 2 allow for heterogeneity in known groups, they
fail to allow for heterogeneity in trajectories when the groups are unknown. The use of group based

trajectory models or growth mixture models in these circumstances may reveal latent (unobserved)

classes of individuals with distinct patterns of recovery.>®
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Example: The APEX cohort Study

Using a mixed cohort of patients undergoing THR and TKR, *’ we investigated the performance of the
existing and MLM approaches using four definitions of responsiveness. A simulated dataset and code

to fit each of these models is included in supplementary material.

Patients in the APEX cohort completed the Intermittent and Constant Osteoarthritis Pain (ICOAP)
questionnaire before and after surgery at approximately 0, 3, 6 and 12 months. The date at which
the post-surgical questionnaire was completed is recorded in days post-surgery. As the name
suggests, the ICOAP questionnaire attempts to measure intermittent and constant pain. ** The
developers of the tool suggest three ways of summarising the scale to generate an intermittent,
constant and total pain scores (the sum of the intermittent and constant pain subscales). The tool is
scored between 0 and 100 and a full description of the ICOAP scale is provided in the original

validation paper.”

Using the three methods of aggregation, we present estimates of pain at baseline and for change at

approximately 3 months post-surgery using summary statistics and multi-level model estimates.

In order to facilitate comparisons between existing and MLM approaches we assume that all
individuals are measured at exactly 0, 3, 6, and 12 months. Whilst the existing approaches only
utilises the 0 and 3 month measurements the MLM approach uses a growth model using two linear
splines with a knot point at 3 months. The inclusion of the second spline and the additional two
measurement occasions allows adjustment for measurement error in the MLM approach. Table 1

and 2 presents results for patients undergoing THR and TKR respectively.
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RESULTS

In all subdivisions of the ICOAP questionnaire, for THR/TKR patients, the estimates of the baseline
mean and change scores are approximately equal to those from the MLM approaches. In addition,
estimates of the SD of baseline and change score are overestimated using existing approaches in
THR/TKR patients. The SD of baseline measurements is approximately 3.3 and 3.75 points greater
than conventional methods in THR/TKR patients respectively, while the corresponding SD of change

are approximately 6.3 and 7 points greater than existing methods.

Return To Normal

Using similar baseline score estimates to the conventional RTN approach and different SD’s results in
a reduction in the threshold of response by approximately 5 points in THR/TKR patients. The change
in threshold is due to smaller estimates of baseline and change SD’s. When considering the total
ICOAP score, the MLM approach classifies approximately 10% more individuals as responders than
existing approaches. It is also interesting to note that the threshold of response using the existing

approach when considering total ICOAP score in THR patients is beyond the range of the score.

Minimally Important Difference

Using similar change score estimates and different SD’s results in an approximately 2 point reduction
in the MID threshold in THR/TKR patients. The reduced threshold results in more individuals being

classified as responders using the MLM approach.

Minimally Clinically Important Difference

Using the MLM approach in satisfied and unsatisfied individuals results in a small increase in the
threshold of response in comparison to existing approaches. The increase in threshold is due to

shrunken residuals and therefore reduced variability of predicted change scores. The increase in
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threshold results in a reduced number of individuals (3% of THR patients and 6% of TKR patients)

being identified as responders.

OMERACT-OARSI

The OO approach uses fixed definitions of responsiveness. Individual estimates of change from the
bivariate MLM for constant and intermittent pain are very similar to those from the univariate MLM.
However the standard deviation of the change score is reduced by approximately 0.5 and 1 points in
constant and intermittent pain comparing the univariate and bivariate MLM respectively, whereas
the SD of baseline score approximately the same. Despite the larger absolute threshold of 20 and 10
points for changes in 1 or 2 items respectively, i.e. larger than MID, there is an increase in the
proportion of individuals identified as responding. The increase is partly due to the use of the
relative change threshold, and the reduced variability in change in comparison to the univariate

MLM using MID definition of responsiveness.
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DISCUSSION

The primary purpose of a responsiveness analysis is to convey the variability of an individual’s
chances of perceiving an improvement following a treatment. Existing approaches appear to be

distinct from one another, and the relationships between each approach were unclear.

We have clearly shown how four commonly used approaches can be incorporated into the unified
statistical framework of MLM. The application of patient responsiveness models in a cohort of
orthopaedic patients illustrates how SD’s of baseline and change scores in existing approaches are
overestimated in comparison to the MLM approach. Thresholds for defining responders from MLM
are lower when based on SD (RTN & MID), and higher when based on the distribution of predicted

change scores (MCID).

Strengths & Limitations

One of the key benefits of adopting a MLM approach when defining clinically meaningful change is
the improved estimation of individual change by the greater flexibility in the MLM framework.
Specifically, MLM do not assume the response is measured without error, they adjust for regression
to the mean, the trajectory of recovery is not constrained to be linear, and data from multiple
measurements and variability in the timing of those measurement occasions can also be
incorporated into the model. Furthermore, assuming the underlying MLM adequately represents the
true causal mechanism, parameter estimates, SD’s and standard errors will be unbiased in

comparison to existing approaches.

Furthermore, the unification of existing approaches into a MLM framework clearly shows the
relationship between the four different approaches. For example, RTN and MID share the same
underlying model. MCID is also the same at RTN/MID if you assume the baseline and change scores

are the same across strata of un/satisfied patients. Similarly, the model underlying OO approach is
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the same as the RTN/MID approach if you assume independence in the measured outcomes of the

two trajectories, and error term.

Despite the numerous benefits of adopting a MLM approach, it is not to say it is without some
limitations. MLM are technically more demanding than existing formulations of patient
responsiveness, and whilst there are no theoretical limits on how large or small samples have to be,
model convergence is not guaranteed. Furthermore, it is important to perform model diagnostic to
check the data fit with the model. MLM does not improve the arbitrary placement of the thresholds
that define responsiveness in comparison to existing methods, and despite the improved trajectory
modelling it is currently unclear if the refined definitions correlate more strongly with patient
expectations or functional data. Further research externally validating the classification using patient
groups, expert opinion* or functional data may demonstrate improved classification of those

responding to treatment in comparison to existing methods.

It is clear the MLMs provide considerable advantages over existing approaches to identifying
patients who respond to a treatment. Consequently, the proportion of individuals thought not to be
responding to treatment may be smaller than previously thought. Using the redefined definition may
reduce the number of individuals misclassified as non-responders, and improve the prediction of

those individuals who are likely to respond to treatment.
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Table 1: Mean and standard deviation of baseline and change scores estimated using current and multi-level model approaches to responsiveness in patient

BMJ Open

undergoing total hip replacement in the APEX cohort study. Betas represent the population average characteristic and sigma the estimated standard
deviation. Baseline is assumed to be the day of surgery, and change is from 0 to 3.6 months.

Current Approaches to Responsiveness

Multi-Level Model Approaches to Responsiveness

Baseline Change Absolute Baseline Change Absolute
Threshold P(Resp.) Threshold P(Resp.)
N BO Ouo Bl Ou1 BO Ouo Bl Ou1
210 70.5 78.1
Return to Normal 4371 (22.1) | 45.76 (24.0) 87.9 43.71 (20.1) | 46.14 (19.7) 83.8
MID ot 210 12.0 90.5 9.9 97.6
MCID (Satisfied . 185 | 4437 (22.0) | 48.43 (22.6 4437 (203) | 48.54 (19.2 67.1
(Satisfied) Pain (22.0) (22.6) 326 719 (20.3) (19.2) 35.8
MCID (UnSatisfied) 25 3877 (22.4) | 26.05 (25.4) 38.77 (17.0) | 28.43 (16.3) 67.1
210 . 0.0 . 0.0
Return to Normal 4919 (27.2) | 4423 (27.3) 103.5 49.19 (25.6) | 44.35 (24.0) 100.3
MID conctant | 220 13.6 84.3 12.0 88.6
onstan
isfi \ 185 | 50. . . : . . . .
MCID (Satisfied) oair 50.08 (27.4) | 46.37 (26.7) 200 o g | 5008 (263) | 4621 (245) 210 a3
MCID (UnSatisfied) 25 | 4260 (24.8) | 28.40 (26.9) 42.60 (18.3) |30.60 (12.6)
00 210 |49.19 (27.2) | 44.23 (27.3) 20(10) 92.0 | 49.19 (25.3) | 44.35 (23.4) 20(10) 99.5
Return to Normal 210 82.5 70.0 76.5 80.5
eturn to Norma 39.13 (21.7) | 47.06 (26.5) 39.12 (18.7) | 47.66 (20.5)
MID 210 13.2 88.1 103 97.1
Intermittent
MCID (Satisfied ) 185 |39.60 (21.7) | 50.17 (24.9 39.60 (19.2) | 50.50 (19.1
(Satisfied) Pain (21.7) (24.9) 37.5 71.4 (19.2) (19.1) 40.5 67.1
MCID (UnSatisfied) 25 | 3558 (21.4) | 24.08 (26.6) 3558 (13.9) | 26.69 (17.1)
00 210 |39.13 (21.7) | 47.06 (26.5) 20(10) 92.0 | 39.12 (18.5) | 47.66 (19.1) 20(10) 99.5
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1
2
3
4
5 Table 2: Mean and standard deviation of baseline and change scores estimated using current and multi-level model approaches to responsiveness in patient
? undergoing total knee replacement in the APEX cohort study. Betas represent the population average characteristic and sigma the estimated standard
8 deviation. Baseline is assumed to be the day of surgery, and change is from 0 to 3.6 months.
20 Current Approaches to Responsiveness Multi-Level Model Approaches to Responsiveness
11 Baseline Change Absolute Baseline Change Absolute
12 Threshold P(Resp.) Threshold P(Resp.)
13 N BO Ouo Bl Oy1 BO Ouo Bl Oy1
190 43.2 51.6

14 Return to Normal 42.86 (19.7) | 31.27 (23.2) 82.3 42.89 (16.7) | 32.09 (17.7) 76.3
15 MID Total 190 11.6 76.3 8.9 93.2
16 -

MCID (Satisfied : 138 44.09 (19.7) | 38.51 (20.6 4413 (16.7) | 38.76 (14.7
17 (Satisfied)  pin (19.7) (20.6) 227 626 (16.7) (14.7) 299 553
18 MCID (UnSatisfied) 52 | 39.62 (19.7) | 12.04 (18.0) 39.62 (16.3) | 14.28 (11.5)

190 . 447 . 36.8
19 Return to Normal 47.76 (23.6) | 31.61 (25.5) 94.9 47.79 (20.5) | 32.46 (19.5) 88.7
20 MID Constant 190 12.8 74.7 9.7 90.0
21 e onstan
. 138 . . . . . . . .

- MCID(Sat|sf|fed.) Pain 48.80 (23.4) | 38.59 (23.3) 537 61, | 4888 (205) 3888 (17.7) 30.3 55 3
23 MCID (UnSatisfied) 52 | 45.00 (24.1)|13.08 (21.9) 45.00 (20.1) | 15.26 (13.3)
24 00 190 47.76 (23.6) | 31.61 (25.5) 20(10) 789 | 47.78 (20.2) | 32.50 (18.9) 20(10) 98.4
25 Return to N | 190 75.3 40.5 66.4 62.1
26 eturn to Norma 3878 (182) | 30.97 (23.9) 38.80 (13.8) | 31.77 (16.7)

MID 190 12.0 78.4 8.3 94.2
o MCID (Satisfied) Intermittent | 140 | 4015 (18.3) | 38.45 (21.2) 40.20 (14.1) | 38.63 (12.8)
28 Pain ‘ ‘ ' ‘ 24.8 616 | ' ' ' 31.2 54.7
29 MCID (UnSatisfied) 52 | 35.14 (17.8)|11.12 (19.0) 35.14 (12.8) | 13.40 (10.8)
32 00 190 | 38.78 (18.2) | 30.97 (23.9) 20(10) 78.9 | 38.81 (13.6) | 31.74 (15.7) 20(10) 98.4
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46 For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml
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* A unified multi-level model approach to assessing patient responsiveness
* dincluding; return to normal, minimally important differences, and minimally

* clinical important differences for patient reported outcome measures.
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* Abstract

* Stata code to illustrate calculation of patient reponsiveness using existing
* and multi-level model methods.

* Do file should be run comlpletely inorder to simulate data from a linear
model

* and perform calculations.

* File requires MLWin and copy of runmlwin downloaded for Stata.

LR R I b S b S S E S S b I S I I S b R S R I S IR S S S b I S S I S S R I S b S S b S b b S I I S IR e S b S db e S 2h b S b b S 2b b S Sb b3
* Kk K

* 1. Simulate a dataset

KA KA AA A A A A A A A A A A AAAAAAA A A A A A A A bbbk bk h bk hk ko hk ko ko ko hkhkhkhkhk ok ok ok ok ok ok kA kA A A A A A A A A A A A A A A A A A KK
* Kk K

{

* Design matrix in OO Format
set seed 111

clear

set obs 100

gen id= n

* Set Parameters values

* Set Fixed Effect Parameters

local b0 = 49.19

local bl = 44.35 / 3
local b2 = 39.12
local b3 = 47.66 / 3

* Set Random Effect Standard Deviations & Correlation Matrix
local u0 = 25.3

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml
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local ul = 23.4 / 3
local u2 = 18.5
local u3 = 19.1 / 3
matrix u = ("ul0', ul', u2', ‘uld")"'
matrix u corr = (1 ,0.3 ,0.1

©CoO~NOUTA,WNPE

10 0.3 ,1  ,0.1,0.1\ ///
0.1 ,0.1 ,1 ,0.3 \ ///
13 0.1 ,0.1,0.3 ,1 )

Draw Random Parameters
15 drawnorm u0 ul u2 u3 , sds(u) corr(u corr)

=
I
*

18 * Create 4 measurement occassions

20 expand 4
21 by id , sort : gen t = n-1

23 * Prepare for a reshape into double long
24 gen 1=1
gen 2= 1

reshape long _ , i(id t) J(resp)
26 drop

28 * Set error Standard Deviations & Correlation Matrix

29 local el= 5

30 local e2= 5

31 matrix e = ("el', “e2")!

32 matrix e corr = (1 ,0.1\ ///

33 0.1 ,1

drawnorm el e2 , sds(e) corr (e corr)

38 * Create response indicators for 0O

39 gen wl = 1 if resp==

40 replace wl = 0 if resp==

41 gen w2 = 0 if resp==

42 replace w2 = 1 if resp==

44 * Generate a satisfaction indicator, uncorrelated with effects just for
45 illustration
46 gen x = cond(uniform()>=0.3,1,0) if resp==1 & t==
47 by id : egen x = min(x)
*Create dummy variables

gen x1 =1 if x==

replace x1 = 0 if x==

S0 gen x2 = 0 1if x==
51 replace x2 = 1 if
52 x==0
53 drop x x

56 * Predict response
57 gen y = ("b0'" + u0)* wl + ("bl'" + ul)* wl * t + el* wl + ///
58 ("b2'" + u2)* w2 + ("b3' + ul)* w2 * t + e2* w2 //
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tempfile simdata
save “simdata' , replace

}

KRR AR R A A A A A A A A A A A A A AR A AR A AR A AR A AR A AR A AR A A A A A A A A I A A I AR AR AR A A A AR A A Ak kA bk Ak kA khk
* kK

* 2.1 Existing Methods (n.b. only for first response)

R R R i i I I I I I b S I I I I b I b b b b b b b b b b b b S b I 2 I I e b b b b S b b S b Sh b b b b b Sh S b 2 Sh b 2 2h b b dh Sh b 2b 4b o 4

* k%
use “simdata' , clear
* Working with the first and last measurment occassion
keep if t ==0 | t==
sort id resp t
by id resp : gen d y = y[ n] - y[ n-1]

AhkkAkkkhk kA kA hkkhkhk kA kA kxkhkkxKk*k

* 2.1.1 Existing RTN
Ak Ak hkhhkhkhkhkhkkhkkhkkrkkhkkxkkkx*x*
{
sum y if t==0 & resp==
local rtn = r(mean) + 2*r (sd)
by id resp: gen ex rtn =cond(y>="rtn',1 ,0) if

_n==2 & resp==

by id resp: gen ex rci = cond((d y /
sgrt (2* ("r(sd)' * sqrt(1-0.9))"2))>=1.96,1,0) if n==2 & resp==
by id resp: gen ex rtn rci =
cond(ex rtn==1 & ex rci==1 ,1,0) if n==2 & resp==

tab ex rtn if resp==1
// Number of individuals returning to normal

tab ex rci if resp==1
// Number of individuals significant change

tab ex rtn rci if resp==
// Number of individuals significant change & returning to normal

}

AKhkkAkkkhkkkhkhkkhkkhkhk Ak Ak kkhkh kA kxKh*k

* 2.1.2 Existing MID

khkkkhhkkkhkhkkhkhkhkkkhkkkkkhkkkk*

{
su d y if resp==
local mid = r(sd)*0.5
by id resp : gen ex mid =cond(d y>="mid',1,0) 1if n==2 ¢&
resp==

tab ex mid if resp== // Number
of individuals with minimally important difference

}

khkkkhkhkkkhkhkkhkhkkkhkhrkkkkkkKx*

* 2.1.3 Existing MCID
* n.b using the 25th centile is pain is reverse coded.
kA Kk khkhkhkhkhkhkhkkhkkrkkkxkkkx*x*

{
centile d y if resp==1 & x1==1 , c(25)
local mcid = r(c_1)
by id resp: gen ex mcid = cond(d _y>="mcid',1,0) if n==2 &
resp==

tab ex mcid if resp==1 // Number of

individuals meeting the MCID criteria

}
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* 2.1.4 Existing (00) OMERACT-OARSI

Ak Ak hkhhkhkhkkhkhkhkhkhkhkhkhkhkhkkhkrkhkhkrhkhkhkk*x*k

{
* 50% relative, 20% absolute single
* 20% relative, 10% absolute both

* Calculate Relative Change
by id resp: gen d rely= (d_y/y[ n-1])*100
* Mark Single Changes
by id resp: gen ex oo _single =1 if (d_y>=20 &

d y<.) | (d_rely>=50 & d rely<.) & n==
* Mark Double Changes
by id resp: gen ex oo _double
=1 if (d_y>=10 & d y<.) | (d_rely>=20 & d rely<.) & n==
* Sum double changes
by id
egen ex oo double sum = total (ex oo double) if d y!=.
* Mark OO criteria
by id : gen ex oo = cond(ex oo single==1 | ex oo double sum==2 ,

1,0) if d y!=.

by id : egen ex oo = max( ex oo) if d y!=.

tab ex oo if resp== // Number of individuals

meeting the oo criteria

}

KKK KA AA A A A A A A A A A A A AAAAAA A I A A A bbb bbbk bk hk ko ko hk ko ko ko hkhk ok khkkkhk ok ok ok kA kA A A A A A A A A A A A A A A A A A KK
* Kk K

* 2.2 Multi-level Methods

LR R e I b S b S S I S S b I S I I S R R S R I S R R S S S SR S S b I S b I S I S S b S b S S b S b S b S S 2b S Ih I S b b S 2b b S Sb b3
* Kk K

// Set the global macro to identify the location and version of mlwin
global MLwiN path "C:\Program Files (x86)\MLwiN v2.32\1i386\MLwiN.exe"
use “simdata' , clear
keep if resp==
* Create a constant
gen cons=1

Ak Ak hkkhkhkhkkhkkhkkhkkkkkx*k

* 2.2.1 MILM RTN / MID Model

kA hkkhkhkhkhkkhkhkkkkkkkx*k

{

* O-——————————————— 1
* 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,
matrix a = (1,1,1)

runmlwin y cons t if resp==1 ,
/// Fixed effect
levell (t: cons, residuals( e, ) )
/// Level 1 variance
level2 (id: cons t, elements(a) residuals( u, ) )
/// Level 2 varaince
maxiterations (10) corr sd nopause
// Modelling options

* Predict Individual effects
gen xb fe = Dbf[cons] + Db[t]*t
gen xb re = u0 + ul*t
gen xb = xb fe + xb re
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* Predict to asses responsiveness at (3month)
gen xb t = ( blcons]+ ul0) + ( b[t]+ ul)=*3

* RTN threshold

local mlm rtn = b[FPl:cons] + 2*( b[RP2:var(cons)]”"0.5)
* Mark RTN

gen mlm rtn = cond(xb t>="mlm rtn',1,0)

* Calculate RCI
gen xb d = Db[FPl:t] + ul

gen se d = ( se[FPl:t]”2 + ulse”2)"0.5
gen z d = xb d / se d

* Mark RCI
gen mlm rci = cond(z d>=1.96,1,0)

* Mark RTN RCI composite
gen mlm rtn rci = cond(mlm rtn==1 & mlm rci==1, 1, 0)
egen pickone = tag(id)

tab mlm rtn rci if pickone==1 // Number of individuals
meeting the MLM RTN RCI criteria
}

khkkkhkhkkkhkhkhkkhkhkhkkhkhrkkkhkhkkxkkx*k

* 2.2.2 MLM MID
R b I I b b b b b b b b ab Ib db db I b b 2
{
* MID Threshold @ 3 months
local mlm mid = 0.5* (( b[RP2:var(t)]*3)"0.5)

gen mlm mid = cond( ( b[t]+ ul)*3>= "mlm mid' ,1 ,0 )

tab mlm mid if pickone==1 // Number of individuals meeting

the MLM MID criteria

* Drop previous residual and predictions
drop u0 ul ulse wulse e0 elOse xb fe xb re xb xb t xb d se d z d
}

Ahkkkkhk ki hkkhkkhk kA ki kA kxkhk k%

* 2.2.3 MLM MCID

kAhkkhkhkhkhkhkkhkhkhkkhkkrhkkhk*xx

{
* Stratify intercept and slope by satisfaction
gen consxl= cons*x1l
gen consx2 = cons*x2
gen txl = t*xl
gen tx2 = t*x2

* Specify RE variance matrix

* O——=—=—————— - 2

* 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,1
matrix v = (1,1,1,0,0,1,0,0,1,1)

* Specify RE variance matrix

* O——=—=—————— - 2

* 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,1
matrix e = (1,0,1)

runmlwin y consxl txl consx2 tx2 if resp==1 ,

/// Fixed effect
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levell (t: consxl consx2, elements (e) residuals(_e, norecode ))
/// Level 1 variance
level2 (id: consxl txl consx2 tx2 ,elements (u)
residuals(_u, norecode )) /// Level 2 varaince
maxiterations (10) corr sd nopause
//
Modelling options

* Estimate the Change for all individuals
gen xb slope = ( b[txl]+ ul)*xl + ( b[tx2]+ u3)*tx2

* Find the 75th (inverse coding 25th) centile of those satisfied
centile xb slope if txl==3 , c(25)
local mlm mcid = r(c_1)

*tag observations which have improvements greater than mcid
gen mlm mcid = cond(xb slope>="mlm mcid',1,0) if t==
tab mlm mcid if t==3 // Number of individuals meeting the
MCID «criteria
}

Ak Ak khkhkhkhkhkhkkhkkhkhrkkkxkkk*x*

* 2.2.4 MLM (00) OMERACT-OARSI
R R I I I I I I b b b I db b e b I
{
* 50% relative, 20 absolute single assuming a 0-100 score
* 20% relative, 10 absolute both assuming a 0-100 score
use ~“simdata' , clear

sort id t resp

* Create response indicators
gen cons =1
gen conswl = cons*wl
gen consw2 = cons*w2
gen twl = t*wl
gen tw2 = t*w2

runmlwin y conswl twl consw2 tw2 ,
/// Fixed Effect
levell (resp:)
/// Level
1 variance
level2 (t: conswl consw2, residuals(_ e, norecode ))
/// Level 2 variance
level3 (id: conswl twl consw2 tw2 , residuals( u, norecode
)) /// Level 3 varaince
maxiterations (10) corr sd nopause
// Modelling options

* Calculate predicted changes
gen mlm d = ( b[twl] + ul )*twl + ( b[tw2] + u3 )*tw2
gen mlm bl = ( b[conswl] + u0)*conswl + ( b[consw2] + u2)*consw2
gen mlm relyd= (mlm d /mlm bl)*100

* Mark out responders
by id resp ,sort: gen mlm oo single =1 if ((
mlm d>=20 & mlm d<.) | (mlm relyd>=50 & mlm relyd<.)) & t==
* Mark Double Changes
by id resp ,sort: gen
mlm oo double =1 if ((mlm d>=10 & mlm d<.) | (mlm relyd>=20 & mlm relyd<.)) &
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t==
* Sum double changes
by id
,sort : egen mlm oo double sum = total (mlm oo double) if t==
* Mark OO criteria
by id : gen mlm oo = cond(mlm oo single==1 | mlm oo double sum==2 , 1,0) if
t==
by id : egen mlm oo = max( mlm oo) if t==
tab mlm oo if resp== // Number of individuals

meeting the MLM OO criteria
}
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Abstract (271 Words)

Objective

This article reviews and compares four commonly used approaches to assess patient responsiveness
to a treatment or therapy [Return To Normal (RTN), Minimal Important Difference (MID), Minimal
Clinically Important Improvement (MCIl), OMERACT-OARSI (00)], and demonstrates how each of the

methods can be formulated in a multi-level modelling (MLM) framework.

Design

Cohort Study

Setting

A cohort of patients undergoing total hip and knee replacement were recruited from a single UK NHS

hospital.

Population

400 Patients from The Arthroplasty Pain Experience (APEX) cohort study undergoing total hip
(n=210) and knee (n=190) replacement who completed the Intermittent and Constant Osteoarthritis

Pain (ICOAP) questionnaire prior to surgery and then at 3, 6 and 12 months after surgery.

Primary Outcomes

The primary outcome was defined as response to treatment following total hip or knee replacement.
We compared baseline scores, change scores, and proportion of individuals defined as “responders”

using traditional and MLM approaches to patient responsiveness.

Results

Using existing approaches, baseline and change scores are underestimated, and the variance of
baseline and change scores overestimated in comparison to MLM approaches. MLM increases the
proportion of individuals defined as responding in RTN, MID, and OO criteria compared to existing
approaches. Using MLM with the MCII criteria reduces the number of individuals identified as

responders.

Conclusion

Page 2 of 32

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



Page 3 of 42 BMJ Open

MLM improves the estimation of the standard deviation of baseline and change scores by explicitly
incorporating measurement error into the model, and avoiding regression to the mean when making
individual predictions. Using refined definitions of responsiveness may lead to a reduction in

misclassification when attempting to predict who does and does not respond to an intervention, and

©CoO~NOUTA,WNPE

clarifies the similarities between existing methods.
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Article Summary

Strengths and limitations of this study

e Four different approaches to patient responsiveness can be unified into a multi-level
modelling.

e A multi-level model framework of patient responsiveness highlights the similarities and
differences between existing methods.

e Multi-level models provide a simple framework which incorporates measurement error and
non-linear change in trajectories of patient recovery.

e  Multi-level models are technically more demanding than existing formulations of patient
responsiveness, and convergence is not guaranteed.

e  Multi-level models does not improve the arbitrary placement of the thresholds that define

responsiveness in comparison to existing methods
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INTRODUCTION

Joint replacement is an increasingly common elective procedure worldwide ** and improving patient
reported outcomes after joint replacement is a key research priority due to high prevalence of poor
outcomes after joint arthroplasty.* Poor outcomes include continuing pain, functional limitations,
and increased healthcare utilisation.® However, there is some debate on how the efficacy of
interventions can be judged due to the variety of different outcomes used in orthopaedic research.”
'8 Traditionally, objective primary outcomes such as prosthetic survivorship and mortality rates were
used.’® However, more recently there has been a shift in focus which ensures that patients’
perspective is central to assessment of intervention success.”’ Many studies now use patient
reported outcome measures (PROMs) as endpoints, and these tools can assess a variety of health
outcomes, including pain,” ** physical functioning,” mental well-being® and health-related quality of

life.?®

Although PROMs are widely used,” there is still debate in how the results should be interpreted and

how to define a clinically meaningful change.”**

From a measurement perspective, the ability to
estimate if a change has occurred depends on the application of an appropriate statistical model.
From a clinical perspective, some authors suggest that the average statistical change is insufficient to
“tell you anything about an individual’s chances of improving”.*® Therefore, the utility of simple

statistical analyses are limited when attempting to help patients weigh up the risks and benefits of

undergoing surgery.

In order to supplement simple statistical analysis, many researchers attempt to dichotomise the
population into those who have or have not responded to an intervention, creating a two-stage
process of defining an outcome. There are a number of different methods (definitions) that can be
used to dichotomise the population, and these secondary analyses are collectively referred to as
responsiveness analyses.® Four substantively different methods of estimating the proportion of

individuals who respond to an intervention have been previously identified in orthopaedic
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research:* 1) Return to Normal (RTN), 2) Distribution-based Minimally Important Difference (MID),
3) Anchor-based Minimal Clinically Important Difference (MCIl), and 4) the OMERACT-OARSI (OO)
responder criteria. The first three approaches are generic and used in many fields of health research,
whereas the fourth approach is specific to orthopaedic research, but in principle could be used in

many fields of health research.

Each of these approaches is often thought to be methodologically distinct. However, all of the
methods can be shown to be special cases of a multi-level model (MLM). MLM have been used in a
wide variety of contexts ranging from growth modelling to modelling educational data. One of the
principal reasons to use MLM is to take advantage of the direct estimation of different variance

components®’, and provide efficient and unbiased estimates of fixed and random effects.*®

31333940 e will describe these four

Despite a number of extensive reviews of patient responsiveness,
approaches to calculating responsiveness and highlight the substantively different decisions each
method makes. We will then describe how each approach can be translated into a MLM framework,

emphasising the benefits of the translation, and contrast the approaches using an example from the

APEX cohort study.*
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METHODS

We outline the four existing approaches to patient responsiveness previously used in orthopaedic
research *°, and describe their potential limitations, and how they can formulated in a MLM

framework.

Review of existing approaches to responsiveness

Return to normal (RTN)? suggests that an individual has returned to ‘normal’ if their score on a post-
intervention outcome is greater than two standard deviations (SD) from the mean baseline

response.

The use of two standard deviations appears to be justified on theoretical grounds, however it is
quite arbitrary. Assuming scores are normally distributed and measured without error, two SD’s
corresponds to a 95.5% prediction interval for the mean, which is similar to the equally arbitrary and
much criticised significance threshold p=0.05 (Type | error=0.05) criterion used throughout medical

4243
h

researc . However, there is no reason why a 1.6 or a 2.6 SD cut-offs should not be used in

preference, which correspond to 90% and 99% prediction intervals.

The method also assumes the observed change is unlikely to be due to chance alone and does not
account for any uncertainty. In order to alleviate this problem the use of the Relative Change Index

2427 The RCI constructs a

(RCI) was proposed to be used in conjunction with the RTN classification.
test of the individual’s score at follow up compared to their baseline, where the standard error of

the difference is estimated indirectly using the SD of the baseline score and an assumed reliability

coefficient from empirical research or a range of reliability values in the spirit of a sensitivity analysis.

A commonly described distribution-based Minimally Important Difference (MID) method classifies
individuals as responders if their observed change is greater than a fixed proportion of the SD of the
pre-surgery score.’® Theve has been much debate about the exact size, or proportion, of the SD

change score to use, however 0.5 SD’s has been reported widely and suggested to be a difference
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that is minimally perceptible to patients.*® Any individual with a change score greater than 0.5 SD of
the baseline score is defined as responding to the treatment. Similar to the RTN criteria, the decision
to use 0.5 is arbitrary and there is no reason why more or less stringent criteria of 0.25, 1 or 2 SD’s
could not be used. Additionally, there is no reason why a test such as the RCI should not be

conducted to check that change is beyond the bounds of measurement error.

Anchor-based Minimal Clinically Important Improvement (MClI) is similar to the MID approach, in
that it defines an individual as a responder based on their individual change score. However, the cut-
point is determined in individuals who report themselves as having an outcome which is either
good/satisfactory or perceived as improved from baseline using an external anchoring question. The
authors proposed using a cut point at the 75th centile of the change score, in those who are
satisfied.> Therefore any individuals, whether they are satisfied or not, who has a change score
greater than the 75th centile are defined as responders. A closely related anchor-based metric is the
Patient Acceptable Symptom State (PASS),*® the construction is similar to that of the MCII with the
exception that it is based on the final score of patients opposed to change. Conceptually the PASS is
more closely related to the RTN definition of responsiveness, and much of the criticism levied

against MCll and RTN can therefore be applies to the PASS.

The OMERACT-OARSI (00) criteria®® recognises that a response to an intervention may occur in one
or more different measured outcomes, i.e. a multivariate response mechanism. In keeping with
much of the orthopaedic literature they assume the proposed score has been rescaled between 0
and 100 *?, and that a responder is defined as any individual with 1. a >=50% relative change or a
>=20 point absolute change on one or more responses scales, or 2. a >=20% relative change or >=10
point absolute change in two or more response scales. Relative change is defined as the ratio of the
change to the individual baseline score multiplied by 100. Unlike the RTN, MID, or MClI it is very
clear that the thresholds for relative and absolute changes are based on a panel of expert opinions

and are fixed.
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Despite the variety of existing approaches used to identifying responders there are a number of
problems common to all methods. Common assumptions include: 1) Each observed outcome is
measured without error and reflects the true underlying patients response, test-retest reliability
studies indicate that this is not a realistic assumption .** 2) Regression to the mean does not occur
and therefore the variance of the change score will not be overestimated. 3) Floor and ceiling effects

do not bias estimates of the variance of the change score.*

Furthermore in RTN, specific combinations of means and variances may result in a threshold beyond
the range of the measurement tool, therefore no individuals would be defined as responding to a
therapy. The MCIl approach assumes the additional anchoring variable is measured without error
and the response trajectory is distinct from those who are unsatisfied.*® The method also assumes a
two parameter logistic function is an appropriate model for the cumulative proportional rank of
patients and change in outcome, and that there is no uncertainty in the calculation of the threshold
.* Finally, the OO approach considers a response in two or more outcomes. However, it does not
explicitly describe how the correlation between the two outcomes is accounted for, and fails to

recognise that if not modelled appropriately may introduce bias.***°

The four methods identified have a number of other limitations,” but they are difficult to compare

methods when presented as distinct approaches.

Embedding them in a unified statistical framework makes their underlying assumptions explicit,
whilst highlighting their similarities and differences. In addition, it provides a framework to
incorporate non-linear change, measurement error, and variability in the timing of measurement
occasions, all of which are to be expected in real word data collections and are critical when

attempting to asses a patients change at a specified point in time.

Multi-level modelling approach to responsiveness
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We now present a general multi-level model for patient responsiveness and show how the four

approaches described above can be specified as special cases.

Under the assumption of linear change, the measured response (y) at the /" occasion for the j

individual is modelled as a linear function of time.

Equation 1

Vij = Bo g+ (B +uy iy + &
U

(&
~N(O’ hu )’ e = [0' uool 0'21]
u u

[Sij ]~N(0, O-E_-)

where t;; is the time at which measurement i was taken on individual j, coded as zero at

baseline. f, is the baseline population average response, and uy; represents the j individual
difference from the baseline response. The sum of B, + u,; is the estimated individual baseline
response. 5; represents the population average change per unit increase in time, and Uy
represents the /" individual difference from the population average change per unit increase in time.
The sum of B; + u,; is the estimated individual average change per unit increase in time.

Measurement error in the linear trajectory is represented by ¢;; .

The variance in individual deviations from the population average response at baseline and average
rate of change are ¢, and o2, respectively. Furthermore, the correlation between baseline
measurements and rate of change can be assumed to be independent or correlated by constraining
gy,01t0 be zero or allowing it to be freely estimated. The variances of the shrunken residuals ,; and

ﬁlj, also known as empirical bayes estimates, are typically less than the estimated population

variances 62, and 62, as they shrink towards the population averages of 8, and 3; . The extent of
the shrinkage depends on the number of measurement occasions and the within individual
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variability, with greater shrinkage as the number of measurement occasions decrease and as the
within individual variance increases. A more detailed discussion of MLM can be found in most

advanced statistics textbooks.**** >

We now describe how the four traditional approaches to measuring patient responsiveness can be
unified into a MLM framework. General benefits of the MLM over existing approaches include: 1)

with more than three measurement occasions a MLM directly allows for measurement error, €;;; 2)

jr
the use of shrunken residuals 1;;] and 1;1\] allow for regression to the mean when predicting an
individual’s score *3; 3) MLM can be extended to include multivariate response models which
appropriately model the correlation between two or more outcomes; and 4) MLM allows for
variability in the timing of measurement occasions. Fundamentally, the MLM approach recognises

that observed patient responses are subject to error, and therefore the true patient’s response

following an intervention must be estimated.

MLM-Return To Normal. In order to apply the RTN criteria using a MLM approach we first estimate

the baseline population SD in individuals considered to be abnormal using the model described in
Equation 1. Assuming y;; is normally distributed at baseline with a population mean B, and variance

02,2100 - (1 - g) prediction interval for the baseline measurement can be constructed i.e.

[,80 ~ OuoZ(1-9) ,Bo + Ouo%(;-2) ] where a is the type | error rate and z is the critical value from a

standard normal distribution. Importantly y; ; is not assumed to be measured without error and
therefore estimates of 62, are less likely to be biased than using simple methods. However, it is
important to note that the choice of a is entirely that of the researcher, and whilst @ =0.05 (leading

toz = 1.96 = 2) is common, more or less stringent criteria could be applied.

The second step is to estimate the score of the individual at time j following surgery and determine if

it is within the baseline prediction interval. This prediction is simply calculated by substituting
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estimates of B, , B1 , Up; and uy; into Equation 1, to give the empirical best linear unbiased

prediction (eBLUP) for the j individual at the i occasion.>

Finally, in order to determine whether or not the response of the individual following surgery is
greater than one would attribute to chance alone, i.e. the null hypothesis that the /" individuals

slope is not equal to zero, a test statistic similar to RCI should be conducted,

(By +1y;)/SE(By +1y;), where SE(B, +alj)=JVAR(/?1 )+ VAR(2y;).

MLM-Minimally Important Difference. The threshold of minimally important difference can also be

estimated using a MLM. Similar to RTN, a linear model of change is applied, as in Equation 1. Then
the population SD of the baseline response is estimated by o,,4. By comparing the estimated change
for the j individual (Bl + ﬁlj)t to the baseline standard deviation, i.e. ,,45/2, the individual can

be classed as a responder or not. The MID approach does not specifically state whether a test of

whether an individual’s change scores is less than the MID threshold should be conducted, but a test

statistic is simply constructed as <(,[§1 + ﬁlj)t - (%))/(SE([;’1 + ﬁlj)t).

MLM-Minimally Clinically Important Improvement. The MLM MCII requires a simple extension of the
univariate model presented previously (Equation 1). The outcome of interest is stratified using an

external criterion. The stratification is achieved by creating dummy variables for those who are
un/satisfied with some aspect of their treatment i.e. x,; takesthe values 0 and 1 representing

unsatisfied and satisfied individuals respectively, and x,; = 1 — x4;. These dummy variables are then

included as additional explanatory variables, with no overall model intercept, and interacted with t.

Equation 2
Yij = (Bo + uoj)xu' + (B + Uy )tij Xq; T E145%q;

+ (B, + uzj)xzi +(Bs + Uz; )tij Xoi T E24j%7;
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Therefore B, and 3, are the mean population outcome score at baseline for those who are satisfied
and unsatisfied respectively, and §; and 35 are the corresponding mean population changes per
unit of time. Variances and covariances are similarly interpreted for those who are satisfied and
unsatisfied respectively. However, that satisfaction on the external anchoring question is assumed
to be known without error, and individual effects and errors for x;; are uncorrelated with those for
X,; because the satisfied and unsatisfied categories are mutually exclusive. Whether or not it is
desirable to fit a model to both satisfied and unsatisfied individuals simultaneously is debateable, as
only those who are satisfied contribute to the definition of MCIl. However, we present a
simultaneous modelling approach to satisfied and unsatisfied individuals as it make the underlying
modelling assumptions explicit. Furthermore, if the stratification on satisfaction status leads to a
small samples alternative estimators and degree of freedom can be used in a MLM framework to
account for this i.e. restricted maximum likelihood, restricted generalised least squares, or

adjustments to the denominator degrees of freedom.>*

Following prediction of each individual’s trajectory, including those unsatisfied with treatment, the
second stage in the MCII method requires a threshold for determining responsiveness. Using a
similar suggestion to Tubach et al.,* the 75™ centile of those who are satisfied could be used to

classify all individuals as responding or not. Similar to the MID there is no suggestion of whether a
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test against the null value of the 75™ centile should be constructed, but this is easily done within the

MLM framework.

MLM-OMERACT-0OARSI criteria. The OO criteria can be similarly extended into a multi-variate MLM
framework by the inclusion of dummy variables and reshaping into a “double” long format with both

responses stored in a single vector. Figure 1 illustrates the data structure for a bivariate model.

Dummy variables, also known as response indicators, are used to denote the response options: wy;

is coded 1 for the first measurement outcome (pain) and 0 for the second outcome (function),

and w,; = 1 — wy;. Theresponse indicators and their interactions with t are included as

explanatory variables to obtain the following bivariate response model.

Equation 3
Yij = (Bo +u0j)W1i + (B + Uy )tij Wy t &4Wai

+ (B, +uy)wy + (Bs +ugj )ty wy + 5wy

Up i 2
2
Ug i o, o,
1j w01 Oui
~N(0,9,): Q, = )
Uyj Ouwoz Ouiz  9u2
2
Us; Ou03 Ou1z Ou23 Ou3
2
&4 o
10 €1
T1~N(0,0, ): Q, =
o o?
€21 12 Og2

With a similar functional form to the univariate MLM, there are separate population and individual
intercepts for the first and second outcome (B, , B, and uyj, u,; respectively), and separate
population and individual slopes are estimated for the second outcome (,81 , B3 and ulj,u3j).

Using a MLM approach the outcomes are modelled jointly, which allows for non-zero covariances
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between the intercepts and slopes of the two responses (6,02, 012, G103, Ou13 )- The measurement

errors for the two responses are not assumed to be independent, with their covariance directly

estimated (0z13).

Finally, the threshold of response must be decided and individual trajectories estimated and
classified. Similar to the other methods it is relatively simple to construct a test statistic for testing

whether individual slopes are significantly different from the chosen threshold.

Limitations of the MLM approach. The MLM approach described by Equation 1, Equation 2 and 3
assumes that change in the outcome is linearly associated with time. The linearity assumption is
imposed for simplicity. Non-linear changes are easily incorporated by including higher order

polynomials or using linear or non-linear splines.>®

The standard MLM approach also fails to directly address the issue of floor and ceiling effects.
Mixed response multi-level tobit models allow for such effects and provide some adjustment.***’

Furthermore, whilst the MLM described in Equation 2 allow for heterogeneity in known groups, they
fail to allow for heterogeneity in trajectories when the groups are unknown. The use of group based

trajectory models or growth mixture models in these circumstances may reveal latent (unobserved)

classes of individuals with distinct patterns of recovery.’®
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Example: The APEX cohort Study

Using a mixed cohort of patients undergoing THR and TKR, ** we investigated the performance of the
existing and MLM approaches using four definitions of responsiveness. A simulated dataset and code

to fit each of these models is included in supplementary material.

Patients in the APEX cohort completed the Intermittent and Constant Osteoarthritis Pain (ICOAP)
questionnaire before and after surgery at approximately 0, 3, 6 and 12 months. The date at which
the post-surgical questionnaire was completed is recorded in days post-surgery. As the name
suggests, the ICOAP questionnaire attempts to measure intermittent and constant pain. ** The
developers of the tool suggest three ways of summarising the scale to generate an intermittent,
constant and total pain scores (the sum of the intermittent and constant pain subscales). The tool is
scored between 0 and 100 and a full description of the ICOAP scale is provided in the original
validation paper.”* Satisfaction of pain relief following surgery was recorded by asking patients to
“Rate of Relief provided by (hip/knee) replacement?” using a single item 5 point scale (None, Poor,
Fair, Good, Excellent), we categorised good and excellent as a satisfactory outcome following

surgery.

Using the three methods of aggregation, we present estimates of pain at baseline and for change at
approximately 3 months post-surgery using existing methods (summary statistics) and MLM

estimates.

In order to facilitate comparisons between existing and MLM approaches we assume that all
individuals are measured at exactly 0, 3, 6, and 12 months. Whilst the existing approaches only
utilises the 0 and 3 month measurements the MLM approach uses a random intercept and random
slopes across 4 measurements occasions, using two linear splines with a knot point at 3 months to
estimate the response at 3 months. The inclusion of the second spline and the additional two

measurement occasions allows adjustment for measurement error in the MLM approach. Table 1
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and 2 presents results for patients undergoing THR and TKR respectively. The placement of the knot
at 3 months was determined by visually inspecting the data, similar to the methods by Lenguerrand

etal.>®

With more complex patterns of response an iterative model fitting approach is likely to be
required to determine the optimal knot placement. Modelling assumptions were checked using

ladder plots, and normal plots of residuals.

To describe how the responsiveness classification in patients changed at 3 months, we used an Exact
McNemar test to compare the number of discordant classifications generated by existing and MLM

approaches.

The APEX study were approved by Southampton and South West Hampshire Research Ethics

Committee (09/H0504/94).
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RESULTS

In all subdivisions of the ICOAP questionnaire, for THR/TKR patients, the estimates of the baseline
mean and change scores are approximately equal to those from the MLM approaches. In addition,
estimates of the SD of baseline and change score are overestimated using existing approaches in
THR/TKR patients. The SD of baseline measurements is approximately 3.3 and 3.75 points greater in
existing methods in THR/TKR patients respectively, while the corresponding SD of change scores are
approximately 6.3 and 7 points greater in existing methods, see table 1 and 2 respectively. An
example of model diagnostics is included in Figure 2, which presents the observed ICOAP total scores
at 0, 3, 6, and 12 months and the population average response in ICOAP across time. In addition,

baseline, change residuals are also presented using quantile quantile plots.
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Table 1: Mean and standard deviation of baseline and change scores estimated using current and multi-level model approaches to responsiveness in patient
undergoing total hip replacement in the APEX cohort study. Betas represent the population average characteristic and sigma the estimated standard

deviation. Baseline is assumed to be the day of surgery, and change is from 0 to 3.6 months.

Current Approaches to Responsiveness Multi-Level Model Approaches to Responsiveness
Baseline Change Absolute Baseline Change Absolute
Threshold P(Resp.) Threshold P(Resp.)
N Bo Ouwo By 0w Bo Ouwo By 0w
Return to N I 210 87.9|70.5 (63.8, 76.6) 83.8|78.1(71.9, 83.5)
eturn to Norma 43.71 (22.1)|45.76 (24.0) 4371 (20.1)] 46.14 (19.7)
MID Total 210 11.0/91.9 (87.4,95.2) 10.0/97.6 (94.5, 99.2)
ota
MCID (Satisfied) Pain 185 |44.37 (22.0) |48.43 (22.6) 4437 (20.3) | 48.54 (19.2)
32.6|71.9 (65.3,77.9) 35.8(67.1(74.5, 85.6)
MCID (UnSatisfied) 25 38.77 (22.4) |26.05 (25.4) 38.77 (17.0) | 28.43 (16.3)
Returnto N I 210 103.5|0(0,1.7) 100.3|0(0,1.7)
eturn to forma 49.19 (27.2) |44.23 (27.3) 49.19 (25.6)| 4435 (24.0)
MID 210 13.6|84.3 (78.6, 88.9) 12.8/88.6 (83.5,92.5)
Chronic
MCID (Satisfied) ) 185 |50.08 (27.4) |46.37 (26.7) 50.08 (26.3) | 46.21 (24.5)
Pain 30.0|72.4 (65.8, 78.3) 31.0|73.3 (44.2, 58.9)
MCID (UnSatisfied) 25 42.60 (24.8) |28.40 (26.9) 42.60 (18.3) | 30.60 (12.6)
00 210 |49.19 (27.2) |44.23 (27.3) 20(10)|92.4 (87.9,95.6) | 49.19 (25.3) | 44.35 (23.4) 20(10)|99.5 (54.8, 69)
Return to Normal 210 82.5(70(63.3,76.1) 76.5/80.5(90.5, 97.4)
39.13 (21.7) |47.06 (26.5) 39.13 (18.7) | 47.66 (20.5)
MID 210 10.8/90 (85.1, 93.7) 9.3/97.1 (30, 44.1)
Intermittent
MCID (Satisfied) . 185 |39.60 (21.7) |50.17 (24.9) 39.60 (19.2) | 50.50 (19.1)
Pain 37.5|71.4 (64.8,77.4) 40.5|67.1 (84.8, 93.9)
MCID (UnSatisfied) 25 35.58 (21.4) |24.08 (26.6) 35.58 (13.9) | 26.69 (17.1)
00 210 |39.13 (21.7) |47.06 (26.5) 20(10)|92.4 (87.9,95.6) | 39.13 (18.5) | 47.66 (19.1) 20(10)|99.5 (60.3, 73.5)

MID = Minimally Important Difference, MCID = Minimally Clinically Important Difference, OO= OMERACT OARSI responder criteria. P(Resp.) = Proportion of

Responders.
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Table 2: Mean and standard deviation of baseline and change scores estimated using current and multi-level model approaches to responsiveness in patient

undergoing total knee replacement in the APEX cohort study. Betas represent the population average characteristic and sigma the estimated standard

deviation. Baseline is assumed to be the day of surgery, and change is from 0 to 3.6 months.

Current Approaches to Responsiveness Multi-Level Model Approaches to Responsiveness
Baseline Change Absolute Baseline Change Absolute
Threshold P(Resp.) Threshold P(Resp.)
N Bo Ouo B: Ous Bo Ouwo By Ou
190 3]43.2(36, 50.5) 3/51.6 (60.3, 73.5)
Return to Normal 42.86 (19.7)| 31.27 (23.2) 823 42.89 (16.7)| 32.09 (17.7) 763
MID Total 190 9.9]79.5 (73, 85) 8.3/93.2 (60.3, 73.5)
ota
MCID (Satisfied) Pain 138 [44.09 (19.7)| 38.51 (20.6) 4413 (16.7)| 38.76 (14.7)
22.7|62.6 (55.3, 69.5) 29.9|55.3 (66.8, 79.2)
MCID (UnSatisfied) 52 39.62 (19.7)| 12.04 (18.0) 39.62 (16.3)| 14.28 (11.5)
Return to N I 190 94.9|44.7 (37.5,52.1) 88.7/36.8 (47.9, 62.5)
eturn to Norma 47.76 (23.6)| 31.61 (25.5) 47.79 (20.5)| 32.46 (19.5)
MID 190 11.8|74.7 (67.9, 80.7) 10.2 190 (47.9, 62.5)
Chronic
MCID (Satisfied) ) 138 [48.80 (23.4)| 38.59 (23.3) 48.88 (20.5)| 38.88 (17.7)
Pain 23.7|64.2 (57, 71) 30.3(55.3 (47.4, 62)
MCID (UnSatisfied) 52 45.00 (24.1)| 13.08 (21.9) 45.00 (20.1)| 15.26 (13.3)
00 190  |47.76 (23.6)| 31.61 (25.5) 20(10)|81.0(74.7,86.3) | 47.78 (20.2)| 32.50 (18.9) 20(10) |98.4 (47.9, 62.5)
Return to N I 190 75.3|40.5 (33.5, 47.9) 66.4|62.1(47.9, 62.5)
eturn to Norma 38.78 (18.2)| 30.97 (23.9) 38.80 (13.8)| 31.77 (16.7)
MID 190 9.1|78.9 (72.5, 84.5) 6.9|94.7 (97.4, 100)
MCID (Satisfied) Intermittent | ;3 40.15 (18.3)| 38.45 (21.2) 4020 (14.1)| 38.63 (12.8)
atistie . . . . . . A . .
st Pain 24.8|61.6 (54.3, 68.5) 31.2|54.7 (97.4, 100)
MCID (UnSatisfied) 52 35.14 (17.8)| 11.12 (19.0) 35.14 (12.8)| 13.40 (10.8)
00 190  [38.78 (18.2)| 30.97 (23.9) 20(10)|81.0(74.7,86.3) | 38.81 (13.6)| 31.74 (15.7) 20(10) |98.4 (95.5, 99.7)

MID = Minimally Important Difference, MCID = Minimally Clinically Important Difference, O0O= OMERACT OARSI responder criteria. P(Resp.) = Proportion of

Responders.
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Return To Normal

Using similar baseline score estimates to the conventional RTN approach and different SD’s results in
a reduction in the threshold of response by approximately 5 points in THR/TKR patients. The change
in threshold is due to smaller estimates of baseline and change SD’s. When considering the total
ICOAP score, the MLM approach classifies approximately 10% more individuals as responders than
existing approaches. It is also interesting to note that the threshold of response using the existing

approach when considering total ICOAP score in THR patients is beyond the range of the score.

Minimally Important Difference

Using similar change score estimates and different SD’s results in an approximately 2 point reduction
in the MID threshold in THR/TKR patients. The reduced threshold results in more individuals being

classified as responders using the MLM approach.

Minimally Clinically Important Difference

Using the MLM approach in satisfied and unsatisfied individuals results in a small increase in the
threshold of response in comparison to existing approaches. The increase in threshold is due to

shrunken residuals and therefore reduced variability of predicted change scores. The increase in
threshold results in a reduced number of individuals (3% of THR patients and 6% of TKR patients)

being identified as responders.

OMERACT-OARSI

The OO0 approach uses fixed definitions of responsiveness. Individual estimates of change from the
bivariate MLM for constant and intermittent pain are very similar to those from the univariate MLM.
However the standard deviation of the change score is reduced by approximately 0.5 and 1 points in
constant and intermittent pain comparing the univariate and bivariate MLM respectively, whereas
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the SD of baseline score approximately the same. Despite the larger absolute threshold of 20 and 10
points for changes in 1 or 2 items respectively, i.e. larger than MID, there is an increase in the
proportion of individuals identified as responding. The increase is partly due to the use of the
relative change threshold, and the reduced variability in change in comparison to the univariate

MLM using MID definition of responsiveness.

Responsiveness Classification

The effect of using a MLM approach to define patient responsiveness compared to existing
approaches is presented in Tables 3 and 4 for THR and TKR patients respectively. Whilst the use of
MLM provides refined thresholds of responsiveness it fundamentally changes the way individuals
are classified due to adjustment for measurement error, regression to the mean and ability to
conduct refined test. Patients previously defined as non-responding using existing methods are now
responders (Positive change) in MLM approaches, and similarly patients defined as responders using
existing methods are classified as non-responders (negative change) in MLM, see Figure 3 for
graphical illustration. MLM MID and OO methods appear to be most consistent in the reclassification
of patients increasing the number of patients defined as non-responders using existing methods as
responders in MLM approaches. Whereas MLM RTN and MCII provide a more fundamental change

the classifications of patient responsiveness.
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Table 3: Cross classification of responsiveness status in THR patients using existing and MLM model
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approaches to responsiveness: Return To Normal (RTN), Minimally Important Difference (MID),
Minimally Clinical Important Improvement (MCll), and OMERACT OARSI (OO) Criteria.

Total Hip Replacement

Multilevel Model

ICOAP RTN MID MCll oo
N.Resp Resp | N.Resp Resp | N.Resp Resp | N.Resp Resp
N.Resp 36 26 5 12 52 7 - -
Total
Resp 10 138 0 193 17 134 - -
Chronic N.Resp 210 0 24 9 52 6 - -
Existin Resp 0 0 0 177 4 148 - -
. N.Resp 33 30 6 15 50 10 - -
Intermittent
Resp 8 139 0 189 19 131 - -
Chronic & N.Resp - - - - - - 1 15
Intermittent Resp - - - - - - 0 194
N.Resp= Non-Responders; Resp = Responders; Bold Cells indicate significance (p<=0.05) of
discordant pairs using Exact McNemar test.
Table 4: Cross classification of responsiveness status in TKR patients using existing and MLM model
approaches to responsiveness: Return To Normal (RTN), Minimally Important Difference (MID),
Minimally Clinical Important Improvement (MCll), and OMERACT OARSI (OO) Criteria.
Multilevel Model
Total Knee Replacement RTN MID mell 00
ICOAP — — —_ —
N.Resp Resp | N.Resp Resp | N.Resp Resp | N.Resp Resp
N.Resp 81 27 13 26 64 7 - -
Total
Resp 11 71 0 151 21 98 - -
Chronic N.Resp 92 13 19 29 61 7 - -
Existin Resp 28 57 0 142 24 98 - -
. N.Resp 69 44 9 31 63 10 - -
Intermittent
Resp 3 74 1 149 23 94 - -
Chronic & N.Resp - - - - 3 - 3 33
Intermittent Resp - - - - - - 0 154

N.Resp= Non-Responders; Resp = Responders; Bold Cells indicate significance (p<=0.05) of

discordant pairs using Exact McNemar test.
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DISCUSSION

The primary purpose of a responsiveness analysis is to convey the variability of an individual’s
chances of perceiving an improvement following a treatment. Existing approaches appear to be

distinct from one another, and the precise relationship between existing methods were unclear.

We have clearly shown how four commonly used approaches to estimating patient responsiveness
can be incorporated into the unified statistical framework of MLM. There translation in to unified
framework makes many of the assumption (linearity of response, heterogeneity in timing of
measures, multiple measurements) underpinning existing approaches clear. The application of
patient responsiveness models in a cohort of orthopaedic patients illustrates how SD’s of baseline
and change scores in existing approaches are overestimated in comparison to the MLM approach.
Thresholds for defining responders from MLM are lower when based on SD, and therefore existing
approaches to RTN & MID may appear to provide a worse case scenario with regards the efficacy of
a treatment or therapy. Similarly, responsiveness approaches based on the distribution of predicted
change scores (MCII) are higher in MLM, and therefore existing thresholds could be described as a
best case scenario in comparison to existing approaches. However, the reclassification of patients
using the MLM is more fundamental than increasing or reducing the threshold to determine
responsiveness, the implicit adjustments for measurement error and regression to the mean change

which patients are defined as responding or not.

MLM are not the panacea of patient responsiveness methods, however they do highlight implicit
assumptions in existing approaches and provide sensible adjustments for measurement error,

regression to the mean and heterogeneity in the timing of measurements in clinical studies.

From a clinical perspective, it is very clear there are differences in the outcomes at 3 months
following THR and TKR. Whilst patient’s baseline level of pain, are similar between THR and TKR, the

response to surgery is less, and consistently less (lower variability) for all pain domains. Similarly, we
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have previously observed different patterns of pain, in relation to pain at rest and pain on
movement,® yet the mechanisms underpinning theses effects are unclear and require more
research, but this does emphasize the necessity to treat hip and knee osteoarthritis as separate

disease states.

Strengths & Limitations

One of the key benefits of adopting a MLM approach when defining clinically meaningful change is
the improved estimation of individual change by the greater flexibility in the MLM framework.
Specifically, MLM do not assume the response is measured without error, they adjust for regression
to the mean, the trajectory of recovery is not constrained to be linear, and data from multiple
measurements and variability in the timing of those measurement occasions can also be
incorporated into the model. Furthermore, assuming the underlying MLM adequately represents the
true causal mechanism, parameter estimates, SD’s and standard errors will be unbiased in

comparison to existing approaches.

Furthermore, the unification of existing approaches into a MLM framework clearly shows the
relationship between the four different approaches. For example, RTN and MID share the same
underlying model. MCll is also the same at RTN/MID if you assume the baseline and change scores
are the same across strata of un/satisfied patients. Similarly, the model underlying OO approach is
the same as the RTN/MID approach if you assume independence in the measured outcomes of the

two trajectories, and error term.

Despite the numerous benefits of adopting a MLM approach, it is not to say it is without some
limitations. MLM are technically more demanding than existing formulations of patient
responsiveness, and whilst there are no theoretical limits on how large or small samples have to be,
model convergence is not guaranteed, and the need to use appropriate estimation methods® or

denominator degrees of freedom®> when calculating standard errors requires consideration.
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Furthermore, it is important to perform model diagnostic to check the data fit with the model. MLM
does not improve the arbitrary placement of the thresholds that define responsiveness in
comparison to existing methods, and despite the improved trajectory modelling it is currently
unclear if the refined definitions correlate more strongly with patient expectations, functional data,
long term self-reported outcomes, or hard end-points such as mortality and revision. Further
research externally validating the classification using patient groups, expert opinion® or functional
data may demonstrate improved classification of those responding to treatment in comparison to

existing methods.

It is clear the MLMs provide considerable advantages over existing approaches to identifying
patients who respond to a treatment. Consequently, the proportion of individuals thought not to be
responding to treatment may be smaller than previously thought. Using the redefined definition may
reduce the number of individuals misclassified as non-responders, and improve the prediction of

those individuals who are likely to respond to treatment.
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Figures

Figure 1: Illustration of a “double” long data setup for creating a bivariate MLM.

Figure 2: Modelling diagnostic plots. Upper left, ladder plot of observed ICOAP total scores at 0, 3, 6,
and 12 months following THR, and population average trajectory estimated from a MLM, used in
RTN and MID analysis, with 2 linear splines with a knot at 3 months. Upper right, lower left and right
plots are quantile-quantile plots of the residual distribution of random effects estimated from a
MLM with 2 linear splines with a knot at 3 months.

Figure 3: Change in Responder classification using a RTN definition comparing existing approaches to
MLM approach using the ICOAP total score in patients following THR. Upper Left panel illustrates
observed trajectories for patients whose responsiveness classification changes using a MLM
approach to estimating responsiveness. Lower left panel illustrates the observed and predicted
trajectories of ICOAP total score in patients positively reclassified as responders compared to
existing approaches. Lower right panel illustrates the observed and predicted trajectories of ICOAP
total score in patients negatively reclassified as non-responders compared to existing approaches.
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* A unified multi-level model approach to assessing patient responsiveness
* including; return to normal, minimally important differences, and minimally

* c¢linical important differences for patient reported outcome measures.
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KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A Ak kA Ak Ak hhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkkkhkkkkk
Abstract
Stata code to illustrate calculation of patient reponsiveness using existing
and multi-level model methods.
Do file should be run comlpletely inorder to simulate data from a linear model
and perform calculations.
File requires MLWin and copy of runmlwin downloaded for Stata.

R S S S S N S S N S . T S S N N N T S T T S N

R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R

* 1. Simulate a dataset

R R IRk kb I b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b i
{

* Design matrix in OO Format

set seed 111

clear

set obs 100

gen id= n

* Set Parameters values
* Set Fixed Effect Parameters
local b0 = 49.19
local bl = 44.35 / 3
local b2 = 39.12
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1
2
3 local b3 = 47.66 / 3
4 * Set Random Effect Standard Deviations & Correlation Matrix

local u0 = 25.3
5
6 local ul = 23.4 / 3

local u2 = 18.5
7 local u3 = 19.1 / 3
8 matrix u = (‘"ul0', ‘ul', u2', u3d")"’
9 matrix u corr = (1 ,0.3 ,0.1 ,0.1 \ ///
0.3 ,1 ,0.1 ,0.2 \ ///

10 0.1 ,0.1,1 ,0.3\ ///
11 0.1 ,0.1 ,0.3 ,1 )
12 * Draw Random Parameters
13 drawnorm u0 ul u2 u3 , sds(u) corr(u corr)
14

* Create 4 measurement occassions
15

expand 4
16
17 by id , sort : gen t = n-1
18 * Prepare for a reshape into double long
19 gen 1=1

gen 2=1

20 reshape long , i(id t) j(resp)
21 drop _
22
23 * Set error Standard Deviations & Correlation Matrix

local el= 5
24 local e2= 5
25 matrix e = (‘el', ‘e2')!

matrix e corr = (1 ,0.1\ ///
26 - 0.1,1 ) //
27 B
28 drawnorm el e2 , sds(e) corr(e_corr)
29
30 * Create response indicators for 0O
31 gen wl = 1 if resp==
32 replace wl = 0 if resp==
33 gen w2 = 0 if resp==1
34 replace w2 = 1 if resp==
35 * Generate a satisfaction indicator, uncorrelated with effects just for illustration
36 gen x = cond(uniform()>=0.3,1,0) if resp==1 & t==
37 by id : egen _x = min(x)
*Create dummy variables

38 gen x1 = 1 if x==1
39 replace x1 = 0 1f x==
40 gen x2 = 0 if x== .
41 replace x2 = 1 1f x==
42
43
44 . . . . -
45 For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml
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drop x _x

* Predict response
gen y = ("b0' + u0)* wl + ("bl' + ul)* wl * £t + el* wl + ///
("b2" 4+ u2)* w2 + ("b3' + uld)* w2 * t + e2* w2 //

tempfile simdata
save “simdata' , replace

}

ER R IR IR Ik Sk kb kb b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b i

* 2.1 Existing Methods (n.b. only for first response)
R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R ik

use ~simdata' , clear
* Working with the first and last measurment occassion
keep if t ==0 | t==
sort id resp t
by id resp : gen d y = y[_n] - y[ n-1]
KAXKXKKAKXKAKAKAKAXAXAXA XXX XXX KK
* 2.1.1 Existing RTN
R R R R R R R
{
sum y 1f t==0 & resp==
local rtn = r(mean) + 2*r(sd)
by id resp: gen ex rtn =cond(y>='rtn',1 ,0) if n==2 & resp==
by id resp: gen ex rci = cond((d_ y / sqrt(2* ("r(sd)' * sqrt(l1-0.9))72))>=1.96,1,0) if _n==2 & resp==
by id resp: gen ex rtn rci = cond(ex rtn==1 & ex rci==1 ,1,0) if n==2 & resp==
tab ex rtn if resp== // Number of individuals returning to normal
tab ex rci if resp== // Number of individuals significant change
tab ex rtn rci if resp== // Number of individuals significant change & returning to normal

}

R R R R R R R R R R R

* 2.1.2 Existing MID
R IRk kb b b ik b b b b b b 2 i

{
sum y if t==0 & resp==
local mid = r(sd)*0.5
by id resp : gen ex mid =cond(d y>="mid',1,0) if n==2 & resp==

tab ex mid if resp== // Number of individuals with minimally important difference

}

KAKKKAKXKAKAKAKAKA KA KA KN KN KKK KKK

* 2.1.3 Existing MCID

* n.b using the 25th centile is pain is reverse coded.
khkhkkhkhkhkkhkhkkhkhkkhkhkhkkhhkkhkkkk*k

{
centile d y if resp==1 & x1==1 , c(25)
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1
2
3 local mcid = r(c_1)
4 by id resp: gen ex mcid = cond(d_y>="mcid',1,0) if n==2 & resp==
5
6 tab ex mcid if resp== // Number of individuals meeting the MCID criteria
}
7
8 R Rk kb kb b b b b b b b b b b b b b b b b b b b b 3
9 * 2.1.4 Existing (00) OMERACT-OARSI
R R R R R R I I R R I I R b b b b b b b 3 b i
10 {
11 * 50% relative, 20% absolute single
12 * 20% relative, 10% absolute both
13 * Calculate Relative Change
14 by id resp: gen d rely= (d y/y[ n-11)*100
15 * Mark Single Changes
16 by id resp: gen ex oo _single =1 if (d y>=20 & d y<.) | (d_rely>=50 & d rely<.) & n==
* Mark Double Changes
17 by id resp: gen ex oo double =1 if (d_y>=10 & d_y<.) | (d_rely>=20 & d_rely<.) & n==2
18 * Sum double changes
19 by id : egen ex oo double sum = total (ex oo double) if d y!=.
20 * Mark OO criteria
21 by id : gen _ex oo = cond(ex oo _single==1 | ex oo double sum==2 , 1,0) if d y!=.
22 by id : egen ex oo = max(_ex oo) if d y!=.
23 tab ex oo if resp== // Number of individuals meeting the oo criteria
}
25 R IR Ik Ik kb kb b b b b b b b b b b b b b b b gk b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b e b b b b b b b b b b i
26 * 2.2 Multi-level Methods
KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A Ak hh hhkhhhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkkkkkkx
27 // Set the global macro to identify the location and version of mlwin
28 global MLwiN path "C:\Program Files (x86)\MLwiN v2.36\1386\MLwiN.exe"
29 use “simdata' , clear
keep if resp==
30 N
Create a constant
31 =1
gen cons
32
33 khkhkkhkkhkhkkhkhkkhkhkkhkkhkhkkhhkx*k
* 2.2.1 MLM RTN / MID Model
34 R R R Rk kb ki b b b b i
35 {
36 * O-==——m— 1
37 * 1121314151617181910111213141516171819101
28 matrix a = (1,1,1)
39 runmlwin y cons t if resp==1 , /// Fixed effect
40 levell (t: cons, residuals(_ e, ) ) /// Level 1 variance
a1 level2 (id: cons t, elements(a) residuals( u, ) ) /// Level 2 varaince
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maxiterations (10) corr sd nopause // Modelling options

* Predict Individual effects
gen xb _fe = _b[cons] + Db[t]*t
gen xb re = ul0 + ul*t
gen xb = xb_fe + xb re

* Predict to asses responsiveness at (3month)

gen xb t = (_blcons]+ ul) + (_b[t]+ ul)*3

* RTN threshold

local mlm rtn = Db[FPl:cons] + 2*( b[RP2:var(cons)]"0.5)

* Mark RTN
gen mlm rtn = cond(xb_t>="mlm_rtn',1,0)

* Calculate RCI
gen xb d = Db[FPl:t] + ul

gen_éeid = (_se[FPl:t]"2 + ulse”2)"0.5

gen z d = xb d / se d

* Mark RCI
gen mlm rci = cond(z d>=1.96,1,0)

* Mark RTN RCI composite

gen mlm rtn rci = cond(mlm rtn==1 & mlm rci==1, 1, 0)

egen pickone = tag(id)

tab mlm rtn rci if pickone==1 // Number of individuals meeting the MLM RTN RCI criteria

}

ER R R R R R R R R R R R R

* 2.2.2 MLM MID
khkhkkhkhkhkhkhkkhkhkkhkhkkhkhkkhhkhkhkkx*k
{
* MID Threshold @ 3 months
local mlm mid = 0.5* (_b[RP2:var (cons)]"0.5)
gen mlm mid = cond( (_b[t]+ ul)*3>=
tab mlm mid if pickone==1 //

* Drop previous residual and predictions

‘mlm mid' ,1 ,0 )
Number of individuals meeting the MLM MID criteria

drop u0 ul ulse ulse e0 eOse xb fe xb re xb xb t xb d se d z d

}

Kk kK k kK ok k kK ok ok kK ok kK Kk
* 2.2.3 MLM MCID

R R Ik b b b b b b i i i

{

* Stratify intercept and slope by satisfaction

gen consxl= cons*xl
gen consx2 = cons*x2
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1
2
3 gen txl = t*xl
4 gen tx2 = t*x2
5 , . .
6 * Specify RE variance matrix

* O-=—=—————————————- l--———— 2
7 * 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,1
8 matrix u = (1,1,1,0,0,1,0,0,1,1)
20 * Specify RE variance matrix

* 0--—=-=——————————- l--——————————————— 2
11 * 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,1
12 matrix e = (1,0,1)
13 runmlwin y consxl txl consx2 tx2 if resp==1 , /// Fixed effect
14 levell (t: consxl consx2, elements(e) residuals( e, norecode )) /// Level 1 variance
15 level2 (id: consxl txl consx2 tx2 ,elements(u) residuals( u, norecode )) /// Level 2 varaince

maxiterations corr sd nopause Modelling
i i (10) d // delli
16 options
17
18 * Estimate the Change for all individuals
19 gen xb slope = (_bltxl]+ ul)*xl + (_b[tx2]+ u3)*tx2
Find the t inverse coding t centile of those satisfie
20 * ind the 75th (i di 25th) il f th isfied
21 centile xb _slope if tx1==3 , c(25)
22 local mlm mcid = r(c_1)
23 *tag observations which have improvements greater than mcid
24 gen mlm mcid = cond(xb_slope>="mlm mcid',1,0) if t==
25 tab mlm mcid if t==3 // Number of individuals meeting the MCID criteria
}

26 R R R R R R R R R R R R R
27 * 2.2.4 MLM (OO) OMERACT-OARSI
28 ok kK ok kK Kk kK ok ok kK ok ok ok Kk K
29 {
30 * 50% relative, 20 absolute single assuming a 0-100 score

* 20% relative, 10 absolute both assuming a 0-100 score
31 use “simdata' , clear
32 sort id t resp
33
34 * Create response indicators
35 gen cons =1
36 gen conswl = cons*wl
37 gen consw2 = cons*w2

gen twl = t*wl

38 gen tw2 = t*w2
39
40 runmlwin y conswl twl consw2 tw2 , /// Fixed Effect
a1 levell (resp:) /// Level 1 variance
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level2 (t: conswl consw2, residuals(_e, norecode ))
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/// Level 2 variance
level3 (id: conswl twl consw2 tw2 , residuals(_ u, norecode )) /// Level 3 varaince

maxiterations (10) corr sd nopause //

* Calculate predicted changes
gen mlm d = (_| ]
gen mlm bl = ( b[conswl] + u0)*conswl + ( bl[consw2] + u2)*consw2

bltwl] + ul )*twl + (_ b[tw2] + u3 )*tw2

gen mlm relyd= (mlm d /mlm bl)*100

* Mark out responders

* Mark OO criteria

by id

by id resp ,sort: gen mlm oo single =1 if (( mlm d>=20 & mlm d<.) | (mlm relyd>=50 & mlm relyd<.)) & t==
* Mark Double Changes
by id resp ,sort: gen mlm oo double =1 if ((mlm d>=10 & mlm d<.) | (mlm relyd>=20 & mlm relyd<.))
* Sum double changes
by id ,sort : egen mlm oo double sum = total (mlm oo double) if t==
gen mlm oo = cond(mlm oo single==1 | mlm oo double sum==2 , 1,0) if t==

by id

egen mlm oo = max( mlm oo) if t==

tab mlm oo if resp==1 // Number of individuals meeting the MLM OO criteria
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Abstract (271 Words)

Objective

This article reviews and compares four commonly used approaches to assess patient responsiveness
to a treatment or therapy [Return To Normal (RTN), Minimal Important Difference (MID), Minimal
Clinically Important Improvement (MCIl), OMERACT-OARSI (00)], and demonstrates how each of the

methods can be formulated in a multi-level modelling (MLM) framework.

Design

Cohort Study

Setting

A cohort of patients undergoing total hip and knee replacement were recruited from a single UK NHS

hospital.

Population

400 Patients from The Arthroplasty Pain Experience (APEX) cohort study undergoing total hip
(n=210) and knee (n=190) replacement who completed the Intermittent and Constant Osteoarthritis

Pain (ICOAP) questionnaire prior to surgery and then at 3, 6 and 12 months after surgery.

Primary Outcomes

The primary outcome was defined as a response to treatment following total hip or knee
replacement. We compared baseline scores, change scores, and proportion of individuals defined as

“responders” using traditional and MLM approaches to patient responsiveness.

Results

Using existing approaches, baseline and change scores are underestimated, and the variance of
baseline and change scores overestimated in comparison to MLM approaches. MLM increases the
proportion of individuals defined as responding in RTN, MID, and OO criteria compared to existing
approaches. Using MLM with the MCII criteria reduces the number of individuals identified as

responders.

Conclusion

Page 2 of 32
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MLM improves the estimation of the standard deviation of baseline and change scores by explicitly
incorporating measurement error into the model, and avoiding regression to the mean when making
individual predictions. Using refined definitions of responsiveness may lead to a reduction in

misclassification when attempting to predict who does and does not respond to an intervention, and

©CoO~NOUTA,WNPE

clarifies the similarities between existing methods.
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Article Summary

Strengths and limitations of this study

e Four different approaches to patient responsiveness can be unified into a multi-level model.

e A multi-level model framework of patient responsiveness highlights the similarities and
differences between existing methods.

e  Multi-level models provide a simple framework which incorporates measurement error and
non-linear change in trajectories of patient recovery.

e Multi-level models are technically more demanding than existing formulations of patient
responsiveness, and convergence is not guaranteed.

e  Multi-level models does not improve the arbitrary placement of the thresholds that define

responsiveness in comparison to existing methods
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INTRODUCTION

Joint replacement is an increasingly common elective procedure worldwide ** and improving
patient-reported outcomes after joint replacement is a key research priority due to the high
prevalence of poor outcomes after joint arthroplasty.” Poor outcomes include continuing pain,
functional limitations,® and increased healthcare utilisation.® However, there is some debate on how
the efficacy of interventions can be judged due to the variety of different outcomes used in
orthopaedic research.”*® Traditionally, objective primary outcomes such as prosthetic survivorship
and mortality rates were used.'® However, more recently there has been a shift in focus which
ensures that patients’ perspective is central to the assessment of intervention success.” Many
studies now use patient-reported outcome measures (PROMs) as endpoints, and these tools can
assess a variety of health outcomes, including pain,” ** physical functioning,” mental well-being®* and

health-related quality of life.?*

Although PROMs are widely used,” there is still debate in how the results should be interpreted and

how to define a clinically meaningful change.”**

From a measurement perspective, the ability to
estimate if a change has occurred depends on the application of an appropriate statistical model.
From a clinical perspective, some authors suggest that the average statistical change is insufficient to
“tell you anything about an individual’s chances of improving”.*® Therefore, the utility of simple

statistical analyses are limited when attempting to help patients weigh up the risks and benefits of

undergoing surgery.

In order to supplement simple statistical analysis, many researchers attempt to dichotomise the
population into those who have or have not responded to an intervention, creating a two-stage
process of defining an outcome. There are a number of different methods (definitions) that can be
used to dichotomise the population, and these secondary analyses are collectively referred to as
responsiveness analyses.® Four substantively different methods of estimating the proportion of

individuals who respond to an intervention have been previously identified in orthopaedic
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research:* 1) Return to Normal (RTN), 2) Distribution-based Minimally Important Difference (MID),
3) Anchor-based Minimal Clinically Important Difference (MCIl), and 4) the OMERACT-OARSI (OO)
responder criteria. The first three approaches are generic and used in many fields of health research,
whereas the fourth approach is specific to orthopaedic research, but in principle could be used in

many fields of health research.

Each of these approaches is often thought to be methodologically distinct. However, all of the
methods can be shown to be special cases of a multi-level model (MLM). MLM have been used in a
wide variety of contexts ranging from growth modelling to modelling educational data. One of the
principal reasons to use MLM is to take advantage of the direct estimation of different variance

components®’ and provide efficient and unbiased estimates of fixed and random effects.*®

31333940 e will describe these four

Despite a number of extensive reviews of patient responsiveness,
approaches to calculating responsiveness and highlight the substantively different decisions each
method makes. We will then describe how each approach can be translated into a MLM framework,

emphasising the benefits of the translation, and contrast the approaches using an example from the

APEX cohort study.*
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METHODS

We outline the four existing approaches to patient responsiveness previously used in orthopaedic
research *°, and describe their potential limitations, and how they can be formulated in a MLM

framework.

Review of existing approaches to responsiveness

Return to normal (RTN)? suggests that an individual has returned to ‘normal’ if their score on a post-
intervention outcome is greater than two standard deviations (SD) from the mean baseline

response.

The use of two standard deviations appears to be justified on theoretical grounds, however it is
quite arbitrary. Assuming scores are normally distributed and measured without error, two SD’s
corresponds to a 95.5% prediction interval for the mean, which is similar to the equally arbitrary and
much-criticised significance threshold p=0.05 (Type | error=0.05) criterion used throughout medical

4243
h

researc . However, there is no reason why a 1.6 or a 2.6 SD cut-offs should not be used in

preference, which corresponds to 90% and 99% prediction intervals.

The method also assumes the observed change is unlikely to be due to chance alone and does not
account for any uncertainty. In order to alleviate this problem the use of the Relative Change Index

2427 The RCI constructs a

(RCI) was proposed to be used in conjunction with the RTN classification.
test of the individual’s score at follow-up compared to their baseline, where the standard error of

the difference is estimated indirectly using the SD of the baseline score and an assumed reliability

coefficient from empirical research or a range of reliability values in the spirit of a sensitivity analysis.

A commonly described distribution-based Minimally Important Difference (MID) method classifies
individuals as responders if their observed change is greater than a fixed proportion of the SD of the
pre-surgery score.’® There has been much debate about the exact size, or proportion, of the SD

change score to use, however 0.5 SD’s has been reported widely and suggested to be a difference
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that is minimally perceptible to patients.*® Any individual with a change score greater than 0.5 SD of
the baseline score is defined as responding to the treatment. Similar to the RTN criteria, the decision
to use 0.5 is arbitrary and there is no reason why more or less stringent criteria of 0.25, 1 or 2 SD’s
could not be used. Additionally, there is no reason why a test such as the RCI should not be

conducted to check that change is beyond the bounds of measurement error.

Anchor-based Minimal Clinically Important Improvement (MClI) is similar to the MID approach, in
that it defines an individual as a responder based on their individual change score. However, the cut-
point is determined in individuals who report themselves as having an outcome which is either
good/satisfactory or perceived as improved from baseline using an external anchoring question. The
authors proposed using a cut point at the 75th centile of the change score, in those who are
satisfied.> Therefore any individuals, whether they are satisfied or not, who has a change score
greater than the 75th centile are defined as responders. A closely related anchor-based metric is the
Patient Acceptable Symptom State (PASS),*® the construction is similar to that of the MCII with the
exception that it is based on the final score of patients opposed to change. Conceptually the PASS is
more closely related to the RTN definition of responsiveness, and much of the criticism levied

against MCll and RTN can therefore be applied to the PASS.

The OMERACT-OARSI (00) criteria®® recognises that a response to an intervention may occur in one
or more different measured outcomes, i.e. a multivariate response mechanism. In keeping with
much of the orthopaedic literature they assume the proposed score has been rescaled between 0
and 100 *?, and that a responder is defined as any individual with 1. a >=50% relative change or a
>=20 point absolute change on one or more responses scales, or 2. a >=20% relative change or >=10
point absolute change in two or more response scales. Relative change is defined as the ratio of the
change to the individual baseline score multiplied by 100. Unlike the RTN, MID, or MClI it is very
clear that the thresholds for relative and absolute changes are based on a panel of expert opinions

and are fixed.
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Despite the variety of existing approaches used to identifying responders, there are a number of
problems common to all methods. Common assumptions include: 1) Each observed outcome is
measured without error and reflects the true underlying patient's response, test-retest reliability
studies indicate that this is not a realistic assumption .** 2) Regression to the mean does not occur
and therefore the variance of the change score will not be overestimated. 3) Floor and ceiling effects

do not bias estimates of the variance of the change score.*

Furthermore, in RTN, specific combinations of means and variances may result in a threshold beyond
the range of the measurement tool, therefore no individuals would be defined as responding to a
therapy. The MCIl approach assumes the additional anchoring variable is measured without error
and the response trajectory is distinct from those who are unsatisfied.*® The method also assumes a
two parameter logistic function is an appropriate model for the cumulative proportional rank of
patients and change in outcome, and that there is no uncertainty in the calculation of the threshold
.* Finally, the OO approach considers a response in two or more outcomes. However, it does not
explicitly describe how the correlation between the two outcomes is accounted for and fails to

recognise that if not modelled appropriately may introduce bias.***°

The four methods identified have a number of other limitations,” but they are difficult to compare

methods when presented as distinct approaches.

Embedding them in a unified statistical framework makes their underlying assumptions explicit,
whilst highlighting their similarities and differences. In addition, it provides a framework to
incorporate non-linear change, measurement error, and variability in the timing of measurement
occasions, all of which are to be expected in real word data collections and are critical when

attempting to asses a patients change at a specified point in time.

Multi-level modelling approach to responsiveness
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We now present a general multi-level model for patient responsiveness and show how the four

approaches described above can be specified as special cases.

Under the assumption of linear change, the measured response (y) at the /" occasion for the j

individual is modelled as a linear function of time.

Equation 1

Vij = Bo g+ (B +uy iy + &
U

(&
~N(O’ hu )’ e = [0' uool 0'21]
u u

[Sij ]~N(0, O-E_-)

where t;; is the time at which measurement i was taken on individual j, coded as zero at

baseline. f, is the baseline population average response, and uy; represents the j individual
difference from the baseline response. The sum of B, + u,; is the estimated individual baseline
response. 5; represents the population average change per unit increase in time, and Uy
represents the /" individual difference from the population average change per unit increase in time.
The sum of B; + u,; is the estimated individual average change per unit increase in time.

Measurement error in the linear trajectory is represented by ¢;; .

The variance in individual deviations from the population average response at baseline and average
rate of change are ¢, and o2, respectively. Furthermore, the correlation between baseline
measurements and rate of change can be assumed to be independent or correlated by constraining
gy,01t0 be zero or allowing it to be freely estimated. The variances of the shrunken residuals ,; and

ﬁlj, also known as empirical bayes estimates, are typically less than the estimated population

variances 62, and 62, as they shrink towards the population averages of 8, and 3; . The extent of
the shrinkage depends on the number of measurement occasions and the within individual
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variability, with greater shrinkage as the number of measurement occasions decrease and as the
within individual variance increases. A more detailed discussion of MLM can be found in most

advanced statistics textbooks.**** >

We now describe how the four traditional approaches to measuring patient responsiveness can be
unified into a MLM framework. General benefits of the MLM over existing approaches include: 1)

with more than three measurement occasions a MLM directly allows for measurement error, €;;; 2)

jr
the use of shrunken residuals 1;;] and 1;1\] allow for regression to the mean when predicting an
individual’s score *3; 3) MLM can be extended to include multivariate response models which
appropriately model the correlation between two or more outcomes; and 4) MLM allows for
variability in the timing of measurement occasions. Fundamentally, the MLM approach recognises

that observed patient responses are subject to error, and therefore the true patient’s response

following an intervention must be estimated.

MLM-Return To Normal. In order to apply the RTN criteria using a MLM approach we first estimate

the baseline population SD in individuals considered to be abnormal using the model described in
Equation 1. Assuming y;; is normally distributed at baseline with a population mean B, and variance

02,2100 - (1 - g) prediction interval for the baseline measurement can be constructed i.e.

[,80 ~ OuoZ(1-9) ,Bo + Ouo%(;-2) ] where a is the type | error rate and z is the critical value from a

standard normal distribution. Importantly y; ; is not assumed to be measured without error and
therefore estimates of 62, are less likely to be biased than using simple methods. However, it is
important to note that the choice of a is entirely that of the researcher, and whilst @ =0.05 (leading

toz = 1.96 = 2) is common, more or less stringent criteria could be applied.

The second step is to estimate the score of the individual at time j following surgery and determine if

it is within the baseline prediction interval. This prediction is simply calculated by substituting
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estimates of B, , B1 , Up; and uy; into Equation 1, to give the empirical best linear unbiased

prediction (eBLUP) for the j individual at the i occasion.>

Finally, in order to determine whether or not the response of the individual following surgery is
greater than one would attribute to chance alone, i.e. the null hypothesis that the /" individual's

slope is not equal to zero, a test statistic similar to RCI should be conducted,

(By +1y;)/SE(By +1y;), where SE(B, +alj)=JVAR(/?1 )+ VAR(2y;).

MLM-Minimally Important Difference. The threshold of minimally important difference can also be

estimated using a MLM. Similar to RTN, a linear model of change is applied, as in Equation 1. Then
the population SD of the baseline response is estimated by o,,4. By comparing the estimated change
for the j individual (Bl + ﬁlj)t to the baseline standard deviation, i.e. ,,45/2, the individual can

be classed as a responder or not. The MID approach does not specifically state whether a test of

whether an individual’s change scores is less than the MID threshold should be conducted, but a test

statistic is simply constructed as <(,[§1 + ﬁlj)t - (%))/(SE([;’1 + ﬁlj)t).

MLM-Minimally Clinically Important Improvement. The MLM MCII requires a simple extension of the
univariate model presented previously (Equation 1). The outcome of interest is stratified using an

external criterion. The stratification is achieved by creating dummy variables for those who are
un/satisfied with some aspect of their treatment i.e. x,; takesthe values 0 and 1 representing

unsatisfied and satisfied individuals respectively, and x,; = 1 — x4;. These dummy variables are then

included as additional explanatory variables, with no overall model intercept, and interacted with t.

Equation 2
Yij = (Bo + uoj)xu' + (B + Uy )tij Xq; T E145%q;

+ (B, + uzj)xzi +(Bs + Uz; )tij Xoi T E24j%7;
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Therefore B, and 3, are the mean population outcome score at baseline for those who are satisfied
and unsatisfied respectively, and §; and 35 are the corresponding mean population changes per
unit of time. Variances and covariances are similarly interpreted for those who are satisfied and
unsatisfied respectively. However, that satisfaction on the external anchoring question is assumed
to be known without error, and individual effects and errors for x;; are uncorrelated with those for
X,; because the satisfied and unsatisfied categories are mutually exclusive. Whether or not it is
desirable to fit a model to both satisfied and unsatisfied individuals simultaneously is debateable, as
only those who are satisfied contribute to the definition of MCIl. However, we present a
simultaneous modelling approach to satisfied and unsatisfied individuals as it make the underlying
modelling assumptions explicit. Furthermore, if the stratification on satisfaction status leads to a
small samples alternative estimators and degree of freedom can be used in a MLM framework to
account for this i.e. restricted maximum likelihood, restricted generalised least squares, or

adjustments to the denominator degrees of freedom.>*

Following the prediction of each individual’s trajectory, including those unsatisfied with treatment,
the second stage in the MCIl method requires a threshold for determining responsiveness. Using a
similar suggestion to Tubach et al.,* the 75™ centile of those who are satisfied could be used to

classify all individuals as responding or not. Similar to the MID there is no suggestion of whether a
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test against the null value of the 75™ centile should be constructed, but this is easily done within the

MLM framework.

MLM-OMERACT-0OARSI criteria. The OO criteria can be similarly extended into a multi-variate MLM
framework by the inclusion of dummy variables and reshaping into a “double” long format with both

responses stored in a single vector. Figure 1 illustrates the data structure for a bivariate model.

Dummy variables, also known as response indicators, are used to denote the response options: wy;

is coded 1 for the first measurement outcome (pain) and 0 for the second outcome (function),

and w,; = 1 — wy;. Theresponse indicators and their interactions with t are included as

explanatory variables to obtain the following bivariate response model.

Equation 3
Yij = (Bo +u0j)W1i + (B + Uy )tij Wy t &4Wai

+ (B, +uy)wy + (Bs +ugj )ty wy + 5wy

Up i 2
2
Ug i o, o,
1j w01 Oui
~N(0,9,): Q, = )
Uyj Ouwoz Ouiz  9u2
2
Us; Ou03 Ou1z Ou23 Ou3
2
&4 o
10 €1
T1~N(0,0, ): Q, =
o o?
€21 12 Og2

With a similar functional form to the univariate MLM, there are separate population and individual
intercepts for the first and second outcome (B, , B, and uyj, u,; respectively), and separate
population and individual slopes are estimated for the second outcome (,81 , B3 and ulj,u3j).

Using a MLM approach the outcomes are modelled jointly, which allows for non-zero covariances
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between the intercepts and slopes of the two responses (6,02, 012, G103, Ou13 )- The measurement

errors for the two responses are not assumed to be independent, with their covariance directly

estimated (0z13).

Finally, the threshold of response must be decided and individual trajectories estimated and
classified. Similar to the other methods it is relatively simple to construct a test statistic for testing

whether individual slopes are significantly different from the chosen threshold.

Limitations of the MLM approach. The MLM approach described by Equation 1, Equation 2 and 3
assumes that change in the outcome is linearly associated with time. The linearity assumption is
imposed for simplicity. Non-linear changes are easily incorporated by including higher order

polynomials or using linear or non-linear splines.>®

The standard MLM approach also fails to directly address the issue of floor and ceiling effects.
Mixed response multi-level Tobit models allow for such effects and provide some adjustment.***’

Furthermore, whilst the MLM described in Equation 2 allow for heterogeneity in known groups, they
fail to allow for heterogeneity in trajectories when the groups are unknown. The use of group-based

trajectory models or growth mixture models in these circumstances may reveal latent (unobserved)

classes of individuals with distinct patterns of recovery.’®
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Example: The APEX cohort Study

Using a mixed cohort of patients undergoing THR and TKR, ** we investigated the performance of the
existing and MLM approaches using four definitions of responsiveness. A simulated dataset and code

to fit each of these models are included in the supplementary material.

Patients in the APEX cohort completed the Intermittent and Constant Osteoarthritis Pain (ICOAP)
questionnaire before and after surgery at approximately 0, 3, 6 and 12 months. The date at which
the post-surgical questionnaire was completed is recorded in days post-surgery. As the name
suggests, the ICOAP questionnaire attempts to measure intermittent and constant pain. ** The
developers of the tool suggest three ways of summarising the scale to generate an intermittent,
constant and total pain scores (the sum of the intermittent and constant pain subscales). The tool is
scored between 0 and 100 and a full description of the ICOAP scale is provided in the original
validation paper.”* Satisfaction of pain relief following surgery was recorded by asking patients to
“Rate the relief of pain provided by (hip/knee) replacement?” using a single item 5 point scale
(None, Poor, Fair, Good, Excellent). We categorised good and excellent as a satisfactory outcome

following surgery.

Using the three methods of aggregation, we present estimates of pain at baseline and for change at
approximately 3 months post-surgery using existing methods (summary statistics) and MLM

estimates.

In order to facilitate comparisons between existing and MLM approaches we assume that all
individuals are measured at exactly 0, 3, 6, and 12 months. Whilst the existing approaches only
utilises the 0 and 3-month measurements the MLM approach uses a random intercept and random
slopes across 4 measurements occasions, using two linear splines with a knot point at 3 months to
estimate the response at 3 months. The inclusion of the second spline and the additional two

measurement occasions allows adjustment for measurement error in the MLM approach. Table 1
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and 2 presents results for patients undergoing THR and TKR respectively. The placement of the knot
at 3 months was determined by visually inspecting the data, similar to the methods by Lenguerrand

etal.>®

With more complex patterns of response an iterative model fitting approach is likely to be
required to determine the optimal knot placement. Modelling assumptions were checked using

ladder plots, and normal plots of residuals.

To describe how the responsiveness classification in patients changed at 3 months, we used an Exact
McNemar test to compare the number of discordant classifications generated by existing and MLM

approaches.

The APEX study was approved by Southampton and South West Hampshire Research Ethics

Committee (09/H0504/94).
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RESULTS

In all subdivisions of the ICOAP questionnaire, for THR/TKR patients, the estimates of the baseline
mean and change scores are approximately equal to those from the MLM approaches. In addition,
estimates of the SD of baseline and change score are overestimated using existing approaches in
THR/TKR patients. The SD of baseline measurements of pain were approximately 3.3 and 3.75 points
greater in existing methods compared to MLM methods in THR/TKR patients respectively, while the
corresponding SD of change scores are approximately 6.3 and 7 points greater in existing methods,
see table 1 and 2 respectively. An example of model diagnostics is included in Figure 2, which
presents the observed ICOAP total scores at 0, 3, 6, and 12 months and the population average
response in ICOAP across time. In addition, baseline, change residuals are also presented using

guantile-quantile plots.
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Table 1: Mean and standard deviation of baseline and change scores estimated using current and multi-level model approaches to responsiveness in a
patient undergoing total hip replacement in the APEX cohort study. Betas represent the population average characteristic and sigma the estimated

standard deviation. Baseline is assumed to be the day of surgery, and change is from 0 to 3 months.

Current Approaches to Responsiveness Multi-Level Model Approaches to Responsiveness
Baseline Change Absolute Baseline Change Absolute
Threshold P(Resp.) Threshold P(Resp.)
N Bo Ouwo By 0w Bo Ouwo By 0w
Return to N I 210 87.9|70.5 (63.8, 76.6) 83.8|78.1(71.9, 83.5)
eturn to Norma 43.71 (22.1)|45.76 (24.0) 4371 (20.1)] 46.14 (19.7)
MID Total 210 11.0/91.9 (87.4,95.2) 10.0/97.6 (94.5, 99.2)
ota
MCID (Satisfied) Pain 185 |44.37 (22.0) |48.43 (22.6) 4437 (20.3) | 48.54 (19.2)
32.6|71.9 (65.3,77.9) 35.8(67.1(74.5, 85.6)
MCID (UnSatisfied) 25 38.77 (22.4) |26.05 (25.4) 38.77 (17.0) | 28.43 (16.3)
Returnto N I 210 103.5|0(0,1.7) 100.3|0(0,1.7)
eturn to forma 49.19 (27.2) |44.23 (27.3) 49.19 (25.6)| 4435 (24.0)
MID 210 13.6|84.3 (78.6, 88.9) 12.8/88.6 (83.5,92.5)
Chronic
MCID (Satisfied) ) 185 |50.08 (27.4) |46.37 (26.7) 50.08 (26.3) | 46.21 (24.5)
Pain 30.0|72.4 (65.8, 78.3) 31.0|73.3 (44.2, 58.9)
MCID (UnSatisfied) 25 42.60 (24.8) |28.40 (26.9) 42.60 (18.3) | 30.60 (12.6)
00 210 |49.19 (27.2) |44.23 (27.3) 20(10)|92.4 (87.9,95.6) | 49.19 (25.3) | 44.35 (23.4) 20(10)|99.5 (54.8, 69)
Return to Normal 210 82.5(70(63.3,76.1) 76.5/80.5(90.5, 97.4)
39.13 (21.7) |47.06 (26.5) 39.13 (18.7) | 47.66 (20.5)
MID 210 10.8/90 (85.1, 93.7) 9.3/97.1 (30, 44.1)
Intermittent
MCID (Satisfied) . 185 |39.60 (21.7) |50.17 (24.9) 39.60 (19.2) | 50.50 (19.1)
Pain 37.5|71.4 (64.8,77.4) 40.5|67.1 (84.8, 93.9)
MCID (UnSatisfied) 25 35.58 (21.4) |24.08 (26.6) 35.58 (13.9) | 26.69 (17.1)
00 210 |39.13 (21.7) |47.06 (26.5) 20(10)|92.4 (87.9,95.6) | 39.13 (18.5) | 47.66 (19.1) 20(10)|99.5 (60.3, 73.5)

MID = Minimally Important Difference, MCID = Minimally Clinically Important Difference, OO= OMERACT OARSI responder criteria. P(Resp.) = Proportion of

Responders.
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Table 2: Mean and standard deviation of baseline and change scores estimated using current and multi-level model approaches to responsiveness in patient

undergoing total knee replacement in the APEX cohort study. Betas represent the population average characteristic and sigma the estimated standard

deviation. Baseline is assumed to be the day of surgery, and change is from 0 to 3 months.

Current Approaches to Responsiveness Multi-Level Model Approaches to Responsiveness
Baseline Change Absolute Baseline Change Absolute
Threshold P(Resp.) Threshold P(Resp.)
N Bo Ouo B: Ous Bo Ouwo By Ou
190 3]43.2(36, 50.5) 3/51.6 (60.3, 73.5)
Return to Normal 42.86 (19.7)| 31.27 (23.2) 823 42.89 (16.7)| 32.09 (17.7) 763
MID Total 190 9.9]79.5 (73, 85) 8.3/93.2 (60.3, 73.5)
ota
MCID (Satisfied) Pain 138 [44.09 (19.7)| 38.51 (20.6) 4413 (16.7)| 38.76 (14.7)
22.7|62.6 (55.3, 69.5) 29.9|55.3 (66.8, 79.2)
MCID (UnSatisfied) 52 39.62 (19.7)| 12.04 (18.0) 39.62 (16.3)| 14.28 (11.5)
Return to N I 190 94.9|44.7 (37.5,52.1) 88.7/36.8 (47.9, 62.5)
eturn to Norma 47.76 (23.6)| 31.61 (25.5) 47.79 (20.5)| 32.46 (19.5)
MID 190 11.8|74.7 (67.9, 80.7) 10.2 190 (47.9, 62.5)
Chronic
MCID (Satisfied) ) 138 [48.80 (23.4)| 38.59 (23.3) 48.88 (20.5)| 38.88 (17.7)
Pain 23.7|64.2 (57, 71) 30.3(55.3 (47.4, 62)
MCID (UnSatisfied) 52 45.00 (24.1)| 13.08 (21.9) 45.00 (20.1)| 15.26 (13.3)
00 190  |47.76 (23.6)| 31.61 (25.5) 20(10)|81.0(74.7,86.3) | 47.78 (20.2)| 32.50 (18.9) 20(10) |98.4 (47.9, 62.5)
Return to N I 190 75.3|40.5 (33.5, 47.9) 66.4|62.1(47.9, 62.5)
eturn to Norma 38.78 (18.2)| 30.97 (23.9) 38.80 (13.8)| 31.77 (16.7)
MID 190 9.1|78.9 (72.5, 84.5) 6.9|94.7 (97.4, 100)
MCID (Satisfied) Intermittent | ;3 40.15 (18.3)| 38.45 (21.2) 4020 (14.1)| 38.63 (12.8)
atistie . . . . . . A . .
st Pain 24.8|61.6 (54.3, 68.5) 31.2|54.7 (97.4, 100)
MCID (UnSatisfied) 52 35.14 (17.8)| 11.12 (19.0) 35.14 (12.8)| 13.40 (10.8)
00 190  [38.78 (18.2)| 30.97 (23.9) 20(10)|81.0(74.7,86.3) | 38.81 (13.6)| 31.74 (15.7) 20(10) |98.4 (95.5, 99.7)

MID = Minimally Important Difference, MCID = Minimally Clinically Important Difference, O0O= OMERACT OARSI responder criteria. P(Resp.) = Proportion of

Responders.
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Return To Normal

Using similar baseline score estimates to the conventional RTN approach and different SD’s results in
a reduction in the threshold of response by approximately 5 points in THR/TKR patients. The change
in threshold is due to smaller estimates of baseline and change SD’s. When considering the total
ICOAP score, the MLM approach classifies approximately 10% more individuals as responders than
existing approaches. It is also interesting to note that the threshold of response using the existing

approach when considering total ICOAP score in THR patients is beyond the range of the score.

Minimally Important Difference

Using similar change score estimates and different SD’s results in an approximately 2 point reduction
in the MID threshold in THR/TKR patients. The reduced threshold results in more individuals being

classified as responders using the MLM approach.

Minimally Clinically Important Difference

Using the MLM approach in satisfied and unsatisfied individuals results in a small increase in the
threshold of response in comparison to existing approaches. The increase in threshold is due to
shrunken residuals and therefore reduced the variability of predicted change scores. The increase in
threshold results in a reduced number of individuals (3% of THR patients and 6% of TKR patients)

being identified as responders.

OMERACT-OARSI

The OO0 approach uses fixed definitions of responsiveness. Individual estimates of change from the
bivariate MLM for constant and intermittent pain are very similar to those from the univariate MLM.
However, the standard deviation of the change score is reduced by approximately 0.5 and 1 points in
constant and intermittent pain comparing the univariate and bivariate MLM respectively, whereas

Page 21 of 32

For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml



©CoO~NOUTA,WNPE

BMJ Open Page 22 of 42

the SD of baseline score approximately the same. Despite the larger absolute threshold of 20 and 10
points for changes in 1 or 2 items respectively, i.e. larger than MID, there is an increase in the
proportion of individuals identified as responding. The increase is partly due to the use of the
relative change threshold, and the reduced variability in change in comparison to the univariate

MLM using MID definition of responsiveness.

Responsiveness Classification

The effect of using a MLM approach to defining patient responsiveness compared to existing
approaches is presented in Tables 3 and 4 for THR and TKR patients respectively. Whilst the use of
MLM provides refined thresholds of responsiveness it fundamentally changes the way individuals
are classified due to adjustment for measurement error, regression to the mean and ability to
conduct refined tests. Patients previously defined as non-responding using existing methods are now
responders (Positive change) in MLM approaches, and similarly, patients defined as responders
using existing methods are classified as non-responders (negative change) in MLM, see Figure 3 for
graphical illustration. MLM MID and OO methods appear to be most consistent in the reclassification
of patients increasing the number of patients defined as non-responders using existing methods as
responders in MLM approaches. Whereas MLM RTN and MCII provide a more fundamental change

the classifications of patient responsiveness.
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approaches to responsiveness: Return To Normal (RTN), Minimally Important Difference (MID),
Minimally Clinical Important Improvement (MCll), and OMERACT OARSI (OO) Criteria.

Total Hip Replacement

Multilevel Model

ICOAP RTN MID MCll oo
N.Resp Resp | N.Resp Resp | N.Resp Resp | N.Resp Resp
N.Resp 36 26 5 12 52 7 - -
Total
Resp 10 138 0 193 17 134 - -
Chronic N.Resp 210 0 24 9 52 6 - -
Existin Resp 0 0 0 177 4 148 - -
. N.Resp 33 30 6 15 50 10 - -
Intermittent
Resp 8 139 0 189 19 131 - -
Chronic & N.Resp - - - - - - 1 15
Intermittent Resp - - - - - - 0 194
N.Resp= Non-Responders; Resp = Responders; Bold Cells indicate significance (p<=0.05) of
discordant pairs using Exact McNemar test.
Table 4: Cross-classification of responsiveness status in TKR patients using existing and MLM model
approaches to responsiveness: Return To Normal (RTN), Minimally Important Difference (MID),
Minimally Clinical Important Improvement (MCll), and OMERACT OARSI (OO) Criteria.
Multilevel Model
Total Knee Replacement RTN MID mell 00
ICOAP — — —_ —
N.Resp Resp | N.Resp Resp | N.Resp Resp | N.Resp Resp
N.Resp 81 27 13 26 64 7 - -
Total
Resp 11 71 0 151 21 98 - -
Chronic N.Resp 92 13 19 29 61 7 - -
Existin Resp 28 57 0 142 24 98 - -
. N.Resp 69 44 9 31 63 10 - -
Intermittent
Resp 3 74 1 149 23 94 - -
Chronic & N.Resp - - - - 3 - 3 33
Intermittent Resp - - - - - - 0 154

N.Resp= Non-Responders; Resp = Responders; Bold Cells indicate significance (p<=0.05) of

discordant pairs using Exact McNemar test.
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DISCUSSION

The primary purpose of a responsiveness analysis is to convey the variability of an individual’s
chances of perceiving an improvement following a treatment. Existing approaches appear to be

distinct from one another, and the precise relationship between existing methods was unclear.

We have clearly shown how four commonly used approaches to estimating patient responsiveness
can be incorporated into the unified statistical framework of MLM. Their translation into unified
framework makes many of the assumption (linearity of response, heterogeneity in the timing of
measures, multiple measurements) underpinning existing approaches clear. The application of
patient responsiveness models in a cohort of orthopaedic patients illustrates how SD’s of baseline
and change scores in existing approaches are overestimated in comparison to the MLM approach.
Thresholds for defining responders from MLM are lower when based on SD, and therefore existing
approaches to RTN & MID may appear to provide a worse case scenario with regards the efficacy of
a treatment or therapy. Similarly, responsiveness approaches based on the distribution of predicted
change scores (MCII) are higher in MLM, and therefore existing thresholds could be described as a
best case scenario in comparison to existing approaches. However, the reclassification of patients
using the MLM is more fundamental than increasing or reducing the threshold to determine
responsiveness, the implicit adjustments for measurement error and regression to the mean change

which patients are defined as responding or not.

MLM are not the panacea of patient responsiveness methods, however, they do highlight implicit
assumptions in existing approaches and provide sensible adjustments for measurement error,

regression to the mean and heterogeneity in the timing of measurements in clinical studies.

From a clinical perspective, it is very clear there are differences in the outcomes at 3 months
following THR and TKR. Whilst patient’s baseline level of pain, are similar between THR and TKR, the

response to surgery is less, and consistently less (lower variability) for all pain domains. Similarly, we
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have previously observed different patterns of pain, in relation to pain at rest and pain on
movement,® yet the mechanisms underpinning theses effects are unclear and require more
research, but this does emphasize the necessity to treat hip and knee osteoarthritis as separate

disease states.

Strengths & Limitations

One of the key benefits of adopting a MLM approach when defining clinically meaningful change is
the improved estimation of individual change by the greater flexibility in the MLM framework.
Specifically, MLM do not assume the response is measured without error, they adjust for regression
to the mean, the trajectory of recovery is not constrained to be linear, and data from multiple
measurements and variability in the timing of those measurement occasions can also be
incorporated into the model. Furthermore, assuming the underlying MLM adequately represents the
true causal mechanism, parameter estimates, SD’s and standard errors will be unbiased in

comparison to existing approaches.

Furthermore, the unification of existing approaches into a MLM framework clearly shows the
relationship between the four different approaches. For example, RTN and MID share the same
underlying model. MCll is also the same at RTN/MID if you assume the baseline and change scores
are the same across strata of un/satisfied patients. Similarly, the model underlying OO approach is
the same as the RTN/MID approach if you assume independence in the measured outcomes of the

two trajectories, and the error term.

Despite the numerous benefits of adopting a MLM approach, it is not to say it is without some
limitations. MLM are technically more demanding than existing formulations of patient
responsiveness, and whilst there are no theoretical limits on how large or small samples have to be,
model convergence is not guaranteed. The need to use appropriate estimation methods®® or

denominator degrees of freedom®> when calculating standard errors also requires consideration.
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Furthermore, it is important to perform model diagnostic to check the data fit with the model. MLM
does not improve the arbitrary placement of the thresholds that define responsiveness in
comparison to existing methods, and despite the improved trajectory modelling, it is currently
unclear if the refined definitions correlate more strongly with patient expectations, functional data,
long-term self-reported outcomes, or hard end-points such as mortality and revision. Further
research externally validating the classification using patient groups, expert opinion® or functional
data may demonstrate improved classification of those responding to treatment in comparison to
existing methods. In addition, the use of multiple measurements in MLM primarily restricts the

method to a research setting.

It is clear the MLMs provide considerable advantages over existing approaches to identifying
patients who respond to a treatment. Consequently, the proportion of individuals thought not to be
responding to treatment may be smaller than previously thought. Using the redefined definition may
reduce the number of individuals misclassified as non-responders, and improve the prediction of

those individuals who are likely to respond to treatment.
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Figures

Figure 1: Illustration of a “double” long data setup for creating a bivariate MLM.

Figure 2: Modelling diagnostic plots. Upper left, ladder plot of observed ICOAP total scores at 0, 3, 6,
and 12 months following THR, and population average trajectory estimated from a MLM, used in
RTN and MID analysis, with 2 linear splines with a knot at 3 months. Upper right, lower left and right
plots are quantile-quantile plots of the residual distribution of random effects estimated from a
MLM with 2 linear splines with a knot at 3 months.

Figure 3: Change in Responder classification using a RTN definition comparing existing approaches to
MLM approach using the ICOAP total score in patients following THR. Upper Left panel illustrates
observed trajectories for patients whose responsiveness classification changes using a MLM
approach to estimating responsiveness. Lower left panel illustrates the observed and predicted
trajectories of ICOAP total score in patients positively reclassified as responders compared to
existing approaches. Lower right panel illustrates the observed and predicted trajectories of ICOAP
total score in patients negatively reclassified as non-responders compared to existing approaches.

Abbreviations

APEX — Arthroplasty Pain Experience

ICOAP - Intermittent and Constant Osteoarthritis Pain

MCII = Minimally Clinical Important Improvement

MID — Minimal Important Difference

MLM — Multi Level Model

OO — OMERACT OARSI Criteria

RCI — Relative Change Index

RTN — Return To Normal

SD — Standard Deviation

SE — Standard Error

THR — Total Hip Replacement
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TKR — Total Knee Replacement
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* A unified multi-level model approach to assessing patient responsiveness
* including; return to normal, minimally important differences, and minimally

* c¢linical important differences for patient reported outcome measures.
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KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A Ak kA Ak Ak hhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkkkhkkkkk
Abstract
Stata code to illustrate calculation of patient reponsiveness using existing
and multi-level model methods.
Do file should be run comlpletely inorder to simulate data from a linear model
and perform calculations.
File requires MLWin and copy of runmlwin downloaded for Stata.

R S S S S N S S N S . T S S N N N T S T T S N

R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R

* 1. Simulate a dataset

R R IRk kb I b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b i
{

* Design matrix in OO Format

set seed 111

clear

set obs 100

gen id= n

* Set Parameters values
* Set Fixed Effect Parameters
local b0 = 49.19
local bl = 44.35 / 3
local b2 = 39.12
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1
2
3 local b3 = 47.66 / 3
4 * Set Random Effect Standard Deviations & Correlation Matrix

local u0 = 25.3
5
6 local ul = 23.4 / 3

local u2 = 18.5
7 local u3 = 19.1 / 3
8 matrix u = (‘"ul0', ‘ul', u2', u3d")"’
9 matrix u corr = (1 ,0.3 ,0.1 ,0.1 \ ///
0.3 ,1 ,0.1 ,0.2 \ ///

10 0.1 ,0.1,1 ,0.3\ ///
11 0.1 ,0.1 ,0.3 ,1 )
12 * Draw Random Parameters
13 drawnorm u0 ul u2 u3 , sds(u) corr(u corr)
14

* Create 4 measurement occassions
15

expand 4
16
17 by id , sort : gen t = n-1
18 * Prepare for a reshape into double long
19 gen 1=1

gen 2=1

20 reshape long , i(id t) j(resp)
21 drop _
22
23 * Set error Standard Deviations & Correlation Matrix

local el= 5
24 local e2= 5
25 matrix e = (‘el', ‘e2')!

matrix e corr = (1 ,0.1\ ///
26 - 0.1,1 ) //
27 B
28 drawnorm el e2 , sds(e) corr(e_corr)
29
30 * Create response indicators for 0O
31 gen wl = 1 if resp==
32 replace wl = 0 if resp==
33 gen w2 = 0 if resp==1
34 replace w2 = 1 if resp==
35 * Generate a satisfaction indicator, uncorrelated with effects just for illustration
36 gen x = cond(uniform()>=0.3,1,0) if resp==1 & t==
37 by id : egen _x = min(x)
*Create dummy variables

38 gen x1 = 1 if x==1
39 replace x1 = 0 1f x==
40 gen x2 = 0 if x== .
41 replace x2 = 1 1f x==
42
43
44 . . . . -
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drop x _x

* Predict response
gen y = ("b0' + u0)* wl + ("bl' + ul)* wl * £t + el* wl + ///
("b2" 4+ u2)* w2 + ("b3' + uld)* w2 * t + e2* w2 //

tempfile simdata
save “simdata' , replace

}

ER R IR IR Ik Sk kb kb b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b i

* 2.1 Existing Methods (n.b. only for first response)
R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R R ik

use ~simdata' , clear
* Working with the first and last measurment occassion
keep if t ==0 | t==
sort id resp t
by id resp : gen d y = y[_n] - y[ n-1]
KAXKXKKAKXKAKAKAKAXAXAXA XXX XXX KK
* 2.1.1 Existing RTN
R R R R R R R
{
sum y 1f t==0 & resp==
local rtn = r(mean) + 2*r(sd)
by id resp: gen ex rtn =cond(y>='rtn',1 ,0) if n==2 & resp==
by id resp: gen ex rci = cond((d_ y / sqrt(2* ("r(sd)' * sqrt(l1-0.9))72))>=1.96,1,0) if _n==2 & resp==
by id resp: gen ex rtn rci = cond(ex rtn==1 & ex rci==1 ,1,0) if n==2 & resp==
tab ex rtn if resp== // Number of individuals returning to normal
tab ex rci if resp== // Number of individuals significant change
tab ex rtn rci if resp== // Number of individuals significant change & returning to normal

}

R R R R R R R R R R R

* 2.1.2 Existing MID
R IRk kb b b ik b b b b b b 2 i

{
sum y if t==0 & resp==
local mid = r(sd)*0.5
by id resp : gen ex mid =cond(d y>="mid',1,0) if n==2 & resp==

tab ex mid if resp== // Number of individuals with minimally important difference

}

KAKKKAKXKAKAKAKAKA KA KA KN KN KKK KKK

* 2.1.3 Existing MCID

* n.b using the 25th centile is pain is reverse coded.
khkhkkhkhkhkkhkhkkhkhkkhkhkhkkhhkkhkkkk*k

{
centile d y if resp==1 & x1==1 , c(25)
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1
2
3 local mcid = r(c_1)
4 by id resp: gen ex mcid = cond(d_y>="mcid',1,0) if n==2 & resp==
5
6 tab ex mcid if resp== // Number of individuals meeting the MCID criteria
}
7
8 R Rk kb kb b b b b b b b b b b b b b b b b b b b b 3
9 * 2.1.4 Existing (00) OMERACT-OARSI
R R R R R R I I R R I I R b b b b b b b 3 b i
10 {
11 * 50% relative, 20% absolute single
12 * 20% relative, 10% absolute both
13 * Calculate Relative Change
14 by id resp: gen d rely= (d y/y[ n-11)*100
15 * Mark Single Changes
16 by id resp: gen ex oo _single =1 if (d y>=20 & d y<.) | (d_rely>=50 & d rely<.) & n==
* Mark Double Changes
17 by id resp: gen ex oo double =1 if (d_y>=10 & d_y<.) | (d_rely>=20 & d_rely<.) & n==2
18 * Sum double changes
19 by id : egen ex oo double sum = total (ex oo double) if d y!=.
20 * Mark OO criteria
21 by id : gen _ex oo = cond(ex oo _single==1 | ex oo double sum==2 , 1,0) if d y!=.
22 by id : egen ex oo = max(_ex oo) if d y!=.
23 tab ex oo if resp== // Number of individuals meeting the oo criteria
}
25 R IR Ik Ik kb kb b b b b b b b b b b b b b b b gk b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b b e b b b b b b b b b b i
26 * 2.2 Multi-level Methods
KA A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A Ak hh hhkhhhhhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkkkkkkx
27 // Set the global macro to identify the location and version of mlwin
28 global MLwiN path "C:\Program Files (x86)\MLwiN v2.36\1386\MLwiN.exe"
29 use “simdata' , clear
keep if resp==
30 N
Create a constant
31 =1
gen cons
32
33 khkhkkhkkhkhkkhkhkkhkhkkhkkhkhkkhhkx*k
* 2.2.1 MLM RTN / MID Model
34 R R R Rk kb ki b b b b i
35 {
36 * O-==——m— 1
37 * 1121314151617181910111213141516171819101
28 matrix a = (1,1,1)
39 runmlwin y cons t if resp==1 , /// Fixed effect
40 levell (t: cons, residuals(_ e, ) ) /// Level 1 variance
a1 level2 (id: cons t, elements(a) residuals( u, ) ) /// Level 2 varaince
42
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maxiterations (10) corr sd nopause // Modelling options

* Predict Individual effects
gen xb _fe = _b[cons] + Db[t]*t
gen xb re = ul0 + ul*t
gen xb = xb_fe + xb re

* Predict to asses responsiveness at (3month)

gen xb t = (_blcons]+ ul) + (_b[t]+ ul)*3

* RTN threshold

local mlm rtn = Db[FPl:cons] + 2*( b[RP2:var(cons)]"0.5)

* Mark RTN
gen mlm rtn = cond(xb_t>="mlm_rtn',1,0)

* Calculate RCI
gen xb d = Db[FPl:t] + ul

gen_éeid = (_se[FPl:t]"2 + ulse”2)"0.5

gen z d = xb d / se d

* Mark RCI
gen mlm rci = cond(z d>=1.96,1,0)

* Mark RTN RCI composite

gen mlm rtn rci = cond(mlm rtn==1 & mlm rci==1, 1, 0)

egen pickone = tag(id)

tab mlm rtn rci if pickone==1 // Number of individuals meeting the MLM RTN RCI criteria

}

ER R R R R R R R R R R R R

* 2.2.2 MLM MID
khkhkkhkhkhkhkhkkhkhkkhkhkkhkhkkhhkhkhkkx*k
{
* MID Threshold @ 3 months
local mlm mid = 0.5* (_b[RP2:var (cons)]"0.5)
gen mlm mid = cond( (_b[t]+ ul)*3>=
tab mlm mid if pickone==1 //

* Drop previous residual and predictions

‘mlm mid' ,1 ,0 )
Number of individuals meeting the MLM MID criteria

drop u0 ul ulse ulse e0 eOse xb fe xb re xb xb t xb d se d z d

}

Kk kK k kK ok k kK ok ok kK ok kK Kk
* 2.2.3 MLM MCID

R R Ik b b b b b b i i i

{

* Stratify intercept and slope by satisfaction

gen consxl= cons*xl
gen consx2 = cons*x2
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1
2
3 gen txl = t*xl
4 gen tx2 = t*x2
5 , . .
6 * Specify RE variance matrix

* O-=—=—————————————- l--———— 2
7 * 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,1
8 matrix u = (1,1,1,0,0,1,0,0,1,1)
20 * Specify RE variance matrix

* 0--—=-=——————————- l--——————————————— 2
11 * 1,2,3,4,5,6,7,8,9,0,1,2,3,4,5,6,7,8,9,0,1
12 matrix e = (1,0,1)
13 runmlwin y consxl txl consx2 tx2 if resp==1 , /// Fixed effect
14 levell (t: consxl consx2, elements(e) residuals( e, norecode )) /// Level 1 variance
15 level2 (id: consxl txl consx2 tx2 ,elements(u) residuals( u, norecode )) /// Level 2 varaince

maxiterations corr sd nopause Modelling
i i (10) d // delli
16 options
17
18 * Estimate the Change for all individuals
19 gen xb slope = (_bltxl]+ ul)*xl + (_b[tx2]+ u3)*tx2
Find the t inverse coding t centile of those satisfie
20 * ind the 75th (i di 25th) il f th isfied
21 centile xb _slope if tx1==3 , c(25)
22 local mlm mcid = r(c_1)
23 *tag observations which have improvements greater than mcid
24 gen mlm mcid = cond(xb_slope>="mlm mcid',1,0) if t==
25 tab mlm mcid if t==3 // Number of individuals meeting the MCID criteria
}

26 R R R R R R R R R R R R R
27 * 2.2.4 MLM (OO) OMERACT-OARSI
28 ok kK ok kK Kk kK ok ok kK ok ok ok Kk K
29 {
30 * 50% relative, 20 absolute single assuming a 0-100 score

* 20% relative, 10 absolute both assuming a 0-100 score
31 use “simdata' , clear
32 sort id t resp
33
34 * Create response indicators
35 gen cons =1
36 gen conswl = cons*wl
37 gen consw2 = cons*w2

gen twl = t*wl

38 gen tw2 = t*w2
39
40 runmlwin y conswl twl consw2 tw2 , /// Fixed Effect
a1 levell (resp:) /// Level 1 variance
42
43
44 . . . . -
45 For peer review only - http://bmjopen.bmj.com/site/about/guidelines.xhtml
46

47
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PRPRPOO~NOOUOPRAWDNPE

level2 (t: conswl consw2, residuals(_e, norecode ))

BMJ Open

/// Level 2 variance
level3 (id: conswl twl consw2 tw2 , residuals(_ u, norecode )) /// Level 3 varaince

maxiterations (10) corr sd nopause //

* Calculate predicted changes
gen mlm d = (_| ]
gen mlm bl = ( b[conswl] + u0)*conswl + ( bl[consw2] + u2)*consw2

bltwl] + ul )*twl + (_ b[tw2] + u3 )*tw2

gen mlm relyd= (mlm d /mlm bl)*100

* Mark out responders

* Mark OO criteria

by id

by id resp ,sort: gen mlm oo single =1 if (( mlm d>=20 & mlm d<.) | (mlm relyd>=50 & mlm relyd<.)) & t==
* Mark Double Changes
by id resp ,sort: gen mlm oo double =1 if ((mlm d>=10 & mlm d<.) | (mlm relyd>=20 & mlm relyd<.))
* Sum double changes
by id ,sort : egen mlm oo double sum = total (mlm oo double) if t==
gen mlm oo = cond(mlm oo single==1 | mlm oo double sum==2 , 1,0) if t==

by id

egen mlm oo = max( mlm oo) if t==

tab mlm oo if resp==1 // Number of individuals meeting the MLM OO criteria
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