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• People are living longer, and the proportion of most world populations 
that are in “old age” is increasing

• Ageing brings cognitive problems, owing to brain changes, so 
understanding how ageing of the brain affects cognition might help us 
maintain cognitive abilities for longer, and so help people function 
independently for longer

• Brain structure and function can be measured in many ways (sMRI, 
fMRI, DTI, MEG…) and relating to individual differences requires large 
samples… 

… a “large-scale, multi-modal” approach…

Healthy Ageing
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More than Brain Structure?

Gorbach et al (2020), Alz & Dem

=> functional connectivity/reorganisation/compensation…?



• MRI has been used for many years to study brain ageing

• Structural MRI (sMRI) measures (static) brain anatomy

• Functional MRI (fMRI) measures dynamic activity / 
connectivity, eg related to specific cognitive functions

• However, fMRI response is a function of 1) neural and 2) 
haemodynamic characteristics (vasculature)…

• …and ageing likely to affect both

• Furthermore, haemodynamics are slow (seconds)…

• MEG (and EEG) provide direct measure of neural activity…

• … at millisecond resolution, revealing rich repertoire of 
oscillatory activity above 0.1Hz (fMRI)

• MEG has greater spatial degrees of freedom than EEG,    
ie., can resolve more nodes/states

MRI & MEG



http://www.cam-can.org/

• 2010: ~2700 recruited after ~9000 calls 
(opt-out), so population-derived
2-hour home interview (eg, lifestyle)

• 2011: 100 per decade 18-88, from 3000
~7 hours of cognitive tests 
1 hour MRI (T1, T2, DTI, MTR, fMRI)
0.5 hour of MEG

• 2016: data released – over 2000 
downloads, over 100 publications:

• (2023: repeat imaging and cognition)

Cambridge Centre for 
Ageing & Neuroscience (CamCAN)

https://camcan-archive.mrc-cbu.cam.ac.uk/dataaccess/









Pipelines 
Taylor et al. (2017), Neuroimage





• Vascular changes (fMRI+MEG)

• Latency effects (MEG+DTI)

• Effects of APO-E (sMRI+fMRI+MEG)

• Cognitive Reserve (sMRI+fMRI)

Outline



• Vascular changes (fMRI+MEG)

• Latency effects (MEG+DTI)

• Effects of APO-E (sMRI+fMRI+MEG)

• Cognitive Reserve (sMRI+fMRI)

Outline



1. Adjust data… e.g, adjust BOLD activation by RSFA (Tsvetanov et al., 2015) 

Vascular Factors

Age Arthurs & Boniface, 2002



Kamen Tsvetanov

Sensory Evoked 
Responses in fMRI



Sensory Evoked 
Responses in fMRI

Effect of Age, unscaled by RSFA

Scaled by RSFA

Tsvetanov et al (2015), Hum. Brain. Mapping



Vascular mediator (PulseOx/ECG/BP)

RSFA
Path (c - c2) n.s.

Path (c - c1)***

Neural mediator (MEG)

Age

Is RSFA scaling fair?

Path c ***

Tsvetanov et al (2015), Hum. Brain. Mapping



• Many age-related fMRI (de)activations are likely to reflect vascular rather than 
neural changes…

• …specifically in vasodilatory signal decay and haemodynamic transit time 
(though not in all brain regions, eg right motor cortex)

• … but what about functional connectivity? Surely Pearson correlation 
coefficient independent of (eg RSFA) scaling…?

Vascular Conclusions

Tsevtanov et al (2015), Hum. Brain. Mapping

Henson et al (preprint), BioRXiv



Linda Geerligs

Vascular Health – fMRI 
functional connectivity



Age-

Vascular Health – fMRI 
functional connectivity



Mean FC Correction



• Difficult to assess whether a method “improves” FC estimation, but regressing 
out mean FC at least appears to improve:

– Intra-Class Correlation (ICC) of Age effects across Sessions
– ICC of individual Connectivity Matrices
– Similarity between Age-matched individuals

• Note: lose ability to detect effects of Age on mean connectivity and ~50% 
connections become negative (ie, only relative connection strengths remain)

Vascular Health – fMRI 
functional connectivity



• Many age-related fMRI (de)activations are likely to reflect vascular rather than 
neural changes…

• …specifically in vasodilatory signal decay and haemodynamic transit time 
(though not in all brain regions, eg right motor cortex)

• Not just (de)activations, but even fMRI functional connectivity (FC) is 
influenced by vascular health…

Vascular Conclusions

Geerligs et al (2017), Hum. Brain. Mapping

Tsevtanov et al (2015), Hum. Brain. Mapping

Henson et al (preprint), BioRXiv



• Vascular changes (fMRI+MEG)

• Latency effects (MEG+DTI)

• Effects of APO-E (sMRI+fMRI+MEG)

• Cognitive Reserve (sMRI+fMRI)

Outline



Darren Price

Sensory Evoked 
Responses in MEG
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Constant Delay Cumulative Delay
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Correlation of Visual Constant delay and Auditory Cumulative 
delay surprisingly low, R2(504)<1%, disappearing after 
adjusting for age…

Sensory Evoked 
Responses in MEG
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Price et al (2017), Nature Communications

• Age exerts differential and uncorrelated effects on visual evoked latency 
(constant delay) and auditory evoked latency (cumulative delay)

• White Matter integrity (MK) in optic radiation mediates effect of Age on Visual 
Constant delay

– delayed transmission?

• Grey-Matter Volume (GMV) within auditory cortex mediates effect of Age on 
Auditory Cumulative delay 

– local computation?

• MEG reveals multiple contributions to age-related neural slowing

Sensory Evoked 
Responses in MEG



• Vascular changes (fMRI+MEG)

• Latency effects (MEG+DTI)

• Effects of APO-E (sMRI+fMRI+MEG)

• Cognitive Reserve (sMRI+fMRI)

Outline



Genetics

Henson et al (2020) Brain Neuro Advances



• Presence of an e4 allele (relative to more common e3) in APOE gene is 
associated with cognitive decline in old age, specifically Alzheimer’s Disease

Henson et al (2020) Brain Neuro Advances

• The “Antagonistic Pleiotropy” hypothesis 
claims that e4 offers benefits earlier in life 
(which could contribute to its prevalence 
in population)

• The e2 polymorphism, on other hand, is 
claimed to be neuroprotective in old age

Genetics



• We published a Registered Report (i.e., APOE status de-blinded after 
acceptance) to test Antagonistic Pleiotropy hypothesis, in terms of a 
(quadratic) Age X APOE interaction

Henson et al (2020) Brain Neuro Advances

• We tested interaction on 6 outcomes:
1. Fluid Intelligence
2. Episodic Memory
3. Hippocampal Volume
4. White Matter FA
5. DMN FC from fMRI
6. FC from MEG 

• Though small N for genetic study 
(N~600), prior APOE effect sizes so 
large that should be detectable

e4 e2 dose

Genetics



• In no case was there a significant Age-by-APOE interaction for either e4 
or e2 (or dose effect), and Bayes Factors favoured the null…

… i.e,. evidence against the Antagonistic Pleiotropy hypothesis

Genetics



• Vascular changes (fMRI+MEG)

• Latency effects (MEG+DTI)

• Effects of APO-E (sMRI+fMRI+MEG)

• Cognitive Reserve (sMRI+fMRI)

Outline



Cognitive Reserve

Dennis Chan



• Cognitive Reserve (CR) is used to explain why some people maintain 
cognitive health despite brain changes owing to, e.g, ageing and dementia 
(Stern, 2002).

• One factor commonly associated with CR is level of education.

• Here, we explore more modifiable factors, such as mid-life activities.

• Identifying such factors will enable public health strategies for maintaining 
cognitive health in old age and dementia (Gow et al., 2017).

Cognitive Reserve



• We analysed data from the “Lifetime Experience Questionnaire” 
(LEQ; Valenzuela & Sachdev, 2007)

• N=205 population-derived healthy individuals >65 years of age in 
CC700 phase of CamCAN

• We defined Cognitive Health by the Cattell test of fluid intelligence 
(similar results obtained when taking the first principal component 
across 12 more specialised cognitive tests.)

LEQ and Cognitive Data

Chan et al (2018) Neurobiology of Aging



Total LEQ score

YA score

Specific 
(education)

Non-specific 
mental activities

ML score
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LEQ



LEQ

Chan et al (2018) Neurobiology of Aging



• (All LEQ scores positively related to Cognition in separate regressions)
• Multiple linear regression of the LEQ scores, together with age and sex, 

revealed unique contributions of:

LEQ->Cognition



• While mid-life activities may help preserve cognition in old age, to qualify 
for Cognitive Reserve, these activities need to moderate the relationship 
between Cognition and Brain

• On n=195 individuals, Brain health was estimated from T1+T2-weighted 
MRIs as Total Gray Matter, adjusted for head size (aTGM)

• Tested for the interaction (moderation) between Mid-Life Non-specific 
Activities and aTGM in predicting Cognition

(for visualisation purposes, split the group into High (n=103) and 
Low (n=92) levels of Mid-Life Non-specific activities)

Brain Health

Chan et al (2018) Neurobiology of Aging



• Significant linear interaction (adjusting for education, age, sex), in that Cognition was 
less related to (structural) Brain health when Mid-Life Nonspecific Activities were high…

• …as expected if Mid-Life activity is a form of Cognitive Reserve

Midlife Activities moderate 
Brain->Cognition



• We identified a type of Cognitive Reserve – Mid-Life Nonspecific activity 
(i.e, beyond occupation) – which:

1) predicted Cognition years later in old age, over and above 
Education in youth and current activities in old age

2) reduced the dependency of Cognition on Brain Structure

3) is potentially modifiable by simple interventions (perhaps easier 
than for other determinants of Cognitive Reserve like Education)

Conclusions

Chan et al (2018) Neurobiology of Aging



• Apart from being beyond occupation, we could not distinguish whether key 
mid-life activities are physical, intellectual and/or social

• Warning: “reverse causation” still possible (i.e, cognition caused lifestyle):

• Lifestyle could be influenced by past (stable) cognitive ability            
(no direct childhood measure of cognition like Gow et al, 2017)

• Though childhood cognition likely to correlate with education?

• Lifestyle Reporting could be affected by current cognitive ability
• Though autobiographical memory not severely affected in healthy ageing?

• Prospective studies, with objective measures of mid-life physical / social / 
intellectual activity will need to replicate in future… 

(which is why longitudinal cohorts are vital, and need funding, eg CamCAN…)

Caveats



• But Cognitive Reserve must have some brain correlate (even if not Brain 
Structure)…. what about Brain Function?

• Functional segregation of large-scale networks may be key….  

Caveats



• Functional connectivity can be measured while recording brain 
activity during rest, leading to a number of large-scale “networks”

• Functional segregation refers to how well those networks are 
separated (within-network minus between-network connectivity)

Reproduced from Chan et al (2018) | PNAS | vol. 115 | no. 22 | E5144–E5153 

(Functional) Systems 
Segregation (SyS)



• Do individuals with high Mid-Life Activities have higher functional 
segregation in old age (that compensates for structural loss)…?

Functional Segregation

Petar Raykov



• Pre-registered procedure for “Functional System Segregation” (SyS)
• Replicated effect of Age on SyS…
• …and effect of SyS on Cognition above Age…

Raykov et al. (2024)
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Raykov et al. (2024)

• Pre-registered procedure for “Functional System Segregation” (SyS)
• Replicated effect of Age on SyS…
• …and effect of SyS on Cognition above Age…
• …but SyS did not mediate effects of Mid-life Activities (MA) on Cognition

(largely because no relationship between MA and current SyS)

?



Future Possibilities

• Functional (system) segregation (SyS) does not seem to be neural correlate 
of Cognitive Reserve, at least that part of reserve related to mid-life activities 
(or education)

• Other possible neural correlates: 
• more specific functional connections? 
• white matter structural connectivity?





• Many age-related fMRI (de)activations are likely to reflect vascular rather than 
neural changes…

• So either:

Vascular Conclusions

Tsevtanov et al (2015), Hum. Brain. Mapping

1. Adjust data… e.g, adjust BOLD activation by RSFA 

2. …or have more complex model, e.g,  HaemoDynamic Modelling, HDM…



Haemodynamic 
Modelling (HDM)
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Haemodynamic 
Modelling (HDM)



Haemodynamic 
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1. Adjust data… e.g, adjust BOLD activation by RSFA (Tsvetanov et al., 2015) 
or BOLD connectivity by mean FC (Geerligs et al., 2017)

2. …or have more complex model, e.g,  HaemoDynamic Modelling, HDM,
Dynamic Causal Modelling, DCM…

Vascular Factors
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Connectivity ParametersHaemodynamic Parameters Neuronal Parameters

Effects of Age on DCM parameters:
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Tsvetanov et al (2016) Journal of Neuroscience

Resting state DCM



Effective Connectivity
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Canonical Correlation Analysis (CCA):
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Tsvetanov et al (2016) Journal of Neuroscience



Functional Connectivity
(Pearson)
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Tsvetanov et al (2016) Journal of Neuroscience

Canonical Correlation Analysis (CCA):



• Many age-related fMRI (de)activations are likely to reflect vascular rather than 
neural changes…

• …specifically in vasodilatory signal decay and haemodynamic transit time 
(though not in all brain regions, eg right motor cortex)

• Not just (de)activations, but even fMRI functional connectivity (FC) is 
influenced by vascular health…

• …and once you allow for vascular contributions, relationship of (neural) FC 
with cognition gets stronger…

• So if you want to study age effects on fMRI, either:

– Adjust data by RSFA, mean FC, or independent vascular measures (BP, ECG)…

– …or separate neural and vascular components with a model (eg DCM)

– …or use an non-haemodynamic measure, eg MEG…

Vascular Conclusions

Tsvetanov et al (2016), Journal of Neuroscience

Geerligs et al (2017), Hum. Brain. Mapping

Tsevtanov et al (2015), Hum. Brain. Mapping

Henson et al (preprint), BioRXiv

Price et al (2016), Nat Comms…


