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A B S T R A C T   

Background: The emotional domain is often impaired across many neurological diseases, for this reason it rep
resents a relevant target of rehabilitation interventions. Functional changes in neural activity related to treat
ment can be assessed with functional MRI (fMRI) using emotion-generation tasks in longitudinal settings. 
Previous studies demonstrated that within-subject fMRI signal reliability can be affected by several factors such 
as repetition suppression, type of task and brain anatomy. However, the differential role of repetition suppression 
and emotional valence of the stimuli on the fMRI signal reliability and reproducibility during an emotion- 
generation task involving the vision of emotional pictures is yet to be determined. 
Methods: Sixty-two healthy subjects were enrolled and split into two groups: group A (21 subjects, test-retest 
reliability on same-day and with same-task-form), group B (30 subjects, test-retest reproducibility with 4- 
month-interval using two equivalent-parallel forms of the task). Test-retest reliability and reproducibility of 
fMRI responses and patterns were evaluated separately for positive and negative emotional valence conditions in 
both groups. The analyses were performed voxel-wise, using the general linear model (GLM), and via a region-of- 
interest (ROI)-based approach, by computing the intra-class correlation coefficient (ICC) on the obtained 
contrasts. 
Results: The voxel-wise GLM test yielded no significant differences for both conditions in reliability and repro
ducibility analyses. As to the ROI-based approach, across all areas with significant main effects of the stimuli, the 
reliability, as measured with ICC, was poor (<0.4) for the positive condition and ranged from poor to excellent 
(0.4–0.75) for the negative condition. The ICC-based reproducibility analysis, related to the comparison of two 
different parallel forms, yielded similar results. 
Discussion: The voxel-wise GLM analysis failed to capture the poor reliability of fMRI signal which was instead 
highlighted using the ROI-based ICC analysis. The latter showed higher signal reliability for negative valence 
stimuli with respect to positive ones. The implementation of two parallel forms allowed to exclude neural 
suppression as the predominant effect causing low signal reliability, which could be instead ascribed to the 
employment of different neural strategies to cope with emotional stimuli over time. This is an invaluable in
formation for a better assessment of treatment and rehabilitation effects in longitudinal studies of emotional 
neural processing.   

1. Introduction 

The emotional domain has proven to be affected by several neuro
logical disorders such as dementia (Bora et al., 2016; Bora and Yener, 
2017; Klein-Koerkamp et al., 2012) and Parkinson’s Disease (Anzuino 

et al., 2023; Blonder and Slevin, 2011; Gray and Tickle-Degnen, 2010). 
This domain is often targeted during rehabilitation interventions, and 
the effects of the treatment at the neural level can be assessed through 
the implementation of specific emotion-generation tasks using func
tional magnetic resonance imaging (fMRI). 
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Indeed, fMRI represents the gold standard among non-invasive 
neuroimaging techniques to assess functional reorganization conse
quent to a neurorehabilitation intervention. Given its high spatial 
sensitivity, task-based fMRI has been widely used for deriving robust 
functional activation markers, which can effectively investigate disease 
evolution and treatment effects in longitudinal studies (Drobyshevsky 
et al., 2006). However, the test-retest assessment of signal reliability of 
functional MRI measures has been a matter of debate for the last decades 
(Elliott et al., 2020; "Fostering reproducible fMRI research," 2017; 
Noble et al., 2021). Indeed, the reliability of a measure is extremely 
important to uniquely describe a variable and a prerequisite for identi
fying novel imaging-derived biomarkers (Elliott et al., 2020). The reli
ability and reproducibility of the signal over repeated sessions is 
specifically fundamental when dealing with longitudinal measures 
assessing the progression of a given pathology or the effect of a treat
ment. Yet, as stated by Bennet and Miller (Bennett and Miller, 2010), a 
consensus about the fMRI signal reliability is still lacking. 

Several factors can impact signal reliability, one of the main being 
the type of fMRI task. In fact, relevant sources of variability in the fMRI 
signal are often ascribed to the underlying mental strategies employed 
when performing a task. Different studies have highlighted heteroge
neous results in terms of reliability depending on the type of task 
(Holiga et al., 2018), with sensory and motor tasks being more reliable 
than tasks involving higher cognitive processes (Bennett and Miller, 
2010). Cognitive tasks can indeed rely upon different mental strategies, 
requiring the activation of different neuronal substrates, to respond to 
the same task over time (Bennett and Miller, 2010). The impact of the 
employed neural strategy is extremely relevant when considering an 
emotion stimulation task in which for instance subjects can decrease the 
perceived intensity of stimuli with negative valence by using reappraisal 
as a regulatory strategy (Berboth et al., 2021). Interestingly, this vari
ability has been ascribed to increased neural efficiency in emotion 
processing associated with a decreased cognitive effort over time. 
Moreover, in test-retest assessment, the reiteration of task stimuli can be 
associated with the phenomenon of repetition suppression (Grill-
Spector et al., 2006; Segaert et al., 2013) also known as fMRI adaptation, 
that is, the reduction of neural activity and Blood oxygen 
level-dependent (BOLD) signal when stimuli are repeated. This phe
nomenon can occur at different temporal scales, ranging from minutes to 
months, and across multiple brain regions. Other sources of variability, 
affecting signal reliability have been identified, such as the higher SNR 
characterizing cortical brain regions with respect to subcortical ones 
(Heilicher et al., 2022). An example of these is given in (McDermott 
et al., 2020), showing how the reliability of a visual-cued emotion-
processing task decreased from visual sensory areas to limbic ones. 
Lately, Berboth et al. (Berboth et al., 2021) assessed the fMRI signal 
reliability in an emotion regulation task involving visual negative 
stimuli, within four networks of interest derived from a recent 
meta-analysis (Morawetz et al., 2020), highlighting great variability in 
reliability measures depending on the observed brain areas. 

Altogether these findings seem to indicate that different factors may 
affect the reliability of the fMRI signal, especially considering complex, 
higher-order mental processes such as emotion processing. Specifically 
related to emotion stimulation tasks, the observed variability has been 
ascribed to increased neural efficiency due to the use of different neural 
strategies and brain circuits over time, while the role of the repetition 
suppression phenomenon due to a habituation effect to salient stimuli 
has not been specifically addressed. 

Finally, even though emotional valence (i.e., positive or negative) 
could elicit different coping strategies and therefore engage different 
neural circuits over time, its role in signal reliability has never been 
investigated. 

To summarise, both the repetition suppression and the use of 
different mental strategies are highly relevant in the context of longi
tudinal studies where the possibility to disentangle between these and 
the actual effects related to the evolution of a clinical condition or to a 

specific treatment is pivotal. However, studies investigating both these 
aspects simultaneously and assessing their effect on fMRI signal reli
ability are lacking. 

In this framework, the present study aimed to assess the impact of 
repetition suppression and of different emotional valence on the fMRI 
signal reliability during an emotion stimulation task. To differentiate the 
role of each of these mechanisms in fMRI, we evaluated test-retest signal 
reliability of an emotion generation task based on the vision of pictures 
with emotional valence, and signal reproducibility between two parallel 
forms of the same task specifically selected to reduce stimulus repetition 
in two different experimental conditions involving stimuli with positive 
and negative valence. Considering that signal reliability and reproduc
ibility were also tested according to different time scales (e.g. within the 
same day and with an average interscan interval of 4-months respec
tively), we expected the employment of the parallel forms to be effective 
for improving within subject signal reliability if the source of variability 
can be mainly ascribed to repetition suppression rather than to the 
changes in mental strategies and modulation implemented at the indi
vidual level. On the other hand, if the variability is instead mainly linked 
to the over-time changes of the employed neural strategy, we predicted 
to observe different degrees of reliability also depending on the exper
imental condition (i.e., the different emotional valence of the stimuli). 

2. Methods 

2.1. Participants 

Sixty-two right-handed healthy volunteers were enrolled in the study 
(mean age  ± standard deviation in years= 27.2 ± 7.9; 35 females; 
mean education  ± standard deviation in years 16.2 ± 2.2). The 
absence of neurological, and neuropsychiatric disorders, and the use of 
psychotropic drugs were assessed through a clinical interview and 
considered as inclusion criteria. The exclusion criteria consisted of any 
contraindication to perform an MRI examination (e.g., presence of 
metallic prosthetics, MRI unsafe devices, claustrophobia, etc.). All the 
subjects signed a written informed consent, and the study was approved 
by the IRCCS Fondazione Don Gnocchi Ethical Committee. 

At the recruitment (T0), subjects were randomly allocated to one of 
the two parallel forms of the same task (form 1 and form 2). After the 
first fMRI scan, subjects were split into two different groups, group A 
and group B composed respectively of 1/3 and 2/3 of the total sample 
size (see Fig. 1). A higher sample size for group B was considered to 
account for possible drop-outs due to the extended inter-scan interval. 
The subjects belonging to group A repeated the acquisition twice within 
the same day, and with the same parallel form (form 1) to assess the test- 
retest reliability. The subjects belonging to group B instead repeated the 
acquisition twice on different days and considering different parallel 
forms of the task (i.e., either T0= form 1 – T1= form 2 or T0= form 2 – 
T1= form 1), with an average interscan interval of 4 months (T1), to test 
for the reproducibility (equivalence) of the two parallel forms (form 1 
and form 2). The employment of different stimuli in the two parallel 
forms and the prolonged inter-scan interval ensured the removal of 
potential repetition suppression phenomena. 

Eleven subjects, belonging to group B, did not come back for the 
second MRI scanning session; the resulting sample used for test-retest 
reliability and reproducibility analysis was composed of 51 subjects: 
21 subjects belonging to group A (mean age  ± standard deviation in 
years= 25.9 ± 6; 8 females; mean education  ± standard deviation in 
years 16.3 ± 1.9) and 30 subjects belonging to group B (mean age  ±
standard deviation in years= 27.1 ± 7.2; 21 females; mean education 
± standard deviation in years 16.2 ± 2). The sample size and de
mographics are reported in Table 1. 

2.2. Task design 

The emotional stimulation paradigm consisted of a block design 
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comprising 4 blocks representing 4 different conditions (A-B-C-D, see 
Fig. 2) which were repeated 8 times (epochs): presentation of visual 
stimuli with positive (A), neutral (B), and negative (C) emotional 

valence and fixation of a white cross (D). In order to ensure that par
ticipants were visualizing the images, a simple, not cognitively 
demanding task, was designed. Specifically, subjects were asked to 
indicate, by pressing a button with either right index or middle finger, if 
the presented scene included either living or non-living elements 
respectively, as previously implemented in (Pfaff et al., 2019). All the 
subjects received a proper training using trial images before the 
scanning. 

Each stimulus was presented only once within each scanning session. 
The visual stimuli were selected from the International Affective Picture 
System (IAPS) database (Lang et al., 2008). Specifically, the stimuli were 
selected according to the average scoring reported for emotional valence 
(mean ± SD form 1: 7.45 ± 0.37 for positive, 2.68 ± 0.77 for negative, 
and 5.08 ± 0.57 for neutral; form 2: 7.45 ± 0.43 for positive, 2.82 ±
0.79 for negative, 5.20 ± 0.61 for neutral), arousal (mean ± SD form 1: 
5.27 ± 0.68 for positive, 5.31 ± 0.89 for negative, and 2.82 ± 0.39 for 
neutral, form 2: 5.30 ± 0.7 for positive, 5.42 ± 0.98 for negative, and 
2.86 ± 0.42 for neutral) and dominance (mean ± SD form 1: 6.12 ±
0.57 for positive, 3.94 ± 0.8 for negative, and 6.04 ± 0.49 for neutral, 
form 2: 6.08 ± 0.5 for positive, 3.81 ± 0.78 for negative, and 5.99 ±
0.42 for neutral). 

The blocks were presented in a randomised order within each epoch. 
Every block consisted of 6 different images (trials) all of the same 
emotional valence which were displayed for 2.5 s each and interleaved 
by a white cross fixation (0.5 s), for a total duration of 18 s. The fixation 
condition was implemented in order to last 18 s as well. Every epoch, 
comprising 4 blocks, lasted 72 s. The total scanning time of the task was 
approximately 11 min. 

2.3. Parallel forms implementation 

The parallel forms were created by matching the selected stimuli 
according to their valence, arousal and dominance derived from the 
normative data rating (Lang et al., 2008). Ninety-six total images per 
emotional valence were selected to construct 2 parallel forms of the 
experiment comprising 48 images per emotional valence each. Specif
ically, the two sets of images were attentively controlled to be as 
matched as possible concerning the indexes of valence, arousal, domi
nance, for positive, negative and neutral stimuli respectively and across 
emotional valence within the same task form. Independent sample t-test 
and Mann-Whitney test yielded no significant differences between the 
two parallel forms relatively to any of the considered indexes. Further
more, we considered the semantic category, namely the prevalence of 
human subjects, animals or inanimate objects in the images, as an 
additional feature for stimulus matching both between parallel forms 
and across stimuli with different emotional valence. 

The detailed method and results of the parallel forms implementa
tion are reported in the Supplementary Materials (Table S1, Table S2, 
Table S3). 

Fig. 1. Flow-chart of the subjects’ enrolment and allocation. T0= enrolment; T1= average interscan interval of 4 months.  

Table 1 
Sample size, groups and demographics. Legend: N= sample size; SD= standard 
deviation; ROI= region of interest.  

Group (N) Whole sample 
(62) 

Group A 
(21) 

Group B (30) 

Age in years, 
mean ± SD 

27.2 ± 7.9 25.9 ± 6 27.1 ± 7.2 

Females, number 
(%) 

35 (56 %) 8 (38 %) 21 (70 %) 

Education in 
years, mean ± 
SD 

16.2 ± 2.2 16.3 ± 1.9 16.2 ± 2 

Parallel Form 1 and 2 1 1 and 2 
Type of Analysis Task-related 

pattern of 
activation 
(voxel-wise) 

Test-Retest 
signal 
reliability 
(voxel-wise 
and 
ROI-based) 

Signal reproducibility 
in parallel forms 
(voxel-wise and 
ROI-based)  

Fig. 2. Emotion stimulation task paradigm. The paradigm comprises 4 blocks 
representing 4 different conditions (A-B-C-D): presentation of visual stimuli 
with positive (A), neutral (B) and negative (C) emotional valence and fixation of 
a white cross (D), which are repeated 8 times (8 epochs). Every block consists of 
6 different trials all of the same emotional valence which were displayed for 
2.5 s each and interleaved by a white cross fixation (0.5 s), for a total duration 
of 18 s. The fixation condition was implemented to last 18 s. The presentation of 
the blocks was randomized for each epoch. 
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2.4. MRI data acquisition and analysis 

2.4.1. MRI data acquisition 
MRI acquisition was performed on a 3T Siemens Prisma Scanner 

(Erlangen, Germany) equipped with a 64-channel head/neck coil. The 
protocol included: 1) a T1–3D magnetization prepared rapid acquisition 
with gradient-echo (MPRAGE) sequence with repetition time (TR)=
2300 ms, echo time (TE)= 3.1 ms, isotropic resolution= 0.8 × 0.8 × 0.8 
mm3, 224 slices, which was used as an anatomical reference; 2) a sagittal 
fluid attenuated inversion recovery (FLAIR) sequence was also acquired 
(TR = 5000 ms, TE = 394 ms, resolution = 0.8  × 0.8 × 1 mm3, acqui
sition matrix = 288  × 320, 176 slices), to exclude gross brain abnor
malities; 3) an accelerated GE sequence with TR= 2000 ms, TE= 30 ms, 
resolution 3 × 3 × 3 mm3, multi-slice acceleration factor= 2, 52 slices, 
330 measurements, which was acquired during the task 
administration. 

The IAPS visual stimuli were delivered using E-Prime 3.0 (psychol
ogy software tools, https://pstnet.com/products/e-prime/) by means of 
a NordicNeuroLab system (https://www.nordicneurolab.com/) 
comprising an “in-room viewing device” with an MR-compatible display 
located at the end of the gantry and a mirror placed on the head coil. The 
stimuli administration was synchronised with the MR acquisition by 
means of a dedicated device (SyncBox). 

2.4.2. MRI data preprocessing 
The anatomical MPRAGE volumes were pre-processed following the 

steps of bias field correction (Tustison et al., 2010) and brain extraction 
(Jenkinson et al., 2005; Smith, 2002) and were used as anatomical 
reference in the co-registration steps of the functional image processing. 

The fMRI analyses were performed using the Statistical Parametric 
Mapping toolbox (SPM12, https://www.fil.ion.ucl.ac.uk/spm/) ac
cording to a standard pipeline comprising the following steps: motion 
correction and realignment, co-registration with individuals’ anatom
ical volumes, segmentation and normalization to the standard MNI 
template and smoothing (8 mm full-width at half-maximum isotropic 
Gaussian). The degree of head motion was assessed and subjects with 
movements above the threshold set at 2 mm/2◦ were excluded from the 
analysis. 

2.4.3. MRI statistics 
The general linear model (GLM) was used to construct and fit the 

statistical model on the BOLD response to perform the first-level anal
ysis. The four experimental conditions (positive, negative, neutral 
stimuli, and fixation) were considered as regressors of interest; the six 
motion parameters were instead inserted in the model as nuisance re
gressors. Two-different contrasts were derived at the subject level 
comparing the positive or negative blocks to the neutral blocks, namely 
testing the positive and negative contrasts respectively. 

The activation maps were derived from the whole sample of subjects 
(n = 62) for both the positive and negative contrasts by means of GLM 
and one-sample t-tests. The functional maps were considered statisti
cally significant for pFWE < 0.05 considering the family-wise error (FWE) 
correction for multiple comparisons to account for false positives. A 
threshold on cluster size was also set to a minimum size of 30 voxels. 

2.5. ROI definition 

To perform test-retest reliability and reproducibility analyses the 
regions of interest (ROIs) were obtained from the intersection between 
activation clusters (as resulting from the voxel-based GLM analysis) and 
an a priori selection of brain parcels from a standard anatomical atlas. 
To minimise the selection bias in the ROI definition, a mixed approach 
was used considering both the actual activation of the whole sample of 
subjects included in the study and literature evidence. Specifically, the 
clusters of significant activations from our sample were mapped ac
cording to the automated anatomical labelling 3 (AAL3) atlas (Rolls 

et al., 2020), using the AAL3 toolbox embedded in SPM12, and the 
percentage of the overlap of the activation cluster with respect to the 
parcel size was calculated. The median value of the overlap between the 
activation cluster and the AAL3 parcel was used as a threshold to 
exclude clusters with negligible overlap relative to the parcel size. Then, 
the parcels were further refined according to a recent meta-analysis on 
emotion regulation tasks (Laird et al., 2009; Morawetz et al., 2020), 
from which the areas belonging to the networks involved in emotional 
responses and perception, and processing of internal sensations were 
selected. 

2.6. Statistical analyses: test-retest repeatability and reproducibility of 
parallel forms 

To assess firstly the test-retest reliability of the same version of the 
task and secondly the reproducibility (equivalence) of the two imple
mented parallel forms, either a voxel-wise GLM-based approach and an 
ROI-based analysis were employed. 

A whole-brain voxel-wise analysis unavoidably suffers from low 
statistical power, since statistical tests are carried out across all single 
voxels. Nonetheless, it is the standard method employed to perform 
statistical group comparisons in the anatomically normalised space and 
to detect clusters of significant fMRI signal changes over time due to 
either treatment or rehabilitation effects. 

For this reason, the test-retest reliability analysis was also imple
mented as a ROI-based analysis by computing the intra-class correlation 
coefficient (ICC). The ICC is a robust index assessing the test-retest 
reliability of any metric which relies on the ratio between inter- 
subject and intra-subject variances (Heilicher et al., 2022). 

To assess the test-retest reliability the analyses were performed on 
the subsample of 21 subjects, namely group A; the reproducibility of the 
parallel forms was instead tested on the subsample comprising 30 sub
jects, namely group B. 

The voxel-wise analyses were conducted using a GLM approach to 
extract the main stimulus contrasts at single subject level (separately for 
positive and negative emotion conditions) to compute paired t–tests, 
and, in a second-level (group) analysis, to assess both test-retest reli
ability and parallel forms reproducibility. The results were assessed 
considering pFWE < 0.05 with cluster size threshold equal to 30 voxels. 

The ICC was used to assess the ROI-based test-retest reliability and 
the equivalence of the parallel forms. Namely, the individual contrasts 
for each condition and form were extracted from each ROI and a two- 
way mixed effects model with an absolute agreement, namely ICC 
(2,1) (McGraw and Wong, 1996), was computed using SPSS (IBM Cor
poration, version 28). 

The reliability, as measured by ICC, has been qualitatively cat
egorised according to the following ranges: poor ICC < 0.4, fair 0.4 ≤
ICC < 0.59, good 0.6 ≤ ICC ≤ 0.75, and excellent reliability ICC > 0.75 
(Cicchetti and Sparrow, 1981). Despite ICC values being categorised for 
positive ranges, negative ICC values could be also obtained, especially in 
neuroimaging studies, in which case, these are either categorised as poor 
to zero reliability or considered as uninterpretable (Bartko, 1976; Gir
audeau, 1996; Lahey et al., 1983). 

3. Results 

3.1. Task-related pattern of activation 

The whole brain activity related to the different contrasts of the task 
was investigated considering the first acquisition (T0) of the whole 
sample (n = 62). The significant main effects for positive and negative 
contrasts are shown in Fig. 3, whereas cluster size, peak statistics and 
localization according to AAL atlas are reported in Table 2 and Table 3 
respectively for positive and negative contrasts. 
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3.2. ROI selection 

For the positive condition, a total of 18 ROIs were selected while 22 
ROIs were identified for the negative condition. The included ROIs are 
listed in Table 4. 

3.3. Test-Retest reliability analysis 

3.3.1. Reliability - GLM voxel-wise analysis 
The within subject (paired t-test) between-session (Test vs. Retest) 

comparison for both Positive Condition and Negative Condition con
trasts yielded no significant effects (pFWE < 0.05 at voxel-level). 

3.3.2. Reliability - Intra-class correlation coefficient – ROI-based analysis 
The test-retest ICC results for the positive and negative conditions are 

shown in Fig. 4. 
For the Positive condition ICC ranged between 0.016 and 0.31 (poor 

reliability), while the Negative condition showed in general higher ICC 
values, spanning between 0.192 and 0.819 (poor to excellent 
reliability). 

3.4. Equivalence of parallel forms: reproducibility analysis 

3.4.1. Reproducibility - GLM voxel-wise analysis 
No significant effects were detected when comparing the different 

parallel forms using a paired t-test for both the Positive and Negative 
conditions (pFWE < 0.05). 

3.4.2. Reproducibility - Intra-class correlation coefficient – ROI-based 
analysis 

The test-retest ICC results for the positive and negative conditions are 
shown in Fig. 5. 

For the Positive condition ICC ranged between 0.005 and 0.479 
(poor to fair reproducibility), with fewer negative values with respect to 
the reliability analysis. The Negative condition showed again higher ICC 
values than the Positive one but was more heterogeneous with respect to 
the reliability analysis, spanning between 0.03 and 0.695 (poor to good 
reproducibility). 

4. Discussion 

The present work aimed to investigate the impact of repetition 
suppression (i.e., habituation effect to repeated stimuli) and task con
ditions (i.e., different emotional valence) on fMRI signal reliability of an 
emotion generation task. This type of task investigates a domain which 
is often targeted during rehabilitation interventions for its involvement 
in several neurological disorders such as dementia (Bora et al., 2016; 
Bora and Yener, 2017; Klein-Koerkamp et al., 2012) and Parkinson’s 
Disease (Anzuino et al., 2023; Blonder and Slevin, 2011; Gray and 
Tickle-Degnen, 2010). However, it is a common experience that facing 
emotions elicits mental strategies able to alter the nature, intensity, and 
duration of the neural (and behavioural) response. 

In our study, the activation patterns observed at T0 in positive versus 
neutral and negative versus neutral contrasts encompassed a large 
bilateral network involving inferior-frontal areas, occipital-temporal 
areas, insular cortex, thalamus, amygdala, caudate nucleus and hippo
campus in line with (Berboth et al., 2021). 

This study addressed both the test-retest reliability of the task itself 
and the reproducibility of the two parallel forms implemented. Two 
different statistical approaches were used to assess the test-retest signal 
reliability and signal reproducibility, namely a standard GLM voxel-wise 
approach and an ROI-based approach which comprised the computation 
of the ICC (McGraw and Wong, 1996). The first approach has been 
included in our study since it represents a standard statistical method 

Fig. 3. Task elicited whole brain activity (pFWE < 0.05) for the positive (left) and negative (right) contrast. The cluster represents z-values color-coded in red-yellow 
according to the range reported in the colorbar (0–13). The glass-brain representation was created using the BrainNet Viewer Software (http://www.nitrc.org/proj 
ects/bnv/) (Xia et al., 2013). Legend: R= Right; L= Left. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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employed in both cross-sectional studies comparing different pop
ulations and longitudinal ones testing for treatment-related neural ef
fects. However, we also included the ICC computation because it 
represents a more suitable methodology for quantifying the test-retest 
signal reliability (Bennett and Miller, 2010; Heilicher et al., 2022; 
Noble et al., 2021), relying on the ratio of between-subject and 
between-session variance (Shrout and Fleiss, 1979). The latter approach 
overcomes the limitation of the GLM approach which is intrinsically 
affected by low statistical power, because statistical tests are carried out 
for each voxel at the whole brain level. 

4.1. Test-retest reliability results 

The test-retest reliability analysis specifically aimed to capture 
possible repetition suppression effects due to stimuli repetition; for this 
reason, the subjects were scanned twice during the same day using the 
same stimuli (i.e., in the same parallel form) in both sessions, exacer
bating possible habituation effects. When assessed with the voxel-wise 
test-retest reliability analysis, no statistically significant differences 
(pFWE < 0.05), neither in the positive nor in the negative condition, 
between the two sessions was observed. 

Interestingly, the ROI-based analysis revealed a different reliability 
for positive and negative valence stimuli. Indeed, while for the positive 
conditions the ICC values ranged from negative ones (uninterpretable/ 
approximately zero) (Berboth et al., 2021) to poor reliability, for the 
negative condition reliability was good to excellent in most of the ROIs 
considered. Moreover, the signal was highly reliable in both cortical 
areas belonging to frontal, occipital temporal and parietal cortices, and 
subcortical regions such as the hippocampus, the thalamus, and the 
amygdala. Our data suggest that signal reliability is independent from 
the considered ROI and anatomical areas but is instead highly dependent 
on the task condition (i.e., type of stimuli). 

Our results are novel and differ from previous studies investigating 
emotion stimulation tasks. Mc Dermott et al. (McDermott et al., 2020) 
reported greater reliability for visual areas, which are involved in the 
sensory processing of the stimuli, compared to areas designated to 
emotional processing; in this case, the differences with respect to our 
results, could be ascribed to the different task paradigm employed by 
McDermott and colleagues which investigated emotions through a face 
processing task, implying a more coherent visual perceptual load of the 
pictures (i.e., only faces) compared to the stimuli used here, depicting 
different objects and scenarios. Similarly, Berboth et al. (Berboth et al., 
2021), in an emotion regulation task, found higher reliability of the 
signal in cortical, compared to subcortical, regions, in line with previous 
findings of a recent meta-analysis (Elliott et al., 2020). However, the ICC 
values reported in (Berboth et al., 2021) are in line with the one ob
tained in our study, especially when considering that they employed 
equivalent stimuli, in order to mitigate possible habituation effects, as 
we also did. 

Of note, the classification of the signal reliability level used in the 
present study was derived according to (Cicchetti and Sparrow, 1981). 
This classification, however, has been defined for behavioural and 
psychological measures in which ICC is considered reliable when equal 
or higher to 0.8. Such values are not often achievable for fMRI measures 
(Hedge et al., 2018). 

Table 2 
Task elicited whole brain activity for the positive condition. The activation 
clusters are reported considering the cluster size, the statistics in terms of both t- 
value and p-value, the peak of activation and their localization according to the 
AAL atlas. Legend: FWE= family wise error correction for multiple comparisons; 
equivk= cluster size. R= Right; L= Left; C= cortex.  

p(FWE- 
corr) 

equivk T x,y,z [mm] AAL Label 

<0.001 14,308 13.10 50 − 70 6 R Middle Temporal C   
11.04 − 46 − 70 18 L Middle Temporal C   
11.15 22 − 96 − 4 R Calcarine C   
10.25 − 38 − 48 − 20 L Fusiform   
11.54 42 − 48 − 20 R Fusiform   
11.39 26 − 96 − 2 R Inferior Occipital C   
8.25 − 26 − 94 − 4 L Inferior Occipital C   
10.15 − 44 − 76 8 L Middle Occipital C   
9.73 44 − 76 8 R Middle Occipital C   
10.01 20 − 98 4 R Superior Occipital C 

<0.001 557 9.53 − 24 − 30 2 L Thalamus   
5.65 − 30 − 4 − 20 L Amygdala   
5.89 − 20 − 22 20 L Caudate   
7.37 − 34 − 12 − 14 L Hippocampus 

<0.001 344 9.38 24 − 28 2 R Thalamus 
<0.001 784 8.63 − 40 10 30 L Precentral C   

6.10 − 44 16 16 L Inferior Frontal Opercular C 
<0.001 1111 7.37 52 20 32 R Inferior Frontal Opercular C   

6.74 42 4 40 R Middle Frontal C   
6.13 42 4 46 R Precentral C 

<0.001 247 7.36 − 22 − 34 − 44 Cerebellum_10_L   
5.41 − 10 − 54 − 46 Cerebellum_9_L   
6.49 2 − 56 − 36 Vermis_9 

<0.001 149 7.24 − 46 38 0 L Inferior Frontal Triangular C 
<0.001 111 6.91 − 28 18 − 22 L Inferior Orbitofrontal C   

5.89 − 28 22 − 2 L Insula 
<0.001 81 6.16 32 − 14 − 14 R Hippocampus 
0.002 33 6.56 22 − 36 − 46 Cerebrum_10_R 
<0.001 123 6.14 34 − 64 − 48 Cerebellum_8_R  

Table 3 
Task elicited whole brain activity for the negative condition. The activation 
clusters are reported considering the cluster size, the statistics in terms of both t- 
value and p-value, the peak of activation and their localization according to the 
AAL atlas. Legend: FWE= family wise error correction fo multiple comparisons; 
equivk= cluster size. R= Right; L= Left; C= cortex.  

p(FWE- 
corr) 

equivk T x,y,z [mm] AAL Label 

<0.001 28,934 13.73 48 − 68 10 R Middle Temporal C   
11.44 40 − 42 − 20 R Fusiform   
10.35 − 38 − 68 

− 14 
L Fusiform   

11.37 24 − 8 − 16 R Hippocampus   
5.42 21 − 14 − 20 R Parahippocampus   
8.16 − 25 − 15 

− 15 
L Hippocampus   

9.13 − 30 − 4 − 20 L Amygdala   
6.43 12 − 90 14 R Cuneus   
12.11 24 − 96 − 2 R Inferior Occipital C   
12.31 − 46 − 72 16 L Middle Occipital C   
8.91 − 42 − 76 − 4 L Inferior Occipital C   
12.45 - 46 − 76 4 R Middle Occipital C   
11.42 18 − 98 6 R Superior Occipital C   
12.75 − 40 − 48 

− 18 
L Inferior Temporal C   

11.02 42 − 54 − 14 R Inferior Temporal C 
<0.001 2184 10.65 52 20 28 R Inferior Frontal Opercular C   

10.26 46 18 24 R Inferior Frontal Triangular C   
6.92 46 4 52 R Middle Frontal C   
6.57 52 10 44 R Precentral C 

<0.001 912 9.26 − 40 10 30 L Precentral C   
7.61 − 42 22 18 L Inferior Frontal Triangular C   
7.31 − 44 12 27 L Inferior Frontal Opercular C 

<0.001 941 8.41 − 6 54 42 L Superior Medial Frontal C   
6.44 4 52 32 R Superior Medial Frontal C   
5.29 10 26 64 R Supplementary Motor Area   
7.18 − 10 56 34 L Superior Frontal C 

<0.001 469 7.02 6 − 8 6 R Thalamus   
6.78 − 4 − 12 6 L Thalamus   
6.21 14 − 2 14 R Caudate   
5.93 − 10 2 14 L Caudate 

<0.001 138 6.9 28 − 48 50 R Inferior Parietal 
<0.001 61 5.85 − 52 − 4 − 16 L Postcentral C   

5.69 − 52 − 16 
− 12 

L Middle Temporal C 

0.002 35 5.61 − 6 − 48 44 L Precuneus  
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4.2. Reproducibility results 

The reproducibility analysis was essentially aimed to assess and 
validating a possible strategy to minimize repetition suppression effects 
in fMRI longitudinal studies employing visual stimuli with different 
emotional valence. Thus, the subjects were scanned twice with a mean 
inter-scan interval of 4 months and using two parallel forms of the same 
task. The time interval was chosen according to the average duration of a 
typical rehabilitation treatment. 

This analysis revealed no differences at the voxel-wise level. How
ever, when considering the ROI-based analysis the ICC values showed 
heterogeneous results both within and between conditions (i.e., 
emotional valence). 

Overall, for the reproducibility analysis, a higher degree of signal 
variability relative to the test-retest condition was detected in both 
positive and negative conditions. Specifically, the ICC values for the 
positive condition were overall higher compared to the ones obtained 
considering test-retest reliability, suggesting that the differences may be 
partially ascribed to a neural suppression and habituation phenomenon 
which was at least partially mitigated in the reproducibility analysis by 
the employment of different equivalent stimuli of the two parallel forms 
and the elapsed time. Conversely, the negative stimuli showed more 
heterogeneous ICC values with respect to test-retest analysis but still 
preserving on average higher reliability compared to the positive 
condition. 

Altogether, these results suggest that the prevailing mechanism 
affecting within-subject signal reliability is related to task condition 
suggesting the employment of diverse neural strategies and circuits over 
time. Evidence on the role of neural strategies in fMRI test-retest signal 
reliability, was recently investigated by (Berboth et al., 2021) during a 

negative emotion regulation task. The authors reported a decrease in 
neural activity across sessions at both whole-brain and region-wise level. 
Since equivalent stimuli were used between the different sessions, pre
venting the habituation effect, the authors ascribed the observed results 
to a reduced cognitive effort and, in turn, to an enhanced neural effi
ciency in emotion regulatory processes. 

Furthermore, only for the positive condition, the higher reproduc
ibility retrieved when using two parallel forms of the task and after a 
wide time interval, suggests that a small component of fMRI adaptation 
could still be present. However, the improvement in positive condition 
reliability could be also due to different sample sizes and therefore 
further studies are needed to confirm this aspect. 

Notably, our results also highlight different degrees of reliability and 
reproducibility levels between the two experimental conditions (i.e., 
positive or negative emotional stimuli). These results are in line with 
previous imaging studies revealing that fMRI signal variability depends 
upon the emotional valence of the proposed stimuli (Dores et al., 2013; 
Mourão-Miranda et al., 2003). Specifically, the observed higher reli
ability of fMRI signal when using negative stimuli could be related to the 
well-known ‘unpleasant emotion bias’ (Dores et al., 2013). In fact, it is 
well established that unpleasant/negative stimuli produce higher neural 
activation with respect to neutral and pleasant/positive ones. It has also 
been demonstrated that higher levels of activation may result in higher 
ICC values, thus explaining the differences we observed depending on 
the experimental conditions (i.e., emotional valence) (Berboth et al., 
2021; Caceres et al., 2009; Fliessbach et al., 2010; Korucuoglu et al., 
2021). 

The new evidence reported here corroborates the hypothesis that 
when assessing the reliability of emotion stimulation tasks, the most 
impacting factor to consider is related to the individual (within-subject) 
variability due to the employed strategy in coping with the administered 
stimuli more than to repetition suppression and habituation phenomena. 

Furthermore, our results suggest that when implementing emotion 
fMRI tasks to monitor both a neurological/neuropsychological pathol
ogy and/or a pharmacological or rehabilitative treatment, negative 
stimuli might be more effective in capturing differences among clinical 
populations or between treatment time points. However, in a life-span 
perspective future studies including subjects with broader age span 
and clinical conditions are needed to ensure the generalizability of these 
results. 

Finally, in this work we conducted a reliability analysis using both 
GLM and ICC analyses. The different (complementary) role of GLM and 
ICC analyses in the context of the conducted reliability analysis allowed 
a more complete picture of the problem but it is essential to point out 
these roles. In the GLM analysis, the interpretation differs depending on 
the hypothesis made on the (regional) effects. Assuming that no differ
ence should exist in the fMRI signal from a stimulus-activated region 
between two repeated sessions, any significant regional effect should be 
interpreted as an indication of poor reproducibility. This might be either 
due to the technical (e.g., noise, artefacts) or neurophysiological effects 
(e.g., habituation, anticipation), thereby the presence of a significant 
regional effect would warn against targeting that region to probe any 
interventional effects in the case of treatment. However, even in the 
absence of significant regional effects in the GLM analysis, as shown in 
this study, a complete reliability statement or picture would still require 
an ICC analysis to consider the occurrence of both significant and non- 
significant regional effects. 

Future works are warranted to comprehensively address the impact 
of coping strategies on fMRI signal reliability also considering the 
emotional valence of the stimuli (i.e., positive vs. negative). One 
possible limitation of the study is that we used an implicit emotional 
stimulation of the subjects, i.e., without asking the participants for an 
explicit rating of the stimuli on-line nor debriefing them off-line to verify 
how they would have rated each picture. However, the used stimuli 
were chosen among the extreme values of the normative ranges for each 
emotional valence to minimise the possibility that subjects would 

Table 4 
The coordinates of the AAL atlas labels for the selected ROI are reported in the 
table for the positive and the negative contrasts. A total of 18 ROIs has been 
selected for the positive contrast while 22 ROIs were derived from the negative 
one. Legend: ROI= regions of interest; P= Positive; N= Negative; R= Right; 
L= Left; C= Cortex.  

Lobe AAL Labels Positive Contrast 
ROI Number 

Negative Contrast 
ROI Number 

Frontal 
Cortex 

L Inferior Frontal 
Opercular C 

P1 N1 

L Inferior Frontal 
Triangular C 

P2 N2 

L Orbitofrontal C P3 – 
L Superior Medial 
Frontal C 

– N3 

R Superior Medial 
Frontal C 

– N4 

R Inferior Frontal 
Opercular C 

P4 N5 

R Inferior Frontal 
Triangular C 

P5 N6 

Insular 
Cortex 

L insula P6 – 

Occipital 
Cortex 

L Inferior Occipital C P7 N7 
L Middle Occipital C P8 N8 
R Inferior Occipital C P9 N9 
R Middle Occipital C P10 N10 
R Cuneus P11 N11 

Parietal 
Cortex 

L Precuneus – N12 
R Inferior Parietal – N13 

Temporal 
Cortex 

L Fusiform P12 N14 
L Middle Temporal C P13 N15 
L Hippocampus – N16 
R Fusiform P14 – 
R Middle Temporal C P15 N17 
R Hippocampus P16 N18 
R Parahippocampus – N19 

Subcortical L Amygdala – N20 
L Thalamus P17 N21 
R Thalamus P18 N22  
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intrinsically rate each picture differently from what was to be expected 
and to ensure proper emotional stimulation at selected valence. 

In particular, the subjective emotional valence could also have a role 
on the different coping strategies. Another important aspect to be 
considered, would be the intra-scan fMRI signal reliability. Future 
studies are needed to precisely investigate also this aspect which was out 
of the scope of the present work mainly focusing on the fMRI signal 
reliability specifically referred to longitudinal settings. Finally, in anal
ogy to what observed during fMRI studies involving cognitive (Cabinio 
et al., 2015; Castelli et al., 2010; Farina et al., 2017) and motor tasks (Di 
Tella et al., 2021) which showed age-related differences in the activation 
patterns, it will be important to extend the study of fMRI signal reli
ability to different age groups, for instance during development and 
aging populations. 

5. Conclusion 

Overall, our study investigated the relative contribution of two 
concurrent mechanisms affecting the signal reliability of task-fMRI 
measures. The implementation of two parallel forms allowed us to 
exclude predominant effects of the so-called repetition suppression or 
habituation phenomena impacting the reliability of the fMRI signal. 

Thus, the main effect responsible for low signal reliability seems to be 
ascribed to the different neural strategy involved when repeating the 
task. This might be related with coping strategies aimed to reduce the 
cognitive/emotional effort elicited by complex tasks. It is worth 
mentioning, that the voxel-wised approach with GLM analysis failed to 
capture the poor signal reliability which was instead highlighted using 
the ROI-based ICC analysis. The use of the GLM analysis in longitudinal 
studies in the absence of a previous reliability assessment could yield to 
misleading (false positive or false negative) results, on the effects of a 
given treatment or of disease progression. 

To conclude, our study demonstrated the importance of investigating 
the signal reliability of fMRI tasks before implementing longitudinal 
paradigms. 
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