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A B S T R A C T   

A reproducibility crisis has been reported across many research fields, including neuroimaging, reaching up to 70% of studies. Neuroimaging data, such as magnetic 
resonance imaging (MRI), requires pre-processing to allow for inter-subject comparison, increase signal contrast and noise reduction. As manual MRI pre-processing 
is time consuming and requires expertise, multiple automatic pre-processing frameworks have been proposed. However, neuroimaging studies often report divergent 
results, even for similar populations, thus it is important to determine whether this occurs as a result of different processing tools. Two of the most used tools are 
FreeSurfer and the Computational Anatomy Toolbox (CAT12). In this study we assessed the reproducibility between these two automatic pre-processing frameworks 
for structural MRI and test-retest reliability within framework on estimation of cortical thickness. Our results show that the reproducibility between the frameworks is 
lower at the region-of-interest (ROI) level than at individual level. Furthermore, we found that the reproducibility was lower in paediatric samples than in adults. 
Finally, an acquisition site effect was also identified. Given the widespread use of these frameworks in basic and clinical neuroscience, the results of multicentric 
cross-sectional studies must be interpreted with caution, particularly with paediatric samples. The observed reproducibility issue might be one of the sources of 
discrepancies reported in neuroimaging studies. On a positive note, framework test-retest reliability within subject is high, suggesting that inconsistency of results 
may be less concerning in longitudinal studies. The code is available at: https://cibit-uc.github.io/fs-cat12-cortical-thickness-reproducibility.   

1. Introduction 

Structural magnetic resonance imaging (MRI) allows to estimate 
various morphometric features of the brain such as cortical thickness, 
which is widely used in basic and clinical research. The cortical thick-
ness of healthy brains in humans measures, on average, 2.5 mm (Hutton 
et al., 2008), and is associated with cognitive function (Dickerson et al., 
2008; KL et al., 2007). Cortical thickness is reported to be correlated 
with disease progression in Alzheimer’s disease (Dickerson et al., 2008; 
Ossenkoppele et al., 2019), schizophrenia (Van Haren et al., 2011; Yan 
et al., 2019), and Parkinson’s disease (Burton et al., 2004; Ibarretxe--
Bilbao et al., 2012; Jubault et al., 2011). Nonetheless, inconsistent re-
sults have been reported regarding cortical thickness changes in 
neurodevelopment (Walhovd et al., 2016) and in multiple diseases such 
as Autism Spectrum Disorder (ASD) (Bedford et al., 2020; Khundrakpam 
et al., 2017; Van Rooij et al., 2018; Wallace et al., 2010) bipolar disorder 
(Hibar et al., 2018), or major depression disorder (Li et al., 2019). 

Cortical thickness corresponds to the distance between the pial 

surface of the brain and the white matter boundary. Despite this 
straightforward definition, the evaluation of the cortical thickness is 
difficult given the inherent challenge of creating accurate thickness es-
timations due to the highly folded brain morphology. The manual pre- 
processing of MRI images is time consuming and requires field exper-
tise, therefore different computational frameworks have been proposed 
to automatically process MR images and to compute morphometric 
measures (Ashburner and Friston, 2005; Dora et al., 2017; Fischl, 2012; 
Vovk et al., 2007). The automation has several advantages: it does not 
require deep user expertise, it can be parallelized, errors are systematic 
rather than random, and its reproducibility is amenable to explicit 
testing. Yet, currently, there is no gold standard pre-processing frame-
work. Moreover, each framework uses its implementation to pre-process 
MRI data and extract brain tissue estimations such as cortical thickness. 
The different implementations can be a source of variability, which 
might explain inconsistencies reported in literature, as mentioned 
above. 

This study assesses the cortical thickness estimation’s reproducibility 
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between two of the most widely used pre-processing frameworks: 
FreeSurfer and Computational Anatomy Toolbox (CAT12). The cortical 
thickness estimations’ reproducibility between CAT12 and FreeSurfer 
was evaluated previously in very small sample size studies (Seiger et al., 
2018; Velázquez et al., 2021), in which authors reported a mean R2 and 
correlation between frameworks, for cortical thickness, of 0.89 and 
0.92, respectively. However, the studies exhibit multiple limitations: the 
number of subjects used in the study was very low; the studies only 
focused on an adult population, and therefore did not consider the 
changes that occur in early life periods such as childhood and adoles-
cence; and the studies did not assess whether the reproducibility de-
pends upon the site of acquisition setting and individual age. Another 
study (Masouleh et al., 2020) also evaluated the pre-processing pipeline 
impact on cortical thickness estimation. Nevertheless, the study did not 
assess the reproducibility at the subject level. To overcome these 
shortcomings, the current work uses MRI data from three open data 
sharing initiatives with a large number of subjects. Furthermore, our 
study investigates whether the reproducibility between the two frame-
works depends upon the acquisition setting, the subjects’ age and brain 
region (region-of-interest, ROI). In particular, the objectives of the 
current work are (a) to compare the test-retest reliability within each 
framework, (b) to investigate whether the reproducibility of FreeSurfer 
and CAT12 frameworks depends on the age and neurodevelopmental 
stage, and (c) to assess these frameworks’ reproducibility on different 
acquisition settings and verify whether different frameworks yield 

different results modelling age using cortical thickness values. 

2. Material and methods 

This work evaluates the reliability of cortical thickness estimations 
within two frameworks: CAT12 and FreeSurfer, and the reproducibility 
of cortical thickness estimations between these two frameworks. The 
study was divided into three objectives:  

• Objective (a) assesses and compares the test-retest reliability of each 
framework (FreeSurfer and CAT12). In this objective, we analysed 
two T1-weighted images (Run1 and Run2) from each participant and 
cortical thickness is extracted for both using both frameworks. The 
reliability metrics are computed within framework using the cortical 
thickness estimations of the two images. Therefore, two groups were 
considered in this objective and the participants were the same in 
both groups. For this analysis the OASIS-3 dataset was used, 
including all participants who had two consecutive images acquired 
within less than 60 min.  

• Objective (b) compares the reproducibility metrics between two age- 
groups, the paediatrics group i.e., individuals with age lower or 
equal than 18 years old, and the adults group, i.e., individuals with 
age greater than 18 years old. For this objective the ABIDE I dataset 
was used. 

Fig. 1. Depiction of the objectives of this work as well as the data, groups (G) and pipeline used in each objective. In this figure N represents the total number of 
participants of a given group. 
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• Objective (c) assesses the reproducibility between FreeSurfer and 
CAT12 across different acquisition sites. In this objective two data-
sets were used: the IXI and OASIS-3 datasets, the former has three 
acquisition sites, whereas the latter has one acquisition site. There-
fore, four groups were compared, one per acquisition site. 

Fig. 1 summarizes the groups and data used for each objective. 

2.1. Data 

Three open sharing initiatives were used in this work: OASIS-3 
(LaMontagne et al., 2019), IXI (https://brain-development.org/ixi-dat 
aset/) and ABIDE I (Di Martino et al., 2014). The demographics statis-
tics and the acquisition protocol are shown in Tables S1, S2 and S3 of the 
Supplementary material. Each of the open sharing initiatives used in this 
work is described below. 

2.1.1. OASIS-3 
OASIS-3 is an online repository that comprises images of the same 

individuals captured from multiple modalities, such as MRI and PET 
(Positron Emission Tomography). Each subject has one or more session, 
and a session may have multiple runs of the same MRI modality. All 
images of the OASIS-3 dataset were acquired in the same research centre 
over the course of 30 years, using different scanners. In this work, only 
images acquired with the Siemens TIM Trio 3T scanner were used. For 
the objective (c) all the subjects considered cognitively normal at the 
first MRI session were used, which performed a total of 494 participants, 
three participants had pre-processing errors, in total 491 subjects were 
considered. For the test-retest analysis it is required that each subject has 
two T1-weighted images acquired, at maximum, 60 min apart, 299 
subjects fulfilled this requirement, three subjects were excluded from 
the subset due to pre-processing errors, thus in total 296 subjects were 
used in the analysis. 

2.1.2. ABIDE I 
ABIDE I is a multi-site data sharing initiative (17 sites in total) with 

neurotypical controls and subjects diagnosed with Autism Spectrum 
Disorder (ASD). In this study only the neurotypical controls were 
considered. Five subjects were discarded due to errors during the pre- 
processing step, in total 566 subjects were analysed. 

2.1.3. IXI 
IXI is a dataset collected from healthy adults in three distinct hos-

pitals in London: the Hammersmith Hospital (HH), the Guy’s Hospital 
(GH) and the Institute of Psychiatry (IOP). Philips MRI scanners with 3T 
and 1.5T were used to acquire brain images in HH and GH, respectively. 
The IOP images were acquired with a scanner from General Electrics 
(GE) with a field strength of 3T. In total, this dataset contains data 
collected from 562 subjects; from these a subset composed of 558 sub-
jects were successfully pre-processed in this study, the demographics of 
the IXI dataset is in Table S2 of the Supplementary Material. 

2.2. Frameworks 

2.2.1. CAT12 
CAT12 (http://www.neuro.uni-jena.de/cat/) is a computational 

framework to automatically pre-process T1-weigthed MR images. Its 
routines are implemented in MATLAB. In this work the default pre- 
processing routine (Segment) of CAT12 was used to pre-process the T1- 
wighted images. The CAT12, SPM12 and MATLAB version were 
version 1742, v7771 and R2020a (9.8.0.1323502), respectively. The 
backbone of the segmentation routine is the unified segmentation al-
gorithm (Ashburner and Friston, 2005). The segmentation step relied on 
Tissue Probability Maps (TPM) to differentiate the brain tissues. The 
TPM must be properly adjusted for morphological changes that occur in 
the human brain during neurodevelopment (Wilke et al., 2008). CAT12 

integrates the toolbox Template-O-Matic (TOM) to generate customized 
TPM based on the age and gender of the subjects in the dataset. A 
paediatric TPM was generated for the ABIDE I dataset, using all the 
individuals with age lower or equal to 18 years old. In the CAT12 
pre-processing, in the paediatric group only, the customized TPM was 
then used. 

2.2.2. FreeSurfer 
FreeSurfer (Fischl, 2012) is an established computational framework 

in the neuroscience community (Yousaf et al., 2018). This framework 
contains a routine called recon-all which implements all the required 
steps to pre-process T1-weighted MR images and extract cortical thick-
ness estimations. In this work the images where pre-processed using the 
recon-all routine of the FreeSurfer version 7.1.1. 

2.2.3. MRIQC 
The MRI quality control tool (MRIQC) (Esteban et al., 2017) is an 

open-source framework which extracts different quality metrics from 
the T1-weighted images. This framework was used to extract the quality 
metrics from the MRI images. The signal-to-noise ratio (SNR) is one of 
the metrics extracted and was the metric chosen to represent the quality 
of an image. 

2.3. Cortical parcellation 

A standard approach in cortical thickness analysis is the division of 
the cortical ribbon into several regions of interest (ROI) according to a 
given template. In this work, the cortical template considered was the 
Destrieux template (Destrieux et al., 2010). This template divides each 
hemisphere into 74 ROIs based on a sulco-gyral parcellation. The ROIs 
are then grouped into five lobes: frontal, insula, temporal and occipital, 
parietal and limbic. A ROI may be in more than one lobe, for instance the 
anterior part of the cingulate gyrus and sulcus is in the frontal and limbic 
lobe. 

2.4. Reproducibility and reliability metrics 

The reproducibility and reliability between and within CAT12 and 
FreeSurfer, respectively, is assessed in this work. The metrics extracted 
were the same for both: the coefficient of determination (R2) of a 
regression and the intraclass correlation coefficient (ICC), more specif-
ically the ICC(3,1) proposed by (Shrout and Fleiss, 1979). The compu-
tation methodology is explained in the following two sections. 

2.4.1. Test-retest reliability 
The test-retest reliability aimed to assess the reliability of cortical 

thickness estimations within framework over a short period of time 
(Run1 and Run2). A fitting was performed in which the Run1 and Run2 
cortical thickness estimations were the dependent and independent 
variables, respectively, from the fitting the R2 was extracted. The ICC 
was computed comparing the results of the two runs. 

2.4.2. Reproducibility 
To obtain reproducibility metrics between CAT12 and FreeSurfer a 

linear regression was fitted to the data in which the independent and 
dependent variables were the cortical thickness estimations extracted by 
FreeSurfer and CAT12, respectively. The R2 of the fitting was one of the 
reproducibility metrics, the other was the ICC which was computed 
comparing the cortical thickness estimations extracted by both frame-
works. 

2.5. Statistics 

Two analyses were carried out per objective: a “participant analysis” 
and a “ROI analysis”. In the former reproducibility/reliability metrics 
were extracted per individual whereas in the second metrics were 
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computed per ROI. 
For each objective an overall analysis, participant and ROI analysis 

was performed as described in subsections 2.5.1, 2.5.2 and 2.5.3, 
respectively. 

A significance threshold of 0.05 was considered in all statistical an-
alyses in this work. 

2.5.1. Overall analysis 
In this analysis all the cortical thickness estimations for all ROIs and 

individuals were considered. Two plots were used to show the rela-
tionship of two estimates of cortical thickness: a regression plot and a 
Bland-Altman plot. The former shows the relation of the two estimates, 
whereas the latter depicts the mean and mean difference of these 
estimations. 

2.5.2. Participant analysis 
The workflow of the participant analysis for the reliability/repro-

ducibility study is depicted in Fig. 2. In this analysis the reproducibility/ 
reliability metrics are computed per participant using all participant’ 
ROIs. Therefore, each participant has two reproducibility/reliability 
metrics: R2 and ICC. Then, two studies are carried out: a metric analysis 
and an analysis of age effect on reproducibility/test-retest reliability metrics. 

In the metric analysis a statistical test was performed per reproduc-
ibility/reliability metric to compare the metric means of different 
groups. The statistical test performed depends upon the objective as 
follows:  

• Objective (a) – to compare the test-retest reliability metric means of 
different frameworks a paired t-test was conducted; 

• Objective (b) - to compare the reproducibility metric mean of pae-
diatric and adults’ groups an ANCOVA was performed, in which the 

dependent variable was the metric, whereas the factors were the age, 
SNR, the age-group and the acquisition setting; 

• Objective (c) – to test the acquisition setting effect on the repro-
ducibility metric an ANCOVA was performed in which the inde-
pendent variables were the acquisition setting, age and SNR, whereas 
the dependent variable was the reproducibility metric in 
consideration. 

The assessment of the age impact on the reproducibility/reliability 
metrics is designated in this work by Analysis of age effect on 
reproducibility/test-retest reliability metrics. The values from the metrics 
analysis were grouped by metric and group. Then another linear fit was 
performed in which the dependent variable was the metric whereas the 
independent variables were the age and SNR. An additional term, the 
acquisition setting, was used for the objective (b) which is the only 
objective that has multiple acquisition settings within a group (see 
Fig. 2). It was considered that age influenced the metric if the p-value of 
the second fit was lower than the significance value (p-value<0.05). 

The relation of age and a metric is given by the age’ slope (βage) of the 
second fit. In this study, the βage of the R2 and ICC of the second fit is 

given by βR2

age, and βICC
age , respectively. To further verify whether the 

relationship between age and reproducibility/reliability metrics was the 
same in every group, a independent samples t-test corrected for multiple 
comparisons was performed, per metric, comparing the βage of the 
different groups (see Fig. 2). 

2.5.3. ROI analysis 
This analysis aimed to understand the reproducibility/reliability 

across ROIs. To achieve this two studies were conducted: a metric anal-
ysis and paired t-test for each ROI. 

In the metric analysis a linear regression was fitted for each ROI in 

Fig. 2. Generic representation of the workflow of the Participant Analysis for the objectives proposed, considering the R2 as the reliability/reproducibility metric. 
The first step of this analysis is the computation of the R2 , per participant (P), using the cortical thickness (CT) estimations for that participant (blue block). In the 
objective (a) theR2 is computed comparing the CT estimations of Run1 and Run2, whereas for the objective (b) and (c) the R2 is computed using the CT estimations of 
FreeSurfer (FS) and CAT12. Then, a metrics analysis is performed: the R2 means of different groups (Gi) are compared using the appropriate statistical test (green 
block). Finally, the analysis of age effect on metrics is done by performing a fit per group (orange block). The dependent variable is the R2 and the independent 
variables are the age, SNR and site. It should be noted the site is only used in the objective (b) since it is the only one that has multiple sites within a group. The slopes 
of the age for the different groups, βR2

age,Gi , are compared using independent t-tests corrected for multiple comparisons. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 
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which the dependent and independent variables were the CAT12 and 
FreeSurfer estimations of cortical thickness for all individuals (see 
Fig. 3). To compare whether the reproducibility metrics across ROIs 
were identical in every group, the appropriate statistical test was 
performed:  

• Objective (a) a paired-test was performed, per metric, to compare the 
ROI reliability metrics of the two frameworks. 

• Objectives (b) and (c) a pairwise independent samples t-test was per-
formed, and corrected with the Bonferroni method (Dubitzky et al., 
2013). 

Moreover, for the all objectives a paired t-test comparing the cortical 
thickness estimations of CAT12 and FreeSurfer was performed per ROI 
and group/framework. 

2.5.4. Modelling age using cortical thickness 
The reproducibility problem arises when different studies report 

different findings. The objective (c) aims to verify whether the use of 
different frameworks may have an impact in the same analysis. For this 
analysis, we considered the brain age problem (Franke and Gaser, 2019), 
in which a person’s age is decoded from cortical thickness estimations, 
in our case. A multiple linear regression was fitted for each framework 
(CAT12 and FreeSurfer), in which the independent variables were the 
cortical thickness values for each ROI, and the dependent variable is the 
age. To test whether the reproducibility metric, in this case the mean 
reproducibility R2, had an impact on the reported results we compared 
the ROIs which were considered significant in each framework model. 
The ROIs of each model were divided into overlapping and 
non-overlapping, the former are the ROIs which were significant in both 
framework models whereas the non-overlapping were the ROIs signifi-
cant in only one framework model. An independent t-test was performed 
to verify whether the mean reproducibility R2 was different in both 
groups (overlapping and non-overlapping). 

3. Results 

The results section is divided into 3 sub-sections, one for each 
objective:  

• Objective (a) - Test-retest reliability  
• Objective (b) - Reproducibility in paediatric versus early adult’ 

groups  
• Objective (c) - Reproducibility in different acquisition settings 

Each subsection begins with an overview analysis of the data, then 
the individual analysis is presented, which is divided into the metrics 
analysis and analysis of age and effect on the reproducibility/reliability 
metrics. Finally, the results of the ROI analysis are described. 

3.1. Test-retest reliability 

In this section, the goal is to assess the test-retest reliability of each 
framework. For this, we used 296 subjects from the OASIS-3 dataset. The 
protocol followed in the OASIS-3 dataset implied that at least two MRI 
images per subject were acquired in the same day within a 60-min 
period. The two images per subject were pre-processed by both frame-
works and the test-retest reliability within framework was assessed. 

3.1.1. Overall analysis 
The relationship between the cortical thickness extracted by the 

same framework in different images, independently of the framework is 
depicted in Fig. 4. The equation is given by y = 0.95x + 0.11 and y =
0.96x+ 0.08, and the R2 of the fitting is 0.92 and 0.93 for FreeSurfer and 
CAT12, respectively. 

The results of the Bland-Altman plot show that the cortical thickness 
mean computed with each framework is not different across runs, being 
2.38 and 2.36 for FreeSurfer and CAT12, respectively. Concerning the 
bias, the value is 0.005 mm and −0.0002 mm for FreeSurfer and CAT12, 
respectively. The former is significantly different from 0 (t43807 = 9.39, 

Fig. 3. Generic representation of the workflow of the ROI Analysis for the three objectives. In this figure the R2 is used as the example for the reproducibility/ 
reliability metric. A fit is performed using all the subject’s cortical thickness estimations of a given ROI and from this fit the R2 is extracted (blue block). The R2 values 
of the different groups (Gi) are then compared using an appropriate statistical test (green block). Besides the fitting, a paired t-test (orange block) is performed, per 
ROI and group, comparing the cortical thickness estimations for different participants of the two runs, in the objective (a), and the two frameworks in the objectives 
(b) and (c). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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Cohen’d:0.04) and the latter is not statistically significant. The confi-
dence interval (CI) is [−0.20; 0.20] mm and [−0.17, 0.17] mm, there-
fore the CI width is 0.40 mm and 0.34 mm for FreeSurfer and CAT12, 
respectively. 

3.1.2. Participant analysis 

3.1.2.1. Test-retest metrics analysis. The reliability test-retest results for 
the participant analysis, per framework, are shown in Table 1. 

The difference between the FreeSurfer and CAT12 test-retest reli-
ability metrics’ means of the frameworks is −0.01 for both R2 and ICC. 
To verify whether the means are statistically different a paired t-test 
comparison was performed. The results suggest that the mean of Free-
Surfer and mean of CAT12 is different for the R2 (t295 = 4.14,Cohen′d =
0.15) and ICC (t295 = 3.6,Cohen′d = 0.13). 

3.1.3. Analysis of age effect on test-retest metrics 
The distribution of the test-retest reliability metrics with age is 

depicted in Fig. 5 and the statistical analysis results are shown in 
Table 2. The results show that age had no effect on CAT12 and Free-
Surfer on test-retest reliability metrics. 

3.1.4. ROI level analysis 
The reliability test-retest results, per framework, are presented in 

Table 3 and in Fig. 6, the detailed results of the R2 grouped by lobe is in 
Table S4 whereas the R2 and ICC by ROI are presented in Tables S5–S6 of 
the Supplementary Material. The test-retest reliability metrics are lower 
for the ROI analysis than for the participant analysis. 

The comparison between the ROI test-retest reliability metric’s mean 
values of FreeSurfer and CAT12 (paired t-test) showed a significant dif-
ference between the frameworks for R2 (mean difference −0.08, t147 =
9.83, Cohen’d:0.83) and ICC (mean difference −0.06, t147 = 9.28, 
Cohen’d:0.81). 

The individual ROI analysis revealed that the lobe with higher R2 for 
CAT12 is the Parietal lobe (0.83) whereas for FreeSurfer is the temporal 
and occipital lobes (0.77). The lobe with lower R2 is the frontal lobe for 
both CAT12 (0.76) and FreeSurfer (0.63). 

The ROIs with higher difference between R2 in test-retest reliability 
are the parahippocampal gyrus, inferior occipital gyrus and sulcus, posterior- 
ventral part of the cingulate gyrus, and the planum polare of the superior 
temporal gyrus. 

Concerning the paired t-tests performed for each ROI, the results sug-
gest that the cortical thickness estimations are similar between runs 
within each ROI, for all ROIs except the Left Short insular gyri in Free-
Surfer, detailed results are in Table S7 of the Supplementary Material. 

3.2. Reproducibility in paediatric versus early adults’ groups 

This section investigates whether different age stages (paediatric 
versus adults) have different reproducibility behaviour. The dataset 
used was the ABIDE I dataset, and the age range of the participants is 
from 6.5 to 56.2 years, and the analysis was carried out for two age 
groups: paediatric and adults. 

Fig. 4. Regression and Bland-Altman plot for (a) CAT12 and (b) FreeSurfer: On the left the distribution of cortical thickness extracted in Run 1 and Run 2, 
respectively, each point corresponds to a subject’s ROI. The dashed red line on the left plot represents the equation y = x. On the right is the cortical thickness 
difference between runs. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Test-retest metrics analysis, showing the mean and the standard deviation of R2 

and ICC, for the participant analysis, per framework.  

Framework R2 ICC 

FreeSurfer 0.93 ± 0.07 0.97 ± 0.04 
CAT12 0.94 ± 0.06 0.96 ± 0.04  
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3.2.1. Overall analysis 
All the cortical thickness values extracted by both frameworks are 

depicted in Fig. 7. The equation that translates the relationship between 

FreeSurfer and CAT12 values is CAT12 = 0.61 × FREESURFER + 0.92 
and CAT12 = 0.69× FREESURFER+ 0.75, for paediatric and adult 
samples, respectively, and the R2 is 0.48 and 0.64. The mean difference 
between the estimations is 0.065 ± 0.28 mm. The Bland-Altman plot 
shows a FreeSurfer (CAT12) mean of cortical thickness of 2.60 (2.52) 
mm and 2.49 (2.45) mm for paediatric and adult samples, respectively. 
Concerning the cortical thickness difference, the CI is between [−0.50, 
0.66] mm and [−0.44,0.51] mm, thus a CI width of 1.16 mm and 0.95 
mm for paediatric and adult samples. The bias mean is 0.080 mm and 
0.034 mm, for paediatric and adult samples, respectively. The t-test 
suggests that the bias is statistically different from zero in both cases 
(paediatric, t56831 = 6.47, cohen′d : 0.27 and adult, t26935 = 2.3,
Cohen′d : 0.14). 

3.2.2. Participant analysis 

3.2.2.1. Reproducibility metrics analysis. The results observed when 
analysing the two age groups are summarized in Table 4. The difference 
between the paediatric and adult group is −0.13 and −0.10 for R2 and 
ICC, respectively. Three ANCOVAs were performed, one per reproduc-
ibility metric. The ANCOVA results are shown in Tables S8 and S9 in the 
Supplementary Material. In summary, in the two metrics all the inde-
pendent factors (age, SNR, age-group and acquisition setting) are sug-
gested to influence the reproducibility metrics. The SNR was the factor 
with higher dispersion, followed by age, acquisition setting and age- 
group. 

3.2.2.2. Analysis of age effect on reproducibility metrics. The evolution of 
reproducibility metrics with age and SNR per acquisition setting, is 
depicted in Fig. 8. It shows an interesting and unexpected pattern: in 
children and adolescents all reproducibility metrics improve with age. 
Moreover, the variability decreases with age as well as the worst 
attained value, for each reproducibility metric. 

Table 5 shows the relation between the age for each of the repro-
ducibility metrics. In the paediatric group the relation was found to be 
significant, for both metrics (R2 and ICC) and age. Regarding the 
βagecomparisons, the independent t-test suggested that the difference be-
tween paediatric and adult group (βage,R2 : 9.1 × 10−3 and βage,ICC: 
6.0 × 10−3) of relation between age and reproducibility metrics is 
different between the two age groups (paediatric vs adult) for the two 
reproducibility metrics: slopeR2 (t564 = 25.96, Cohen’d: 2.34) and 
slopeICC(t564 = 23.72,Cohen’d: 0.69). 

3.2.3. ROI level analysis 
The reproducibility metrics for the ROI analysis are depicted in 

Fig. 5. Distribution of the R2 (a) and ICC (b) with age for each of the frame-
works. Each point represents the (a) R2 or (b) ICC value, at the participant level, 
of the cortical thickness test-retest reliability of each framework. 

Table 2 
Analysis of age effect on test-retest metrics: results of the regression with each of 
the reproducibility metrics: R2(βR2

age) and ICC (βICC
age ).   

Framework βR2

age βICC
age 

Age FreeSurfer 3.2 × 10−4 (p = 0.485) 2.2 × 10−4 (p = 0.445)
CAT12 6.4×10−4 (p = 0.1) 3.9 × 10−4 (p = 0.121)

Table 3 
Mean and standard deviation of the R2and ICC values for the test-retest reli-
ability metrics ROI analysis.  

Framework R2 ICC 

FreeSurfer 0.70 ± 0.10 0.84 ± 0.06 
CAT12 0.78 ± 0.09 0.88 ± 0.05  

Fig. 6. R2 values distribution between the cortical thickness extracted by 
FreeSurfer or CAT12 values per ROI, per hemisphere. 
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Fig. 9. Table 6 presents a summary of the metrics, per age group (the 
detailed lobes results is in Table S10 and the results per ROI for R2 and 
ICC is in Tables S11 and S12, respectively, of the Supplementary 
Material). 

To verify whether the difference between the paediatric and adult 
age groups was significant for the R2 (−0.08) and ICC(−0.07) an inde-
pendent samples t-test was performed. The results showed differences 
between age groups, for the two metrics: R2 

(t294 = −4.79,Cohen’d : 0.56) and ICC (t294 = − 3.98,Cohen’d : 0.46). 
The lobe with higher difference between the age groups is the tem-

poral and occipital lobe whereas with the lowest difference is the frontal 
lobe. The parietal lobe is the one with higher mean R2, 0.49 and 0.41 for 
adults and paediatric, respectively. Whereas insula lobe is the one with 
lower mean R2, 0.24 and 0.16 for adults and paediatric, respectively. 
The ROI with higher reproducibility in children and adolescents is the 
postcentral sulcus, which is also the one of the ROIs with lowest differ-
ence between the age groups. 

The ROI paired t-tests showed that 137 ROIs had at least one age- 
group with differences in the cortical thickness estimations of both 
frameworks. In the children and adult group, 130 and 109 ROIs had 
differences between the cortical thickness estimations extracted by 
Freesurfer and CAT12, respectively. The p-values were corrected for the 
296 comparisons, detailed results in Table S13 of the Supplementary 
Material. 

3.3. Reproducibility in different acquisition settings 

This section aims to understand whether the acquisition setting and 

age has impact on reproducibility metrics on mature brains. In this 
analysis two open-data sharing initiatives were used: IXI and OASIS-3. 
The analysis was conducted per acquisition setting. Therefore, four 
groups were analysed: three groups for the IXI dataset (one per site/ 
acquisition setting) and one group for the OASIS-3. Furthermore, the 
reproducibility between CAT12 and FreeSurfer metrics was also 
computed for a subset of OASIS-3. The subset was the one used in test- 
retest reliability analysis, objective (a), which includes subjects who 
have two T1-weighted images. In this case the cortical thickness was 
averaged over the two runs and the reproducibility metrics were 
computed. 

3.3.1. Overall analysis 
In this case, given that there are four acquisitions settings we decided 

to report the Bland-Altman results independently of the acquisition 
setting, the detailed results per acquisition setting are in Fig. S1 of the 
Supplementary Material. Considering all the adult individual ROIs, the 
overall reproducibility metrics were extracted, which are shown in 
Fig. 10 with a Bland-Altman plot. The linear regression has the following 
equation: CAT12 = 0.70× FREESURFER+ 0.68, with a R2 of 0.65. 
Regarding the Bland-Altman analysis the mean cortical thickness value 
is 2.39 mm and 2.36 mm for FreeSurfer and CAT12, respectively. 
Regarding the cortical thickness difference between the frameworks the 
mean difference is 0.032 which is statistically different from zero 
(t155251 = 5.30,Cohen′d : 0.13). Regarding the CI the values range from 
[−0.44; 0.50] mm which is a width of 0.93 mm. 

3.3.2. Participant analysis 

3.3.2.1. Reproducibility metrics analysis. The overall R2 for the adult 
datasets is 0.65, for the participant level analysis, and Table 7 summa-
rizes the reproducibility metrics per acquisition setting. The acquisition 
setting with higher reproducibility metrics is the Guys, followed by 
OASIS-3, HH and IOP. 

The ANCOVA suggested an acquisition setting and SNR effect in both 
metrics, yet the acquisition setting has the highest factor of dispersion 
dependent of the metric. The age had no effect in both metrics. The post- 

Fig. 7. Regression and Bland-Altman plot for the 
paediatric (a) and adults’ (b) analysis. On the left the 
distribution of cortical thickness extracted with 
FreeSurfer and CAT12, respectively, each point cor-
responds to a subject’s ROI. The dashed yellow line 
on the left plot represents the equation y = x. On the 
right the cortical thickness means and difference 
(FreeSurfer – CAT12) of the frameworks. (For inter-
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   

Table 4 
Reproducibility metrics analysis: Mean+/-standard deviation of R2 and ICC, for 
the individual analysis, grouped by age (greater or less than 18 years) for the 
neurodevelopment analysis.  

Age (years) R2 ICC 
≤ 18 0.51 ± 0.14 0.69 ± 0.11 
> 18 0.64 ± 0.09 0.79 ± 0.06  
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hoc comparisons revealed differences between all acquisition settings, 
detailed results are in Tables S14–S17 in the Supplementary Material. In 
Fig. 11 the acquisition setting effect is quite visible, i.e., the IOP 
reproducibility metrics are clustered apart from the Guys, HH and 
OASIS-3. 

The reproducibility results for the OASIS-3 test-retest subset were 
0.67 ± 0.07 and 0.81 ± 0.06 for the R2 and ICC, respectively. 

3.3.2.2. Analysis of age effect on reproducibility metrics. Fig. 11 and 

Table 8 summarize the assessment of the impact of age and acquisition 
setting on reproducibility metrics. The results are consistent indepen-
dently of the metric. The statistical analysis revealed an age effect on 
Guys and OASIS3 sites. 

The comparative analysis of the βage (βR2

age; βICC
age ) of each acquisition 

setting points out that the two βageare indeed different between all 
acquisition settings, except between HH and IOP, detailed results are in 
Tables S18–S19 of the Supplementary Material. Therefore, the relation 
between age and the reproducibility metrics is dependent on the 
acquisition setting. 

3.3.3. ROI level analysis 
A summary of the reproducibility metrics results for the ROI analysis, 

per acquisition setting, is shown in Table 9. The results show that the 
HH, Guys and OASIS-3 have better reproducibility metrics than the IOP. 

Regarding the reproducibility results for ROI analysis and using the 
OASIS-3 test-retest dataset the R2 and ICC were 0.40 ± 0.21 and 
0.60 ± 0.21, respectively. 

The R2 values per ROI for each open sharing initiative are depicted in 
Fig. 12 and the ROI and lobe R2 values are in Tables S20–S21 and the ICC 
values per ROI are in Tables S22–S23 of the Supplementary Material. 
The R2 differs throughout the brain, it is clear that there are regions with 
higher reproducibility metrics than others. Yet, the ROI reproducibility 
pattern is similar across acquisition settings. In general, while the pa-
rietal lobe has the higher mean R2, the limbic lobe has the lower mean 
R2. The subcallosal area and anterior transverse collateral sulcus (both 
ROIs are near the corpus callosum) are the ROIs with the lowest R2. 

Most ROIs have a similar R2 value for the right and left hemisphere, 
yet there are discrepancies. The transverse temporal sulcus, middle occip-
ital sulcus, lunatus sulcus and orbital gyri yield a difference in R2 between 
hemispheres higher than 0.5, independently of the acquisition setting. 
Nevertheless, in some ROIs, such as the middle frontal gyrus, the differ-
ence between hemispheres is only observed in the OASIS-3 dataset but 
not in others. 

Four paired t-test were performed per ROI, one per acquisition 
setting, the p-values were corrected for the 576 comparisons. The results 

Fig. 8. R2 and ICC by age and SNR for each site of the ABIDE I.  

Table 5 
Reproducibility metrics and age relation analysis: regression between age and 
SNR and each of the reproducibility metrics R2(βR2

age) and ICC (βICC
age )per age group. 

The significant values are shown in bold.   

Age (years) βR2

age βICC
age 

Age ≤ 18 1.2 × 10−2 (p = 8.6 × 10−7) 8.9 × 10−3 (p = 1.3 × 10−5)
> 18 2.9 × 10−3 (p = 1.2 × 10−3) 2.9 × 10−3 (p = 1.2 × 10−3)

Fig. 9. R2values distribution between the estimations of cortical thickness 
extracted by Freesurfer and CAT12 values per ROI, hemisphere, and per 
age group. 

Table 6 
Mean and standard deviation of R2 and ICC, for the ROI analysis, grouped by age 
(greater or less than 18 years) for the neurodevelopment analysis.  

Age (years) R2 ICC 

≤ 18 0.30 ± 0.14 0.52 ± 0.14 
> 18 0.38 ± 0.16 0.59 ± 0.15  

M.F.M. Dias et al.                                                                                                                                                                                                                              



Neuroimage: Reports 2 (2022) 100137

10

revealed differences between the frameworks on 145 ROIs, in at least 
one acquisition setting. Briefly, 132, 116, 94 and 130 ROIs were 
significantly different in Guys, HH, IOP and OASIS-3, respectively. 
Detailed results are presented in Table S24 of the Supplementary 
Material. 

3.3.3.1. Modelling age using cortical thickness values. Two models were 
trained, one per framework, with adult data from the IXI and OASIS-3 
datasets. The adjusted R2 for FreeSurfer and CAT12 models is 0.71 
and 0.73, respectively. The number of ROIs considered significant for 
age prediction is 29 and 38 for FreeSurfer and CAT12, respectively, the 
details are in Tables S25 and S26 in the Supplementary Material. An 
analysis was carried out to verify which ROIs were significant in age 
prediction in both frameworks. The results point out that there are 9 
overlapping ROIs, regions are significant in age prediction using both 
frameworks for estimation of cortical thickness. The overlapping ROIs 
and their mean reproducibility, R2, across sites (which is represented 
between the parentheses) are: left superior frontal gyrus (0.66), left 
triangular part of the inferior frontal gyrus (0.60), right angular gyrus 
(0.57), right superior occipital sulcus and transverse occipital sulcus (0.48), 
right superior part of the precentral sulcus (0.43), right occipital pole (0.34), 
left lingual gyrus (0.27), right anterior transverse temporal gyrus (0.28) and 
the left medial orbital sulcus (0.03). 

In Fig. 13 is depicted the distribution of the reproducibility metric 
values, R2, for each framework for the two groups: overlapping and non- 
overlapping ROIs. The independent t-test performed, per framework, 
revealed no difference between the groups for neither framework. 

4. Discussion 

This study reveals that the test-rest reliability of cortical thickness 
estimations within two computation frameworks (CAT12 and Free-
Surfer) attains higher values than the reproducibility between frame-
works, as expected. Concerning the test-retest reliability the Bland- 
Altman analysis suggested that the bias is only significant in the Free-
Surfer framework, yet the effect is small. Furthermore, the dispersion for 
CAT12 is lower than for FreeSurfer. The cortical thickness estimation 
mean was identical between frameworks (2.36 mm and 2.38 mm), these 

mean values are close to previous report mean cortical thickness (Hutton 
et al., 2008). The confidence interval was 0.34 mm and 0.40 mm, 
respectively, which corresponds to an error of 14% and 17% for a mean 
cortical thickness of 2.37 mm. 

At the individual level, the CAT12 attains statistically higher test- 
retest metrics than FreeSurfer, despite a very small 0.01 difference, 
which may be negligible from the biological point of view. An age effect 
was not detected in neither CAT12 nor FreeSurfer test-retest reliability 
metrics. Nevertheless, a SNR effect was detected in the two test-retest 
reliability metrics, therefore the performance within the framework is 
sensitive to the image quality. The positive slope between the SNR and 
the metrics reveals that images with higher quality have higher reli-
ability. An analysis of the relation between age and SNR showed that 
older individuals have lower SNR values. This is in agreement with the 
literature reporting that motion artifacts are higher in older individuals 
and, which in turn affect cortical thickness estimation (Madan, 2018). At 
the ROI level the test-retest difference between frameworks is higher 
(0.08 for R2) and was found to be statistically significantly for all 
measures with a strong effect on ICC and R2. Once again, the CAT12 has 
higher test-retest metrics than FreeSurfer. Regarding test-retest reli-
ability per lobes the parietal lobe and the temporal and occipital lobes 
have higher test-retest reliability. In contrast the frontal lobe has lower 
reproducibility in both frameworks. 

This study reveals a significant discrepancy between the cortical 
thickness reproducibility metrics extracted by FreeSurfer and CAT12 in 
adults and paediatric populations. The reproducibility metrics are 
significantly lower in children and adolescents’ than in adults, which 
may impact on the interpretation of neurodevelopmental studies. 
Furthermore, the reproducibility metrics increase with age until the age 
of 18 years old and stabilize in adulthood (Fig. 8). The reason behind this 
result might be nonlinear brain maturation, which changes brain 
morphology in children/adolescents (Gibb and Kovalchuk, 2018). These 
changes are a source of variability that might increase the difficulty to 
accurately estimate cortical thickness. Besides maturation, another 
cause for the low reproducibility in paediatric group might be motion, 
which tend to be higher in younger individuals (Pardoe et al., 2016) and 
causes artifacts that affect the accurate extraction of cortical thickness 
(Gilmore et al., 2021). It should be noted that age had an effect in 
children’s cortical thickness reproducibility even when our models 
introduce SNR as a covariate. Thus, we believe some of the reproduc-
ibility issues might be inherent to biological variability introduced by 
the brain maturation process. These results are pursuant with published 
findings where it is shown that different pre-processing pipelines, in 
early childhood, yield different results (Haynes et al., 2020). The low 
reproducibility between pipelines might be an explanation for cortical 
thickness inconsistencies found in the neurodevelopment phase in 
health and disease (Bedford et al., 2020; Khundrakpam et al., 2017; Van 
Rooij et al., 2018; Walhovd et al., 2016; Wallace et al., 2010). 

Concerning the ROI analysis, the overall pattern of reproducibility 

Fig. 10. Regression and Bland-Altman for the adult 
dataset with different acquisition settings. On the left 
the distribution of cortical thickness extracted with 
FreeSurfer and CAT12. The dashed red line on the left 
plot represents the equation y = x. On the right is the 
plot with the mean and difference (FreeSurfer – 
CAT12) between the cortical thickness estimates of 
the frameworks. In this plot each point corresponds to 
a participant’s ROI and different the acquisition set-
tings are coloured differently. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)   

Table 7 
Reproducibility metrics analysis: mean and standard deviation of R2 and ICC for 
the participant analysis, grouped by acquisition setting for the IXI and OASIS-3 
datasets.  

Acquisition setting R2 ICC 

Guys 0.69±0.06 0.82 ± 0.04 
HH 0.65±0.09 0.79 ± 0.07 
IOP 0.38±0.10 0.60 ± 0.08 
OASIS-3 0.65±0.08 0.80 ± 0.06  

M.F.M. Dias et al.                                                                                                                                                                                                                              



Neuroimage: Reports 2 (2022) 100137

11

metrics is the same in both age groups: the parietal lobe is the region 
with higher reproducibility whereas the insula is the one with lower 
reproducibility. There is previous evidence that the insula has high 
annual changes in cortical thickness during childhood and adolescence 
whereas in parietal cortex the annual changes are less exacerbated 
(Sowell et al., 2004). Therefore, the reproducibility might be related to 
the annual change rate of cortical thickness, the higher is the rate of 
annual changes the lower is the reproducibility. 

In adults, the reproducibility between frameworks slowly decreases 
with age, i.e., older adult individuals exhibit lower reproducibility 
metrics than younger adult individuals, in some acquisition settings. An 
age effect was detected, for both reproducibility metrics, in Guys and 
OASIS3 acquisition settings, even though we controlled for the image 
SNR. The reproducibility decrease with age may be related to the fact 

that older individuals move more in the scanner than younger in-
dividuals, which adds noise to the images and, consequently, the 
methods have more difficulties in extracting accurate metrics (Pardoe 
et al., 2016; Reuter et al., 2015). Additionally, the changes in brain 
morphometry that occur naturally with the ageing process might also 
underly the decrease in reproducibility of these measures with 
increasing age. The lack of an age effect on the IOP might be related to its 
sample size (the IOP has 67 participants, whereas the HH, Guys and 
OASIS-3 have 179, 312 and 491 participants, respectively). 

Besides the age effect, an acquisition setting effect was detected on 
the reproducibility metrics, which translates that sites with a similar 
SNR distribution had different reproducibility distributions. Further-
more, the relationship between age and reproducibility metrics is 
dependent on the acquisition setting. Therefore, the low reproducibility 
may be related to the acquisition setting that affected all the images in 
the same way, yet each acquisition setting affects the images differently, 
and the frameworks were unable to overcome this limitation. Moreover, 
the test-retest results also suggest that the reproducibility metrics are 
similar even when the cortical thickness estimation is averaged across 
two images of the same subject. This was as expected given the high 
values of the test-retest reliability of each frameworks. The current re-
sults highlight the challenge of multicentric studies. The conclusions of 
these large (typically consortia) studies might be vulnerable to acqui-
sition settings imprints on the data and must be interpreted with 
caution. Nonetheless, multi-centre studies are crucial to hypothesis 
generalization. Therefore, data harmonization techniques should ideally 
be available in pre-processing frameworks to reduce the acquisition 
setting impact on the images. 

The reproducibility at the individual level is higher than at the ROI 
level. This is expected since at the individual level there is only variance 
related to the framework whereas at the ROI level analysis there is 
variance related to both the participant and framework. This finding 
highlights the fact that the frameworks are not capable to overcome the 
individual variability and cross-sectional studies are more susceptible to 
inconsistencies leading to inaccurate conclusions. Nevertheless, the 
reproducibility at the ROI level is consistent across the four acquisition 
settings. This finding corroborates the results published in (Masouleh 
et al., 2020) in which it is shown that the ROI reproducibility is similar 
across datasets. 

The analysis of the outcome of the age prediction problem showed 

Fig. 11. Reproducibility metrics (R2 and ICC) at the participant level and its 
relationship with age and SNR for the different sites of the IXI and the OASIS- 
3 datasets. 

Table 8 
Reproducibility metrics and age relation analysis of the regression of age with 
each of the reproducibility metrics R2(βR2

age) and ICC (βICC
age ), per acquisition 

setting. The significant values are shown in bold.   

Acquisition 
setting 

βR2

age βICC
age 

Age Guys −8.5 × 10−4 

(p= 1.3 × 10−4)
−3.2 × 10−4 

(p= 2.3 × 10−2)
HH −3.3 × 10−4 

(p= 4.2 × 10−1)
1.1×10−4 

(p= 7.5 × 10−1)
IOP −3.8 × 10−4 

(p= 6.1 × 10−1)
−2.2 × 10−4 

(p= 7.1 × 10−1)
OASIS-3 9.7 × 10−4 

(p= 1.8 × 10−2)
9.1 × 10−4 

(p= 2.9 × 10−3)

Table 9 
Mean and standard deviation of R2 and ICC, for the ROI analysis, per acquisition 
setting for the IXI and OASIS-3 datasets.  

Site R2 ICC 

Guys 0.40 ± 0.19 0.60 ± 0.18 
HH 0.39 ± 0.19 0.59 ± 0.18 
IOP 0.24 ± 0.16 0.44 ± 0.18 
OASIS-3 0.39 ± 0.21 0.59 ± 0.20  
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that CAT12 and FreeSurfer yield different results. Nonetheless, despite 
the differences, the results also show that some ROIs with high repro-
ducibility between FreeSurfer and CAT12 overlap across frameworks. 
Yet, a high reproducibility value does not guarantee the same result in 
both models, as there are ROIs with high values of reproducibility across 
frameworks that are only significant in predicting age in one of the 
frameworks. 

5. Conclusion 

This work shows that the reproducibility of cortical thickness esti-
mations with CAT12 and FreeSurfer is weaker at the ROI-level than at 
the subject-level. These findings show that the inference from cross- 
sectional studies, in which conclusions at the ROI level are made from 
distinct sites, groups and frameworks, might explain inconsistencies 
reported in the literature. Furthermore, conclusions from metanalyses in 
which the pre-processing protocol was not the same might be compro-
mised. Thus, the pre-processing framework should be considered when 
different studies are being compared. Our results show that the test- 
retest reliability is reassuringly high at the individual level for images 
obtained using the same acquisition protocol. Consequently, the con-
clusions from longitudinal studies, with the same acquisition and pre- 
processing protocol are less sensitive to the described processing 
framework effects. 
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