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Abstract: 

Background: Post-operative pain management in total joint replacement surgery remains to be 

ineffective in up to 50% of patients and remains to have overwhelming impacts in terms of 

patient well-being and healthcare burden. The MOBILE trial was designed to assess whether the 

addition of gabapentin to a multimodal perioperative analgesia regimen can reduce morphine 

consumption or improve analgesia of patients following total joint arthroplasty. We present here 

empirical application of these various statistical methods to the MOBILE trial. 

 

Methods: Part 1: Analysis of covariance (ANCOVA) was used to adjust for baseline measures 

and to provide an unbiased estimate of the mean group difference of the one year post-operative 

knee flexion scores in knee arthroplasty patients. Robustness test were done by comparing 

ANCOVA to three comparative methods: i) the post-treatment scores, ii) change in scores, iii) 

percentage change from baseline. 

 

Part 2: Morphine consumption, taken at 4 time periods, of both the total hip and total knee 

arthroplasty patients was analyzed using linear mixed-effects model (LMEM) to provide a 

longitudinal estimate of the group difference. Repeated measures ANOVA and generalized 

estimating equations were used in a sensitivity analysis to compare robustness of the methods. 

Additionally, robustness of different covariance matrix structures in the LMEM were tested, 

namely first order auto-regressive compared to compound symmetry and unstructured. 

 

Results: Part 1: All four methods showed similar direction of effect, however ANCOVA (-3.9, 

95% CI -9.5, 1.6, p=0.15) and post-treatment score (-4.3, 95% CI -9.8, 1.2, p=0.12) method 

provided the highest precision of estimate compared to change score (-3.0, 95% CI -9.9, 3.8, 

p=0.38) and percent change (-0.019, 95% CI -0.087, 0.050, p=0.58). 

Part 2: There was no statistically significant difference between the morphine consumption in the 

treatment group and the control group (1.0, 95% CI -4.7, 6.7, p=0.73). The results remained 

robust across different longitudinal methods and different covariance matrix structures. 

 

Conclusion: ANCOVA, through both simulation and empirical studies, provides the best 

statistical estimation for analyzing continuous outcomes requiring covariate adjustment. More 

wide-spread of the use of ANCOVA should be recommended amongst not only biostatisticians 

but also clinicians and trialists. The re-analysis of the morphine consumption aligns with the 

results of the MOBILE trial that gabapentin did not significantly reduce morphine consumption 

in patients undergoing major replacement surgeries. More work in area of post-operative pain is 

required to provide sufficient management for this patient population. 
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1.0 Overarching Introduction 

1.1 Clinical problem 

Randomized controlled trials (RCTs) are the foundation of evidence-based decision 

making in healthcare and epidemiology [1]. RCTs are also the source of primary research [2, 3]. 

Efficacy of intervention, such as a new drug, surgery, or a novel way to provide better treatment 

to patients, can be compared through a RCT by providing a systematic method with low risk of 

bias. Proper conclusions from a RCT can only been drawn with the most appropriate statistical 

analyses. Indeed the proper design and reporting of results is strongly advocated by guidelines 

such as the Consolidated Standards of Reporting Trials (CONSORT) [4, 5].  

Generally, the statistical analyses of an RCT are aimed at addressing three questions. 

These include; Does a population effect exists between the groups examined; what is the 

magnitude and precision of the effect if it does exist; and lastly does the statistical effect also 

have clinical importance [6]? It can be suspected that a proper design and methodology will 

ensure these statistics are addressed in a clear, concise and unbiased way. However, the proper 

conduct of an RCT is often more difficult than scientists and clinicians have envisioned. Some of 

the difficulties include having well defined outcomes that are measured in an appropriate way to 

reduce error [6]. Additionally, the statistical method of analysis must be appropriate for the type 

of data that provide the best possible parameter estimate. Potential sources of error may also 

arise from choosing incorrect time periods for measuring the outcome. More specifically, the 

strength of the evidence can differ greatly based on the specifics of the analysis plan. For 

instance, Whiting-O’Keefe et. al. examined the statistical methodology of health research studies 

published in some of the highest impact journals, such as Lancet, the New England Journal of 

Medicine, and Medical care [7]. In 20 of 28 health care experiments (71%), there was an 

inappropriate use of patient-related observations as the unit of analysis. More importantly, the 

conclusion formed was directly influence by this error as there was an erroneous increase in the 

power of the experiment to detect differences between the two intervention groups. 

Statistical power is the probability that a test of the null hypothesis will correctly yield 

statistical significance when the null hypothesis is false. It is the chance of finding a difference 



2 

 

between the treatment groups when such a difference exists. A number of factors influence the 

study power, including the sample size, the variability of treatment effects, and the statistical 

methods adopted [8]. Although it is generally accepted that an increase in sample size will 

increase the study power, the subsequent increase in the recruitment length and cost often makes 

this choice undesirable. Out of the three variables mentioned, the one often neglected is the 

differences in statistical power that can be achieved by adopting the most appropriate statistical 

method. A well developed statistical plan that incorporates the best statistical method will be the 

more cost-effective method to obtain the maximal study power. 

More recently, a sample of 50 clinical trials reported in four major medical journals were 

examined to determine the extent of proper use of subgroup analysis and adjustment for baseline 

covariates [9]. Although two-thirds of the studies presented subgroup analyses, they were mostly 

inappropriate due to the lack of statistical tests for interaction. The author also concluded that 

there was a need for better defined statistical analysis plan for uses of baseline data, especially 

covariate-adjusted analyses and subgroup analyses. Moreover, the adoption of standards for 

statistical reporting must be improved. Investigators and journals need to adopt improved 

standards of statistical reporting, and exercise caution when drawing conclusions from subgroup 

findings. 

Another source of error in the statistical method of trials comes from the improper 

modeling to detect and summarizing data patterns [10]. However, there is a higher risk of bias 

using the more efficient method of modeling. Incorrect assumptions within the analysis can 

potentially compromise estimates and tests derived from the model.  

As these problems continue to persist in clinical trials, more attention must be paid to 

having a predefined statistical plan and methodology to ensure the publication of studies with the 

lowest risk of bias. The following studies attempt to examine two common areas of statistical 

analysis that may be at risk of bias when choosing the most appropriate statistical method. The 

first section critically appraises different statistical methods for adjusting trial results with the 

baseline covariates followed by the use of empirical data from the trial conducted at McMaster 

University to link theoretical framework with empirical data. The trial from which the empirical 

data was collected from is described in the following section. The second part of this paper 



3 

 

examines different longitudinal methods of analysis and provides a sensitivity analysis of a 

published trial to provide inference of the trial results in a longitudinal manner. Similarly, the 

theoretical foundations of longitudinal analysis are summarized briefly followed by the empirical 

application of these statistical methods with the fore-mentioned trial. 

 

1.2 The morphine consumption in joint replacement patients, with and without gabapentin 

treatment, a randomized controlled study (MOBILE) trial 

Total hip arthroplasty (THA) and total knee arthroplasty (TKA) are major joint 

replacement surgeries after which patients can experience intense acute and chronic pain [11].  

From 2008 to 2009, the Canadian Joint Replacement Registry (CJRR) registered 24,253 

hospitalizations for hip replacements in Canada, with a majority of patients (63%) being 65 years 

of age or older [12]. Similar numbers are seen for knee replacement surgeries. There has been a 

10-year increase of 101%, and a corresponding annual 6% increase in the number of joint 

replacement surgeries in Canada. As the prevalence of patients requiring joint arthroplasty 

increases, more attention must be paid to the surgical techniques and analgesia provided in the 

postoperative setting for this population.  

Major surgery such as THA and TKA often leads to persistent acute and chronic pain in 

10-50% of the patients following surgery [13].  There have been different strategies for 

providing adequate analgesic effects in this target population, including wound infiltration with 

local anaesthetic, peripheral nerve blockade with local anaesthetic, epidural local anaesthetic, 

oral or injectable non-steroidal anti-inflammatory drugs (NSAIDs), and systemic opioid 

(intravenous, intermittent, or patient-controlled analgesia) [14, 15]. Although each of the above 

mentioned strategies has advantages and short-comings, there has been a shift in anaesthesiology 

towards the use of a combination of strategies, which is often termed multimodal analgesia. 

Multimodal analgesia is defined as the use of a combination of opioid and non-opioid to manage 

postoperative pain, with the rationale behind such intervention being achieving sufficient 

analgesia due to additive effects, while minimizing the dose of individual drug [14, 16]. This also 

has the advantages of quickened recovery, shortened hospitalization time, and improved patient 
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functionality [14, 15, 16]. Multimodal analgesia will not only allow for better patient pain 

management while reducing side effects, but can also significantly reduce healthcare costs.  

 

1.3 Opioid for Pain Management and its Disadvantages 

There has been a long history of using opioid as the main source of analgesia, but a shift 

from this practice of perioperative pain management is slowly recognized in different fields of 

medicine [15, 17, 18]. This is primarily due to some of the safety issues related to the use of 

opioids. For instance, high doses of opioids can raise safety concerns, such as respiratory 

depression. In a meta-analysis published by Walder et al. on the efficacy and safety of PCA for 

acute postoperative pain management, 30 of 180 patients (17%) had hypoxia (SaO2, 90%) [19]. 

Other side effects include high incidence of nausea, vomiting, confusion and delirium, 

constipation, and pruritus [17, 20]. Opioids can also hinder fast recovery and discharge due to its 

long duration of action in some patients.  These unwanted side-effects of opioids are all related 

to prolonged rehabilitation and decrease in functional outcomes after procedures such as total 

knee arthroplasty and total hip arthroplasty. 

 

1.4 Alternative Strategies to Opioids 

Tissue trauma from surgery oftentimes sensitizes the peripheral nociceptors leading to 

central neuronal sensitization[13, 21]. Due to this biological rationale, adjuvants such as 

ketamine and gabapentinoids (gabapentin and pregablin) have shown to play a role in 

perioperative and postoperative pain management by providing preventive analgesia benefit, 

reducing postoperative opioid use, and decreased pain level[17, 22].  
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1.5 Gabapentin as an Adjuvant for Pain Management and the MOBILE TRIAL 

 “The morphine consumption in joint replacement patients, with and without gabapentin 

treatment, a randomized controlled study” (MOBILE) trials [2, 3] are designed to assess whether 

the addition of gabapentin, an anti-convulsive drug traditionally used for chronic pain 

management, to a multimodal perioperative analgesia regimen can reduce postoperative 

morphine consumption or improve analgesia following total hip or knee arthroplasty. Secondary 

outcomes such as pain score, range of motion, and side effects were also compared. Previous 

randomized controlled trials (RCTs) and a meta-analysis [23, 24] of 8 placebo-controlled, 

randomized trials showed gabapentin was shown to reduce pain scores, opioid consumption and 

other side effects. However, in the MOBILE trial, the primary outcome of 72 hour cumulative 

morphine consumption did not show a statistically significant difference between the gabapentin 

group and the control group [2, 3] .  

1.7 Objectives 

The specific objectives of the studies are defined in more details in the two sections. The overall 

objective of the studies is to empirically demonstrate the impact of statistical methods on the 

results of the study. The analysis can also help add more confidence to the results published in 

the MOBILE trials [2, 3]. 

1.8 Implications 

The implications of the study are to communicate the importance of choosing the appropriate 

statistical method when designing clinical trials. Continuous outcomes are common in trials and 

appropriate analysis plans can have implications for sample size, study power, and the validity of 

study results. A meaningful reduction in the number of participants can be achieved with a 

proper analysis plan, which translates into decreasing the number of patients exposed to 

potentially harmful adverse events of the intervention. Furthermore, a simplified clarification on 

the statistical methods can benefit statisticians and trialists alike in creating harmonized language 

and improve the efficiency of the conduct of clinical trials. 
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2.0 Introduction: 

Continuous outcomes are one of the most commonly used types of outcomes in clinical 

trials. They are easy to interpret for statistician and clinicians alike. For instance blood pressure, 

glucose sugar, or FEV1 are continuous in nature and understandable without requiring much 

manipulation to the data. 

In a number of research fields, such as psychology and education, pain, and quality of life 

research, a common RCT design involves the measure of the primary outcome of the two groups 

at two time points, before, also known as baseline or covariate, and after the treatment [25]. This 

type of baseline-controlled design can be a very statistically powerful design to evaluate casual 

factors since adjustment of unbalanced covariates can be properly done in order to isolate the 

factors at work [26-29]. This design is often of great use to evaluators because it can control for 

all of the major threats to internal validity, such as maturation, selection, and instrumentation 

[30].  

2.0.1 Clinical Problem: Inconsistency in choosing the method for baseline adjustment 

Although seemingly straight forward, the statistical comparison of a continuous variable 

in an RCT that has both a pre and post-treatment score present an interesting challenge for 

clinicians and statisticians. The statistical properties of baseline adjustment methods are indeed 

very complex and often poorly understood, resulting in confusion when choosing the most 

appropriate statistical strategy [31]. Assman et. al. analyzed a sample of 50 trials from four top 

medical journals BMJ, JAMA, The Lancet, and New England Journal of Medicine [9] and 

reported the use of a number of different covariate adjustment methods.   

 The lack of consistency in the literature when the pre-post design is used further 

contributes to the difficulty of having a standard statistical method. These inconsistencies are 

often over whether to use covariate adjustment and the criteria used for selecting baseline factors 

for which to adjust. Most trials emphasised the simple unadjusted results and covariate 

adjustment usually made negligible differences.  
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2.0.2 Critical Appraisal of Four Adjustment Methods 

There are a number of different baseline adjustment methods that are commonly used in 

clinical trials.  Their popularity arises from a number of different factors, including ease of 

interpretation, ease of analysis, convenience, and historical reasons. Statisticians have also 

evaluated these methods based on whether the method is able to achieve the most appropriate 

size of estimate, precision, and p-value for the treatment difference [32, 33]. The four methods 

examined are post-treatment, analysis of covariance, change score, and percent change score. 

Specifically, for each method, a brief description of the method, and the advantages and 

disadvantages are described.   

i) Post-Treatment: 

In this method, analysis is done on the outcome of interest with no covariate adjustment. 

There are also a number of advantages of comparing strictly the unmodified outcome, including 

minimal influence by a secondary outcome, interpretation of the result is straight forward, and 

least time consuming. Moreover, for most clinical trials, analyses which adjust for baseline 

covariates are in close agreement with the simpler unadjusted treatment comparisons [9].  

Other rationales of using the post-treatment score method with a simple ANOVA or T-

test is that in practice, randomization allows for a balanced baseline measure in both treatment 

groups and thus any covariate adjustment is deemed unnecessary. This assumption of balanced 

baseline variable can be violated even in the perfectly designed RCT, and the effect is especially 

magnified in trials with a small sample size [34].  Indeed, through many simulation studies, the 

analysis of the post-treatment score when the baseline is adjusted can lead to different results 

[35].  

ii) Analysis of Covariance (ANCOVA):  

In recently published literature, the use of analysis of covariance as the statistical method 

of choice for analysis of intervention effect and adjustment for baseline variable has been 

advocated repeatedly [8, 36-40]. In order to adjust for the baseline measurement of the same 

variable, ANCOVA allows the use of the baseline result as a covariate in the analysis. In addition 
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to the grouping factor and the outcome of post-treatment score, an additional covariate term is 

introduced that allows for a statistical adjustment based on the baseline score. 

The reason for using ANCOVA in the analysis of continuous outcomes in studies is many 

fold. In RCTs, when treatment and placebo group have the same expected mean baseline values, 

both the post-treatment score method and the ANCOVA model will provide an unbiased 

estimate of the true treatment effect [34]. However, one advantage ANCOVA provides is a 

higher efficiency even under unbiased conditions and with controlled α-levels. Furthermore, 

even in the presence of measurement error or other within-patient variations, the ANCOVA 

approach based on the observed data still provides an unbiased estimate with better precision and 

a more powerful test than the ANOVA approach.  

iii) Difference score between post-treatment score and baseline:  

Many clinicians and clinical trials that deal with quality of life, such as studies in 

oncology, often have their primary outcome as a change in outcome calculated by subtracting the 

baseline value from the follow-up or post-treatment value.  This is often referred to as a change 

score or sometimes the gain score, and it represents directly the change that is experienced or 

measured before and after the treatment. However, an obvious issue with the change score 

method is that the regression-to-the-mean effect can be substantially different between the two 

treatment groups.  

Using change score may provide an advantage over using ANCOVA because it is not 

necessary to assume that baseline variables are measured without error [36]. Even in ANCOVA 

models that attempts to adjust for measurement error, the estimate of treatment effect remains 

biased [41]. 

iv) Percent difference score between post-treatment score and baseline:  

An extension to the change score that preserves some of the information of the baseline 

result is by computing the percent change score. Percent change score is calculated by 

normalizing the change score by the baseline data. It can be considered an improvement to 

represent the change of pre and post-treatment since it is normalized, which increases 
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comparability across subjects. However, one major concern in terms of statistical analysis is 

whether or not normalizing the data would alter the distribution of the data and may introduce 

additional complexity to the analysis. 

2.0.3 Study Objective 

In this study, four baseline adjustment methods were used to demonstrate empirically if 

the ANCOVA is statistically efficient compared to statistical analysis by post-treatment, change 

score, or percent change score. To compare methods, an analysis of the flexion range of motion 

is conducted using ANCOVA and the other three methods outlined above. The robustness of the 

latter three methods was evaluated by qualitatively comparing the direction and magnitude of 

effect, the precision of the estimate, and the ease of interpretation of the results. The study also 

seeks to identify the best approach to handle missing data in clinical trials. This is done through 

the use of multiple imputation (MI), where a sensitivity analysis is done by conducting a 

complete-case analysis (CCA).  

 

2.1 Methods: 

2.1.1 Current Literature Review and Summary  

 A search of published literature on baseline adjustment methods was conducted to 

summarize the available information on the use of these methods and their impact on the results 

of studies. Three different designs of studies were included in the search, descriptive, empirical, 

and simulation studies. Descriptive studies, in this study, are systematic reviews or compilation 

studies where a cohort of studies is summarized to address the current knowledge on the topic 

area. Empirical studies are studies where data from another previously published study is used to 

re-analyse with other statistical methods to compare and contrast these methods. Simulation 

studies are studies where statistical methods are compared, in terms of statistical power and other 

parameters using statistical and mathematical simulation. Studies of these designs were compiled 

and results were summarized in terms of the impact of the method on the results and the author’s 

comments on the choice of the most appropriate statistical method.  
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We also sought to conduct an empirical study to examine the four baseline covariate 

adjustment methods. Empirical data from the MOBILE trial [1]was used to demonstrate the 

performance of different baseline adjustment methods and their effect on the statistical 

comparison. The statistical properties of covariate adjustments were examined in terms of 

several aims.  These include: (i) direction of treatment difference; (ii) magnitude of treatment 

difference; (iii) precision of treatment difference [32, 33]. 

2.1.2 Description of MOBILE trial: Total Knee Arthroplasty [1]
 

In a single-centre, blinded, randomized, placebo-controlled study, 102 patients were randomized 

to receive either gabapentin or placebo, in addition to standard of care, 2 hours before 

undergoing total knee arthroplasty. Morphine consumption at 72 hours was the primary endpoint 

of the trial. Secondary outcomes included knee flexion score, pain score on a visual analogue 

scale, and side effects. In the trial, the statistical analysis was done without the adjustment of 

baseline covariates and a post-treatment score comparison was done for the knee flexion variable.  

 For patients in the total knee arthroplasty treatment, the variables used for analysis were 

flexion range of motion pre-operatively and one year after the procedure. Other than patient ID, 

group assignment, and the two flexion range of motion values, a few baseline and postoperative 

variables were also included in the data collection process. These variables were: gender, weight, 

height, ASA, blood pressure systolic, blood pressure diastolic, pain at rest at the four differenct 

time points, pain with passive movement at the time points, pain with weight at different time 

points. These variables were included in the MI strategy to have the most complete imputation 

method without any bias. In the MI process, all of these variables were imputed in a coherent 

process, using the Markov chain Monte Carlo (MCMC) method. Five iteration of the MI process 

was used for the three analyses of the longitudinal morphine consumption data and MIAnalyze 

was used to combine the estimates from each of the five iterations. A detailed analysis flow-

diagram is included in the appendix. 

2.1.3 Analysis of Post-Operative Knee Flexion Range of Motion, adjusting for baseline 

Four baseline adjustment methods were used to obtain a statistical comparison of the 

control against the active group. ANCOVA, with the pre-treatment ROM as a covariate was used 
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to determine treatment effect after the data has been imputed with MI. The treatment effect 

estimate, 95% confidence interval, and p value of the estimates of the mean difference were 

summarized. All statistical tests were performed using SAS (SAS 9.2 (32) English). 

2.1.4 Sensitivity Analysis 

Two robustness tests were conducted for this section. 

i) Robustness of Post, Change, and Percent-Change Analysis: 

Three other methods were used as comparators to the ANCOVA analysis to determine 

the sensitivity of the results to the choice of baseline adjustment method. The other three baseline 

adjustment methods were: comparing post-treatment score only with no baseline adjustment, 

subtracting the baseline from the post-treatment score and comparing the change score, and 

comparing the percent change score obtained from normalizing the change score described in the 

previous method by dividing the change score by the pre-treatment score (Figure 2.1). For the 

purposes of this robustness test, only the MI results of the different methods were used. The 

robustness of each of the three methods was determined based on a number of factors, including 

direction and magnitude of effect, and the precision of the estimate. To further illustrate the 

robustness and potential difference between ANCOVA and the other three methods, a forest plot 

of the 95% CI of each of the 4 analyses was used to provide a visual comparison. 

ii) Robustness of Complete-Case Analysis: 

To compare whether the results were affected qualitatively by the implementation of MI, 

the results obtained by using complete-case analysis for each of the baseline adjustment method 

is used as the comparator. The robustness test is done by comparing the two types of data 

handling method based on a number of factors, including direction and magnitude of effect, 

precision of estimate. To further illustrate the difference between the two missing data handling 

methods, a forest plot of the 95% CI of each of the 8 analysis was used to provide a visual 

comparison. 
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2.2 Results: 

2.2.1 Highlight of Literature on Use of Baseline Adjustment Methods 

The use of these four different methods has been documented in the literature numerous 

times, through both theoretical simulation studies and studies using empirical data. For instance, 

Tu et al. 2005 used empirical results from periodontal research to demonstrate that different 

statistical methods have a substantial impact on study power [8]. In this study, it was 

demonstrated that with substantial variability in the correlation between the baseline and post-

treatment score, ANCOVA should be used in preference to change score or percentage change 

score, as the appropriate method that is able to adequately reduce the Type II error rates. Other 

examples of studies are summarized in Table 2.1. In short, most empirical studies reported that 

ANCOVA is often the most appropriate statistical method to adjust for baseline covariates when 

analyzing randomized studies of continuous outcome. Similarly, theoretical and simulation 

studies show ANCOVA has the highest statistical power and is the method of choice. However, 

in nonrandomized studies, ANCOVA may yield biased results and the method of change score 

should be used as the primary method of analysis. Lastly, a number of descriptive studies that 

summarizes analysis from a large number of individual studies have also shown that the method 

of baseline adjustment still causes confusion for researchers. Specifically, there seems to be no 

single method that is consistently used and often times no justification is provided for the choice 

of the method that was used.  

2.2.2 Analysis of Treatment Effect 

The mean group difference, with the gabapentin treatment as the reference group was -

5.5. This means the knee flexion range of motion of the patients in the active group was 5.5 less, 

on average, than those patients in the control group. The 95% CI is -11, 0.25, p value 0.068, and 

the difference between the two treatment arms is not statistically significant, although there is a 

trend towards less range of motion in the gabapentin group.  

2.2.3 Sensitivity Analysis 

i) Sensitivity to Method of Analysis/Baseline Adjustment (Figure 2.2, Table 2.2,2.3) 
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The primary analysis for the range of motion data was conducted using ANCOVA with 

MI for handling missing data. The first set of sensitivity analyses compared ANCOVA with the 

other three methods of adjusting for baseline data and conducting statistical comparison. The 

three methods all had similar direction of effect, where the group mean of flexion range of 

motion in the control group was higher than that of the active group. Moreover, the magnitude of 

the result of each of the three methods was similar to that obtained from the ANCOVA method, 

ranging from -3.9 to 4.3. The precision of the results was lower with change score and percent 

change score methods, which had a larger CI and p-value.  

Comparing the group effect using post-treatment scores and without using a baseline 

adjustment had the most similar results compared to ANCOVA method. Along with having the 

same direction and almost identical magnitude of effect, the 95% CI was narrower, and had a 

correspondingly smaller p-value. Overall, the results of the post-treatment scores remained 

robust and the findings were consistent. The results obtained from the change score and percent 

change score methods had larger deviations compared to the primary analysis. Although they had 

the same direction of effect, the magnitude of effect was less and a wider 95% CI was obtained. 

Of of the three comparator methods, post-treatment offered the most robust method of analysis 

compared to ANCOVA, followed by change score and percent change score methods offered the 

least favourable method in terms of precision and magnitude of effect (Figure 2.2).  

ii) Sensitivity to Missing Data (Figure 2.2, Table 2.2, 2.3) 

The second set sensitivity analyses were done for different methods of handling missing 

data for flexion range of motion. For the knee range of motion score, 4% and 25% of the data 

was missing at baseline and post-treatment, follow-up time, respectively. The primary analysis 

for the range of motion data used ANCOVA with MI for handling missing data. When complete-

case analysis was used, the mean group difference was -2.5 (95% CI -7.0, 2.3, p=0.27). Without 

any method of handling the missing data, the analysis of ANCOVA remained robust. The results 

maintained the direction of effect, where both estimates suggested trends favouring the control 

group. Moreover, the magnitude of the effect was also similar, where the point estimate was 

different by only 1.4. The precision was similar between MI and complete-case analysis. The p-
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value of the complete-case analysis was larger, due to the decrease in the precision of the 

analysis caused by lower number of cases available for analysis. 

Comparing results between the two methods of handling missing data amongst the other 

three methods of analysis (post treatment, change score, and percent change), the exact same 

trends were observed. All results had the same direction of effect, with a slightly smaller 

magnitude of effect, smaller confidence interval, and larger p-values. The details of these results 

are summarized in Table 2.2 and 2.3. 

 

2.3 Discussion: 

2.3.1 Key Findings 

The present study uses empirical data from TKA patients from the MOBILE trial to 

determine the treatment effect on the post-operative flexion range of motion score. With the 

method of ANCOVA while using MI to handle missing data, the results suggest the difference 

between the gabapentin and control group was not statistically significant.  

Through sensitivity analysis on the method of analysis and method of handling missing 

data, it was found that all methods remained robust and the overall findings were consistent. It 

should be noted, however, that while the result were similar, there are distinguishable features.  

For instance, it was found that using the post-treatment score alone as the variable for statistical 

comparison yielded the most similar results to those from the ANCOVA method. In a simulation 

study published by Vickers 2001 [39], the statistical power of these four baseline adjustment 

methods were compared at different baseline to outcome score correlations. The results of this 

empirical study corroborate the simulation study, where at low correlation levels, ANCOVA and 

post-treatment score maintain statistical power at around 70%. Moreover, for change score and 

percent change (fraction) score, the statistical power decreases dramatically with the decrease of 

the baseline to outcome score correlation, where at a correlation of 0.2, the statistical power falls 

to around 50%.  
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In this study there was no significant correlation between the baseline and post-operative 

range of motion, it would interpreted as a near-zero correlation. Although the lowest correlation 

used in the simulation study was 0.2, it would be confidently extrapolated that for the analysis of 

data with no correlation, ANCOVA and post-treatment methods will have the highest statistical 

power. Furthermore, change score and percent change score will have even lower statistical 

power than those at the 0.2 correlation level. However, these conclusions were made on a 

qualitative level and no power calculation was done to determine the exact power of the various 

methods.  

There are a number of methods commonly used for handling missing data. For a long 

time the preferred method of handling missing data was single imputation, by either imputing 

with the grand mean, or with last observation carried forward. There is increasing evidence and 

support for MI to be used as the primary method of handling missing data [42]. In the present 

study, the sensitivity analysis for the methods of handling missing data suggests that the 

conclusion drawn was not affected whether it was complete-case analysis or MI. Moreover, in 

the MOBILE trial, and in this study, we sought to follow an intention-to-treat principle, where all 

patients randomized were analyzed. The methods conducted for statistical comparison were quite 

robust even when missing data was ignored.  

2.3.2 Key limitations 

The brief literature review presented in Table 2.1 was not conducted as a thorough 

systematic literature search. The summary provided was meant to highlight recent literature on 

the topic of covariate baseline adjustment methods, through simulation or empirical studies. It 

provides information that highlights the advantages and disadvantages of these various 

methodologies. Moreover, the results and conclusions drawn from these studies were not used to 

make inferences on the superiority of one method over the others. Nonetheless, the information 

gathered from this exercise helps to distill and assimilate large amounts of information in order 

to provide a quick overview of some of the research conducted in this topic area. 

One of the main limitations of the empirical analysis portion of the study is the nature of 

the variable used in this study, which is the flexion range of motion. In the MOBILE trial, 
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sample size estimation was based on the primary outcome, which was the cumulative morphine 

consumption at 72 hours post-operative. Therefore, with a sample size of 101, there may have 

been a lack of power to detect a difference between the two groups even if a true difference 

exists. As such, interpretation of the results must be made with caution due to the potential lack 

of sufficient power.  

In this study, missing data was handled by using MI with five iterations. Although MI has 

been recognized as the most appropriate method for imputing missing data, it assumes that the 

missingness is either missing completely at random (MCAR) or at least missing at random 

(MAR) [42]. Currently, methods are not available for analysis data missing not at random. 

However, testing for the type of missing data mechanism is difficult, especially when there is a 

lack of auxiliary information, such as demographic, social characteristics of the participants. For 

the purposes of this study, the missingness was assumed to be MAR since only a small portion of 

the data is missing. Moreover, the robustness of the complete-case analysis further suggests that 

there was not a substantial amount of missing. 

The comparison of this study, using empirical data, to previous simulation studies 

suggests similarity in the finding. However, interpretation of the results should be that obtained 

from an empirical study, where the characteristics of the data used may influence the results 

generated. This is to say that although change score and percent change have been suggested as 

the less statistically efficient method of adjusting for baseline, if the baseline data is highly 

correlated with the post-treatment score, change and percent change scores may be a valid and 

easily interpreted method to be used. Regardless, since ANCOVA has been shown, in a variety 

of studies [8,9,31,36,40,49,50,51,53], as the most statistically efficient method to analyze 

continuous outcomes with a baseline variable, it is suggested that the adoption of other methods 

of handling baseline data be used with caution.  

 

2.4 Conclusion: 

In this study, a comparison of the most commonly used methods of adjusting baseline 

data of a continuous outcome in RCT was done using an empirical dataset. The study results 
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suggest that ANCOVA is a statistically efficient method of analyzing data of this nature and 

especially the use of change and percent change scores should be employed with caution since 

the statistical power of these methods is highly dependent on the correlation between the baseline 

and the outcome. A number of future studies should be conducted to strength the interpretation 

of this study. Simulation studies with a correlation of baseline and outcome lower than 0.2 can 

help strengthen the conclusion of this study. Moreover, empirical data that was the primary 

outcome of the study should be used in order to ensure the validity of the study. 

Future studies may look at logistic regression and how the method of covariate 

adjustment effects the results. [43]. For instance, it is known that when the covariate included in 

the trial is that of a binary or survival nature, the adjustment methodology and implications are 

completely different. The omission of a balanced covariate has dramatic effects on the estimate 

of treatment effect and this effect is magnified when a highly prognostic covariate is included in 

the analysis. Investigating some of these scenarios and developing a complete empirical study 

based on those set out in this study would be of great interest [32]. 
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3.0 Introduction: 

Major surgery such as total hip arthroplasty (THA) and TKA often leads to persistent 

acute and chronic pain in 10-50% of the patients following surgery [13]. Unrelieved pain after 

surgery increases heart rate, systemic vascular resistance, and circulating catecholamines, 

placing patients at risk of myocardial ischemia, stroke, bleeding, and other complications. There 

have been different strategies for providing adequate analgesic effects in this target population, 

including wound infiltration with local anaesthetic, peripheral nerve blockade with local 

anaesthetic, epidural local anaesthetic, oral or injectable non-steroidal anti-inflammatory drugs 

(NSAIDs), and systemic opioid (intravenous, intermittent, or patient-controlled analgesia) [14, 

15]. Although each of the above mentioned strategies has advantages and short-comings, there 

has been a shift in anaesthesiology towards the use of a combination of these strategies, which is 

often termed multimodal analgesia. Multimodal analgesia is defined as the use of a combination 

of opioid and non-opioid to manage postoperative pain, with the rationale behind such 

intervention being achieving sufficient analgesia due to additive effects, while minimizing the 

dose of individual drug [14, 16]. This also has the advantages of quickened recovery, shortened 

hospitalization time, and improved patient functionality. Multimodal analgesia will not only 

allow for better patient pain management while reducing side effects, but its use can also 

significantly reduce healthcare costs.  

The “The morphine consumption in joint replacement patients, with and without 

gabapentin treatment, a randomized controlled study” (MOBILE) trials [2, 3] is designed to 

assess whether the addition of gabapentin, an anti-convulsive drug traditionally used for chronic 

pain management, to a multimodal perioperative analgesia regimen can reduce postoperative 

morphine consumption or improve analgesia following total hip or knee arthroplasty. Secondary 

outcomes such as pain score, range of motion, and side effects were also compared. Previous 

randomized controlled trials (RCTs) and a meta-analysis [24] of 8 placebo-controlled 

randomized trials showed that gabapentin reduced pain scores, opioid consumption and other 

side effects. However, in the MOBILE trial, the primary outcome of 72 hour cumulative 

morphine consumption did not show a statistically significant difference between the gabapentin 

and the control groups [2, 3].  
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One of the potential sources of variability in trial results is the method of analysis. The 

choice of statistical analysis method can have a substantial influence on the statistical power and 

sample size of the trial [8, 44]. The primary objective of this study is to conduct an empirical re-

analysis of the MOBILE trials by analyzing the primary outcome, morphine consumption, in a 

longitudinal manner, rather than to treat the outcome as one cumulative score. More specifically, 

if the primary outcome of 72 hour cumulative morphine consumption was analyzed 

longitudinally, instead of cross-sectionally, would the result of no treatment difference remain 

robust? Morphine consumption, which was measured at four time points, will be analyzed using 

linear mixed-effects model (LMEM), using a first order auto-regressive covariance matrix 

structure (AR(1)). Secondary outcomes of the study include a number of sensitivity analysis to 

determine the robustness of the results based on longitudinal method of choice, method of 

handling missing data, and choice of covariance matrix structure. Specifically, to determine the 

sensitivity to method of analysis, sensitivity analyses with two other longitudinal methods, ie 

repeated measures ANOVA and generalized estimating equations (GEE) - assuming AR(1) 

covariance structure - will be tested. The robustness of method of handling missing data will be 

determined by conducting a sensitivity analysis using a complete-case analysis. Lastly, two 

sensitivity analyses will be conducted to determine the robustness of covariance matrix structure 

when using LMEM, ie compound symmetry (CS) and unstructured (UNS) covariance structures.  

 

3.1 Methods: 

This is a statistical re-analysis of the data from the MOBILE trial to determine whether 

the statistical method had a major impact on the results.  

3.1.1 Description of MOBILE trial: Total Knee Arthroplasty
 

In a single-centre, blinded, randomized, placebo-controlled study, 102 patients were 

randomized to receive either gabapentin or placebo, in addition to standard of care, 2 hours 

before undergoing total knee arthroplasty [2]. Morphine consumption, a continuous outcome, 

was recorded at four specific time points. The four time periods were: at post-anethesia care-unit 

(time 0), 24 hours after surgery (time 1), 48 hours after surgery (time 2), and 72 hours after 
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surgery (time 3). In the trial, the statistical analysis was done by combining the morphine 

consumption at these four time points and using a t-test to compare the treatment group 

difference on the cumulative 72 hour morphine consumption. 

3.1.2 Description of MOBILE trial: Total Hip Arthroplasty
 

In a single-centre, blinded, randomized, placebo-controlled study, 101 patients were 

randomized to receive either gabapentin or placebo, in addition to standard of care, 2 hours 

before undergoing total hip arthroplasty [3]. Morphine consumption, a continuous outcome, was 

recorded at four specific time points. The four time periods were: at post-anesthesia care-unit 

(time 0), 24 hours after surgery (time 1), 48 hours after surgery (time 2), and 72 hours after 

surgery (time 3). In the trial, the statistical analysis was done by combining the morphine 

consumption at these four time points and using a t-test to compare the treatment group 

difference on the cumulative 72 hour morphine consumption. 

3.1.3 Data Analysis 

Data from the MOBILE trial [2, 3] were obtained to conduct the analysis of the primary 

outcome of morphine consumption in its longitudinal form. The data of the two trials were kept 

separate and the morphine consumption of patients who underwent total knee or total hip 

arthroplasty were analyzed separately. A total of 203 (101 and 102 patients for knee and hip 

replacement, respectively) patients were included in this re-analysis and missing data were 

imputed using multiple imputation.   

The multiple imputation (MI) process included a number of baseline variables from the 

trial and all these variables, including the morphine consumption outcome, was imputed in a 

similar process, using Markov chain Monte Carlo (MCMC) method. Five iterations of the MI 

process were included and a combined treatment estimate was generated at the end. The baseline 

variables included for the MI process were: gender, weight, height, ASA, blood pressure systolic, 

blood pressure diastolic, pain at rest at the four difference time points, pain with passive 

movement at the time points, pain with weight at different time points. These variables were 

included in the MI strategy to have the most complete imputation method without any bias.  
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The treatment estimate between the control and the experimental group was determined 

using LMEM, with a covariance structure of first-order auto-regressive. All statistical tests were 

performed using SAS (SAS 9.2 (32) English).  

3.1.4 Sensitivity Analyses: 

Three robustness tests were conducted for the secondary objective of the study, one for 

the two other longitudinal methods, one for handling of missing data, and the last one for the use 

of different covariance matrix structures when analyzing using LMEM.  

i) Robustness of RM-ANOVA and GEE 

The additional two longitudinal methods were used to test the robustness of the results obtained 

from LMEM, namely repeated measures analysis of variance (RM ANOVA) [45], GEE [46]. 

The sensitivity analysis was done by first analyzing the results with these two additional methods 

and qualitatively comparing the results in terms of direction of effect (sign), magnitude of effect 

(number), and precision of effect (p-value). The robustness of the method is then determined 

based on the above three criteria. 

ii) Robustness of Complete-Case Analysis 

To compare whether the results were affected qualitatively by the implementation of MI, the 

results obtained by using complete-case analysis for each of the longitudinal methods is used as 

the comparator. The robustness test is done by comparing the two types of data handling method 

based on a number of factors, including direction and magnitude of effect, precision of estimate. 

To further illustrate the difference between the two missing data handling methods, a forest plot 

of the 95% CI of each of the 6 analysis was used to provide a visual comparison. 

iii) Robustness of Covariance Matrices, Compound Symmetry and Unstructured, in 

LMEM 

To compare whether the results of the LMEM were affected qualitatively when using AR(1) 

compared to CS and UNS. For the purposes of this robustness test, both patient groups were used 

but only the MI results were used. The robustness test is done by comparing the different 

covariance matrix structures based on a number of factors, including direction and magnitude of 
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effect, precision of estimate. To further illustrate the difference between the LMEM and the two 

analysis methods, a forest plot of the 95% CI of each of the 6 analysis was used to provide a 

visual comparison. 

  

3.2 Results: 

3.2.1 Analysis of Morphine Consumption with Four Repeated Time Points (Table 3.1): 

Patients undergoing TKA (n=101): The mean effect size estimate obtained was 1.0 (95% CI -4.7, 

6.7; p=0.73) between the groups, when analysis was performed with LMEM with MI. There was 

no statistical difference in morphine consumption between the gabapentin and control groups.  

Patients undergoing THA (n=102): The mean effect size estimate obtained was -1.0 (95% CI -5.4, 

3.3; p=0.63) between the groups, when analysis was performed with LMEM and MI. There was 

not a statistically significant difference in morphine consumption between the gabapentin and 

control groups. 

3.2.2 Sensitivity Analyses (Figure 3.1 and 3.2): 

i) Sensitivity to Method of Analysis 

The primary method of analysis for the longitudinal data of morphine consumption was 

conducted using LMEM with MI as the method for handling missing data. Compared to the 

results of the TKA and THA patients generated from LMEM, the results from RM-ANOVA and 

GEE remained robust and the overall findings were consistent across methods (Figure 3.1 and 

3.2). More specifically, the direction, magnitude, and precision were similar across all three 

methods. The two comparator methods had slightly tighter 95% CI and p-value. 

ii) Sensitivity to Missing Data 

There was a slight discrepancy in results between the TKA and THA patients and their results 

will be reported separately.  
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Patients undergoing TKA (n=101): There were 38 data points (9%) missing across the four time 

periods for the TKA patients, with only 2 patients missing all data points. The missing data did 

not exhibit a monotone pattern, where subsequent morphine consumption values were not 

necessary missing at subsequent time points.  For the TKA patients, with LMEM, the complete-

case analysis had a mean effect estimate of -0.85 (95% CI -7.1, 5.4; p=0.84). Comparing to the 

LMEM analysis with MI, the direction of the effect estimate from complete-case analysis was 

opposite, however, with such wide 95% CIs and the near zero effect estimates, it should not be 

said that the direction of effect was changed. The magnitude was similar, both being very close 

to 0. The complete-case analysis had a wider 95% CI and a larger p-value than the MI analysis.  

Patients undergoing THA (n=102): There were 30 data points (7%) missing across the four time 

periods for the THA patients. The missing data did not exhibit a monotone pattern, where 

subsequent morphine consumption values were not necessary missing at subsequent time points.  

For the THA patients, complete-case analysis with LMEM generated similar results compared to 

MI. The direction, magnitude, and precision of the estimates were all similar to the MI analyses, 

and none of the comparisons attained statistical significance. 

iii) Sensitivity to Covariance Matrix 

Changing the covariance matrices in the LMEM analysis had no qualitative effect on the results 

generated. The results of the LMEM analysis remained robust and findings were consistent 

regardless of the covariance matrix used. Qualitatively, using the UNS covariance matrix 

provided with the highest precision via a tighter 95% CI and lower p-value, which was the case 

for both patient groups.  

 

3.3 Discussion: 

3.3.1 Key Findings 

Clinical finding: In the present study, the comparison between morphine consumption in the 

gabapentin and control groups was made and the results suggested that there was no statistically 

significant difference in morphine consumptions following TKA or THA. Unlike the original 
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analysis from the MOBILE trial [2, 3], this study analyzed the primary outcome of morphine 

consumption as a longitudinal outcome, where an additional time factor was incorporated in the 

statistical model. Nonetheless, the results were consistent with results of the MOBILE trial, 

where no statistically significant difference in morphine consumption was observed between the 

control and intervention groups. However, it should be noted that there have been a number of 

other studies suggesting the efficacy of gabapentin as an adjuvant for a multi-modal analgesia to 

provide post-operative pain management [24]. More trials should be conducted in order to 

evaluate gabapentin and create a coherent conclusion on the use, dosage, and timing of 

gabapentin for the management of post-operative pain. 

Methodological findings: The current study addresses a number of different methodological 

issues related to longitudinal studies. The analysis of longitudinal data, which are repeated 

measures of the same subject over a period of time, has always been an important part of clinical 

research. Subject-specific and population-average methods exists for the analysis of longitudinal 

data and in the present study, three methods, 2 subject-specific methods and one population-

average method, were used to analyze morphine consumption. Across the three methods, 

morphine consumption was not statistically different between the two treatment arms, across the 

two patient populations. Moreover, the results generated from RM-ANOVA and GEE had the 

same direction, and magnitude of effect compared to LMEM. Also, the precision of the results 

remained similar across methods.  

The robustness of any statistical test can be used as a measure of how the results differ under 

changes in statistical assumptions, parameters, and other study factors. For instance, the 

robustness to missing data can be measured by changing the method of handling missing data 

(such as complete case analysis, multiple imputation, single imputation, etc.). If results remain 

the same, it can be said that the results are robust and consequently the conclusion drawn from 

the result is strengthened. 

The proper handling of missing data is important as missing data can potentially affect the 

conclusion drawn from the analysis. The analysis of longitudinal data with a classical linear 

model restricts the analysis to only participants with complete data of all time points. When the 

missing data are not MCAR, the results from complete-case analysis may be biased because the 
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complete case can be unrepresentative of the full population. An effective method of dealing 

with missing data is by conducting MI. All of these methods require the data to be missing at 

random (MAR). In our study, results from both method of handling missing data, by either MI or 

complete-case analysis, yielded similar conclusions that there was no difference between the two 

treatment groups. Moreover, this conclusion about the robustness of different methods of 

handling missing data was consistent between the two patient populations who underwent TKA 

and THA. Numerous studies have been conducted to compare parametric models using 

likelihood functions and semiparametric models using GEE, both with and without MI, in the 

context of incomplete longitudinal data [47, 48]. The results of this study were consistent with 

previous research, although not perfectly comparable since a qualitative approach was employed 

in the present study.  

Our primary analysis used LMEM with AR(1), due to the hypothesis that morphine consumption 

will likely decrease on a daily basis and readings separated by a longer temporal period are less 

correlated with each other. Although AR(1) implies that observations on the same patient far 

apart in time would be essentially independent and this may not be truly realistic, with only four 

repeated measures in this study, we still thought AR(1) represented the most appropriate 

covariance structure for the model. The change in the covariance structure in the LMEM did not 

have much effect as the results remained robust across the other two covariance structures. 

Although the literature suggests the use of AR(1) since this covariance model provides a good fit 

compared to UN [23], the present study did not show any quantifiable differences. Nevertheless, 

the present results agree with previous studies, where the estimate of fixed effect, in this case 

difference between the two treatment groups, remains the same for different covariance 

structures.  

3.3.2 Key Limitations 

One of the key limitations of this study is the assumption of MAR. The mechanism of 

missingness plays an important role in determining the most appropriate statistical method and 

imputation method. GEE treats covariance structure as a nuisance and GEE is not concerned 

about variance of each data. However, GEE often performs poorly unless the mechanism of 

missing data was MCAR. Similarly, MI assumes that the mechanism of missingness is MAR. 
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However, no test was conducted in this study to determine the mechanism of missing data and 

these assumptions may not hold true. Testing for the type of missing data mechanism is often 

difficult, especially with a lack of auxiliary information, such as demographic, social 

characteristics of the participants. Missingness was assumed to be MAR in this study because of 

the low percentage of missing data (7% and 9% in THA and TKA patients, respectively) and the 

lack of monotone pattern in the missing data. Moreover, the robustness of the complete-case 

analysis further suggests that there was not a substantial amount of missingn of data. 

3.4 Conclusions 

The study compares three statistical methods of analyzing longitudinal data by applying the 

methods to an empirical dataset. Using morphine consumption taken at 4 different time points, 

we were able to strengthen the conclusion from the MOBILE trial that there was not a 

statistically significant difference between post-operative morphine consumption between the 

two treatment groups. The study did not suggest that on a qualitative level, using LMEM was 

superior to GEE or RM-ANOVA in terms of statistical power. Moreover, the results remained 

robust even when complete-case analysis was done and the misspecification of the covariance 

structure did not affect the results.  
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Appendix: 

 

Table 2.1 summarizes a highlight of published studies of descriptive, empirical and theoretical studies that looks at various baseline 

adjustment methods in studies with a baseline/post-treatment design.  

Design Studies Methods Compared Results/Findings 

Descriptive Assmann et al. 2000 

[9] 

 

Current baseline 

covariate adjustment 

methods in clinical-

trial reports 

In general, unadjusted method of analysis is used. However, for trials 

with baseline factors that are known to have strong relation to the 

outcome, ANCOVA is the recommended primary analysis since 

strong correlation between the baseline variable and the outcomes 

variable is expected.  

Descriptive Pocock et al. 2002 

[31] 

Covariate-adjusted 

analysis from the 

survey of 50 trial 

reports in four major 

journals 

In the survey of trials in this study, only a few used the covariate 

adjusted analysis as the primary analysis. Moreover, substantial 

variation exists with regards to the number of covariates used in the 

analysis, ranging from zero to ten or more. In trials with strong 

correlation between the baseline and outcome variables, ANCOVA is 

the most appropriate choice analysis. 

Empirical Tariot et al. 2000 

[49] 

 

ANCOVA 

ANOVA for change 

score 

The ANCOVA and ANOVA for changes from baseline measures 

analyses produced similar conclusions, and therefore the results based 

on the ANOVA model are reported here 

Empirical  Tu et al. 2005 [8] 

 

 

Post-treatment score 

Change score 

Percentage score 

ANCOVA 

Due to the variability of the correlation between pre- and post-

treatment, ANCOVA should be used in preference to change score or 

percentage change score, as it was the method that reduces Type II 

error rates 

Empirical Vickers et al. 2004 - 

[50] 

 

Unadjusted (Post-

treatment score) 

ANCOVA 

For analysis of trials in the pain literature, typically there are no 

interaction between baseline score and treatment. Therefore, 

ANCOVA was concluded as the more appropriate method of analysis 

with higher statistical power compared to the unadjusted analyses. 

Simulation  Breukelen et al. 2006 ANCOVA Randomized trials and studies where treatment assignment is based on 
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[40] ANOVA for change 

score 

a baseline variable, ANCOVA is the more appropriate method. On the 

other hand, for nonrandomized studies where there are more than one 

control groups and multiple baseline measurements, ANOVA of 

change scores seems less biased than ANCOVA. 

Simulation Cribbie et al. 2004 

[51] 

ANCOVA 

Change score with 

ANOVA 

For studies conducted to detect predictors of change in two-wave 

design, the post-test variability has a major effect on the choice of the 

appropriate statistical method. ANCOVA is superior to change score 

with ANOVA when the variability decreases. 

Simulation Liu et al. 2009 [52] Constrained 

Longitudinal Data 

Analysis ANCOVA 

The study looks at two methods to determine the treatment difference 

with respect to mean change from baseline In this paper, we have 

considered the parameter of interest to be the mean change from 

baseline 

effect at a given time point such as the last visit time point T In 

general, under similar modeling conditions, the cLDA model is more 

efficient than the 

longitudinal ANCOVA model. The efficiency loss of the ANCOVA 

model is partially from treating 

the baseline values as fixed 

Simulation Oakes et al. 2001 

[36] 

ANCOVA 

Change score 

In randomized studies, the ANCOVA method gives unbiased 

treatment estimates and typically has superior power to analysis with 

change score. On the other hand, I nonrandomized studies, where 

baseline differences between treatment groups exists, the change score 

model yield less biased estimates. 

Simulation Wright et al. 2006 

[53] 

ANCOVA 

T-test 

Results from ANCOVA and t-test will not differ when appropriate 

measures have been taken to ensure random allocation. In situations 

where allocation is based on a baseline score, ANCOVA would yield 

an unbiased result and should be the method of choice. 
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Figure 2.1 shows the schematic depiction of the four baseline adjustment methods. Post-score 

refers to post-treatment score, the outcome of the study. Bo refers to the baseline covariate used 

to adjust the score. ∆ is the change score, calculated by subtracting the post-treatment score by 

the baseline score. The four methods depicted in Figure 2.1 are referred to, in this paper, as post, 

change, percent change, and analysis of covariate (ANCOVA). 

 

 

Figure 2.2 summarizes the results from the first part of the study. The difference between the 

treatment groups was not statistically significant for the knee flexion score. Furthermore, the 

results were robust across statistical methods and across methods of handling missing data. More 

specifically, the magnitude, direction, and precision of effect were qualitatively similar; although 

two of these methods (ANCOVA and post treatment, p=0.15 and 0.12, respectively) 

demonstrated trend towards lower scores in the treatment group (i.e. control group had better 

outcomes). 
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Table 2.2 summarises the results of the sensitivity analyses for the different baseline adjustment 

methods. 

Multiple Imputation (m=5) 

Statistical Method  Mean Group 

Difference  

95% CI P-value  

ANCOVA with 

baseline as covariate  
-3.9  -9.5, 1.6  0.15 

Post treatment -4.3 -9.8, 1.2 0.12 

Change score -3.0 -9.9, 3.8 0.38 

Percent change score -0.019 -0.087, 0.050 0.58 

 

Table 2.3 summarises the sensitivity analysis of the method for handling missing data. Using 

complete case analysis, each of the four baseline adjustment methods were employed to provide 

treatment effect estimates. 

Statistical Method  Mean Group 

Difference  

95% CI P-value  

ANCOVA with 

baseline as covariate  
-2.5  -7.0, 2.3  0.27 

Post treatment -2.0  -6.6, 2.4 0.39 

Change score -1.7 -8.2, 3.3  0.60  

Percent change score -0.0052 -0.071, 0.034  0.88 
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Table 3.1 summarizes the results of the longitudinal analysis of morphine consumption in the 

two studies [2, 3] using LMEM, with AR (1) and MI. The differences in treatment effect 

between the placebo group and the intervention group was not statistically significant, for both 

TKA patients and THA patients.  

 

Trial/Patients Effect Estimate 95% CI P-value 

Total Knee Arthroplasty 

(n=101) 
1.0 -4.7, 6.7 0.73 

Total Hip Arthroplasty 

(n=102) 
-1.0 -5.4, 3.3 0.63 

LMEM - linear mixed effects model; MI - multiple imputation, CI - Confidence interval 

 

 

 

Figure 3.1 summarizes the results from the three sensitivity analyses conducted for the secondary 

objective of the study for patients undergoing total knee arthroplasty [2]. Specifically, three analyses were 

the robustness of longitudinal method (RM-ANOVA and GEE) with multiple imputation, the robustness 

to method of handling missing data (complete-case analysis), and the robustness to covariance matrix 

structure in LMEM with multiple imputation. The difference between post-operative morphine 

consumption was not statistically significant in patients undergoing total knee arthroplasty. Furthermore, 

the results were robust across statistical methods, methods of handling missing data, and LMEM 

covariance matrix structures. More specifically, the magnitude, direction, and precision of effect were 

qualitatively similar. 
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Figure 3.2 summarizes the results from the three sensitivity analyses conducted for the secondary 

objective of the study for patients undergoing total hip arthroplasty [3]. Specifically, three analyses were 

the robustness of longitudinal method (RM-ANOVA and GEE) with multiple imputation, the robustness 

to method of handling missing data (complete-case analysis), and the robustness to covariance matrix 

structure in LMEM with multiple imputation. The difference between post-operative morphine 

consumption was not statistically significant in patients undergoing total knee arthroplasty. Furthermore, 

the results were robust across statistical methods, methods of handling missing data, and LMEM 

covariance matrix structures. More specifically, the magnitude, direction, and precision of effect were 

qualitatively similar. 

 

 

 

 

 


