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Background 
 
 

As advances in medicine and public health measures, among other factors, have 

lengthened the average lifespan of humans, the proportion of older adults (aged >65 years) 

within the population is rapidly increasing (Cabeza et al., 2018). A decline in cognitive function 

is considered an inevitable consequence of the ageing process. Even in healthy ageing adults, a 

small yet noticeable decrease in most aspects of cognition is evident, particularly in processes 

that involve inhibition or memory (Jamadar, 2020). There is variation in the trajectory in which 

people age: some individuals in their 70s, 80s, and 90s show little decline in their cognitive 

function, which can be considered healthy or optimal ageing. Conversely, others show drastic 

cognitive decline early on (in their 50s and 60s), which can progress into memory-related 

diseases such as Alzheimer’s disease (Jamadar, 2020).  

 One of the most urgent goals in the area of cognitive neuroscience is to understand why 

some individuals experience a more rapid decline in their cognitive functioning compared to 

others (McDonough et al., 2022). From a biological perspective, the ageing process is 

accompanied by changes in the functional and structural integrity of the brain (Grady, 2012). The 

neural mechanisms that can potentially explain age-related changes in cognition exist at many 

levels (cellular and molecular) and include factors such as brain atrophy or white matter 

degredation (McDonough et al., 2022; Cabeza et al., 2018).  

Investigating age-related differences in brain activity has become much more feasible 

with the recent use of non-invasive neuroimaging methods, such as functional magnetic 

resonance imaging (fMRI) and functional near-infrared spectroscopy (fNIRS) (McDonough et 

al., 2022). Research using neuroimaging technology has reported distinct brain activity 

differences between old and young adults, which is shown to be linked to differences in 

cognitive performance (McDonough et al., 2022; Cabeza et al., 2018). However, there are 

discrepancies in the recent literature in regard to whether brain activity differences are positively 

associated with cognitive performance (Nyberg et al., 2009; Mattay et al., 2006; Cabeza et al., 
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2002), or whether they are negatively associated with performance (Park et al., 2010; Li et al., 

2001). Therefore, further research using neuroimaging is needed to better understand how theses 

age-related brain activity differences affect cognitive performance (McDonough et al., 2022; 

Cabeza et al., 2018). 

 
Use of fNIRS to Study Age-Related Neurocognitive Changes 
 
 

fNIRS technology is a non-invasive neuroimaging method used for studying brain 

activity in individuals across different age groups. Compared to other imaging techniques like 

fMRI, fNIRS offers better temporal resolution and lower sensitivity to body movements (Pinti et 

al., 2020). It operates by emitting near-infrared (NIR) light at varying wavelengths (between 

650-950nm) from a transmitter, which penetrates the layers of the head (skin, skull, 

cerebrospinal fluid) and reaches the cortical brain tissue. The light is then attenuated, absorbed, 

and scattered, and these changes are detected by corresponding receivers (Pinti et al., 2020). By 

measuring the concentrations of oxygenated hemoglobin (HbO2) and deoxygenated hemoglobin 

(HbR), fNIRS serves as a proxy for cortical activity (Pinti et al., 2020). This technology allows 

researchers to examine changes in brain activity in different regions as an individual ages, which 

is why fNIRS is an optimal brain imaging technique for examining these age-related changes in 

targeted brain areas. 

While many studies have primarily examined brain activity within the prefrontal cortex 

(PFC) of the frontal lobe (Yeung et al., 2023; Nguyen et al., 2019; Vermeij et al., 2014), more 

recent studies have employed brain imaging technologies such as fMRI and fNIRS to study 

multiple brain regions at once (Kato et al., 2017; Kito et al., 2014; Heinzel et al., 2013), which 

allows for the measurement of functional connectivity in the brain. Studying functional 

connectivity rather than focusing on individual brain regions is crucial for understanding age-

related changes in the brain as this allows researchers to examine the coordinated activity and 

communication patterns between different brain regions, providing a more comprehensive view 

of the brain's functional organization (Ferras-Permayner, 2019). Recent research which measures 

brain activity in frontal and parietal regions to examine frontoparietal connectivity using fNIRS 

has indicated that these changes in brain activity occur not only in the frontal lobe, but exist in 

the parietal lobe as well (Meidenbauer et al., 2021; Yuk et al., 2020; Fishburn et al., 2014). These 
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results highlight the importance of using fNIRS to examine functional connectivity of the 

frontoparietal lobe and how brain activity is conveyed through these neural pathways.  

 
 
Theories of Brain Aging 
 
 

Neuroimaging research has identified at least four distinct age-related patterns that 

characterize the structural and functional changes across various cognitive domains (McDonough 

et al., 2022). These patterns include: maintenance, neural inefficiency, de-differentiation and 

neural compensation.  

The Brain Maintenance theory states that some older adults display preserved brain 

structure and function similar to young adults (Reuter-Lorenz & Park, 2014; Nyberg et al., 

2012). There are numerous studies whose findings align with the Brain Maintenance theory and 

show preserved cognitive functioning in older adults, which is demonstrated as similarities in 

brain activation patterns between old and young adult groups (Geerligs et al., 2014; Chanraud et 

al., 2013; Davis et al., 2011; Vallesi et al., 2011). The Scaffolding Theory of Aging and Cognition 

(STAC), proposed by Park & Reuter-Lorenz (2009), further describes the Brain Maintenance 

theory by suggesting chronological age is not the main factor of changes in brain functioning 

throughout the lifespan. Neural insults can occur at any age, such as white matter degradation or 

dopamine depletion, and can subsequently cause alterations in brain functioning (Park & Reuter-

Lorenz, 2009). A recently revised STAC theory further explains that life experiences, such as 

stress, fitness, and education, can also affect whether brain degredation or preservation occurs 

(Reuter-Lorenz & Park, 2014). 

The De-differentiation model is based off the process of de-differentiation or 

desegregation, which refers to brain activity becoming less distinct or selective with age (Koen 

& Rugg, 2019). This de-differentiation is thought to be caused by GABA deficiency, which is an 

inhibitory neurotransmitter (Lalwani et al., 2019), as well as the loss of dopamine receptors in 

PFC and striatal brain regions, which help regulate attention to specific details (Li et al., 2001). 

De-differentiation can be characterized as additional activity or attenuation (Park et al., 2012). 

Two main patterns of de-differentiation can occur: under-recruitment and selective recruitment 

(McDonough et al., 2022). Research done by Grady et al. (2016) reported that brain networks in 
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young adults show distinct patterns of temporal fluctuations when engaged in a task, while only a 

portion of these networks are recruited in older adults during the same task; this can be 

characterized as under-recruitment. Conversely, research done by Park et al. (2004) reported that 

brain regions which selectively activated in response to specific stimuli, such as the ventral 

visual cortex in response to visual objects and faces, did not activate as selectively in older adults 

compared to younger adults; this can be characterized as selective recruitment. Researchers have 

found this de-differentiation pattern of brain activity to be associated with lower levels of 

cognition and poorer task-related performance and is assumed to be negatively associated with 

cognitive performance (Park et al., 2010; Li et al., 2001). 

On the other hand, the Neural Compensation theory suggests that age-related increases in 

neural activity, particularly in the PFC, are positively associated with cognitive performance and 

therefore benefit cognition (Spreng & Turner, 2019; Cabeza et al., 2018; Reuter-Lorenz & Park, 

2014; Davis et al., 2007; Greenwood, 2007). Researchers have observed that older adults 

demonstrate bilateral brain activity when performing cognitive tasks, where both hemispheres 

are active; in contrast, younger adults show lateralization for the same tasks, which is when one 

hemisphere is active (Cabeza, 2002). The Hemispheric Asymmetry Reduction in Older adults 

(HAROLD) model proposes that this bilateral activation is used as a compensatory mechanism 

to counteract age-related cognitive decline, particularly in tasks requiring PFC activation 

(Cabeza, 2002). Compensation can be defined as the enhancement of cognitive performance by 

the recruitment of additional brain networks (Cabeza et al., 2018). In terms of behaviour, these 

compensatory mechanisms allow older adults to perform at a similar level to younger adults 

during cognitive tasks. Thus, compensation, which is characterized as bilateral brain activity, 

seems to benefit older adults’ performance (Cabeza et al., 2018; Cabeza, 2002). For example, 

previous research findings show that low-performing older adults recruit similar networks to 

younger adults but do not perform as well, whereas high-performing older adults use bilateral 

activation (Cabeza et al., 2002). This supports the idea that bilateral activation allows older 

adults to perform comparatively to younger adults. Other studies, however, have not found 

support for the HAROLD model and suggest that bilateral activity is not compensatory but rather 

reflects the inability to use neural resources effectively (Knights et al., 2018; Morcom & Henson, 

2018). Thus, more research is needed to better characterize the role of bilateral brain activity in 

older adults and how it influences cognitive performance.  
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Compensation found in older adults has been characterized in several different ways. 

Researchers have reported compensation is characterized by bilateral prefrontal cortex (PFC) 

activation during cognitively demanding tasks (Reuter-Lorenz & Cappell, 2008; Cabeza, 2002) 

paired with lower brain activity in the sensory cortex, which is referred to as the Posterior-to-

Anterior Shift in Aging (PASA) (Davis et al., 2007). Compensation has also been characterized 

as bilateral PFC activity coupled with medial temporal lobe (MTL) activation as well as 

decreases in nearby white matter (Daselaar et al., 2013) or regions in the default mode network 

(Spreng & Turner, 2019). Additionally, recent research has found that increases in frontoparietal 

brain activity are correlated with age-related structural degradations or atrophies in the PFC and 

MTL, or the inability to regulate the default mode network (Spreng and Turner, 2019; Park and 

Reuter-Lorenz, 2009; Davis et al., 2007; Greenwood, 2007; Li et al., 2001). These finding aided 

in the development of the Atrophy Compensation Hypothesis, which suggests that compensatory 

neural activity in older adults should occur in contralateral or opposite brain regions to sites of 

brain atrophy in order to minimize the effects of cognitive decline (McDonough & Madan, 

2021). 

According to Cabeza et. al (2018), there are three potential causes of compensation that 

can occur: up-regulation, selection, and re-organization. Compensation by upregulation can be 

defined as the increase or up-regulation of neural resources in response to increasing task 

demands, which is positively correlated with cognitive performance (Spreng et al., 2010). 

Compensation by selection explains that older adults will recruit different brain regions than 

younger adults which may not be as efficient but may be less cognitively demanding and may 

also benefit performance (Daselaar et al., 2006). Finally, compensation by re-organization occurs 

when older adults recruit neural mechanisms that are not available to younger adults to 

compensate for age-related cognitive decline (Cabeza et al., 2002). According to Cabeza et al. 

(2018), these types of compensation are not mutually exclusive and may co-occur in an 

individual.  

The Neural Inefficiency theory contradicts the Neural Compensation theory as it proposes 

that an increase in brain activity relates to poorer cognition with aging (Logan et al., 2002; 

Reuter-Lorenz et al., 2001). Based on this theory, brain activity is thought to increase due to 

deficits in inhibitory neural circuitry (Lalwani et al., 2019) or low white matter integrity (Bennett 

& Rympa, 2013). Recent research has found supporting evidence that aligns with the Neural 
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Inefficiency theory and therefore contradicts the predictions of the Neural Compensation theory. 

For example, Morcom & Henson (2018) conducted a study that aimed to test the predictions of 

PASA, which supports the Neural Compensation theory, and instead found brain activity patterns 

consistent with the Neural Inefficiency model. In the older adult sample, increases in PFC 

activity were found in both tasks, however cognitive performance was reported to be lower in the 

older adult sample compared to the younger sample (Morcom & Henson, 2018). These findings 

suggest that increases in brain activity in the older adult sample were negatively associated with 

cognitive performance. 

There is a very limited amount of evidence in the literature to support the idea of neural 

inefficiency, which highlights the need for future research (Nguyen et al., 2019; McDonough et 

al., 2015; Lustig et al., 2009). This pressing need for research is present in all four theories of 

brain aging, as the significant discrepancies in the literature make it unclear which theory of 

brain aging has the most empirical support. Therefore, progress should be made towards a 

revised model of brain aging which integrates and links the current models. 

 
 
Cognitive Performance and its Relationship to Cognitive Load & Task Complexity 
 
 

Since age-related differences in brain activity have been found to be dependent on the 

difficulty of a task, particularly in the PFC, manipulating task complexity is essential in 

understanding age-related neurocognitive changes (Cabeza et al., 2018; Grady, 2012). The 

Compensation-Related Utilization of Neural Circuits Hypothesis (CRUNCH) model proposes 

that as task difficulty or task load increases, more brain regions will be activated (Mattay, 2006; 

Reuter-Lorenz et al., 2000). As the Neural Compensation theory suggests, increases in task 

complexity lead to an increase in neural resource recruitment to meet increasing cognitive 

demands while maintaining performance; however, the CRUNCH model suggests there might be 

a threshold of task complexity. CRUNCH predicts this compensatory over-recruitment of neural 

resources cannot be maintained at high task demands once this threshold has been reached, 

which leads to poorer performance as well as a reduction in brain activity (Nyberg et al., 2009; 

Mattay et al., 2006). Furthermore, the CRUNCH model proposes that older adults reach this task 

load threshold sooner than younger adults. Therefore, during an easy or intermediate task, older 

adults will recruit more neural resources compared to younger adults in order to compensate and 
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maintain performance. However, during a difficult task with a high task load, this threshold will 

be reached and the over-recruitment mechanisms being employed will not be able to be 

sustained, leading to reduced brain activity and poorer performance in older adults (Reuter-

Lorenz & Cappell, 2008). 

 To test the predictions of the CRUNCH model, it is necessary to manipulate three or 

more levels of cognitive load in order to determine if there is a task load threshold present, and 

whether this threshold is being reached sooner in older adults (Mattay et al., 2006). While a very 

limited number of studies have tested the predictions of the CRUNCH model, recent research has 

found supporting evidence (Bauer et al., 2015; Toepper et al., 2014; Mattay et al., 2006). For 

example, Schneider-Garces et al. (2010) used a verbal working memory task and found that older 

adults showed increased brain activity at low task loads and reduced brain activity at high task 

loads in the frontoparietal network, whereas young adults demonstrated a linear trend of 

increasing brain activity with increasing task load.   

 While there has been some recent support to validate the predictions of the CRUNCH 

model, other recent studies have found contradicting results. Jamadar (2020) used fMRI 

technology to examine brain activity in older and younger adults while manipulating task 

complexity in order to test the CRUNCH model. The results demonstrated a linear increase in 

brain activity in both older and younger adults at both low and high task loads, which contradicts 

the predictions of CRUNCH (Jamadar, 2020). Additionally, research done by Blum et al. (2021) 

reported that older adults were able to maintain compensatory over-recruitment of neural 

resources at high task loads. These inconsistencies make it difficult to characterize age-related 

brain activity differences and the role of compensation in relation to task complexity. This 

highlights the need for future research which manipulates cognitive load to determine whether 

the increases in brain activity seen in older adults is limited to a certain level of task difficulty, or 

whether these over-recruitment strategies are maintained regardless of task complexity.  

 
 
 
 
 
 
 
 



 8 

References 
 
Bauer, E., Sammer, G., & Toepper, M. (2015). Trying to Put the Puzzle Together: Age and 

Performance Level Modulate the Neural Response to Increasing Task Load within Left Rostral 

Prefrontal Cortex. BioMed Research International, 2015, 1–11. 

https://doi.org/10.1155/2015/415458  

 

Bennett, I. J., & Rypma, B. (2013). Advances in functional neuroanatomy: A review of combined 

DTI and fMRI studies in healthy younger and older adults. Neuroscience & Biobehavioral 

Reviews, 37(7), 1201–1210. https://doi.org/10.1016/j.neubiorev.2013.04.008  

 

Blum, L., Rosenbaum, D., Röben, B., Dehnen, K., Maetzler, W., Suenkel, U., Fallgatter, A. J., 

Ehlis, A. C., & Metzger, F. G. (2021). Age-related deterioration of performance and increase of 

cortex activity comparing time- versus item-controlled fNIRS measurement. Scientific 

reports, 11(1), 6766. https://doi.org/10.1038/s41598-021-85762-w  

 

Cabeza, R. (2002). Hemispheric asymmetry reduction in older adults: the HAROLD 

model. Psychology and aging, 17(1), 85–100. https://doi.org/10.1037//0882-7974.17.1.85 

 

Cabeza, R., Albert, M., Belleville, S., Craik, F., Duarte, A., Grady, C. L., Lindenberger, U., 

Nyberg, L., Park, D. C., Reuter-Lorenz, P. A., Rugg, M. D., Steffener, J., & Rajah, M. N. (2018). 

Maintenance, reserve and compensation: the cognitive neuroscience of healthy ageing. Nature 

reviews. Neuroscience, 19(11), 701–710. https://doi.org/10.1038/s41583-018-0068-2  

 

Cabeza, R., Anderson, N.D., Locantore, J.K., & McIntosh, A.R. (2002). Aging Gracefully: 

Compensatory Brain Activity in High-Performing Older Adults. Neurimage, 17(3), 1394-1402. 

https://doi.org/10.1006/nimg.2002.1280 

 

 

 

 

https://doi.org/10.1155/2015/415458
https://doi.org/10.1016/j.neubiorev.2013.04.008
https://doi.org/10.1038/s41598-021-85762-w
https://doi.org/10.1037/0882-7974.17.1.85
https://doi.org/10.1038/s41583-018-0068-2
https://doi.org/10.1006/nimg.2002.1280


 9 

Cabeza, R., Grady, C. L., Nyberg, L., McIntosh, A. R., Tulving, E., Kapur, S., Jennings, J. M., 

Houle, S., & Craik, F. I. (1997). Age-related differences in neural activity during memory 

encoding and retrieval: a positron emission tomography study. The Journal of neuroscience : the 

official journal of the Society for Neuroscience, 17(1), 391–400. 

https://doi.org/10.1523/JNEUROSCI.17-01-00391.1997  

 

Chanraud, S., Pitel, A.-L. ., Muller-Oehring, E. M., Pfefferbaum, A., & Sullivan, E. V. (2012). 

Remapping the Brain to Compensate for Impairment in Recovering Alcoholics. Cerebral Cortex, 

23(1), 97–104. https://doi.org/10.1093/cercor/bhr381  

Daselaar, S. M., Fleck, M. S., Dobbins, I. G., Madden, D. J., & Cabeza, R. (2006). Effects of 

healthy aging on hippocampal and rhinal memory functions: an event-related fMRI 

study. Cerebral cortex (New York, N.Y. : 1991), 16(12), 1771–1782. 

https://doi.org/10.1093/cercor/bhj112  

 

Daselaar, S. M., Iyengar, V., Davis, S. W., Eklund, K., Hayes, S. M., & Cabeza, R. E. (2013). 

Less Wiring, More Firing: Low-Performing Older Adults Compensate for Impaired White Matter 

with Greater Neural Activity. Cerebral Cortex, 25(4), 983–990. 

https://doi.org/10.1093/cercor/bht289  

 

Davis, S. W., Dennis, N. A., Daselaar, S. M., Fleck, M. S., & Cabeza, R. (2007). Que PASA? The 

Posterior-Anterior Shift in Aging. Cerebral Cortex, 18(5), 1201–1209. 

https://doi.org/10.1093/cercor/bhm155  

 

Davis, S. W., Kragel, J. E., Madden, D. J., & Cabeza, R. (2011). The Architecture of Cross-

Hemispheric Communication in the Aging Brain: Linking Behavior to Functional and Structural 

Connectivity. Cerebral Cortex, 22(1), 232–242. https://doi.org/10.1093/cercor/bhr123  

 

Farras-Permanyer, L., Mancho-Fora, N., Montalà-Flaquer, M., Bartrés-Faz, D., Vaqué-Alcázar, 

L., Peró-Cebollero, M., & Guàrdia-Olmos, J. (2019). Age-related changes in resting-state 

functional connectivity in older adults. Neural Regeneration Research, 14(9), 1544. 

https://doi.org/10.4103/1673-5374.255976 

https://doi.org/10.1523/JNEUROSCI.17-01-00391.1997
https://doi.org/10.1093/cercor/bhr381
https://doi.org/10.1093/cercor/bhj112
https://doi.org/10.1093/cercor/bht289
https://doi.org/10.1093/cercor/bhm155
https://doi.org/10.1093/cercor/bhr123
https://doi.org/10.4103/1673-5374.255976


 10 

 

Fishburn, F. A., Norr, M. E., Medvedev, A. V., & Vaidya, C. J. (2014). Sensitivity of fNIRS to 

cognitive state and load. Frontiers in Human Neuroscience, 8. 

https://doi.org/10.3389/fnhum.2014.00076  

 

Geerligs, L., Renken, R. J., Saliasi, E., Maurits, N. M., & Lorist, M. M. (2014). A Brain-Wide 

Study of Age-Related Changes in Functional Connectivity. Cerebral Cortex, 25(7), 1987–1999. 

https://doi.org/10.1093/cercor/bhu012  

 

Grady C. (2012). The cognitive neuroscience of ageing. Nature reviews. Neuroscience, 13(7), 

491–505. https://doi.org/10.1038/nrn3256  

 

Grady, C., Sarraf, S., Saverino, C., & Campbell, K. (2016). Age differences in the functional 

interactions among the default, frontoparietal control, and dorsal attention 

networks. Neurobiology of aging, 41, 159–172. 

https://doi.org/10.1016/j.neurobiolaging.2016.02.020  

 

Greenwood, P. M. (2007). Functional plasticity in cognitive aging: Review and hypothesis. 

Neuropsychology, 21(6), 657–673. https://doi.org/10.1037/0894-4105.21.6.657  

 

Heinzel, S., Metzger, F. G., Ehlis, A.-C., Korell, R., Alboji, A., Haeussinger, F. B., Hagen, K., 

Maetzler, W., Eschweiler, G. W., Berg, D., & Fallgatter, A. J. (2013). Aging-related cortical 

reorganization of verbal fluency processing: a functional near-infrared spectroscopy study. 

Neurobiology of Aging, 34(2), 439–450. https://doi.org/10.1016/j.neurobiolaging.2012.05.021  

 

Jamadar, S. D. (2020). The CRUNCH model does not account for load-dependent changes in 

visuospatial working memory in older adults. Neuropsychologia, 142, 107446. 

https://doi.org/10.1016/j.neuropsychologia.2020.107446  

 

 

 

https://doi.org/10.3389/fnhum.2014.00076
https://doi.org/10.1093/cercor/bhu012
https://doi.org/10.1038/nrn3256
https://doi.org/10.1016/j.neurobiolaging.2016.02.020
https://doi.org/10.1037/0894-4105.21.6.657
https://doi.org/10.1016/j.neurobiolaging.2012.05.021
https://doi.org/10.1016/j.neuropsychologia.2020.107446


 11 

Kato, Y., Shoji, Y., Morita, K., Inoue, M., Ishii, Y., Sato, M., Yamashita, Y., Okawa, J., & 

Uchimura, N. (2017). Evaluation of changes in oxyhemoglobin during Shiritori task in elderly 

subjects including those with Alzheimer‧s disease. Psychogeriatrics, 17(4), 238–246. 

https://doi.org/10.1111/psyg.12226  

 

Kito, H., Ryokawa, A., Kinoshita, Y., Sasayama, D., Sugiyama, N., Ogihara, T., Yasaki, T., 

Hagiwara, T., Inuzuka, S., Takahashi, T., Genno, H., Nose, H., Hanihara, T., Washizuka, S., & 

Amano, N. (2014). Comparison of alterations in cerebral hemoglobin oxygenation in late life 

depression and Alzheimer’s disease as assessed by near-infrared spectroscopy. Behavioral and 

Brain Functions: BBF, 10, 8. https://doi.org/10.1186/1744-9081-10-8  

 

Knights, E., Morcom, A. M., & Henson, R. N. (2021). Does Hemispheric Asymmetry Reduction 

in Older Adults in Motor Cortex Reflect Compensation?. The Journal of neuroscience : the 

official journal of the Society for Neuroscience, 41(45), 9361–9373. 

https://doi.org/10.1523/JNEUROSCI.1111-21.2021   

 

Koen, J. D., & Rugg, M. D. (2019). Neural Dedifferentiation in the Aging Brain. Trends in 

Cognitive Sciences, 23(7), 547–559. https://doi.org/10.1016/j.tics.2019.04.012  

 

Lalwani, P., Gagnon, H., Cassady, K., Simmonite, M., Peltier, S., Seidler, R. D., Taylor, S. F., 

Weissman, D. H., & Polk, T. A. (2019). Neural distinctiveness declines with age in auditory 

cortex and is associated with auditory GABA levels. NeuroImage, 201, 116033. 

https://doi.org/10.1016/j.neuroimage.2019.116033  

 

Li, S.-C., Lindenberger, U., & Sikström, S. (2001). Aging cognition: from neuromodulation to 

representation. Trends in Cognitive Sciences, 5(11), 479–486. https://doi.org/10.1016/s1364-

6613(00)01769-1  

 

Logan, J. M., Sanders, A. L., Snyder, A. Z., Morris, J. C., & Buckner, R. L. (2002). Under-

Recruitment and Nonselective Recruitment. Neuron, 33(5), 827–840. 

https://doi.org/10.1016/s0896-6273(02)00612-8  

https://doi.org/10.1111/psyg.12226
https://doi.org/10.1186/1744-9081-10-8
https://doi.org/10.1523/JNEUROSCI.1111-21.2021
https://doi.org/10.1016/j.tics.2019.04.012
https://doi.org/10.1016/j.neuroimage.2019.116033
https://doi.org/10.1016/s1364-6613(00)01769-1
https://doi.org/10.1016/s1364-6613(00)01769-1
https://doi.org/10.1016/s0896-6273(02)00612-8


 12 

Lustig, C., Shah, P., Seidler, R., & Reuter-Lorenz, P. A. (2009). Aging, training, and the brain: a 

review and future directions. Neuropsychology review, 19(4), 504–522. 

https://doi.org/10.1007/s11065-009-9119-9  

 

Mattay, Venkata. S., Fera, F., Tessitore, A., Hariri, A. R., Berman, K. F., Das, S., Meyer-

Lindenberg, A., Goldberg, T. E., Callicott, J. H., & Weinberger, D. R. (2006). Neurophysiological 

correlates of age-related changes in working memory capacity. Neuroscience Letters, 392(1-2), 

32–37. https://doi.org/10.1016/j.neulet.2005.09.025  

 

McDonough, I. M., & Madan, C. R. (2021). Structural complexity is negatively associated with 

brain activity: a novel multimodal test of compensation theories of aging. Neurobiology of Aging, 

98, 185–196. https://doi.org/10.1016/j.neurobiolaging.2020.10.023  

 

McDonough, I. M., Nolin, S. A., & Visscher, K. M. (2022). 25 years of neurocognitive aging 

theories: What have we learned? Frontiers in Aging Neuroscience, 14. 

https://doi.org/10.3389/fnagi.2022.1002096  

 

Meidenbauer, K. L., Choe, K. W., Cardenas-Iniguez, C., Huppert, T. J., & Berman, M. G. (2021). 

Load-dependent relationships between frontal fNIRS activity and performance: A data-driven 

PLS approach. NeuroImage, 230, 117795. https://doi.org/10.1016/j.neuroimage.2021.117795    

 

Morcom, A. M., & Henson, R. N. A. (2018). Increased Prefrontal Activity with Aging Reflects 

Nonspecific Neural Responses Rather than Compensation. The Journal of Neuroscience, 38(33), 

7303–7313. https://doi.org/10.1523/jneurosci.1701-17.2018  

 

Nguyen, L., Murphy, K., & Andrews, G. (2019). Cognitive and neural plasticity in old age: A 

systematic review of evidence from executive functions cognitive training. Ageing Research 

Reviews, 53, 100912. https://doi.org/10.1016/j.arr.2019.100912  

 

 

https://doi.org/10.1007/s11065-009-9119-9
https://doi.org/10.1016/j.neulet.2005.09.025
https://doi.org/10.1016/j.neurobiolaging.2020.10.023
https://doi.org/10.3389/fnagi.2022.1002096
https://doi.org/10.1016/j.neuroimage.2021.117795
https://doi.org/10.1523/jneurosci.1701-17.2018
https://doi.org/10.1016/j.arr.2019.100912


 13 

Nyberg, L., Dahlin, E., Stigsdotter Neely, A., & Bäckman, L. (2009). Neural correlates of 

variable working memory load across adult age and skill: dissociative patterns within the fronto-

parietal network. Scandinavian journal of psychology, 50(1), 41–46. 

https://doi.org/10.1111/j.1467-9450.2008.00678.x  

 

Nyberg, L., Lövdén, M., Riklund, K., Lindenberger, U., & Bäckman, L. (2012). Memory aging 

and brain maintenance. Trends in Cognitive Sciences, 16(5), 292–305. 

https://doi.org/10.1016/j.tics.2012.04.005  

 

Park, D. C., Polk, T. A., Park, R., Minear, M., Savage, A., & Smith, M. R. (2004). Aging reduces 

neural specialization in ventral visual cortex. Proceedings of the National Academy of Sciences 

of the United States of America, 101(35), 13091–13095. 

https://doi.org/10.1073/pnas.0405148101  

 

Park, D. C., & Reuter-Lorenz, P. (2009). The adaptive brain: aging and neurocognitive 

scaffolding. Annual review of psychology, 60, 173–196. 

https://doi.org/10.1146/annurev.psych.59.103006.093656  

 

Pinti, P., Tachtsidis, I., Hamilton, A., Hirsch, J., Aichelburg, C., Gilbert, S., & Burgess, P. W. 

(2020). The present and future use of functional near-infrared spectroscopy (fNIRS) for cognitive 

neuroscience. Annals of the New York Academy of Sciences, 1464(1), 5–29. 

https://doi.org/10.1111/nyas.13948  

 

Reuter-Lorenz, P. A., & Cappell, K. A. (2008). Neurocognitive Aging and the Compensation 

Hypothesis. Current Directions in Psychological Science, 17(3), 177–182. 

https://doi.org/10.1111/j.1467-8721.2008.00570.x  

 

Reuter-Lorenz, P. A., Jonides, J., Smith, E. E., Hartley, A., Miller, A., Marshuetz, C., & Koeppe, 

R. A. (2000). Age differences in the frontal lateralization of verbal and spatial working memory 

revealed by PET. Journal of cognitive neuroscience, 12(1), 174–187. 

https://doi.org/10.1162/089892900561814  

https://doi.org/10.1111/j.1467-9450.2008.00678.x
https://doi.org/10.1016/j.tics.2012.04.005
https://doi.org/10.1073/pnas.0405148101
https://doi.org/10.1146/annurev.psych.59.103006.093656
https://doi.org/10.1111/nyas.13948
https://doi.org/10.1111/j.1467-8721.2008.00570.x
https://doi.org/10.1162/089892900561814


 14 

Reuter-Lorenz, P. A., Marshuetz, C., Jonides, J., Smith, E. E., Hartley, A., & Koeppe, R. (2001). 

Neurocognitive ageing of storage and executive processes. European Journal of Cognitive 

Psychology, 13(1-2), 257–278. https://doi.org/10.1080/09541440125972  

 

Reuter-Lorenz, P. A., & Park, D. C. (2014). How Does it STAC Up? Revisiting the Scaffolding 

Theory of Aging and Cognition. Neuropsychology Review, 24(3), 355–370.  

https://doi.org/10.1007/s11065-014-9270-9  

 

Schneider-Garces, N. J., Gordon, B. A., Brumback-Peltz, C. R., Shin, E., Lee, Y., Sutton, B. P., 

Maclin, E. L., Gratton, G., & Fabiani, M. (2010). Span, CRUNCH, and beyond: working 

memory capacity and the aging brain. Journal of cognitive neuroscience, 22(4), 655–669. 

https://doi.org/10.1162/jocn.2009.21230  

 

Spreng, R. N., & Turner, G. R. (2019). The Shifting Architecture of Cognition and Brain 

Function in Older Adulthood. Perspectives on Psychological Science, 14(4), 523–542. 

https://doi.org/10.1177/1745691619827511  

 

Spreng, R. N., Wojtowicz, M., & Grady, C. L. (2010). Reliable differences in brain activity 

between young and old adults: a quantitative meta-analysis across multiple cognitive 

domains. Neuroscience and biobehavioral reviews, 34(8), 1178–1194. 

https://doi.org/10.1016/j.neubiorev.2010.01.009  

 

Toepper, M., Gebhardt, H., Bauer, E., Haberkamp, A., Beblo, T., Gallhofer, B., Driessen, M., & 

Sammer, G. (2014). The impact of age on load-related dorsolateral prefrontal cortex activation. 

Frontiers in Aging Neuroscience, 6. https://doi.org/10.3389/fnagi.2014.00009 

 

Vallesi, A., McIntosh, A. R., & Stuss, D. T. (2011). Overrecruitment in the Aging Brain as a 

Function of Task Demands: Evidence for a Compensatory View. Journal of Cognitive 

Neuroscience, 23(4), 801–815. https://doi.org/10.1162/jocn.2010.21490  

 

https://doi.org/10.1080/09541440125972
https://doi.org/10.1007/s11065-014-9270-9
https://doi.org/10.1162/jocn.2009.21230
https://doi.org/10.1177/1745691619827511
https://doi.org/10.1016/j.neubiorev.2010.01.009
https://doi.org/10.3389/fnagi.2014.00009
https://doi.org/10.1162/jocn.2010.21490


 15 

Vermeij, A., van Beek, A. H., Reijs, B. L., Claassen, J. A., & Kessels, R. P. (2014). An 

exploratory study of the effects of spatial working-memory load on prefrontal activation in low- 

and high-performing elderly. Frontiers in aging neuroscience, 6, 303. 

https://doi.org/10.3389/fnagi.2014.00303  

 

Yeung, M. K., & Han, Y. M. Y. (2023). Changes in task performance and frontal cortex activation 

within and over sessions during the n-back task. Scientific Reports, 13(1). 

https://doi.org/10.1038/s41598-023-30552-9  

 

Yuk, V., Urbain, C., Anagnostou, E., & Taylor, M. J. (2020). Frontoparietal Network 

Connectivity During an N-Back Task in Adults With Autism Spectrum Disorder. Frontiers in 

Psychiatry, 11. https://doi.org/10.3389/fpsyt.2020.551808  

 

https://doi.org/10.3389/fnagi.2014.00303
https://doi.org/10.1038/s41598-023-30552-9
https://doi.org/10.3389/fpsyt.2020.551808

