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A B S T R A C T   

Background and Objective: Magnetic resonance imaging of the brain allows to enrich the study of the relationship 
between cortical morphology, healthy ageing, diseases and cognition. Since manual segmentation of the cerebral 
cortex is time consuming and subjective, many software packages have been developed. FreeSurfer (FS) and 
Advanced Normalization Tools (ANTs) are the most used and allow as inputs a T1-weighted (T1w) image or its 
combination with a T2-weighted (T2w) image. In this study we evaluated the impact of different software and 
input images on cortical estimates. Additionally, we investigated whether the variation of the results depending 
on software and inputs is also influenced by age. 
Methods: For 240 healthy subjects, cortical thickness was computed with ANTs and FreeSurfer. Estimates were 
derived using both the T1w image and adding the T2w image. Significant effects due to software, input images 
and age range were investigated with ANOVA statistical analysis. Moreover, the accuracy of the cortical 
thickness estimates was assessed based on their age-prediction precision. 
Results: Using FreeSurfer and ANTs with T1w or T1w-T2w images resulted in significant differences in the 
cortical thickness estimates. These differences change with the age range of the subjects. Regardless of the images 
used, the more recent FS version tested exhibited the best performances in terms of age prediction. 
Conclusions: Our study points out the importance of i) consistently processing data using the same tool; ii) 
considering the software, input images and the age range of the subjects when comparing multiple studies.   

1. Introduction 

Magnetic resonance imaging (MRI) based structural information, 
such as those obtainable with T1-weighted (T1w) and T2-weighted 
(T2w) images, are essential for tissue segmentation, anatomical delin
eation, and lesion location. This information has proved to be a valid 
tool to study the healthy ageing as well as to follow the progression of 
many neurological disorders [1–3]. Therefore, cortical thickness, 
cortical volume and cortical surface area measurements need to be as 
reliable as possible. The use of automated methods for their estimation 
has improved quantitative neuroimaging analysis, by introducing less 

subjectiveness and fastest processing of data. Cortical thickness 
computation can be performed by several tools which are mainly 
divided in two types, namely surface- and volume-based methods. 
Surface-based modelling reconstructs the cortical surfaces by means of 
polygonal meshes [4,5]. Instead, volume-based methods deform the 
White Matter (WM)/Grey Matter (GM) boundary towards the GM/cer
ebrospinal fluid (CSF) boundary, and derive a cortical thickness map 
through a diffeomorphic registration [6]. FreeSurfer (FS) [7] is a 
representative of the former typology, while the Advanced Normaliza
tion Tools (ANTs) cortical thickness pipeline [8] is a representative of 
the latter. Both FreeSurfer and ANTs have been used to analyse cortical 
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thickness in both healthy and pathologic states [9–13]. Regarding 
FreeSurfer, the computed volumes of specific brain structures have been 
compared to manually derived volumes [14,15], as well as cortical 
thickness estimates have been validated with manual measurements 
[16,17] and histological analysis [18]. Also post-mortem data [4] was 
used for validation, resulting in good agreement between the two 
measurements with a maximum discrepancy of slightly more than 0.5 
mm. As reported by the authors, differences may be accounted for by 
several factors such as individual variability, fixation effects, the precise 
location of the measurements, as well as MRI artifacts. Moreover, 
several studies have demonstrated the reliability of cortical measure
ments between scanner systems, albeit with sensitivity to scanner 
manufacturer and field strengths [19–21]. In this context, FreeSurfer has 
proven to be reliable at following morphological and pathological 
changes in the brain [22]. Over time, multiple software releases have 
been made available, due to ongoing improvements in the imple
mentation of the processing steps. The issue that rises with a new release 
is that it could compromise the reproducibility of previous studies and 
could affect clinical translation. Gronenschild et al. [23] addressed this 
issue with the aim of testing the reliability of FreeSurfer across software 
versions (v4.3.1, v4.5.0, and v5.0.0), workstation types and operating 
systems: they found significant differences in volume and cortical 
thickness estimates. Similar findings were reported by Bigler et al. [24] 
that observed significant total volumes differences, and minimal sig
nificant differences between cortical thickness measurements. In 
another study performed by Chepkoech et al. [25], authors were inter
ested in understanding whether classification accuracy, based on 
cortical thickness, changes depending on the version used rather than 
finding absolute differences that are somehow expected. They found 
that, even though there were absolute thickness estimation differences 
across versions, those differences did not affect classification accuracy. 
Recently, Haddad et al. [26] reported a good compatibility of cortical 
surface area from version 7.1 with that of previous versions, and mod
erate compatibility for the cortical thickness. Despite the well-known 
issue that different cortical thickness estimation approaches can yield 
different results [8,27–29], to the best of our knowledge there are no 
studies that compare recent FreeSurfer versions with ANTs. The main 
aim of our study is to verify whether there are significant differences in 
cortical thickness estimates between FreeSurfer and ANTs, and to 
determine if these differences equally affect different brain regions. If so, 
it is important to consider this aspect when comparing studies that 
exploit one of the two tools. Such comparison has already been per
formed by Tustison et al. [8] with a previous version of FreeSurfer and 
the native ANTs cortical thickness pipeline, resulting in good 
scan-rescan repeatability for both methods, and higher performance for 
ANTs in predicting age and sex. Both methods require as input of the 
main pipeline a T1w image, but they also provide the option to include a 
T2w image, that is used in specific processing steps. Several studies [30, 
31] report that the inclusion of a T2w image, due to the different 
contrast, can improve the reliability of hippocampal subfield measure
ments. Based on these results, we hypothesized that a similar improve
ment might also be achievable in the cortical estimates. Hence, we 
quantified for the first time the differences in the cortical estimates when 
using a T2w image as additional input. Finally, considering that pro
gression of some diseases (i.e., neurodegenerative diseases) occurs over 
a certain period and at different ages, we investigated the influence of 
age on cortical estimates obtained from the different software. 

2. Materials and methods 

For this study, 240 healthy subjects from the Human Connectome 
Project in Aging (HCP-A, Release 2.0) [32] were chosen. The selection of 
the subjects was performed to create three different age groups of 80 
participants each, matched for sex (40/40 M/F) and Quality Control 
score of the structural images available in the HCP-A release docu
mentation. Imaging data of the HCP-A dataset were acquired on a 

Siemens 3T Prisma. T1w and T2w images were acquired using a 
multi-echo MPRAGE (TR/TI = 2500/1000 ms, TE = 1.8/3.6/5.4/7.2 
ms, flip angle = 8◦), and a variable-flip-angle turbo-spin-echo (TSE) 
sequence (TR/TE = 3200/564 ms, turbo factor = 314), respectively. 
Both structural scans had a sagittal FOV of 256 × 240 × 166 mm3 with a 
matrix size of 320 × 300 × 208 slices) [33]. Subjects were divided in 
mature (from 36 to 64 years old), old (from 65 to 79 years old) and 
oldest old (from 80 years old) groups [32]. T1w and T2w images of each 
participant have been minimally preprocessed according to Glasser et al. 
[34] and Harms et al. [33]. All subjects were analysed with two Free
Surfer versions (6.0 and 7.1.1) and ANTs (version 2.3.0). Each software 
was run with different inputs: both a T1w and T2w images, as well as 
solely a T1w image (considered the standard input). Cortical features 
can be extracted using the FreeSurfer software through its recon-all 
pipeline. To improve the segmentation of the structural image, a 
low-frequency intensity nonuniformity correction is applied. Up to 
FreeSurfer version 6.0 (FS6), this step relied on the nonparametric 
nonuniform normalization (N3) approach [35]. In subsequent versions, 
the algorithm was enhanced with a robust B-spline approximation al
gorithm and a modified optimization strategy. This improved version, 
known as N4, has been shown to exhibit greater noise robustness, and 
improved convergence due to its iterative refinement scheme [36]. 
Following the segmentation of cortical and subcortical structures, white 
and pial surfaces are generated [37]. T2w image can be used at this step, 
contributing to the refinement of the pial surface thanks to its different 
contrast. For the analysis we extracted the mean cortical thickness, 
cortical surface area and volume for each region of interest (ROI) of the 
Desikan-Killany-Tourville (DKT) atlas [38]. Cortical thickness is 
computed as the distance between two corresponding points in the white 
matter and pial surface [4], whereas surface area is the average of areas 
of all faces that meet at a given vertex on the white matter surface [39]. 
In the case of volume computation, it is important to note that it does not 
simply involve the multiplication of area by thickness at each vertex. 
Briefly, the vertex coordinates of the matching faces of white matter and 
pial surface are used to define an oblique truncated triangular pyramid 
which can be decomposed into three tetrahedra. Volume is computed as 
the sum of the volumes of these polyhedrons [40]. Cortical surface area 
and volume were normalized by the total white surface area and by the 
estimated Total Intracranial Volume (eTIV), respectively. With ANTs, 
only the native cortical thickness pipeline (version 2.3.0) was tested. 
Briefly, the ANTs cortical thickness pipeline (antsCorticalThickness.sh) 
starts with N4 bias field correction [36] and then performs brain 
extraction [41]. The T2w image can be used in the brain segmentation 
process which is based on spatial tissue priors [42]. Cortical thickness is 
computed based on diffeomorphic mappings between the grey/white 
matter and the exterior cortical surface [6]. To parcellate the brain ac
cording to the DKT atlas, we applied the joint label fusion method [43] 
using 20 manually labelled subjects of the MindBoggle-101 dataset [38]. 
Due to the volume-based framework of ANTs, which does not include 
the cortical surfaces reconstruction, for each ROI, we only derived the 
cortical thickness, computed as the mean cortical thickness across the 
voxels of that region. 

The workflow of the present study is shown in Fig. 1. A total of six 
approaches were implemented: FS6 with T1w (FS6 T1), FS6 with T1w 
and T2w (FS6 T1T2), FS7 with T1w (FS7 T1), FS7 with T1w and T2w 
(FS7 T1T2), ANTs with T1w (ANTS T1) and ANTs with T1w and T2w 
(ANTS T1T2). Four different comparisons were investigated: i) FS6 vs 
FS7 (both T1 and T1T2 approaches); ii) ANTS T1 vs ANTS T1T2; iii) FS6 
T1 vs FS7 T1 vs ANTS T1; iv) FS6 T1T2 vs FS7 T1T2 vs ANTS T1T2. The 
analyses were performed with Matlab 2021b (MathWorks, MA, USA). In 
comparison (i) we conducted two three-way repeated measure ANOVA 
to investigate the impact of software version, input images and age 
range on cortical thickness as well as on volume, and a two-way 
repeated measure ANOVA to investigate the impact of software 
version and age range on cortical surface area. We did not investigate 
the impact of the input images on the white matter surface area as the 

G. Debiasi et al.                                                                                                                                                                                                                                 



Computer Methods and Programs in Biomedicine 242 (2023) 107825

3

T2w images were introduced into the process after its computation. In 
comparison (ii) we conducted a two-way repeated measure ANOVA to 
investigate the effects of input images and age range on cortical thick
ness. In comparisons (iii) and (iv) we conducted a two-way repeated 
measure ANOVA to investigate the effects of software and age range on 
cortical thickness. It is worth noting that area and volume were exclu
sively considered in the first comparison, as it was the only one focused 
solely on FreeSurfer. Following each ANOVA analysis, we performed 
post-hoc tests (specifically, the Tukey Kramer test) to infer the signifi
cative differences among the levels of tested factors. For comparisons iii) 
and iv) we also computed the mean cortical thickness differences (ANTS 
- FS) across ROIs. Moreover, to infer whether differences in the cortical 
thickness estimation are local or global, for each ROIs we computed 
correlations between cortical thickness measurements derived for each 
couple of two distinct approaches (i.e., same software with different 
input images or the same input images but with different software). 
Furthermore, given that there is no ground truth for cortical thickness 
data, an indirect method is required to assess the quality of the esti
mation. Since it is known that there is a progressive thinning of the 
cortex as age increases [17], we gauged the accuracy of cortical thick
ness estimations through their capability to predict age. To achieve this, 
we fitted the linear model previously used in the study by Tustison et al. 
[8]: 

Age ∼ eTIV + Gender +
∑n ROI

i=1
CTi  

where eTIV is the estimated Total Intracranial Volume, CTi is the mean 
cortical thickness of the ROI i of the DKT atlas. For each comparison, 
cortical thickness data from the involved approaches were partitioned 
into training and test sets using varying proportions of training data 
(ranging from 10 % to 90 %). This procedure was repeated for n = 1000 
permutations in order to generate a performance distribution using the 
Root Mean Square Error (RMSE): 

RMSE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑(

AGEtrue − AGEpredicted
)2

N

√

Finally, a ROI-level analysis of cortical thickness measurements was 
carried out for the T1w-based approach of FS7 and ANTs, owing to their 
more extensive utilization compared to the T1w-T2w-based approach. 
Consequently, a paired Student’s t-test with False Discovery Rate (FDR) 
correction was applied to the mean cortical thickness of the subjects’ 
ROI of the three age groups with FS7 T1 and ANTS T1 approaches. 

3. Results 

3.1. Comparison (i): FreeSurfer-based approaches 

The effect of FreeSurfer version and age on the area estimates were 
assessed with a two-way repeated measures ANOVA. The analysis 
revealed a significant effect due to age (F(2)=72.0, p<0.05, where F 
refers to the F-test, and 2 is equal to the degrees of freedom). Post-hoc 
test revealed that cortical surface area decreases with age (p<0.05), 
regardless of the version used. Similar analysis, also testing the effect of 
the input image, were conducted for volume and cortical thickness es
timates. Regarding volume, ANOVA revealed significant effects due to 
software version (F(1)=11.4, p<0.05), image used (F(1)=34.4, p<0.05) 
and age (F(2)=82.0, p<0.05). Post-hoc tests indicated that in the old and 
oldest old groups, values derived from FS6 were lower than those from 
FS7 (p<0.05). Additionally, regardless of age, measurements derived 
from T1w images were lower than those derived from T1w-T2w images 
(p<0.05). 

Lastly, cortical volume decreased with age regardless of the version 
and image used (p<0.05). In the supplementary materials (Fig. S1), we 
depicted the mean volume of the ROIs computed using different ap
proaches for the three age groups. It could be seen that the spatial pat
terns of the volume measurements were consistent across age groups 
and, as previously mentioned, there was a reduction in volume with 
increasing age. The ROIs with the most pronounced differences among 
the approaches included the fusiform, inferior parietal, inferior tempo
ral, lateral occipital, lateral orbito-frontal and lingual regions. The spi
der plots in Fig. 2 show the mean cortical thickness of the atlas ROIs 
estimated using FS6 T1 (blue), FS6 T1T2 (orange), FS7 T1 (yellow) and 
FS7 T1T2 (violet) for each age group. Significant effects were found for 

Fig. 1. Workflow of the study: T1w and T2w images were used as inputs of the software pipelines. Cortical thickness was computed using both software, whereas 
cortical surface area and volume were exclusively obtained through FreeSurfer. 
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version (F(1)=41.5, p<0.05), image used (F(1)=406.8, p<0.05) and age 
(F(2)=135.8, p<0.05). Post-hoc tests reported that regardless of age, 
cortical thickness values derived from FS6 were greater than those from 
FS7 (p<0.05), and similar differences were observed between T1T2- 
derived values with respect to T1-derived (p<0.05). Furthermore, 
cortical thickness decreased with age, regardless of the version and 
image used (p<0.05). Mean values and standard deviations of correla
tions between the ROI cortical thickness estimates obtained using 
various combinations of software and input images are listed in Table 1. 
All the averaged correlations had p<0.05, except for the pericalcarine, 
medial orbito-frontal cortex, cuneus and isthmus cingulate, which did 
not reach statistical significance in four of the comparisons. 

The most highly correlated approaches were FS7 T1-FS7 T1T2 (r =
0.94, p<0.05) while the least correlated were FS6 T1T2-FS7 T1T2 (r =
0.69, p<0.05). The results of the age prediction based on cortical 
thickness with a training portion equal to 50 % are summarized in 
Table 2 (rows: 1–4). FS7 had better predictive performance (RMSEmean±

RMSEsd FS7 T1: 15.13±0.69, FS7 T1T2: 15.11±0.69) than FS6 (FS6 T1: 
15.93±0.69, FS6 T1T2: 16.00±0.71), and the inclusion of the T2w 
image into the pipeline did not improve this performance. The RMSE 
distributions of the different approaches at the various training portions 
are illustrated in the supplementary materials, specifically in Figs S2–S5. 

3.2. Comparison (ii): ANTs-based approaches 

The mean cortical thickness values obtained with ANTS T1 (blue) 
and ANTS T1T2 (orange) for the three age groups are shown in Fig. 3. 
The two-way repeated measures ANOVA on cortical thickness mea
surements revealed significant effects due to image used (F(1)=1061.7, 

Fig. 2. Mean cortical thickness estimates derived from FreeSurfer approaches (comparison i)) and divided by age group. Panel A, B and C report mature, old and 
oldest old group mean cortical thickness values, respectively. Each point corresponds to a ROI of the DKT atlas as listed in the bottom right panel. 

Table 1 
Mean ROIs cortical thickness correlations between various combinations of 
software/input images. Standard deviation is reported between parentheses.   

Correlation  
FS6 T1 FS7 T1 FS6 

T1T2 
FS7 
T1T2 

ANTS 
T1 

ANTS 
T1T2 

FS6 T1 1 0.93 
(0.04) 

0.84 
(0.06) 

0.87 
(0.06) 

0.50 
(0.16) 

– 

FS7 T1 0.93 
(0.04) 

1 0.77 
(0.07) 

0.94 
(0.03) 

0.47 
(0.16) 

– 

FS6 
T1T2 

0.84 
(0.06) 

0.77 
(0.07) 

1 0.69 
(0.12) 

– 0.59 
(0.20) 

FS7 
T1T2 

0.87 
(0.06 

0.94 
(0.03) 

0.69 
(0.12) 

1 – 0.36 
(0.19) 

ANTS T1 0.50 
(0.16) 

0.47 
(0.16) 

– – 1 0.93 
(0.05) 

ANTS 
T1T2 

– – 0.59 
(0.20) 

0.36 
(0.19) 

0.93 
(0.05) 

1  
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p<0.05) and age (F(2)=394.8, p<0.05). 
Post-hoc tests revealed that regardless of the image used, cortical 

thickness decreased with age (p<0.05). In the old and oldest old group, 
T1-derived values were higher than T1T2-derived values (p<0.05), 
while this distinction was not observed in the mature group. The mean 
correlation between ANTS-based approaches is reported in Table 1. 
Results of age prediction from cortical thickness with ANTs are listed in 
the last two rows of Table 2. The best predictive performance in terms of 
mean RMSE was achieved by ANTS T1T2 (RMSEmean± RMSEsd 15.60 
±0.76). 

3.3. Comparison (iii): T1w-based approaches 

Mean cortical thickness measurements for FS6 T1 (blue), FS7 T1 

(orange) and ANTS T1 (yellow) in the three age groups are presented in 
Fig. 4. A two-way repeated measures ANOVA revealed significant effects 
due to software (F(2)=27.5, p<0.05) and age (F(2)=304.8, p<0.05) on 
cortical thickness values obtained from the three approaches. Post-hoc 
tests indicated that cortical thickness decreased with age (p<0.05) 
regardless of the software used. Additionally, there were significant 
differences (p<0.05) among the values derived from the different ap
proaches. Particularly, in the mature and old groups, the order was 
ANTS T1 > FS6 T1 > FS7 T1, whereas in the oldest old group there were 
not significant differences between FS6 T1 and ANTS T1 approaches. 
The mean differences in cortical thickness across the dataset are illus
trated in Fig. 5. Cortical thickness estimates derived using ANTS were 
approximately 1 mm greater than those obtained with both FreeSurfer 
versions in the inferior temporal gyrus, the entorhinal region, the fusi
form gyrus, the insula region and the rostral anterior cingulate cortex. 
Mean ROIs correlations for comparison iii) are reported in Table 1: weak 
correlation values were associated with FS6 T1-ANTS T1 (r = 0.50, 
p<0.05) and FS7 T1-ANTS T1 (r = 0.47, p<0.05) combinations. The 
results of the age prediction based on cortical thickness are summarized 
in Table 2 (rows: 1, 3, 6): the best predictive performance was achieved 
using the FS7 T1 approach (RMSEmean± RMSEsd: 15.13±0.69), whereas 
the least favourable results were obtained with the ANTS T1 approach 
(RMSEmean± RMSEsd: 16.66±0.78). 

Table 2 
RMSE of the six investigated approaches relative to a training portion of 50 %.   

RMSE mean [years] RMSE sd [years] 

FS6 T1 15.93 0.69 
FS6 T1T2 16.00 0.71 
FS7 T1 15.13 0.69 
FS7 T1T2 15.11 0.69 
ANTS T1 16.66 0.78 
ANTS T1T2 15.60 0.76  

Fig. 3. Mean cortical thickness estimates derived from ANTS approaches (comparison ii)) and divided by age group. Panel A, B and C report mature, old and oldest 
old group mean cortical thickness values, respectively. Each point corresponds to a ROI of the DKT atlas as listed in the bottom right panel. 
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3.4. Comparison (iv): T1w- and T2w-based approaches 

Mean cortical thickness estimates in the three age groups obtained 
using FS6 T1T2 (blue), FS7 T1T2 (orange) and ANTS T1T2 (yellow) are 
displayed in Fig. 6. A two-way repeated measures ANOVA revealed 
significant effects due to software (F(2)=9.0, p<0.05) and age (F(2)=
397.4, p<0.05) in the cortical thickness measurements. Post-hoc tests 
indicated significant differences in the mature (ANTS T1T2 > FS6 T1T2 

> FS7 T1T2, p<0.05), old (FS6 T1T2 > FS7 T1T2, p<0.05) and oldest old 
(FS6 T1T2 > ANTS T1T2, p<0.05) groups. Moreover, regardless of the 
software used, cortical thickness exhibited a decrease with age (p<0.05). 
Fig. 7 illustrates the mean cortical thickness differences of the T1w-T2w- 
based approaches. Both FS6 and FS7 estimates were 1 mm lower than 
those obtained with ANTS in the rostral anterior cingulate cortex. By 
focusing on the correlations presented in Table 1, it could be observed 
that there was poor correlation among the different software estimates 

Fig. 4. Mean cortical thickness estimates derived from FS T1 and ANTS T1 approaches (comparison iii)) and divided by age group. Panel A, B and C report mature, 
old and oldest old group mean cortical thickness values, respectively. Each point corresponds to a ROI of the DKT atlas as listed in the bottom right panel. 

Fig. 5. Mean cortical thickness differences computed by subtracting FS T1 from ANTS T1. Images were generated as described in Schäfer et al. [44].  
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(r = 0.59, p<0.05 for FS6 T1T2-ANTS T1T2, and r = 0.36, p<0.05 and 
FS7 T1T2-ANTS T1T2). However, when comparing different versions, 
the correlation value was slightly higher (r = 0.69, p<0.05). As indicated 
in Table 2 (rows: 2, 4, 6), FS7 T1T2 had the best predictive performance 
(RMSEmean± RMSEsd: FS7 T1T2: 15.11±0.69). 

3.5. ROI-level analysis 

Mean cortical thickness values from the 62 ROIs of the DKT atlas 
were included in a ROI-level comparison, involving FS7 T1 and ANTS T1 
approaches. Within the mature group, the only non-significant differ
ences were observed in the left and right postcentral and transverse 
temporal regions, as indicated in panel A of Fig. 8 (white cortical regions 
correspond to non-significant differences). In the old group, non- 

Fig. 6. Mean cortical thickness estimates derived from FS T1T2 and ANTS T1T2 approaches (comparison iv)) and divided by age group. Panel A, B and C report 
mature, old and oldest old group mean cortical thickness values, respectively. Each point corresponds to a ROI of the DKT atlas in the bottom right panel. 

Fig. 7. Mean cortical thickness differences computed by subtracting FS T1T2 from ANTS T1T2. Images were generated as described in Schäfer et al. [44].  
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significant differences were observed in the left hemisphere in the 
caudal middle frontal, cuneus, pars orbitalis and pars triangularis re
gions, and in the right hemisphere in the pars opercularis, pars orbitalis, 
superior temporal and supramarginal regions (panel B of Fig. 8). In the 
oldest old group non-significant differences were found in the left 
inferior parietal, parahippocampal, superior frontal and supramarginal 
regions, as displayed in panel C of Fig. 8. The differences were attenu
ated as age increased, with the maximum differences being observed in 
the temporal and cingulate regions. 

4. Discussion 

In this study, we compared two of the most widely used toolboxes for 
computing cortical features. Additionally, we investigated whether 
incorporating an additional image alongside the standard T1w image 
could enhance the results. Our results highlighted that the cortical fea
tures obtained using different software or versions were significantly 
different. This agreed with previous works where significant differences 
were found in cortical thickness and volume measurements obtained 
with previous versions of FreeSurfer [23,24,26]. It is worth noting that 
differences emerged in all age groups, though not in the same way, 
indicating that the age range of the subjects played a non-negligible role. 
When utilizing T1w images, the correlation between cortical thickness 
estimations obtained from FreeSurfer versions was higher compared to 
when T2w images were included. Conversely, the cortical thickness 
computed using ANTs with the T1w image exhibited strong correlation 
with the results obtained by adding the T2w image. Low correlations 
were observed among different versions of FreeSurfer and ANTs, both 
utilizing the T1w image alone and incorporating the T2w image. The 
first result was in line with expectations, supported by various studies 
[8,27–29]. However, to the best of our knowledge, no previous studies 
had explored the effects of including T2w images at the whole-brain 
level. Given the absence of a ground truth for the cortical thickness es
timates, we evaluated the accuracy of the results obtained with the 
different approaches based on their ability to predict age. This approach 
had previously been adopted in a study by Tustison et al. [8] involving a 
previous version of FreeSurfer. In our study, the best predictive perfor
mances were obtained with FreeSurfer version 7.1.1. Conversely, the 
weakest performances were obtained using ANTs. The inclusion of the 
T2w images did not influence these results. In the study by Tustison et al. 
[8], the most predictive estimates were obtained using ANTs. This 
discrepancy might arise from variations in the processed images, and 
due to the different FreeSurfer versions that have been utilized. Addi
tionally, even though the mean RMSE values of our study are marginally 
elevated, it is essential to note that our analysis involved the complete 
dataset for age prediction, whereas in their study only a subset of sub
jects within a specific age range was considered. A ROI-level analysis 
between FS7 T1 and ANTS T1 was carried out to evaluate regional dif
ferences across the three age groups. Notably, significant differences 

were identified in all groups, albeit in varying regions. As age advanced, 
the differences became less pronounced, with the most substantial dis
parities noted in the temporal and cingulate regions. Interestingly, the 
temporal lobe and its neighbouring regions pose challenges for precise 
measurements [45], and furthermore, these areas exhibited differences 
across all age groups with consistent magnitude, reflecting their distinct 
characteristics [3]. We are aware that more recent FreeSurfer versions 
are now available (e.g., 7.2, 7.3 and 7.4) but, as reported by FreeSurfer 
developers, for version 7.1 and above recon-all will end up with the 
same results (https://surfer.nmr.mgh.harvard.edu/fswiki/ReleaseNotes 
). No manual correction was applied to the output of the cortical 
thickness pipelines since it could potentially introduce a bias, and this 
goes beyond the aims of the present study [45]. It is worth noting that all 
the results discussed in this study are derived from a cohort of healthy 
people and could not be translated to pathological subjects without a 
further study. 

5. Conclusion 

In the present study we demonstrate the importance of processing 
data with the same tool, particularly in longitudinal studies. Further
more, when aligning one’s findings with prior research, understanding 
the tool employed for estimations and the age range of the subjects 
became very important, given the pivotal role of cortical thickness in 
disease-related studies. Since the incorporation of the T2w image into 
the processing pipeline did not enhance FreeSurfer results, and only 
marginally affected the outcomes obtained using ANTs, its inclusion in 
the analysis is deemed nonessential. 
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