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Abstract 

Introduction  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 dem‑
onstrate how the choice of statistical method may influence research outcomes, (e.g., progression in apathy), specifi‑
cally the size of longitudinal effect estimates, in a cohort.

Methods  In this retrospective longitudinal analysis of 802 people with typical Parkinson’s disease in the Luxembourg 
Parkinson’s study, we compared the mean apathy scores at visit 1 and visit 8 by means of the paired two-sided t-test. 
Additionally, we analysed the relationship between the visit numbers and the apathy score 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/ 
7 years, p = 0.107, -0.056/ 7 years, p = 0.897, respectively), effect estimates for the mixed effects models were positive 
with a very small p-value, indicating a significant increase in apathy symptoms by + 2.345/ 7 years (p < 0.001).

Conclusion  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. While mixed effects models are not with‑
out limitations and need to be altered to model the time sequence between the exposure and the outcome, they 
are worth considering for longitudinal data analyses. 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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Background
In longitudinal studies: “an outcome is repeatedly meas-
ured, i.e., the outcome variable is measured in the same 
subject on several occasions.” [1]. When assessing the 
same individuals over time, the different data points are 
likely to be more similar to each other than measure-
ments taken from other individuals. Consequently, the 
application of special statistical techniques is required, 
which take into account the fact that the repeated obser-
vations of each subject are correlated [1]. 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 [2]. 
Apathy increases over time in people with PD [3]. Spe-
cifically, apathy has been associated with the progressive 
denervation of ascending dopaminergic pathways in PD 
[4, 5] leading to dysfunctions of circuits implicated in 
reward-related learning [5].

Methods
T-tests are often misused to analyse changes over time [6]. 
Consequently, we aim to demonstrate how the choice of 
statistical method may influence research outcomes, spe-
cifically the size and interpretation of longitudinal effect 
estimates in a cohort. Thus, the findings are intended for 
illustrative and educational purposes related to the statisti-
cal methodology. In a retrospective analysis of data from 
the Luxembourg Parkinson’s study, a nation-wide, mono-
centric, observational, longitudinal-prospective dynamic 
cohort [7, 8], we assess change in apathy using three dif-
ferent statistical approaches (paired t-test, linear regres-
sion, mixed effects model). We defined the following target 
estimand: In people diagnosed with PD, what is the change 
in the apathy score from visit 1 to visit 8? To estimate this 
change, we formulated the statistical hypothesis as follows:

While apathy was the dependent variable, we included 
the visit number as an independent variable (linear regres-
sion, mixed effects model) and as a grouping variable 
(paired t-test). The outcome apathy was measured by the 
discrete score from the Starkstein apathy scale (0 – 42, 
higher = worse) [9], a scale recommended by the Move-
ment Disorders Society [10]. This data was obtained from 
the National Centre of Excellence in Research on Par-
kinson’s disease (NCER-PD). The establishment of data 
collection standards, completion of the questionnaires 

H0 : Mean change from visit 1 to visit 8 = 0

HA : Mean change from visit 1 to visit 8 �= 0

at home at the participants’ convenience, mobile recruit-
ment team for follow-up visits or standardized telephone 
questionnaire with a reduced assessment were part of the 
efforts in the primary study to address potential sources of 
bias [7, 8]. Ethical approval was provided by the National 
Ethics Board (CNER Ref: 201,407/13). We used data from 
up to eight visits, which were performed annually between 
2015 and 2023. 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 data export (2023.06.22) con-
sisted of 802 individuals of which 269 (33.5%) were female. 
The average number of observations was 3.0. Fig.  S1 
reports the numbers of individuals at each visit while the 
characteristics of the participants are described in Table 1.

As illustrated in the flow diagram (Fig.  1), 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 popu-
lation of a paired t-test, we compared the characteris-
tics (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) [12].

The paired two-sided t-test compared the mean apa-
thy score at visit 1 with the mean apathy score at the 
visit 8. 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 [13]), while 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 [14]). The latter two approaches use 
all available data from all visits while the paired t-test 
does not. We illustrated the analyses in plots with the 
function “plot_model” of the R package sjPlot [15]. We 
conducted data analysis using R version 3.6.3 [13] and 
the R syntax for all analyses is provided on the OSF pro-
ject page (https://​doi.​org/https://​doi.​org/​10.​17605/​OSF.​
IO/​NF4YB).

https://doi.org/
https://doi.org/10.17605/OSF.IO/NF4YB
https://doi.org/10.17605/OSF.IO/NF4YB
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Table 1  Characteristics of the participants

a Greater = Worse

MDS-UPDRS: Movement Disorders Society – Unified Parkinson’s Disease Rating Scale [11], MDS-UPDRS I: non-motor symptoms, MDS-UPDRS II: patient-reported motor 
symptoms, MDS-UPDRS III: clinician assessed motor symptoms, MDS-UPDRS IV: motor complications

Variables Mean (SD) / n (%) Min. – Max Median
(Pct25-75)

Missing N
(%)

Age (years) 67.1 (10.9) 22.0 – 92.9 68.2 (60.2 – 74.6) 1 (0.1%)

Female sex 270 (33.7%) 0 (0.0%)

Years of education 13.0 (4.1) 1.0 – 30.0 13.0 (10.0 – 16.0) 9 (1.1%)

Actual diagnosis 0 (0.0%)

  Parkinson’s disease 707 (88.2%)

  Parkinson’s disease dementia 95 (11.8%)

Age at diagnosis (years) 62.4 (11.7) 18.0 – 91.0 63.0 (54.0 – 71.0) 8 (1.0%)

Years since diagnosis 5.0 (5.1) 0.0 – 32.3 3.2 (1.1 – 7.4) 54 (6.7%)

Apathy score (0 – 42)a 12.0 (5.9) 1 – 36 13.0 (10.0 – 17.0) 54 (6.7%)

MDS-UPDRS I (0 – 52)a 10.4 (6.9) 0.0 – 39.0 9.0 (5.0—14.0) 33 (4.1%)

MDS-UPDRS II (0 – 52)a 11.0 (8.4) 0.0 – 48.0 9.0 (5.0—15.0) 24 (3.0%)

MDS-UPDRS III (0 – 132)a 34.1 (16.7) 0.0 – 100.0 32.0 (22.0—44.0) 21 (2.6%)

MDS-UPDRS IV (0 – 24)a 1.6 (3.2) 0.0 – 16.0 0.0 (0.0—1.0) 17 (2.2%)

Fig. 1  Flow diagram of patient recruitment
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Results
Panel A in Fig. 2 illustrates the means and standard devia-
tions of apathy for all participants at each visit, while the 
flow-chart (Fig. 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 par-
ticipants 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 wors-
ened. The outcome of the t-test along with the code is given 
in Table 2. 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 possible 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 
Fig.  3. Moreover, as described in Table  S1 in the supple-
ment, 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 apathy 
scores at visit 1 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 visit 1, which 
explains the observed (non-significant) increase. This may 
result in a biased estimation of change in apathy when ana-
lysed by the compared statistical methods.

Fig. 2  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

Table 2  Results from the group comparison, the linear 
regression and the linear mixed models

Statistical test Change from 
visit 1 to visit 8

95% CI p-value

Paired t-test  + 1.016 -0.225, 2.257 0.107

Linear regression -0.064 -0.856, 0.979 0.897

Linear mixed effects models  + 2.680 1.880, 3.472  < 0.001
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From the results in Table  2, we see that the linear 
regression coefficient, representing change in apa-
thy symptoms per year, is not significantly different 
from zero, indicating no change over time. One pos-
sible explanation is the violation of the assumption of 
independent observations for linear regressions. On 
the contrary, the effect estimates for the linear mixed 
effects models indicated a significant increase in apa-
thy symptoms from visit 1 to visit 8 by + 2.680 points 
(95%CI: 1.880, 3.472, 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. The differences 
in the effect sizes are also reflected in the regression 
lines in Panel A and B of Fig. 4.

Discussion
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 differ-
ent 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, -0.064 points from visit 1 to visit 8, respec-
tively), the linear mixed effects models found an increase 
of + 2.680 points from visit 1 to visit 8 on the apathy 
scale. This increase is more than twice as high as indi-
cated 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.

Mixed effects models are a valuable tool in longitudi-
nal 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 [1, 16, 17]. 
Specifically, to account for correlation between observa-
tions, linear mixed effects models use random effects to 
explicitly model the correlation structure, thus remov-
ing 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, cap-
turing 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 cor-
relation among the repeated observations leads to an 
underestimation of longitudinal change, explaining the 
smaller effect sizes and insignificant results of the regres-
sion. By including random effects, linear mixed effects 
models can better capture the variability within the data.

Another common challenge in longitudinal studies is 
missing data. Compared to the paired t-test and regression, 
the mixed effects models can also include participants with 
missing data at single visits and account for the individual 
trajectories of each participant as illustrated in Fig. 2 [18]. 
Although multiple imputation could increase the sample 
size, those results need to be interpreted with caution in 
case the data is not missing at random [18, 19]. Note that 
we do not further elaborate here on this topic since this is 
a separate issue to statistical method comparison. Finally, 
assumptions of the different statistical methods need to be 
respected. The paired t-test assumes a normal distribution, 

Fig. 3  Scatterplot illustrating the individual trajectories. The red line indicates the regression line
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homogeneity of variance and pairs of the same individuals 
in both groups [20, 21]. While mixed effects models don’t 
rely on independent observations as it is the case for linear 
regression, all other assumptions for standard linear regres-
sion analysis (e.g., linearity, homoscedasticity, no multicol-
linearity) also hold for mixed effects model analyses. Thus, 
additional steps, e.g., check for linearity of the relationships 
or data transformations are required before the analysis of 
clinical research questions [17].

Conclusion
While mixed effects models are not without limitations and 
need to be altered to model the time sequence between the 
exposure and the outcome [1], they are worth considering 
for longitudinal data analyses. Thus, assuming an increase 
of apathy over time [3], mixed effects models were the only 
method able to detect statistically significant changes in the 
defined estimand, i.e., the change in apathy from visit 1 to 
visit 8. Possible reasons are a loss of statistical power due 
to a small sample size included in the paired t-test and the 
violence of the assumption of independent observations for 

linear regressions. Specifically, 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. The effect estimates for the 
mixed effects models were positive with a very small p-value, 
indicating a statistically significant increase in apathy symp-
toms from visit 1 to visit 8 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 mod-
els for longitudinal analyses. In case this is not possible, limi-
tations of the analytical approach need to be discussed and 
taken into account in the interpretation.

Abbreviations
PD	� Parkinson’s disease
H0	� Null hypothesis
HA	� Alternative hypothesis
PDD	� Parkinson’s disease dementia

Fig. 4  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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