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Abstract (290 Words)

Objectives

Analysis of pre/post intervention change in observational studies using Patient Reported Outcome
Measures (PROMs) is often believed to be a trivial exercise, and guidance for analysis of data from
randomised controls trials is often applied. This is often inappropriate, and that analysis of change
scores may be preferable. However, it is unclear if this is suitable in outcomes with floor and ceiling
effects. We investigate the association between body mass index (BMI) and the efficacy of primary

hip replacement.

Design

Simulation study and prospective national medical device register

Setting

National register of joint replacement and medical devices

Methods

Using a Monte-Carlo simulation study and data from a national joint replacement register (162,513
patients with pre/post surgery PROMs) we investigate simple approaches for the analysis of outcomes
with floor and ceiling effects that are measured at two occasions: linear and Tobit regression (baseline
adjusted ANCOVA, change-score analysis, post-score analysis) in addition to linear and multi-level

Tobit models.

Primary outcome

The primary outcome of interest is change in patient reported outcome measures from pre-surgery to 6

months post-surgery.

Results

Analysis of data with floor and ceiling effects with models that fail to account for these features
induce substantial bias. Single level Tobit models only correct for floor or ceiling effects when the
exposure of interest is not associated with the baseline score. In observational data scenarios, only

multi-level Tobit models are capable of providing unbiased inferences.

Conclusions

Inferences from pre/post studies that fail to account for floor and ceiling effects may induce spurious
associations with substantial risk of bias. Multi-level Tobit models indicate the efficacy of total hip
replacement is independent of BMI. Restricting access to total hip replacement based on a patients

BMI can not be supported by the data.
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Strengths and limitations of this study

e We use a simulation study and large prospective study set to investigate the effect of floor and
ceiling effects in the analysis of change in patient reported outcome measure pre- and post-
surgery.

e We demonstrate that mutli-level Tobit models generate unbiased estimates of change in
patient reported outcome measures with floor and ceiling effects.

e Simple change score and baseline adjusted ANCOVA generate estimates that are biased in
non-randomised experiments.

e We demonstrate the efficiacy of total hip replacement is independent of a patients BMI, and

restriction to joint replacement based on a patients BMI can not be supported by the data.

Keywords

Multi-level Tobit Model, Change Scores, Epidemiologic Methods, Arthroplasty, Patient Reported

Outcome Measures, Longitudinal Studies
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Introduction

In many non-randomised experiments, researchers are interested in assessing how change in health
status is associated with a covariate of interest. Whilst there is much guidance available on assessing
change in randomised experiments, and extensive discussion with respect to efficiency and bias [1-9],
the guidance in non-randomised studies is less clear. The principle difference is that in observational
studies we do not expect balance between different levels of an exposure at baseline, in addition to
expecting imbalance in other confounding factors. Glymour et al. advocate the use of, simple analysis
of, change scores (SACS) without baseline adjustment to achieve unbiased causal effect estimates
using causal arguments presented through Directed Acyclic Graphs (DAGS) [10]. They briefly
suggest that in settings with floor and/or ceiling effects, that standard change analyses with and
without baseline adjustment are both biased, and non-standard analyses based on Tobit models
(censored regression) may ameliorate floor and ceiling problems. The degree to which Tobit models
ameliorate the problems caused by floor and ceiling effects is unclear. Some authors suggest that
using percentage change is one strategy to avoid dealing with floor and ceiling effects, but Twisk
highlighted that this simply represents a linear transformation of change [11], and therefore does not
deal with the problem of floor and ceiling effects. Twisk also describes the use of a longitudinal
(multi-level) Tobit regression model to appropriately account for floor and ceiling effects in studies
with repeated measures [12]. However, since its publication in 2009 there have only be a handful of
analyses that use multi-level Tobit models[13-16], suggesting that lack of familiarity with these
methods or understanding of when they can and should be applied has deterred analysts in their use,

or when they can be applied.

Multi-level Tobit models are now incorporated in mainstream statistical software packages, such as
Stata. Given their accesibility, they could arguably be used more frequently than they are. This is
relavent considering that the use of measurement instruments with floor and ceiling effects are
omnipresent in health related research. Examples include outcomes in health related quality of life
(e.g. EQ5SD, SF-36, SF-12), psychological wellbeing (e.g Hospital Anxiety and Depression Scale
(HADS), Edinburgh Postnatal Depression Scale (EPDS)), and disease specific measures of wellbeing
(e.g. Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) and Oxford Hip
Score (OHS) as used in patients with osteoarthritis). Despite this, there is very little guidance
available with respect to the consequences of using measurement instruments with floor or ceiling
effects, when attempting to make inferences about the effect of an exposure on the change (between

two time points) of an outcome of interest.

In this paper we use a Monte-Carlo simulation study to compare the performance of multi-level linear
and Tobit models, Ordinarily Least Squares (OLS) regression and single-level Tobit regression, with

and without adjustment for baseline scores, in the analysis of change in three different non-

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



oNOYTULT D WN =

BMJ Open Page 6 of 46

randomised experiments, and a randomised experiment. We also demonstrate the use of these models

using real world data from a large national joint replacement register.

We motivate the simulation and exemplar data analysis using an example from joint replacement
research describing the association between body mass index (BMI) and the change in a disease
specific patient reported outcome measure (PROM), the Oxford Hip Score (OHS). The issue is
contentious in the UK [17-19] and USA [20] as some organisations suggest restricting joint-
replacement to patients based on their BMI, citing an increased risk of revision surgery and lack of
efficacy of surgery. The small increase in absolute risk of revision in obese patients, must be balanced
against the other benefits of joint replacement, including a reduction in pain and improved physical
functioning. Therefore, it is of interest to clinicians, policy makers, and patients to know the relative

effect of obesity on the efficacy of total hip replacement compared to “normal weight patients”.
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Methods

Simulation Study Aims

We investigated the performance of four different methods of analysis, when estimating the effect of
an exposure (BMI) on change in response (PROM) before and after total hip replacement with floor
and ceiling effects using the Aims, Data Generating Process (DGP), Methods, Estimand, Performance

(ADMEP) approach recomended by Morris et al. [21].

Data Generating Process (DGP)

We simulated longitudinal data of “well-being” before and after surgery. We assume that “well-
being” is a latent, truly continuous and stable construct which is measured imperfectly by the OHS.
Measurement error and floor/ceiling effects are then added to the latent construct to illustrate their

consequences.

We assume the response, well-being, is a latent construct (y;j ) measured at the i occasion, where i
varies from 0 (pre-surgery) to 1 (1 year post-surgery), for the j” individual is modelled as a linear
function of time. xo; is mean-centred BMI categories according to WHO criteria i.e. -2 = BMI<18.5
(under weight), -1=18.5<BMI<25 (normal), 0=25<BMI<30 (overweight), 1=30<BMI<35 (obese), and
2= BMI>35 (morbidly obese), i.e. xo;=0 is a patient with a BMI classed as overweight.

yii = Bo+ uo; + (B1 + ugj Ity + Baxoy + Baxoj tyj

2
0u0

Uoj _
[ulj] N(0.Q.), Q= Ouw1 01

where t;; is the time at which measurement i was taken on individual j, coded as 0 at pre-surgery and
1 post-surgery. fois the baseline population average response for a patient with average BMI, and uy;
represents the j individual difference from the baseline response. The sum of By + ug; is the
individual baseline response for a patient with average BMI. 81 represents the population average
change per unit increase in time for a patient with average BMI, and uy; represents the ;" individual
difference from the population average change per unit increase in time. The sum 1 + uy; is the
individual average change per unit increase in time for a patient with average BMI. 5, represents the
effect of a 1-unit increase in the exposure (xo;) of interest (BMI) pre-surgery and 33 represents the
effect of a 1-unit increase in BMI (x¢;) on the pre-post surgery change in well-being (y;; ). The
variance in individual deviations from the population average response at baseline and the average
rate of change are 02 and 021 respectively. The covariance between baseline measurements and rate

of change is characterised by ;91 (With correlation py01).
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Under the assumption of linear change, data was simulated from a multi-level model with a random

intercept and slope, see Figure 1 for an illustration of a patient trajectory with an average BMI.
<Figure 1 Here>

The observed response without floor and ceiling effects (y;;) is simulated by adding measurement

error in the linear trajectory, &;; , to the latent response, where &;;~N (0,03).

Vi =Yij * & 2
A response with floor and ceiling effects yﬁc is simulated by restricting the response to lie between 0

and 48.

0 ifyij <0
yg-c ={Yij if 0< Vij <48 3

See Figure 2 for a graphical illustration of the trajectory generation: we first simulate y;j, then add
some measurement error ( &;) to yield an observed response (y;;), and finally add floor and ceiling
effects to obtain the observed truncated response (yf;-c).

<Figure 2 Here>

We compared 4 DGPs to illustrate a range of scenarios by manipulating B2, 3, and puo1(0u01) to
influence the association between pre- and post-surgery outcomes. o, 51, 00, 0u1, and ogjwere fixed
at 10, 40, 10, 15 and 3 respectively. DGP 1 is a null model, where there is a baseline effect of the
exposure is f2= -3, but the exposure did not influence change over time (3= 0), and there is no

correlation between baseline values and subsequent change (0,,01=0).

DGP 2 replicates a simple randomised trial where there is no difference between levels of the
exposure at baseline (2= 0), but the exposure did influence change over time (3= -3), and there is no
correlation between baseline values and subsequent change ( py,01=0). DGP 3 and DGP 4 replicate a
cohort study, where there is a difference between levels of the exposure at baseline (,=-3), and the
exposure also influenced change over time (3= -3). DGP 3 specified no correlation between baseline
values and subsequent change (p,01=0), whereas DGP 4 specified a negative correlation between
baseline values and change (p,01=-0.5), reflecting the fact the joint-replacement surgery has the
tendency to normalise an individuals well-being, see Figure 3 for an illustration of the associated

trajectories.
<Figure 3 Here>

We conducted a Monte-Carlo simulation with 1000 replicated datasets, each with 10,000 patients. A

balanced dataset, i.e. 3 data points for each individual, was simulated to ensure identification of the
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linear and Tobit multi-level models occurred, i.e. two data points allows estimation of baseline and
change parameters but not measurement error. The middle data point was then dropped to replicate a

pre/post design.

Method of analysis

For data sets with 3 measurement occasions, a linear multi-level model and a multi-level Tobit model

(MLTM) that reflects the data generating process were fitted to the data, see equation 1.

In datasets with 2 measurement occasions, i.e. a pre-post design, single-level OLS and Tobit models
were fitted to the data. Tobit models were only used when floor and ceiling effects had been

simulated. Three different models were explored:
1) A simple model for post surgery well-being.

FC _
yijy =ai+ @2X + & 4

2) A Simple Analysis of Change Score (SACS).

(V{JC - ygjc) =ast+ a7Xg; +&j 5

3) A model for change adjusted for baseline i.e. baseline adjusted ANCOVA. This model is
equivalent to a model for the post score adjusted for baseline ANCOVA, with the exception of the

interpretation of the intercept.

(y{jc_ygjc) =ag+ a9xoj+ 0!1oygjc+€j 6

In addition, an under-identified MLTM model, equivalent to equation 1with constrained error

variance o was fitted in the spirit of a sensitivity analysis, where 62 was constrained to a value from

5,10, 15, 20, 25 and 30.

Estimand

The estimand of interest is the population average effect of the interaction between the exposure and

change in slope i.e. 53 the pre-post surgery change in well-being. We test whether the exposure

modifies the improvement post-surgery (i.e. the null hypothesis that 53 = 0).

Performance

The performance of each method was explored in terms of bias, coverage, empirical standard error,

model based standard error, mean square error, relative error and relative precision.

National Joint Registry of England, Wales, Northern Ireland, and the Isle of Man (NJR)
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Using data from the NJR, we investigated the association between BMI and a patient reported
outcome measure, the OHS, in patients undergoing elective total hip replacement (THR) between 1%

April 2003 and 22" February 2017.

Patient and public involvement

Patient representatives sit on the committee structure of the National Joint Registry. The
research priorities of the National Joint Registry are identified by this committee structure
and approved by the patient representatives. Patients were not involved in the setting of the
research question or the outcome measures, nor were they involved in designing or
implementing this work or interpretation of the results. We are unable to disseminate results
of this study directly to study participants due to the anonymous nature of the data. We plan
to disseminate our findings to the National Joint Registry, via their communications team, to
relevant to the provision of joint replacement and to the general population through the local

and national press.

Data source

The NJR commenced data collection in April 2003; at inception it was mandatory for all THRs
conducted in the private sector to be entered into the NJR, and from 2011 all THR procedures in the
public and private sector were required to be entered into the NJR. A recent national audit of data
entered into the NJR between 2014 and 2015 estimated data capture of 95% for primary THR and
91% for revision THR.

Inclusion/exclusion criteria

All consenting patients undergoing THR were eligible to be included in the analysis. Patients were
included if their patient history was unique and consistent, i.e. contained no duplicates, revision prior
to primary, or currently held in query by the submitting unit. Due to the requirement for reliable date
information, patients who were indicated to have died prior to undergoing a procedure, were more
than 110 years of age, had undergone a procedure prior to their date of birth, or received a procedure
prior to 2003 were excluded from the analysis. Only primary THRs, where the primary indication for
operation was osteoarthritis (OA) with unique prosthesis combinations were included in the analysis.
All THRs with metal-on-metal bearing combinations were excluded from the analysis due to the
exceptionally high failure rate in this group[22, 23]. Patients who were less than 50 years of age at the
date of the index THR were also excluded, due to the high likelihood that these cases are due to OA

secondary to other pathology.

See Supplementary.Figure 1 and Supplementary.Figure 2 for a detailed breakdown of inclusion

criteria and missing data.
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Primary outcome

The primary outcome of interest in this study is change in OHS after surgery. Linked National
PROMSs were first available in 2009, see Supplementary.Figure 3 for details of linkage.

Primary exposure

The primary exposure of interest in this study is BMI. BMI was introduced into the second “Minimal
Data Set” in 2004. Patients with BMI between 10 and 60 were included in the analysis. BMI measures
were excluded as implausible if height and weight measures were less than 130cm and weight less

than 30kg respectively. See Supplementary.Figure 2.

Confounding factors

Pre-operative confounding factors were thematically organised into groups: 1) Patient factors included
sex, American Society of Anesthesiologists (ASA) grade, and operation funder. 2) Operation factors
included fixation, approach, patient position during surgery, anaesthetic type, thromboprophylaxis
regime, bearing, and year of primary THR. 3) The setting of the treatment episode (i.e. private or
NHS hospital). 4) Consultant based factors included the training status of the primary surgeon
performing the operation. 5) Deprivation factors were based on the English indices of multiple

deprivation (an area based index of deprivation).

Statistical analyses

Means, standard deviations and interquartile points were used to describe continuous variables.

Frequencies and percentages were used to describe categorical variables.

The association between change in PROMS score was investigated using the same single-level
methods and the ML Tobit model with constrained error variances described in the simulation study
as an exemplar. In addition, we conducted more comprehensive analyses using restricted cubic splines
to model the BMI association in the ML Tobit model with constrained error variance, single-level
linear and Tobit SACS, ANCOVA, and Post score models. In the ML Tobit model, BMI was
modelled with restricted cubic splines at baseline and its interaction with time. Correspondingly, we
adjusted OHS for patient and deprivation confounding factors at baseline and operation, setting and
confounding factors with an interaction with time i.e. operative factors and settings influence the
change in outcome but not the baseline response. In single-level models, the effect of BMI was
modelled using restricted cubic splines and adjusted for confounding factors using standard regression

approaches.

Missing data

Due to the method of data collection in the national PROMS program, item non-response is masked.

Defacto mean imputation of up to two missing items in the OHS occurred automatically. In addition,
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despite valid values appearing with individual OHS items, if the questionnaire was marked as “not
complete”, implausible overall scores were obtained. For simplicity only patients with complete pre-
operative and post-operative PROMS were used in the analysis. BMI is missing in a substantial
proportion of the cohort. Patients prior to 2004 did not have BMI recorded, and the proportion of
patients with missing BMI in 2004 is large. In 2009 ~40% of patients did not have BMI recorded; this

reduced year on year and in 2016 was ~18% of eligible patients.

For pedagogic simplicity we use complete-case analyses throughout.

Results

Simulation Study

Figure 4 illustrate the results from the MC simulation for each DGP. It is clear that MLM, OLS
methods, and in DGP’s 1, 3, and 4 (observational scenarios) single-level Tobit models all exhibit
substantial bias. Only the ML Tobit with 3 datapoints provides unbiased estimates in all scenarios.
Constrained ML Tobit models are close to being unbiased, but slightly over estimate the effect size,
see Table 1, Single-level Tobit models also provide unbiased estimates for DGP 2 (the randomised

trial).

Figure 5 illustrates the spread of model based standard errors (SE) for each method by DGP. It is clear
that the variation and absolute magnitude of SE in MLM with 3 data points per person is less than that
of ML Tobit Models. Similarly, model based SEs from OLS methods are smaller and less variable
than single-level Tobit methods. In DGP 2, the randomised trial, it is interesting to note that the SE
from Tobit ANCOV A models are marginally smaller than for Tobit SACS. Whilst there is little
difference in terms of bias from the constrained ML Tobit models, see Figure 4, the size and

variability of estimated SEs increased with increasing value of the constrained of o2,

Supplementary.Figure 4, 5,6, 7, 8,9, 10, 11, 12, 13, 14, and 15, illustrate the coverage of 95%
confidence intervals in each DGP. Unsurprisingly, coverage of methods which demonstrate bias is
very poor, whilst coverage is at nominal levels for the ML Tobit model with three data points. The
results from constrained ML Tobit indicate coverage less than the nominal levels. Coverage less than
the advertised levels is principally due to the bias in estimate. However, when the estimates from the
model are unbiased, as in DGP 2 with 62=5, coverage is poor, suggesting bias in model based SE, i.e.

they are too small.

National Joint Registry of England, Wales, Northern Ireland, and the Isle of Man.

Following application of inclusion and exclusion criteria, there were 162,513 patients with pre and

post-operative OHS available for analysis. Figure 6 illustrates the results of the exemplar dataset using
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different approaches whilst attempting to estimate the effect of BMI category on the efficacy of
surgery, whereas Figure 7 and Figure 8 illustrate the use of restricted cubic splines to assess the same

question.

Exemplar Analysis

A single-level OLS SACS appoach suggests a positive association between BMI and change in OHS
i.e. patients with greater BMIs have greater gains in well-being, whereas OLS ANCOVA and OLS
post score models suggest a negative association. The single-level Post model score is approximately
50% greater than the ANCOVA model. All single-level Tobit models suggest a negative association
between BMI and OHS. The Tobit SACS model is the smallest, with both the Tobit ANCOVA and
Post models estimating substantially larger effects. The constrained ML Tobit models all provide
equivalent (to 2 decimal places) results, suggesting there is no effect of BMI on the change in OHS

pre and post surgery, see Figure 6.

Restricted Cubic Spline Approach

Crude analyses, which model BMI using restricted cubic splines, illustrate a complex association
between BMI and pre-operative OHS. A ~4.5 point reduction in OHS is observed as BMI increases
between 20 and 50 kg.m2. However, the change in OHS between pre- and post- surgery is very
weakly associated with pre-operative BMI, with individuals with BMI’s <25 kg.m and >45 kg.m
receiving modestly greater gains than those patients with an average BMI of 28 kg.m. However, with
less than '% a unit variation across the range of BMI observed in the cohort, the difference falls well
below anything that could be considered clinically meaningful, see Figure 7. Following adjustment for
patient factors, operation factors, centre factors, consultant factors, and deprivation there was little
difference in the pattern of change compared to crude results, see Figure 7. Single-level approaches
are illustrated in Figure 8, with OLS and Tobit models giving similar patterns of results. ANCOVA
and the post model specification suggest a strong inverse association with BMI, with obese
individuals receiving less improvement following surgery. OLS SACS indicate that obesity is
associated with greater gains in OHS following surgery. Conversely, Tobit SACS models indicate that

obesity is associated with smaller gains in OHS following surgery.

Discussion

The results of the simulation study clearly illustrate that, in the presence of floor and ceiling effects,
neither baseline adjustment, or simple analysis of change scores (SACS) will yield unbiased estimates
of the effect of an exposure on the outcome of interest. Single-level modifications to account for floor
and ceiling effects such as the Tobit model only work in the context of a randomised trial, i.e. when

there is no difference between baseline values by BMI. Importantly, single-level methods, OLS and
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Tobit models, induce significant bias, with negligible coverage, when 83 = 0 i.e. there is no change in
the pre- post- surgergy well being by BMI. Fully identified MLTM with three measurement
occasions, return unbiased estimates with coverage close to advertised levels. In pre- post- designs
with two measurement occasions ML Tobit models, with constrained level 1 variances, return
estimates very close to being unbiased, but coverage is less than advertised indicating bias in the

model based standard errors.

The simulation study is consistent with a lay intuition with respect to analyses of floor and ceiling
effects. Assuming we accept that either the MLM and OLS change analyses are appropriate in the
absence of floor and ceiling effects, DGP 1 illustrates that when there is no effect of obesity on the
efficacy of surgery, the addition of an artificial ceiling compresses the gain of individuals towards the
top of the distribution. Due to the baseline association between obesity and well-being, underweight
individuals tend to have gains that are more compressed compared to obese individuals. This
inevitably induces bias, and provides evidence of a change in pre- post- surgery wellbeing by BMI,
where none actually exist. Similarly, in DGP 2 (no baseline differences) where there is truly an
interaction effect, will also lead to biased estimates. The DGP used in the simulation assumes
underweight individuals benefit more from surgery than heavier individuals, which results in a
fanning out of the trajectories. Underweight individuals have truly greater gains than obese
individuals, but these gains are underestimated due to the ceiling effect, resulting in bias towards the
null. In DGPs 3 and 4 (baseline differences in BMI, and interaction between BMI and change) we see
a more extreme pattern of results compared to DGP 2, but overall consistency with the expected

response of compressing individual gains which have initially higher starting values.

In the exemplar analysis of NJR data, the pattern of results is very similar to that of DGP 1 of the
simulation, suggesting that results of the simulation are likely to be replicated in real world datasets.
The more comprehensive analysis of the NJR data, using RCS to reflect the continuous nature of
BMLI, aptly illustrate where the effects from mis-specified single-level models are arising from. The
ML Tobit model illustrates a strong negative association between BMI and pre-operative OHS, and
failing to account for these baseline differences appropriately when attempting to estimate change
leads to variation at baseline being incorporated in the estimate of change. Furthermore, the ability to
adjust both baseline and post-surgical OHS for their pronounced floor and ceiling effects respectively,
leads to unbiased estimates of the effect of interest. Unfortunately, due to the constraints on the level 1
variance, interpretation of the random effects are difficult, as they depend on the magnitude of the
variance applied in the constraint, see Supplementary.Figure 16. However, the models clearly
illustrate that change in PROMS following THR do not depend on BMI, and surgery appears to be
effective for patients regardless of their BMI.

Conclusion
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Floors and ceilings in PROM instruments have somewhat predictable effects on estimated coefficients
from standard OLS models that do not adjust for floor or ceiling effects, assuming the true underlying
association is known. As this is rarely the case, it is important to consider a variety of different data
generating processes to explore the likely impact on an analysis. It is important to consider the
validity of the assumptions underpinning the Tobit model, i.e. that the latent response is truly

continuous and that there is a true ceiling just beyond the range of the measurement being used.

Single-level Tobit models do not ameliorate floor and ceiling effects in simple analysis of change
scores. However, ML Tobit models appear to recover the effects of interest under specific
assumptions. The analysis of pre- post- designs require further constraints to ensure models are fully
identified. The difference between analytical approaches can profoundly alter the interepretation of
the model parameters, and this may have serious consequences if used to generate policy
inappropriately. For example, inappropriate analyses that fail to consider data generating process

appropriately may lead to the restriction of joint replacement for overweight or obese patients.

When designing a study to investigate the effect of an exposure on change in health status, it would be
preferable to use a measurement instrument that does not have floor or ceiling effects as inference is
less complicated, and design trumps analysis in most scenarios. If the use of measurement instrument
with floor and ceiling effects is unavoidable, it is preferable to collect data at 3 time points which
ensure models are fully identified, alleviating the need to constrain level 1 variance in order to
identify models, again design trumps analysis. If retrospective analysis of pre-post data sets are
required, it appears that using ML Tobit model with constrained level 1 error variance would be

preferable to single-level approaches.

Broadly speaking the analyses of this simulation are in agreement with the work of Glymour et al.,
that analysis of change and its interaction with an exposure at baseline, should not be adjusted for
baseline measurements in observational data. The presence of floor and ceiling effects in data requires

additional assumptions which makes things marginally more complex.
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1
2

3 T

2 ables

5

6 Table 1:

7

8 Model DGP 1: B3 =0 DGP2 : 3 =-3 DGP 3: f3=-3 DGP 4 : f3=-3
9 Estimate

10 MLM 1.1 (0.0024) -1.36 (0.0023) -026 (0.0024)  -0.23 (0.0025)
1 ML Tobit -0.0056 (0.0038) -3.03 (0.0037)  -3.04 (0.0037)  -3.01 (0.0037)
g ML Tobit 0525 -0.13  (0.0044) -3.01 (0.0042) -3.13 (0.0046)  -2.57 (0.0038)
14 ML Tobit 6e=10  -0.093 (0.0044) -3.09 (0.0042)  -3.14 (0.0045)  -3.05 (0.0041)
15 ML Tobit 62=15  .0.057 (0.0044) -3.09 (0.0042) -3.12 (0.0045)  -3.11 (0.0043)
16 ML Tobit 62=20  -0.04  (0.0044) -3.08 (0.0042)  -3.11 (0.0045)  -3.12 (0.0044)
17 ML Tobit 62=25  -0.031 (0.0044) -3.07 (0.0042) 3.1  (0.0045)  -3.11 (0.0044)
18 ML Tobit 62=30  -0.026 (0.0044) -3.07 (0.0042)  -3.09 (0.0045)  -3.1  (0.0045)
19 OLS SACS 1.1 (0.0024) -1.36 (0.0023) -026 (0.0024)  -0.23 (0.0025)
20 OLS ANCOVA  -0.31 (0.0022) -1.36 (0.002) -1.69  (0.0021)  -2.43  (0.0019)
21 OLS Post -136  (0.0023) -1.36 (0.0022)  -2.72 (0.0023)  -2.69 (0.0018)
;g Tobit SACS -0.72  (0.0044) -3.04 (0.0041) -3.78 (0.0044)  -4.83 (0.0048)
" Tobit ANCOVA  -0.5  (0.0046) -3.09 (0.0042) -3.61 (0.0045)  -5.5 (0.0042)
55 Tobit Post -3.07  (0.0049) -3.06 (0.0047)  -6.13 (0.005) -6.14  (0.004)
26 Coverage

7 MLM 0 (0) 0 (0) 0 (0) 0 (0)

28 ML Tobit 948  (0.7) 953 (0.67) 93.9  (0.76) 954  (0.66)
29 ML Tobit 02=5  67.5  (1.48) 86.7  (1.07) 71.6  (1.43) 46  (0.66)
30 ML Tobit 62=10 835  (1.17) 85 (1.13) 774 (1.32) 922 (0.85)
31 ML Tobit 62=15  91.1  (0.9) 87.7  (1.04) 85.7  (1.11) 86.8  (1.07)
32 ML Tobit 62=20 927  (0.82) 90 (0.95) 88.2  (1.02) 87.1  (1.06)
gj ML Tobit 62=25 934  (0.79) 91.6  (0.88) 89.5  (0.97) 882  (1.02)
35 ML Tobit 62=30  93.6  (0.77) 91.9  (0.86) 91.1  (0.9) 88.9  (0.99)
36 OLS SACS 0 (0) 0 (0) 0 (0) 0 (0)

37 OLS ANCOVA 0.8  (0.28) 0 (0) 0 (0) 0 (0)

38 OLS Post 0 (0) 0 (0) 24 (0.48) 0 (0)

39 Tobit SACS 0.1 (0.1 944  (0.73) 0 (0) 0 (0)

40 Tobit ANCOVA 72 (0.82) 89.7  (0.96) 1.2 (0.34) 0 (0)

41 Tobit Post 0 (0) 933  (0.79) 0 (0) 0 (0)

42 Model SE

43 MLM 0.074 (2E-05) 0.074 (2E-05) 0.077 (2E-05) 0.078 (2E-05)
44 ML Tobit 0.12  (3E-05) 0.12  (3E-05) 0.12 (3E-05) 0.12 (3E-05)
45 ML Tobit 62=5 0.1  (3E-05) 0.1  (3E-05) 0.11 (3E-05) 0.11 (4E-05)
46 ML Tobit 62=10 (.12  (3E-05) 0.12  (3E-05) 0.13  (4E-05) 0.12 (3E-05)
j; ML Tobit 05215 0.13  (4E-05) 0.13  (4E-05) 0.14 (4E-05) 0.13  (3E-05)
49 ML Tobit 0¢=20  0.13  (5E-05) 0.13  (5E-05) 0.14 (5E-05) 0.14 (4E-05)
50 ML Tobit 62=25 (.14  (5E-05) 0.13  (5E-05) 0.14 (6E-05) 0.14 (5E-05)
51 ML Tobit 62=30  0.14  (5E-05) 0.13 (5E-05) 0.15 (6E-05) 0.14 (5E-05)
52 OLS SACS 0.074 (2E-05) 0.074 (2E-05) 0.077 (2E-05) 0.078 (2E-05)
53 OLS ANCOVA 0.07  (2E-05) 0.065 (2E-05) 0.072 (2E-05) 0.059 (2E-05)
54 OLS Post 0.07  (2E-05) 0.07 (2E-05) 0.072 (2E-05) 0.055 (2E-05)
55 Tobit SACS 0.13  (5E-05) 0.13 (5E-05) 0.14 (6E-05) 0.15 (6E-05)
56 Tobit ANCOVA  0.14  (6E-05) 0.14 (6E-05) 0.15 (6E-05) 0.13  (6E-05)
;73 Tobit Post 0.15  (7E-05) 0.15 (6E-05) 0.16 (7E-05) 0.13  (6E-05)
59

60
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Figure Legends

Figure 1: Graphical illustration of a multi-level random intercept and slope model used to
generate data for a individual with average BMI.

Figure 2: Graphical illustration of the data generating process of the latent, measured, and
measured response with floor and ceiling effects. The Latent Response is y;j, the measured

response is y;;, and the measured response with censoring is yg-c .

Figure 3: Graphical Illustration of the four Data Generating Processes used to investigate the
effect of floor and ceiling effects on analysis of pre-post surgery change with BMI as an
exposure. Horizontal red lines at 0 and 48 indicate floor and ceilings of the measurement
instrument.

Figure 4: Plot of 1000 estimates by each DGP, for each method of analysis. Within each
method, the vertical axis is the repetition number of each simulated dataset. The white pipe
symbol is the average of the estimates.

Figure 5: Plot of 1000 estimated Standard Errors by each DGP, for each method of analysis.
Within each method, the vertical axis is the repetition number of each simulated dataset. The
white pipe symbol is the average of the standard errors.

Figure 6: Estimate and 95% Confidence Intervals of constrained ML Tobit, Single-level OLS
and Tobit: ANCOVA, SACS, and Post models.

Figure 7: Estimates and 95% confidence intervals of baseline and change in Oxford Hip
Score (OHS) pre and post surgery and its association with Body Mass Index (BMI) adjusted
for confounding.

Figure 8: Estimates and 95% confidence intervals of single-level approaches to the analysis
of change in Oxford Hip Score (OHS) pre and post surgery and its association with Body
Mass Index (BMI) adjusted for confounding.

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



oNOYTULT D WN =

BMJ Open Page 20 of 46

References

1. Frison L, Pocock SJ. Repeated measures in clinical trials: analysis using mean summary statistics
and its implications for design. Stat Med. 1992;11(13):1685-704.

2. Goldstein H. Tutorial in biostatistics-longitudinal data analysis (repeated measures) in clinical
trials. Stat Med. 2000;19(13):1821.

3. Kaiser L. Adjusting for baseline: change or percentage change? Stat Med. 1989;8(10):1183-90.

4. Matthews JN, Campbell MJ. Adjusting for baseline: change or percentage change. Stat Med.
1992;11(12):1624-6.

5. Senn S. Repeated measures in clinical trials: analysis using mean summary statistics and its
implications for design. Stat Med. 1994;13(2):197-8.

6. Senn S. Change from baseline and analysis of covariance revisited. Stat Med. 2006;25(24):4334-
44. doi:10.1002/sim.2682.

7. Senn S, Stevens L, Chaturvedi N. Repeated measures in clinical trials: simple strategies for analysis
using summary measures. Stat Med. 2000;19(6):861-77.

8. Vickers AJ. The use of percentage change from baseline as an outcome in a controlled trial is
statistically inefficient: a simulation study. BMC Med Res Methodol. 2001;1:6.

9. Vickers AJ, Altman DG. Statistics notes: Analysing controlled trials with baseline and follow up
measurements. BMJ. 2001;323(7321):1123-4.

10. Glymour MM, Weuve J, Berkman LF, Kawachi I, Robins JM. When is baseline adjustment useful
in analyses of change? An example with education and cognitive change. Am J Epidemiol.
2005;162(3):267-78. doi:10.1093/aje/kwil 87.

11. Twisk J. Applied longitudinal data analysis for epidemiology : a practical guide. Cambridge:
Cambride University Press; 2004.

12. Twisk J, Rijmen F. Longitudinal tobit regression: a new approach to analyze outcome variables
with floor or ceiling effects. J Clin Epidemiol. 2009;62(9):953-8. doi:10.1016/j.jclinepi.2008.10.003.
13. Holla JFM, van Beers-Tas MH, van de Stadt LA, Landewe R, Twisk JWR, Dekker J et al.
Depressive mood and low social support are not associated with arthritis development in patients with
seropositive arthralgia, although they predict increased musculoskeletal symptoms. RMD Open.
2018;4(1):e000653. doi:10.1136/rmdopen-2018-000653.

14. Moran LJ, Fraser LM, Sundernathan T, Deussen AR, Louise J, Yelland LN et al. The effect of an
antenatal lifestyle intervention in overweight and obese women on circulating cardiometabolic and
inflammatory biomarkers: secondary analyses from the LIMIT randomised trial. BMC Med.
2017;15(1):32. doi:10.1186/512916-017-0790-z.

15. Ravona-Springer R, Moshier E, Schmeidler J, Godbold J, Akrivos J, Rapp M et al. Changes in
glycemic control are associated with changes in cognition in non-diabetic elderly. J Alzheimers Dis.
2012;30(2):299-309. doi:10.3233/JAD-2012-120106.

16. Zhu L, Gonzalez J. Modeling Floor Effects in Standardized Vocabulary Test Scores in a Sample
of Low SES Hispanic Preschool Children under the Multilevel Structural Equation Modeling
Framework. Front Psychol. 2017;8:2146. doi:10.3389/fpsyg.2017.02146.

17. Coombes R. Rationing of joint replacements raises fears of further cuts. BMJ.
2005;331(7528):1290. doi:10.1136/bmj.331.7528.1290.

18. Finer N. Rationing joint replacements: trust's decision seems to be based on prejudice or
attributing blame. BMJ. 2005;331(7530):1472. doi:10.1136/bm;j.331.7530.1472-a.

19. McNicol MW. Rationing joint replacements: ...and is false economy resulting in overall damage.
BMJ. 2005;331(7530):1473. doi:10.1136/bm;.331.7530.1473.

20. Workgroup of the American Association of H, Knee Surgeons Evidence Based C. Obesity and
total joint arthroplasty: a literature based review. J Arthroplasty. 2013;28(5):714-21.
doi:10.1016/j.arth.2013.02.011.

21. Morris T, White I, Crowther M. Using simulation studies to evaluate statistical methods. Stat
Med. 2019. doi:https://doi.org/10.1002/sim.8086.

22. Smith AJ, Dieppe P, Howard PW, Blom AW, National Joint Registry for E, Wales. Failure rates
of metal-on-metal hip resurfacings: analysis of data from the National Joint Registry for England and
Wales. Lancet. 2012;380(9855):1759-66. doi:10.1016/S0140-6736(12)60989-1.

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



Page 21 of 46 BMJ Open

23. Smith AJ, Dieppe P, Vernon K, Porter M, Blom AW, National Joint Registry of E et al. Failure
rates of stemmed metal-on-metal hip replacements: analysis of data from the National Joint Registry
of England and Wales. Lancet. 2012;379(9822):1199-204. doi:10.1016/S0140-6736(12)60353-5.

oNOYTULT D WN =

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



eing

RNOYULT DA WN =
%

18

100

50

B,= 10, BBMOOEer10, 0,,=15,0,=3 Page 22 of 46

or peer re§iEgesyily - http://bmjopen.bmj.com/site/about/guidelines.xhtml

Time



Page 23 of 46 Latent Response BMJ Open Measured response

80 80
1 60 60
22 @
3§ 40- 2 404
42 z

20 20
5
6 o 0
7 Ti Ti
8 Ime Ime
9
10 Measured response with censoring
11 80+
12 .
13,
14]-3 40-
1%
16 20-
17
18 © jopen.bmj.com/site/about/guidelines.xhtml
19 Time




DGP 1: B,=-3, Bi= 0, pux= 0BMIOPEN  pGp 2. g= 0, B,= -3 Ppge24of 46

60 60
1 2 40- £ 40+
28 2
32 2- 2 20-
4
5 0 0
6 Time Time
7
8 DGP 3: B,=-3, B5=-3, Pur= O DGP 4: B,=-3, 5= -3, Puoi=-0.5
9 60 60

> {eiBems
N IS
o S
1 1
Well-being
N IS
2 9

Time Time

17
1g—For peer review-enty—http://brjepenbmj.com/sitefabeut/guidetinesxhtml

19nder Weight [-2] Normal [-1]  Overweight [0] Obese [1]  Morbidly Obese [2]
20



Page 25 of 46

MLM
ML Tobit

ML Tobit &=5
ML Tobit 0°,=10
ML Tobit o°,=15
ML Tobit 0?,=20
ML Tobit 0°,=25
ML Tobit o’,=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

MLM

ML Tobit

ML Tobit ¢°=5
ML Tobit 0°:=10
ML Tobit o’.=15
ML Tobit °;=20
ML Tobit 0°,=25
ML Tobit o°;=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

DGP 1: 3,=0

-6 -4 -2
Estimates

DGP 3: B=-3

Forpeer reyiew only - Rttpy7bmjopen.bmj.com/site/aboyt/guidglinés xiatmr

Estimates

BMJ Open

MLM
ML Tobit

ML Tobit &°,=5
ML Tobit 0°,=10
ML Tobit o?=15
ML Tobit 0°,=20
ML Tobit 0?;=25
ML Tobit o?,=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

MLM

ML Tobit

ML Tobit o°.=5
ML Tobit 0°:=10
ML Tobit 0*.=15
ML Tobit 0°:=20
ML Tobit 0?=25
ML Tobit 0?;=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

DGP 2: B,=-3

Estimates

-6 -4 -2 0
Estimates
DGP 4: 3;=-3
P 1
P |
A

T v

0



oNOYTULT D WN =

MLM
ML Tobit

ML Tobit &=5
ML Tobit 0°:=10
ML Tobit o°,=15
ML Tobit 0°:=20
ML Tobit 0°,=25
ML Tobit &°;=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

MLM
ML Tobit

ML Tobit =5
ML Tobit 0°;=10
ML Tobit 0°,=15
ML Tobit 0°;=20
ML Tobit 0°,=25
ML Tobit 0°:=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

BMJ Open

MLM
ML Tobit

ML Tobit &,=5
ML Tobit 0°:=10
ML Tobit o?;=15
ML Tobit 0°,=20
ML Tobit ;=25
ML Tobit 0°:=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

MLM
ML Tobit

ML Tobit &°.=5
ML Tobit 0°:=10
ML Tobit o?=15
ML Tobit 0°;=20
ML Tobit 0?;=25
ML Tobit 0°,=30
OLS ANCOVA
OLS SACS

OLS Post

Tobit ANCOVA
Tobit SACS
Tobit Post

DGP 2: B,=-3

Page 26 of 46

DGP 4: B,=-3

o
1
1 3
| 2

FRI peér review only - NEtp/7bmjopen.bmj.com/site/apout/guidelinesXhtmi;,

SE

SE



Page 27 of 46

1 MLTobit =10 b+

2 ML Tobit g=15 —H

3

4 ML Tobit £=20 [

Z ML Tobit &=25 —H

7 ML Tobit &=30 —+H

8

9 OLSANCOVA HH

1(1) OLS SACS o

12 OLS Post =

13

14 Tobit ANCOVA —H

12 Tobit SACS -

17 Tobit Post

18

19 T T T T T
20 -1.5 -1 . -5 0 .5
21 Estimate

22 For peer review only - http://bmjo.pen.bmj.com/site/aboutégouidelines.xhtml

23 + Estimate = +————— 95%ClI

24

prg—

BMJ RBRPExemplar




o

© “Basel

21+

20

19+

18 1

17+

16+

15

14+

13 1

Crude

/—\\

- 25

24

23

22

21

20

19

18

214

20+

19 1

18+

17+

16+

15+

14+

134

L e e B
10 20 30 40 50 60

BMI kg.m”
Surgeon adj.

- 26

25

- 24

23

22

-21

- 20

19

18

21+

20

19+

18 1

17+

16+

15

14+

131

L B B B
10 20 30 40 50 60

BMI kg.m™
Deprivation adj.

26

- 25

24

23

22

21

20

19

18

Change OHS
Baseline OHS

Change OHS

Change OHS

-26 BMJOpen 21 -

Baseline OHS

20

19+

18

17+

16

15+

14+

13+

Patient adj. Pa

25

24

23

22

21

20

19

18

214

20

194

18+

17+

16

15+

14+

13+

T T T T T T T T T 1
10 20 30 40 50 60
BMI kg.m”

Centre adj.

26

25

24

23

22

-21

20

19

18

T T T T T T T T T T T
10 20 30 40 50 60
BMI kg.m

Baseline
95% ClI
—— —— Change

1'0 Fof@éeg@ﬁie%o’nlg}d Httéfb//bmjopen.bmj.com/site/about/guidelines.xhtml

BMI kg.m”

ge @8 of 46

Change OHS

Change OHS



D9 of 46 Crude BMJ Opan; Patient adj.

40

35

30

25

20-

30 40
BMI kg.m”

Centre adj.

451

3ﬂ5j

3810
39
40 ]
4135
42
43 ]
4480
45 A
46 |
4725
48
49

T
30

10 20 40 50 60 10 20 30 40 50 60
BMI kg.m” BMI kg.m”
Deprivation adj.
OLS ANCOVA Tobit ANCOVA
—— — OLS SACS —— — Tobit SACS
----- OLS Post ----- Tobit Post

5020 7
51
52
53

1'0 ' FZJH peer Laéd/iev'v O'Zléf - Httpg‘ébm'jopg'a.bmj.com/site/about/guidelines.xhtml
BMI kg.m”



oNOYTULT D WN =

Supplementary Figures

BMJ Open

Supplementary.Figure 1: Inclusion / Exclusion Criteria of the NJR study.
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Supplementary.Figure 2: Description of covariate missing data in eligible data
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Supplementary.Figure 3: Description of National PROMS linkage to the NJR

BMJ Open

PROMS Recorded on HES
N= 415165

A

Unique PROMS Recorded on HES
N= 409256

A

PROMS linked to NJR
N= 337481

A

Unique linked NJR PROMS records
N= 337385
N(Procedures)=337397

A

PROMS linked to NJR CC dataset
N(Procedures)= 195875

v

Pre & Post Op PROMS linked
to NJR CC dataset
N(Procedures)= 162,513

Deduplication [Q1 Complete, Q2 Complete, Q1 N=5909
Complete Date, Episode Match Rank]
' L
PROMS not in NJR N=71775
A
Duplicates removed after linkage N=96
[Q1 complete, Q2 complete, Q1 Complete
Date]
A
Unlinked NJR to PROMS N= 188993
Unlinked PROMS to NJR N=133677
A
Q1 Complete, Q2 Complete N=31225
Q1 Incomplete, Q2 Incomplete N= 539
Q1 Incomplete, Q2 Complete N= 1598

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

Page 32 of 46



Page 33 of 46

oNOYTULT D WN =

BMJ Open

Supplementary.Figure 4: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 1. The vertical axis is the centile of the two-sided p-value against Ho :
S3=0 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 5: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 1. The vertical axis is the centile of the two-sided p-value against Ho :
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Supplementary.Figure 6. “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 1. The vertical axis is the centile of the two-sided p-value against Ho :
S3=0 associated with the confidence interval for Single level OLS and Tobit models.
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Supplementary.Figure 7: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 2. The vertical axis is the centile of the two-sided p-value against Ho :

[3=3 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 8: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 2. The vertical axis is the centile of the two-sided p-value against Ho :
p3=3 associated with the confidence interval for ML Tobit models with varying constraints of

of
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Supplementary.Figure 9: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 2. The vertical axis is the centile of the two-sided p-value against Ho :
[3=3 associated with the confidence interval for Single level OLS and Tobit models.
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Supplementary.Figure 10: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 3. The vertical axis is the centile of the two-sided p-value against Ho :
[3=3 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 11: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 3. The vertical axis is the centile of the two-sided p-value against Ho :

p3=3 associated with the confidence interval for ML Tobit models with varying constraints of
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Supplementary.Figure 12: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 3. The vertical axis is the centile of the two-sided p-value against Ho :
[3=3 associated with the confidence interval for Single level OLS and Tobit models.

oNOYTULT D WN =

DGP 3: 83=-3

10 OLS ANCOVA OLS SACS OLS Post

11 95 - 95 - 95 - 1

15 50- 50- 50-

N
o

Tobit ANCOVA Tobit SACS Tobit Post

24 95 - = 95- = 95 -

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



oNOYTULT D WN =

BMJ Open Page 42 of 46

Supplementary.Figure 13: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 4. The vertical axis is the centile of the two-sided p-value against Ho :
[3=0 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 14: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 4. The vertical axis is the centile of the two-sided p-value against Ho :

p3=0 associated with the confidence interval for ML Tobit models with varying constraints of
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Supplementary.Figure 15: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 4. The vertical axis is the centile of the two-sided p-value against Ho :
£3=0 associated with the confidence interval for Single-level OLS and Tobit models.
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Supplementary.Figure 16: Marginal effect of level 1 error variance (¢2) constraint on level 2
variance components
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Supplementary.Table 1: Simulation estimates of performance characteristics (Monte Carlo
Standarc Error in parantheses)

Model DGP 1: B; =0 DGP2 : B; =-3 DGP 3: B; =-3 DGP 4: B3 =-3
MLM 0.075 (0.0017) 0.072 (0.0016) 0.075 (0.0017)  0.079 (0.0018)
ML Tobit 0.12 (0.0027) 0.12 (0.0026) 0.12 (0.0026) 0.12 (0.0026)
ML Tobit 02=5 0.14 (0.0031) 0.13 (0.0029) 0.14 (0.0032) 0.12 (0.0027)
ML Tobit 2 =10 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.13 (0.0029)
ML Tobit 02=15 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.003)
& ML Tobit 02=20 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.0031)
-T“é ML Tobit 02=25 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.0031)
g ML Tobit 62=30 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.0031)
£ olssacs 0.075 (0.0017) 0.072 (0.0016) 0.075 (0.0017)  0.079 (0.0018)
OLS ANCOVA 0.07 (0.0016) 0.064 (0.0014) 0.068 (0.0015)  0.059 (0.0013)
OLS Post 0.072 (0.0016) 0.07 (0.0016) 0.071 (0.0016)  0.056 (0.0013)
Tobit SACS 0.14 (0.0031) 0.13 (0.0029) 0.14 (0.0031)  0.15 (0.0034)
Tobit ANCOVA 0.14 (0.0032) 0.13 (0.003) 0.14 (0.0032)  0.13 (0.003)
Tobit Post 0.16 (0.0035) 0.15 (0.0034) 0.16 (0.0035)  0.13 (0.0028)
MLM 1.21 (0.0052) 2.69 (0.0075) 7.54 (0.013) 7.66  (0.014)
ML Tobit 0.014 (0.0007) 0.014 (0.0006) 0.015 (0.0007)  0.014 (0.0006)
ML Tobit 02=5 0.036 (0.0015) 0.017 (0.0008) 0.038 (0.0015) 0.2  (0.0033)
ML Tobit 62=10 0.028 (0.0012) 0.025 (0.0011) 0.041 (0.0015)  0.019 (0.0009)
. ML Tobit 02=15 0.023 (0.001) 0.026 (0.0011) 0.035 (0.0013)  0.032 (0.0014)
S ML Tobit 62=20 0.021 (0.0009) 0.024 (0.001) 0.032 (0.0013)  0.033 (0.0014)
% ML Tobit 02=25 0.02 (0.0009) 0.023 (0.001) 0.03 (0.0012)  0.032 (0.0014)
i‘» ML Tobit 62=30 0.02 (0.0009) 0.022 (0.001) 0.029 (0.0012)  0.031 (0.0014)
© OLSSACS 1.21 (0.0052) 2.69 (0.0075) 7.54 (0.013) 7.66  (0.014)
= OLS ANCOVA 0.1 (0.0014) 2.68 (0.0066) 1.71  (0.0056)  0.33  (0.0021)
OLS Post 1.86 (0.0062) 2.68 (0.0073) 0.085 (0.0013)  0.097 (0.0011)
Tobit SACS 0.54 (0.0064) 0.018 (0.0008) 0.63  (0.0069)  3.37 (0.018)
Tobit ANCOVA 0.27 (0.0046) 0.027 (0.0011) 0.39 (0.0056)  6.25 (0.021)
Tobit Post 9.42 (0.03) 0.027 (0.0012) 9.81  (0.031) 9.88  (0.025)
MLM -1.31 (2.21) 1.98 (2.28) 2.74  (2.3) 031 (2.23)
ML Tobit 0.95 (2.22) 0.79 (2.25) 237 (2.29) 1.66  (2.27)
ML Tobit =5 285 (1.6) 228  (1.73) -23.8  (1.71) 7.01  (2.08)
s MLTobitgZ=10 | -145 (1.91) 103 (2.01) 8.8  (2.04) -3.97  (2.15)
S MLTobit 02=15 -7.35 (2.07) -3.54 (2.16) 241 (2.18) 246  (2.18)
2 MLTobit 62=20 429 (2.14) -0.57 (2.22) 026 (2.24) 1.4 (2.21)
% ML Tobit 02=25 3.04 (2.17) 0.65 (2.25) 1.35  (2.27) 08  (2.22)
“ ML Tobit 62=30 2,51 (2.18) 1.17  (2.26) 1.83  (2.28) 047 (2.23)
OLS SACS 1.3 (2.21) 1.99 (2.28) 275  (2.3) 03 (2.23)
OLS ANCOVA 0.5 (2.23) 1.51 (2.27) 6.84  (2.39) -0.54 (2.23)
OLS Post -1.96 (2.19) -0.086 (2.24) 146 (2.27) -1.25  (2.21)
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Tobit SACS -2.97 (2.17) 2.09 (2.28) 2.82 (2.3) -0.056 (2.24)
Tobit ANCOVA -0.19 (2.23) 2.21 (2.29) 4.01 (2.33) -1.35 (2.21)
Tobit Post -2.82 (2.17) 1.27 (2.27) 274 (2.3) 0.83 (2.26)
MLM 247(14.1) 232.3(13.9) 275.4 (16.9) 132.5 (6.66)
ML Tobit 37.8 (4.36) 28.3 (4.07) 50.5 (5.64) 6.08 (3.13)
ML Tobit 62=5
ML Tobit 0'£2=10 -0.034 (0.97) -0.92 (1.07) 3.91 (1.24) -13.3 (1.5)
< ML Tobit 62=15 0.62 (1.22) -1.66 (1.37) 3.24  (1.52) 225 (1.68)
@ ML Tobit 62=20 1.22 (1.3) -1.7 (1.44) 257  (1.6) -26 (1.7)
2 MLTobit 62=25 1.67 (1.33) -1.52 (1.47) 231 (1.62) 272 (1.7)
2 ML Tobit 62=30 1.99 (1.34) -1.34 (1.47) 229 (1.63) 275  (1.69)
% OLS SACS 247(14.1) 232.3(13.9) 275.4 (16.9) 132.5 (6.66)
= OLS ANCOVA 297.2(16) 327.4(14.8) 357.6 (20.9) 310.3 (18.8)
OLS Post 281.7(15.5) 250(14.8) 3129 (19.2) 360.1 (21.2)
Tobit SACS 2.26 (1.94) 1.8 (1.89) 7.48 (2.72)  -386  (2.12)
Tobit ANCOVA -5.67 (3.07) -2.33 (1.55) 1.52  (3.56) -19.1  (3.59)
Tobit Post -19.5 (2.6) 22,5 (2.6) -15.9  (2.95)  -10.6  (4.08)
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Abstract (290 Words)

Objectives

This study has three objectives. 1) Investigate the association between body mass index (BMI) and the
efficacy of primary hip replacement using a Patient Reported Outcome Measure (PROMs) with a
measurement floor and ceiling. 2) Explore the performance of different estimation methods to
estimate change in PROMs score following surgery using a simulation study and real word data where
data has measurement floors and ceilings. 3) Lastly, develop guidance for practicing researchers on

the analysis of PROMs in the presence of floor and ceiling effects.

Design

Simulation study and prospective national medical device regiseter

Setting

National register of joint replacement and medical devices

Methods

Using a Monte-Carlo simulation study and data from a national joint replacement register (162,513
patients with pre/post surgery PROMs) we investigate simple approaches for the analysis of outcomes
with floor and ceiling effects that are measured at two occasions: linear and Tobit regression (baseline
adjusted ANCOVA, change-score analysis, post-score analysis) in addition to linear and multi-level

Tobit models.

Primary outcome

The primary outcome of interest is change in patient reported outcome measures from pre-surgery to 6

months post-surgery.

Results

Analysis of data with floor and ceiling effects with models that fail to account for these features
induce substantial bias. Single level Tobit models only correct for floor or ceiling effects when the
exposure of interest is not associated with the baseline score. In observational data scenarios, only

multi-level Tobit models are capable of providing unbiased inferences.

Conclusions

Inferences from pre/post studies that fail to account for floor and ceiling effects may induce spurious
associations with substantial risk of bias. Multi-level Tobit models indicate the efficacy of total hip
replacement is independent of BMI. Restricting access to total hip replacement based on a patients

BMI can not be supported by the data.
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Strengths and limitations of this study

e We use a comprehensive simulation study and large prospective study set to investigate the
effect of floor and ceiling effects in the analysis of change in patient reported outcome
measure pre- and post- surgery.

e We demonstrate the use and performance of mutli-level Tobit models to estimate change in
patient reported outcome measures with floor and ceiling effects and compare them to simple
analytical approaches.

e  We compare and demonstrate a variety of estimators in simulation under a variety of different
data generating mechanisms and compare results to real world data.

e This is the largest and most comprehensive analysis of the effect of BMI on the efficiacy of

total hip replacement and provides data which will influence the provision of hip replacement.

Keywords

Multi-level Tobit Model, Change Scores, Epidemiologic Methods, Arthroplasty, Patient Reported

Outcome Measures, Longitudinal Studies
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Introduction

In many non-randomised experiments, researchers are interested in assessing how change in health
status is associated with a covariate of interest. Whilst there is much guidance available on assessing
change in randomised experiments, and extensive discussion with respect to efficiency and bias !,
the guidance in non-randomised studies is less clear. The principle difference is that in observational
studies we do not expect balance between different levels of an exposure at baseline, in addition to
expecting imbalance in other confounding factors. Glymour et al. advocate the use of, simple analysis
of, change scores (SACS) without baseline adjustment to achieve unbiased causal effect estimates
using causal arguments presented through Directed Acyclic Graphs (DAGS) 0. They briefly suggest
that in settings with floor and/or ceiling effects, that standard change analyses with and without
baseline adjustment are both biased, and non-standard analyses based on Tobit models (censored
regression) may ameliorate floor and ceiling problems. The degree to which Tobit models ameliorate
the problems caused by floor and ceiling effects is unclear. Some authors suggest that using
percentage change is one strategy to avoid dealing with floor and ceiling effects, but Twisk
highlighted that this simply represents a linear transformation of change !'!, and therefore does not deal
with the problem of floor and ceiling effects. Twisk also describes the use of a longitudinal (multi-
level) Tobit regression model to appropriately account for floor and ceiling effects in studies with
repeated measures '2. However, since its publication in 2009 there have only be a handful of analyses
that use multi-level Tobit models'3-'®, suggesting that lack of familiarity with these methods or
understanding of when they can and should be applied has deterred analysts in their use, or when they

can be applied.

Multi-level Tobit models are now incorporated in mainstream statistical software packages, such as
Stata. Given their accesibility, they could arguably be used more frequently than they are. This is
relavent considering that the use of measurement instruments with floor and ceiling effects are
omnipresent in health related research. Examples include outcomes in health related quality of life
(e.g. EQ5SD, SF-36, SF-12), psychological wellbeing (e.g Hospital Anxiety and Depression Scale
(HADS), Edinburgh Postnatal Depression Scale (EPDS)), and disease specific measures of wellbeing
(e.g. Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) and Oxford Hip
Score (OHS) as used in patients with osteoarthritis). Despite this, there is very little guidance
available with respect to the consequences of using measurement instruments with floor or ceiling
effects, when attempting to make inferences about the effect of an exposure on the change (between

two time points) of an outcome of interest.

In this paper we use a Monte-Carlo simulation study to compare the performance of multi-level linear
and Tobit models, Ordinarily Least Squares (OLS) regression and single-level Tobit regression, with

and without adjustment for baseline scores, in the analysis of change in three different non-
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randomised experiments, and a randomised experiment. We also demonstrate the use of these models

using real world data from a large national joint replacement register.

We motivate the simulation and exemplar data analysis using an example from joint replacement
research describing the association between body mass index (BMI) and the change in a disease
specific patient reported outcome measure (PROM), the Oxford Hip Score (OHS). The issue is
contentious in the UK '"-1° and USA 2° as some organisations suggest restricting joint-replacement to
patients based on their BMI, citing an increased risk of revision surgery and lack of efficacy of
surgery. The small increase in absolute risk of revision in obese patients, must be balanced against the
other benefits of joint replacement, including a reduction in pain and improved physical functioning.
Therefore, it is of interest to clinicians, policy makers, and patients to know the relative effect of

obesity on the efficacy of total hip replacement compared to “normal weight patients”.
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Methods

Simulation Study Aims

We investigated the performance of four different methods of analysis, when estimating the effect of
an exposure (BMI) on change in response (PROM) before and after total hip replacement with floor
and ceiling effects using the Aims, Data Generating Process (DGP), Methods, Estimand, Performance

(ADMEP) approach recomended by Morris et al. [21].

Data Generating Process (DGP)

We simulated longitudinal data of “well-being” before and after surgery. We assume that “well-
being” is a latent, truly continuous and stable construct which is measured imperfectly by the OHS.
Measurement error and floor/ceiling effects are then added to the latent construct to illustrate their

consequences.

We assume the response, well-being, is a latent construct (y;j ) measured at the i occasion, where i
varies from 0 (pre-surgery) to 1 (1 year post-surgery), for the j” individual is modelled as a linear
function of time. xo; is mean-centred BMI categories according to WHO criteria i.e. -2 = BMI<18.5
(under weight), -1=18.5<BMI<25 (normal), 0=25<BMI<30 (overweight), 1=30<BMI<35 (obese), and
2= BMI>35 (morbidly obese), i.e. xo;=0 is a patient with a BMI classed as overweight.

yii = Bo+ uo; + (B1 + ugj Ity + Baxoy + Baxoj tyj
050

Upj
o), 0= |70
u u

ulj

where t;; is the time at which measurement i was taken on individual j, coded as 0 at pre-surgery and
1 post-surgery. fois the baseline population average response for a patient with average BMI, and uy;
represents the j individual difference from the baseline response. The sum of By + u; is the
individual baseline response for a patient with average BMI. 51 represents the population average
change per unit increase in time for a patient with average BMI, and uy; represents the j individual
difference from the population average change per unit increase in time. The sum f1 + uy; is the
individual average change per unit increase in time for a patient with average BMI. 8, represents the
effect of a 1-unit increase in the exposure (Xo;) of interest (BMI) pre-surgery and 33 represents the
effect of a I-unit increase in BMI (xo;) on the pre-post surgery change in well-being (y;; ). The
variance in individual deviations from the population average response at baseline and the average
rate of change are 02y and 02, respectively. The covariance between baseline measurements and rate

of change is characterised by ;91 (With correlation py01).
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Under the assumption of linear change, data was simulated from a multi-level model with a random

intercept and slope, see Figure 1 for an illustration of a patient trajectory with an average BMI.
<Figure 1 Here>

The observed response without floor and ceiling effects (y;;) is simulated by adding measurement

error in the linear trajectory, &;; , to the latent response, where &;;~N (0,03).

Vi =Yij * & 2
A response with floor and ceiling effects yg_c is simulated by restricting the response to lie between 0

and 48.

0 if_’yij <0
yg.c =<Yij if 0< Yij <48 3

See Figure 2 for a graphical illustration of the trajectory generation: we first simulate y;;, then add
some measurement error ( &;) to yield an observed response (y;;), and finally add floor and ceiling
effects to obtain the observed truncated response (yfjc).

<Figure 2 Here>

We compared 4 DGPs to illustrate a range of scenarios by manipulating 8, 3, and pum(aum) to
influence the association between pre- and post-surgery outcomes. o, 1, 00, 0u1, and ogjwere fixed
at 10, 40, 10, 15 and 3 respectively. DGP 1 is a null model, where there is a baseline effect of the
exposure is B2= -3, but the exposure did not influence change over time (53= 0), and there is no

correlation between baseline values and subsequent change (p,,01=0).

DGP 2 replicates a simple randomised trial where there is no difference between levels of the
exposure at baseline (2= 0), but the exposure did influence change over time (3= -3), and there is no
correlation between baseline values and subsequent change ( py,01=0). DGP 3 and DGP 4 replicate a
cohort study, where there is a difference between levels of the exposure at baseline (5,=-3), and the
exposure also influenced change over time (3= -3). DGP 3 specified no correlation between baseline
values and subsequent change (p401=0), whereas DGP 4 specified a negative correlation between
baseline values and change (p,01=-0.5), reflecting the fact the joint-replacement surgery has the
tendency to normalise an individuals well-being, see Figure 3 for an illustration of the associated

trajectories.
<Figure 3 Here>

We conducted a Monte-Carlo simulation with 1000 replicated datasets, each with 10,000 patients. A

balanced dataset, i.e. 3 data points for each individual, was simulated to ensure identification of the
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linear and Tobit multi-level models occurred, i.e. two data points allows estimation of baseline and
change parameters but not measurement error. The middle data point was then dropped to replicate a

pre/post design.

Method of analysis

For data sets with 3 measurement occasions, a linear multi-level model and a multi-level Tobit model

(MLTM) that reflects the data generating process were fitted to the data, see equation 1.

In datasets with 2 measurement occasions, i.e. a pre-post design, single-level OLS and Tobit models
were fitted to the data. Tobit models were only used when floor and ceiling effects had been

simulated. Three different models were explored:
1) A simple model for post surgery well-being.

FC _
yijy =ai+ @2X + & 4

2) A Simple Analysis of Change Score (SACS).

VI — ¥8F) = ag + azxy; +g 5

3) A model for change adjusted for baseline i.e. baseline adjusted ANCOVA. This model is
equivalent to a model for the post score adjusted for baseline ANCOVA, with the exception of the

interpretation of the intercept.

F
if = ¥bf) = as + aoxg+ aroypf + ¢ 6

In addition, an under-identified MLTM model, equivalent to equation 1with constrained error

variance o2 was fitted in the spirit of a sensitivity analysis, where 02 was constrained to a value from

5, 10, 15, 20, 25 and 30.

Estimand

The estimand of interest is the population average effect of the interaction between the exposure and
change in slope i.e. 53 the pre-post surgery change in well-being. We test whether the exposure

modifies the improvement post-surgery (i.e. the null hypothesis that f3 = 0).

Performance

The performance of each method was explored in terms of bias, coverage, empirical standard error,

model based standard error, mean square error, relative error and relative precision.

National Joint Registry of England, Wales, Northern Ireland, and the Isle of Man (NJR)

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



oNOYTULT D WN =

BMJ Open Page 10 of 45

Using data from the NJR, we investigated the association between BMI and a patient reported
outcome measure, the OHS, in patients undergoing elective total hip replacement (THR) between 1%

April 2003 and 22" February 2017.

Data source

The NJR commenced data collection in April 2003; at inception it was mandatory for all THRs
conducted in the private sector to be entered into the NJR, and from 2011 all THR procedures in the
public and private sector were required to be entered into the NJR. A recent national audit of data
entered into the NJR between 2014 and 2015 estimated data capture of 95% for primary THR and
91% for revision THR.

Inclusion/exclusion criteria

All consenting patients undergoing THR were eligible to be included in the analysis. Patients were
included if their patient history was unique and consistent, i.e. contained no duplicates, revision prior
to primary, or currently held in query by the submitting unit. Due to the requirement for reliable date
information, patients who were indicated to have died prior to undergoing a procedure, were more
than 110 years of age, had undergone a procedure prior to their date of birth, or received a procedure
prior to 2003 were excluded from the analysis. Only primary THRs, where the primary indication for
operation was osteoarthritis (OA) with unique prosthesis combinations were included in the analysis.
All THRs with metal-on-metal bearing combinations were excluded from the analysis due to the
exceptionally high failure rate in this group[22, 23]. Patients who were less than 50 years of age at the
date of the index THR were also excluded, due to the high likelihood that these cases are due to OA

secondary to other pathology.
See Supplementary.Figure 1 for a detailed breakdown of inclusion criteria.

Primary exposure

The primary exposure of interest in this study is BMI. BMI was introduced into the second “Minimal
Data Set” in 2004. Patients with BMI between 10 and 60 were included in the analysis. BMI measures
were excluded as implausible if height and weight measures were less than 130cm and weight less

than 30kg respectively. See Supplementary.Figure 2.

Primary outcome

The primary outcome of interest in this study is change in OHS after surgery. Linked National
PROMs were first available in 2009, see Supplementary.Figure 3 for details of linkage.

Confounding factors

Pre-operative confounding factors were thematically organised into groups: 1) Patient factors included

sex, American Society of Anesthesiologists (ASA) grade, and operation funder. 2) Operation factors
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included fixation, approach, patient position during surgery, anaesthetic type, thromboprophylaxis
regime, bearing, and year of primary THR. 3) The setting of the treatment episode (i.e. private or
NHS hospital). 4) Consultant based factors included the training status of the primary surgeon
performing the operation. 5) Deprivation factors were based on the English indices of multiple

deprivation (an area based index of deprivation).

Statistical analyses

Means, standard deviations and interquartile points were used to describe continuous variables.

Frequencies and percentages were used to describe categorical variables.

The association between change in PROMS score was investigated using the same single-level
methods and the ML Tobit model with constrained error variances described in the simulation study
as an exemplar. In addition, we conducted more comprehensive analyses using restricted cubic splines
to model the BMI association in the ML Tobit model with constrained error variance, single-level
linear and Tobit SACS, ANCOVA, and Post score models. In the ML Tobit model, BMI was
modelled with restricted cubic splines at baseline and its interaction with time. Correspondingly, we
adjusted OHS for patient and deprivation confounding factors at baseline and operation, setting and
confounding factors with an interaction with time i.e. operative factors and settings influence the
change in outcome but not the baseline response. In single-level models, the effect of BMI was
modelled using restricted cubic splines and adjusted for confounding factors using standard regression

approaches.

Missing data

Due to the method of data collection in the national PROMS program, item non-response is masked.
Defacto mean imputation of up to two missing items in the OHS occurred automatically. In addition,
despite valid values appearing with individual OHS items, if the questionnaire was marked as “not
complete”, implausible overall scores were obtained. For simplicity only patients with complete pre-
operative and post-operative PROMS were used in the analysis. BMI is missing in a substantial
proportion of the cohort. Patients prior to 2004 did not have BMI recorded, and the proportion of
patients with missing BMI in 2004 is large. In 2009 ~40% of patients did not have BMI recorded; this

reduced year on year and in 2016 was ~18% of eligible patients.
For pedagogic simplicity we use complete-case analyses throughout.

Patient and Public Involvement

Patient representatives sit on the committee structure of the National Joint Registry. The research
priorities of the National Joint Registry are identified by this committee structure and approved by the
patient representatives. Patients were not involved in the setting of the research question or the

outcome measures, nor were they involved in designing or implementing this work or interpretation of
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the results. We are unable to disseminate results of this study directly to study participants due to the
anonymous nature of the data. We plan to disseminate our findings to the National Joint Registry, via
their communications team, to relevant individuals with regards to the provision of joint replacement

and to the general population through the local and national press.

Results

Simulation Study

Figure 4 illustrate the results from the MC simulation for each DGP. It is clear that MLM, OLS
methods, and in DGP’s 1, 3, and 4 (observational scenarios) single-level Tobit models all exhibit
substantial bias. Only the ML Tobit with 3 datapoints provides unbiased estimates in all scenarios.
Constrained ML Tobit models are close to being unbiased, but slightly over estimate the effect size,
see Table 1, Single-level Tobit models also provide unbiased estimates for DGP 2 (the randomised
trial). Empirical standard error, mean squared error, relative error and relative precision for each of

the methods are reported in Supplementary.Table 1.

Figure 5 illustrates the spread of model based standard errors (SE) for each method by DGP. It is clear
that the variation and absolute magnitude of SE in MLM with 3 data points per person is less than that
of ML Tobit Models. Similarly, model based SEs from OLS methods are smaller and less variable
than single-level Tobit methods. In DGP 2, the randomised trial, it is interesting to note that the SE
from Tobit ANCOV A models are marginally smaller than for Tobit SACS. Whilst there is little
difference in terms of bias from the constrained ML Tobit models, see Figure 4, the size and

variability of estimated SEs increased with increasing value of the constrained of o2.

Supplementary.Figure 4 to Supplementary.Figure 15, illustrate the coverage of 95% confidence
intervals in each DGP. Unsurprisingly, coverage of methods which demonstrate bias is very poor,
whilst coverage is at nominal levels for the ML Tobit model with three data points. The results from
constrained ML Tobit indicate coverage less than the nominal levels. Coverage less than the
advertised levels is principally due to the bias in estimate. However, when the estimates from the
model are unbiased, as in DGP 2 with a=5, coverage is poor, suggesting bias in model based SE, i.e.

they are too small.

National Joint Registry of England, Wales, Northern Ireland, and the Isle of Man.

Following application of inclusion and exclusion criteria, there were 162,513 patients with pre and
post-operative OHS available for analysis. Figure 6 illustrates the results of the exemplar dataset using
different approaches whilst attempting to estimate the effect of BMI category on the efficacy of
surgery, whereas Figure 7 and Figure 8 illustrate the use of restricted cubic splines to assess the same

question.
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Exemplar Analysis

A single-level OLS SACS appoach suggests a positive association between BMI and change in OHS
i.e. patients with greater BMIs have greater gains in well-being, whereas OLS ANCOVA and OLS
post score models suggest a negative association. The single-level Post model score is approximately
50% greater than the ANCOVA model. All single-level Tobit models suggest a negative association
between BMI and OHS. The Tobit SACS model is the smallest, with both the Tobit ANCOVA and
Post models estimating substantially larger effects. The constrained ML Tobit models all provide
equivalent (to 2 decimal places) results, suggesting there is no effect of BMI on the change in OHS

pre and post surgery, see Figure 6.

Restricted Cubic Spline Approach

Crude analyses, which model BMI using restricted cubic splines, illustrate a complex association
between BMI and pre-operative OHS. A ~4.5 point reduction in OHS is observed as BMI increases
between 20 and 50 kg.m2. However, the change in OHS between pre- and post- surgery is very
weakly associated with pre-operative BMI, with individuals with BMI’s <25 kg.m? and >45 kg.m™
receiving modestly greater gains than those patients with an average BMI of 28 kg.m*. However, with
less than Y4 a unit variation across the range of BMI observed in the cohort, the difference falls well
below anything that could be considered clinically meaningful, see Figure 7. Following adjustment for
patient factors, operation factors, centre factors, consultant factors, and deprivation there was little
difference in the pattern of change compared to crude results, see Figure 7. Single-level approaches
are illustrated in Figure 8, with OLS and Tobit models giving similar patterns of results. ANCOVA
and the post model specification suggest a strong inverse association with BMI, with obese
individuals receiving I ess improvement following surgery. OLS SACS indicate that obesity is
associated with greater gains in OHS following surgery. Conversely, Tobit SACS models indicate that

obesity is associated with smaller gains in OHS following surgery.

Discussion

The results of the simulation study clearly illustrate that, in the presence of floor and ceiling effects,
neither baseline adjustment, or simple analysis of change scores (SACS) will yield unbiased estimates
of the effect of an exposure on the outcome of interest. Single-level modifications to account for floor
and ceiling effects such as the Tobit model only work in the context of a randomised trial, i.e. when
there is no difference between baseline values by BMI. Importantly, single-level methods, OLS and
Tobit models, induce significant bias, with negligible coverage, when 3 = 0 i.e. there is no change in
the pre- post- surgergy well being by BMI. Fully identified MLTM with three measurement

occasions, return unbiased estimates with coverage close to advertised levels. In pre- post- designs
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with two measurement occasions ML Tobit models, with constrained level 1 variances, return
estimates very close to being unbiased, but coverage is less than advertised indicating bias in the

model based standard errors.

The simulation study is consistent with a lay intuition with respect to analyses of floor and ceiling
effects. Assuming we accept that either the MLM and OLS change analyses are appropriate in the
absence of floor and ceiling effects, DGP 1 illustrates that when there is no effect of obesity on the
efficacy of surgery, the addition of an artificial ceiling compresses the gain of individuals towards the
top of the distribution. Due to the baseline association between obesity and well-being, underweight
individuals tend to have gains that are more compressed compared to obese individuals. This
inevitably induces bias, and provides evidence of a change in pre- post- surgery wellbeing by BMI,
where none actually exist. Similarly, in DGP 2 (no baseline differences) where there is truly an
interaction effect, will also lead to biased estimates. The DGP used in the simulation assumes
underweight individuals benefit more from surgery than heavier individuals, which results in a
fanning out of the trajectories. Underweight individuals have truly greater gains than obese
individuals, but these gains are underestimated due to the ceiling effect, resulting in bias towards the
null. In DGPs 3 and 4 (baseline differences in BMI, and interaction between BMI and change) we see
a more extreme pattern of results compared to DGP 2, but overall consistency with the expected

response of compressing individual gains which have initially higher starting values.

In the exemplar analysis of NJR data, the pattern of results is very similar to that of DGP 1 of the
simulation, suggesting that results of the simulation are likely to be replicated in real world datasets.
The more comprehensive analysis of the NJR data, using RCS to reflect the continuous nature of
BMLI, aptly illustrate where the effects from mis-specified single-level models are arising from. The
ML Tobit model illustrates a strong negative association between BMI and pre-operative OHS, and
failing to account for these baseline differences appropriately when attempting to estimate change
leads to variation at baseline being incorporated in the estimate of change. Furthermore, the ability to
adjust both baseline and post-surgical OHS for their pronounced floor and ceiling effects respectively,
leads to unbiased estimates of the effect of interest. Unfortunately, due to the constraints on the level 1
variance, interpretation of the random effects are difficult, as they depend on the magnitude of the
variance applied in the constraint, see Supplementary.Figure 16. However, the models clearly
illustrate that change in PROMS following THR do not depend on BMI, and surgery appears to be
effective for patients regardless of their BMI.

Conclusion

Floors and ceilings in PROM instruments have somewhat predictable effects on estimated coefficients
from standard OLS models that do not adjust for floor or ceiling effects, assuming the true underlying

association is known. As this is rarely the case, it is important to consider a variety of different data
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generating processes to explore the likely impact on an analysis. It is important to consider the
validity of the assumptions underpinning the Tobit model, i.e. that the latent response is truly

continuous and that there is a true ceiling just beyond the range of the measurement being used.

Single-level Tobit models do not ameliorate floor and ceiling effects in simple analysis of change
scores. However, ML Tobit models appear to recover the effects of interest under specific
assumptions. The analysis of pre- post- designs require further constraints to ensure models are fully
identified. The difference between analytical approaches can profoundly alter the interepretation of
the model parameters, and this may have serious consequences if used to generate policy
inappropriately. For example, inappropriate analyses that fail to consider data generating process

appropriately may lead to the restriction of joint replacement for overweight or obese patients.

When designing a study to investigate the effect of an exposure on change in health status, it would be
preferable to use a measurement instrument that does not have floor or ceiling effects as inference is
less complicated, and design trumps analysis in most scenarios. If the use of measurement instrument
with floor and ceiling effects is unavoidable, it is preferable to collect data at 3 time points which
ensure models are fully identified, alleviating the need to constrain level 1 variance in order to
identify models, again design trumps analysis. If retrospective analysis of pre-post data sets are
required, it appears that using ML Tobit model with constrained level 1 error variance would be

preferable to single-level approaches.

Broadly speaking the analyses of this simulation are in agreement with the work of Glymour et al.,
that analysis of change and its interaction with an exposure at baseline, should not be adjusted for
baseline measurements in observational data. The presence of floor and ceiling effects in data requires

additional assumptions which makes things marginally more complex.
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1
2

3 T

2 ables

5

6 Table 1:

7

8 Model DGP 1: B3 =0 DGP2 : 3 =-3 DGP 3: f3=-3 DGP 4 : f3=-3
9 Estimate

10 MLM 1.1 (0.0024) -1.36 (0.0023) -026 (0.0024)  -0.23 (0.0025)
1 ML Tobit -0.0056 (0.0038) -3.03 (0.0037)  -3.04 (0.0037)  -3.01 (0.0037)
g ML Tobit 0525 -0.13  (0.0044) -3.01 (0.0042) -3.13 (0.0046)  -2.57 (0.0038)
14 ML Tobit 6e=10  -0.093 (0.0044) -3.09 (0.0042)  -3.14 (0.0045)  -3.05 (0.0041)
15 ML Tobit 62=15  .0.057 (0.0044) -3.09 (0.0042) -3.12 (0.0045)  -3.11 (0.0043)
16 ML Tobit 62=20  -0.04  (0.0044) -3.08 (0.0042)  -3.11 (0.0045)  -3.12 (0.0044)
17 ML Tobit 62=25  -0.031 (0.0044) -3.07 (0.0042) 3.1  (0.0045)  -3.11 (0.0044)
18 ML Tobit 62=30  -0.026 (0.0044) -3.07 (0.0042)  -3.09 (0.0045)  -3.1  (0.0045)
19 OLS SACS 1.1 (0.0024) -1.36 (0.0023) -026 (0.0024)  -0.23 (0.0025)
20 OLS ANCOVA  -0.31 (0.0022) -1.36 (0.002) -1.69  (0.0021)  -2.43  (0.0019)
21 OLS Post -136  (0.0023) -1.36 (0.0022)  -2.72 (0.0023)  -2.69 (0.0018)
;g Tobit SACS -0.72  (0.0044) -3.04 (0.0041) -3.78 (0.0044)  -4.83 (0.0048)
" Tobit ANCOVA  -0.5  (0.0046) -3.09 (0.0042) -3.61 (0.0045)  -5.5 (0.0042)
55 Tobit Post -3.07  (0.0049) -3.06 (0.0047)  -6.13 (0.005) -6.14  (0.004)
26 Coverage

7 MLM 0 (0) 0 (0) 0 (0) 0 (0)

28 ML Tobit 948  (0.7) 953 (0.67) 93.9  (0.76) 954  (0.66)
29 ML Tobit 02=5  67.5  (1.48) 86.7  (1.07) 71.6  (1.43) 46  (0.66)
30 ML Tobit 62=10 835  (1.17) 85 (1.13) 774 (1.32) 922 (0.85)
31 ML Tobit 62=15  91.1  (0.9) 87.7  (1.04) 85.7  (1.11) 86.8  (1.07)
32 ML Tobit 62=20 927  (0.82) 90 (0.95) 88.2  (1.02) 87.1  (1.06)
gj ML Tobit 62=25 934  (0.79) 91.6  (0.88) 89.5  (0.97) 882  (1.02)
35 ML Tobit 62=30  93.6  (0.77) 91.9  (0.86) 91.1  (0.9) 88.9  (0.99)
36 OLS SACS 0 (0) 0 (0) 0 (0) 0 (0)

37 OLS ANCOVA 0.8  (0.28) 0 (0) 0 (0) 0 (0)

38 OLS Post 0 (0) 0 (0) 24 (0.48) 0 (0)

39 Tobit SACS 0.1 (0.1 944  (0.73) 0 (0) 0 (0)

40 Tobit ANCOVA 72 (0.82) 89.7  (0.96) 1.2 (0.34) 0 (0)

41 Tobit Post 0 (0) 933  (0.79) 0 (0) 0 (0)

42 Model SE

43 MLM 0.074 (2E-05) 0.074 (2E-05) 0.077 (2E-05) 0.078 (2E-05)
44 ML Tobit 0.12  (3E-05) 0.12  (3E-05) 0.12 (3E-05) 0.12 (3E-05)
45 ML Tobit 62=5 0.1  (3E-05) 0.1  (3E-05) 0.11 (3E-05) 0.11 (4E-05)
46 ML Tobit 62=10 (.12  (3E-05) 0.12  (3E-05) 0.13  (4E-05) 0.12 (3E-05)
j; ML Tobit 05215 0.13  (4E-05) 0.13  (4E-05) 0.14 (4E-05) 0.13  (3E-05)
49 ML Tobit 0¢=20  0.13  (5E-05) 0.13  (5E-05) 0.14 (5E-05) 0.14 (4E-05)
50 ML Tobit 62=25 (.14  (5E-05) 0.13  (5E-05) 0.14 (6E-05) 0.14 (5E-05)
51 ML Tobit 62=30  0.14  (5E-05) 0.13 (5E-05) 0.15 (6E-05) 0.14 (5E-05)
52 OLS SACS 0.074 (2E-05) 0.074 (2E-05) 0.077 (2E-05) 0.078 (2E-05)
53 OLS ANCOVA 0.07  (2E-05) 0.065 (2E-05) 0.072 (2E-05) 0.059 (2E-05)
54 OLS Post 0.07  (2E-05) 0.07 (2E-05) 0.072 (2E-05) 0.055 (2E-05)
55 Tobit SACS 0.13  (5E-05) 0.13 (5E-05) 0.14 (6E-05) 0.15 (6E-05)
56 Tobit ANCOVA  0.14  (6E-05) 0.14 (6E-05) 0.15 (6E-05) 0.13  (6E-05)
;73 Tobit Post 0.15  (7E-05) 0.15 (6E-05) 0.16 (7E-05) 0.13  (6E-05)
59

60
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Figure Legends

Figure 1: Graphical illustration of a multi-level random intercept and slope model used to
generate data for a individual with average BMI.

Figure 2: Graphical illustration of the data generating process of the latent, measured, and
measured response with floor and ceiling effects. The Latent Response is y;j, the measured

response is y;;, and the measured response with censoring is yf“ .

Figure 3: Graphical Illustration of the four Data Generating Processes used to investigate the
effect of floor and ceiling effects on analysis of pre-post surgery change with BMI as an
exposure.Horizontal red lines at 0 and 48 indicate floor and ceilings of the measurement
instrument.

Figure 4: Plot of 1000 estimates by each DGP, for each method of analysis. Within each
method, the verical axis is the repition number of each simulated dataset. The white pipe
symbol is the average of the estimates.

Figure 5: Plot of 1000 estimated Standard Errors by each DGP, for each method of analysis.
Within each method, the verical axis is the repition number of each simulated dataset. The
white pipe symbol is the average of the standard errors.

Figure 6: Estimate and 95% Confidence Intervals of constrained ML Tobit, Single-level OLS
and Tobit: ANCOVA, SACS, and Post models.

Figure 7: Estimates and 95% confidence intervals of baseline and change in Oxford Hip
Score (OHS) pre and post surgery and its association with Body Mass Index (BMI) adjusted
for confounding.

Figure 8: Estimates and 95% confidence intervals of single-level approaches to the analysis
of change in Oxford Hip Score (OHS) pre and post surgery and its association with Body
Mass Index (BMI) adjusted for confounding.
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Supplementary.Table 1: Simulation estimates of performance characteristics (Monte Carlo
Standarc Error in parantheses)

Model DGP 1: B; =0 DGP2 : B; =-3 DGP 3: B; =-3 DGP 4: B3 =-3
MLM 0.075 (0.0017) 0.072 (0.0016) 0.075 (0.0017)  0.079 (0.0018)
ML Tobit 0.12 (0.0027) 0.12 (0.0026) 0.12 (0.0026) 0.12 (0.0026)
ML Tobit 02=5 0.14 (0.0031) 0.13 (0.0029) 0.14 (0.0032) 0.12 (0.0027)
ML Tobit 2 =10 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.13 (0.0029)
ML Tobit 02=15 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.003)
& ML Tobit 02=20 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.0031)
-T“é ML Tobit 02=25 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.0031)
g ML Tobit 62=30 0.14 (0.0031) 0.13 (0.003) 0.14 (0.0032) 0.14 (0.0031)
£ olssacs 0.075 (0.0017) 0.072 (0.0016) 0.075 (0.0017)  0.079 (0.0018)
OLS ANCOVA 0.07 (0.0016) 0.064 (0.0014) 0.068 (0.0015)  0.059 (0.0013)
OLS Post 0.072 (0.0016) 0.07 (0.0016) 0.071 (0.0016)  0.056 (0.0013)
Tobit SACS 0.14 (0.0031) 0.13 (0.0029) 0.14 (0.0031)  0.15 (0.0034)
Tobit ANCOVA 0.14 (0.0032) 0.13 (0.003) 0.14 (0.0032)  0.13 (0.003)
Tobit Post 0.16 (0.0035) 0.15 (0.0034) 0.16 (0.0035)  0.13 (0.0028)
MLM 1.21 (0.0052) 2.69 (0.0075) 7.54 (0.013) 7.66  (0.014)
ML Tobit 0.014 (0.0007) 0.014 (0.0006) 0.015 (0.0007)  0.014 (0.0006)
ML Tobit 02=5 0.036 (0.0015) 0.017 (0.0008) 0.038 (0.0015) 0.2  (0.0033)
ML Tobit 62=10 0.028 (0.0012) 0.025 (0.0011) 0.041 (0.0015)  0.019 (0.0009)
. ML Tobit 02=15 0.023 (0.001) 0.026 (0.0011) 0.035 (0.0013)  0.032 (0.0014)
S ML Tobit 62=20 0.021 (0.0009) 0.024 (0.001) 0.032 (0.0013)  0.033 (0.0014)
% ML Tobit 02=25 0.02 (0.0009) 0.023 (0.001) 0.03 (0.0012)  0.032 (0.0014)
i‘» ML Tobit 62=30 0.02 (0.0009) 0.022 (0.001) 0.029 (0.0012)  0.031 (0.0014)
© OLSSACS 1.21 (0.0052) 2.69 (0.0075) 7.54 (0.013) 7.66  (0.014)
= OLS ANCOVA 0.1 (0.0014) 2.68 (0.0066) 1.71  (0.0056)  0.33  (0.0021)
OLS Post 1.86 (0.0062) 2.68 (0.0073) 0.085 (0.0013)  0.097 (0.0011)
Tobit SACS 0.54 (0.0064) 0.018 (0.0008) 0.63  (0.0069)  3.37 (0.018)
Tobit ANCOVA 0.27 (0.0046) 0.027 (0.0011) 0.39 (0.0056)  6.25 (0.021)
Tobit Post 9.42 (0.03) 0.027 (0.0012) 9.81  (0.031) 9.88  (0.025)
MLM -1.31 (2.21) 1.98 (2.28) 2.74  (2.3) 031 (2.23)
ML Tobit 0.95 (2.22) 0.79 (2.25) 237 (2.29) 1.66  (2.27)
ML Tobit =5 285 (1.6) 228  (1.73) -23.8  (1.71) 7.01  (2.08)
s MLTobitgZ=10 | -145 (1.91) 103 (2.01) 8.8  (2.04) -3.97  (2.15)
S MLTobit 02=15 -7.35 (2.07) -3.54 (2.16) 241 (2.18) 246  (2.18)
2 MLTobit 62=20 429 (2.14) -0.57 (2.22) 026 (2.24) 1.4 (2.21)
% ML Tobit 02=25 3.04 (2.17) 0.65 (2.25) 1.35  (2.27) 08  (2.22)
“ ML Tobit 62=30 2,51 (2.18) 1.17  (2.26) 1.83  (2.28) 047 (2.23)
OLS SACS 1.3 (2.21) 1.99 (2.28) 275  (2.3) 03 (2.23)
OLS ANCOVA 0.5 (2.23) 1.51 (2.27) 6.84  (2.39) -0.54 (2.23)
OLS Post -1.96 (2.19) -0.086 (2.24) 146 (2.27) -1.25  (2.21)

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



oNOYTULT D WN =

BMJ Open
Tobit SACS -2.97 (2.17) 2.09 (2.28) 2.82 (2.3) -0.056 (2.24)
Tobit ANCOVA -0.19 (2.23) 2.21 (2.29) 4.01 (2.33) -1.35 (2.21)
Tobit Post -2.82 (2.17) 1.27 (2.27) 274 (2.3) 0.83 (2.26)
MLM 247(14.1) 232.3(13.9) 275.4 (16.9) 132.5 (6.66)
ML Tobit 37.8 (4.36) 28.3 (4.07) 50.5 (5.64) 6.08 (3.13)
ML Tobit 62=5
ML Tobit 0'£2=10 -0.034 (0.97) -0.92 (1.07) 3.91 (1.24) -13.3 (1.5)
< ML Tobit 62=15 0.62 (1.22) -1.66 (1.37) 3.24  (1.52) 225 (1.68)
@ ML Tobit 62=20 1.22 (1.3) -1.7 (1.44) 257  (1.6) -26 (1.7)
2 MLTobit 62=25 1.67 (1.33) -1.52 (1.47) 231 (1.62) 272 (1.7)
2 ML Tobit 62=30 1.99 (1.34) -1.34 (1.47) 229 (1.63) 275  (1.69)
% OLS SACS 247(14.1) 232.3(13.9) 275.4 (16.9) 132.5 (6.66)
= OLS ANCOVA 297.2(16) 327.4(14.8) 357.6 (20.9) 310.3 (18.8)
OLS Post 281.7(15.5) 250(14.8) 3129 (19.2) 360.1 (21.2)
Tobit SACS 2.26 (1.94) 1.8 (1.89) 7.48 (2.72)  -386  (2.12)
Tobit ANCOVA -5.67 (3.07) -2.33 (1.55) 1.52  (3.56) -19.1  (3.59)
Tobit Post -19.5 (2.6) 22,5 (2.6) -15.9  (2.95)  -10.6  (4.08)
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. Supplementary Figures
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6 Supplementary.Figure 1: Inclusion / Exclusion Criteria of the NJR study.
7
8 ) .
9 Records entered into the NJR from31/03/2003 until
10 27/02/2017 N=2333707
1 No Consent N= 232371
12 >
13 Consenting procedures
N= 2101336
14
15 Not Hip N=1092717
16 >
17
18 Hip procedures
19 N=1008619
20 Duplicates | Inconsistent | Edit N= 10891
21 - >
22 Unique & consistent
23 N=997607
24 First procedure is a Revision N= 69995
25 >
26 ’
27 Sequences starting with a primary operation
28 N=927612
29 - - Implausible dates (Zombies, Ghosts, N= 47
Failure defined Foetus, Records prior to 2003) >
30 \
31 Plausible dates
32 N=927565
33 Not primary total hip replacement N= 48226
34 >
35 Revision procedures N= 29099
36 ‘
37 v "
38 Primary total hip replacement
39 N= 898466
40 - -
41 Reason for primary not exclusively OA N= 94424
42 y >
43 Primary indication OA
44 N=755816
45
46 Ambiguous prosthesis combinations N= 30989
47 >
48
49 Unique prosthesis combinations
50 N= 724827
g; “Metal on Metal” bearing N= 26756 _
‘ >
53 [13 2 .
54 Not “Metal on Metal” bearing
55 N= 698071 (Revised=12466 / Death = 84332)
56
57
58
59
60

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



oNOYTULT D WN =

BMJ Open

Supplementary.Figure 2: Description of covariate missing data in eligible data
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Supplementary.Figure 3: Description of National PROMS linkage to the NJR
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Supplementary.Figure 4. “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 1. The vertical axis is the centile of the two-sided p-value against Ho :
S3=0 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 5: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 1. The vertical axis is the centile of the two-sided p-value against Ho :

p3=0 associated with the confidence interval for ML Tobit models with varying constraints of
2

O¢
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Supplementary.Figure 6. “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 1. The vertical axis is the centile of the two-sided p-value against Ho :
=0 associated with the confidence interval for Single level OLS and Tobit models.
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Supplementary.Figure 7: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 2. The vertical axis is the centile of the two-sided p-value against Ho :
p3=3 associated with the confidence interval for MLM and ML Tobit models.

oNOYTULT D WN =

DGP 2: 8;=-3

9
ML Tobit MLM

95—

21 50- 50-

'
[y

-1.5

!
i
w
wn
|
w
!
N
wn
!
N
=

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



oNOYTULT D WN =

BMJ Open Page 38 of 45

Supplementary.Figure 8: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 2. The vertical axis is the centile of the two-sided p-value against Ho :

p3=3 associated with the confidence interval for ML Tobit models with varying constraints of
2

O¢
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Supplementary.Figure 9: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 2. The vertical axis is the centile of the two-sided p-value against Ho :
p3=3 associated with the confidence interval for Single level OLS and Tobit models.
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Supplementary.Figure 10: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 3. The vertical axis is the centile of the two-sided p-value against Ho :

p3=3 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 11: “Zip Plot” of the 1000 95% Confidence intervals for each method

of analysis for DGP 3. The vertical axis is the centile of the two-sided p-value against Ho :

p3=3 associated with the confidence interval for ML Tobit models with varying constraints of
2

O¢
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Supplementary.Figure 12: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 3. The vertical axis is the centile of the two-sided p-value against Ho :
p3=3 associated with the confidence interval for Single level OLS and Tobit models.

oNOYTULT D WN =

DGP 3: 8;=-3
OLS ANCOVA OLS SACS OLS Post
95 - | 95 - x 95 - 1
50- 50- 50-
5- 5- 5-
T T T T T T T T T
4 2 0 6 4 0 8 6 4
Tobit ANCOVA Tobit SACS Tobit Post
95- = 95- m 95- I
50- 50- 50-
5- 5- 5-
T T T T T T T T T
4 2 0 6 -4 0 -8 6 -4

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



Page 43 of 45 BMJ Open

Supplementary.Figure 13: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 4. The vertical axis is the centile of the two-sided p-value against Ho :
p3=0 associated with the confidence interval for MLM and ML Tobit models.
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Supplementary.Figure 14: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 4. The vertical axis is the centile of the two-sided p-value against Ho :
p3=0 associated with the confidence interval for ML Tobit models with varying constraints of
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Supplementary.Figure 15: “Zip Plot” of the 1000 95% Confidence intervals for each method
of analysis for DGP 4. The vertical axis is the centile of the two-sided p-value against Ho :
=0 associated with the confidence interval for Single-level OLS and Tobit models.
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Supplementary.Figure 16: Marginal effect of level 1 error variance (¢2) constraint on level 2
variance components
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