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Abstract 

 

Memory-related functional magnetic resonance imaging (fMRI) activations show age-related 

differences across multiple brain regions that can be captured in summary statistics like 

single-value scores. Recently, we described two single-value scores reflecting deviations from 

prototypical whole-brain fMRI activity of young adults during successful encoding and 

novelty processing. Here, we investigate the construct validity of these scores for age-related 

neurocognitive changes in 153 healthy older adults. All scores correlated with episodic recall 

performance. The memory network scores, but not the novelty network scores, additionally 

correlated with medial temporal gray matter and a composite measure comprising pro-active 

inhibition, episodic memory, tonic alertness, flexibility, and working memory. Our results 

reveal that novelty-network-based fMRI scores have a high construct validity for episodic 

memory while encoding-network-based fMRI scores further capture individual differences in 

global cognition. These data motivate the further development of whole-brain fMRI single-

value scores as biomarkers for network dysfunction in normal versus pathological aging. 
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1. Introduction 

 

Even most healthy older adults commonly exhibit a certain degree of cognitive decline and 

brain structural alterations1-3. While age-related decline of cognitive functions and particularly 

explicit memory is common, some individuals age more “successfully”, showing comparably 

preserved memory capability even in advanced age4. On the other hand, for example, 

individuals at risk for Alzheimer’s disease (AD) exhibit accelerated cognitive aging well 

before clinical onset of the disease. Valid and complementary markers of cognitive and 

functional impairment could facilitate the assessment of age-related neurocognitive changes 

and provide valuable information about an individual’s extent of brain aging5-8. As suggested 

by Hedden et al.9, markers that rely on age-related alterations of brain structure and function 

can be referred to as brain markers or, if obtained using imaging techniques, as imaging 

biomarkers. Examples include differences in gray matter volume (GMV)10,11, white matter 

(WM) lesion load8,12, memory-related functional magnetic resonance imaging (fMRI)13-16, and 

electrophysiological measures17. Other indicators of successful versus accelerated cognitive 

aging are disease markers, which encompass, among others, positron emission tomography 

(PET) measures of beta-amyloid (Aβ) and tau deposition18, but also neuropsychological 

markers like global cognition, executive function, and episodic memory as assessed with 

neuropsychological tests19.  

Previous studies show that, compared to young individuals, older adults exhibited 

lower activations of inferior and medial temporal structures and reduced deactivations in the 

Default Mode Network (DMN) during novelty processing and successful long-term memory 

encoding13,16. To capture age-related deviations from the prototypical fMRI activations in 

younger participants, we proposed the use of reductionist fMRI-based scores:  
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I. The FADE score (Functional Activity Deviations during Encoding14), which reflects 

the difference of activations outside and inside a mask representing prototypical 

activations in a young reference sample, and  

II. the SAME score (Similarity of Activations during Memory Encoding13), which reflects 

the similarity of an older adult’s brain response with activation and deactivation 

patterns seen in young subjects, and furthermore accounts for the inter-individual 

variability within the reference sample.  

Both markers constitute single-value scores and can be computed either from fMRI 

novelty (novel vs. highly familiarized images) or subsequent memory contrasts (based on a 

subsequent recognition memory rating of the to-be-encoded images). They thus reflect age-

related processing differences in either novelty detection or successful encoding, which 

engage overlapping, but partly separable neural networks13,20,21, with novelty detection not 

directly translating to encoding success22. Scores based on novelty detection versus encoding 

success may thus indicate age-related deviations in at least partly different cognitive domains. 

Here, we investigate the construct validity of the scores in terms of their ability to 

capture age-related differences in episodic memory and hippocampal function, as reflected by 

correlations with memory performance measures and medial temporal lobe (MTL) gray 

matter volume (GMV), as well as their relationship with other cognitive domains and age-

related differences in brain morphology beyond the MTL. The FADE and SAME scores have 

previously been associated with memory performance in the encoding task they were 

computed from13,14, but it is yet unclear whether this relationship is also found with 

independent, classical neuropsychological assessments of memory. Furthermore, it is not yet 

known whether the scores are specifically related to hippocampus-dependent memory 

performance or rather global cognitive function in old age. To validate the scores and to 

evaluate, which neurocognitive functions (hippocampus-dependent memory vs. other 

cognitive tasks) are significantly related to the four fMRI-based single-value scores (i.e., 
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FADE vs. SAME x novelty vs. subsequent memory) and specifically to age-related 

differences, we performed step-wise correlational analyses for each age group. Firstly, we 

computed correlations between the imaging scores to assess their potential orthogonality 

versus dependence. We then tested their relationship with performance in different memory 

tests and other psychometric tasks covering a wide range of cognitive functions. Finally, we 

assessed associations between the imaging scores and brain morphometric measures (local 

GMV, WM lesion volume). For an overview of our approach, see Figure 1. 
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2. Results 

 

2.1.Demographic data 

The previously described study cohort13,20 consisted of 259 healthy adults, including 106 

young (47 male, 59 female, age range 18-35, mean age 24.12 ± 4.00 years), and 153 older 

(N = 153, 59 male, 94 female, age range 51-80, mean age 64.04 ± 6.74 years) participants (for 

details see methods section and Supplementary Table S1). Age groups did not differ 

significantly with respect to gender ratio, ethnic composition or ApoE genotype (χ2 tests: all 

p > .088, see Table S1). There were significant differences regarding medication, endocrine-

related surgeries (e.g. thyroidectomy and oophorectomy), and level of education: 94% of 

young subjects, but only about 50% of the older subjects had received the German graduation 

certificate qualifying for academic education (“Abitur”), most likely due to historical 

differences in educational systems (for a discussion, see 13, Supplementary Material). Using 

the Multiple-Choice Vocabulary Test (MWT-B23
), a multiple-choice vocabulary-based 

screening of verbal intelligence, we could confirm that older participants had comparable or 

superior verbal knowledge (z = - 8.11, p < .001), which did not correlate with the imaging 

scores (all p > .203). 

Age groups differed significantly for all imaging scores (two-sample t-tests: all 

p < .001), except for the FADE score computed from the novelty contrast (see 13; p = .910). 

All results reported below focus on the older adults. For completeness, main figures and 

tables also show the results from young participants. 

 

2.2.Voxel-wise representation and inter-correlation of the imaging scores  

As an initial, exploratory, analysis, we computed voxel-wise regressions of the fMRI novelty 

and subsequent memory contrasts with the imaging scores in the older age group. Note that 
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this analysis is partly circular as the imaging score of each participant were computed from 

the individual fMRI contrasts. These results are thus reported for illustrative purposes, to help 

interpreting the subsequently reported results. Figure 2 shows that the FADE score computed 

from the novelty contrast (hereafter: FADE novelty score) is rather specifically associated 

with an occipital and parahippocampal network, while the SAME scores additionally capture 

a wide range of processes in the default mode network (DMN; i.e., precuneus and medial 

prefrontal cortex), which can mainly be attributed to the score’s negative components. All 

scores significantly correlated with the contrast they were constructed from (see 

Supplementary Tables S4-7 for details). Additionally, the SAME score computed from the 

novelty contrast (hereafter: SAME novelty score) showed a significant positive correlation 

with the fMRI memory effect in the striatum, precuneus, and middle occipital gyrus (see 

Figure 3 and Table S8). 

To investigate the scores’ similarity, we correlated them with each other. The scores 

obtained from the same contrast, that is, novelty or memory, showed significant negative 

correlations (all p < .001; see Figure 4), reflecting the fact that FADE and SAME scores were 

constructed in opposite ways. Importantly, neither FADE nor SAME scores obtained from the 

different contrasts (i.e. novelty processing vs. subsequent memory) correlated significantly 

with each other (p > .768), suggesting that they assess different constructs. The remaining 

correlations were not significant (p > .092). 

We previously observed that older adults exhibited lower activations of inferior and 

medial temporal structures, particularly of the parahippocampal cortex, compared to younger 

participants, accompanied by relatively reduced deactivations in midline structures of the 

DMN13. The SAME scores can be split into separate components reflecting activations versus 

deactivations. Post-hoc correlational analysis with the SAME scores’ activation and 

deactivation components revealed that both components contributed to the correlations with 

the FADE scores (novelty: activation: r = -.646, p < .001, deactivation: r = -.160, p = .048; 
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memory: activation: r = -.670, p < .001, deactivation: r = -.434, p < .001). As expected, the 

correlations of the FADE scores with the activation components of the SAME scores were 

stronger than those with the deactivation components (Fisher’s z-test for dependent 

correlation coefficients: novelty: z = -4.46, p <.001, memory: z = -2.68, p =.007). 

 

2.3.The imaging scores correlate with different tests of episodic memory 

As the imaging scores were obtained from an fMRI paradigm targeting episodic memory 

encoding, we first tested for associations with performance in episodic memory tests. These 

included the recognition memory test of the fMRI experiment itself (70 minutes after onset of 

the experiment) as well as 30-minutes and one-day delayed recalls of the Verbal Learning and 

Memory Test (VLMT24) and the Logical Memory subtest from the Wechsler Memory Scale 

(WMS25). As expected, older participants performed significantly worse in all memory tests 

compared to young participants (all p < .001; see Table 1). 

As in our previous study13, we found significant correlations with memory 

performance for the pictures shown during fMRI scanning for all imaging scores (hereafter 

FADE A’; all p < .001; see Figure 5 and Supplementary Table S3), except for the FADE 

novelty score (p = .372). Owing to the construction of the scores, correlations with the FADE 

score (which focuses on deviations from young adults’ prototypical activation patterns) were 

negative, while correlations with the SAME scores (which focus on similarities) were 

positive.  

The SAME score computed from the memory contrast (hereafter: SAME memory 

score) was the only score that significantly correlated with the delayed recall phases of the 

VLMT and thus with all memory tests (all p < .011; see Figure 5 and Table S3). This score 

also showed the nominally highest correlations with most memory tests in the cohort of young 

subjects (see Figure 5 and Table S3). All scores correlated with the performance in the WMS 

logical memory test (all p < .011; see Figure 5 and Table S3). The highest correlations in 
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terms of absolute values were observed with the FADE novelty score (30-minutes delayed 

recall: r = - 0.332, p < .001; one-day delayed recall: r = - 0.326, p < .001). 

Next, we explored whether the observed correlations with the SAME scores were 

carried by their activation or deactivation components. The correlation of the SAME novelty 

score with FADE A’ was carried by the deactivation component (activation: p = .794, 

deactivation: r = .267, p = .001; Table S3). This may be a reason why the FADE novelty score 

did not correlate with FADE A’, as it did not consider deactivation differences between young 

and older subjects. For the SAME memory score, both components contributed to the 

correlation with FADE A’ (activation: r = .235, p = .004, deactivation: r = .329, p < .001; 

Fisher’s test for dependent correlation coefficients: z = -0.81, p = .421). 

While correlations of the SAME memory score with VLMT delayed recalls were 

driven by the deactivation component (activation: all p > .246, deactivation: all p = .006; 

Table S3), correlations of the SAME novelty and memory scores with WMS delayed recalls 

were carried by the activation component (all p < .047, deactivation: all p > .161). 

 

2.4.Correlations of the imaging scores with global cognition 

To evaluate the utility of our imaging scores as potential biomarkers for neurocognitive aging 

beyond hippocampus-dependent memory, we performed correlational analyses with 

neuropsychological tests of other cognitive constructs. Compared to younger participants, 

older participants performed significantly worse in all neuropsychological tests (all p < .001; 

see Table 1). We computed a linear discriminant analysis (LDA) to reduce the number of tests 

and to obtain a proxy for global cognition by including the composite score gained from the 

discriminant function. Of our 376 subjects (including a young replication sample to increase 

sample size26), 107 could not be included in the LDA due to at least one missing value. The 

final LDA thus included 269 subjects (158 young and 111 older participants). Five variables 
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significantly contributed to the discrimination between age groups as part of the discriminant 

function (Wilks’ Λ = .348, p < .001):  

I. the number of words recalled in the distractor trial of the VLMT (standardized 

canonical discriminant coefficient: .277),  

II. the number of words recalled in the one-day delayed recall of the VLMT (.364),  

III. the corrected hit rate in the 2-back task (.260),  

IV. the reaction time (RT) in the flexibility task (-.478), and  

V. the RT of alertness trials with tone (-.225).  

90.1 % of the participants could successfully be classified as either young or old using 

the discriminant function (young subjects: 92.8 %; older subjects: 86.4 %). We focused our 

correlational analysis on these variables best discriminating between age groups, except for 

the VLMT one-day delayed recall, which was already considered in our analysis of episodic 

memory tests. The FADE novelty score showed a significant negative correlation with the 

recall of the VLMT distractor list (r = -.206, p = .011) and the FADE score computed from 

the memory contrast (hereafter: FADE memory score) showed a significant positive 

correlation with the RT in the flexibility task (r = .242, p = .003; see Figure 6). After Holm-

Bonferroni correction for the number of variables from which correlations with the imaging 

scores were computed, no further correlations were significant (all other p > .044). 

Regarding the discriminant function as a proxy for global cognition, both scores 

obtained from the memory contrast showed significant correlations (FADE memory: r = -

.204, p = .019, SAME memory: r = .213, p = .014; see Figure 6). When evaluating whether 

the SAME memory score’s correlation was carried by the activation or deactivation 

component, we observed a significant positive correlation with the deactivation component 

only (activation: p = .417, deactivation: r = .211, p = .015). 

 

2.5.Correlations of the imaging scores with brain morphology 
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Next, we investigated the relationship of the imaging scores with age-related variability in 

brain morphology. In line with previous studies12, older compared to young participants had 

significantly lower GMV (t = 6.89; p < .001) and higher WM lesion volumes (Mann-Whitney 

U = 2001.00, p < .001). 

We observed no significant correlations between the imaging scores and WM lesion 

volume (Spearman’s ρ: all p > .223). For their relationship with local GMV using Voxel-

based morphometry (VBM), we detected significant correlations of the memory scores with 

MTL structures like the hippocampus in older adults (see Figure 7 and Table 2). The SAME 

memory score additionally showed correlations with local GMV in superior and inferior 

frontal gyrus, while the FADE memory score was additionally correlated with middle 

occipital gyrus GMV. Post-hoc analysis for the SAME memory score components revealed 

that the correlations were driven by the activation component while no correlations were 

observed for the deactivation component (see Supplementary Table S9). Furthermore, no 

correlations were observed for the novelty scores. The respective results from young 

participants can be found in Supplementary Table S10. 
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3. Discussion 

 

Quantification of neurocognitive aging and early identification of individuals at risk for 

accelerated cognitive decline may help to ultimately develop targeted early interventions to 

improve cognitive functioning in older adults. Especially early lifestyle interventions, tackling 

physical exercise, nutrition, and to some degree cognitively demanding tasks, can be helpful 

to preserve healthy aging27-30. However, an accurate assessment of cognitive, but also 

neurophysiological, decline poses a major challenge due to the complexity of brain processes 

and functions, as well as the non-linear acceleration of cognitive decline31. 

In previous studies, comprehensive scores reflecting memory-related fMRI activations 

and deactivations have been constructed as potential biomarkers for neurocognitive aging 

(FADE and SAME scores)13,14. After this first step towards validation (phase 1: preclinical 

exploratory studies according to Frisoni et al.6), we now aimed to further evaluate the 

biological and potential clinical relevance of these scores by investigating their relationship 

with performance in an extensive neuropsychological testing battery as well as brain 

morphological measures (phase 2: assessing variables associated with biomarkers status6).  

 

3.1.Neurocognitive correlates of the FADE and SAME imaging scores 

While we had initially expected that, by considering both deactivation and activation 

deviations, the SAME score would constitute a more comprehensive or accurate measure, we 

found relatively few differences between the SAME and FADE scores computed from the 

same fMRI contrasts (i.e., novelty processing vs. subsequent memory). Instead, the fMRI 

contrasts had considerable influence. This already became evident from the inter-correlations 

of the imaging scores. We observed high correlations between the FADE and SAME scores 

derived from the same fMRI contrasts, while neither the FADE nor SAME scores computed 

from different fMRI contrasts correlated with each other. The implications are two-fold:  
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I. The FADE and SAME scores assess age-related deviation from (or similarity to) 

prototypical task-related activation patterns in younger participants to a comparable 

degree.  

II. It is important from which functional contrast the scores are derived, as they appear to 

capture at least partly complementary information on age-related differences in 

cognitive function. The different contrasts reflect separable cognitive processes 

(novelty detection versus encoding success), and they likely capture dissociable 

aspects of cognitive aging, as discussed below. 

Imaging scores obtained from the novelty contrast could be relatively specifically 

associated with performance in episodic memory tasks (FADE & SAME scores: WMS; 

FADE only: VLMT distractor task, SAME only: FADE A’), and this association was found in 

older adults only. On the other hand, the imaging scores obtained from the memory contrast 

were significantly related to a broader set of cognitive functions in older adults, and to 

memory performance across age groups. Regarding neuropsychological measures, the FADE 

and SAME memory scores both significantly correlated with behavioral performance in the 

WMS, FADE A’ and the global cognition score, which included measures of episodic 

memory, working memory, alertness, reaction speed, and cognitive flexibility. The FADE 

memory score was also significantly positively correlated with RTs in a flexibility task, and 

the SAME memory score was significantly positively associated with VLMT performance.  

One explanation for the higher sensitivity of the memory scores to cognitive 

(behavioral) performance beyond episodic memory could be more pronounced age-related 

differences in the subsequent memory effect compared to the novelty contrast13. While the 

subsequent memory effect is based on the participants’ 5-point recognition-confidence 

ratings, the novelty contrast simply compares the neural responses to de facto novel versus 

highly familiarized images, not accounting for encoding success and graded confidence. In 

our parametric design, variance attributable to both encoding success and recognition 
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confidence was captured by the parametric subsequent memory regressor20. Despite the 

overlap of brain networks involved in novelty detection and successful episodic encoding, 

there are differences in detail, and, importantly, the age-related between-group differences of 

the (parametrically modelled) subsequent memory effect are considerably more widespread 

than those of the novelty contrast13. The memory-related brain regions contributing to the 

scores such as the dorsolateral and ventrolateral prefrontal cortex, the parahippocampal gyrus 

and MTL are not only relevant for episodic encoding but also for cognitive processes like 

alertness32 or working memory33-35. The novelty-related scores did not significantly correlate 

with any cognitive domain other than episodic memory and, furthermore, the correlations 

were exclusively observed in older adults. The robustness of the novelty-related activation 

patterns compared to the subsequent memory effect may be more preserved and less variable 

across the lifespan. Especially confidence measures are highly sensitive to aging effects36. 

When they do show age-related deviations, this may be indicative of a more pronounced age-

related impairment of the hippocampus-dependent memory system. Compatible with this, 

attenuated hippocampal novelty responses have been linked to lower memory performance in 

individuals at risk for Alzheimer’s disease (AD)37.  

 

3.2. Age-related variation in functional and structural neuroanatomy 

Considering the rather specific link of the novelty-related scores with episodic memory 

performance in older adults, it may seem surprising that we did not observe a correlation of 

these scores with hippocampal GMV. One explanation for this could be that hippocampal 

volumes may correlate only moderately, if at all, with memory performance and fMRI indices 

of hippocampal functional integrity38,39. 

On the other hand, the FADE and SAME scores derived from the memory contrast did 

not only correlate with neurocognitive performance decrease, but also with morphometric 

changes reflecting age-related GMV loss. More specifically, we observed correlations 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 22, 2022. ; https://doi.org/10.1101/2022.02.04.479169doi: bioRxiv preprint 

https://doi.org/10.1101/2022.02.04.479169
http://creativecommons.org/licenses/by-nc-nd/4.0/


15 
 
 

 

between the memory scores and local GMV for hippocampus, parahippocampal gyrus, middle 

temporal gyrus and prefrontal cortex using VBM. Importantly, all these correlations were 

observed in the older age group only, suggesting that they reflect individual differences 

related to aging rather than development or general cognitive ability. Concurrent brain 

structural alterations and lower cognitive performance in aging constitute a well-replicated 

finding. Hedden et al.9 examined the relationship between age-related cognitive impairment 

and various brain markers (MRI and PET) and observed associations of striatal volume and 

WM integrity with processing speed and executive functions, and of hippocampal volume and 

amyloid load (as assessed with PET) with episodic memory. Considering the memory-related 

scores and their association with cognitive function beyond episodic memory and with brain 

morphology, our results are compatible with previous findings in other cohorts. Arvanitakis et 

al.12 found lower whole-brain GMV to be associated with episodic memory performance and 

perceptual speed. Similarly, Tsapanou et al.8 observed that age-related differences in episodic 

memory, processing speed and executive functions were associated with cortical thickness, 

WM hyperintensities and striatal volume. In a large cohort of over 3000 healthy participants, 

Zonneveld et al.40 reported an association of global cognition with GMV in the left amygdala, 

hippocampus, parietal lobule, superior temporal gyrus, insula and posterior temporal lobe. 

One potential advantage of our fMRI-based scores becomes evident from the observation that 

correlations with memory performance were also found in young adults, whereas a 

relationship with variation in brain structure was only found in older adults. Future 

investigations should therefore explore the possibility that fMRI-based markers may be 

suitable as a predictor of cognitive functioning, even when age-related structural changes are 

not (yet) observable. 
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3.3. Deactivation of the Default Mode Network and cognitive function in old age 

Regarding the relationships of the scores with neuropsychological assessment and 

neuroanatomy, a general pattern seems to emerge:  

I. In most cases where an association with a FADE score was observed, we also 

observed a correlation with the SAME score, most often carried by its activation 

component.  

II. In the few cases where the SAME compared to the FADE score could be associated 

with additional functions (e.g., FADE A’ for the novelty score and VLMT delayed 

recall performance as well as local GMV in frontal cortex for the memory score), 

these associations were driven by the deactivation component of the SAME score. 

This pattern can likely be attributed to the construction of the SAME score, including 

age-dependent differences in functional deactivation patterns, while the FADE score relies 

mostly on activation differences. Brain regions that showed prominent deactivations during 

successful memory encoding in the young participants included a network centered around 

the brain’s midline that has previously been referred to as the DMN41. This observation is in 

line with a frequently cited meta-analysis by Maillet and Rajah16, who found age-related 

differences in encoding-related processes encompassing under-recruitment of occipital, 

parahippocampal, and fusiform cortex, but over-recruitment of DMN regions including the 

medial prefrontal cortex (mPFC), precuneus, and left inferior parietal lobe in older adults. In 

the current study, the correlation of the SAME memory score with global cognition could be 

primarily accounted for by the deactivation component, which may, at least in part, reflect an 

older individual’s general ability to suppress ongoing DMN activity during attention-

demanding tasks. In line with this interpretation, reduced DMN deactivation has also been 

associated with lower working memory performance in older adults35, and a meta-analysis 

revealed that reduced DMN deactivation in old age can be observed across a variety of 

cognitive tasks42. On the other hand, several authors discuss the role of the DMN as a 
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potential cognitive resource in older adults43,44, which should be further addressed in future 

studies (see Supplementary Discussion). 

 

4.3 A potential role for the mesolimbic dopamine system in preserved cognition 

Among the scores investigated here, the SAME score stood out by showing a positive 

correlation with voxel-wise activations not only in novelty contrast (Figure 2), but also in the 

subsequent memory effect (Figure 3). Notably, the peak of this correlation was found in the 

striatum, a core output region of the midbrain dopaminergic nuclei. Previous studies have 

implicated the dopaminergic midbrain in successful encoding in young adults45-47. In older 

adults, striatal dopamine D2 receptor binding has been related to hippocampal-striatal 

functional connectivity and memory performance48. Importantly, novelty can induce midbrain 

activations49,50, and structural integrity of the midbrain has been related to both midbrain and 

hippocampal novelty responses51 and to memory performance in older adults52. Düzel et al.53 

proposed the NOMAD model, which suggests that novelty-related increase of mesolimbic 

dopaminergic activity promotes exploratory behaviour and ultimately memory performance in 

older adults. In line with this framework, our results suggest that a preserved pattern of 

novelty-related brain activity may be related to increased activity of mesolimbic dopaminergic 

structures during successful memory formation in aging. 

 

4.4 Implications for clinical research 

As the present study was directed at the association between fMRI-based potential biomarkers 

for network dysfunction and neurocognitive functioning in healthy older adults, the next step 

should be to test our scores in (pre-)clinical populations where dysfunctions of successful-

encoding and novelty networks are prominent and may even precede neuropsychological 

impairment or brain morphometric changes like atrophy54. With respect to AD, the scores 

may be of interest in the investigations of individuals with mild cognitive impairment (MCI), 
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a clinical condition with considerable diagnostic and prognostic uncertainty in whom more 

accurate diagnosis would be of high clinical value. In older adults with MCI and related risk 

states, various biomarkers have been assessed for their potential clinical applicability. 

However, thus far, task-based fMRI has largely focused on dysfunctional hippocampal 

activity55. The mediocre test-retest reliability of voxel-wise task-based fMRI has called into 

question its utility as a biomarker56. The reductionist single-value scores of age-related whole-

brain fMRI activation (and deactivation) patterns described here may prove more reliable. In 

this context, it is of importance that in recent studies with older participants at risk for AD, 

researchers have often employed novelty rather than subsequent memory contrasts, owing to 

the lack of successfully encoded items in individuals with pronounced memory 

impairment37,38,44. Our observation that the novelty-related scores, particularly the FADE 

novelty score, show relatively strong and specific correlations with tests of hippocampus-

dependent memory, support the validity of this approach. It may nevertheless be of interest 

what the memory-related scores, and particularly the SAME memory score, signify in 

memory-impaired individuals. They may, for example, prove a useful tool in the assessment 

of cognitive impairment beyond the memory domain or in atypical presentations of pre-

clinical dementia. The scores may also help to better understand and define "healthy aging" 

on a theoretical level and could facilitate the laborious screening of high-risk patients for 

pharmacological studies or may be combined with tau- or amyloid-PET44 as a potential 

biomarker assessment at the clinical level. 

 

4.4 Conclusion 

Our results provide novel evidence for the validity of single-value fMRI-based scores as 

potential markers of cognitive ability in older adults. They further suggest that the scores 

provide complementary information with respect to relatively selective impairment of 

hippocampal function in old age versus general cognitive ability across ages and local GMV 
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loss in old age. Future research should address their utility and predictive value in clinical 

populations like AD risk states. 
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4. Methods 

 

4.1. Participants 

The previously described study cohort13,20 consisted of 259 healthy adults, including 106 

young (47 male, 59 female, age range 18-35, mean age 24.12 ± 4.00 years), 42 middle-aged 

(13 male, 29 female, age range 51-59, mean age 55.48 ± 2.57 years) and 111 older (46 male, 

65 female, age range 60-80, mean age 67.28 ± 4.65 years) participants. Additionally, a 

replication cohort of 117 young subjects26 (60 male, 57 female, age range 19-33, mean age 

24.37 ± 2.60 years) served for outlier detection and a linear discriminant analysis (LDA). We 

found no significant differences for any of the imaging scores between middle-aged and older 

participants13 (two-samples t-tests: all p > .123) and therefore combined middle-aged and 

older participants into one age group to increase the statistical power of the correlational 

analyses (N = 153, 59 male, 94 female, age range 51-80, mean age 64.04 ± 6.74 years). 

According to self-report, all participants were right-handed, had fluent German 

language skills and did not take any medication for neurological or mental disorders. The 

Mini-International Neuropsychiatric Interview (M.I.N.I.57,58) was used to exclude present or 

past mental disorder, including alcohol or drug dependence. 

Participants were recruited via flyers at the local universities (mainly the young 

subjects), advertisements in local newspapers (mainly the older participants) and during 

public outreach events of the institute (e.g., Long Night of the Sciences). 

Data were collected at the Leibniz Institute for Neurobiology in Magdeburg in 

collaboration with the German Center for Neurodegenerative Diseases in Magdeburg and the 

Otto von Guericke University of Magdeburg as part of a project within the Autonomy in Old 

Age research alliance. All participants gave written informed consent in accordance with the 

Declaration of Helsinki (World Medical Association, 2013) and received financial 
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compensation for participation. The study was approved by the Ethics Committee of the 

Faculty of Medicine at the Otto von Guericke University of Magdeburg.  

 

4.2. Neuropsychological assessment 

We conducted a number of common psychometric tests that cover a wide range of 

psychological constructs like attention, different aspects of memory, including short- and 

long-term memory, working memory as well as executive functions, such as interference 

control and flexibility. The tests are described in detail in the Supplementary Material; the 

variables and psychological constructs are summarized in Table 1. Additionally, the Multiple-

Choice Vocabulary Test (MWT-B23) was performed as a proxy for crystallized verbal 

intelligence. It consists of 37 items with increasing difficulty, each item containing one real 

word and four verbally similar but meaningless pseudo-words of which the participant has to 

mark the correct one. 

 

4.3. Subsequent Memory Paradigm for fMRI 

For the fMRI subsequent memory paradigm, participants performed an incidental visual 

memory encoding task with an indoor/outdoor judgment38. Subjects viewed photographs 

showing indoor and outdoor scenes, which were either novel at the time of presentation (44 

indoor and 44 outdoor scenes) or were repetitions of two highly familiar “master” images (22 

indoor and 22 outdoor trials), one indoor and one outdoor scene pre-familiarized before the 

actual experiment20. Thus, during encoding, every subject was presented with 88 unique (i.e. 

novel) images and 2 master images that were presented 22 times each. Participants were 

instructed to categorize images as “indoor” or “outdoor” via button press as the incidental 

encoding task (i.e., participants were unaware that their memory for the pictures would later 

be tested). Each picture was presented for 2.5 s, followed by a variable delay between 0.70 s 

and 2.65 s. 
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Approximately 70 minutes (70.19 ± 3.60 min) after the start of the fMRI session, 

subjects performed a computer-based recognition memory test outside the scanner, in which 

they were presented with the 88 images that were shown once during the fMRI encoding 

phase (old) and 44 images they had not seen before (new). Participants rated each image on a 

five-point Likert scale from 1 (“definitely new”) over 3 (“undecided”) to 5 (“definitely old”; 

for detailed experimental procedure, see 20,26). 

 

4.4. Magnetic Resonance Imaging 

Structural and functional MRI data were acquired on two Siemens 3T MR tomographs 

(Siemens Verio: 58 young, 83 older; Siemens Skyra: 48 young, 70 older), following the exact 

same protocol as used in the DELCODE study38,59. 

A T1-weighted MPRAGE image (TR = 2.5 s, TE = 4.37 ms, flip-α = 7°; 192 slices, 

256 x 256 in-plane resolution, voxel size = 1 x 1 x 1 mm) was acquired for co-registration and 

improved spatial normalization. Phase and magnitude fieldmap images were acquired to 

improve correction for artifacts resulting from magnetic field inhomogeneities (unwarping). 

For functional MRI (fMRI), 206 T2*-weighted echo-planar images (TR = 2.58 s, TE = 30 ms, 

flip-α = 80°; 47 slices, 64 x 64 in-plane resolution, voxel size = 3.5 x 3.5 x 3.5 mm) were 

acquired in interleaved-ascending slice order (1, 3, …, 47, 2, 4, …, 46). The total scanning 

time during the task-based fMRI session was approximately 9 minutes20. 

 

4.4.1. Neuroimaging biomarkers (FADE and SAME scores) 

Using Statistical Parametric Mapping, Version 12 (SPM12; https://www.fil.ion.ucl.ac.uk/ 

spm/software/spm12/, University College London, UK), we generated single-subject contrast 

images representing effects of novelty processing (by contrasting novel with familiar images) 

and subsequent memory effects (by parametrically modulating the BOLD response to novel 

images as a function of later remembering or forgetting). Specifically, the effect of subsequent 
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memory on fMRI activity during encoding was quantified as the mean-centered and arcsine-

transformed subject’s response in a subsequent recognition memory test (ranging from 1 to 5). 

As described previously13 the FADE and SAME scores are based on: 

I. computing a reference map showing significant activations (and, for the SAME 

score, additionally significant deactivations) on each of the two fMRI contrasts 

(i.e. novelty processing or subsequent memory) within young subjects, and  

II. calculating summary statistics quantifying the amount of deviation (FADE 

score) or similarity (SAME score) for a given older subject with respect to the 

prototypical (de-) activations seen in young subjects. 

More precisely, let �� be the set of voxels showing a positive effect in young subjects 

at an a priori defined significance level (here: p < 0.05, FWE-corrected, extent threshold k = 

10 voxels), and let ��� be the t-value of the �-th older subject in the �-th voxel on the same 

contrast. Then, the FADE score of this subject is given by 

FADE� �
1
� � ���
����

	 1
�� � ���

����

 

where �� and � is the number of voxels inside and outside ��, respectively13. A larger FADE 

score signifies higher deviation of an older adult’s memory – or novelty – response from the 

prototypical response seen in young adults. 

Now consider ��, the set of voxels showing a positive effect in young subjects at a 

given significance level. Furthermore, let 
�� be the average contrast estimate in young 

subjects, let �
� be the standard deviation of young subjects on a contrast at the �-th voxel, and 

let �
��  be the contrast estimate of the �-th older subject at the �-th voxel. Then, the SAME 

score is given by 

SAME� �
1
�� � �
�� 	 
��

�
�
����

� 1
�� �


�� 	 �
��
�
�

����
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where �� and �� are the numbers of voxels in �� and ��, respectively13. Note how the 

directions of the difference in the two sums are different, in order to accumulate reduced 

activations (sum over ��) and reduced deactivations (sum over ��). Thus, a higher SAME 

score indicates higher similarity of an older adult’s brain response with the activation and 

deactivation patterns seen in young subjects. Simplified, this means that the magnitudes of the 

SAME (the higher the more similar) and FADE (the higher the less similar) scores have 

opposing meanings. As further becomes evident from the equation, the SAME score extends 

the concept underlying the FADE score by:  

I. considering deactivation patterns in addition to activation patterns by quantifying 

reduced deactivations, and  

II. accounting for the interindividual variability within the reference sample of young 

subjects via dividing by their estimated standard deviation. 

As an initial, exploratory, analysis, we computed voxel-wise regressions of the fMRI 

novelty and subsequent memory contrasts with the imaging scores. Note that this analysis is 

partly circular as the imaging scores of each participant were computed from the individual 

fMRI contrasts. Results are reported at pcluster < 0.05 using family-wise error rate (FWE) 

cluster-level correction and an uncorrected cluster-forming threshold of pvoxel< 0.00160. 

 

4.4.2. Brain morphometry 

Voxel-based morphometry (VBM) analyses were conducted to examine morphological 

differences of local GMV employing CAT12 using the T1-weighted MPRAGE images. Data 

processing and analysis were performed as described previously26,61,62, with minor 

modifications. Images were segmented into gray matter, WM and cerebrospinal fluid-filled 

spaces using the segmentation algorithm provided by CAT12. Segmented gray matter images 

were normalized to the SPM12 DARTEL template, employing a Jacobian modulation and 

keeping the spatial resolution at an isotropic voxel size of 1 mm3. Normalized gray matter 
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maps were smoothed with an isotropic Gaussian kernel of 6 mm at FWHM. Statistical 

analysis was performed separately for both age groups using a regression model including 

total intracranial volume (TIV) as a covariate. Voxels outside the brain were excluded by 

employing threshold masking (relative threshold: 0.2) that removed all voxels whose intensity 

fell below 20% of the mean image intensity63. VBM results are reported at pcluster < 0.05 using 

FWE cluster-level correction and an uncorrected cluster-forming threshold of pvoxel< 0.00160. 

Furthermore, we investigated individuals’ brain volumes for WM lesions. Subcortical 

WM hyperintensities were determined via automatic segmentation in T2-weighted FLAIR 

images using the Lesion Segmentation Toolbox (LST v3.0.0; https://www.applied-

statistics.de/lst.html) based on the Computational Anatomy Toolbox (CAT12; 

http://www.neuro.uni-jena.de/cat/, University Hospital Jena, Germany) as described 

previously64. For normalization purposes, WM lesion volume and GMV were divided by the 

estimated TIV65. 

 

4.5. Statistical analysis 

Data were analyzed using IBM® SPSS® Statistics, Version 21. We performed step-wise 

correlational analyses separately for age groups. Firstly, we investigated the potential 

correlations of the imaging scores among each other. Secondly, we tested their relationship 

with performance in different memory tests. Thirdly, we correlated the scores with 

performance in other psychometric tasks covering a wide range of cognitive functions. 

Finally, we tested for associations between the imaging scores and brain morphometric 

measures. For an overview of our approach see Figure 1. 

As the neuropsychological testing was quite extensive, we needed to reduce the 

number of variables to avoid excessive multiple testing. Therefore, we aimed to only include 

those that best separate the age groups. We thus computed a multivariate test of differences 

using a linear discriminant analysis (LDA). A full list of tests and variables included in our 
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LDA can be found in Table 1. To increase the number of young participants, we added the 

young replication cohort (see 2.1) to the analysis, as their neuropsychological assessment was 

performed in the same way. We excluded values that were classified as extreme outliers based 

on the interquartile range (IQR; x > 3rd quartile + 3*IQR, x < 1st quartile – 3*IQR) in the 

psychometric tasks separately for each age group (see Supplementary Table S2). We used the 

step-wise LDA method that stops including tests to the discriminant function (i.e. the linear 

combination of the performance in the tests that best differentiate between age groups) when 

there is no longer a significant change in Wilks’ Lambda. With the final set of tests generated 

in this way, we computed correlational analyses with the SAME and FADE scores. Moreover, 

we used the composite score gained from the discriminant function as a proxy for global 

cognition. 

For the memory test of the pictures shown during fMRI scanning, memory 

performance was quantified as A’, the area under the curve (AUC) from the receiver-

operating characteristic (ROC) describing the relationship between false alarms (“old” 

responses to new items) and hits (“old” responses to previously seen items; see 13, Appendix 

B). 

For comparison of age groups, we used paired t-tests unless stated otherwise. Whenever 

Levene’s test was significant, statistics were adjusted, but for better readability, uncorrected 

degrees of freedom are reported. For the correlational analysis, we used Pearson’s correlations 

unless stated otherwise. To avoid alpha error accumulation due to multiple testing, we 

performed Holm-Bonferroni correction for the number of variables from which correlations 

with the imaging scores were computed. We compared dependent correlation coefficients as 

described by Meng et al.66. 
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7. Figures 

 

Figure 1. Overview of our approach to investigate the construct validity of single-value 

fMRI-based scores as potential biomarkers of cognitive ability in older adults. Imaging scores 

were calculated from a voxel-wise fMRI contrast map (warm colors indicate positive effects 

and cool colors indicate negative effects) and correlated firstly with each other, secondly with 

neuropsychological test performance in episodic memory, thirdly with global cognition, and 

lastly with measures of brain morphology separately for each age group (red: young, blue: 

older subjects). All activation maps are superimposed on the MNI template brain provided by 

MRIcroGL (https://www.nitrc.org/projects/mricrogl/). Figure adapted from Soch et al.13. 
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Figure 2. Imaging scores and fMRI effects (novelty effect and subsequent memory effect) in 

older participants. Warm colors indicate positive effects and cool colors indicate negative 

effects. p < .05, family-wise error-corrected at cluster level, cluster-defining threshold p < 

.001, uncorrected. MOG: Middle occipital gyrus, PPA: Parahippocampal place area, TPJ: 

Temporoparietal junction. All activation maps are superimposed on the MNI template brain 

provided by MRIcroGL (https://www.nitrc.org/projects/mricrogl/).  
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Figure 3. SAME novelty score and fMRI memory effect (positive effect). p < .05, family-

wise error-corrected at cluster level, cluster-defining threshold p < .001, uncorrected. All 

activation maps are superimposed on the MNI template brain provided by MRIcroGL 

(https://www.nitrc.org/projects/mricrogl/). 
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Figure 4. Pearson correlations between the FADE and SAME imaging scores conducted from 

the novelty and memory fMRI contrasts, separated by age group (red: young, blue: older 

subjects). Each dot represents one participant. Highlighted: correlation is significant at the 

0.05 level (two-tailed). 
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Figure 5. Pearson correlations of the FADE and SAME imaging scores conducted from the 

novelty and memory fMRI contrasts with performance in different memory tests, separated by 

age group (red: young, blue: older subjects). Highlighted: correlation is significant at the 0.05 

level (2-sided).  
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Figure 6. Pearson correlations of the FADE and SAME imaging scores conducted from the 

novelty and memory fMRI contrasts with performance in different neuropsychological tests 

and a composite score (global cognition), separated by age group (red: young, blue: older 

subjects). Highlighted: correlation is significant at the 0.05 level (2-sided).  
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Figure 7. Imaging scores computed from the memory contrast and GMV using VBM. Warm 

colors indicate positive effects of the SAME memory score and cool colors indicate negative 

effects of the FADE memory score. p < .05, family-wise error-corrected at cluster level, 

cluster-defining threshold p < .001, uncorrected. All activation maps are superimposed on the 

MNI template brain provided by MRIcroGL (https://www.nitrc.org/projects/mricrogl/). 
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8. Tables 
Table 1. Tests and variables of the neuropsychological testing battery 
test variables psychological construct young subjects 

M ± SD (N) 
older subjects 

M ± SD (N) 
statistics 

Verbal 
Learning and 
Memory Test 
(VLMT) 

number of correctly named words of: 
-repetitions of list A (sum score) 
-distractor list B 
-recall of list A 
-30-min delayed recall of list A 
-one-day delayed recall of list A 

 
learning ability 
pro-active inhibition 
retro-active inhibition 
episodic memory  
episodic memory 

 
67.02 ± 6.09 (102) 
10.14 ± 2.68 (103) 
14.47 ± 1.02 (103) 
14.44 ± 1.09 (104) 
13.94 ± 1.49 (100) 

 
53.42 ± 9.38 (152) 
6.36 ± 2.02 (152) 
11.32 ± 2.84 (152) 
11.43 ± 2.88 (152) 
9.26 ± 3.43 (148) 

 
t = 14.01, p < .001 
t = 12.17, p < .001 
t = 12.53, p < .001 
t = 11.74, p < .001 
t = 14.70, p < .001 

Logical 
Memory 
subtest from 
the WMS 

number of story details retrieved at: 
-immediate recall 
-30-min delayed recall 
-one-day delayed recall 

 
learning ability 
episodic memory 
episodic memory 

 
31.35 ± 7.32 (103) 
29.85 ± 7.99 (103) 
29.21 ± 7.77 (102) 

 
25.45 ± 6.27 (149) 
22.99 ± 6.58 (148 
21.93 ± 6.83 (146) 

 
t = 6.66, p < .001 
t = 7.18, p < .001 
t = 7.63, p < .001 

Alertness 
subtest from 
the TAP 

reaction on the appearance of a cross: 
-RT in trials with cue tone 
-RT in trials without cue tone 

 
tonic alertness 
phasic alertness 

 
249.91 ± 29.71 (102) 
276.28 ± 30.40 (102) 

 
295.54 ± 54.87 (144) 
329.74 ± 58.40 (144) 

 
t = -8.39, p < .001 
t = -9.34, p < .001 

Flexibility 
subtest from 
the TAP 

switching attention between targets: 
-error rate 
-RT 

 
flexibility 
flexibility 

 
4.42 ± 4.62 (102) 

1146.73 ± 264.59 (101) 

 
11.25 ± 13.19 (147) 

2006.76 ± 575.52 (147) 

 
t = -5.78, p < .001 

t = -15.84, p < .001 
Flanker task incongruent vs. congruent trials: 

-RT difference 
 
interference processing 

 
111.26 ± 52.52 (103) 

 
213.37 ± 133.95 (140) 

 
t = -8.20, p < .001 

N-Back task responses on reoccurring letters: 
-1-back corrected hit rate 
-1-back RT 
-2-back corrected hit rate 
-2-back RT 
-3-back corrected hit rate 
-3-back RT 

 
working memory 
working memory 
working memory 
working memory 
working memory 
working memory 

 
97.45 ± 4.63 (100) 

433.17 ± 54.23 (100) 
65.29 ± 28.39 (104) 

588.91 ± 100.65 (104) 
23.67 ± 34.40 (103) 

630.91 ± 118.27 (103) 

 
89.65 ± 18.16 (139) 

490.50 ± 86.10 (139) 
20.35 ± 37.47 (150) 

663.39 ± 108.36 (150) 
-11.77 ± 31.03 (149) 

708.45 ± 150.52 (149) 

 
t = 4.85, p < .001 
t = -6.30, p < .001 
t = 10.86, p < .001 
t = -5.55, p < .001 
t = 8.52, p < .001 
t = -4.57, p < .001 

Bold type: variables that best discriminate between age groups (see the linear discriminant analysis). RT: reaction time. WMS: Wechsler Memory Scale25. TAP: 
Test Battery for Attention67. VLMT: Verbal Learning and Memory Test24. 
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Table 2: Imaging scores conducted from the memory contrast and local GM volume in 
older participants 
  Hemisphere  Cluster size Peak t p x, y, z 
FADE memory: negative effect     
Insula R 3162 5.76 .002 40, 23, -4  
   4.99  31, 32, -2  
   4.71  29, 19, -7  
Middle temporal gyrus L 1627 4.78 .044 -49, -12, -16 
   3.82  -51, -3, -21 
   3.22  -61, -14, -10 
Middle temporal gyrus R 5674 4.71 <.001 59, -42, 9  
   4.37  54, -10, -19  
   4.37  46, -34, 10  
Calcarine fissure and 
surrounding cortex 

R 3757 4.63 
4.56 
4.48 

.001 15, -68, 5  
15, -98, -2 
13, -85, 13 

Middle occipital gyrus R 1945 4.30 
4.25 
3.77 

.022 36, -69, 28 
27, -67, 29 
50, -71, 22 

Parahippocampal gyrus R 1736 4.14 
3.87 
3.74 

.035 33, -38, -8 
27, -32, -16 
41, -43, -18 

SAME memory: positive effect     
Superior frontal gyrus, 
dorsolateral part 

R 1598 4.82 
3.60 
3.20 

.047 23, 63, 1  
21, 62, 10 
13, 65, 12 

Superior temporal gyrus, 
Hippocampus 

R 5503 4.72 
4.70 
4.35 

<.001 46, -34, 11  
60, -41, 9 
42, -17, -12 

Inferior frontal gyrus R 4505 4.68 <.001 47, 19, -5  
   4.51  52, 15, 8  
   3.88  45, 42, 4  
Fusiform gyrus, Lingual 
gyrus 

R 2694 4.33 
4.18 
4.07 

.005 38, -47, -10  
24, -55, -7 
39, -72, -3 

p < .05, family-wise error-corrected at cluster level, cluster-defining threshold p < .001, uncorrected. 
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