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Highlights 

 Mixed effects models were the only method able to detect an increase in apathy 

symptoms 

 Paired t-tests and linear regression underestimated longitudinal change  

 Researchers should more often consider mixed effects models for longitudinal 

analysis  
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Abstract 

OBJECTIVE While there is an interest in defining longitudinal change in people with chronic 

illness like Parkinson’s disease (PD), statistical analysis of longitudinal data is not 

straightforward for clinical researchers. Here, we aim to demonstrate how the choice of 

statistical method may influence research outcomes, (e.g., progression in apathy), 

specifically the size of longitudinal effect estimates, in a cohort. 

STUDY DESIGN AND SETTING In this retrospective longitudinal analysis of 802 people with 

typical Parkinson’s disease in the Luxembourg Parkinson's study, we compared the mean 

apathy score at visit 1 with the mean apathy score at visit 8 by means of the paired two-sided 

t-test. Additionally, we analysed the relationship between the visit numbers (all observations) 

and the apathy score (change in apathy per year) using linear regression and longitudinal 

two-level mixed effects models. 

RESULTS Mixed effects models were the only method able to detect progression of apathy 

over time. While the effects estimated for the group comparison and the linear regression 

were smaller with high p-values (+1.016/ 7years, p = 0.107, -0.008/ year, p = 0.897, 

respectively), indicating an insignificant change in apathy over time, effect estimates for the 

mixed effects models were positive with a very small p-value, indicating a significant increase 

in apathy symptoms per year by +0.335 (p < 0.001). We provided evidence for, and 

theoretical explanations of, how mixed effects models can be used to assess symptoms 

progression more reliably, as well as the limitations of group comparison and linear 

regression in the analysis of longitudinal data. 

CONCLUSION Mixed effects models can be used to estimate different types of longitudinal 

effects while the inappropriate use of paired t-tests and linear regression to analyse 

longitudinal data can lead to underpowered analyses and an underestimation of longitudinal 

change. Thus, researchers should rather consider mixed effects models for longitudinal 
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analyses. In case this is not possible, limitations of the analytical approach need to be 

discussed and taken into account in the interpretation of results of cohort studies. 

Plain language summary 

WHAT WE DID: We analysed data from a group of people with typical PD up to eight years 

to understand how a statistical method can affect outcomes. 

WHAT WE FOUND: We used different statistical methods to assess if apathy (lack of 

motivation) in people with PD changed over time. The linear mixed effects models showed a 

significant increase in apathy each year whereas other methods did not find this increase. 

WHY IT MATTERS: Using the most appropriate method is important in studying how 

symptoms change over time as some methods might underestimate change over time. If this 

is not possible, scientists should discuss the disadvantages of their methods. 

Keywords Cohort Studies, Epidemiology, Disease Progression, Parkinson, Lost to Follow-

Up, Statistical model 

Running title Statistical assessment of Parkinson’s progression 

Word count 2007 
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1. Introduction 

Longitudinal cohort studies gather data over time to track changes in health outcomes. When 

assessing the same individuals over time, the different data points are likely to be more similar 

to each other than measurements taken from other individuals, and it is important to take this 

intra-individual change into account when analysing the data. Parkinson’s disease (PD) is a 

heterogeneous neurodegenerative disorder resulting in a wide variety of motor and non-motor 

symptoms including apathy, defined as a disorder of motivation, characterised by reduced 

goal-directed behaviour and cognitive activity and blunted affect [1]. Non-motor symptoms like 

apathy increase over time [2]. Consequently, using data from the Luxembourg Parkinson’s 

study [3, 4], we assess change in apathy and demonstrate how the choice of statistical method 

may influence research outcomes, e.g., change in apathy, specifically the size and 

interpretation of longitudinal effect estimates in a cohort. Thus, the findings are intended for 

illustrative and educational purposes related to the statistical methodology. Using three 

different statistical approaches, the following questions will be tackled: are apathy scores at 

visit 8 in the cohort worse than at visit 1 (approach: a paired t-test) and do apathy scores 

become worse with the number of yearly visits (approaches: a linear regression model and a 

mixed effects model)? To address these questions, we formulated them under the form of 

statistical hypotheses as follows: 

1. H0 : Mean apathy at visit 1 = Mean apathy at visit 8 

HA : Mean apathy at visit 1 != Mean apathy at visit 8 

2. H0 : Regression coefficient for visit number = 0 

HA : Regression coefficient for visit number != 0 

3. H0 : Fixed effects for visit number = 0 

HA : Fixed effects for visit number != 0 

 

2. Material and methods 

This is a retrospective analysis of data from the Luxembourg Parkinson's study, a nation-wide, 

monocentric, observational, longitudinal-prospective dynamic cohort [3, 4]. Among the 

participants are people with typical PD and PD dementia (PDD), living mostly at home in 

Luxembourg and the Greater Region (geographically close areas of the surrounding countries 

Belgium, France, and Germany). People with atypical PD were excluded. The sample at the 

date of dataexport (2023.06.22) consisted of 802 individuals, of which 269 (33.5%) were 

female. Apathy was measured by the discrete score from the Starkstein apathy scale (0 – 42, 
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higher = worse) [5], a scale recommended by the Movement Disorders Society [6]. Data used 

in the preparation of this manuscript were obtained from the National Centre of Excellence in 

Research on Parkinson's disease (NCER-PD). Ethical approval was provided by the National 

Ethics Board (CNER Ref: 201407/13). We used data from up to eight visits, which were 

performed annually between 2015 and 2023.  

We conducted data analysis using R version 3.6.3 [7]. The paired two-sided t-test compared 

the mean apathy score at visit 1 with the mean apathy score at the visit 8 (corresponding to 

the first hypothesis testing setting). We attract the reader’s attention to the fact that this implies 

a rather small sample size as it includes only those people with data from the first and 8th visit. 

The linear regression analysed the relationship between the visit number and the apathy score 

(using the “stats” package [7]). More concretely, we analysed whether there is a linear 

relationship or not (see second hypothesis). To describe the longitudinal progression (third 

hypothesis), we performed longitudinal two-level mixed effects models analysis with a random 

intercept on subject level, a random slope for visit number and the visit number as fixed effect 

(using the “lmer”-function of the “lme4”-package [8]). The latter two approaches use all 

available data from all visits while the paired t-test does not when missing data occur. We 

illustrated the analyses in plots with the function “plot_model” of the R package sjPlot [9]. The 

R syntax for all analyses is provided on the OSF project page: https://osf.io/nf4yb/ . 

As illustrated in the flow chart (Figure S1), the sample analysed from the paired t-test is highly 

selective: from the 802 participants at visit 1, the t-test only included 63 participants with data 

from visit 8. This arises from the fact that, first, we analyse the dataset from a dynamic cohort, 

i.e., the data at visit 1 were not collected at the same time point. Thus, 568 of the 802 

participants joined the study less than eight years before, leading to only 234 participants 

eligible for the eighth yearly visit. Second, after excluding non-participants at visit 8 due to 

death (n = 41) and other reasons (n = 130), only 63 participants at visit 8 were left. To discuss 

the selective study population of a paired t-test, we compared the characteristics (age, 

education, age at diagnosis, apathy at visit 1) of the remaining 63 participants at visit 8 

(included in the paired t-test) and the 127 non-participants at visit 8 (excluded from the paired 

t-test) [10].  

https://osf.io/nf4yb/
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3. Results and discussion 

Hypothesis 1: Worse apathy scores at the eighth visit than at baseline 

Panel A in Figure 1 illustrates the means and standard deviations of apathy for all participants 

at each visit, while the flow-chart (Figure S1) illustrates the number of participants at each 

stage. On average, we see lower apathy scores at visit 8 compared to visit 1 (higher score = 

worse). By definition, the paired t-test analyses pairs, and in this case, only participants with 

complete apathy scores at visit 1 and visit 8 are included, reducing the total analysed sample 

to 63 pairs of observations. Consequently, the t-test compares mean apathy scores in a 

subgroup of participants with data at both visits leading to different observations from Panel A, 

as illustrated and described in Panel B: the apathy score has increased at visit 8, hence 

symptoms of apathy have worsened. The outcome of the t-test along with the code is given in 

Table 1. Interestingly, the effect estimates for the increase in apathy were not statistically 

significant (+1.016 points, 95%CI: -0.225, 2.257, p = 0.107). A reason for this non-significance 

is a loss of statistical power due to a small sample size included in the paired t-test. To visualise 

the loss of information between visit 1 and visit 8, we illustrated the complex individual 

trajectories of the participants in Figure 2. Moreover, as described in Table S1 in the 

supplement, the participants at visit 8 (63/190) analysed in the t-test were inherently 

significantly different compared to the non-participants at visit 8 (127/190): they were younger, 

had better education, and most importantly their baseline apathy scores were lower. 

Consequently, those with the better overall situation kept coming back while this was not the 

case for those with a worse outcome at baseline, which explains the observed (non-significant) 

increase. This may result in a biased estimation of change in apathy when analysed by a paired 

t-test.  
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Figure 1: Bar charts illustrating apathy scores (means and standard deviations) per visit 

(Panel A: all participants, Panel B: subgroup analysed in the t-test). The red line indicates the 

mean apathy at visit 1
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Figure 2: Scatterplot illustrating the individual trajectories. The red line indicates the regression line. 
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Table 1: Results from the group comparison, the linear regression and the linear mixed models 

Hypo-

thesis 

Statistical test R-Code Effect 95% CI p-value 

1 Paired t-test Stats::t.test(wide_data$apathy_score_at_visit_8, 

wide_data$apathy_score_at_visit_1, paired = TRUE) 

+1.016/ 

from visit 

1 to visit 

8 

-0.225, 2.257 0.107 

2 Linear 

regression 

Stats::lm(apathy~visit, data = long_data) -0.008 

/ year 

-0.107, 0.1224 0.897 

3 Linear mixed 

effects models 

lme4::lmer(apathy~visit+(1+visit|subject_ID), REML = 

FALSE, data=long_data) 

+0.335 

/ year 

0.235, 0.434 < 0.001 
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Hypothesis 2 and 3: Increase of apathy symptoms with the number of visits 

From the results in Table 1, we see that the linear regression coefficient, representing change 

in apathy symptoms per year, is not significantly different from zero, indicating no change over 

time. On the contrary, the effect estimates for the linear mixed effects models indicated a 

significant increase in apathy symptoms per year by +0.335 points (95%CI: 0. 235, 0.434, p < 

0.001). Consequently, mixed effects models were the only method able to detect an increase 

in apathy symptoms over time and choosing mixed effect models for the analysis of longitudinal 

data reduces the risk of false negative results. 

Comparison of the different statistical methods 

The effect sizes differed depending on the choice of the statistical method. Thus, the paired t-

test and the linear regression resulted in an output that would lead to different interpretations 

than the mixed effects models. More specifically, compared to the t-test and linear regression 

(which indicated non-significant changes in apathy of only +1.016 points over seven years and 

-0.008 points per year, respectively), the linear mixed effects models found an increase of 

+0.335 points per year on the apathy scale. This increase is more than twice as high (+2.345 

points in seven years) as indicated by the t-test and suggests linear mixed models is a more 

sensitive approach to detect meaningful changes perceived by people with PD over time. The 

differences in the effect sizes are also reflected in the regression lines in Panel A and B of 

Figure 3. 

Mixed effects models are a valuable tool in longitudinal data analysis as these models expand 

upon linear regression models by considering the correlation among repeated measurements 

within the same individuals through the estimation of a random intercept [11-13]. Specifically, 

to account for correlation between observations, linear mixed effects models use random 

effects to explicitly model the correlation structure, thus removing correlation from the error 

term. A random slope in addition to a random intercept allows both the rate of change and the 

mean value to vary by participant, capturing individual differences. This distinguishes them 

from group comparisons or standard linear regressions, in which such explicit modelling of 

correlation is not possible. Thus, the linear regression not considering correlation among the 

repeated observations leads to an underestimation of longitudinal change, explaining the 

smaller effect sizes and insignificant results of the regression. By including random effects, 

linear mixed effects models can better capture the variability within the data. 
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Missing data in longitudinal studies  

Another common challenge in longitudinal studies is missing data. Compared to the paired t-

test and regression, the mixed effects models can handle missing data by including also 

participants with missing data at single visits and by accounting for the individual trajectories 

of each participant as illustrated in Figure 2 [14]. The mixed effects models provide a valuable 

alternative to the paired t-test and linear regression as its assumptions are valid when the data 

is missing at random [15]. As mentioned in relation to the t-test above, characteristics at visit 1 

were associated with missing data at visit 8. Thus, further steps may be required to handle 

missing data [14] when using the compared statistical methods. Note that we do not further 

elaborate here on this topic since this is a separate issue to statistical method comparison. 

Further information on can be found elsewhere [15]. 
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Figure 3: Scatterplot illustrating the relationship between visit number and apathy. Apathy 

measured by a whole number interval scale, jitter applied on x- and y-axis to illustrate the 

data points (Panel A: Linear regression, Panel B: Linear mixed effects model). The red line 

indicates the regression line.  
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4. Conclusion 

Mixed effects models were the only method able to detect progression of apathy over time. 

While the effects estimated for the group comparison and the linear regression were smaller 

with high p-values, indicating a statistically insignificant change in apathy over time, effect 

estimates for the mixed effects models were positive with a very small p-value, indicating a 

statistically significant increase in apathy symptoms per year in line with clinical expectations. 

Mixed effects models can be used to estimate different types of longitudinal effects while an 

inappropriate use of paired t-tests and linear regression to analyse longitudinal data can lead 

to underpowered analyses and an underestimation of longitudinal change and thus clinical 

significance. Therefore, researchers should more often consider mixed effects models for 

longitudinal analysis. In case this is not possible, limitations of the analytical approach need to 

be discussed and taken into account in the interpretation. 
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Supplement 

Figure S1: Flow-chart 
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(n = 66) 
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alive and eligible for visit 8 
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Died before visit 8 
(excluded from paired t-test) 
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Unknown (n = 3) 

People with typical PD and PDD 
participating in the Luxembourg 
Parkinson’s study 
(n = 802) 

Eligible for visit 8 
(n = 234) 

Joined the Luxembourg 
Parkinson’s study later than 8 
years ago 
(n = 568) 

Non-participants at visit 8 
(excluded from paired t-test) 
 
(n = 124) 

No data at visit 1 
(excluded from paired t-test) 
 
(n = 3) 

Participants at visit 8  
and included in paired t-test 
(n = 63) 

Included in the regression and 
mixed effects models analysis 
(n = 802) 

People with typical PD and PDD 
participating in the Luxembourg 
Parkinson’s study 
(n = 802) 

Mixed effects models & 

Regression analysis 
Paired T-Test 
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Table S1: Comparison of characteristics between particpants at visit 8 (included in the paired 

t-test) and the non-participants at visit 8 (excluded from the paired t-test) 

Values at baseline Participants without 

visit 8 

(N = 127) 

Participants with 

visit 8 

(N = 63) 

p-value 

Apathy Score 14.3 (6.0) 12.0 (4.1) p = 0.003 

Age (y.) 65.8 (11.7) 62.3 (9.6) p = 0.029 

Age at diagnosis (y.) 59.5 (12.8) 58.0 (10.3) p = 0.367 

Years of education 12.6 (3.6) 14.0 (3.5) p = 0.009 

 


