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Abstract 

Though it is well established that ageing and early-life stress can cause 

changes in brain structure, there is less agreement on both region-specific changes 

and how interactions between ageing and early-life stress may impact on brain 

structure. Investigations in humans often rely on cross-sectional studies, and are 

confounded by a number of drawbacks and biases. These issues can be mitigated 

through the use of model animals, such as rhesus macaques. However, processing 

macaque MRI data comes with a number of issues, precluding the use of human MRI 

processing pipelines. Therefore, this project first involved the creation of a novel 

processing pipeline for macaque MRI data. The outputs of the AutoMacq pipeline 

had a low error-rate and high levels of reliability.  

As the majority of previous studies focus on brain changes in late adulthood, 

this project focused on the under-researched period of early to mid-adulthood. Using 

a longitudinal approach, significant decreases, in both cortical thickness and grey 

matter volume, with ageing were identified, primarily within the frontal, temporal and 

parietal lobes. 

Early weaning was utilised as a measure of early life stress. In an age-

matched cross-sectional dataset, subjects weaned before 12 months showed 

significantly lower cortical thickness in regions of the temporal lobe, compared to 

those weaned after 12 months.  

Significant interactions between weaning and ageing were found for grey 

matter volume in one area of the occipital lobe, as well for cortical thickness in 

regions of parietal and occipital lobes. Brain areas across the whole brain appeared 

sensitive to ageing, whereas regions specifically involved in visual processing 

seemed most affected by early weaning. 

Overall, this project resulted in the creation of a novel macaque MRI 

processing pipeline, and provided new knowledge on the impacts of ageing and 

early-life stress on brain structure during early to mid-adulthood. 
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Chapter 1: Rhesus Macaques as an Animal Model for Studying the 

Impacts of Stress and Ageing on Brain Structure 

 

1.1 The Use of Rhesus Macaques as an Animal Model 
 

Animal models are non-human species’ which have similarities to humans that 

allow them to be utilised to investigate physiological changes and diseases seen in 

humans. Animal models allow for the carrying out of experiments which could not be 

carried out with human subjects, either due to ethical concerns or practical issues 

(Simmons 2008).  

Mice and rats account for around 95% of the animal models utilised in 

biomedical research (https://www.nabr.org/biomedical-research/importance-

biomedical-research). This is partially due to the relative ease and low cost of 

breeding, housing, and maintaining rodents (due to their small size). Additionally, the 

short lifespan and fast reproductive cycle of rodents allows for quick and efficient 

research, and their relatively docile temperament means they can be safely handled 

and manipulated. Furthermore, there is a strong foundation of information already 

available on the genetics, anatomy, and physiology of both rats and mice. In fact, it is 

possible to breed rodent models which have been genetically manipulated to better 

investigate specific research questions (Bryda 2013).  

However, though rodents are relatively genetically similar to humans, they 

diverged evolutionarily over 80 million years ago meaning that they have evolved in 

different environments with different evolutionary pressures (Kumar et al. 2017). 

Because of this, it is difficult to accurately recreate human phenotypes in rodent 

models, which can make translating research from rodents to humans problematic. 

This is exemplified by the number of pharmaceutical studies that see success in 

rodent models which then cannot be translated to humans, either due to a lack of 

efficacy or issues with toxicity. Additionally, rodents lack the behavioural complexity 

of humans, and mice in particular do not live in social structures similar to humans, 

limiting their translatability further (Ellenbroek and Youn 2016). For the use of rodents 

as disease models, it is often not possible to fully replicate the suite of symptoms 

seen in humans, and for rodent models of physiological changes it can be difficult to 

see the full phenotypic impact that would be exhibited in humans.  
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When considering neuroscience research specifically, rodent brains do exhibit 

similar organisation to the human brain, with many homologous structures 

(Beauchamp et al. 2022). However, rodents are limited as neuroscience models due 

to the major differences in gross brain structure between rodents and humans. Not 

only are rodent brains lissencephalic, lacking the gyri and sulci of the human brain 

(Kelava, Lewitus and Huttner 2013), but they also lack multiple cortical areas which 

are unique to primates, such as the prefrontal cortex (Wise 2008). Clearly, though 

rodent models have their value, they are often not an ideal model, particularly when it 

comes to neuroscience research. An alternative which can overcome the outlined 

drawbacks of rodent models is the use of non-human primates (NHPs) as animal 

models. 

Non-human primates have been utilised as animal models for decades and 

are of particular comparative and translational interest due to their relative 

evolutionary proximity to humans. Compared to rodents, non-human primates 

diverged evolutionarily from humans more recently, with some NHP species 

diverging as recently as 5 million years ago (Kumar et al. 2017). Many NHP species 

were therefore exposed to environments and evolutionary pressures far more similar 

to those experienced by humans. As a result of this, the evolutionary proximity of 

NHPs provides a much higher level of genetic similarity to humans, compared with 

other model organisms such as rodents (Phillips et al. 2014; Stonebarger et al. 

2021). This genetic similarity corresponds to greater comparability to humans in 

terms of brain anatomy and cognitive abilities, which has made NHPs crucial model 

animals in neuroscience research (Phillips et al. 2014; Roefsema and Treue 2014; 

Stonebarger et al. 2021). The NHP species most closely related to humans are great 

apes, such as chimpanzees and bonobos, which diverged evolutionarily from 

humans less than 10 millions years ago (Kumar et al. 2017). However, the use of 

great apes in research has been banned due to ethical concerns in the UK since 

1997 and in Europe since 2013 (EU directive 2010/63). As a consequence of this, 

rhesus macaques have now become one of the most commonly used NHP model 

animals (Phillips et al. 2014; Stonebarger et al. 2021). 

Rhesus macaques are a member of the phylogenetic family of primates 

termed ‘old world monkeys’, which are the most evolutionarily proximal to humans 

after great apes (diverging around 29 million years ago) (Kumar et al. 2017). As 
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such, ‘old world monkeys’ show more genetic and neuroanatomical similarity to 

humans than ‘new world monkeys’ such as marmosets (which diverged around 45 

million years ago and, like rodents, are lissencephalic) (Kumar et al. 2017).  Rhesus 

macaques have been utilised extensively in biomedical research and, as a result, 

macaque studies are benefitted by considerable knowledge on their genetics and 

anatomy (Phillips et al. 2014; Roefsema and Treue 2014; Stonebarger et al. 2021). It 

is well established that rhesus macaques are social animals and display behaviours 

more similar to humans than rodents do. Consequently, macaques can more clearly 

display the phenotypic impacts of physiological changes, and are more likely to 

replicate the full suite of symptoms seen in humans when used as a disease model.  

 

1.1.1 Benefits of rhesus macaque models for studies of ageing 

Ageing is defined as the natural accumulation of changes over time, that 

increase susceptibility to disease and death (Harman 1991). As advances in medical 

science continue to extend the lifespan of humans, age-related frailty is becoming 

more common and age-related diseases are becoming more prevalent (Dall et al. 

2013; Faye et al. 2021). Accordingly, there is a growing need for research into both 

healthy and unhealthy ageing processes, in order to determine how best to reduce 

the impact of ageing, and age-related diseases, on the population. In particular, there 

is a need for studies prior to late adulthood, as by that point in the life course the 

impacts of ageing, and any age-related diseases, are likely to have already 

manifested. By investigating ageing during early to mid-adulthood it may be possible 

to identify changes that can be targeted by therapies to then prevent or mitigate age-

related problems later in life. 

However, human studies of ageing are often limited by a cross-sectional study 

design in which outcome measures are simply compared between a group of older 

individuals and a group of younger individuals. A cross-sectional design is usually 

chosen because a longitudinal study of humans can be logistically difficult and time-

consuming. The issue with this cross-sectional design is that it only allows for the 

investigation of between-subjects differences, which can be confounded by other 

factors. For example, genetic factors such as vulnerability genes for age-related 

diseases, environmental factors such as diet and exercise, as well as interactions 

between genetic and environmental factors such as the suppression of DNA repair 
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mechanisms by stress, can all confound a cross-sectional study of ageing (Song et 

al. 2021). Also, for ageing studies in particular, Di Biase et al. (2023) has recently 

highlighted an apparent underestimation of effects when utilising a cross-sectional 

approach as opposed to a longitudinal approach. Another potential issue with human 

studies of ageing comes from the nature of the recruitment used, which can bias the 

sample. For example, hospital samples may be biased towards those with greater 

age-related decline, whereas community samples may be biased towards healthier 

participants as those who are less healthy may find it more difficult to be involved in a 

study.  These issues with human studies of ageing can be circumvented through the 

use of longitudinal studies with animal models, such as rhesus macaques. 

Macaques are a particularly useful animal model for studies of ageing, as they 

have a longer lifespan than other models such as rodents but age at an accelerated 

rate compared to humans (3-4 times) (Mattison and Vaughan 2017). This allows for 

more efficient longitudinal studies of ageing than could be carried out in humans, as 

longer life periods can be studied in a shorter time frame, with reduced subject 

dropout. Additionally, despite their accelerated ageing rate, the life stages of rhesus 

macaques (development, maturation, reproduction and senescence) are comparable 

to those of humans in terms of their relative timing (Mattison and Vaughan 2017). 

When macaques reach old age they show a similar old age phenotype to humans, 

with reduced mobility, wrinkling of skin and thinning and greying of hair (Huneke et al. 

1996; Uno 1997). Furthermore, similar to humans, macaques have been found to 

show age-related increases and redistribution of body fat, as well as decreases in 

both bone mineral density and muscle mass later in life (Uno 1997; Ramsey, Laatsch 

and Kemnitz 2000; Cerroni et al. 2000). As such, the marked age-related frailty seen 

in humans is likely well replicated in macaques.  

Moreover, similar age-related brain changes to those observed in humans, 

such as a loss of dendritic spines and synapses and/or an increase in microglia 

density, have been identified in rhesus macaques (Peters and Kemper 2012; 

Robillard et al. 2016). These brain changes may relate to the development of mild 

cognitive impairment which has also been observed in both older macaques and 

older humans (Peters and Kemper 2012). Studies have found that macaques that 

reach very old age can develop neurofibrillary tangles and amyloid plaques, similar to 

those associated with Alzheimer’s disease in humans. However, these macaques 
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have far fewer tangles and plaques than are seen in Alzheimer’s patients, and there 

appears to be no correlation between the plaques/tangles and cognitive decline, nor 

do they go on to develop Alzheimer’s disease itself (Peters and Kemper 2012; 

Arnsten et al. 2019). This indicates that macaques are a good model of healthy 

ageing but can also be informative for studying the early stages of age-related 

disorders such as Alzheimer’s disease.  

 

1.1.2 Benefits of rhesus macaque models for studies of stress 

Stress is a natural response to both real and perceived threats. A stress 

response is generally thought to involve both physical aspects such as activation of 

the sympathetic nervous system and the hypothalamic-pituitary-adrenal (HPA) axis, 

as well as psychological aspects such as changes in mood and loss of focus 

(Ellenbogen et al. 2002; Lucini et al. 2005; Lovell, Moss and Wetherell 2011; Liu et 

al. 2020). Stress is a major risk factor for a wide array of diseases including diabetes, 

digestive disorders and cardiovascular disease, as well as for psychological 

conditions such as post-traumatic stress disorder, anxiety disorders and mood 

disorders (Faravelli and Pallanti 1989; Kessing et al. 2003; Grieger et al. 2006; Lee et 

al. 2015; Harris et al. 2017; Satyjeet et al. 2020). Stress can occur at any point in the 

life course and can have both acute effects, which are only present for a relatively 

short period soon after the stress occurs, and chronic effects, which can last long 

after the initial occurrence of stress. Generally, chronic effects are of greater interest 

as they are more likely to impact on an individual’s quality of life, and as such there is 

a need to investigate the impacts long after a stressful event has occurred.  

As with studies of ageing, investigating the chronic effects of stress can be 

difficult for human studies as a longitudinal design is often impractical. Cross-

sectional human studies investigating the impacts of stress usually rely on self-

reports of previous stressful events, which can introduce memory-related recall bias 

into the studies (Althubaiti 2016). This can occur either through patients completely 

forgetting past experiences, or misremembering past experiences as being more or 

less stressful than they actually were. As a result, the study’s findings may be 

confounded, as subjects are incorrectly classified in terms of the amount or severity 

of stress they have experienced. Additionally, studies of stress in humans are often 

also confounded by a difficulty to control for all of the potential stressors throughout 
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the life course, as well as other unexpected nuisance variables, and any potential 

antistressors. This is due to the vast array of events that can be experienced through 

the human life course that may either be stressful in and of themselves or may in 

some way interact with the impacts of stress, and the fact that human subjects do not 

live their lives in a controlled environment. The lack of control over the events 

experienced by human subjects can cause further issues due to different events 

potentially also resulting in different types, and levels of severity, of stress. As a 

result of this, studies of a particular stressful event may be confounded by the fact 

some subjects have experienced other stressful events unknown to the researchers, 

that are either more stressful than the event of interest, or that have a cumulative 

effect with the stress of the event of interest. As with the problems faced by human 

studies of ageing, the issues outlined above can be minimised through the use of 

animal models, such as rhesus macaques, for studies of stress.  

As was previously discussed, longitudinal studies are more feasible when 

using rhesus macaques as a model animal, owing to their accelerated rate of ageing 

and the fact their lifespan is longer than other common model animals such as 

rodents (Mattison and Vaughan 2017). This longer lifespan of macaques compared 

to other model animals provides a specific benefit for studies of stress, in that it 

allows for more efficient investigation of the chronic effects of stress. Additionally, 

laboratory macaques are closely monitored throughout their life course, allowing for 

easier identification of any potential stressors, antistressors and nuisance variables. 

This should allow for any of these variables that are not of interest in a study to be 

identified and controlled for in a way that is unlikely to be possible in a study utilising 

human subjects. The controlled nature of the environment that captive macaques live 

in when utilised for research, also may result in comparably fewer types of stressors 

than would be experienced by human subjects, and in turn, more comparable 

stressors between the captive macaques. Furthermore, being involved in research 

likely comes with intrinsically stressful events such as separation for weaning or 

training purposes, surgeries and the use of anaesthesia, and fluid/diet restrictions 

which are used as motivational tools (Pfefferle et al. 2018). These events, which are 

often common amongst groups of captive macaques, allow for the investigation of 

the impacts of stress taking advantage of stressors already existing in the animals’ 

lives. This allows for the introduction of any additional stressors to be avoided, in line 
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with the ‘3Rs’ (Replacement, Reduction and Refinement) for studies using animal 

models. 

Additionally, rhesus macaques are similar to humans in that they are highly 

social animals. This allows for investigation of stressors analogous to those 

experienced by humans, such as conflict or loss of a loved one. For example, stress 

caused by conflict with friends or family can be modelled by macaque social group 

instability, and stress due to social isolation can be modelled through removal of a 

macaque from its social group. It is also possible to model the stress humans can 

experience due to societal disadvantages such as poverty or general low social 

status, through the use of low-ranking macaques who are known to inherently 

experience high levels of stress (Meyer and Hamel 2014). The social nature of 

macaques also allows for the investigation of coping mechanisms, as it is likely the 

techniques macaques use to cope with stress are comparable to those used by 

humans (Wooddell et al. 2017).  

The similar biology of macaques and humans also lends itself well to studies 

of stress. Both macaques and humans share a common system in the HPA axis, 

which is activated upon exposure to stress. The HPA axis produces the 

glucocorticoid cortisol when either a macaque or a human is exposed to stress, and 

studies will often measure this cortisol as a proxy of stress levels (Koch et al. 2014). 

Though the HPA axis is highly conserved across vertebrate species, there are likely 

subtle differences between species which will be less prominent between humans 

and NHPs due to their genetic similarity. This is exemplified by the fact that some 

animals which are less genetically similar to humans, such as rats and mice, produce 

another glucocorticoid, known as corticosterone, instead of cortisol when exposed to 

stress (Yu et al. 2015). Additionally, development of the HPA axis differs between 

rodents and primates, with rodents during early life displaying a lack of HPA axis 

activation in response to stress. This contrasts with primates which do show HPA 

axis activation in response to stress throughout the life course, and may mean that 

the impacts of early life stress in rodents will differ from those in both macaques and 

humans (Parker and Maestripieri 2011).  
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1.2 The Importance of Studying Brain Structural Changes 

As was previously discussed, humans and rhesus macaques are highly similar 

in terms of brain structure, with the brains of both species being gyrencephalic. The 

brains of both humans and macaques are primarily composed of two tissue types, 

these being grey matter and white matter. These tissues are surrounded by 

cerebrospinal fluid which protects the brain from injury and provides it with nutrients. 

The majority of the brain is made up of white matter, which conducts information 

between different brain regions and the spinal cord. Loss of white matter can 

therefore make communication within the brain (and to the spinal cord) more difficult, 

which can lead to functional loss if there is no alternative to the pathway that is 

damaged (Kinnunen et al. 2011).  

Grey matter makes up the outer layer of the brain and contains most of the 

neuronal cell bodies, where information processing occurs. Grey matter is therefore 

crucial for an array of functions, including memory, emotions and movement 

(Rosenbaum et al. 2005; Anderson et al. 2006; Gauthier et al. 2012). Consequently, 

unlike with white matter loss where alternative pathways can prevent functional loss, 

any grey matter loss can result in functional loss. In fact, the more extensive the grey 

matter loss the more extensive the corresponding functional loss tends to be. As 

such, grey matter changes are often of greater interest than white matter changes. 

Studies of brain injuries have shown a wide array of functional impairments 

dependent on which region of the brain is damaged. For example, damage to the 

hippocampus has been linked to difficulties with forming and retrieving memories 

(Rosenbaum et al. 2005), damage to the motor cortex results in issues with 

coordinating and carrying out movements (Gauthier et al. 2012), and damage to the 

prefrontal cortex can lead to problems with emotional regulation (Anderson et al. 

2006). Additionally, there is evidence that the greater amount of grey matter that is 

lost, following a brain injury, the poorer the prognosis for recovery (Gauthier et al. 

2012). Grey matter loss has also been linked to neurodegenerative disorders such as 

Alzheimer’s disease and Parkinson’s disease, as well as psychiatric disorders such 

as schizophrenia and mood disorders (Shad, Muddasani and Rao 2012; Vita et al. 

2012; Wang et al. 2019; Zeighami et al. 2019; Wu et al. 2021).  

It is clear that changes in brain structure, and in particular changes in the grey 

matter, correspond strongly to functional changes, and can have a major impact on 
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quality of life, as well as being hallmarks of neurological disorders. As such, there is 

great interest in not only studying how brain structure, and more specifically grey 

matter, changes over the life course, but also how other factors (for example stress) 

impact on it. 

 

1.3 The Use of Magnetic Resonance Imaging to Investigate Brain Structural 

Changes 

One popular method of investigating brain structural changes is through the 

use of magnetic resonance imaging (MRI). MRI is a non-invasive technique which 

can be utilised to produce highly detailed, three dimensional, anatomical images. 

Though MRI scanning can be carried out on the whole body, only MRI scans of the 

brain will be discussed in the current project.  

The production of MRI images relies on the use of magnets to generate a 

magnetic field. When a subject is in an MRI scanner, the magnetic spin of protons in 

their body aligns with the magnetic field, creating a net magnetization aligned with 

the magnetic field. Radiofrequency pulses are then utilised to flip the magnetization. 

When the radiofrequency pulses end, the magnetization will emit a detectable 

electromagnetic signal while returning to its initial state. The amount of this energy 

released, along with the time taken for it to be released, will differ across different 

tissue types, allowing for the creation of detailed anatomical images. MRI scanning 

produces many two dimensional ‘slices’ of the subject which then make up a 

complete, three-dimensional image. 

There are three parameters that affect the MRI signal of a tissue: proton 

density, longitudinal relaxation time (T1) and transverse relaxation time (T2). Proton 

density is a measure of how much initial magnetization there is. T1 is how fast the 

magnetization returns to its initial state, and T2 is how fast the signal decays after the 

radiofrequency pulse. MRI images will commonly be referred to as either T1- or T2-

weighted. With T1-weighted images the signal is strongest for tissues with a fast 

magnetization recovery, like fat. This causes white matter to appear brighter than 

grey matter, and cerebrospinal fluid to appear darker than both of these tissues (see 

figure 1).  
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Figure 1: A Labelled Example of a T1-weighted Rhesus Macaque MRI Scan. 

Three standard views are presented, these being coronal (top left panel), sagittal (top 

right panel) and axial (bottom left panel).  

 

In contrast, for T2-weighted images the signal is strongest for tissues with a 

long signal decay, like water. This results in cerebrospinal fluid appearing the 

brightest on scans, and grey matter appearing brighter than white matter (see figure 

2). The differences in the contrast of T1- and T2-weighted images means than 

utilising both in tandem can aid in image processing, as it allows for easier distinction 

of the boundaries between different tissues.  
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Figure 2: A Labelled Example of a T2-weighted Rhesus Macaque MRI Scan. 

Three standard views are presented, these being coronal (top left panel), sagittal (top 

right panel) and axial (bottom left panel). 

 

1.3.1 Methods of processing MRI images  

Once acquired, MRI images need to be further processed in order to allow for 

the analysis of different metrics (such as the volumes of different tissues in a specific 

region), and this processing can be done in a number of different ways. Early MRI 

studies tended to use manual methods to process scans, which generally involved 

tracing over structures in order to determine differences or changes in their size. 

However, this method is not only time consuming and difficult but also subjective, 

meaning it can introduce bias into studies. As such, more objective and efficient 

approaches to processing MRI data were needed. Voxel Based Morphometry (VBM) 

is one such method of investigating brain structural changes captured in MRI images.  
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VBM quantifies volumes of different tissues in each voxel (3-dimensional pixel) 

of the brain, allowing for both region-specific and global differences or changes to be 

identified. This is done by segmenting the brain into tissue classes (e.g., grey matter, 

white matter, and cerebrospinal fluid) and warping the segmented image to a 

template (Ashburner and Friston 2000). VBM is a well-established methodology 

which has been utilised in MRI research for decades to investigate changes in brain 

structure, with changes in grey matter volume being the most commonly investigated 

(Goto et al. 2022).  

Surface-based morphometry (SBM) provides an alternative method, to voxel-

based morphometry, to analyse changes in brain structure using MRI images, and 

has gained popularity over recent years (Goto et al. 2022). Surface-based 

morphometry works through the generation of brain surfaces (the white matter 

surface and the grey matter surface), which are then warped to a template in order to 

allow for computation of morphological metrics (Dale, Fischl and Sereno 1999; 

Fischl, Sereno and Dale 1999). SBM is commonly utilised to investigate surface area 

and/or cortical thickness, two metrics which contribute to tissue volume 

measurements (Storsve et al. 2014).  

Importantly, Goto et al. (2022) recently recommended that studies utilise both 

voxel-based and surface-based morphometry in tandem, in order to exploit data to 

the fullest extent possible, capitalise on the benefits of both approaches, and allow 

for comparison to a wider range of previous studies. As such, the current project has 

utilised both voxel-based and surface-based morphometry for all of the analyses 

carried out. 

 

1.3.2 The impacts of scan parameters on MRI image processing 

When processing MRI images the accuracy of the final outputs, and the 

subsequent statistical analyses, can be greatly affected by the image quality. In 

particular, accurate tissue segmentation is crucial for MRI image processing, and this 

accuracy is affected by a number of factors related to image quality. These factors 

include contrast to noise ratio, signal homogeneity, image resolution and image 

artifacts. Figure 3 illustrates how the accuracy of tissue segmentation can be reduced 

by low contrast to noise ratio, poor signal homogeneity or low image resolution. 

Crucially, these different aspects of MRI image quality can be heavily influenced by 
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the parameters of both the scanner and the sequence utilised, meaning that these 

parameters must be considered when carrying out MRI research.  

 

 

Figure 3: The Effect of Image Quality on the Segmentation of White Matter and 

Grey Matter. Top row: raw images; Bottom row: tissue segmentation. A: Good image 

quality, B: Low contrast to noise ratio, C: poor signal homogeneity, D: Low image 

resolution. 

 

Perhaps the most important scan parameter is the magnetic field strength 

(also referred to as the scanner strength). Field strength is measured in tesla (T), and 

the higher the field strength the higher the signal to noise ratio (SNR). Higher SNR 

then results in clearer images, allowing for smaller brain structures to be more easily 

distinguished (Chow et al. 2015). The majority of MRI scanners have a strength of 

between 1.5T and 3T, though there are also scanners with a strength lower than 1.5T 

or higher than 3T (e.g., 7T and beyond). Though scanners with a very high field 

strength have a higher SNR, they also face additional issues such as variations in 

image intensity and artifacts, which can then make image processing more difficult 

(Milham et al. 2018). 

A further scan parameter that can influence image processing is the voxel 

size. This is a measure, usually in millimetres, of how large the voxels (3D pixels) 

that make up the image are. Scans with a larger voxel size have a coarser image 

resolution, meaning that finer details (such as smaller brain structures) cannot be 

A B C D 
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distinguished. As a consequence of this, if the voxel size used is too large then the 

accuracy of the image processing will be reduced (Mulder et al. 2019). Though it is 

important to note that in order to acquire images with a smaller voxel size (and 

therefore a higher resolution) longer scanning times are needed, and the SNR will be 

decreased. 

Another important factor affecting image quality is the radiofrequency coils that 

are utilised. These coils can have a direct effect on the image quality as they affect 

the coverage of the scan, meaning that the positioning of the coils directly impacts on 

signal strength and homogeneity across the brain (Milham et al. 2018). Additionally, 

utilising more coil elements allows for the signal to be acquired multiple times 

simultaneously. This can allow for faster image acquisition and increases the SNR. 

Though it should be noted that the SNR improvement tends to be towards the 

periphery of the image, and the SNR inside the brain can be poorer (Kim et al. 2019).  

During image acquisition, consideration must be given to time intervals 

between consecutive radiofrequency pulses, and between radiofrequency pulses and 

signal acquisition, as this allows for modulation of the signal between tissues with 

different relaxation times. This then allows for differently weighted images to be 

produced. For instance, the repetition time (TR) is the chosen delay between 

radiofrequency pulses, whereas the echo time (TE) is the delay between the 

radiofrequency pulse and the signal being recorded. Shorter TR and TE results in the 

acquisition of T1-weighted images and longer TR and TE leads to the acquisition of 

T2-weighted images (Seeger 1989). As such, using the incorrect TR and TE for a 

scan can result in either the image not being weighted in the desired way or the 

contrast between tissue types being poor. Poor contrast between tissue types can 

then make it more difficult to separate them during processing, reducing the 

accuracy. It should also be noted that depending on the MRI sequence used, other 

parameters than TE and TR can also affect the contrast of the MRI image. 

It should also be noted that the image quality, and thus the subsequent 

accuracy of image processing, can also be greatly impacted by how much the 

subject moves during scanning. Movement during an MRI scan introduces noise into 

the images in the form of motion artefacts, and this noise can make accurate 

processing of the images more difficult (PRIMatE Data Exchange [PRIME-DE] Global 

Collaboration Workshop and Consortium 2020).  
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In conclusion, there are a number of factors that can impacts on the quality of 

MRI images, and these need to be considered when acquiring and processing MRI 

images as they can greatly affect the accuracy of tissue segmentation and, therefore, 

MRI analysis. For Rhesus Macaque data there are a number of other issues which 

can further complicate MRI processing, as will be discussed in section 1.3.3. 

 

1.3.3 MRI processing pipelines and the difficulties with processing rhesus 

macaque MRI images 

 MRI scanning of human subjects, and the subsequent processing of human 

MRI images, has become fairly commonplace. In fact, there are a multitude of well 

tested processing pipelines for human MRI data that are freely available 

(https://neuro-jena.github.io/cat/; 

https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview; 

https://www.nipreps.org/smriprep/; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/; 

Fischer et al. 2012; Glasser et al. 2013; Reuter et al. 2012). MRI processing pipelines 

essentially entail a series of steps that can be carried out in order to transform a raw 

MRI image into a processed image which statistical analyses can be carried out on. 

These pipelines usually are in the form of ready to run scripts or batches, and often 

involve separating a brain into different tissue types and matching the outputs to a 

template (created from many other MRI scans), so that the same brain regions can 

be compared in images from different time points or subjects. This is necessary due 

to the variability across images, both within-subject at different time points and 

between-subjects, in terms of brain shape and size. Metrics such as measures of 

tissue volumes, thickness or surface area can then be calculated from the outputs of 

processing pipelines. Notably, these pipelines can often be utilised with minimal 

expert knowledge of neuroanatomy as they require little to no manual processing of 

the images. 

MRI scanning of model animals such as rhesus macaques is still a relatively 

new, though fast growing, field (Öz, Tkáč and Ugurbill 2013). The processing of 

macaque MRI data is complicated by the fact that it cannot be accurately processed 

using pipelines designed to process human MRI (Milham et al., 2018; PRIMatE Data 

Exchange [PRIME-DE] Global Collaboration Workshop and Consortium 2020). This 

https://neuro-jena.github.io/cat/
https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview
https://www.nipreps.org/smriprep/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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is due to a number of factors that differ between human and macaque MRI data, the 

first of which being neuroanatomical differences.  

The average macaque brain has a volume which is around 12-16 times 

smaller than a human brain, and though there is a high level of homology, some 

brain regions account for different proportions of the brain in humans and macaques 

(Croxson et al. 2018). Macaques also have highly muscular heads, which means 

there is more tissue outside of the skull on macaque MRI images than there is on 

human MRI images. These anatomical differences already make macaque MRI data 

more difficult to process than its human counterpart, but this difficulty is compounded 

by interindividual variation and a lack of standardisation in macaque MRI scanning 

(Milham et al. 2018; PRIMatE Data Exchange [PRIME-DE] Global Collaboration 

Workshop and Consortium 2020).  

The equipment used to scan macaques across different sites will often greatly 

vary, with the use of non-standardized surface coil arrangements (used to produce 

the radiofrequency pulses; see section 1.3) being common. This is often 

accompanied by differences in the parameters and image quality of the scans across 

sites. Ultimately this not only adds to the difficulty of processing macaque MRI data 

(as discussed in section 1.3.2) but also means that developing processing methods 

that can translate to data from other sites may be even more challenging (Milham et 

al. 2018). 

Finally, there are further challenges when MRI scanning awake macaques. As 

was previously discussed, the quality of MRI images can be greatly reduced if the 

subject moves during scanning, as this introduces motion artefacts. With human 

scans it can be impressed upon the subject to remain as still as possible during 

scanning, but with macaques this is more difficult. Macaques will usually be head 

fixed during awake scanning and will be trained to be acclimatised to the scanning 

environment, in order to minimise stress and motion artefacts (PRIMatE Data 

Exchange [PRIME-DE] Global Collaboration Workshop and Consortium 2020). 

However, this is not a fool proof solution, and awake macaque scans are still more 

likely to have motion artefacts than scans in humans.  

Due to all of these factors, custom methods are needed in order to accurately 

process macaques MRI data, and a handful of macaque processing pipelines have 

been recently released (Balbastre et al. 2017; Garcia-Saldivar et al. 2021; Lepage et 
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al. 2021). However, each of these pipelines require manual corrections which are, by 

nature of being manually carried out by human researchers, subjective and could 

introduce bias. Additionally, they have all been designed to process cross-sectional 

data, using a surface-based morphometry approach. As such, there appears to 

currently be no pipeline that can process macaque MRI data using a voxel-based 

morphometry approach, no pipeline that can process macaque MRI data without 

manual corrections, and no pipeline that has been tested on longitudinal macaque 

MRI data.  

Consequently, the first aim of this project was to design, optimise and 

implement an analysis pipeline capable of processing structural MRI data from 

rhesus macaques. More specifically, this pipeline needed to incorporate both voxel-

based and surface-based morphometry (as discussed in section 1.3) and had to be 

capable of handling both cross-sectional and longitudinal MRI data (see section 1. 6). 

 

1.4 The Impacts of Ageing on Brain Structure 

As was previously alluded to, brain structural changes are not limited to those 

caused by injury or disease. Over the life course, global brain structure is known to 

change dramatically, with the relative amounts of grey matter, white matter and 

cerebrospinal fluid all following different trajectories. These changes are likely caused 

both by natural ageing processes and the influence of lifestyle factors such as stress, 

physical activity, and social integration. Table 1 provides the ages ranges of humans 

and macaques during different life periods, demonstrating the previously discussed 

accelerated ageing rate of macaques. 

 

Life Period Age Range in  

Humans (Years) 

Age Range in  

Macaques (Years) 

Childhood 

Adolescence 

Early Adulthood 

Mid-Adulthood 

Late Adulthood 

0 - 12 

12 - 20 

20 - 40 

40 - 60 

60+ 

0 - 3 

3 - 5 

5 - 16 

16 - 20 

20+ 

Table 1: Age Ranges of Different Life Periods in Humans and Rhesus 
Macaques. 
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There are a number of potential mechanisms of ageing that may impact on 

brain structure, with impacts on grey matter being particularly notable. For example, 

accumulation of genetic damage over the life course has been theorised to play a 

major role in ageing. This process involves the build-up of DNA which has been 

damaged by factors such as reactive oxygen species, which are generated in 

neurons of the brain during excitatory activity, and DNA replication errors (Cardozo-

Pelaez et al. 2000; Schumacher et al. 2021). It has been shown that the quantity of 

damaged DNA in the brain increases with ageing, and the ability of cells to accurately 

repair this damage decreases during ageing (Schumacher et al. 2021). Notably, the 

quantity of damaged DNA appears to vary across brain regions, due to some regions 

being more vulnerable to oxidative stress than others (Cardozo-Pelaez et al. 2000). 

This could provide an explanation for why the impacts of ageing on brain structure 

are not uniform across different regions, and may be useful when considering 

therapeutics to minimise age-related functional changes. The accumulation of DNA 

damage with ageing appears to contribute to grey matter loss through increasing 

neuronal cell death and/or disrupting neuronal cell function (Schumacher et al. 2021).  

However, neuronal cell death has been shown to only be one factor 

contributing to grey matter loss, with other factors potentially having a greater impact 

(von Bartheld 2018). One such factor is age-related decreases in the size of neuronal 

cell bodies, which in turn leads to shrinkage of the grey matter with ageing. This 

decrease in the size of neuronal cell bodies is believed to be due to a combination of 

the metabolic rate of neurons slowing with advancing age and age-related 

mitochondrial dysfunction (Castelli et al 2019). Mitochondria are essential to neuronal 

cell function as they produce adenosine triphosphate, which is the primary source of 

energy for neurons. With advancing age mitochondria undergo changes in both their 

structure (such as becoming enlarged or fragmenting [Morozov et al. 2017]) and 

function (for example, reduced capacity to synthesise adenosine triphosphate [Lam 

et al. 2009]) which can result in them becoming dysfunctional. This dysfunction has 

been linked to both neuronal cell death and decreases in the size of neuronal cell 

bodies, ultimately playing a role in age-related grey matter loss/shrinkage (Lam et al. 

2009; Morozov et al. 2017).  

Another factor which may contribute to age-related loss of grey matter is 

changes in the dendrites. Dendrites are branched structures through which neurons 
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receive information from other cells, meaning that changes to the dendrites alters the 

ability of neurons to communicate. Studies have shown that with ageing the number 

of dendritic spines decreases, limiting intercellular communication between neurons 

(Boros et al. 2019). Additionally, there is evidence for the length of dendrites 

decreasing with age, and for the amount of neuropil in these dendrites also 

decreasing with age (Jacobs, Driscoll and Schall 1997). Taken together these 

dendritic changes reduce intercellular communication in the brain which may impact 

on cognition, and contribute to an overall reduction in the size of neurons which is 

reflected in grey matter shrinkage (Jacobs, Driscoll and Schall 1997; Boros et al. 

2019). As with DNA damage, age-related mitochondrial dysfunction, and changes in 

dendrites with ageing, have been suggested to vary across brain regions, further 

indicating that ageing is likely to have greater effects in some brain regions than 

others (Navarro et al. 2008; Duan et al. 2003; Young et al. 2014; Sotoudeh et al. 

2020). 

Figure 4 illustrates the impacts of ageing on brain structure through 

comparison of the brain of a macaque during early adulthood (equivalent of early 20s 

in humans) to that of a macaque during late adulthood (equivalent of late 60s in 

humans).  
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Figure 4: T1-weighted Scans of a Macaque During Early Adulthood (A) and a 

Macaque During Late Adulthood (B). Comparison images of the brain of a 5 year 

old macaque (A) and a 23 year old macaque (A), showing the clear brain structural 

changes that accompany ageing such as grey matter shrinkage and ventricular 

expansion. 

 

1.4.1 Human MRI studies of the impacts of ageing on brain structure 

Though the impacts of ageing on brain structure have been studied fairly 

extensively during late adulthood in humans, the results tend to be mixed and 

changes during other periods of adulthood are little understood. It is well established 

that total brain volume (the sum of whole brain grey matter and white matter 

volumes) decreases with ageing in humans, and there is general agreement that this 

decrease follows a non-linear trajectory (Schahill et al. 2003; Takao et al. 2012; Mills 

et al. 2016; Vinke et al. 2018, Bethlehem et al. 2022). This decrease appears to 

begin after the initial increase in brain volume during development, at around the age 

of 11-12 years (Bethlehem et al. 2022). However, there is less consensus as to the 

exact shape of this trajectory, with little agreement as to when the decline in total 

brain volume accelerates or decelerates. Schahill et al. 2003 found an acceleration 

after the age of 70 when studying a sample aged 31-84 years, whereas Vinke et al. 

A 

B 
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2018 demonstrated an acceleration after 50 years in a similarly aged sample (46-98 

years old). Takao et al. 2012 also investigated a sample with a similar age range (38-

83 years old), but they found an even earlier acceleration in the decline in total brain 

volume, this being from late 30s onwards. A study of a younger sample (8-30 years 

old) found a decline in total brain volume as early as adolescence, which then 

decelerated through early adulthood (20s and 30s) (Mills et al. 2016). This 

disagreement in terms of the exact trajectory of the age-related decline in total brain 

volume may be due to differences in the cohorts studied, differences in the age 

groups studied or differences in the methodologies utilised. 

The impacts of ageing on total white matter volume have also been well 

studied in humans, with mostly consistent findings. Total white matter volume has 

been shown to initially increase until around the age of 40, followed by a decrease 

over the rest of the life course (Bartzokis et al. 2001; Good et al. 2001; Westlye et al. 

2009; Bendlin et al. 2010; Michielse et al. 2010; Lebel et al. 2012; Mills et al. 2016; 

Vinke et al. 2018). In terms of region-specific changes in white matter, Nyberg et al. 

(2010) found decreases with ageing in older adults (55-84 years), localised to areas 

of the frontal, temporal and parietal lobes, as well as in the corpus callosum. Lebel et 

al. (2012) identified initial increases in white matter volume for most white matter 

tracts of the brain until the age of 20-42 (depending on the tract), followed by a 

decrease through the rest of the life course.  

A non-linear decrease in total grey matter volume with ageing has also been 

highlighted by multiple studies (Lebel et al. 2012; Mills et al. 2016; Vinke et al. 2018).  

Both Lebel et al. (2012) and Mills et al. (2016) included children in their samples and 

identified a non-linear decrease in total grey matter volume from childhood (around 5 

years for Lebel et al. [2012] and around 8 years for Mills et al. [2016]) onwards. 

Though the sample of Mills et al. (2016) only covered childhood through to early 

adulthood, Lebel et al. (2012) covered the entire life course and found that the age-

related decrease in grey matter volume showed continuous deceleration, with the 

slowest rate of decline during late adulthood. Vinke et al. (2018) only investigated the 

age-related changes between the ages of 45 and 95, and though they identified a 

somewhat non-linear decrease in grey matter volume, this trajectory was much more 

linear than those observed by Lebel et al. (2012) and Mills et al. (2016). Notably, 

Vinke and colleagues showed a minor acceleration of the decrease in grey matter 
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volume in late adulthood, contrasting the deceleration identified by Lebel et al. 

(2012). Bethlehem et al. (2022) aggregated scans from across 100 different studies 

to investigate brain changes over the life course and found that grey matter volume 

peaked at the age of 5.9 years, fitting with the decrease from childhood onwards 

identified by Lebel et al. (2012) and Mills et al. (2016), and then showed a near-linear 

decrease across the rest of the life course. This near-linear decrease fits with the 

findings of Vinke et al. (2018), further contrasting the continuous deceleration 

identified by Lebel et al. (2012). 

Results in terms of region-specific changes in grey matter volume with ageing 

tend to be the least consistent, though there is a wealth of evidence for regions in the 

frontal lobe being affected the most extensively (Good et al. 2001, Tisserand et al. 

2004, Smith et al. 2007, Hutton et al. 2009, Peelle et al. 2012, Farokhian et al. 2017; 

Ramanöel et al. 2018). This is often followed by regions of the temporal lobe, which 

have also been frequently identified as showing reduced grey mater volume with 

ageing (Good et al. 2001; Tisserand et al. 2004, Smith et al. 2007, Hutton et al. 2009, 

Peelle et al. 2012; Ramanöel et al. 2018). However, this has been disputed, with 

conservation of temporal lobe regions with ageing also being observed (Farokhian et 

al. 2017). Age-related reductions in grey matter volume of parietal lobe regions have 

been reported much less frequently than those of the frontal and temporal lobes 

(Good et al. 2001, Smith et al. 2007; Ramanöel et al. 2018), and reductions in grey 

matter volume of occipital lobe regions are reported even more rarely (Tisserand et 

al. 2004; Ramanöel et al. 2018). Other regions occasionally implicated as showing 

reduced grey matter volume with ageing include the cerebellum (Good et al. 2001, 

Smith et al. 2007; Ramanöel et al. 2018) and insula (Good et al. 2001, Hutton et al. 

2009, Peelle et al. 2012, Farokhian et al. 2017). The lack of consistency in the results 

of these studies may be due to differences in methodology or differences in the 

cohort or age group studied.  

Though again there are some inconsistencies between studies, investigations 

of cortical thickness have found similar results to what has been seen for grey matter 

volume. Indeed, a whole brain, non-linear decrease in cortical thickness from 

childhood onwards has been noted by a number of studies (Lemaitre et al. 2012; 

Long et al. 2012; Fjell et al. 2015; Proskovec et al. 2020), and the frontal regions of 

the brain have been seen to be particularly vulnerable to ageing (Fjell et al. 2009; 
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Hogstrom et al. 2012; Lemaitre et al. 2012; Hurtz et al. 2014; Storsve et al. 2014; 

Fjell et al. 2015; Proskovec et al. 2020; Podgórski et al. 2021). Cortical thinning in 

other regions though appears more extensive than the grey matter volume decreases 

previously discussed, with age-related decreases in cortical thickness noted in the 

temporal (Fjell et al. 2009; Hurtz et al. 2014; Storsve et al. 2014; Fjell et al. 2015; 

Proskovec et al. 2020; Podgórski et al. 2021), parietal (Fjell et al. 2009; Long et al. 

2012; Hurtz et al. 2014; Storsve et al. 2014; Fjell et al. 2015; Proskovec et al. 2020; 

Podgórski et al. 2021) and occipital (Fjell et al. 2009; Hurtz et al. 2014; Fjell et al. 

2015; Proskovec et al. 2020; Podgórski et al. 2021) lobes, as well as the insula (Long 

et al. 2012) and cingulate cortex (Storsve et al. 2014). It should again be noted that 

the regions identified as showing cortical thinning with ageing are not completely 

consistent across studies, despite the more widespread nature of the changes. 

Previous human studies have therefore highlighted extensive effects of ageing 

on brain structure, with frontal regions potentially showing the strongest impacts, and 

the impacts in other regions being less agreed upon. However, the vast majority of 

these studies of ageing focus on older adults or compare groups of young adults to 

groups of older adults, meaning that the impacts of ageing on brain structure prior to 

old age are more poorly understood. The period of early to mid-adulthood may be 

particularly important to investigate in terms of ageing effects as the onset of 

neurodegenerative disorders can begin during this period (Edwards-Lee et al. 2005; 

Vo et al. 2020). As such, the current project investigated the impacts of ageing on 

brain structure during early to mid-adulthood.  

Additionally, the majority of humans studies utilise a cross-sectional approach. 

This may not only underestimate the impacts of ageing (Di Biase et al. 2023) but may 

also highlight results that are not ‘true’ age effects but are caused by the focus on 

between-subject, rather than within-subject, effects. For example, if a cross-sectional 

study of ageing includes a group of older subjects that have lived through a period of 

hardship (for example wartime) not experienced by the group of younger individuals 

they are being compared to, then this could result in brain changes resulting from 

stress being misinterpreted as being due to ageing. This confounder is termed a 

cohort effect and is due to cross-sectional studies of ageing only investigating 

differences between subjects rather than differences within subjects (Song et al. 

2021). Longitudinal studies of the impacts of ageing are clearly needed, and they are 
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likely to be more logistically possible through the use of rhesus macaques as an 

animal model. 

 

1.4.2 Rhesus macaque MRI studies of the impacts of ageing on brain structure 

Results for the impacts of ageing on brain structure in rhesus macaques are 

far less numerous and consistent than in humans. This reduced consistency is likely 

to be partially explained by the difficulties in acquiring and processing macaque MRI 

data, which may then contribute to both a smaller pool of studies and a higher error 

rate in macaque research (Milham et al., 2018; PRIMatE Data Exchange [PRIME-

DE] Global Collaboration Workshop and Consortium 2020). In terms of total brain 

volume, some previous macaque studies found no significant change with ageing 

(Andersen et al. 1999, Matochik et al. 2000, Chen et al. 2012), directly contrasting 

previous human studies (Schahill et al. 2003; Takao et al. 2012; Mills et al. 2016; 

Vinke et al. 2018). However, Chen et al. (2012) did find a trend towards reduced total 

brain volume with ageing. In terms of total grey matter volume, Andersen et al. 

(1999) identified significantly lower total grey matter volume in old macaques (aged 

21 to 27 years, equivalent to around 63-81 years in humans) compared to younger 

macaques (aged 5 to 8 years, equivalent to around 20-24 in humans). Wisco et al. 

(2008) then found that old macaques (aged 24 to 30 years, equivalent to around 72-

90 years in humans) had significantly lower forebrain grey matter volume than middle 

aged macaques (aged 16 to 19 years, equivalent to around 48-57 years in humans), 

but not young macaques (aged 5 to 12 years, equivalent to around 20 to 36 years in 

humans). Finally, Chen et al. (2012) found a significant linear decrease in total grey 

matter volume with ageing, using a sample of macaques aged 9 to 27 years 

(equivalent to around 27-81 in humans).  

Similar to the discussed human studies, decreased grey matter volume for 

older macaques have been identified by a number of studies in regions of the frontal 

lobe (Wisco et al. 2008; Alexander et al. 2008; Colman et al. 2009; Dash et al. 2023), 

and the temporal lobe (Alexander et al. 2008; Colman et al. 2009). Wisco et al. 2008 

also identified decreases in white matter volume with ageing, particularly localised to 

frontal lobe regions. Multiple studies have also highlighted reduced grey matter 

volume for older macaques in the caudate nucleus (Matochik et al. 2000; Lacreuse et 

al. 2005; Shamy et al. 2005; Wisco et al. 2008; Dash et al. 2023) and putamen 
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(Matochik et al. 2000; Lacreuse et al. 2005; Shamy et al. 2005; Dash et al. 2023), 

though this was disputed by Alexander et al. (2008). Additionally, age-related 

decreases in grey matter volume have also been noted in the hypothalamus, 

thalamus (Dash et al. 2023) and globus pallidus (Wisco et al. 2008). However, Dash 

and colleagues (2023) actually found increased grey matter volume in the globus 

pallidus for older macaques, as well as in the hippocampus and amygdala.  

Furthermore, Koo et al. (2012) found that older macaques had lower cortical 

thickness than younger macaques in the pre- and post-central gyri, and higher 

cortical thickness in the anterior cingulate cortex, superior temporal sulcus and 

temporal pole. Given the limited and mixed results of previous macaque studies, and 

the overwhelming focus on older macaques, there is a need for further research into 

the effects of ageing on brain structure in rhesus macaques, particularly during the 

period of early to mid-adulthood. As such, the second aim of the current project was 

to assess the impacts of ageing on the brain structure of rhesus macaques during 

early to mid-adulthood.  

 

1.4.3 The relative benefits and drawbacks of cross-sectional and longitudinal 

designs for studies of the impacts of ageing on brain structure 

 As aforementioned, the majority of MRI studies of ageing utilise a 

cross-sectional design. This is likely due to cross-sectional studies being relatively 

quick, easy and cost effective to carry out (Caruana et al. 2015; Wang and Cheng 

2020). However, a cross-sectional design also comes with major drawbacks, such as 

an inability to determine cause and effect. This is due to cross-sectional studies only 

capturing information from a single point in time. As a consequence of this, potential 

causes and effects are measured simultaneously, making it impossible to establish a 

true cause and effect relationship (Caruana et al. 2015; Wang and Cheng 2020). For 

example, if a cross-sectional study of dementia patients investigated brain structural 

changes and identified grey matter loss in a specific region, it would not be possible 

to determine whether the loss was caused by their dementia or whether their 

dementia was caused by the grey matter loss. Additionally, a cross-sectional study 

can require a large sample size in order to reach statistical power, due to the noise 

inherent when looking at between-subject effects, as different subjects not only 
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exhibit variability in terms of genetics but also in terms of environmental factors they 

have been exposed to such as diet and stress (Song et al. 2021).  

In contrast, longitudinal studies can be logistically difficult and both more time 

consuming and costly than cross-sectional studies (Caruana et al. 2015). 

Longitudinal studies also suffer from difficulty in retaining subjects over the full period 

of the study, especially if the study is aiming to look at changes over years or 

decades (Caruana et al. 2015). However, the nature of longitudinal studies allows for 

more realistic investigation of changes over time, as it is capturing information over 

an extended period rather than at a single point in time. This allows for the order of 

events to be better established, meaning that cause and effect can be more clearly 

determined than would be possible with a cross-sectional design (Caruana et al. 

2015).  

Additionally, longitudinal studies also benefit from a focus on within-subject 

differences, which removes any impact of genes or gene x environment interactions, 

increasing their statistical power. This inherent increase in statistical power allows 

longitudinal studies to utilise fewer subjects than cross-sectional studies, fitting with 

the principle of the ‘3Rs’ (Replacement, Reduction and Refinement) for studies using 

animal models (Song et al. 2021).  

A longitudinal design can also eliminate a confounder that can occur in cross-

sectional studies known as a cohort effect. A cohort effect is when a difference 

between groups in a cross-sectional study is misinterpreted as being due to 

differences in the variable of interest, when it is actually due to a characteristic 

unique to one of the groups (Song et al. 2021). For example, if an ageing study is 

carried out and one of the groups was born during a stressful period (e.g., wartime or 

famine) then a result may be misinterpreted as being due to ageing when it is 

actually due to early life stress. Finally, longitudinal studies can also be benefitted 

simply by the ability to collect a greater breadth and depth of information than is 

possible in a cross-sectional study due to the amount of time dedicated to the study. 

Given the clear strengths of a longitudinal approach, and the fact that the 

minority of previous studies have utilised this approach, more longitudinal MRI 

studies of the impacts of ageing on brain structure are needed. This is especially true 

given the aforementioned findings of Di Biase et al. (2023), which highlighted an 

underestimation of ageing effects when a cross-sectional approach was utilised as 
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opposed to a longitudinal approach. However, given how extensively a cross-

sectional approach is utilised for MRI studies of ageing it would be useful to be able 

to directly contrast the findings of a cross-sectional and a longitudinal approach. This 

would allow for identification of any results when using a cross-sectional approach 

that are not ‘true’ effects of ageing but are actually arising erroneously due to the 

nature of the approach itself and the fact that it focuses on between-subject effects. 

This project will therefore utilise both cross-sectional and longitudinal approaches in 

order to carry out the aim of assessing the impacts of ageing, on the brain structure 

of rhesus macaques, during early to mid-adulthood.  

 

1.5 The Impacts of Early Life Stress on Brain Structure 

Early life stress (ELS) can be defined as any event during childhood in which 

an individual is exposed to physical or psychological stimuli which elicits a stress 

response. Common forms of ELS include maternal deprivation, neglect (emotional 

and/or physical) and abuse (emotional, physical and/or sexual) (Smith and Pollak 

2020). ELS is known to have both acute effects, that end relatively soon after the 

event occurs, and chronic effects, lasting through later life.  

Studies have shown that ELS in humans is correlated with an increased risk of 

developing neuropsychiatric disorders, such as depression, anxiety and substance 

abuse disorders, later in life, as well as an increased risk of cardiovascular and 

autoimmune diseases (Dube et al. 2009; Carr et al. 2013; LeMoult et al. 2020; 

Bengtsson et al. 2023). Furthermore, the risk of premature mortality is also higher in 

those who have experienced high levels of early life stress (Johnson et al. 2020). 

ELS is theorised to have such a large impact due to it altering brain 

developmental trajectories (Smith and Pollak 2020). Additionally, it is thought that 

being exposed to ELS may lead to poorer coping mechanisms for stress later in life 

(McLafferty et al. 2019). This impeded ability to cope with future stress following ELS 

could then contribute to the impacts of stress accumulating over the life course, and 

this cumulative effect resulting in greater brain structural changes. 

Previous studies have identified mechanisms through which early life stress 

(and stress more generally) may alter brain structure. For example, chronic stress 

has been associated with both decreases in the formation of new neurons, as well as 

neuronal loss as a result of apoptosis (Lucassen et al. 2001; Simon et al. 2005). 
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Early-life stress in particular has also been linked to increases in apoptosis, as well 

as decreases in neurogenesis (Lemaire et al. 2000; Catale et al. 2021). Additionally, 

the level of stress-induced apotoptosis appears to vary across brain regions 

(Lucassen et al. 2001). This suggests that the magnitude of the impact of stress is 

also different across different brain regions, potentially indicating resilience and 

vulnerability to stress is region-specific.  

As was previously discussed, loss of neurons plays a role in grey matter loss, 

but may not be the largest contributor (von Bartheld 2018). Dendritic changes, which 

may play a greater role in grey matter loss or shrinkage, have also been identified as 

a consequence of stress. For example, significant decreases in dendritic spine 

density have been noted in association with chronic stress, as well as reductions in 

the level of dendrite branching (Vyas et al. 2002; Shansky et al. 2009; Kassem et al. 

2013). Stress-induced changes in the dendrites appear to vary across brain regions, 

again suggesting that some regions may be more resilient to stress whereas others 

are more vulnerable (Vyas et al. 2002; Shansky et al. 2009). Importantly, there is 

evidence that dendritic changes are most pronounced when chronic stress is 

experienced during early life (Helmeke et al. 2009; Kaul et al. 2020). 

Notably, these mechanisms are very similar to those linked to age-related 

changes in brain structure, potentially highlighting both how stress may have a larger 

effect in some brain regions than others, and how stress and ageing may interact to 

cause more extensive changes in brain structure.  

 

1.5.1 Early life stress vs. stress during adulthood 

Stress during adulthood is any event that exposes an individual to physical or 

psychological stimuli, which elicits stress during adulthood. As with ELS, stress 

during adulthood can have both acute and chronic effects, and multiple stressful 

events in adulthood can have a cumulative impact. Stress during adulthood has also 

been shown to impact on brain structure, with studies highlighting stress-related 

decreases in grey matter volume in areas such as the hippocampus (Papagni et al. 

2011). As with ELS, stress during adulthood has also been linked to the development 

of psychiatric disorders such as depression and anxiety, as well as physical 

conditions such as cardiovascular disease (Revollo et al. 2011; Satyjeet et al. 2020). 
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However, as the stress is occurring later in the life course, it cannot alter 

developmental trajectories in the way ELS can, meaning that the impacts may not be 

as long-lasting and/or that the chronic effects may be less sizeable. Additionally, 

there is less time for the stress to accumulate if it is occurring in adulthood rather 

than during early life, which could further reduce the size or endurance of the effects. 

Consequently, it is theorised that the impacts of ELS could be more detrimental in the 

long term than the impacts of stress occurring during adulthood. The current project 

therefore focused on ELS. 

 

1.5.2 Human MRI studies of the impacts of early life stress on brain structure 

Human MRI studies have investigated the impacts of ELS across children, 

adolescents, and adults, allowing for the discovery of both acute and chronic effects. 

First of all, in terms of white matter, reductions with ELS have been observed in the 

corpus callosum (Paul et al. 2008; Teicher et al. 2010; McCarthy-Jones et al. 2017) 

and uncinate fasciculus (Eluvathingal et al. 2006; McCarthy-Jones et al. 2017) for 

both children and adults, with reductions in the corona radiata also being observed in 

adults (McCarthy-Jones et al. 2017). These studies suggest fairly consistent 

decreases in white matter volume, with potentially more extensive declines 

manifesting during adulthood. 

For grey matter, a meta-analysis of children, adolescents and adults that had 

experienced ELS found lower grey matter volume in the inferior frontal gyrus, the 

orbitofrontal gyrus, the superior temporal gyrus and the middle temporal gyrus across 

all age groups (Lim et al. 2014). This suggests ELS can have impacts that begin in 

childhood and last across the life course. 

A study in children found that those that experienced maltreatment had lower 

grey matter volume in the medial orbitofrontal cortex and middle temporal gyrus (De 

Brito et al. 2012). This appears to highlight that the relatively acute impacts of ELS 

predominantly affect regions similar to those thought to be affected earliest by ageing 

(Good et al. 2001, Tisserand et al. 2004, Smith et al. 2007, Hutton et al. 2009, Peelle 

et al. 2012, Farokhian et al. 2017; Ramanöel et al. 2018).  

Research in adolescents can identify somewhat more chronic impacts and can 

determine whether the impacts seen during childhood persist. Interestingly, 

adolescents appear to be the group most extensively researched in terms of ELS in 
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humans, perhaps in order to minimise either the impacts of recall bias or any 

potential age-related diminishment of effects, as the experience is more recent than it 

would be for adults. Tyborowska et al. (2018) found that adolescents that had 

experienced ELS showed lower grey matter volume in subcortical regions such as 

the amygdala, putamen and insula, as well as in the anterior prefrontal cortex. For 

adolescents and young adults that reported maltreatment during early life, Walsh et 

al. (2014) found decreased grey matter volume only in the cerebellum. This was 

contrasted by Malhi et al. (2023) who found that female adolescents who had 

experienced emotional trauma during early life first showed increases in grey matter 

volume during early adolescence, followed by decreases in grey matter volume 

during late adolescence. These changes were identified across the brain, with 

clusters in the parahippocampal gyrus, posterior cingulate cortex, prefrontal cortex 

and other areas of the frontal lobe. Similarly, a meta-analysis of adolescents exposed 

to childhood maltreatment identified both increases and decreases in grey matter 

volume, with the increases covering the pre- and post-central gyri, body of the corpus 

callosum and inferior frontal gyrus, and the decreases localised to the supramarginal 

gyrus, middle temporal gyrus, rostrum of the corpus callosum and cerebellum 

(Tymofiyeva et al. 2022). Clearly results from adolescent studies are very mixed, 

possibly due to differences in the severity or number of stressors across studies 

and/or subjects. As ELS is known to alter developmental trajectories, it is possible 

that differences in severity or number of stressors could subsequently lead to 

differing alterations to developmental trajectories, which could then manifest as 

different patterns of grey matter changes during the crucial developmental period of 

adolescence.  

In terms of the impacts of ELS in human adults, the aforementioned results of 

Walsh et al. (2014) for young adults (decreased grey matter volume only in the 

cerebellum) were contrasted by Gorka et al. (2014), where the left hippocampus and 

medial prefrontal cortex both showed reduced grey matter volume in young adults 

that had reported childhood maltreatment. Tomoda et al. (2009) found that young 

women who experienced childhood sexual abuse had lower grey matter volume in 

visual area 1, within the occipital lobe.  

In cortical thickness studies, ELS has been associated with cortical thinning of 

the frontal regions in children, adolescents and adults (Kelly et al. 2013; McLaughlin 
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et al. 2014; Saleh et al. 2017; Busso et al. 2017; Bounoua et al. 2020). ELS-related 

cortical thinning in children, adolescents and adults has also been identified in the 

cingulate cortex (Kelly et al. 2013; Ross et al. 2020). Additionally, cortical thinning of 

temporal regions with ELS has been previously reported in children (McLaughlin et 

al. 2014) and adolescents (Busso et al. 2017), and cortical thinning of parietal 

regions with ELS has been previously reported in children (McLaughlin et al. 2014) 

and adults (Saleh et al. 2017). For adults alone, there is evidence of cortical thinning 

with ELS in the insula (Saleh et al. 2017) and regions within the occipital lobe 

(Tomoda et al. 2012; Bounoua et al. 2020; Rosada et al. 2022). As such, it would 

appear that results of previous cortical thickness studies are somewhat more 

consistent than those of studies of grey matter volume changes, with cortical thinning 

after ELS seen across much of the brain, not only relatively acutely (during 

childhood) but persisting through to adulthood.  

Overall, the results of previous human studies of the impacts of early life 

stress on brain structure are mixed, with studies of the impacts during adulthood 

being particularly limited. Additionally, human studies often utilise a study design 

reliant on the retrospective collection of data on ELS, in which participants are asked 

to remember their experiences during childhood. This approach can introduce recall 

bias if participants remember incorrectly, confounding the results of the study 

(Althubaiti 2016). Human studies of ELS can also suffer from a lack of control over all 

of the potential stressors that participants may experience, as they do not live in a 

controlled environment. This can mean that the results of a study are impacted by 

individual differences in the amount or severity of ELS experienced. These issues 

can be circumvented by studying the impacts of ELS on brain structure during 

adulthood in laboratory macaques, which live in a controlled environment and can be 

observed and monitored across the whole life course. 

 

1.5.3 Rhesus macaque MRI studies of the impacts of early life stress on brain 

structure 

Similar to with human studies, rhesus macaque studies have previously 

identified a clear impact of ELS on white matter, with reduced integrity identified in 

longitudinal fasciculus, brainstem, medullary lamina, corpus callosum and occipital 

lobe (Howell et al. 2013 and 2019). In terms of grey matter though, results are more 
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mixed. This is likely due to there being far fewer studies that investigate the impacts 

of ELS on grey matter in rhesus macaques, than there are studies in humans. In fact, 

there were no identifiable studies of the impacts of ELS on cortical thickness.  

The impacts of ELS on grey matter volume have been previously investigated, 

but the results are highly inconsistent. Spinelli et al. (2009) found that juvenile 

macaques that experienced ELS in the form of maternal deprivation (removal from 

mother immediately after birth) showed higher grey matter volume in the cerebellum, 

cingulate cortex and prefrontal cortex. Directly contrasting previous human studies 

which identified lower grey matter volume in these regions for subjects that 

experienced ELS (Gorka et al. 2014; Walsh et al. 2014; Tyborowska et al. 2018; 

Tymofiyeva et al. 2022; Malhi et al. 2023). Wang et al. (2018) also investigated the 

impacts of maternal deprivation on adolescent rhesus macaques, and further 

contrasting Spinelli et al. (2009), identified lower grey matter volume in visual area 1 

of subjects that were maternally deprived. This result parallels the findings of 

Tomoda et al. (2009) in humans.  

There is a clear need for further research into how early life stress impacts on 

grey matter in rhesus macaques, both in terms of grey matter volume as previous 

studies conflict, and in terms of cortical thickness as this has not been previously 

investigated. Taken together with the mixed results of previous human studies, and 

the particularly limited previous research into the impacts of ELS during adulthood, 

the third aim of the current project was to assess the impacts of early life stress on 

the brain structure of rhesus macaques, during early to mid-adulthood. This age 

range was chosen rather than late adulthood as not only is any diminishment of the 

impacts of ELS with ageing likely to be greater in late adulthood, but also early to 

mid-adulthood is a period in humans in which the onset of many psychiatric disorders 

often begins (Leach and Butterworth 2020).  

 

1.6 The Impacts of Stress x Ageing Interactions on Brain Structure 

 It has been hypothesised that stress may accelerate ageing effects on brain 

structure, implying that increased stress over the life course may result in age-related 

changes in brain structure occurring earlier than expected (Chaudhari, Singla and 

Vaidya 2022). In turn, these earlier brain structural changes may correspond to 

earlier functional changes and/or earlier onset of age-related disorders such as 
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dementia. Consequently, determining whether stress does accelerate brain ageing 

may be essential for the development of interventions for both age-related disorders 

and the more general impacts of brain ageing. However, though this hypothesis 

appears to be widely accepted, evidence to support it is actually somewhat limited. 

The majority of studies that have considered the hypothesis of stress 

accelerating ageing effects have investigated stress in relation to processes believed 

to play a role in biological ageing. For example, chronic stress has been linked to an 

increase in pro-inflammatory cytokine release (Toft et al. 2018), a process shown to 

be involved in ageing (Fülöp et al. 2019). Additionally, oxidative stress and telomere 

shortening are also thought to play a role in ageing, and both have been linked to 

psychological stress (Epel et al. 2004). Furthermore, studies have also linked early 

life stress specifically to ageing processes such as mitochondrial dysfunction, 

telomere shortening and a decline in hippocampal neurogenesis (Correia‐Melo et al. 

2016; Tyrka et al. 2016; Ruiz et al. 2018). 

Recently, Gotlib et al. (2021) investigated the impacts of stress (in the form of 

COVID-19 lockdowns) on cortical thickness, hippocampal and amygdala volume, and 

brain age in adolescents. This study identified that stress resulted in lower cortical 

thickness, increased hippocampal and amygdala volume, and increased brain age, 

implying that there was an acceleration of brain maturation and that this stress 

resulted in older-appearing brains.  

In conclusion, though there are multiple studies indicating that stress appears 

to alter processes associated with ageing, evidence of how stress and ageing 

interact to impact on brain structure is more limited. As such, further research is 

needed into the impacts (if any) of stress x ageing interactions on brain structure. In 

particular, further insight into how stress during early life may accelerate ageing 

processes to impact on brain structure could be crucial, given the theory that early 

life stress may be more detrimental than stress during adulthood. Consequently, the 

final aim of this project was to assess the impacts (if any) of early life stress x ageing 

interactions on the brain structure of rhesus macaques, during early to mid-

adulthood. The cross-sectional impacts of ageing and early life stress will be 

compared to determine whether they affect the same brain structures, and a 

longitudinal approach will be utilised to directly investigate the impacts of early life 

stress x ageing interactions on brain structure. 
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1.7 Aims and Hypotheses 
 

To reaffirm, this project had 4 main aims: 

1) To design, optimise and implement an analysis pipeline capable of processing 

structural MRI data from rhesus macaques 

2) To assess the impacts of ageing on the brain structure of rhesus macaques, 

using both a cross-sectional and a longitudinal approach, during early to mid-

adulthood 

3) To assess the impacts of early life stress on the brain structure of rhesus 

macaques, using a cross-sectional approach, during early to mid-adulthood 

4) To assess the impacts of early life stress x ageing interactions on the brain 

structure of rhesus macaques, using a longitudinal approach, during early to 

mid-adulthood 

 

The first aim will be addressed in chapter 3, which details the creation of the 

AutoMacq pipeline. The second aim will be addressed in chapters 4 and 5, with 

chapter 4 covering a voxel-based morphometry investigation of the impacts of ageing 

on grey matter volume, and chapter 5 detailing a surface-based investigation of the 

impacts of ageing on cortical thickness. Similarly, chapters 6 and 7 will address the 

third and fourth aims. Chapter 6 covers a voxel-based investigation of the impacts of 

early life stress and early life stress x ageing interactions on grey matter volume. 

Chapter 7 then covers a surface-based investigation of the impacts of early life stress 

and early life stress x ageing interactions on cortical thickness.  

 Given the previous human and macaque literature (discussed in sections 

1.4.1, 1.4.2, 1.5.1 and 1.5.2), the primary hypotheses of this project were as follows: 

1) That the impacts of ageing would be linked to significant decreases in grey 

matter volume and cortical thickness, primarily in regions of the frontal and 

temporal lobes. 

2) That the impacts of early life stress would be related to significant decreases 

in grey matter volume and cortical thickness, with changes being widespread 

and seen across every lobe of the brain. 

3) That interactions between early life stress and ageing would lead to more 

extensive declines in grey matter volume and cortical thickness than those 

observed with either factor alone. 
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Chapter 2: General Materials and Methods 

 

2.1 Datasets Utilised  

Scans from publicly available datasets, as well as those acquired locally and 

datasets privately shared with the authors, were selected for this project. Data had 

been acquired on various scanners with various parameters and coil arrangements 

(see section 2.2). All of the scans though were acquired with a scanner strength of at 

least 3T in order to set a baseline level of signal strength. For some subjects, T2 data 

was available alongside the T1 data. Both male and female macaques were 

included, though scans were available from far more male subjects than female 

subjects.  

Initially, rhesus macaque MRI data from across 9 different sites (N=109) was 

chosen to be utilised. 3 sites had longitudinal data as well as cross-sectional, and 

scan-rescan data was available from 1 site. The first of these sites was Newcastle 

University, UK, where data was collected as part of an ongoing, longitudinal project. 

Cross-sectional, longitudinal and scan-rescan datasets were available from 

Newcastle, and there was some overlap in the scans included in the cross-sectional, 

scan-rescan and longitudinal datasets.  

Three other sites privately shared datasets for this project. These datasets 

came from Deutsches Primatenzentrum (DPZ), Germany, the National Institute on 

Drug Abuse (NIDA), USA, and the University of Oxford, UK. Both DPZ and NIDA 

provided longitudinal datasets as well as cross-sectional datasets, whereas only 

cross-sectional data was available from Oxford. Some scans from DPZ and NIDA 

were included in both the cross-sectional and longitudinal datasets. 

The remaining cross-sectional datasets utilised for this research were from the 

primate data exchange (PRIME-DE), an open science resource which provides 

access to macaque MRI datasets from around the world, with varied scan 

parameters and sample sizes (Milham et al. 2018). The 6 PRIME-DE datasets 

selected for this research were acquired at: Mount Sinai School of Medicine (MSP 

and MSS), USA, Stem Cell and Brain Research Institute (SBRI), France, University 

of California Davis (UC-Davis), USA and University of Western Ontario (UWO), 

Canada.  
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Visual quality control of scans was carried out prior to any processing. This 

resulted in the exclusion of 35 cross-sectional scans, from across 4 of the selected 9 

sites (see section 2.6, supplementary figure 1 for examples of excluded scans). The 

majority of these scans (N=32) were excluded due to a poor signal-to-noise ratio or 

generally poor image contrast, with 2 further scans being excluded due to prominent 

hyperintensities, and 1 scan being excluded due to excessive motion artefacts. 

Notably, the entire UC-Davis dataset (N=19) was excluded at the visual quality 

control check, due to poor contrast between the grey matter and white matter of the 

scans (see section 2.6, supplementary figure 1). The exclusion of cross-sectional 

data from across 4 sites did not result in the exclusion of any subjects from the 

longitudinal datasets. The visual quality control resulted in the retention of cross-

sectional MRI data from 74 subjects, across 8 different sites, and longitudinal MRI 

data from 16 subjects, across 3 different sites (see table 2).  

 

2.2 Scan Parameters  

Table 3 provides a breakdown of the scan parameters for each site, including 

the scanners and coil arrangements that were utilised. All of the sites, except for 

Newcastle University, scanned anaesthetised macaques. Anaesthetised scans are 

the most common for macaque datasets due to it simplifying the scanning process 

and reducing noise due to body/head movements. However, as the majority of 

human studies involve awake scanning, scans in awake animals are of great interest, 

and may be more comparable to the scans acquired in those human studies. 

The DPZ dataset consists of subjects scanned using 2 different scanners, 

each of which were upgraded once during the course of data collection (i.e., there 

were 4 different sets of scanner parameters for this site). On account of this, the DPZ 

dataset was actually treated as 4 different scanners/sites during subsequent 

statistical analyses. 

 

 

 

 



 37 

Data 

Type 

Site Subjects 

(M/F) 

Age 

Range 

(in year) 

Subjects 

with T2 

data 

Awake 

vs. 

Anaes. 

Scanner 

Strength 

CS Newcastle 18 (12/6) 5-15 18 Awake 4.7T 

CS DPZ 21 (21/0) 6-11 6 Anaes. 3T 

CS NIDA 6 (6/0) 7-10 0 Anaes. 3T 

CS Oxford 8 (5/3) 5-8 0 Anaes. 3T 

CS MSP 8 (8/0) 3-5 4 Anaes. 3T 

CS MSS 5 (5/0) 5-6 5 Anaes. 3T 

CS SBRI 3 (1/2) 7-14 3 Anaes. 3T 

CS UWO 5 (5/0) 4-8 5 Anaes. 7T 

 Total 74 

(63/11) 

3-15 41   

       

S-RS Newcastle 13 (8/5) 5-15 13 Awake 4.7T 

       

L Newcastle 10 (8/2) 6-15 10 Awake 4.7T 

L DPZ 1 (1/0) 6-8 0 Anaes. 3T 

L NIDA 5 (5/0) 6-10 0 Anaes. 3T 

 Total 16 (14/2) 6-15 10   

Table 2: Description of Included Datasets After the Initial Quality Control 

CS: cross-sectional datasets, S-RS: scan-rescan dataset and L: longitudinal.  

M: male and F: female. Anaes.: anaesthetised. 
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 Scanner 
Type 

Coils Used Sequences 
Used 

Voxel 
Size 

TE  

T1 (T2) 

TR 

T1 (T2)  

New-
castle 

Bruker 
4.7T 
vertical 

4 channel 
parallel 
imaging 
coils 

MPRAGE, 
RARE 

0.608 
x 
0.608 
x 
0.618
mm 

3.75ms 
(14.33m
s) 

2000ms 
(12296.7
ms) 

DPZ1 Siemens 
Prisma 3T 

Siemens 
Loop 11cm 

MPRAGE 0.5 x 
0.5 x 
0.5mm 

2.96ms 2700ms 

DPZ2 Siemens 
Prisma 3T 

Siemens 
Loop 
11cm/7-loop 
RX 

MPRAGE, 
T2SPACE 

0.5 x 
0.5 x 
0.5mm 

2.97ms 
(500ms) 

2700ms 

DPZ3 Siemens 
Magnetom 
Trio 

7-loop RX MPRAGE 0.65 x 
0.651 
x 
0.651
mm 

2.96ms 2700ms 

DPZ4 Siemens 
Magnetom 
TIM Trio 

4-channel, 
phased-
array coil  

MPRAGE 0.5 x 
0.5 x 
0.5mm 

2.63ms 2700ms 

NIDA Siemens 
3T Allegra 

Custom-
designed 
holder/seco
ndary coil 
(NOVA_16) 

MPRAGE 0.6 x 
0.598 
x 
0.598
mm 

3.04ms 1680ms 

Oxford 3T whole 
body 
scanner 

4-channel, 
phased-
array, radio-
frequency 
coil w/ local 
transmissio
n coil 

MPRAGE 0.5 x 
0.5 x 
0.5mm 

4.01ms 2500ms 

MSP Philips 
Achieva 3T 

4-channel 
phased 
array coil 
(Windmiller-
Kolster 
Scientific), 
transmit 
through 
body coil 

MPRAGE 0.5 x 
0.5 x 
0.5mm 

6.93ms 
(366ms) 

1500ms 
(2500ms) 
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MSS Siemens 
Skyra 3T 

4-channel 
clamshell 
coil 

MPRAGE 0.5 x 
0.5 x 
0.5mm 

3.02ms 
(539ms) 

2700ms 
(3200ms) 

SBRI Siemens 
Prisma 3T 

2 x L11 and 
1 x L7 
Siemens 
ring coils 

T1 MPR 3D, 
T2 SPACE 
TRA 

0.5 x 
0.5 x 
0.5mm 

3.62s 
(366ms) 

3000ms 
(3000ms) 

UWO Siemens 
Magnetom 
7T 

Custom-
made 24-
channel 
phased 
array 
receive coil 
w/ 8-
channel 
transmit coil 

MPRAGE 0.5 x 
0.5 x 
0.5 
mm 

3.88ms 65000ms 

Table 3: Detailed Scan Parameters for Each Site 
TE: Echo Time, TR: Repetition Time. *Information requested from collaborators, 
awaiting response.  
 

2.3 Newcastle University Scan Procedure 

Macaques at Newcastle University were scanned using a vertical MRI scanner 

(Biospec 4.7 Tesla, Bruker Biospin, Ettlingen, Germany), whilst awake and sitting 

upright in a primate chair. All of the macaques had previously undergone training and 

acclimatisation to both the primate chair and scanner environment. Positive 

reinforcement was used for the training, in the form of food rewards. Macaques were 

head fixed throughout the scans so that head movements could be minimised. 

During the scans, macaques were shown nature videos and were rewarded with 

juice, in order to reduce boredom and further minimise body/head movements.  

 

2.4 Husbandry and Ethics 

The re-use of MRI data for the current project was approved by the Newcastle 

University Animal Welfare Ethical Review Board (reference number 1021). 

 

Newcastle- Macaques were pair- or trio-housed in cages approximately 2.1 

by 3.0 by 2.4 m and had both auditory and visual contact with other macaques in the 

facility. On rare occasions macaques may have been transiently single housed for 

husbandry reasons or due to veterinary concerns. However, single-housing was 

minimised as much as possible to reduce any potential welfare impacts, and single-
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housed subjects still had auditory and visual contact with other macaques. Daily 

foraging opportunities as well as swings, shelves and other play objects provided the 

macaques with enrichment.  

All procedures were in full compliance with the UK Animal Scientific 

Procedures Act (1986) and the European Directive on the protection of animals used 

in research (2010/63/EU). Procedures were carried out under authority of personal 

and project licences approved by the UK home office. See table 4 for a breakdown of 

project licences this research came under.  

 

 Licence Numbers  Licence Holders 
Newcastle 70/7976, PABAD450E;  

PPL 60/4095, PPL 70/8318, 
PA2C18B73;  
PP8119034;  

Professor Alexander Thiele;  
Professor Christopher 
Petkov;  
Dr Yukiko Kikuchi 

Table 4: Project Licences for the Newcastle University Data 
 

Oxford- All procedures were in full compliance with the UK Animal Scientific 

Procedures Act (1986) and the European Directive on the protection of animals used 

in research (2010/63/EU). Procedures were carried out under authority of personal 

and project licences approved by the UK home office. 

 

DPZ- All procedures were carried out in accordance with institutional 

guidelines at DPZ, as well as the European Directive on the protection of animals 

used in research (2010/63/EU) and the relevant German law on animal welfare.  

 

NIDA- All procedures were approved by the Institutional Animal Care and Use 

Committee at the University of Pittsburgh and conformed with the USPHS Guide for 

the Care and Use of Laboratory Animals. 

 

PRIME-DE datasets- Ethical approvals for all of the PRIME-DE datasets are 

provided on the PRIME-DE website in the ‘Data Collections’ section 

(https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html).  

 

2.5 Software Utilised 

Voxel-based processing of MRI data was carried out using Matlab (R2021a; 

The MathWorks Inc. 2021) and SPM12 (www.fil.ion.ucl.ac.uk/spm/software/spm12/) 

https://fcon_1000.projects.nitrc.org/indi/indiPRIME.html
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on a Windows PC. Bias correction and surface-based processing was undertaken on 

a Linux PC. Bias correction was implemented using FSL (Jenkinson et al. 2012), 

ANTs (Avants et al. 2009) and the connectome workbench (Marcus et al. 2011). 

Surface-based processing was performed using FreeSurfer (v6.0.0; Fischl 2012). 

Statistical analyses were carried out using Matlab, SPM12, SurfStat 

(www.math.mcgill.ca/keith/surfstat/#mixed), R (R Core Team 2021) and Rstudio 

(RStudio Team 2020).  
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2.6 Supplementary Materials 
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Supplementary Figure 1: Slices from Excluded Scans. 3 horizontal and 3 coronal 
slices from the scans of every subject excluded due to image quality issues, 
separated by site (A= Newcastle, B= Oxford, C= DPZ, D= UC-Davis). One subject 
was excluded due to motion artefacts (A2), 2 subjects were excluded due to 
prominent hyperintensities (A1 and B1), and the remaining ones (n=32) were 
excluded due to poor contrast to noise ratio in some parts of the brain. 

D11 

D12 

D13 

D16 

D17 

D14 

D15 

D18 

D19 
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Chapter 3: Development of AutoMacq: an Automatic Pipeline to 
Analyse Macaque Structural MRI Data 

 

3.1 Abstract 

MRI scanning of rhesus macaques is a growing field due to their evolutionary 

proximity and similar neuroanatomy to humans. Consequently, there is a need for 

automatic macaque MRI processing pipelines. AutoMacq is a pipeline capable of 

processing rhesus macaque MRI data to produce both voxel-based and surface-

based metrics. It involves minimal manual intervention and can be carried out without 

expert knowledge of macaque neuroanatomy. To test the quality of the pipeline, 

scans from 74 subjects across 8 different sites were processed. Results indicate that 

over 87% of cross-sectional tissue segmentations and surfaces were of satisfactory 

quality to not require additional manual correction. Hemispheric comparisons and 

analyses of scan-rescan data showed strong reliability of the volumetric and surface-

based outputs. Finally, to illustrate potential applications of AutoMacq, the change in 

grey matter volume with ageing was investigated cross-sectionally using subjects 

aged 3-15 years (corresponding to adolescence until mid-adulthood). The analysis 

revealed a linear decrease in grey matter volume with age similar to what has been 

found in humans, reinforcing the value of rhesus macaques as a model of healthy 

human ageing. 

 

3.2 Introduction 

Automatic pipelines are the gold standard in MRI data processing as they 

avoid biases that could be introduced by manual interventions and allow for 

standardisation of data processing. Many pipelines have been created to 

automatically process and analyse human MRI data, with minimal manual 

intervention from the researcher (https://neuro-jena.github.io/cat/; 

https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview; 

https://www.nipreps.org/smriprep/; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/; 

Fischer et al. 2012; Glasser et al. 2013; Reuter et al. 2012). These pipelines can 

often handle both cross-sectional and longitudinal datasets, and allow for 

investigation of voxel-based morphometry (VBM) and/or surface-based morphometry 

(SBM). 

https://neuro-jena.github.io/cat/
https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview
https://www.nipreps.org/smriprep/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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Over the last couple of decades, MRI scanning of animal models has become 

a rapidly growing field (Öz, Tkáč and Ugurbill 2013). The evolutionary proximity of 

non-human primates (NHPs), such as rhesus macaques, to humans means they are 

of great comparative and translational interest as animal models. The similarity of 

NHPs to humans in terms of brain anatomy and cognitive abilities has also meant 

they are particularly valuable as model animals in neuroscience research (Phillips et 

al. 2014; Roefsema and Treue 2014; Stonebarger et al. 2021). Additionally, rhesus 

macaques are a promising model for ageing research due to their comparable life 

stages to humans, combined with their accelerated rate of ageing (3-4 times the rate 

of humans) which can allow for more efficient research (Mattison and Vaughan 

2017).  

The processing of macaque MRI data comes with unique issues, precluding 

the use of established human pipelines to process macaque MRI data (Milham et al., 

2018; PRIMatE Data Exchange [PRIME-DE] Global Collaboration Workshop and 

Consortium 2020). Though similar in shape and organisation to the human brain, the 

macaque brain is around 12-16 times smaller than the human brain (in terms of 

volume), with specific areas accounting for different proportions of the macaque brain 

compared to the human brain (Croxson et al. 2018). Other differences include 

differences in the amount of tissue surrounding the brain as well as in tissue contrast, 

making it more difficult to extract and segment the brain in macaque MRI scans, 

compared to human scans. Non-standardized surface coil arrangements are 

common when scanning macaques, and often result in variations in coil coverage 

and image intensity, which can cause further difficulty in processing macaque MRI 

data. Differences between sites in terms of equipment and protocols are also 

common and result in data across sites that varies greatly in terms of quality and 

scan parameters. As a result of this, a processing method designed for data from one 

site may not translate to macaque scans from other sites (Milham et al. 2018). 

Furthermore, motion artefacts can be an additional issue when scanning 

awake macaques, with the only current way to minimise these artefacts being 

through training and/or head fixation (PRIMatE Data Exchange [PRIME-DE] Global 

Collaboration Workshop and Consortium 2020). Even with these methods in place to 

minimise movement, motion artefacts can still lead to noisier data for awake 

macaques than those that are anaesthetised, and potentially noisier data than would 
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be acquired from awake humans who will have a better understanding of the need to 

remain still during scanning. 

Custom processing pipelines tailored to rhesus macaque MRI data are clearly 

required, and over the last few years such pipelines have been developed (Balbastre 

et al. 2017; Garcia-Saldivar et al. 2021; Lepage et al. 2021). However, these 

pipelines require manual correction of tissue segmentation and surfaces, which relies 

on expert knowledge of macaque neuroanatomy. Additionally, the currently available 

macaque processing pipelines implement surface-based morphometry only, with no 

clear option to carry out voxel-based morphometry, despite the complementarity of 

the two approaches (Goto et al. 2022). Furthermore, none of these pipelines have 

been designed with longitudinal data in mind, despite the established benefits of 

longitudinal research (see chapter 1, section 1.4.3). For MRI studies, pipelines which 

handle cross-sectional data are not fully leveraging the potential of longitudinal data, 

as they are optimised to generalise across a cohort, often at the cost of within-

individual accuracy. For example, in a longitudinal pipeline, subject-specific 

templates could be used to improve various steps of the pipeline.  

This study therefore aimed to design a processing pipeline for rhesus 

macaque MRI data that can produce accurate tissue segmentations and surfaces 

without manual intervention, for both cross-sectional and longitudinal data, and can 

produce both voxel-based and surface-based metrics. 

 

3.3 Materials and Methods 

 

3.3.1 Datasets  

The AutoMacq pipeline was tested using all of the MRI data which passed 

visual quality control (see chapter 2, table 2). Briefly, this included cross-sectional 

data from 74 subjects, taken from across 8 sites, a scan-rescan dataset of 13 

subjects from Newcastle University, and longitudinal data from 16 subjects, taken 

from across 3 sites.  

The scan-rescan dataset consisted of two scans per subject, acquired within 

one week, for a subselection of subjects (N = 13). Scan-rescan data was only 

available from Newcastle University, meaning that all of the data was acquired from 

awake animals with a scanner strength of 4.7T. Both T1 and T2 data was available 
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for all of the subjects in this dataset. As was previously mentioned, there was some 

overlap in the scans included in the cross-sectional and scan-rescan datasets from 

Newcastle University. However, it should be noted that not all of the scans from the 

scan-rescan dataset were utilised in the cross-sectional dataset (other scans were 

chosen for some subjects to better allow for the subsequent investigations of the 

impacts of ageing- see chapters 4 and 5). 

Longitudinal data was available from Newcastle University, NIDA and DPZ. 3 

to 13 scans were available for each of the subjects included in the longitudinal 

datasets (96 scans in total). In order to be utilised for this project the scans for a 

subject needed to cover a period of at least 18 months, with consecutive scans 

separated by at least 3 months. 

 

3.3.2 Cross-sectional AutoMacq pipeline 

AutoMacq is optimised for the input of both T1 and T2 images, but can 

process T1 data alone, and utilises freely available software packages. Additionally, 

any macaque template can be utilised when processing data through AutoMacq. For 

this study, the population-average 112RM-SL template and its prior maps (McLaren 

et al. 2009) were chosen for testing the pipeline. This template is aligned to the 

Saleem-Logothetis atlas (Saleem and Logothetis 2012) that provides both high-

resolution MRI scans and histological sections to delineate the anatomy of the 

macaque brain. An Ear Bar Zero (EBZ) coordinate system is employed, meaning that 

the origin is set to the midpoint of the interaural line (Saleem and Logothetis 2012).  

The steps of the AutoMacq pipeline are outlined in figure 5, and each 

individual step to process cross-sectional data is described in detail below (with step 

numbers referring to those in Fig. 5). AutoMacq can also process longitudinal 

structural MRI data from rhesus macaques, and the adaptations required to do so are 

discussed in section 3.3.3. A detailed walkthrough, scripts and SPM batches for 

AutoMacq are available at: https://github.com/Nsk97/AutoMacq.git 

 

https://github.com/Nsk97/AutoMacq.git
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Figure 5: The AutoMacq Pipeline. Yellow boxes represent steps carried out using 
SPM, blue boxes those carried out in a Linux environment (with ANTs, connectome 
workbench, FSL and FreeSurfer installed). An orange outline represents a step that 
is skipped if T2 data are not available, and a dashed black outline a step that would 
only be carried out for longitudinal data. Lightning bolts indicate a manual 
intervention. 
 

Step 1: Cropping and manual reorientation  

Prior to processing through the AutoMacq pipeline, scans with large fields of 

view are cropped in FreeSurfer. This cropping minimises empty space and tissue 

outside of the skull. Cropping the field of view allows for more accurate masking later 

in the pipeline.  

Following this, every T1 and, if available, T2 scan is manually reoriented in 

SPM. This involves rotating the scans and setting the origin to match the orientation 

and origin of the atlas. This manual reorientation step is simple and does not require 

any knowledge of macaque neuroanatomy.  

 

Step 2: Co-registration between T1 and T2  

The next step of AutoMacq consists of co-registering the reoriented T1 and T2 

scans to ensure that their orientations precisely match. This step is done using the 

SPM intra-subject co-registration routine, using a rigid-body model and image 

reslicing (moving the T2 scan to align it with the T1 scan). This step is skipped in the 

absence of T2 scans. 
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Steps 3-5: Brain extraction 

To obtain accurate tissue segmentation of macaque data, it is helpful to first 

mask out non-brain tissues, a process called brain extraction or skull stripping. This 

is done in AutoMacq through 3 steps: (1) the creation of a precursor mask in SPM; 

(2) bias correction carried out using ANTs, connectome workbench and FSL; and (3) 

the creation of the final mask in SPM. 

 

Step 3: Creation of precursor mask and initial brain extraction 

The precursor mask is an approximate, subject-specific mask that can 

be utilised for bias correction. A precursor mask in the native space is 

obtained by first creating a mask of the template (by binarising the sum of the 

grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) prior 

maps), and then deforming the template mask to match the subject-specific 

scan(s). This deformation between the template space and the native space is 

calculated using the SPM segmentation routine. This routine combines tissue 

classification of the subject-specific scans (combining information from T1 and 

T2 scans to improve the segmentation accuracy), correction of intensity non-

uniformity (bias correction) and non-rigid co-registration to the template. The 

segmentation relies on 4 classes of tissue probability maps: GM, WM, CSF, 

and non-brain tissues (adding the non-brain tissue class was found to improve 

the quality of the segmentation). The T1 scan (and coregistered T2 scan, if 

available) is then masked using this approximate precursor mask.  

This process (segmentation, mask deformation and masking) can be 

repeated several times if necessary to further increase the quality of the 

subject-specific mask, as long as no brain tissues are masked out. Macaque 

data differs from human in that images are often acquired using non-

standardized arrangements of surface coils (Milham et al., 2018), generating 

increased variation in image intensity. Using the bias correction developed for 

human data in SPM, no parameter was found to be good enough to produce 

accurate subject-specific masks. To increase the quality of the mask, the 

precursor mask was created using little debiasing (heavy regularisation) in 

SPM and the main debiasing done outside SPM (please note that the 

precursor mask needs to be resliced to be used by other software). 
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Step 4: Bias correction  

For the AutoMacq pipeline, the ANTs functions DenoiseImage and 

N4BiasFieldCorrection are utilised. DenoiseImage removes noise from the 

scans using a spatially adaptive filter, and N4 debiasing is a variant of non-

parametric, non-uniform, normalization (N3) debiasing (Tustison et al. 2010). 

DenoiseImage needs to be applied to the unmasked T1, whereas 

N4BiasFieldCorrection utilises an unmasked T1 image and the precursor 

mask as inputs. 

To further minimise bias in the images, the program connectome 

workbench along with the bias correction script from the Human Connectome 

Pipeline (HCP) can be utilised for subjects with both T1 and T2 scans. This 

script uses the square root of T1w*T2w in order to correct the bias field, and 

improvements can be seen when this is used alongside other debiasing steps. 

The HCP script requires both unmasked and masked T1 images as inputs; the 

masked T1 is obtained by applying the function fslmaths (from FSL) to the N4 

debiasing output. 

 

Step 5: Creation of final mask and brain extraction  

A final mask is then created using the same approach described in step 

3 but using the debiased scan(s) as input(s) of the segmentation, and a final 

masked T1 (and T2 if available) is produced which excludes non-brain tissues. 

 

Step 6: Tissue segmentation  

A final segmentation of the masked, debiased T1 scan is then performed in 

SPM. The output files from this segmentation can then be used to calculate the 

volumes of the grey and white matter (and the cerebrospinal fluid) as well as the local 

amount (or density) of grey matter in each voxel. These metrics can then be 

analysed statistically for voxel-based morphometry studies.  

 

Step 7: Surface-based cross-sectional processing 

Surface-based processing in AutoMacq utilises custom analysis scripts that 

adapt the FreeSurfer standard processing stream for human MRI data. For cross-

sectional processing, the FreeSurfer stream consists of 3 major stages: autorecon1, 
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autorecon2 and autorecon3. For cross-sectional processing in AutoMacq, 

modifications are made to the autorecon1 and autorecon2 stages. 

 

Autorecon1 

Autorecon1 begins with computation of the affine transformation from 

the final masked T1 obtained in step 5 to the MNI305 atlas. This is required as 

atlas coordinates of different brain areas are needed for several downstream 

functions. The MNI305 is a human brain atlas, so this automatic computation 

tends to be extremely inaccurate for macaque data, and there is no simple 

way to substitute a macaque atlas for the MNI305 atlas. However, macaque 

MRI data can be successfully processed through FreeSurfer by manual 

correcting the atlas registration. This is done by matching the size and 

orientation of the masked T1 to the MNI305. Therefore, this manual step does 

not rely on any knowledge of macaque neuroanatomy and can be carried out 

quickly and easily by a non-expert. The rest of the autorecon1 stage includes 

correction of any remaining non-uniformity or fluctuations in intensity 

(unchanged FreeSurfer standard step). The final step of skull stripping is 

skipped since images have already been brain extracted in SPM.  

 

Autorecon2 

The autorecon2 stage begins with the segmentation of subcortical 

structures and the computation of their respective volumes. In AutoMacq, the 

standard stream is adapted to use the manually corrected atlas registration to 

initialise the subcortical segmentation. Next, WM is segmented to give a WM 

volume image (cerebellum and brainstem are excluded), which is then used to 

create the surfaces encoding the boundary of WM and GM in each 

hemisphere. These left and right WM surfaces are used as a starting point to 

generate surfaces encoding the boundary of GM and CSF in each hemisphere 

(‘pial surfaces’). However, this processing in FreeSurfer alone does not always 

produce accurate surfaces. Instead of manually correcting the white matter 

surfaces (WM edits), the WM segmentation file produced by SPM (step 6) can 

be used to re-run the cortical surface generation. To be recognised correctly in 

FreeSurfer, the WM segment image is first binarized in SPM (threshold of 0.2). 



 54 

A custom script was written to recognise this binarized WM volume as WM 

edits. As the last step of autorecon2, a binary mask of the cortical ribbon is 

then created. 

 

 Autorecon3 

The autorecon3 stage carries out the co-registration of the GM and WM 

surfaces to the spherical atlas (spherical morph), in order to label brain 

regions for cortical parcellation. The entirety of autorecon3 can be ran 

unchanged from the standard FreeSurfer stream to acquire global brain 

metrics, but it is also possible to easily replace the human atlas with a 

macaque parcellation schema in order to acquire macaque parcellations.  

 

3.3.3 Adaptations to AutoMacq when processing longitudinal data 

AutoMacq is intrinsically capable of processing longitudinal MRI datasets from 

rhesus macaques. The adaptations to the cross-sectional pipeline required to do so 

are outlined below. 

 

Longitudinal voxel-based processing 

The stages to obtain voxel-based metrics for longitudinal datasets using 

AutoMacq are very similar to those used for cross-sectional data, with one additional 

step. After all of the scans for a subject have been cropped and reoriented (as 

described in section 2.3.1), a longitudinal registration step is performed. This includes 

a rigid-body and a diffeomorphic registration of each T1 scan to a mid-point average 

image (Ashburner and Ridgway, 2013). If T2 data are available, a longitudinal 

registration of T2 scans is carried out as well, and the average T2 scan is then 

coregistered to the average T1 scan. The rest of the voxel-based processing in 

AutoMacq is carried out in the same way it would be for individual cross-sectional 

scans but using the average image(s) as input file(s).  

 

Longitudinal surface-based processing 

The standard FreeSurfer longitudinal processing stream for human data 

involves 3 major stages: 1) cross-sectional processing of all timepoints for each 

subject, 2) creation and processing of an unbiased template for each subject, 3) 
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Processing of all timepoints for each subject using the unbiased, subject-specific 

template. The longitudinal processing with AutoMacq therefore starts with the cross-

sectional processing of all timepoints, as described in section 2.3. This cross-

sectional processing provides a normalised, skull-stripped, atlas-registered T1 scan 

for every timepoint, which are then used to create a subject-specific template using 

robust, inverse consistent registration (Reuter et al., 2010). This template is used to 

help at various stages of the longitudinal re-processing of all time points: for example, 

skull stripping, Talairach transforms, atlas registration, as well as spherical surface 

maps and parcellations, are initialized with common information from the within-

subject template, significantly increasing reliability and statistical power (Reuter et al., 

2012). 

The third stage is the actual longitudinal processing of the time points and is 

unchanged from the standard FreeSurfer longitudinal processing carried out for 

human MRI data. Briefly, every timepoint is processed again, but the template 

created in the previous step is used to initialise processing steps involved in the 

cortical and subcortical segmentation. This should increase the robustness and 

sensitivity of the overall longitudinal analysis. 

 

3.3.4 Statistics 

Whole brain measures of GM, WM and CSF were extracted using SPM for 

every subject. Hemispheric measures of the same metrics were also extracted in 

SPM, using a hemisphere mask created through manual editing of the Saleem-

Logothetis atlas mask. Whole brain and hemispheric measures of grey matter and 

white matter surface area, as well as cortical thickness were taken from FreeSurfer 

for every subject. 

For the scan-rescan comparisons, the intraclass correlation coefficient (ICC) 

was calculated in R, using an absolute-agreement, single-measurement, two-way 

mixed-effects model. This model was also utilised to calculate the ICC for the 

analysis of the impact of the manual steps of the AutoMacq pipeline. Pearson 

correlation analyses were carried out in R (https://www.r-project.org/) for the 

hemisphere comparisons. This was used rather than ICC for the hemisphere 

comparisons as ICC accounts for systematic offsets, which could occur biologically 

between hemispheres. 
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The change in grey matter volume (GMV) and cortical thickness (CT) with 

ageing was also investigated in R. Tests for normality and heteroscedasticity were 

first carried out. A non-linear fit was found to not significantly improve the percentage 

of variance explained by the model, so a linear model was fitted. Site/scanner was 

included as a random effect in the model, and total intracranial volume (TIV) was 

controlled for (fixed effect) in order to account for differences in head size (Whitwell 

et al. 2001). 

 

3.4 Results 

 

3.4.1 VBM outputs 

All of the cross-sectional scans processed through AutoMacq (N=74) 

produced an accurate brainmask for skull stripping (suppl. figure 2 provides 

examples of these brainmasks).  

Figure 6 illustrates a representative example of SPM segmentation outputs 

(grey matter and white matter tissue outputs) from AutoMacq. For 95.9% of cross-

sectional scans (N=71/74) outputs of comparable quality to those in figure 6 were 

produced. The remaining cross-sectional scans (4.1%, 3/74) had some errors in their 

grey and white matter segmentation outputs (suppl. figure 3 illustrates these 

problematic outputs).  
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Figure 6: Representative Tissue Volumes Produced by AutoMacq. Horizontal 
slices of a representative example of GMV (shown in red) and WMV (shown in 
yellow), produced using the cross-sectional AutoMacq pipeline, displayed on the 
corresponding T1 scan, and presented alongside a midsagittal image showing where 
each slice is taken from. 
 

For longitudinal VBM processing in AutoMacq, 87.5% of subjects (14/16) 

produced SPM segmentation outputs of similar quality to figure 6, and 12.5% of 

subjects showed some errors in the segmentation of grey and white matter (2/16). 

 

3.4.2 SBM outputs 

Figure 7 shows a representative example of FreeSurfer surfaces output from 

the cross-sectional AutoMacq pipeline, for the same subject for which SPM 

segmentation outputs were displayed in figure 6. 87.8% of scans (65/74) processed 

through AutoMacq resulted in surfaces comparable to those shown in figure 7. This 

was after the WM segmentation file from SPM was used in place of WM edits in 

FreeSurfer for 60/74 (81.1%) subjects (the other 14 subjects produced good quality 

surfaces without this step). This improvement of the surface accuracy with this step is 

illustrated in figure 8. However, even after the incorporation of the WM segmentation 

file from SPM, 9/74 (12.2%) subjects still showed some errors in their surfaces (see 

details in suppl. figure 4). 
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Figure 7: Representative Surfaces Produced by AutoMacq and 3D Models of 
Those Surfaces. Horizontal slices of a representative example of pial (shown in red) 
and white matter (shown in yellow) surfaces, produced using the cross-sectional 
AutoMacq pipeline.  A midsagittal image showing where in the brain each slice is 
taken from, and 3D models of the surfaces are also presented. The cerebellum and 
brainstem are excluded during FreeSurfer processing. 
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Figure 8: Comparison of Surfaces Produced with AutoMacq, without and with 
SPM WM. Horizontal slices of examples of pial (shown in red) and white matter 
(shown in yellow) surfaces, produced for the same subject using the cross-sectional 
AutoMacq pipeline, without WM from SPM (A) and with WM from SPM (B). 
 

For longitudinal SBM processing in AutoMacq, all 96 of the scans, acquired 

from 16 subjects, were processed through FreeSurfer. For 59.4% (57/96) of these 

scans the surfaces produced were comparable to those in figure 7, but 40.6% of 

scans (39/96) showed some errors in their surfaces.  For both the VBM and SBM 

processing of the longitudinal data, errors were limited to subjects from Newcastle 

University. However, for some scans the longitudinal processing did result in 

improved surfaces, compared to those produced through cross-sectional processing 

(see figure 9).  

 

 

A 

B 
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Figure 9: Comparison of Surfaces Produced Using the Cross-sectional vs. 
Longitudinal AutoMacq Pipeline. Horizontal slices of examples of pial (shown in 
red) and white matter (shown in yellow) surfaces, produced for the same subject 
using the cross-sectional AutoMacq pipeline (A) and using the longitudinal AutoMacq 
pipeline (B) 
 
3.4.3 Hemisphere comparison 

To assess the reliability of AutoMacq, various volume-based and surface-

based metrics were compared between hemispheres. Considering that hemispheric 

differences from biological origin are minimal, this analysis allows for quantification of 

errors mainly due to AutoMacq processing. All of the subjects processed through 

AutoMacq (including those with errors in their outputs) were included in this analysis. 

Results indicate strong correlation between hemispheres for all metrics tested (R 

values between 0.9 and 0.98, Fig. 10). 

 

 

   

  

A 

B 
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Figure 10: Hemisphere Comparison Graphs. Correlation between left and right 
hemisphere values for GM volume (A), WM volume (B), GM surface area (C), WM 
surface area (D) and cortical thickness (E). The linear fit and standard error are 
plotted, and R and p values are shown on each graph.  
 
 

 

 

 

 

 

 

A B 

C D 

E 
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3.4.4 Scan-rescan 

To further evaluate the reliability of AutoMacq, the scan-rescan dataset was 

also processed to give both volume-based and surface-based outputs. Over such a 

short span of time between ‘scan’ and ‘rescan’ (less than 1 week), noticeable 

structural brain changes are not expected. Rescan data was available for a subset of 

13 macaques from the Newcastle University dataset (8 males and 5 females). 

Results indicate strong correlations across metrics despite a modest sample size and 

the fact that the animals were scanned while awake (ICC values between 0.6 and 

0.95, fig. 11).  
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Figure 11: Scan-Rescan Graphs. Graphs of the correlation between the scans and 
the rescans for GM volume (A), WM volume (B), total brain volume (C), total 
intracranial volume (D), GM surface area (E), WM surface area (F) and cortical 
thickness (G). The identity line, ICC value and p value are shown on each graph. 

A B 

C D 

E F 

G 

ICC = 0.82, p = 0.0002 ICC = 0.855, p = 6.86e-05 

ICC = 0.946, p = 2.14e-07 ICC = 0.883, p = 1.74e-05 

ICC = 0.951, p = 9.04e-08 ICC = 0.906, p = 6.17e-06 

ICC = 0.603, p= 0.0081 
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3.4.5 Impact of manual steps 

 A correlation analysis was carried out in order to assess the impact of the few 

manual steps of AutoMacq on the outputs of the pipeline. This involved the initial 

scans for each of the subjects included in the scan-rescan dataset (13 macaques 

from the Newcastle University dataset; 8 males and 5 females) being reprocessed 

through the AutoMacq pipeline from the raw data. This was done years after the 

initial processing in order to create a ‘blind’ approach and avoid any biases in the 

manual steps. Results indicate very strong correlations across all of the voxel-based 

metrics, as well as for grey matter surface area and white matter surface area (ICC 

values between 0.93 and 0.99, fig. 12). The correlation for cortical thickness was 

much weaker (ICC value of 0.561); however, this was due to two outliers. Removal of 

these outliers resulted in a strong correlation for cortical thickness as well (ICC value 

of 0.813). 
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Figure 12: Impact of Manual Steps. Graphs of the correlation between the scans 

and the reprocessed scans for GM volume (A), WM volume (B), total brain volume 

(C), total intracranial volume (D), GM surface area (E), WM surface area (F) and 

cortical thickness (G). The identity line, ICC value and p value are shown on each 

graph. 

A 

ICC = 0.977, p = 3.21e-10 

B 

C D 

E F 

G 

ICC = 0.971, p = 3.89e-09 

ICC = 0.561, p = 0.0167 

ICC = 0.931, p = 4.91e-06 

ICC = 0.982, p = 6.23e-08 ICC = 0.993, p = 2.48e-11 

ICC = 0.963, p = 3.71e-08  
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3.4.6 Global brain changes with ageing 

To demonstrate a possible application of the AutoMacq pipeline, and to 

confirm the viability of investigating age-related changes in brain structure using the 

available datasets, the impact of ageing on total grey matter volume, and on average 

cortical thickness, was tested using the male subjects from the cross-sectional 

datasets. Female subjects were excluded due to the small sample size, and scans 

from any site with fewer than 5 male subjects were also excluded so that effect of site 

could be adequately controlled for in the model. The Oxford dataset was excluded as 

it lacked variability in terms of age. A significant, linear decrease in total GMV with 

increasing age (from 3 to 15 years, corresponding to adolescence to mid-adulthood 

in macaques) was found (β= -0.0013, Std. error= 0.00034, DF= 44, p= 0.0004, fig. 

13). However, no significant change in average CT with ageing was identified (β= 

0.0075, Std. error= 0.014, DF= 44, p= 0.59, fig. 14). 

 

 

Figure 13: Changes in Total GM Volume According to Ageing. The bold black 
linear line corresponds to the main effect of age, while controlling for TIV and with 
site/scanner declared as a random effect. The thin coloured lines correspond to 
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linear fits of age effect in each site while controlling for TIV. Dots correspond to raw 
data (unadjusted for TIV).  
 

 

Figure 14: Changes in Average Cortical Thickness According to Ageing. The 

bold black linear line corresponds to the main effect of age, while controlling for TIV 

and with site/scanner declared as a random effect. The thin coloured lines 

correspond to linear fits of age effect in each site while controlling for TIV. Dots 

correspond to raw data (unadjusted for TIV). 

 

3.5 Discussion 

 

3.5.1 Strengths of AutoMacq 

AutoMacq is a robust processing pipeline, capable of successfully processing 

macaque MRI data with a wide range of quality and scan parameters, with minimal 

manual intervention. The two manual steps within the pipeline are simple to carry out 

and do not require any expert knowledge of macaque neuroanatomy. This, coupled 

with the automation of the rest of pipeline, makes AutoMacq relatively easy to use. 

Additionally, AutoMacq is unique amongst macaque pipelines in its ability to produce 
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both voxel-based and surface-based metrics (Balbastre et al. 2017; Garcia-Saldivar 

et al. 2021; Lepage et al. 2021), allowing for more avenues of investigation and 

comparison with a wider range of previous studies (Goto et al. 2022). A further 

strength of AutoMacq is the use of freely available software packages that anyone 

can access, as well as the ability to utilise any macaque template when processing 

data through AutoMacq.  

Both T1 scans alone and datasets of T1 and T2 scans were successfully 

processed through AutoMacq, and 100% of the scans processed through AutoMacq 

produced an accurate brain mask. This extremely high level of success in terms of 

brain extraction is better than the one obtained using the FSL bet function (Lepage et 

al. 2021) and comparable to what can be obtained by more sophisticated deep 

learning-based approaches (Wang et al., 2021). 95.9% of cross-sectional scans 

processed through AutoMacq gave good quality volume-based outputs and 87.8% 

gave good quality surface-based outputs. A good quality output was defined as one 

not requiring manual correction. The high percentage of good quality outputs 

produced for cross-sectional data illustrates AutoMacq’s accuracy, with fewer errors 

in the outputs from AutoMacq than those produced when using other pipelines to 

process data from various sites (Garcia-Saldivar et al. 2021; Lepage et al. 2021). 

This better performance is likely to come from the use of SPM segmentation routine 

to identify the GM/WM boundary. AutoMacq was able to handle scans with a wide 

range of scan parameters and quality, including those known to be difficult to 

process, such as scans acquired in awake subjects (Newcastle University dataset) 

and scans from subjects that have open skulls due to head implants (Milham et al., 

2018; PRIMatE Data Exchange [PRIME-DE] Global Collaboration Workshop and 

Consortium 2020). The few cross-sectional scans for which AutoMacq produced 

outputs with errors were not all from one site, indicating that the poorer outputs were 

not due to an inability to handle specific scanning parameters but likely due to issues 

specific to the individual scans themselves.  

For voxel-based morphometry, AutoMacq had a comparable success rate for 

cross-sectional and longitudinal datasets, with good quality outputs being produced 

for 95.9% of cross-sectional scans and 87.5% of longitudinal subjects. This was 

despite the far larger sample size for the cross-sectional study (74 scans compared 

to just 16 longitudinal subjects). In terms of surface-based morphometry, the error 
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rate for AutoMacq was higher with longitudinal data (40.6%) compared to with cross-

sectional data (12.2%). It should be noted that almost a third of the subjects with 

longitudinal data (5/16) were part of the group of subjects which produced surface 

errors in the cross-sectional study. Because of the way the FreeSurfer longitudinal 

stream is carried out, errors in the cross-sectional processing of any single timepoint 

will be transferred to the template, inducing inaccuracies in the re-processing of each 

timepoint using the subject-specific template, providing a potential explanation for the 

increase in errors seen with AutoMacq longitudinal processing. Additionally, the 

longitudinal data available for testing AutoMacq was comprised mainly of subjects 

from Newcastle University which were both scanned awake and had open skulls due 

to head implants, making them some of the most difficult to process successfully 

(Milham et al., 2018; PRIMatE Data Exchange [PRIME-DE] Global Collaboration 

Workshop and Consortium 2020). Scanning awake macaques is known to increase 

the noise in images due to motion artifacts, and this reduced image quality may have 

also contributed to the increased proportion of errors for the longitudinal processing, 

as errors only occurred for subjects from the Newcastle dataset. For the subjects 

from other sites, which were scanned whilst anaesthetised, all of their longitudinal 

data was successfully processed through AutoMacq without errors for either VBM or 

SBM outputs. The older ages of some of the Newcastle University macaques with 

longitudinal data, compared to the subjects from other sites with longitudinal data, 

may also have played a role in the higher error rate. The older subjects tended to 

have scans covering a longer time period, which may have meant that the later (and 

possibly earlier) scans were less similar to the subject-specific template, potentially 

resulting in errors in the longitudinal surface generation. 

The present assessment of AutoMacq’s quality as a processing pipeline is 

strengthened by the use of quantitative measures of reliability. The hemisphere 

comparison resulted in strong correlations for both volume-based and surface-based 

metrics, despite the fact that problematic volumes and surfaces were not excluded 

from the analyses. Since only minimal differences from biological origin were 

expected between hemispheres, this result indicates that AutoMacq produces 

reliable volume and surface outputs. The reliability of AutoMacq was then further 

demonstrated by the scan-rescan analysis. This analysis focused on a smaller 

sample (N=13) from the Newcastle dataset alone. Despite the limited sample size, 



 70 

good to excellent reliability was observed for all of the volume-based metrics tested 

and 2 of the 3 surface-based metrics, with the correlation for cortical thickness being 

weaker but still showing moderate reliability (Koo and Li 2016). This weaker 

correlation is unsurprising given how much influence sample size has in studies of 

cortical thickness (Pardoe et al. 2013), and the strength of this correlation did 

increase when the outlier was removed. Also, it is notable that these correlations are 

fairly strong given the fact that macaques in this subset of data were all scanned 

whilst awake, and head movements are known to have a major impact on ICC in MRI 

studies (Hedges et al. 2022). Overall, this scan-rescan analysis provides further 

evidence for the strong reliability of the AutoMacq pipeline, despite the errors present 

for some scans. In fact, both the hemisphere comparison and scan-rescan analysis 

resulted in similar correlations to what has been seen for human MRI studies, 

implying comparable levels of reliability (Carmon et al. 2020; Hedges et al. 2022).  

The impact of the manual steps of the AutoMacq pipeline on the reliability of 

the outputs was also assessed. This analysis utilised the same sample as the scan-

rescan analysis, meaning that the scans included were all from the Newcastle 

dataset and thus were from awake subjects. As this data was the most difficult to 

process through the pipeline this should allow for a robust assessment of how 

differences in carrying out the manual steps of the pipeline may impact on the 

outputs produced. For all of the voxel-based metrics, and for grey matter surface 

area and white matter surface area, very strong correlation were identified. This 

indicates a high level of reliability with minimal impact from the manual steps. It 

should be noted that though the correlation for cortical thickness was much weaker 

this was found to be driven by the outputs for two subjects, and with those subjects 

excluded the correlation was far stronger. Overall, the manual steps appear to have 

minimal impact on the outputs for the majority of scans, further highlighting the 

reliability of the outputs of AutoMacq. 

A key strength of AutoMacq is the ability to carry out both voxel-based and 

surface-based morphometry. This is an advantage as it allows for data to be 

exploited in multiple different ways, and the optional ability to substitute a macaque 

parcellation schema into the FreeSurfer processing compounds this benefit. 

Furthermore, the ability to produce both volume-based and surface-based metrics 

allows for comparison to a wider range of studies, which is particularly important due 
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to the continued publication of both VBM and SBM human studies, especially in 

clinical populations (Goto et al. 2022). Historically, human cortical VBM analyses 

have been criticised because they tended to suffer from volumetric projection to a 

template, particularly due to the highly variable cortical folding pattern between 

subjects, and SBM has been - in part - developed to avoid these issues (Postelnicu 

et al. 2008; Villalon et al. 2011). However, the cortical folding pattern in macaques is 

much more preserved between subjects (Van Essen et al. 2019). Additionally, the 

probability of problems linked to partial volume effects can be mitigated by the use of 

high magnetic field strengths, allowing for the acquisition of images at higher spatial 

resolution, which is fairly common when it comes to non-human primate imaging 

(Milham et al. 2018). We therefore suspect that the potential drawbacks of VBM in 

human data are less likely to be relevant for macaque analyses, and this could be 

tested in the future using the AutoMacq pipeline. 

Table 5 provides a summary of the strengths of the AutoMacq pipeline 

compared to other pipelines currently available for the processing of macaque MRI 

data. 
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 AutoMacq PREEMACS  

(Garcia-

Saldivar et al. 

2021) 

CIVET  

(Lepage et al. 

2021) 

Primatologist 

(Balbastre et 

al. 2017) 

Voxel-based 

Processing 
 

✔ x x x 

Surface-based 

Processing 
 

✔ ✔ ✔ ✔ 

Automation 

 

 
 

Minimal 

manual 

intervention 

Minimal  

manual 

intervention 

Minimal  

manual 

intervention 

Minimal  

manual 

intervention 

Output Quality 

 

 

 

 
 

Manual 

corrections 

not required 

for majority of 

scans 

Manual 

corrections 

required for 

many scans 

Manual 

corrections 

required for 

many scans 

Not discussed 

Reliability 

 

 

 
 

High 

(hemisphere 

comparison, 

scan-rescan) 

Not 

quantitatively 

measured 

Not 

quantitatively 

measured 

Not discussed 

Ease of Use 

 

 

 
 

Does not 

require expert 

knowledge of 

neuroanatomy 

Knowledge of 

neuroanatomy 

may be required 

Complex Complex 

Access to 

Software 
 

Readily 

available 

Readily 

available 

Less Accessible Less Accessible 

Flexibility 

 

 

 
 

Highly 

flexible- can 

handle varied 

scans 

Moderate 

flexibility 

Less flexible Less flexible 

Longitudinal 

Processing 

✔ Not discussed Not discussed Not discussed 

Table 5: Comparison of the strengths of AutoMacq with other pipelines for 

processing macaque MRI data.  
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3.5.2 Limitations of AutoMacq 

One limitation of AutoMacq is our use of a human atlas for the FreeSurfer 

processing, as this is what necessitates the manual correction of the atlas 

registration. The inability to run AutoMacq fully automatically may make processing 

very large datasets more time consuming, however datasets of hundreds or 

thousands of macaque MRI scans are currently relatively rare. Additionally, 

AutoMacq produced good outputs for the vast majority of subjects despite the use of 

a human atlas. It is possible that substituting in a macaque atlas may result in even 

fewer errors but given the high success rate, and high level of reliability, already 

observed this is likely to be unnecessary for most studies (particularly those utilising 

anaesthetised scans).  

 

3.5.3 Impact of ageing on total grey matter volume 

The impact of ageing on total grey matter volume was investigated using 59 

male subjects aged between 3 and 15 years, scanned using 8 different scanners, 

from across 7 different sites. Given macaques age at 4 times the rate of humans 

during childhood (reaching sexual maturity around 4 and full physical maturity around 

age 5-6) and 3 times the rate of humans during adulthood (Mattison and Vaughan 

2017), the age range tested here can be roughly compared to ages of 12-45 in 

humans. Therefore, this analysis includes subjects from early adolescence through to 

mid-adulthood.  

A significant linear decrease in grey matter volume was found, indicating that 

in male rhesus macaques there is a significant decline in grey matter volume prior to 

reaching mid adulthood. This is a novel finding for this age group and suggests that 

the age-related decrease in GMV seen in mid/late adulthood in previous studies of 

macaques (Wisco et al. 2008; Chen et al. 2013) may actually start earlier in the 

lifespan. This finding fits with what has been seen in human studies, where a decline 

in GMV has been seen to occur across adolescence and early adulthood (Bartzokis 

et al. 2001; Lebel et al. 2012, Bethlehem et al. 2022). This study therefore provides 

evidence for the translatability of macaque MRI studies, and gives further strength to 

rhesus macaques as models of healthy human ageing (Phillips et al. 2014; 

Roefsema and Treue 2014; Stonebarger et al. 2021). 
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It should be noted that this study only utilised male subjects, as scans were 

only available from very few females, meaning it would not have been possible to 

control for sex. As a consequence of this, the results of this analysis cannot be fully 

generalised to female rhesus macaques. It is known that female rhesus macaques 

sexually mature earlier than male macaques, however developmental trajectories 

have been seen to be similar (Knickmeyer et al. 2010). Additionally, human studies 

have found sex-differences with ageing to be minimal (Podgórski et al. 2021; Cui et 

al. 2023). As such, though it is possible that there are sex-differences in the brain 

ageing of rhesus macaques, this is potentially unlikely. 

The impacts of ageing on average cortical thickness were also investigated, 

but no significant change was identified. This is surprising given that a significant 

decrease in total grey matter volume was identified, as cortical thickness is thought to 

be a more sensitive measure for investigating the impacts of ageing (Borgeest et al. 

2021- preprint; Podgórski et al. 2021). However, this lack of a significant change is in 

line with the results of a previous macaque study of the impacts of ageing on cortical 

thickness, which did then go on to identify significant regional changes (Koo et al. 

2012). The lack of a significant change in average cortical thickness could imply that 

regional changes in cortical thickness, during the age range investigated, may 

include both significant increases and decreases. Although, the lack of a significant 

result may also be due to limitations with the sample utilised, and it may be possible 

to identify significant age-related changes in total cortical thickness with a larger 

sample size. 

 

3.5.4 Conclusion 

AutoMacq offers a processing pipeline for rhesus macaque MRI data that is 

easy to use and can be completed without expert knowledge of macaque 

neuroanatomy. AutoMacq can process both cross-sectional and longitudinal data, 

with a wide range of quality and parameters, from across different sites and 

scanners, with a high level of success. The pipeline is unique amongst macaque 

processing pipelines in its ability to generate both surface-based and voxel-based 

metrics, offering two ways to exploit macaque MRI scans and allowing for easier 

comparison to a wider range of previous research. 
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3.6 Supplementary Materials 
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Supplementary Figure 2: Representative Brainmasks Produced by AutoMacq.  
Masks for one subject from each site are illustrated. A: Newcastle, B: DPZ, C: NIDA, 
D: Oxford, E: MSP, F: MSS, G: SBRI, H: UWO.  
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Supplementary Figure 3: Problematic Tissue Volumes Produced by AutoMacq. 
A: subject from the Newcastle dataset, B: subject from the Oxford dataset, C: subject 
is from the DPZ dataset.  
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Supplementary Figure 4: Subjects with Problematic Surfaces Produced by 
AutoMacq. 5 subjects are from the Newcastle dataset (A) and 4 subjects are from 
the Oxford dataset (B).  
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Chapter 4: Voxel Based Morphometry Study of the Impacts of 

Ageing on Brain Structure 

 

4.1 Abstract 

The impacts of ageing on grey matter volume in primates during early to mid-

adulthood are relatively unknown, with some cross-sectional studies in humans and 

no studies of this life period in macaques. As such, the current study investigated the 

impacts of ageing on grey matter volume in rhesus macaques, during early to mid-

adulthood, using both a cross-sectional and a longitudinal approach. This 

investigation was done using cross-sectional data from 63 subjects, taken from 

across 7 sites, and longitudinal data from 16 subjects, taken from across 3 sites. No 

significant results were found for the cross-sectional analysis, with this likely being 

partially explained by the limited sample size. However, the longitudinal analysis 

detected several regions with significant decreases in grey matter volume with 

ageing. These decreases occurred between the ages of 5 and 15 and were located 

primarily in the temporal lobe. Additional significant clusters were identified in the 

frontal and parietal lobes, as well as in the cerebellum. These findings are novel in 

that they longitudinally cover early to mid-adulthood in macaques, highlighting that 

age-related decreases in grey matter volume occur prior to old age. The regions 

identified as showing decreased grey matter volume in this study broadly correspond 

to the findings of previous cross-sectional studies of both older macaques and 

humans. Overall, these results indicate that age-related decreases in grey matter 

volume occur during early to mid-adulthood in rhesus macaques, with the temporal 

lobe potentially showing the most extensive, early volumetric decreases with ageing. 

 

4.2 Introduction 

Previous human MRI studies have consistently shown decreases in global 

grey matter volume with ageing. Early studies identified this decrease as being linear 

(Bartzokis et al. 2001, Good et al. 2001, Taki et al. 2004) but later studies have 

determined it is more likely to be non-linear (Lebel et al. 2012, Mills et al. 2016, Vinke 

et al. 2018). Consequently, global grey matter volume is thought to increase in 

humans during development, then decrease over the rest of the life course, with the 

relative rate of decline increasing in very old age. However, the exact trajectory of the 
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age effect is known to vary across regions, and there is generally less agreement 

amongst voxel-based morphometry studies on when specific regions begin to lose 

grey matter, as well as the rate of this loss.  

A number of previous VBM studies have found that older adults particularly 

exhibit declines in grey matter volume within the frontal lobe (Good et al. 2001, 

Tisserand et al. 2004, Smith et al. 2007, Hutton et al. 2009, Peelle et al. 2012, 

Farokhian et al. 2017; Ramanöel et al. 2018). This is often accompanied by 

decreased grey matter volume in areas of the temporal lobe (Good et al. 2001; 

Tisserand et al. 2004, Smith et al. 2007, Hutton et al. 2009, Peelle et al. 2012; 

Ramanöel et al. 2018), though Farokhian et al. (2017) did not identify significant age-

related decreases in temporal regions. Lower grey matter volume in regions of the 

parietal lobe have also been reported, though to a lesser extent than both frontal and 

temporal decreases (Good et al. 2001, Smith et al. 2007; Ramanöel et al. 2018). 

However, decreases in grey matter volume within the occipital lobe of older adults 

are even more rarely reported (Tisserand et al. 2004; Ramanöel et al. 2018), with 

studies often finding occipital regions to be preserved even in very late adulthood 

(Farokhian et al. 2017). Other regions that have been cited as showing declines in 

grey matter volume in late adulthood include the insula (Good et al. 2001, Hutton et 

al. 2009, Peelle et al. 2012, Farokhian et al. 2017), the cerebellum (Good et al. 2001, 

Smith et al. 2007; Ramanöel et al. 2018) and the basal ganglia (Smith et al. 2007). 

However, ageing effects are known to be greatly influenced by environmental 

factors, which can be very difficult to control for in human studies, particularly those 

using a cross-sectional design. The influence of these factors can be reduced by 

utilising an animal model, as they spend their lives in a highly controlled environment. 

As was previously discussed, rhesus macaques are particularly useful animal models 

for studies of the ageing brain due to their comparable life course and neuroanatomy, 

as well as their accelerated rate of ageing compared to humans (Phillips et al. 2014; 

Roefsema and Treue 2014; Mattison and Vaughan 2017; Stonebarger et al. 2021). 

Additionally, with human studies of ageing it is not possible to control for the fact 

some subjects may be presymptomatic for age-related neurodegenerative disorders, 

and therefore are not representative of ‘healthy’ ageing. As rhesus macaques do not 

develop neurodegenerative disorders, this issue is circumvented by their use as an 

animal model (Peters and Kemper 2012; Arnsten et al. 2019). 
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Though the impacts of ageing on the macaque brain have been previously 

studied, there is generally less consensus in terms of the results of these studies 

than is seen with human research. This lack of consensus is likely the result of brain 

ageing being less researched in macaques than it is in humans, which is at least 

somewhat due to the difficulties in processing macaque MRI data (which have been 

previously discussed in sections 1.3.1 and 3.2). Previous MRI studies of rhesus 

macaques have found a decrease in total grey matter volume with ageing, but these 

studies utilised a cross-sectional, manual tracing design to compare young 

macaques to very old macaques (Andersen et al. 1999, Wisco et al. 2008). As such, 

they are not truly capturing ageing effects by just contrasting the brains of old and 

young macaques, and the subjective nature of the manual tracing design, as well as 

the cross-sectional approach more generally, may introduce bias. 

Though there are particularly few voxel-based morphometry studies of brain 

ageing in macaques, the studies that do use this methodology have identified broadly 

similar results to human studies. Alexander et al. (2008) cross-sectionally compared 

the brains of “young” (aged 8-12 years) and “old” (aged 20-28 years) macaques, and 

found the older macaques showed decreased grey matter volume in regions of the 

frontal and temporal lobes. Grey matter volume decreases in similar regions were 

identified with ageing in another group of old macaques (age 19-31) by Colman et al. 

(2009). A more recent cross-sectional macaque study which investigated volumetric 

changes (though not with voxel-based morphometry), using macaques between the 

ages of 6 and 31, found that older macaques displayed decreased grey matter 

volume in the frontal cortex, as well as subcortical regions such as the caudate, 

putamen, hypothalamus and thalamus. However, they also identified unexpected 

increases in grey matter volume for older macaques in the hippocampus, amygdala 

and globus pallidus (Dash et al. 2023). As Dash et al. (2023) did not utilise voxel-

based morphometry it is unclear if the differences between their findings and those of 

other macaque studies (Alexander et al. 2008; Colman et al. 2009) are due to 

methodological differences, such as differences in sensitivity or error-rate. 

Crucially the majority of previous studies of age-related changes (in both 

humans and macaques) focus on either development and adolescence or late 

adulthood. Relatively few human voxel-based morphometry studies have focused on 

the period of time in between adolescence and late adulthood, and those which have 
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utilised a cross-sectional design (Bourisly et al. 2015; Su et al. 2021). There appear 

to be no previous voxel-based studies of ageing effects during this life period in 

macaques. Due to this, ageing trajectories during early to mid-adulthood are even 

less agreed upon than those in later life. This study therefore aimed to use a VBM 

approach in order to investigate changes in grey matter volume across early to mid-

adulthood in rhesus macaques. 

Furthermore, as aforementioned, the vast majority of previous VBM studies of 

ageing use a cross-sectional approach, likely due to the difficulties associated with 

longitudinal research (see chapter 1, section 1.4.3). This means that the results may 

be confounded by both genetic differences between subjects and biases such as the 

cohort effect, making it unclear which results from these previous studies are ‘true’ 

age effects. A longitudinal approach mitigates the impact of these factors, which 

should allow for clearer identification of ‘true’ age effects. In fact, Di Biase et al. 

(2023) recently provided evidence for cross-sectional MRI studies underestimating 

age-related changes when compared with longitudinal analyses. Therefore, a further 

aim of this study was to carry out both a cross-sectional and a longitudinal approach, 

in order to compare and contrast the results and better identify which results from 

previous studies were likely to be ‘true’ age effects.  

 

4.3 Methods and Materials 

 

4.3.1 Datasets and inclusion criteria 

Visual quality control was first carried out, and any scans with artifacts, poor 

contrast or hyperintensities were excluded. To be included in either the cross-

sectional or longitudinal dataset subjects needed to be at least 5 years old, and no 

older than 16, at the time of scanning, so that the sample would be restricted to early 

to mid-adulthood. Additionally, for the cross-sectional dataset, sites with less than 3 

subjects passing quality control and meeting the age criterion were excluded so that 

site could be controlled for in the model. Scans from an individual site needed to 

cover at least 18 months, otherwise the site was excluded due to a lack of age 

variability. The complete cross-sectional dataset consisted of 55 scans, taken from 

across 5 sites (see table 6). The DPZ site was further divided into 3 different 
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scanners for the statistical analyses. 44 out of the 55 subjects included were male, 

and T2 data was available for 26 of the 55 subjects.  

To be included in the longitudinal dataset subjects needed to have at least 3 

scans, that covered a minimum of 18 months, with 3 or more months between 

consecutive scans (the rescan data for the Newcastle subjects, discussed in sections 

2.1.2 and 3.4.4, was therefore excluded). The longitudinal dataset subsequently 

consisted of scans from 16 subjects (14 of which were male) from across 3 sites 

(table 6). T2 data was available for 10 out of the 16 subjects. The number of scans 

acquired varied by subject, with the minimum number of scans being 3 and the 

maximum being 13. The total number of included scans in the full longitudinal sample 

was 96. Subjects from the Newcastle dataset tended to have more scans than 

subjects from DPZ and NIDA. 

 

Table 6: Description of Subjects Included in the Ageing Analyses. 

C: cross-sectional and L: longitudinal. M: Male and F: Female. Anaes.: 

anaesthetised. 

 
 
 
 
 

Dataset Site Included 

Subjects 

(M/F) 

Age Range 

(in years) 

Subjects 

with T2 

data 

Awake 

vs. 

Anaes 

Scanner 

Strength 

C Newcastle 18 (12/6) 6-15 18 Awake 4.7T 

C DPZ 20 (20/0) 6-11 5 Anaes. 3T 

C NIDA 6 (6/0) 7-10 0 Anaes. 3T 

C Oxford 8 (5/3) 5-8 0 Anaes. 3T 

C SBRI 3 (1/2) 7-14 3 Anaes. 3T 

C Total 55 (44/11) 5-15 26   

       

L Newcastle 10 (8/2) 6-15 10 Awake 4.7T 

L DPZ 1 (1/0) 6-8 0 Anaes. 3T 

L NIDA 5 (5/0) 6-10 0 Anaes. 3T 

L Total 16 (14/2) 6-15 10   
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4.3.2 Statistical analyses 

Statistics were carried out in SPM12. The total grey matter volume and the 

local amount of grey matter in each voxel was utilised as input data. For the voxel-

based approach, data was smoothed using a 1mm kernel prior to statistical analysis. 

A two-step approach was utilised for both the cross-sectional data and the 

longitudinal data, in order to allow for the modelling of a random slope (and random 

intercept) for each scanner/subject. For the cross-sectional data, the slope of the 

ageing effect for each scanner was first calculated using a multiple-linear regression, 

with total intracranial volume (TIV) included as a fixed effect (the statistical model 

utilised was GMV= β1*age + β2*TIV + constant). TIV was included in the model to 

control for inter-individual differences in head size. A 1-sample T test was then 

utilised in order to determine whether the mean slope at the group level was 

significantly different from 0. Significance was thresholded at 0.001 (uncorrected) at 

the voxel-level, and 0.05 (corrected for multiple comparisons with family wise error 

[FWE]) at the cluster-level.  

For the longitudinal data, the slope of the ageing effect for each subject was 

first calculated, for total GMV and in each voxel, using a simple linear regression (the 

statistical model utilised was GMV= β1*Age + constant). As with the cross-sectional 

approach, it was then determined whether the mean slope at the group level was 

significantly different from 0 using a 1-sample T test. TIV was not included in the 

model for the longitudinal approach, as intra-individually TIV is fairly constant during 

the life period investigated and therefore does not need to be controlled for. 

Significance was thresholded at 0.001 (uncorrected) at the voxel-level, and 0.05 

(corrected for multiple comparisons with FWE) at the cluster-level. Due to both cross-

sectional and longitudinal scans being available for very few female macaques, 

statistics were carried out both including and excluding the female subjects. Due to 

the age range covered it was assumed that linear effects would be observed, 

however non-linear effects were also tested for posteriorly in significant clusters.  
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4.4 Results 

 

4.4.1 Longitudinal approach 

The impacts of ageing on total grey matter volume were first investigated 

using the full longitudinal dataset. A significant decrease in total grey matter volume 

with increasing age was identified (DF= 15, p= 0.0059, figure 15).  

 

 

Figure 15: Changes in Total GM Volume According to Longitudinal Ageing. The 

bold black linear line corresponds to the main effect of age, while controlling for TIV 

and with subject declared as a random effect. The thin coloured lines correspond to 

linear fits of the age effect for each subject while controlling for TIV. Dots correspond 

to raw data (unadjusted for TIV). 

 

The regional longitudinal approach identified a number of brain regions which 

showed significant grey matter volume decreases with ageing (see table 7). Results 
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were similar regardless of whether the female subjects were included in or excluded 

from the sample. As such, the results for the complete sample are presented and 

discussed below. 

 

Table 7: Significant GMV Decreases with Ageing. 

Peak Coordinates: Coordinates of the voxel with the highest T value; PFWE-corr: 

Family-wise error corrected probability; T: t statistic. 

 
First of all, there was a significant, bilateral, age-related decrease in the grey 

matter volume of the superior temporal sulcus, which was specifically localised to the 

dorsal bank (see figures 16a+b). This was accompanied by a significant cluster in the 

right superior rostrotemporal region, localised to the polar part (see figures 16c). A 

final significant cluster in the temporal lobe was localised to the temporal pole of the 

left hemisphere (see figures 16d). Figure 17 provides plots for the change in grey 

volume with ageing for each of the 4 significant temporal lobe clusters. 

 

Region Hemisphere Peak 

Coordinates 

PFWE-

corr 

T 

Superior temporal sulcus (dorsal 

bank) 

Right 23.0, 15.5, 5.0 <0.001  9.39 

Superior temporal sulcus (dorsal 

bank) 

Left -20.0, 15.0, 5.5 0.017 4.87 

Rostrotemporal region (polar 

part) 

Right 22.0, 24.5, 8.0 <0.001 7.86 

Temporal pole Left -14.5, 25.5, -

3.0 

0.014 6.71 

Cortical areas 44 and 45 Left -21.0, 30.5, 

17.0 

<0.001 6.59 

Precentral opercular area Left  -21.0, 27.0, 

11.0 

0.021 5.86 

Cerebellum Right 15.0, -8.0, 6.5 0.009 6.55 
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Figure 16: Clusters in the Temporal Lobe Showing a Significant Age-related 
Decrease in Grey Matter Volume. A: right superior temporal sulcus (dorsal bank), 
B: left superior temporal sulcus (dorsal bank), C: rostrotemporal region (polar part), 
D: left temporal pole. 
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Figure 17: Changes in GM Volume Within Significant Temporal Lobe Clusters 
According to Ageing. The bold black linear line corresponds to the main effect of 
age at the group level. The thin coloured lines correspond to linear fits of age effect in 
each subject. Dots correspond to raw data. A: right superior temporal sulcus (dorsal 
bank), B: left superior temporal sulcus (dorsal bank), C: rostrotemporal region (polar 
part), D: left temporal pole. 
 

Two significant clusters in the left frontal lobe also showed a decrease in GMV 

with ageing. The first of these clusters was localised to cortical areas 44 and 45 (see 

figures 18a), and the second was localised to the precentral opercular area (see 

figure 18b). Figure 19 provides plots for the change in grey volume with ageing for 

both of the significant frontal lobe clusters. Finally, a cluster in the right side of the 

cerebellum (see figures 20) also showed a significant decrease in GMV with ageing. 

Figure 21 plots the change in grey matter volume with ageing for this cluster within 

the cerebellum. 

There were no regions showing significant increases in GMV with ageing, 

though a cluster in visual area 1 (V1; -12.5, -5.5, 19.0) did trend towards significance 

A B 

D C 



 91 

(p=0.086, T=5.75; see figure 22). Figure 23 plots the increase in GMV with ageing for 

this cluster. 

 

 

 
Figure 18: Clusters in the Frontal Lobe Showing a Significant Age-related 
Decrease in Grey Matter Volume. A: Cortex areas 44 and 45 in the left hemisphere, 
B: Precentral opercular area. 
 

 
Figure 19: Changes in GM Volume Within Significant Frontal Lobe Clusters 
According to Ageing. The bold black linear line corresponds to the main effect of 
age at the group level. The thin coloured lines correspond to linear fits of age effect in 
each subject. Dots correspond to raw data. A: Cortex areas 44 and 45 in the left 
hemisphere, B: Precentral opercular area. 

A 

B 

A B 
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Figure 20: Cluster in the Cerebellum Showing a Significant Age-related 
Decrease in Grey Matter Volume. Cluster localised to the right cerebellum. 
 

 
Figure 21: Changes in GM Volume Within the Significant Cerebellum Cluster 

According to Ageing. The bold black linear line corresponds to the main effect of 

age at the group level. The thin coloured lines correspond to linear fits of age effect in 

each subject. Dots correspond to raw data. 
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Figure 22: Cluster in the Occipital Lobe that Trended Towards a Significant 
Age-related Increase in Grey Matter Volume. Localised to visual area 1, within the 
left hemisphere. 
 

 
Figure 23: Changes in GM Volume Within the Occipital Lobe Cluster According 

to Ageing. The bold black linear line corresponds to the main effect of age at the 

group level. The thin coloured lines correspond to linear fits of age effect in each 

subject. Dots correspond to raw data.  
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For all of the discussed clusters, a non-linear analysis did not produce 

significant results, with the exception of the cluster localised to the precentral 

opercular area where the p value was 0.0325. If the number of clusters is corrected 

for with a Bonferoni correction though then this result would no longer be significant. 

However, this result does warrant further investigation with more data, as the 

decrease in grey matter volume for this cluster appears to accelerate with ageing. 

 

4.4.2 Cross-sectional approach 

A cross-sectional analysis of the impact of ageing on total grey matter volume 

was presented in chapter 3, section 3.4.6. 

The regional cross-sectional approach did not produce any significant results 

for increases or decreases in grey matter volume with ageing. This was the case 

regardless of whether female subjects were included in or excluded from the sample. 

Excluding the SBRI data, as it was limited to scans from only 3 subjects, also 

produced no significant results. 

A follow-up cross-sectional analysis was carried out restricted to the voxels 

found to be significant in the longitudinal analysis, however there were still no 

significant results. 

Finally, a more liberal one-step statistical approach was carried out in which 

TIV and scanner were fixed effects (GMV= β1*age + β2*TIV + β3*Scanner + 

constant), but this was also unable to produce any significant results. 

 
4.5 Discussion 

 For the purposes of this study the discussion below will be restricted to 

comparisons of the results to other studies that utilised a voxel-based morphometry 

approach. A broader discussion of the results of this project in the context of the 

wider literature will be carried out in the general discussion chapter (see chapter 8). 

The results of the longitudinal approach of this study highlight age-related 

changes in grey matter volume that occur through early to mid-adulthood in rhesus 

macaques. To our knowledge this is the first study of its kind to identify age-related 

changes during this life period in rhesus macaques, and the first study in primates in 

general to investigate age-related changes during early to mid-adulthood using a 

longitudinal MRI approach. Identifying brain structural changes during early to mid-

adulthood is of particular interest as the onset of age-related neurodegenerative 
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disorders, such as Alzheimer’s Disease, can begin during (or, in some cases, prior 

to) mid-adulthood in humans (Edwards-Lee et al. 2005; Vo et al. 2020). Accordingly, 

the period just prior to this onset may be crucial for preventative measures and 

treatments, as by late adulthood the loss of grey matter may be too extensive. Even 

in subjects displaying ‘healthy’ ageing, targeting brain changes during early to mid-

adulthood could be useful to slow the onset of age-associated cognitive decline. 

In the current study, the strongest result using the longitudinal approach was 

found for a cluster in the dorsal bank of the superior temporal sulcus, within the right 

hemisphere. The corresponding cluster in the left hemisphere was also significant 

(though less strongly), indicating that this decrease in grey matter volume is bilateral. 

The superior temporal sulcus is involved in a variety of functions, including social 

cognition and working memory (Berman and Colby 2002; Deen et al. 2015). Previous 

studies have found that with ageing human subjects show a significant decline in 

both working memory and some aspects of social cognition, such as social 

perception (Verhaeghen et al. 2020; Grainger et al. 2023). Alexander et al. (2008) 

also identified a decrease in grey matter volume in the vicinity of the superior 

temporal sulcus in older macaques. Our results therefore expand this finding in that 

the decrease actually begins earlier than late adulthood. Additionally, multiple studies 

have found similar grey matter volume decreases in older humans (Tisserand et al. 

2004; Smith et al. 2007; Hutton et al. 2009; Peelle et al. 2012; Ramanöel et al. 2018), 

so our results would suggest that these decreases may actually begin earlier in 

humans as well.  

An additional temporal lobe cluster showing a significant age-related decrease 

in grey matter volume was identified in the polar part of the right rostrotemporal 

region. The rostrotemporal polar region appears to be part of the auditory cortex, and 

therefore plays a role in auditory processing (Scott et al. 2017). Age-related declines 

in auditory processing have been previously identified in older humans, and hearing 

loss is very common during late-adulthood (Murphy et al. 2018; Sharma, Lalwani and 

Golub 2020). Age-related changes specifically in the functionality of the auditory 

cortex have also been highlighted by human studies (Lalwani et al. 2019; Erb, 

Schmitt and Obleser 2020). However, the current study did not identify significant 

decreases in grey matter volume in either the primary or secondary auditory cortex, 

which would be the areas expected to be implicated in hearing loss. It is therefore 
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unclear why the grey matter decreases of the auditory cortex observed in the current 

study appear to be limited to the rostrotemporal region.   

There was one final significant decrease in grey matter associated with ageing 

within the temporal lobe, localised to a cluster in the left temporal pole. This region is 

known to be involved in semantic and episodic memory, with Setton et al. (2022) 

previously identifying that lower grey matter volume in this region for older humans 

appears to be associated with the age-related memory issues seen in previous 

human studies (Korkki et al. 2020; Verhaeghen et al. 2020). Decreases in grey 

matter volume specifically within the temporal pole have been previously reported in 

older macaques by Alexander et al. (2008). Additionally, decreases in the temporal 

lobe in general are widely reported with ageing in studies of middle-aged humans 

(Bourisly et al. 2015), older humans (Good et al. 2001; Tisserand et al. 2004, Smith 

et al. 2007, Hutton et al. 2009, Peelle et al. 2012; Ramanöel et al. 2018) and older 

macaques (Alexander et al. 2008; Colman et al. 2009). Perhaps most comparative to 

the current study is Bourisly et al. (2015) which cross-sectionally investigated early to 

mid-adulthood in humans and identified similar loss of grey matter in areas of the 

temporal lobe.  

Interestingly in the current study, fewer significant clusters were identified in 

the frontal lobe, compared to the temporal lobe. Only two significant clusters were 

identified in the frontal lobe, both of which showed decreases in grey matter volume 

associated with ageing. The first of these clusters was localised to cortical areas 44 

and 45 in the left hemisphere. Cortical areas 44 and 45 are commonly referred to as 

Broca’s area and play a key role in speech and fluency in humans, which is also 

known to be impacted by ageing (Heim, Eickhoff and Amunts 2008; Kühn, Brass and 

Gallinat 2013; Hoffman, Loginova and Russell 2018). These areas in the macaque 

brain have been shown to be involved in volitional vocalizations, implying a similar 

function to the role of these regions in the human brain (Hage and Nieder 2013). The 

second significant cluster in the frontal lobe was localised to the precentral opercular 

area, a region which is known to play a role in working memory, another function 

which declines with ageing (Sakurai et al. 2018; Verhaeghen et al. 2020). Previous 

VBM studies of both older humans and older macaques have identified extensive 

decreases in grey matter volume across the frontal lobe (Alexander et al. 2008; 

Colman et al. 2009; Dash et al. 2023; Good et al. 2001; Tisserand et al. 2004, Smith 
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et al. 2007, Hutton et al. 2009, Peelle et al. 2012, Farokhian et al. 2017; Ramanöel et 

al. 2018).  

Finally, there was also a significant age-related GMV decrease in an area of 

the right cerebellum. Significant decreases in the cerebellum do not appear to have 

been previously reported in VBM studies of older macaques but have been reported 

in VBM studies of older humans (Smith et al. 2007; Ramanöel et al. 2018), and in a 

VBM study of brain changes during early adulthood in humans (Su et al. 2021). Our 

results suggest that similar decreases in the cerebellum also occur in macaques 

during early to mid-adulthood, and may have been missed in previous studies either 

due to a focus on the cerebral cortex or due to their cross-sectional designs. 

No significant increases in grey matter volume were identified in the current 

study, though visual area 1 in the occipital lobe did trend towards significance. This 

fits with the relative preservation of occipital lobe regions even into late adulthood in 

humans that has been previously reported by Farokhian et al. (2017). Additionally, no 

significant clusters were identified within the parietal lobe. This fits with previous VBM 

studies of ageing in macaques, which also failed to identify significant results within 

the parietal lobe. However, it should be noted that declines in the parietal lobe have 

been seen in VBM studies of older humans (Good et al. 2001; Smith et al. 2007; 

Ramanöel et al. 2018), as well as a previous study of early to mid-adulthood in 

humans (Bourisly et al. 2015). 

The current study’s findings differ from many previous studies, in both humans 

and macaques, which identified the frontal lobe as the region with the most extensive 

decreases in grey matter volume with ageing (Alexander et al. 2008; Colman et al. 

2009; Dash et al. 2023; Good et al. 2001; Tisserand et al. 2004, Smith et al. 2007, 

Hutton et al. 2009, Peelle et al. 2012, Farokhian et al. 2017; Ramanöel et al. 2018), 

including in mid-adulthood for humans (Bourisly et al. 2015). It is possible that the 

current study identified relatively fewer results in the frontal lobe due to the use of a 

longitudinal approach, with the more extensive decline of the frontal lobe noted by 

previous studies potentially being an artifact of cross-sectional analyses which are 

confounded by their focus on between-subject comparisons (see Chapter 1, Section 

1.4.3). Alternatively, as the sample studied here did not cover the higher ages 

investigated by previous macaque studies, it is possible that the more extensive loss 

of grey matter in the frontal lobe that was identified by previous studies actually 
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occurs later in life. Though one human study has implied that the frontal regions 

show extensive decreases in grey matter volume during early to mid-adulthood, it 

utilised a cross-sectional study design and so may not have identified ‘true’ effects of 

ageing (Bourisly et al. 2015).  

Surprisingly, the cross-sectional approach in this study did not identify any 

significant changes in grey matter volume with ageing. The limited sample size for 

this approach likely contributed to this lack of significance, especially in terms of how 

many subjects were included from each site, as scanner was controlled for by the 

two-step approach. Though this approach to controlling for scanner may be 

conservative it is believed to be the gold standard for this kind of analysis and would 

allow for results that could be trusted. Given how surprising the lack of any significant 

results was a number of follow up analyses were carried out, including a more lenient 

one-step approach, but it was still not possible to identify any significant results. As 

such, this analysis should be repeated with a larger sample size. The number of 

scans that were available and could be processed through AutoMacq was reduced 

from what was initially expected due to the impacts of COVID-19 and the associated 

lockdowns (see COVID-19 impact statement). The lack of significant results for the 

cross-sectional approach appears to support the findings of Di Biase et al. (2023) 

that cross-sectional analyses underestimate ageing effects, as the effects in the 

current study were too small to be significant.  

The fact that the longitudinal approach identified potential ageing effects that 

were significant, and the cross-sectional approach did not, highlights the benefits of a 

longitudinal study design, both in terms of the inherent increase in power and the 

reduction in subjects needed. Furthermore, as no significant results were identified 

using the cross-sectional approach, it was not possible to compare the results of the 

cross-sectional and longitudinal approaches in order to identify any cross-sectional 

results which were due to issues inherent in the approach rather than being ‘true’ 

ageing effects. However, it is likely that the significant results identified using the 

longitudinal approach were ‘true’ ageing effects, which lends support for results in 

similar regions found in previous studies of both older macaques and humans. 

Overall, this study identified decreases in grey matter volume with ageing in 

regions similar to those found by previous studies of older rhesus macaques, 

implying that these changes may actually begin earlier than was previously thought, 
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whilst also identifying novel declines in other brain regions. The findings of this study 

broadly correspond to changes identified both by human studies of late adulthood 

and human studies of early to mid-adulthood, providing support for rhesus macaques 

as a model of healthy ageing of the human brain. Additionally, as this study utilised a 

longitudinal design it strengthens the previous cross-sectional studies of both 

macaques and humans that found similar decreases in grey-matter volume with 

ageing. 

The major limitation of this study was the limited sample size for the cross-

sectional approach. The fact subjects were from different sites exacerbated this issue 

as scanner had to be controlled for by the statistical approach, further reducing the 

power of the analysis. The more limited variability for some sites in terms of age may 

also have contributed to the lack of significant results for the cross-sectional 

approach, as they will have had less of an impact on the statistical analysis than 

would be expected for the number of included subjects for those sites. 

Additionally, a mixed sex sample was utilised for this study, though data was 

only available from very few females for both the cross-sectional and longitudinal 

datasets. Statistics were re-run with the females excluded and similar results were 

produced, however the results of this study are still likely to be less translatable to 

females than males. Though previous human studies have indicated that any sex 

differences in the impacts of ageing on grey matter are minimal (Podgórski et al. 

2021; Cui et al. 2023), it is possible that the impacts may differ more prominently 

between sexes in macaques and so further research is needed. 

To conclude, using a longitudinal approach, the current study highlighted a 

number of brain regions that showed significant decreases in grey matter volume 

from early to mid-adulthood in rhesus macaques. This is the first study to investigate 

this age period in rhesus macaques, and the first study in primates in general to 

investigate this age period using a longitudinal approach. Understanding brain 

changes during early to mid-adulthood may be crucial for identifying targets to slow 

the onset of age-associated cognitive decline. 

 

 

 

 



 100 

Chapter 5: Surface Based Analyses of the Impacts of Ageing on 

Brain Structure 

 

5.1 Abstract 

Surface-based morphometry research of changes in cortical thickness with 

ageing in rhesus macaques is very limited, with no studies investigating changes 

during early to mid-adulthood. Accordingly, the current study aimed to investigate 

how ageing during early to mid-adulthood affects cortical thickness in rhesus 

macaques, using both a cross-sectional and a longitudinal approach. Significant 

decreases in cortical thickness were identified across the brain using both 

approaches, with the most extensive decreases being localised to the frontal and 

temporal lobes. These findings differ from a previous cross-sectional study in older 

macaques but parallel results of human studies. This indicates that similar age-

related changes in cortical thickness occur in both macaques and humans, with the 

novel finding that changes occur prior to old age, during the period of early to mid-

adulthood.  

 

5.2 Introduction 

As discussed in chapter 4, we were unable to detect age-related changes in 

grey matter volume using a cross-sectional approach. However, volumetric 

measurements may not be particularly sensitive as they are composite measures 

comprising both surface area and cortical thickness (Storsve et al. 2014). Borgeest et 

al. (2021- preprint) demonstrated that cortical thickness is the metric most sensitive 

to age-related changes, whereas surface area is more sensitive to changes related to 

cognition. This higher sensitivity of cortical thickness to age-related changes was 

corroborated by Podgórski et al. (2021). Hence, the current study focuses on the 

impacts of ageing on cortical thickness. Cortical thickness is a measurement of the 

relative thinning of the cortex, either on a global or region-specific level. 

In terms of the impacts of ageing on whole-brain cortical thickness, previous 

human studies have consistently found a significant, nonlinear decrease from 

childhood onwards (Lemaitre et al. 2012; Long et al. 2012; Fjell et al. 2015; 

Proskovec et al. 2020). As with the voxel-based morphometry studies discussed in 

chapter 4, there is strong evidence from previous SBM studies for prominent age 
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effects on the cortical thickness of areas within the frontal lobe (Fjell et al. 2009; 

Hogstrom et al. 2012; Lemaitre et al. 2012; Hurtz et al. 2014; Storsve et al. 2014; 

Fjell et al. 2015; Proskovec et al. 2020; Podgórski et al. 2021). However, results for 

other brain regions are less consistent. Fjell et al. (2009) utilised an adult sample 

covering the ages of 18 to 93, and found a strong age-related decrease in cortical 

thickness for the superior temporal lobe, as well as age-related decreases in regions 

within the medial temporal, parietal and occipital lobes. Similarly, Hurtz et al. (2014) 

identified widespread cortical thinning with ageing from mid to late adulthood (51 to 

79 years), covering regions in the temporal, parietal and occipital lobes, and Storsve 

et al (2014) found pronounced cortical thinning with ageing (using a sample aged 20 

to 87 years) in the temporal, parietal and posterior cingulate cortices. In contrast, 

Lemaitre et al. (2012) found the occipital cortex and medial temporal lobe to be 

relatively preserved with ageing (using a sample aged 18 to 87 years), and Long et 

al. (2012) identified cortical thinning primarily in the parietal and insula regions (with a 

sample of 18 to 94 year olds). 

Though Fjell et al. (2009) did not identify any age-related increases in cortical 

thickness they did identify areas of preservation, localised to the anterior cingulate 

cortex, the precuneus, the paracentral gyrus, parahippocampal gyrus, entorhinal 

gyrus and inferior temporal gyrus. Similarly, Fjell et al. (2015) found that cortical 

thickness correlated negatively with ageing in every brain region except for the 

anterior cingulate cortex, for a sample of 4 to 89 year olds. Both Hurtz et al. (2014) 

and Storsve et al. (2014) also observed no significant change in the cortical thickness 

of the entorhinal cortex with ageing, with Storsve et al. (2014) additionally finding no 

change in the medial occipital lobe and a relatively weak decrease in the medial 

temporal lobe. However, Hurtz et al. (2014) and Storsve et al. (2014) did identify age-

related declines in cortical thickness within the precuneus, unlike Fjell et al. (2009). 

More recently, Proskovec et al. (2020) utilised a sample with an age range of 22 to 

72 years, and identified decreases in cortical thickness with ageing localised to the 

superior temporal lobe, inferior parietal lobe, medial occipital lobe and primary motor 

and somatosensory cortices. These findings were then corroborated by Podgórski et 

al. (2021) which identified age-related decreases in cortical thickness across very 

similar regions, in a sample of 38 to 80 year olds.  
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Unlike the VBM studies discussed in chapter 4, a number of the studies of the 

impacts of ageing on cortical thickness in humans do utilise a longitudinal design. 

However, these studies only cover a few years of each subject’s life (Storsve et al. 

2014; Fjell et al. 2014; Fjell et al. 2015; Borgeest et al. 2021). Therefore, cohort 

effects cannot truly be eliminated, and neither can sampling biases (Fjell et al. 2014). 

By utilising rhesus macaques as an animal model, it is possible to longitudinally 

investigate the equivalent of a longer life period over a short amount of time, due to 

their accelerated rate of ageing. This should allow for cohort effects and sampling 

biases to be more thoroughly mitigated.  

However, the impacts of ageing on cortical thickness in rhesus macaques has 

so far been investigated far less than they have in humans. In fact, only one study 

appears to have investigated changes in cortical thickness with ageing in rhesus 

macaques, using surface-based morphometry. Koo et al. (2012) utilised a cross-

sectional approach to investigate differences in cortical thickness between macaques 

aged 6-15 years (corresponding to early to mid-adulthood) and macaques aged 18-

27 years (corresponding to late adulthood). Though they did not find a significant 

difference in whole brain cortical thickness between “young” and “old” macaques, 

both significant increases and decreases were identified for different regions across 

the brain. Similar to what has been found by some human studies, significant 

decreases in cortical thickness were localised to the precentral and postcentral gyri 

(Podgorski et al. 2021). However, they also identified significant increases in cortical 

thickness with ageing for the superior temporal sulcus, the temporal pole and the 

anterior cingulate cortex, in contrast to results from human SBM studies (though Fjell 

et al. [2009 and 2015] did find a somewhat similar trajectory for the anterior cingulate 

cortex). Given these contrasting and limited results, and the lack of longitudinal 

macaque studies, there is a clear need for further research into the impacts of ageing 

on cortical thickness in rhesus macaques.  

Additionally, as with the voxel-based morphometry studies discussed in 

chapter 4, the majority of surface-based morphometry studies (in both humans and 

macaques) investigate brain changes in late adulthood. Consequently, cortical 

thickness changes during early to mid-adulthood are far less understood than those 

in late adulthood for both macaques and humans. This study therefore aimed to 

determine how cortical thickness changes with ageing across early to mid-adulthood 
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in rhesus macaques. Both a cross-sectional and a longitudinal approach were 

undertaken, in order to allow for a clearer picture of age-effects in macaques to be 

formed. Additionally, the use of both approaches will make it possible to assess 

whether the use of a cross-sectional approach (as has been used by the majority of 

previous studies) results in either an underestimation of age effects, as has been 

highlighted by Di Biase et al. (2023), or in artefactual results rather than results 

representing ‘true’ ageing effects. 

 

5.3 Methods and Materials 

 

5.3.1 Datasets and inclusion criteria 

The surface-based analyses of this study utilised the same datasets as those 

used for the voxel-based analyses (see chapter 4, table 6). The cross-sectional 

sample consisted of 55 scans (44 from males, 11 from females), from across 5 sites 

and 7 scanners. The longitudinal sample consisted of scans from 16 subjects (14 

males, 2 females) from across 3 sites/scanners. For both samples, inclusion criteria 

involved passing visual quality control and being at least 5 years old, but no older 

than 16 years old. For the cross-sectional dataset, at least 3 subjects per site were 

required, with the oldest subject being at least 18 months older than the youngest 

subject at the time of scanning. For the longitudinal dataset, at least 3 scans, 

covering at least 18 months, with a minimum of 3 months between consecutive 

scans, were required for a subject to be included.  

 

5.3.2 Statistical analyses 

Analyses were first carried out utilising average cortical thickness as the input 

data. Following this, for the surface based approach, statistics were carried out on 

data smoothed with a 1mm kernel in Matlab, using the Surfstat toolbox 

(www.math.mcgill.ca/keith/surfstat/). The input data for these analyses was the 

cortical thickness (CT) of each vertex.  

Mixed effects models and linear regressions were utilised for both the cross-

sectional and the longitudinal approaches. For the cross-sectional approach age and 

total intracranial volume were included in the models as fixed effects, whilst scanner 

was included as a random effect (model utilised: CT= β1*Age + β2*TIV + 

http://www.math.mcgill.ca/keith/surfstat/
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random(scanner) + constant). For the longitudinal approach mean-centred age was 

included as a fixed effect and subject was included as a random effect (model 

utilised: CT= β1*mean-centred age + random(subject) + constant). Significance of 

the age effect was thresholded at 0.05 (corrected for multiple comparisons with 

family wise error [FWE]) at the cluster-level for both approaches. Statistics were 

carried out both including and excluding the female subjects.  

 

5.4 Results 

 
5.4.1 Longitudinal approach 

The impacts of ageing on average cortical thickness were first investigated 

using the full longitudinal dataset. Though there was a trend towards a decrease in 

average cortical thickness with increasing age, this was not significant (DF= 15, p= 

0.079, figure 24). 
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Figure 24: Changes in Average Cortical Thickness According to Longitudinal 

Ageing. The bold black linear line corresponds to the main effect of age, while 

controlling for TIV and with subject declared as a random effect. The thin coloured 

lines correspond to linear fits of the age effect for each subject while controlling for 

TIV. Dots correspond to raw data (unadjusted for TIV). 

 

In terms of the regional analyses, Figure 25 shows the areas with significant 

decreases in cortical thickness with ageing. Results for each hemisphere were 

similar, though the left hemisphere showed the most significant clusters. Results 

were similar when female subjects were excluded.  

Significant clusters were identified across the brain, with the temporal and 

parietal lobes showing the most extensive regions of cortical thinning. For the 

temporal lobe, areas showing significant cortical thinning were particularly 

concentrated around the superior temporal sulcus and within the superior temporal 

lobe, with noticeably more clusters in the left hemisphere.  
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For the parietal lobe, significant clusters were widespread, with multiple large 

clusters in somatosensory areas 1 and 2, as well as visual areas 4 and 7. Significant 

cortical thinning within the parietal lobe was also present for clusters localised to the 

precuneus, and the postcentral gyrus. 

Significant cortical thinning of the frontal lobe was less extensive, though 

clusters were present within the precentral gyrus, precentral opercular area and the 

premotor cortex.  

Finally, the occipital lobes appeared to be relatively preserved with ageing, 

with relatively small clusters showing significant cortical thinning in visual areas 1 and 

2.  

 

 

 
Figure 25: Significant Longitudinal Decreases in Cortical Thickness, 
Associated with Ageing. 3D surface map showing regions with significant age-
related cortical thinning, identified using the longitudinal approach. 

 
When female subjects were excluded, significant clusters only remained in 

visual area 4 and somatosensory areas 1 and 2, as well as in the vicinity of the 

superior temporal sulcus (see figure 26).  

There were no clusters showing a significant increase in cortical thickness with 

ageing, regardless of whether female subjects were included or excluded.  

0.05 0.025 0 0.05  0.025 0 

P Cluster P Vertex 
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Figure 26: Significant Longitudinal Decreases in Cortical Thickness with 
Female Subjects Excluded, Associated with Ageing. 3D surface map showing 
regions with significant age-related cortical thinning, identified using the longitudinal 
approach with female subjects excluded from the sample. 
 
5.4.2 Cross-sectional approach 

Cross-sectional analyses of the impacts of ageing on average cortical 

thickness were presented in chapter 3, section 3.4.6. 

For the regional approach, clusters exhibiting significant decreases in cortical 

thickness with ageing are shown in figure 27. The majority of clusters were within the 

frontal lobe, with bilateral clusters in the dorsal subdivision of brain area 46, a cluster 

localised to the right medial prefrontal cortex and a cluster within the left dorsolateral 

prefrontal cortex. There were also two significant clusters in the parietal lobe, 

localised to the medial parietal cortex and somatosensory area 3. A final significant 

cluster was localised to visual area 1, within the occipital lobe. Results were similar 

with female subjects excluded.  

0.05 0.025 0 0.05  0.025 0 

P Cluster P Vertex 
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Figure 27: Significant Cross-sectional Decreases in Cortical Thickness, 
Associated with Ageing. 3D surface map showing regions with significant age-
related cortical thinning, identified using the cross-sectional approach. 

 
In terms of significant increases in cortical thickness with ageing, only one 

cluster was identified using the cross-sectional approach. This cluster was localised 

to the insula and was present no matter whether female subjects were included in or 

excluded from the sample (see figure 28).  

 

0.05 0.025 0 0.05  0.025 0 

P Cluster P Vertex 
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Figure 28: Significant Cross-sectional Increases in Cortical Thickness, 
Associated with Ageing. 3D surface map showing regions with significant age-
related cortical thickening, identified using the cross-sectional approach. 

 
5.5 Discussion 

The discussion below is restricted to comparison of the results to other studies 

that utilised a surface-based morphometry approach, as well as a brief comparison of 

the voxel-based and surface-based results of this project. A more in-depth 

comparison of the voxel-based and surface-based results, as well as a broader 

discussion of the results in the context of the wider literature, will be carried out in the 

general discussion chapter (see chapter 8). 

Table 8 presents a comparison of the longitudinal voxel-based and 

longitudinal surface-based results for the impacts of ageing. Notably, agreement was 

identified in terms of age-related decreases in regions surrounding the superior 

temporal sulcus, and in the precentral opercular area. Though results were generally 

similar between the two approaches for the temporal and frontal lobes, the surface-

based approach identified extensive declines in the parietal lobe (as well as less 

extensive declines in the occipital lobe) which were not observed with the voxel-

based approach. This could indicate that a surface-based approach is more sensitive 

than a voxel-based approach. 

0.05 0.025 0 0.05  0.025 0 

P Cluster P Vertex 
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Region Voxel-based approach Surface-based approach 

Precentral Opercular Area   

Cortical Areas 44 and 45  - 

Precentral Gyrus -  

Premotor Cortex -  

Superior temporal sulcus   

Rostrotemporal regions  - 

Temporal Pole  - 

Somatosensory area 1 -  

Somatosensory area 2 -  

Visual area 4 -  

Visual area 7 -  

Precuneus -  

Post-central gyrus -  

Visual area 1 -  

Visual area 2 -  

Cerebellum  x 

Table 8: Regions showing significant changes associated with ageing. A down 

arrow represents significant decreases, while a dash represents no significant 

change. For the surface-based approach it was not possible to investigate changes 

in the cerebellum.  

 

With the surface-based approach, no significant change in average cortical 

thickness was identified using either a cross-sectional or a longitudinal approach. 

This may be due to the limited sample size, or it may be an indication that changes in 

cortical thickness across the brain are highly varied during this period of ageing. 

Regardless, these average cortical thickness analyses should be replicated with a 

larger sample size in order to confirm whether ageing does impact on average 

cortical thickness.  

In terms of regional results, significant decreases in cortical thickness with 

ageing were found across the brain for both the cross-sectional and the longitudinal 

approach, though the exact regions differed between approaches. Only the 

longitudinal approach identified significant decreases in the cortical thickness of the 

precentral and postcentral gyri, meaning the cortical thinning identified by Koo et al. 

(2012) was replicated by the longitudinal approach but not the cross-sectional 
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approach. This may highlight the strengths of a longitudinal approach and provide 

some evidence for the conclusion of Di Biase et al. (2023) that a cross-sectional 

approach may underestimate the impacts of ageing.  

Cortical thinning of the parietal lobe with ageing appeared the most extensive 

with the longitudinal approach. In particular, somatosensory areas 1 and 2, as well as 

visual areas 4 and 7, had substantial clusters of significant cortical thinning. These 

findings imply notable age-related decreases in cortical thickness for areas involved 

in sensory perception. After the frontal lobe, the parietal lobe is perhaps the most 

consistently identified as showing cortical thinning with ageing in humans, with the 

somatosensory regions being highlighted as particularly vulnerable (Fjell et al. 2009; 

Hogstrom et al. 2012; Lemaitre et al. 2012; Hurtz et al. 2014; Storsve et al. 2014; 

Fjell et al. 2015; Proskovec et al. 2020; Podgórski et al. 2021). These findings may 

provide an explanation for the well-established, age-related degeneration of senses, 

such as vision (Cavazzana et al. 2018). Our result of extensive decreases in these 

somatosensory regions by mid-adulthood in macaques then potentially implies that 

these changes may also begin earlier than late adulthood in humans. Significant 

cortical thinning within the parietal lobe was also present for clusters localised to the 

precuneus. The precuneus is thought to be closely associated with the posterior 

cingulate cortex, and therefore plays a similar role in memory retrieval and is also 

involved in the default mode network (Maddock, Garrett and Buonocore 2001; 

Bernard et al. 2015). Fjell et al. (2009) previously identified relative preservation of 

the cortical thickness of the precuneus with ageing in humans, though both Hurtz et 

al. (2014) and Storsve et al. (2014) did find significant cortical thinning of the 

precuneus with ageing in humans. 

The temporal lobe also showed widespread age-related cortical thinning with 

the longitudinal approach. In particular, clusters were concentrated around the 

superior temporal sulcus, a region that plays a role in functions known to decline with 

ageing, such as social perception and working memory (Berman and Colby 2002; 

Deen et al. 2015; Verhaeghen et al. 2020; Grainger et al. 2023). Storsve et al (2014) 

and Proskovec et al. 2020 both previously identified cortical thinning with ageing in 

the vicinity of the superior temporal sulcus in older humans. Additionally, cortical 

thinning of the temporal lobe more generally has been identified by a number of 

previous human studies (Fjell et al. 2009; Hurtz et al. 2014; Storsve et al. 2014; Fjell 
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et al. 2015; Proskovec et al. 2020; Podgórski et al. 2021). However, Lemaitre et al. 

(2012) found evidence of preservation of the cortical thickness of the temporal lobe 

with ageing in older humans, and Koo et al. (2012) actually found increased cortical 

thickness in regions of the temporal lobe for older macaques. Both of these studies 

though utilised a cross-sectional approach and compared a group of older individuals 

with a group of younger individuals, with the age range of the current study being 

captured by the younger group utilised by Koo et al. (2012). As such, it is possible 

that the difference in results for the temporal lobe highlights a non-linear ageing 

trajectory in macaques, with thinning during early to mid-adulthood and then stability 

or thickening later in life. This could also provide some explanation for the somewhat 

mixed results for the temporal lobe in human studies. 

With the longitudinal approach the majority of clusters showing significant 

cortical thinning in the frontal lobe were localised to regions F4 and F5, within the 

premotor cortex. The premotor cortex is known to be involved in the planning and 

organisation of movements (Svoboda and Li 2018), and Poirier et al. (2020) is one 

study demonstrating the decline in planning and organisation of movements with 

ageing. Significant cortical thinning was also observed within the precentral opercular 

area, a region known to be involved in working memory (Sakurai et al. 2018), which 

is well documented as declining with advancing age in humans (Verhaeghen et al. 

2020). Notably, the frontal brain areas identified by the longitudinal approach are 

similar to the areas thought to be sensitive to age-related cortical thinning in older 

humans (Fjell et al. 2009; Hogstrom et al. 2012; Lemaitre et al. 2012; Hurtz et al. 

2014; Storsve et al. 2014; Fjell et al. 2015; Proskovec et al. 2020; Podgórski et al. 

2021). 

The occipital lobe was the most preserved in the current study, paralleling the 

findings of Lemaitre et al. (2012) and Storsve et al. (2014) in humans. With the 

longitudinal approach, significant cortical thinning was present only for small clusters, 

localised to visual areas 1 and 2. Both of these regions play a key role in visual 

processing, and human studies have previously identified thinning in these regions 

with ageing (Hurtz et al. 2014; Proskovec et al. 2020). This finding further supports 

the previously discussed hypothesis of sensitivity of somatosensory regions, 

particularly those related to the visual system, to ageing. 
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With the cross-sectional approach, the most extensive age-related cortical 

thinning was identified in the frontal lobe. Four large, distinct clusters showing 

significant age-related cortical thinning were identified within the frontal lobe, 

localised to areas shown to play a role in working memory and attention. It is well-

established that these functions are impacted detrimentally by ageing (Sakai, Rowe 

and Passingham 2002; Barbey, Koenigs and Grafman 2013; Smith et al. 2018; 

Verhaeghen et al. 2020). With the frontal regions showing the most prominent 

thinning with the cross-sectional approach but not with the longitudinal approach, the 

findings of the cross-sectional approach may somewhat more closely parallel those 

of previous human studies (Fjell et al. 2009; Hogstrom et al. 2012; Lemaitre et al. 

2012; Hurtz et al. 2014; Storsve et al. 2014; Fjell et al. 2015; Proskovec et al. 2020; 

Podgórski et al. 2021). This may be due to the majority of these prior studies also 

using a cross-sectional study design, potentially providing evidence for this more 

extensive thinning of frontal regions being due to the focus of a cross-sectional 

approach on between-subject effects rather than reflecting ‘true’ ageing effects. 

No significant age-related changes in cortical thickness were identified in any 

regions within the temporal lobe, when utilising the cross-sectional approach. Though 

some previous human studies also found relative preservation within some regions 

such as the medial temporal lobe (Lemaitre et al. 2012; Long et al. 2012), many more 

did identify significant cortical thinning in the temporal lobe, in line with the findings of 

the longitudinal approach in the current study (Fjell et al. 2009; Hurtz et al. 2014; 

Storsve et al. 2014; Fjell et al. 2015; Proskovec et al. 2020; Podgórski et al. 2021). 

The lack of any significant changes in cortical thickness for temporal regions using 

the cross-sectional approach again highlights the potential underestimation of this 

approach, previously identified by Di Biase et al. (2023).  

The cross-sectional approach also identified significant age-related cortical 

thinning in areas of the parietal lobe, with two significant clusters localised to the 

medial parietal cortex and somatosensory area 3. The cortical thinning of the medial 

parietal cortex may be particularly relevant as this region is a key component of the 

default mode network and has a role in cognitive functions known to be adversely 

affected by ageing, such as memory recall (Andrews-Hanna et al. 2010; Korkki et al. 

2020; Bainbridge and Baker 2022).  
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As with the longitudinal approach, only one cluster in the occipital lobe, 

localised to visual area 1, showing significant cortical thinning with ageing was 

identified by the cross-sectional approach. As was previously discussed, this fits with 

the findings of Hurtz et al. (2014) and Proskovec et al. (2020) in older humans. 

Finally, the cross-sectional approach identified significant cortical thickening 

with ageing in one cluster, localised to the insula. This contrasts with the results of 

Long et al. (2012), who found significant cortical thinning of the insula in older 

humans, and with the results of the longitudinal approach of the current study, which 

also identified significant bilateral cortical thinning in the insula. Though the contrast 

with Long et al. (2012) could be due to the different age-ranges investigated as the 

current study focused on young to mid-adulthood, whilst Long et al. (2012) included 

human subjects aged 18-94, this would not explain the contrast to the longitudinal 

approach of the current study. As a consequence, it is likely the significant increase 

in the cortical thickness of the insula is erroneous and the result of some aspect of 

the cross-sectional approach, rather than being a ‘true’ age effect.  

Crucially, the current study did not identify increases in cortical thickness in 

any of the regions highlighted as showing age-related increases in cortical thickness 

by Koo et al. (2012). Thus, though the cortical thinning identified by Koo et al. (2012) 

in older macaques was replicated by the longitudinal approach of the current study, 

the increases in cortical thickness highlighted by this previous macaque SBM study 

of ageing were not replicated. This may indicate that these increases in cortical 

thickness were due to the macaques studied by Koo and colleagues being older than 

those in the current study, or that they were erroneous due to the cross-sectional 

methodology employed in Koo et al. (2012). 

For the cross-sectional approach of the current study, similar results were 

found whether female subjects were included in or excluded from the sample. When 

female subjects were excluded from the longitudinal approach significant clusters 

only remained within visual area 4, somatosensory areas 1 and 2 and the bank of the 

superior temporal sulcus. The results were therefore in regions previously identified 

when female subjects were included in the longitudinal sample, though some regions 

were no longer significant with the female subjects excluded. This may have been 

due to the cortical thinning in some regions being driven primarily by the female 

subjects. However, it is perhaps more likely to be due to a reduction in sample size, 
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given that very similar changes in cortical thickness with ageing for both sexes have 

been identified in humans by previous studies such as Podgórski et al. (2021). 

However, given how few female subjects were included in the current study, the 

results may only be translatable to male rhesus macaques. Sex differences in the 

impacts of ageing on cortical thickness have not been previously studied in rhesus 

macaques, so further research is needed to determine if the results of this study 

would have been different if more females had been included. 

The major limitation of the current study was the relatively small sample size, 

particularly for the cross-sectional approach (given the inclusion of scanner in the 

statistical model). This likely contributed to the cross-sectional approach identifying 

far fewer regions of significance than the longitudinal approach, though this may also 

have just been due to inherent underestimation when using a cross-sectional 

approach (Di Biase et al. 2023).  

To conclude, the current study identified widespread cortical thinning from 

young to mid-adulthood in rhesus macaques, using both a cross-sectional and a 

longitudinal approach. The longitudinal approach identified more widespread 

decreases in cortical thickness, with significant clusters in all four major lobes of the 

brain. The results of the two approaches were similar in some regions such as those 

in the parietal and occipital lobe. However, the cross-sectional approach showed 

relatively more prominent thinning of the frontal lobe, whilst lacking any significant 

thinning within the temporal lobe. In contrast, thinning of the frontal lobe appeared to 

be somewhat less prominent for the longitudinal approach, but thinning within the 

temporal lobe was extensive. The findings of the current study are novel due to the 

age range investigated and the use of a longitudinal approach. Though the results 

broadly align with the findings of previous human SBM studies, they only correspond 

to cortical thinning results of a previous SBM study that investigated cortical 

thickness in older macaques, not the cortical thickening results of that study. This 

perhaps suggests the presence of non-linear ageing trajectories. Overall, there is 

clear evidence of age-related cortical thinning across the brain, occurring during early 

to mid-adulthood, in rhesus macaques.  
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Chapter 6: Voxel Based Morphometry Study of the Impacts of Early 

Life Stress on Brain Structure 

 

6.1 Abstract 

Human voxel-based morphometry studies have previously identified both 

increased and decreased regional grey matter volumes in subjects who have 

experienced early life stress (ELS). However, many human studies utilise a cross-

sectional design and can suffer from recall bias due to relying on participants 

recollection of events during childhood. Additionally, human studies in general can be 

confounded by a lack of control over the stressors experienced and difficulty in 

excluding subjects with subclinical psychiatric illnesses. These issues can be 

circumvented through the use of model animals, such as rhesus macaques. This 

study aimed to investigate the impacts of early life stress on grey matter volume in 

rhesus macaques, using weaning age, as defined as definitive separation from the 

mother, as an early life stressor. This was investigated using a cross-sectional 

design, and a voxel-based morphometry approach. No significant results were found 

using the cross-sectional approach, likely due to the limited sample size leading to a 

lack of power. The interaction between weaning age and ageing was also 

investigated using a longitudinal approach. A significant interaction between weaning 

age and ageing was identified for a cluster localised to visual area 2, a region 

previously found to show decreased grey matter volume with ELS in humans and 

macaques. However, in the current study macaques with earlier weaning ages 

showed greater increases in the grey matter volume of visual area 2. This result was 

unexpected and warrants further investigation.  

 

6.2 Introduction 

Early-life stress (ELS) can be defined as a natural response to real or 

perceived threats during childhood. Stressful events during childhood are thought to 

have a greater impact on the brain than those during adulthood as they may alter 

developmental trajectories (Smith and Pollak 2020). Studies have found that ELS can 

cause permanent changes in the hypothalamic-pituitary-adrenal axis, the system 

which controls the release of stress hormones, as well as in the immune system 

(Juruena et al. 2021; Chen et al. 2021). Subsequently, ELS is a major risk factor for 
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the development of physical diseases such as cardiovascular disease and 

autoimmune diseases, as well as psychiatric disorders such as anxiety and 

depression, later in life (Dube et al. 2009; Carr et al. 2013; LeMoult et al. 2020; 

Bengtsson et al. 2023).  

Previous voxel-based morphometry studies have identified diverse changes in 

grey matter volume in humans who have experienced early life stress. Multiple 

studies have focused on investigating hippocampal volume and have identified 

smaller volumes in: adolescents exposed to early life adversity (Rao et al. 2010), 

adults with difficulties processing emotions that experienced early life stress (Aust et 

al. 2014) and children that had been physically abused or that were from a low 

socioeconomic status household (Hanson et al. 2015). However, results are relatively 

less consistent for studies that have utilised a whole brain approach. The acute 

effects of ELS in children were investigated by De Brito et al. (2012) who found that 

children who had experienced maltreatment had reduced grey matter volume in the 

medial orbitofrontal cortex and middle temporal gyrus. Walsh et al. (2014) then found 

reduced grey matter volume only in the cerebellum in adolescents and young adults 

that experienced self-reported childhood maltreatment. In contrast, Gorka et al. 

(2014) identified grey matter volume reductions in the medial prefrontal cortex and 

left hippocampus of young adults that self-reported childhood maltreatment.  

Similarly, Tyborowska et al (2018) found reduced grey matter volume in the anterior 

prefrontal cortex, as well as in the amygdala, putamen and insula, for adolescent 

subjects that had negative personal life events during early childhood. Additionally, a 

voxel-based meta-analysis that included children, adolescents, and young adults, 

found that those that experienced childhood maltreatment (and were unmedicated) 

displayed significantly smaller grey matter volumes in the left inferior frontal gyrus, 

the right orbitofrontal gyrus and the superior and middle temporal gyri (Lim et al. 

2014).  

The impacts of early life stress during early to mid-adulthood were 

investigated by Dannlowski et al. (2012), which identified reductions in grey matter 

volume associated with high scores on a childhood trauma questionnaire. These 

reductions were localised to anterior cingulate gyrus, insula, caudate, orbitofrontal 

cortex and the hippocampus. Baker et al. (2013) then specifically investigated 

volume changes in very similar brain regions to those Dannlowski and colleagues 
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(2012) identified volume reductions in, though they included the amygdala in place of 

the orbitofrontal cortex. Baker et al. (2013) utilised a sample aged 8-79 years, and 

separated early life stress into 2 classifications: ELS during early childhood (1 month-

7 years) and ELS during late childhood (8 years-17 years). This study identified 

reduced grey matter volume of the anterior cingulate and insula (but not the other 

regions investigated) only with ELS during late childhood.  

More recently, another meta-analysis (Tymofiyeva et al. 2022), which focused 

on adolescents, found that those exposed to childhood maltreatment actually had 

increased grey matter volume in the left precentral gyrus, including part of left inferior 

frontal gyrus, left body of corpus callosum and left postcentral gyrus. Alongside this, 

they identified decreased volume in the cerebellum, middle temporal gyrus, rostrum 

of the corpus callosum and the supramarginal gyrus. Malhi et al 2023 later utilised 

female adolescents who had experienced emotional trauma during childhood and 

found changes across the brain, with increased grey matter occurring in early 

adolescence followed by decreased grey matter in late adolescence, for subjects with 

high levels of ELS compared to those with low levels of ELS. This implies that the 

effects of early life stress interact with those of ageing/development, resulting in non-

linear changes in grey matter volume even just over the course of adolescence. 

These changes were observed primarily in the posterior cingulate cortex, 

parahippocampal gyrus, prefrontal cortex and other frontal regions.  

Clearly results of previous human studies are fairly mixed, with varied regions 

being implicated as being sensitive to early life stress. Additionally, human ELS 

research is often limited to cross-sectional, retrospective studies, in which 

participants are asked about their experiences during childhood to determine whether 

they experienced any ELS. This approach comes with a number of issues, one of 

which being the potential for recall bias, where a participant forgetting or 

misremembering past events leads to them being misclassified, confounding the 

results of the study (Althubaiti 2016). Also, as participants will likely have 

experienced a range of potentially stressful early life events, as well as events which 

may ameliorate this stress, it can be difficult to identify human subjects who have 

experienced similar types and/or amounts of early life stress. Furthermore, with 

human studies it can be difficult to investigate early life stress without unintentionally 

including subjects who either currently have an underlying psychiatric illness or will 
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go on to develop one later in life. Accordingly, human studies of early life stress may 

not always be applicable to ‘healthy’ individuals who have experienced early life 

stress but will not go on to develop a psychiatric illness. Utilising animal models who 

have been raised and lived in a controlled environment can reduce the impact of 

these factors.  

Captive rhesus macaques are a particularly useful animal model for 

investigating early life stress as they not only live in a controlled environment where 

significant life events can be identified as they happen, but they also display similar 

social behaviours to those carried out by humans (Meyer and Hamel 2014). 

Consequently, they may deal with stress in similar ways to humans (Wooddell et al. 

2017). Additionally, they have the same stress hormone system as humans and, 

though they can display depression- and anxiety-like behaviours, they likely cannot 

develop full psychiatric disorders, allowing for investigation of the impacts of early life 

stress in ‘healthy’ subjects (Koch et al. 2014; Ausderau et al. 2023). Furthermore, the 

accelerated rate of ageing of rhesus macaques (compared to humans) allows for 

easier investigation of any chronic effects of early life stress (Mattison and Vaughan 

2017). 

However, as with ageing, the impacts of early life stress on grey matter 

volume have not been the focus of many previous macaque studies. One potentially 

stressful early life event, that is common to the vast majority of captive macaques, is 

early weaning. Weaning can be defined as permanent separation of a young 

macaque from their mother. Previous studies have found that being weaned early 

can lead to alterations in behaviour, physiology, and the immune system (Prescott et 

al. 2012). The impacts of early weaning on brain structure have been previously 

investigated by only a couple of studies, both of which have focused on immediate 

weaning after birth (i.e., maternal deprivation). Using manual tracing, Spinelli et al. 

(2009) investigated the impacts of maternal deprivation on grey matter volume in the 

cerebellum, cingulate cortex, hippocampus, prefrontal cortex and corpus callosum. 

Though they hypothesised that subjects that underwent maternal deprivation would 

have smaller grey matter volumes in these areas, they actually found increased grey 

matter volume in all of the areas investigated, except for the hippocampus and 

corpus callosum where they found no significant differences. More recently, Wang et 

al. (2018) used voxel-based morphometry to investigate the impacts of maternal 
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deprivation on grey matter volume. In macaques that had experienced maternal 

deprivation they identified a significant decrease in grey matter volume in visual area 

1. Visual area 1 has previously been implicated in early life stress in humans, with 

Tomoda et al. (2009) finding a similar reduction in grey matter volume in young 

women that experienced childhood sexual abuse.  

Given how different the results of these previous studies are, and the lack of 

other studies on weaning later than birth, it essentially remains relatively unclear how 

early weaning impacts on grey matter volume in rhesus macaques. As such, the 

current study aimed to investigate how weaning age affects grey matter volume in 

rhesus macaques.  

Additionally, though there is a general consensus that a weaning age below 6 

months is likely to be stressful, and a recent review recommended a minimum 

weaning age of 10-14 months, there is no agreement on at what age weaning is no 

longer stressful (Prescott et al. 2012). Therefore, this study also aimed to determine 

whether at a certain age weaning no longer impacts on grey matter volume, and 

therefore is likely to no longer be particularly stressful.  

It is also possible that weaning has a different impact on males compared to 

females, as in the wild males will leave their maternal group at around the age of 4 or 

5, whereas females will usually remain in their maternal group for the entirety of their 

lives (Prescott et al. 2012). Therefore, it would be logical for weaning to be more 

stressful for females, and so the age at which weaning is no longer stressful (or at 

least no longer stressful to the point of inducing long-term changes in grey matter 

volume) may be later in female macaques. A further aim of this study was 

consequently to investigate potential sex differences in the impacts of weaning age 

on brain structure.  

Finally, as there is growing evidence that stress may accelerate ageing 

processes (Gotlib et al. 2021), a longitudinal approach will be utilised in this study to 

investigate the interaction between weaning age and ageing.  
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6.3 Methods and Materials 

 

6.3.1 Datasets and inclusion criteria 

Any scans with artifacts, poor contrast or hyperintensities were excluded 

during initial visual quality control. As with the ageing study, the sample was 

restricted to early to mid-adulthood by only including subjects above the age of 5 

years and below the age of 16 years. For some subjects, data on weaning age was 

unavailable, so they were also excluded from this study (for example, the weaning 

age was unknown for all of the subjects from the PRIME-DE datasets and the NIDA 

dataset). For the cross-sectional analyses, at least 3 subjects per site were required 

so that site/scanner could be controlled for in the model. Sites with less than 3 

subjects passing quality control and meeting the inclusion criteria were excluded. The 

final cross-sectional datasets for this study comprised 32 subjects, 24 of which were 

male, from 3 sites (table 9). T2 data was available for 15 of the 32 subjects. 

Weaning age information was only available for subjects with longitudinal data 

from Newcastle University. To be included in the longitudinal dataset subjects 

needed at least 3 scans, covering a minimum of 18 months, with at least 3 months 

between consecutive scans. Scans from 10 subjects were included in the longitudinal 

dataset, 8 of which were male (table 9). T2 data was available for all of the subjects 

included in the longitudinal sample. 

A further cross-sectional analysis was also carried out using one scan from 

each of the subjects in the longitudinal dataset who had a scan around the age of 8.4 

years (N=8; 6 male and 2 female macaques). This was done to create an age-

matched dataset, essentially removing the effect of age from the model (table 9). It 

was not possible to add any additional subjects into this dataset without greatly 

expanding the age range. 
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Table 9: Description of Subjects Included in Early Life Stress Analyses 
C: cross-sectional, AM: age matched and L: longitudinal. M: male and F: female. 
Anaes.: anaesthetised. 
 
6.3.2 Statistical analyses 

Total grey matter volume and the local amount of grey matter in each voxel 

were utilised as input data. For the voxel-based approach, data was smoothed using 

a 1mm kernel prior to statistical analysis. For each of the cross-sectional analyses, 

multiple-linear regressions were carried out, with weaning age and total intracranial 

volume included as fixed effects in both analyses. Age and scanner were also 

included as covariates when the full cross-sectional sample was analysed (this was 

not necessary for the age-matched sample as they all had the same age and 

scanner), with age as a fixed effect and scanner as a random effect. The final 

statistical models for the analyses of the full cross-sectional sample and the age-

matched sample were GMV= β1*weaning age + β2*age + β3*TIV + random(scanner) 

+ constant and GMV= β1*weaning age + β2*TIV + constant, respectively. 

Significance was thresholded at 0.001 (uncorrected) at the voxel-level, and 0.05 

(corrected for multiple comparisons with FWE) at the cluster-level, for both regional 

cross-sectional analyses. It was not possible to carry out a two-step approach, similar 

to those used in chapter 4, for the cross-sectional analyses with all variables included 

due to limitations in terms of the number of subjects per site. An alternate two-step 

approach was carried out with age excluded, as was a version of the above one-step 

approach with age excluded.  

The longitudinal approach, for both the analysis of total grey matter volume 

and local grey matter volumes, utilised a two-step approach. The first step involved 

Dataset Site Included 
Subjects 

(M/F) 

Weaning 
age (in 

months) 

Age 
(in 

years) 

Subj. 
with T2 

data 

Awake 
vs. 

Anaes
. 

Scanner 
Strength 

C New- 
castle 

18 (12/6) 6-34 6-15 18 Awake 4.7T 

C DPZ 7 (7/0) 23-47 7-11 3 Anaes. 3T 
C Oxford 7 (5/2) 13-30 5-8 0 Anaes. 3T 
C Total 32 (24/8) 6-47 5-15 15   
        
AM New- 

castle 
8 (6/2) 9-34 8.3-8.5 8 Awake 4.7T 

        
L New- 

castle 
10 (8/2) 6-34 6-15 10 Awake 4.7T 



 123 

calculating the slope of the ageing effect for each subject, using a simple linear 

regression, with age as a fixed effect (the statistical model was GMV= β1*age + 

constant). The second step then utilised a simple linear regression in order to 

determine if the slope of the age effect changes based on weaning age (the 

statistical model of the second step was slope= β1*weaning age + constant).  For the 

local grey matter analyses, significance was thresholded at 0.001 (uncorrected) at 

the voxel-level, and 0.05 (corrected for multiple comparisons with FWE) at the 

cluster-level. As the majority of subjects in both the cross-sectional and longitudinal 

samples were male, the statistics were carried out including and excluding the female 

subjects. 

 

6.4 Results 

 

6.4.1 Cross-sectional approach- impacts of weaning age 

The impacts of weaning age on total grey matter volume were first 

investigated for the cross-sectional dataset. No significant effect of weaning age on 

total grey matter volume was identified (β= -0.00094, Std. error= 0.0012, DF= 23, p= 

0.44, figure 29). This analysis was repeated with the age-matched dataset (and age 

removed from the model), but again no significant effect of weaning age on total grey 

matter volume was identified (β= -0.0025, Std. error= 0.004, DF= 5, p= 0.55). 
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Figure 29: Changes in Total GM Volume According to Weaning Age. The bold 

black linear line corresponds to the main effect of weaning age, while controlling for 

TIV and with site/scanner declared as a random effect. The thin coloured lines 

correspond to linear fits of weaning age effect in each site while controlling for TIV. 

Dots correspond to raw data (unadjusted for TIV). 

 

The regional cross-sectional approach was initially restricted to investigate the 

hypothesis that early weaning would be associated with decreases in grey matter 

volume. No significant results were obtained, either for the full cross-sectional sample 

or for the age-matched sample. This was regardless of whether female subjects were 

included in or excluded from the samples.  

A statistical model with the weaning age converted from a continuous variable 

into a categorical variable of ‘above or below 12 months’ also produced no significant 

results, using either sample. Additionally, no significant results were identified using 

either a one-step or a two-step approach with the variable of age removed.  
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6.4.2 Longitudinal approach- impacts of weaning age x ageing interactions 

No significant results were identified for an analysis of the impacts of weaning 

age and ageing interactions on total grey matter volume (β= -0.00058, Std. error= 

0.00073, DF= 8, p= 0.45).  

With the regional longitudinal investigation of weaning age and ageing 

interactions, one significant result was identified when weaning age was encoded as 

a continuous variable. The significant interaction was present for a cluster within the 

left occipital lobe, localised to visual area 2 (see figure 30). The interaction was 

significant both when the female subjects were included (PFWE-corr= 0.028, T= 8.02; -

6.0, -14.5, 35.0) and when they were excluded (PFWE-corr= 0.032, T= 8.21; -5.5, 15.0, 

35.0). Converting weaning age to a categorical variable though led to no significant 

results. 

The ageing effect within this significant cluster was plotted for each subject in 

order to determine the direction of the impact of the interaction between weaning age 

and ageing on grey matter volume (figure 31). Surprisingly, an earlier weaning age 

appeared to correlate with a greater age-related increase in grey matter volume 

within this cluster. As a consequence of this, the cross-sectional approach was re-

analysed in order to determine whether there were any significant increases in grey 

matter volume associated with earlier weaning. However, no significant results were 

identified. 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 30: Cluster in the Occipital Lobe Showing a Significant Change in Grey 
Matter Volume, Associated with an Interaction Between Weaning Age and 
Ageing. Localised to the left visual area 2. 
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Figure 31: Changes in GM Volume Within a Significant Occipital Lobe Cluster 
According to the Interaction Between Weaning Age and Ageing. Each line 
corresponds to the linear fit of the age effect in each subject. Dots correspond to raw 
data. Lines and dots are colour coded in greyscale, with darker lines representing an 
earlier weaning age.  
 

6.5 Discussion 

As no significant results were produced for the cross-sectional approach it was 

not possible to investigate changes in grey matter volume associated with early 

weaning, and therefore the first aim of this study could not be met. As with the ageing 

VBM study, this lack of significant results can likely be at least partially explained by 

the limited sample size. Due to the COVID-19 pandemic and subsequent lockdowns 

it was not possible to collect data from as many subjects as was initially planned (see 

COVID impact statement). This was a particular issue for the study of early life stress 

as the PRIME-DE datasets do not provide weaning age information, and the weaning 
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ages of the macaques in the NIDA dataset were unknown. This resulted in a much 

smaller sample size for this study than the studies of ageing discussed in chapters 4 

and 5. The inclusion of scanner in the model may have further limited the power of 

the analysis, but given the vastly differing scan parameters and image quality across 

scanners this inclusion was necessary. Additionally, the relatively limited variability in 

weaning age may have contributed to the inability to find significant results. The 

majority of subjects were weaned after 12 months and many were weaned after 24 

months, with all of the subjects who were weaned before 12 months coming from 

Newcastle University.  

The impacts of weaning age on grey matter volume were also investigated 

cross-sectionally using an age-matched dataset. This dataset had fewer subjects 

than the full cross-sectional dataset, but as age and scanner did not need to be 

controlled for in the model it was hoped that this analysis would be powerful enough 

to detect significant results. However, no significant results were detected, again 

likely due to the limited sample size. Repetition of this particular analysis with a larger 

sample would be of great interest as it should allow for the impacts of weaning age, 

and by proxy early life stress, on grey matter volume to be elucidated without them 

being obscured by the effects of ageing or weaning age and ageing interactions. 

Acquiring a large enough sample for this analysis to detect significant results though 

may prove to be difficult, as it would require the weaning ages to not only to be 

known but also to be fairly varied, and for all of the subjects to have been the same 

age at the time the scans were acquired.  

The analyses with both cross-sectional datasets were repeated with weaning 

age converted to a categorical variable, with the cut off set at 12 months. This age 

was chosen as Prescott et al. (2012) had previously recommended that macaques 

should be weaned between the ages of 10 and 14 months. However, no significant 

results were identified, and this was also likely due to a combination of the limited 

sample size and the fact that relatively few subjects had a weaning age below 12 

months. Further research is therefore needed with a larger sample size in order to 

elucidate the impacts of weaning age on grey matter volume in macaques, and in 

particular at what age does weaning no longer have an impact on brain structure. 

However, it is also possible that no significant results would have been 

detected, when weaning was encoded as a categorical variable, even with a larger 
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sample size. Potentially, when macaques are weaned later than 6 months, any 

impacts of the stress caused by this event on their grey matter volume may either be: 

1) transitory, and so no longer detectable during adulthood, and/or 2) of too small a 

magnitude to be detectable during adulthood, when other factors such as ageing 

have had a larger impact on the brain structure. This would explain why Spinelli et al. 

(2009) and Wang et al. (2018) both identified grey matter volume changes in their 

studies, as not only did they utilise subjects that were weaned immediately after birth 

(which would likely be the most stressful time to be weaned) but they investigated 

changes prior to adulthood. Future research should therefore investigate the impacts 

of different weaning ages using subjects that have not yet reached adulthood, as it 

was not possible in the current study to investigate the aim of whether at a certain 

age weaning no longer impacts on grey matter volume. These subjects could then be 

followed through adulthood to identify whether the impacts of weaning are transitory 

and/or whether they are masked later in life by the impacts of other factors such as 

ageing.  

The longitudinal approach in this study could not directly investigate changes 

associated with weaning age, but instead was utilised to determine whether there 

were significant changes in grey matter volume associated with an interaction 

between weaning age and ageing. No significant impact on total grey matter volume 

was identified, but one significant cluster was identified. This significant cluster was 

located in visual area 2 (V2), within the occipital lobe. This indicates that weaning 

age modulates ageing processes. Though it was hypothesised that subjects weaned 

earlier would show greater grey matter volume decreases than those weaned later, 

they actually displayed a greater age-related increase in V2 grey matter volume. No 

previous studies have indicated that early weaning or early life stress (or an 

interaction between either of these factors and ageing) are associated with increased 

grey matter in visual area 2. However, both Wang et al. (2018) and Tomoda et al. 

(2009) have identified decreases in the grey matter volume of the nearby visual area 

1 with early life stress, in macaques and humans respectively. Our finding of earlier 

weaning being associated with greater age-related increases in grey matter volume 

within V2 is therefore highly unexpected. It is possible that this result indicates non-

linear effects of ageing or weaning age and ageing interactions, as the macaques in 

the current study were older than those included in previous macaque studies of the 
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impacts of early weaning on grey matter volume (though when tested statistically, 

there was no significant evidence of non-linear effects of ageing for this cluster in the 

current study). It also cannot be ruled out that the impacts of weaning itself are non-

linear, with potentially both neurodegenerative and neuroprotective impacts resulting 

from weaning at different ages. Ultimately, this result requires further investigation 

with a larger sample size.  

When weaning age was converted to a categorical variable no significant 

results were found using the longitudinal approach, potentially indicating that the 

significant interaction between weaning age and ageing was not driven exclusively by 

the subjects weaned before 12 months. This could perhaps be an indication that 

even weaning after 12 months affects the ageing brain. This would not be surprising, 

as in the wild male macaques do not tend to leave their maternal group until around 

the age of 4 or 5, and female macaques usually remain in their maternal group for 

the whole of their lives (Prescott et al. 2012). Unlike the cross-sectional samples, the 

longitudinal dataset has a fairly even split between subjects weaned before 12 

months and subjects weaned after, with a ratio of 6 to 4 subjects. It therefore at first 

appears unlikely that an unevenness of groups contributed to the lack of significant 

results when weaning age was encoded as a categorical variable. However, it should 

be noted that both of the female subjects were included in the group weaned after 12 

months, so in terms of male subjects the ratio is actually 6 to 2. If the hypothesis that 

early weaning has a greater impact on female macaques than males is true, then this 

may then have confounded the analysis and played a role in the lack of significant 

results. 

Furthermore, because data was only available for very few female macaques 

(both cross-sectionally and longitudinally) it was not possible to compare the impacts 

of weaning age, or weaning age and ageing interactions, on males and females in 

this study. Therefore, future research is needed to determine if there is a sex 

difference in the impacts of both weaning age, and weaning age and ageing 

interactions, on grey matter volume.  

In conclusion, using a longitudinal approach the current study identified 

greater grey matter volume expansion associated with earlier weaning age, localised 

to visual area 2, within the occipital lobe. This finding is both novel and unexpected, 

and therefore requires further research with a larger sample size.  
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Chapter 7: Surface Based Analyses of the Impacts of Early Life 

Stress on Brain Structure 

 

7.1 Abstract 

The impacts of early life stress on cortical thickness in rhesus macaques have 

not been previously investigated. One potential source of stress during early life, 

which is common amongst captive macaques, is early weaning. In the wild, male 

macaques tend to leave their maternal group around the age of 4 or 5 years, 

whereas female macaques often spend their whole lives in their maternal group. The 

current study utilised macaques during early to mid-adulthood, which had been 

weaned between the ages of 6 and 47 months. For subjects weaned before 12 

months, significantly lower cortical thickness was identified in regions of both the 

temporal and occipital lobes. These results are similar to those previously identified 

in human adults, though there was a notable lack of significant results in the frontal 

lobe. The current study also utilised a longitudinal approach, which allowed for 

investigation of the interaction between weaning age and within-subject ageing 

effects. Significant results were identified in regions of the parietal and occipital 

lobes, with subjects that were weaned earlier showing decreases in cortical thickness 

with ageing in these regions. All of the findings of this study are novel, as no prior 

studies have investigated how early life stress affects cortical thickness in rhesus 

macaques. Importantly though, the results were in similar regions to those identified 

by previous human studies of the impacts of early life stress on cortical thickness, 

giving strength to the use of rhesus macaques as model animals.  

 

7.2 Introduction 

It is well established that early life stress is associated with changes in brain 

structure and, though our voxel-based morphometry study was unable to find any 

significant results (see chapter 6), previous studies did identify volumetric changes 

connected to early life stress (Spinelli et al. 2009; Tomoda et al. 2009; De Brito et al. 

2012; Gorka et al. 2014; Lim et al. 2014; Walsh et al. 2014; Tyborowska et al. 2018; 

Wang et al. 2018; Tymofiyeva et al. 2022; Malhi et al. 2023). However, tissue 

volumes are composite measures comprising both thickness and surface area, and 

so may lack sensitivity (Storsve et al. 2014). By investigating cortical thickness or 
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surface area individually it may be possible to better elucidate subtle impacts of early 

life stress on brain structure. The present study therefore focused on the impacts of 

early life stress on cortical thickness, measured using a surface-based morphometry 

approach.  

In human surface-based morphometry studies, one of the most consistent 

findings is that early life stress is associated with reduced cortical thickness in the 

orbitofrontal cortex. This has been reported in children, adolescents and adults (Kelly 

et al. 2013; McLaughlin et al. 2014; Monninger et al. 2020; Kautz et al. 2021). The 

prefrontal and frontal regions more generally are also widely implicated as being 

thinner in those that have experienced early life stress, across children, adolescents 

and adults (Kelly et al. 2013; McLaughlin et al. 2014; Saleh et al. 2017; Busso et al. 

2017; Bounoua et al. 2020).  

McLaughlin et al. (2014) also found that children that had experienced early 

life stress, in the form of institutionalisation, had decreased cortical thickness in both 

temporal and parietal brain regions. Saleh et al. (2017) then identified decreased 

cortical thickness in areas of the parietal lobe of adults who experienced early life 

stress, and Busso et al. (2017) found decreased cortical thickness in areas of the 

temporal lobe for adolescents that had experienced childhood abuse.  

Tomoda et al. (2012), Bounoua et al. (2020) and Rosada et al. (2022) all 

found evidence of reduced cortical thickness in regions within the occipital lobe for 

adults that had experienced early life stress, with Tomoda et al. (2012) and Rosada 

et al. (2022) particularly highlighting lower cortical thickness in the lingual gyrus. 

Other regions reported as showing cortical thinning in relation to early life stress 

include the cingulate cortex (Kelly et al. 2013- in children; Ross et al. 2021- in 

adolescents and adults) and the insula (Saleh et al. 2017- in adults). Results of 

human studies are therefore somewhat mixed but imply that widespread cortical 

thinning may be present in those that experience early life stress. 

However, investigating early life stress in humans comes with a number of 

issues which could confound the results of the studies. First of all, it is difficult to 

investigate early life stress in humans without including subjects who have 

psychiatric disorders (either diagnosed or underlying) such as post-traumatic stress 

disorder or depression. These subjects may have brain structural differences that are 

connected to their disorder rather than being a result of early life stress, which can 
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then obfuscate the true impacts of early life stress. Additionally, it is near impossible 

to control for all potential stressors (and anti-stressors) in humans, meaning that 

other factors unrelated to early life stress may cause brain structural changes that 

are then misinterpreted as being due to early life stress. Finally, the use of a cross-

sectional, retrospective study design, which is common to many human studies, can 

introduce recall bias (Althubaiti 2016). This study design means that whether 

someone experienced early life stress, and the severity and type of this stress, is 

determined later in life through simply asking the subjects about their early life 

experiences. If the subjects then misremember or forget experiences, that would be 

relevant to the study, they may be misclassified in terms of early life stress, 

confounding the final results. These issues can be avoided through the use of animal 

models, such as rhesus macaques. 

 As macaques can only show depression- and anxiety-like behaviours rather 

than developing full psychiatric conditions, such as post-traumatic stress disorder or 

depression, there is minimal concern of the results being confounded by brain 

changes resulting from underlying or diagnosed disorders (Ausderau et al. 2023). 

Additionally, macaques utilised in research live in a highly controlled environment, 

allowing for easier identification of any potential stressors (or antistressors), allowing 

for factors unrelated to early life stress to be identified and either avoided or 

statistically controlled for. Also, as has been previously discussed, longitudinal 

research is more efficient in macaques and, even for cross-sectional studies of early 

life stress, captive macaques are usually monitored throughout their life course, 

allowing for objective identification of any early life stress as opposed to subjective, 

retrospective recall.  

Prior to the current study, no previous surface-based morphometry research 

on the effects of early life stress on cortical thickness in rhesus macaques could be 

identified, so the impacts are currently unknown. Hence, there is a clear need for 

research into the impacts of early life stress on cortical thickness in rhesus 

macaques, and one potential cause of early life stress is premature weaning. As 

discussed in chapter 6, early weaning is thought to be a source of stress as it has 

been shown to lead to alterations in behaviour, physiology and the immune system 

(Prescott et al. 2012). Furthermore, studies which investigated subjects weaned 

immediately after birth have found distinct volumetric losses in different brain regions 
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(Spinelli et al. 2009; Wang et al. 2018). This study aimed to identify how being 

weaned early affects cortical thickness in rhesus macaques, with a focus on the 

period of young to mid-adulthood, as this is the life period in humans when many 

psychiatric disorders will commonly manifest (Leach and Butterworth 2020). It is 

possible that the inclusion of subjects of different ages in the sample will affect the 

results, so the analysis will also be undertaken using an age-matched dataset. A 

longitudinal analysis in order to elucidate any weaning age x ageing interactions will 

also be carried out.  

 

7.3 Methods and Materials 

 

7.3.1 Datasets and inclusion criteria 

The same datasets as were used for the VBM study of the impacts of early life 

stress were utilised for the surface-based analyses (see chapter 6 table 9). Briefly, 

inclusion criteria consisted of: 1) being at least 5 years of age but below 16 years of 

age, 2) weaning age data being available, 3) passing visual quality control, and 4) 

having at least 3 subjects per site for cross-sectional data or at least 3 scans per 

subject for longitudinal data (covering minimum of 18 months, with 3 or more months 

between scans). Scans from 32 subjects (24 of which were male), across 3 sites, 

were included in the final cross-sectional sample. The longitudinal sample consisted 

of 10 subjects (8 of which were male) from the Newcastle University dataset. An age-

matched cross-sectional dataset was also utilised, which included scans from 8 

subjects (6 of which were male) from the longitudinal sample, taken when they were 

around 8.4 years old. 

 

7.3.2 Statistical analyses 

Analyses were first carried out utilising average cortical thickness as the input 

data. Following this, the Matlab toolbox Surfstat was used to carry out the statistical 

analyses, on data smoothed with a 1mm kernel. The cortical thickness (CT) of each 

vertex was utilised as input data for these analyses. Both the cross-sectional and the 

longitudinal approaches utilised general linear models. For the cross-sectional 

approach with the full sample, weaning age, age and total intracranial volume were 

included in the model as fixed effects, whilst scanner was included as a random 
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effect (statistical model: CT= β1*weaning age + β2*age + β3*TIV + random(scanner) 

+ constant). With the age-matched cross-sectional dataset, weaning age and total 

intracranial volume were included as fixed effects (age and scanner did not need to 

be included in the model as they were unchanged across subjects; statistical model: 

CT= β1*weaning age + β2*TIV + constant). For the longitudinal approach weaning 

age and mean-centred age were included as fixed effects, and subject was included 

as a random effect (statistical model: CT= β1*weaning age + β2*mean-centred age + 

β3*(weaning age*mean-centred age) + random(subject) + constant). For all of the 

analyses significance was thresholded at 0.05 (corrected for multiple comparisons 

with family wise error [FWE]) at the cluster-level. As very few subjects in either the 

cross-sectional or the longitudinal samples were female, statistics were carried out 

both including and excluding the female subjects. 

 

7.4 Results 

 

7.4.1 Cross-sectional approach- impacts of weaning age 

 The impacts of weaning age on average cortical thickness were first 

investigated for the cross-sectional dataset. No significant effect of weaning age on 

average cortical thickness was identified (β= -0.05, Std. error= 0.06, DF= 23, p= 0.40, 

figure 32). This analysis was repeated with the age-matched dataset (and age 

removed from the model), but again no significant effect of weaning age on total grey 

matter volume was identified (β= -0.20, Std. error= 0.14, DF= 5, P= 0.21). 
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Figure 32: Changes in Average Cortical Thickness According to Weaning Age. 

The bold black linear line corresponds to the main effect of weaning age, while 

controlling for TIV and with site/scanner declared as a random effect. The thin 

coloured lines correspond to linear fits of weaning age effect in each site while 

controlling for TIV. Dots correspond to raw data (unadjusted for TIV). 

 

Due to the results of the longitudinal VBM approach (see Chapter 6, section 

6.4.2) both potential decreases and potential increases in cortical thickness 

associated with weaning age were investigated. No significant results were identified 

using the cross-sectional approach with weaning age encoded as a continuous 

variable. This was the case for both the full cross-sectional sample and the age-

matched dataset. Excluding the female subjects also did not lead to any significant 

results for either of these cross-sectional analyses.  

However, when weaning age was converted to a categorical variable (‘weaned 

before or after 12 months of age’) there were significant results for both the full cross-

sectional sample and the age-matched dataset. For the full cross-sectional sample, 

there were 3 clusters in the right hemisphere and 2 in the left hemisphere where 
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cortical thickness was significantly lower for subjects with a weaning age below 12 

months. (see figure 33). The right hemisphere clusters were localised to the isthmus 

of the cingulate cortex (2 clusters) and visual area 2. The left hemisphere clusters 

were localised to the parahippocampal gyrus and visual area 2.  

 

 
 
Figure 33: Significant Cross-sectional Decreases in Cortical Thickness, 
Associated with Early Weaning. 3D surface map showing regions where subjects 
weaned before 12 months had significantly lower cortical thickness, identified using 
the full cross-sectional dataset. 
 

However, when the female subjects were excluded, these clusters were no 

longer significant, but two clusters towards the back of the brain were weakly 

significant (see figure 34). One of these clusters was localised to left visual area 2 

and the other to dorsal visual area 4.  
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Figure 34: Significant Cross-sectional Decreases in Cortical Thickness with 
Female Subjects Excluded, Associated with Early Weaning. 3D surface map 
showing regions where subjects weaned before 12 months had significantly lower 
cortical thickness, when females were excluded from the full cross-sectional dataset. 
 
 With the full cross-sectional dataset there were also 3 clusters where cortical 
thickness was significantly higher for subjects weaned before 12 months (see figure 
35). These clusters were localised to brain region TEO (2 clusters) and the dorsal 
subdivision of brain area 46. 
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Figure 35: Significant Cross-sectional Increases in Cortical Thickness, 
Associated with Early Weaning. 3D surface map showing regions where subjects 
weaned before 12 months had significantly greater cortical thickness, identified using 
the full cross-sectional dataset. 
 
 When female subjects were excluded one cluster within brain region TEO was 
the only one of the aforementioned 3 clusters still to be significant. Additionally, there 
were two further clusters where cortical thickness was significantly higher for subjects 
weaned before 12 months, localised to the ventral part of visual area 4 and within the 
orbito-medial prefrontal area (see figure 36).  
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Figure 36: Significant Cross-sectional Increases in Cortical Thickness with 
Female Subjects Excluded, Associated with Early Weaning. 3D surface map 
showing regions where subjects weaned before 12 months had significantly greater 
cortical thickness, when females were excluded from the full cross-sectional dataset. 
 

For the age-matched dataset, there was also a cluster showing significantly 

lower cortical thickness for subjects with a weaning age below 12 months. For this 

dataset the cluster was localised to temporal area TE, within the left temporal lobe 

(see figure 37). There were no clusters showing significantly higher cortical thickness 

for subjects with a weaning age below 12 months. When the female subjects were 

excluded, there were no significant results, likely due to only one male in this dataset 

having a higher weaning age than 12 months.  
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Figure 37: Significant Age-matched Differences in Cortical Thickness, 
Associated with Early Weaning.  3D surface map showing regions where subjects 
weaned before 12 months had significantly lower cortical thickness, identified using 
the age-matched dataset. 
 

7.4.2 Longitudinal approach- impacts of weaning age x ageing interactions 

An initial investigation of the impacts of weaning age and ageing interactions 

on average cortical thickness did not identify any significant change (β= -0.045, Std. 

error= 0.033, DF= 8, p= 0.21).  

For the investigation of weaning age and ageing interactions using a regional 

longitudinal approach, subjects with a lower weaning age showed significant 

decreases in cortical thickness with ageing in four clusters (see figure 38). This 

included a bilateral cluster in visual area 1, a cluster localised to the left dorsal visual 

area 4, and a cluster within the left ventral subdivision of brain area 46. 
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Figure 38: Significant Weaning Age x Ageing Interactions for the Full 
Longitudinal Dataset. 3D surface map showing regions where significant weaning x 
ageing interactions were identified, using the full longitudinal dataset. 

 
All four clusters remained significant when female subjects were excluded 

from the longitudinal analysis of weaning age and ageing interactions, however there 

were also additional significant clusters in the vicinity of visual area 2, as well as a 

cluster within the midcingulate cortex (see figure 39). 

These clusters were no longer significant when weaning age was encoded as 

a categorical variable, regardless of whether female subjects were included or 

excluded. 
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Figure 39: Significant Longitudinal Weaning Age x Ageing Interactions with 
Female Subjects Excluded. 3D surface map showing regions where significant 
weaning x ageing interactions were identified, using the longitudinal dataset with 
female subjects excluded. 
 
7.5 Discussion 

As with the voxel-based morphometry study of weaning age, the limited 

sample size likely contributed to the lack of significant results when weaning age was 

studied cross-sectionally as a continuous variable. However, with the surface-based 

morphometry approach, there were significant results when weaning age was treated 

as a categorical variable. With the full cross-sectional dataset, subjects with a 

weaning age before 12 months had significantly lower cortical thickness across 

multiple brain regions, primarily in the occipital lobe. A bilateral cluster was identified 

in visual area 2, a key region in the visual cortex, crucial to visual processing 

(Freeman et al. 2014). Tomoda et al. (2012) previously reported cortical thinning in 

this region for human adults who witnessed domestic violence during childhood. 

There were also two clusters in the isthmus of the cingulate cortex. The 

cingulate cortex in general has been shown to be involved in a wide array of 

functions. Most relevantly for studies of stress, it appears to have a role in emotions 

(Stevens, Hurley and Taber 2011). In human studies, Kelly et al. (2013) identified 

reduced cortical thickness in the anterior cingulate cortex of children who had 
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experienced early life stress, and Ross et al. (2021) found a similar result in the 

middle cingulate cortex for adolescents and adults who had experienced early life 

stress.  

Finally, there was also a cluster in the left parahippocampal gyrus, which is 

part of the medial temporal lobe and known to have a major role in encoding and 

retrieving episodic memories (Zola-Morgan et al. 1989; Diana, Yonelinas and 

Ranganath 2010). A multitude of studies have shown that episodic memories appear 

to be affected by stress (Shields et al. 2017). Cortical thinning of the 

parahippocampal gyrus with early life stress has been previously reported in human 

adolescents (Busso et al. 2017). The results for the full cross-sectional sample 

therefore parallel previous human studies, expanding their findings to cover the 

period of early to mid-adulthood. Additionally, the fact that significant changes in 

cortical thickness were identified at all, when no significant changes in volume could 

be identified using a cross-sectional approach (see chapter 6), supports the concept 

of cortical thickness being a more sensitive measure than grey matter volume.  

Notably, when the female subjects were excluded from the cross-sectional 

dataset, the previously discussed clusters were no longer significant. Another cluster 

in visual area 2 was weakly significant, however it was not near to the bilateral cluster 

observed with the full dataset. There was also a (weakly) significant cluster within 

visual area 4, another region in the visual cortex, which interacts with visual area 2 

(Fang et al. 2022). The difference in results is likely partially due to the relatively 

small sample size, though sex differences may also have played a role. Importantly, 

it should be noted that though the clusters differ when females are excluded, the 

brain regions showing significance are still broadly similar, as they cover areas of the 

visual cortex within the occipital lobe.  

However, there were also clusters for which subjects with a weaning age 

before 12 months had significantly higher cortical thickness. These clusters were 

within the temporal and occipital lobes and differed slightly depending on whether 

female subjects were included or excluded from the sample. These significant 

increases were relatively unexpected as we hypothesised that earlier weaning would 

be associated with decreases in cortical thickness, as there is strong evidence for 

early life stress being associated with decreases in cortical thickness in humans. 

Notably many previous human studies which have highlighted the occipital lobe in 
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particular as displaying widespread decreases in cortical thickness associated with 

early life stress, conflicting with our finding of significantly higher cortical thickness in 

some regions (Tomoda et al. 2012; Bounoua et al. 2020; Rosada et al. 2022). 

Further studies of the impacts of early weaning on cortical thickness in rhesus 

macaques are clearly needed in order to clarify and explain these findings.  

When the age-matched dataset was utilised, with weaning age as a 

categorical variable, there was one cluster where subjects with a weaning age before 

12 months had significantly lower cortical thickness. This cluster was localised to 

temporal area TE, in the left inferior temporal lobe, another brain area associated 

with visual processing (Kravitz et al. 2013). Busso et al. (2017) also found 

significantly lower cortical thickness in this region for human adolescents that had 

experienced early life stress. Exclusion of the female subjects from the age-matched 

dataset resulted in this cluster no longer being significant, likely due to the further 

limiting of the sample size. For the age-matched dataset there were no clusters 

where subjects weaned before 12 months displayed significantly higher cortical 

thickness. As the subjects in this dataset were age-matched to be approximately 8.4 

years old, the results of this analysis suggest that early weaning, and therefore early 

life stress, may be most strongly associated with cortical thickness changes in the 

temporal lobe during early adulthood. Taken together with the results for the full 

cross-sectional dataset, this perhaps implies that early life stress may be associated 

with cortical thickness changes in the temporal lobe first during early adulthood, 

followed by the occipital lobe as the macaques age through to mid-adulthood. This 

could potentially explain why human studies have previously reported cortical 

thickness reductions in the temporal lobes of children and adolescents that 

experienced early life stress (McLaughlin et al. 2014; Busso et al. 2017), whilst 

reductions in the occipital lobe are more widely reported in adults that experienced 

early life stress (Tomoda et al. 2012; Bounoua et al. 2020; Rosada et al. 2022).  

Additionally, the findings with both the age-matched dataset and the full cross-

sectional dataset appear to indicate a particular vulnerability of regions involved in 

visual processing to the impacts of early life stress (in the form of earlier weaning). 

This correlates with and expands the findings of our voxel-based morphometry study 

of the impacts of early weaning, which identified an age-related decrease in the grey 

matter volume of visual area 2 for subjects weaned earlier. This vulnerability of the 
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visual system to early life stress has been recently confirmed and expanded on in a 

study utilising mice (Poplawski et al. 2023- preprint). 

The longitudinal analysis in this study allowed for the investigation of how 

weaning age and ageing interactions relate to changes in cortical thickness, during 

early to mid-adulthood in rhesus macaques. Though the interaction between weaning 

age and mean-centred age did not have a significant impact on average cortical 

thickness, significant changes in the cortical thickness of a number of brain regions 

was identified, giving support for early weaning modulating the impacts of ageing on 

brain structure. When treating weaning age as a continuous variable, two significant 

clusters were identified in the occipital lobe, one significant cluster was identified in 

the parietal lobe and one significant cluster was identified in the frontal lobe. The 

occipital lobe clusters were localised to bilateral visual area 1 and the parietal lobe 

cluster was localised to the dorsal part of visual area 4, providing further evidence for 

a vulnerability of the visual system to early life stress. Additionally, these results 

could be an indication that the cortical thinning of areas of the visual cortex identified 

by the cross-sectional approach of the current study were influenced by ageing, 

providing a potential explanation for why the age-matched dataset did not identify 

significant results in the same regions.  

The frontal lobe cluster identified by the longitudinal approach was localised to 

brain area 46, which is part of the dorsolateral prefrontal cortex. Previous studies in 

human children have identified cortical thinning of brain area 46, and the dorsolateral 

prefrontal cortex more generally, as being associated with early life stress (Kelly et al. 

2013; McLaughlin et al. 2014). It is notable that this was the only significant frontal 

lobe cluster identified by the current study, with no frontal lobe regions being 

identified by the cross-sectional approach as showing cortical thinning associated 

with early weaning. This contrasts with how frequently cortical thinning of frontal lobe 

regions has been highlighted by human studies of the impacts of early life stress on 

cortical thickness (Kelly et al. 2013; McLaughlin et al. 2014; Saleh et al. 2017; Busso 

et al. 2017; Bounoua et al. 2020). Given that we previously detected results in the 

frontal lobe using both a cross-sectional and a longitudinal approach for the impacts 

of ageing on cortical thickness (see chapter 5), it is unlikely that the limited frontal 

lobe results in the current study are due to errors in the surfaces utilised. It is 

possible that the limited frontal lobe results are due to the age group used, however 



 146 

human studies have found more extensive changes in frontal regions across 

children, adolescents and adults (Kelly et al. 2013; McLaughlin et al. 2014; Saleh et 

al. 2017; Busso et al. 2017; Bounoua et al. 2020). There could be a species-specific 

difference in terms of the vulnerability of the frontal lobe to early life stress, but this is 

difficult to determine due to the lack of other macaque studies, and would contrast 

with the similar vulnerability of frontal regions in macaques and humans to other 

factors such as ageing. One other potential explanation would be that different forms 

of early life stress may result in different impacts on brain structure, and so early 

weaning may simply not be a stressor that causes extensive grey matter changes in 

the frontal lobe. Further research is clearly needed to elucidate the true reason for 

the differing results in the frontal lobe for the current study and previous studies in 

humans. 

When female subjects were excluded from the longitudinal dataset the 

aforementioned clusters remained significant, but there were also two further 

significant clusters, localised to visual area 2 and the midcingulate cortex. It is 

unclear why the exclusion of female subjects would lead to the addition of these 

significant clusters, but sex-differences in the impacts of weaning age and ageing 

interactions cannot be ruled out. Notably, this finding contrasts with the significant 

increase in the grey matter volume of visual area 2, associated with a weaning age 

and ageing interaction, which was observed using a voxel-based approach. It is 

unclear why these conflicting results were present. However, given that significant 

decreases in the cortical thickness of visual area 2 have previously been identified in 

humans that have experienced early life stress, the surface-based result for this 

region may be more reliable (Tomoda et al. 2012). As such, the identification of 

cortical thinning associated with a weaning age and ageing interaction within visual 

area 2 provides support for the findings of the cross-sectional surface-based 

approach, and for those of Tomoda et al. (2012), whilst also indicating that those 

results may be influenced by ageing. Additionally, this significant longitudinal results 

gives further evidence for the vulnerability of brain regions involved in visual 

processing to the impacts of early weaning and weaning age x ageing interactions. 

The significant cortical thinning of the midcingulate cortex is similar to the thinning of 

the isthmus of the cingulate cortex observed with the cross-sectional approach. As 

was previously discussed, the cingulate cortex plays a role in emotions and thinning 
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of the midcingulate cortex specifically has been previously observed in a study of 

adolescent and adult humans that had experienced early life stress (Ross et al. 

2021).  

Given the limited sample size of the current study, future studies should utilise 

a larger sample, with a more even proportion of male and female subjects. This 

should allow for any sex differences to be accurately identified. Additionally, these 

studies could aim to investigate a wider range of weaning ages, in order to determine 

whether there is an age at which weaning no longer has lasting impacts on cortical 

thickness. 

To conclude, the current study found clear evidence of early weaning 

impacting on cortical thickness in rhesus macaques during young to mid adulthood. 

Subjects weaned before 12 months showed both significantly lower and higher 

cortical thickness than those weaned after 12 months, in different regions of both the 

temporal and occipital lobes. These results are relatively in line with what has 

previously been reported in human studies, though the lack of significant findings in 

the frontal lobe, and the presence of significantly higher cortical thickness in some 

regions of the temporal and occipital lobes, are notable differences. The longitudinal 

analysis of the current study also found a significant weaning x ageing effect, 

specifically in regions of the parietal and occipital lobes. Notably, for both the cross-

sectional and longitudinal analyses, the majority of significant results were in regions 

involved in visual processing, suggesting a potential vulnerability of this system to 

early life stress. This is the first study to investigate the impacts of early weaning, and 

early life stress in general, on cortical thickness in rhesus macaques.  
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Chapter 8: General Discussion and Conclusions 

 

8.1 Aim 1: Creation of the AutoMacq Processing Pipeline 

The first aim of this project was to design, optimise and implement an analysis 

pipeline capable of processing structural MRI data from rhesus macaques. This aim 

was successfully met through the creation and optimisation of AutoMacq, an analysis 

pipeline capable of processing both cross-sectional and longitudinal datasets of 

macaque MRI data, with minimal manual intervention. AutoMacq utilises freely 

available software packages and can produce both voxel-based and surface-based 

metrics, making it accessible and novel amongst NHP processing pipelines.  

Cross-sectional scans from 74 subjects and longitudinal datasets from 17 

subjects were processed through AutoMacq. Scans were taken from across 7 sites 

with a wide range of scan protocols and parameters, and included subjects that were 

awake and subjects with open skulls (both of which are known to be problematic). 

AutoMacq produced accurate brainmasks for all of the scans processed through it, a 

comparable rate of success to what has been seen with more sophisticated deep-

learning based approaches (Wang et al. 2021). Output error rates with AutoMacq 

were also notably low for cross-sectional data, with a slightly higher error rate for 

surface-based morphometry, compared to voxel-based morphometry. This difference 

may be partially explained by errors in surfaces being easier to visually identify than 

errors in voxel-based tissue segmentations, potentially resulting in some 

underestimation of voxel-based errors and/or some overestimation of surface-based 

errors. Regardless, for the cross-sectional data processed in the current project the 

error rate was low. This low error rate indicates that AutoMacq outperforms other 

pipelines when processing cross-sectional macaque MRI data, taken from across 

multiple sites (Garcia-Saldivar et al. 2021; Lepage et al. 2021).  

However, output errors were more widespread when processing longitudinal 

data through AutoMacq, particularly in terms of surface-based outputs. These errors 

were often towards the front of the brain, and may have contributed to the 

identification of fewer results in the frontal regions than was expected for the ageing 

and weaning age studies (see sections 8.2 and 8.3). This higher error rate was likely 

the result of a number of factors.  
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Firstly, the nature of longitudinal processing in FreeSurfer means that any 

errors in the initial cross-sectional processing of some timepoints can be transmitted 

via the template to all of the timepoints during longitudinal processing. For the 

longitudinal processing of human data, it is recommended that manual corrections be 

carried out at the template stage and/or the cross-sectional processing stage in order 

to avoid this. With the current project we wanted to assess the success rate for 

macaque data without major manual corrections, and attempted to use the SPM 

tissue segmentations in place of manual corrections in FreeSurfer. This was 

successful in the vast majority of cases for the cross-sectional datasets but success 

for the longitudinal datasets was more limited. This highlights another factor 

potentially contributing to the lower success rate with longitudinal data though, the 

composition of the longitudinal datasets tested.  

Longitudinal data was only available from relatively few sites, which resulted in 

the longitudinal sample being heavily weighted towards macaques from Newcastle 

University. The subjects from the Newcastle dataset were all scanned whilst awake, 

which can result in motion artifacts and a poorer signal to noise ratio. Additionally, the 

Newcastle scans utilised a coil set up that was not standardised between scans, and 

so the coils may have been in slightly different positions for each acquisition. 

Crucially, it is apparent visually that the scans from the Newcastle dataset often had 

particularly poor contrast towards the front of the brain, which matches where errors 

most commonly occurred in both the surfaces produced and the voxel-based 

segmentation outputs.  

However, previous pipelines designed to process macaque MRI data have not 

discussed processing longitudinal data, and so it is not possible to compare the error 

rate for longitudinal data processed through AutoMacq with that of previously 

designed pipelines. Despite the errors in some of the outputs from AutoMacq though 

we subsequently demonstrated that the pipeline was highly reliable using both 

hemisphere and scan-rescan comparisons. This implies that even though some of 

the scans had errors, outputs were consistent both across hemispheres and between 

scan and rescan. Consequently, the errors observed are more likely to be due to 

issues with the quality of the individual scans than methodological issues coming 

from the pipeline itself.  
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8.2 Aim 2: Investigation of the Impacts of Ageing on Brain Structure During 

Early to Mid-adulthood 

The second aim of this project was to assess the impacts of ageing on the 

brain structure of rhesus macaques, using both a cross-sectional and a longitudinal 

approach, during early to mid-adulthood. This aim was also successfully met, with 

investigations of changes in both grey matter volume and cortical thickness with 

ageing.  

Initial investigations of total grey matter volume, utilising both the cross-

sectional and longitudinal datasets, identified a significant decrease with ageing 

through adolescence to mid-adulthood. This decrease was found to be linear, though 

the sample only included a few subjects that were adolescents. As a consequence of 

this, it is possible that with a larger sample a non-linear trajectory would be identified, 

with different rates of decline for adolescence to early adulthood and early to mid-

adulthood. This is likely to be the case, as many previous studies of ageing in 

humans have found evidence of a non-linear decrease in total grey matter volume 

over the life course (Lebel et al. 2012; Mills et al. 2016; Vinke et al. 2018). Notably, 

no significant decrease with ageing in average cortical thickness was identified, 

regardless of whether a cross-sectional or longitudinal approach was utilised. This 

lack of a significant result was unexpected, and merits further investigation with a 

larger sample size. Though it should be noted that it is in line with the results of Koo 

et al. (2012). 

For subsequent analyses, the sample was restricted to only cover early to 

mid-adulthood. This was done not only because there were not enough adolescent 

subjects to accurately determine the impacts of ageing during this life period, but also 

because the period of early to mid-adulthood is rarely studied. This is despite the fact 

that early to mid-adulthood is potentially a crucial period both for age-related 

neurodegenerative disorders and cognitive decline, as well as for psychiatric 

conditions such as depression and anxiety (Edwards-Lee et al. 2005; Vo et al. 2020; 

Aartsen et al. 2002; Rönnlund et al. 2005; Leach and Butterworth 2020).  

Region-specific changes in brain structure with ageing were investigated, both 

cross-sectionally and longitudinally, in terms of grey matter volume and cortical 

thickness. Cross-sectionally, the only results identified were in terms cortical 

thickness, with the majority of clusters showing age-related cortical thinning localised 
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to areas of the frontal lobe. This fits with the majority of previous human studies 

which identified prominent cortical thinning in regions of the frontal lobe (Fjell et al. 

2009; Hogstrom et al. 2012; Lemaitre et al. 2012; Hurtz et al. 2014; Storsve et al. 

2014; Fjell et al. 2015; Proskovec et al. 2020; Podgórski et al. 2021), though those 

studies focused on late adulthood. Further clusters of age-related cortical thinning 

were then also significant in the parietal lobe, as well as visual area 1 in the occipital 

lobe. Previous human studies have consistently identified cortical thinning of parietal 

regions during late adulthood (Fjell et al. 2009; Hogstrom et al. 2012; Lemaitre et al. 

2012; Hurtz et al. 2014; Storsve et al. 2014; Fjell et al. 2015; Proskovec et al. 2020; 

Podgórski et al. 2021), and both Hurtz et al. (2017) and Proskovec et al. (2020) 

identified age-related cortical thinning of visual area 1 in human subjects (again 

during late adulthood). Notably, visual area 1 was the only brain region where the 

current study identified a decrease in cortical thickness using both a cross-sectional 

and a longitudinal approach. 

With a longitudinal approach, decreases in grey matter volume with ageing 

were found primarily in areas of the temporal lobe, with further decreases in the 

frontal lobe, as well as the cerebellum. In terms of cortical thickness, with a 

longitudinal approach, more extensive decreases were identified, though they 

covered broadly similar regions to those where grey matter volume decreases were 

observed, with the addition of parietal lobe clusters. In particular, both the longitudinal 

study of grey matter volume and the longitudinal study of cortical thickness 

highlighted age-related decreases in regions around the superior temporal sulcus, 

and within the precentral opercular area. Previous studies in humans during late 

adulthood have also identified age-related decreases in both grey matter volume and 

cortical thickness in regions surrounding the superior temporal sulcus (Tisserand et 

al. 2004; Smith et al. 2007; Hutton et al. 2009; Fjell et al. 2009; Peelle et al. 2012; 

Hurtz et al. 2014; Storsve et al. 2014; Fjell et al. 2015; Ramanöel et al. 2018; 

Proskovec et al. 2020; Podgórski et al. 2021), with Alexander et al. (2008) also 

finding similar decreases in grey matter volume in macaques during late adulthood. 

Similarly, age-related decreases in the cortical thickness and grey matter volume of 

the precentral opercular area have been highlighted by previous studies in humans 

during late adulthood (Peelle et al. 2012; Lemaitre et al. 2012; Storsve et al. 2014; 

Podgórski et al. 2021). In fact, all of the significant results of both longitudinal 
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investigations broadly correspond to regions previously identified as showing age-

related declines in studies of humans during late adulthood (Good et al. 2001; 

Tisserand et al. 2004; Smith et al. 2007; Fjell et al. 2009; Hutton et al. 2009; 

Hogstrom et al. 2012; Lemaitre et al. 2012; Long et al. 2012; Peelle et al. 2012; Hurtz 

et al. 2014; Storsve et al. 2014; Fjell et al. 2015; Ramanöel et al. 2018; Proskovec et 

al. 2020; Podgórski et al. 2021), older macaques (Alexander et al. 2008; Colman et 

al. 2009), and mid-adulthood (Bourisly et al. 2015).  

However, age-related decreases in the parietal lobe were only identified 

longitudinally in terms of cortical thickness, and the frontal lobe showed somewhat 

more extensive age-related decreases in thickness than were seen longitudinally for 

grey matter volume. This could imply a greater sensitivity of cortical thickness to the 

impacts of ageing on brain structure, as was previously indicated by Borgeest et al. 

(2021- preprint) and Podgórski et al. (2021). Neither the voxel-based or the surface-

based approach of the current study identified any significant increases associated 

with ageing. Though the longitudinal investigation of grey matter volume changes 

with ageing identified a trend towards an increase in visual area 1, both the cross-

sectional and longitudinal studies of cortical thickness changes with ageing identified 

a significant decrease in this region. Both Hurtz et al. (2017) and Proskovec et al. 

(2020) also identified age-related decreases in cortical thickness in visual area 1, 

giving strength to the finding of significant decreases identified in the current project. 

Table 10 provides a summary of the areas of agreement and disagreement between 

the results of the current study and those of the previous ageing studies discussed. 
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Region Current Study Previous Studies 

Precentral Opercular Area GMVL, CTL 
CTCS (Humans- [18]) 

 

Cortical Areas 44 and 45 GMVL 
CTCS (Humans- [18]) 

 

Precentral Gyrus CTL 
GMVCS (Humans- [1]),  

-CTCS (Humans- [5]),  

CTCS,L (Macaques- [8]; Humans- 

[7,9,13,14,18]) 

 

Premotor Cortex CTL 
CTCS,L (Humans- [12,15]) 

 

Superior temporal sulcus GMVL, CTL 
GMVCS (Macaques- [4]; Humans- 

[2,3,6,11,14,16]),  

CTCS,L (Humans- [5,13,17]) 

 

Rostrotemporal regions GMVL 
GMVCS (Humans- [6]) 

 

Temporal Pole GMVL 
GMVCS (Macaques- [4]),  

CTL (Humans- [13,15]) 

 

Somatosensory area 1 CTL 
CTCS (Humans- [12,17]) 

 

Somatosensory area 2 CTL 
CTCS (Humans- [12]) 

 

Visual area 4 CTL 
CTCS (Macaques- [8]) 

 

Visual area 7 CTL - 

 

Precuneus CTL -CTCS (Humans- [5]),  

CTCS,L (Humans- [9,12,13,14,18]) 

 

Post-central gyrus CTL  GMVCS (Humans- [1,6,16]),  

-CTCS (Humans- [5]),  

CTCS (Humans- [18]) 

 

Visual area 1 CTCS,L 
CTCS (Humans- [12,17]),  

CTCS (Macaques- [8]) 

 

Visual area 2 CTL 
CTCS (Humans- [12,17]) 

 

Cerebellum GMVL 
GMVCS (Humans- [1,3,16,19]),  
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GMVCS (Macaques- [4]) 

 

Brain Area 46 CTCS CTCS (Humans- [9,18]) 

 

Medial Prefrontal Cortex CTCS CTCS,L (Humans- [5,15]) 

 

Dorsolateral Prefrontal 

Cortex 

CTCS GMVCS (Macaques- [4,20]),  

CTCS,L (Humans- [5,15]) 

 

Medial Parietal Cortex CTCS - 

 

Somatosensory Area 3 CTCS CTCS (Humans- [12]) 

 

Insula CTCS GMVCS (Humans- [1,6,16]),  

CTCS,L (Humans- [10,13,14,18]) 

Table 10: Region-specific agreement and disagreement between the current 

study and previous ageing studies. A down arrow represents significant 

decreases, an up arrow represents a significant increase, and a dash represents no 

significant change. CT= cortical thickness, GMV= grey matter volume, CS= cross-

sectional study, L= longitudinal study. 1= Good et al. 2001, 2= Tisserand et al. 2004, 

3= Smith et al. 2007, 4= Alexander et al. 2008, 5= Fjell et al. 2009, 6= Hutton et al. 

2009, 7= Hogstrom et al. 2012, 8= Koo et al. 2012, 9= Lemaitre et al. 2012, 10= Long 

et al. 2012, 11= Peelle et al. 2012, 12= Hurtz et al. 2014, 13= Storsve et al. 2014, 

14= Bourisly et al. 2015, 15= Fjell et al. 2015, 16= Ramanöel et al. 2018, 17= 

Proskovec et al. 2020, 18= Podgórski et al. 2021, 19= Su et al. 2021, 20= Dash et al. 

2023. 

 

Taken together, these results show that the impacts of ageing are widespread 

and predominantly affect the frontal, temporal and parietal lobes during early to mid-

adulthood. This is the first study to investigate the impacts of ageing on brain 

structure during the period of early to mid-adulthood in rhesus macaques. As such, 

the findings of the current study are novel in their implication that age-related grey 

matter loss in these regions occurs earlier than has been previously identified in 

cross-sectional macaque studies which utilised subjects during late adulthood 

(Alexander et al. 2008; Colman et al. 2009; Dash et al. 2023). They also support the 

findings of previous cross-sectional human studies covering this life period (Bourisly 

et al. 2015; Su et al. 2021), and imply that many of the age-related declines noted by 
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previous studies of humans during late adulthood likely begin earlier in the life 

course, with notable changes from at least early adulthood onwards. The similar 

findings of the current study and previous human studies also gives evidence for the 

strengths of rhesus macaques as models of healthy ageing.  

 

8.3 Aims 3 and 4: Investigation of the Impacts of Early Weaning, and Weaning x 

Ageing Interactions, on Brain Structure During Early to Mid-adulthood 

The final two aims of this project were to assess the impacts of early life 

stress, and the impacts of early life stress x ageing interactions, on the brain 

structure of rhesus macaques, during early to mid-adulthood. This aim was also met, 

through the use of early weaning as a form of early life stress.  

Early weaning has previously been identified as a stressful experience during 

early life for macaques, and it is a common experience amongst many captive 

macaque populations (Prescott et al. 2012). Initial cross-sectional investigations of 

the impacts of early weaning on total grey matter volume and average cortical 

thickness identified no significant changes. This is perhaps unsurprising given that 

previous studies have primarily highlighted localised impacts of early life stress on 

brain structure as opposed to global changes. As such, a regional cross-sectional 

approach was utilised to investigate the impacts of weaning age on both grey matter 

volume and cortical thickness, using both a mixed age population and an age-

matched sample. However, when weaning age was encoded as a continuous 

variable there were no significant differences in either grey matter volume or cortical 

thickness. Encoding weaning as a categorical variable did lead to significant results 

for cortical thickness, but not for grey matter volume. This could be an indication that 

cortical thickness is a more sensitive measure than grey matter volume for changes 

in brain structure associated with early life stress, similar to how it has been found to 

be more sensitive to age-related changes (Borgeest et al. 2021 [preprint]; Podgórski 

et al. 2021). For the full cross-sectional sample, subjects weaned before 12 months 

had lower cortical thickness in the cingulate cortex, as well as visual area 2 and the 

parahippocampal gyrus. Human studies have previously identified cortical thinning of 

the cingulate cortex in children, adolescents and adults that have experienced early 

life stress (Kelly et al. 2013; Ross et al. 2021). Additionally, Tomoda et al. (2012) 

previously identified cortical thinning of visual area 2, and Busso et al. (2017) 
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identified cortical thinning of the parahippocampal gyrus, in humans (adults and 

adolescents respectively) that have experienced early life stress. However, subjects 

weaned before 12 months also had higher cortical thickness in brain region TEO and 

the dorsal subdivision of brain area 46, an unexpected result which is not in line with 

human studies of early life stress.  

When female subjects were excluded from the cross-sectional sample clusters 

showing significantly lower cortical thickness associated with being weaned before 

12 months were localised to visual areas 2 and 4. This result again fits with the 

findings of Tomoda et al. (2012) in humans that have experienced early life stress. 

However, unexpected clusters where subjects weaned before 12 months had higher 

cortical thickness were again present within the temporal and occipital lobes, 

suggesting that though early weaning may primarily affect these two lobes it has 

varying impacts across the brain structures within them.  

With the age-matched cross-sectional dataset, the only area showing a 

significant result (lower cortical thickness for subjects weaned before 12 months) was 

within the temporal lobe, and did not match any of the regions identified with the full 

cross-sectional sample, but was in a region previously found to exhibit lower cortical 

thickness in adolescents that had experienced early life stress (Busso et al. 2017). 

The difference in the results between the full cross-sectional sample and the age-

matched dataset implies that the impacts of weaning age and ageing interact to 

affect different brain regions.  

The interactions between weaning age (and in turn early life stress) and 

ageing were then specifically investigated using a longitudinal approach. No 

significant impact of the interaction between weaning age and ageing on total grey 

matter volume, or on average cortical thickness, was identified in the current study. 

This is unsurprising given the lack of significant results for the impacts of weaning 

age alone on total grey matter volume and average cortical thickness, but does 

warrant further investigation with a larger sample size. In terms of regional grey 

matter volume, the only significant cluster identified was localised to visual area 2. 

Surprisingly, for this significant cluster, subjects weaned earlier showed a greater 

increase in grey matter volume with ageing. This contrasts with the aforementioned 

result for the full cross-sectional sample in terms of cortical thickness, and the 

findings of Tomoda et al. (2012) in humans.  
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Significant interactions between weaning age and ageing were observed for 

cortical thickness in areas of the parietal, occipital and frontal lobes, with subjects 

with a lower weaning age showing decreases in cortical thickness with ageing. 

Notably, clusters in both visual area 2 and visual area 4 were significant for this 

investigation. This further contrasts the previously discussed finding of age-related 

increases in the grey matter volume of visual area 2 in those weaned earlier, but 

provides further support for the cross-sectional finding of lower cortical thickness in 

visual area 2 and visual area 4 (in those weaned before 12 months) being due to 

weaning age x ageing interactions. A summary of the areas of agreement and 

disagreement between the results of the current study and those of the previous 

early life stress studies discussed is provided in table 11.  
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Region Current Study Previous Studies 

Visual Area 4 CTCS, L (dorsal),  

CTCS (ventral) 

- 

 

 

Visual Area 2 CTCS, L, GMVL GMVCS (Humans- [1]), 

CTCS (Humans- [2])  

 

Visual Area 1 CTL GMVCS (Macaques- [6]; 

Humans- [1]) 

 

Cingulate Cortex CTCS, L CTCS (Humans- [3,7]) 

 

Parahippocampal Gyrus CTCS CTCS (Humans- [5]) 

 

TEO CTCS - 

 

Brain Area 46 CTCS (dorsal),  

CTL (ventral) 

CTCS (Humans- [3,4]) 

 

 

Orbito-medial Prefrontal Area CTCS CTCS (Humans- [5]) 

 

Temporal Area TE CTCS CTCS (Humans-[5]) 

Table 11: Region-specific agreement and disagreement between the current 

study and previous early life stress studies. A down arrow represents significant 

decreases, an up arrow represents a significant increase, and a dash represents no 

significant change. CT= cortical thickness, GMV= grey matter volume, CS= cross-

sectional study, L= longitudinal study. For some regions results are specific to the 

doral or ventral portions, this is indicated in brackets after the result. 1= Tomoda et al. 

2009, 2= Tomoda et al. 2012, 3= Kelly et al. 2013, 4= McLaughlin et al. 2014, 5= 

Busso et al. 2017, 6= Wang et al. 2018, 7= Ross et al. 2021. 

 

Taken together the results of this project demonstrate that early life stress, in 

the form of early weaning, has impacts on brain structure that persist through early 

and mid-adulthood in rhesus macaques. These impacts involve interactions with 

ageing effects, and appear to affect the occipital lobe most prominently. Though 

when the effects of ageing were minimised through the use of an age-matched 

dataset only the temporal lobe showed a significant impact of early weaning. Notably, 

many of the brain regions that were affected by early weaning, and/or weaning age x 
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ageing interactions, play a role in visual processing, suggesting a particular 

vulnerability of this system to early life stress. This vulnerability has also been 

recently identified in a study of early life stress in mice (Poplawski et al. 2023- 

preprint). However, further research is needed into the impacts of early weaning, and 

the interaction between early weaning and ageing, on both grey matter volume and 

cortical thickness as some of the results identified in the current study contrast with 

those of human studies of early life stress.  

This research is novel amongst macaque studies in its investigation of cortical 

thickness, its use of a longitudinal design to investigate weaning x ageing 

interactions, the age group covered, and its investigation of weaning beyond 

maternal deprivation immediately post-birth. The findings of the current study give 

strength to the use of rhesus macaques as model animals for studying early life 

stress as a number of the findings of previous human studies of early life stress were 

replicated. Furthermore, the current findings illustrate that even when subjects are 

weaned later than 6 months there is still an impact on brain structure. 

   

8.4 Key Findings 

Firstly, this project provides strong evidence for the use of AutoMacq as a 

macaque MRI processing pipeline. MRI data from across different sites and scanners 

was successfully processed through the pipeline and allowed for the investigation of 

both ageing and early life stress.  

Extensive changes in brain structure were identified with ageing during early 

to mid-adulthood, with cortical thickness showing more widespread changes than 

grey matter volume. Regions showing age-related changes were identified across the 

brain, with the temporal and frontal regions appearing to be the most affected, closely 

followed by parietal regions.  

Brain regions affected by early life stress (in the form of early weaning), and 

early life stress x ageing interactions, were also identified. Only one significant result 

was identified in terms of grey matter volume, and changes in cortical thickness were 

less extensive than previously identified with ageing, indicating a relatively smaller 

impact of early life stress (at least in the form of early weaning) on brain structure. 

However, it was notable that the majority of regions that showed changes related to 

early life stress, and early life stress x ageing interactions, are involved in visual 
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processing. This implies that the visual processing system may be particularly 

vulnerable to the effects of early life stress.  

Overall, the results of this project highlight that: 1) ageing and early-life stress 

(in the form of early weaning), as well as the interaction between the two, have 

significant impacts on brain structure prior to late adulthood in rhesus macaques; 2) 

cortical thickness is a more sensitive measure than grey matter volume; 3) a cross-

sectional approach underestimates the impacts on brain structure. 

 

8.5 Future Work 

 

8.5.1 Improvements and adaptations of the AutoMacq pipeline 

Though a great deal of optimisation was carried out during this project, as with 

all analysis pipelines, AutoMacq can be iterated upon and further improved over time. 

First of all, for this project visual quality control was carried out prior to processing 

scans through AutoMacq. However, this method is subjective and so could induce 

some bias in terms of scans being incorrectly included or excluded from the sample. 

One potential improvement to the AutoMacq pipeline would therefore be the 

incorporation of quantitative quality control metrics, as this could allow for scans that 

are of too poor a quality to be accurately processed through the AutoMacq pipeline to 

be more easily and objectively excluded. The difficulty with this adaptation would 

likely be ensuring that the metrics are not too strict, as AutoMacq does appear 

capable of handling a wide variety of scans, including those from awake macaques. 

A further possible future improvement to AutoMacq would be the introduction 

of an automated method of correcting the talairach registration step. This would allow 

for the entire pipeline, after initial manual reorientation, to be ran automatically and 

unaided. This improvement would be particularly beneficial for studies utilising very 

large datasets, as manually correcting the talairach registration step for hundreds or 

thousands of scans could be quite time consuming. However, though datasets of this 

size are becoming the norm for human MRI studies, macaque MRI studies still tend 

to use much smaller datasets. 

One other potential improvement that could be made to AutoMacq would be to 

replace the human atlases used in FreeSurfer with macaque-specific versions. This 

would not be simple to do in the case of replacing the MNI305 atlas used in 
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autorecon1, as this would likely require rewriting a lot of the processes carried out 

during that stage of FreeSurfer processing. However, this improvement may result in 

more accurate surfaces, which could be particularly useful for longitudinal data. 

Though in the current project, even with human atlases in the pipeline, the error rates 

of the surface-based outputs, particularly for cross-sectional data and scans from 

anaesthetised subjects, tended to be low anyway. 

Finally, it is possible that AutoMacq could be adapted for use with MRI data 

from other species of NHP by using different species-specific atlases and templates. 

This would allow for both voxel-based and surface-based studies of other common 

NHP models, such as cynomolgus macaques and marmosets.  

 

8.5.2 Further MRI studies of the impacts of ageing 

In terms of voxel-based morphometry, the current study was unsuccessful in 

identifying age-related changes in grey matter volume using a cross-sectional 

approach. As this was likely due to the small sample size, repeating the cross-

sectional analysis with a larger sample size would allow for comparison with our 

longitudinal ageing study. This could then allow for identification of any results 

occurring with a cross-sectional approach which do not represent ‘true’ ageing 

effects, as can be identified using a longitudinal approach.  

Similar longitudinal studies of other age groups in macaques would also be 

useful to clarify fully when the brain changes observed in the current study begin, and 

whether the rates of decline accelerate later in life.  

Additionally, as data was available for fewer female subjects than male 

subjects, the results of the current project may not be fully translatable to female 

macaques. Further research is therefore needed to determine whether the impacts of 

ageing during early to mid-adulthood differ in female macaques. However, it should 

be noted, that though it is well established that female macaques mature at a 

different rate to male macaques, their developmental trajectories are similar 

(Knickmeyer et al. 2010), and previous human studies found that sex-differences in 

brain ageing were minimal (Podgórski et al. 2021; Cui et al. 2023). Consequently, 

though it is possible that there are sex-differences in brain ageing in rhesus 

macaques, and this should be investigated, the differences are likely to be minimal.  
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Investigating brain changes during early to mid-adulthood is of particular 

interest as it is a life period that usually comes just before the onset of 

neurodegenerative disorders, such as Alzheimer’s Disease, and during which early-

onset variants of these disorders can manifest (Edwards-Lee et al. 2005; Vo et al. 

2020). As this project has provided clear evidence for grey matter loss during early to 

mid-adulthood, future studies are needed to investigate the use of different 

interventions and preventative measures during this period, to potentially slow the 

onset of neurodegenerative disorders later in life. These studies could also consider 

measures to slow the more general cognitive decline that is seen with advancing 

age, as this too often begins just after mid-adulthood (Aartsen et al. 2002; Rönnlund 

et al. 2005). Given our results provide evidence for how well macaques appear to 

model the impacts of ageing on the human brain, these intervention studies could be 

carried out using macaques. This would allow for more efficient longitudinal research 

into any potential benefits of the chosen interventions.  

 

8.5.3 Further MRI studies of the impacts of early life stress 

It is hoped that as data sharing becomes more common practise in the field, 

more datasets with weaning age data will become available, and this research can 

be replicated with a larger sample size. This will be particularly useful for the 

investigation of grey matter volume, as the cross-sectional sample in the current 

study was too small to identify significant results. Ideally, future studies will include 

more variety in weaning age, with less of a correlation between weaning age and 

site. This would allow for a clearer picture of the impacts of early weaning to be 

determined.  

Further research is also needed to fully determine whether there is an age at 

which weaning no longer impacts on brain structure, and is therefore no longer a 

significant source of stress. Additionally, weaning age studies of different age groups 

of macaques could help to better elucidate how the impacts of early life stress 

interact with ageing effects, and studying subjects prior to adulthood could allow for 

any diminishment or masking of weaning age impacts with ageing to be identified.  

As was previously discussed, the sample used for this project was heavily 

weighted towards male subjects, and so may not be fully translatable to female 

macaques. Given the fact that in the wild female macaques do not tend to leave their 
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maternal group, whereas male macaques do leave the maternal group at around the 

age of 4 to 5 years, it would not be surprising if there was a sex difference in terms of 

the impacts of early weaning on brain structure (Prescott et al. 2012). Further 

research is therefore needed into potential sex differences in the impacts of weaning 

age, and early life stress more generally, on brain structure.  

Future studies of early life stress in macaques could also investigate other 

potential stressors besides weaning age, such as conflict, surgeries/periods of 

anaesthesia or movement between facilities. This would allow for the investigation of 

whether different stressors have different impacts on brain structure, and therefore 

whether the results of the current project are specific to a certain kind of stressor. 

However, these stressors may be less common amongst populations of macaques, 

and so it may be more difficult to gather a large sample.  

 

8.5.4 Future research using other methods 

 As well as the previously discussed options for future structural MRI studies 

off the back of this work, there are also a number of studies that could be undertaken 

using other methodologies. For example, histology studies could be undertaken in 

which brain tissue from macaques would be stained for different markers of either 

ageing (for example, p16INK4a and SIRT1 [Horn et al. 2024]) or early life stress (for 

example, Gas6 [Reemst et al. 2022]). This could be done across different regions in 

order to identify whether regions where significant changes were identified in the 

current study match regions that show greater staining for these markers. 

Additionally, functional MRI studies could be undertaken in order to determine 

whether the regions where structural changes were identified correlate to those 

where functional changes also occur. In particular, a network based approach would 

be useful in order to determine whether communication between regions identified in 

the current study is altered by ageing and/or early life stress.  

 

8.6 To Conclude 

As part of this project, an analysis pipeline capable of processing structural 

MRI data from rhesus macaques was successfully designed, optimised, and 

implemented. The AutoMacq pipeline can process both cross-sectional and 

longitudinal data, using both voxel-based and surface-based morphometry, and can 
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be carried out with minimal manual intervention, without any expert knowledge of 

macaque neuroanatomy.   

Utilising the AutoMacq pipeline, the impacts of ageing and weaning age on 

brain structure were assessed in macaques during early to mid-adulthood. Significant 

results were identified across the brain, expanding current knowledge of age-related 

and ELS-related brain changes during this under-researched life period. Changes 

were identified the most extensively when cortical thickness was investigated, using 

a longitudinal approach. This provides support for both the relative insensitivity of 

grey matter volume as a measure of brain structural changes, and the 

underestimation of results when using a cross-sectional approach.  

With the investigation of ageing, changes were seen across much of the brain, 

whereas the investigation of early weaning identified changes predominantly in 

regions involved in visual processing. The similarities of the findings of this project to 

those of previous studies in humans, in terms of the regions in which significant 

changes were identified, provides further support for the use of rhesus macaques as 

model animals in neuroscience research.  
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Abstract 

MRI scanning of rhesus macaques is a growing field due to their evolutionary proximity and similar 

neuroanatomy to humans. As such, there is a need for automatic macaque MRI processing pipelines. 

AutoMacq is a pipeline capable of processing rhesus macaque MRI data to produce both voxel-based 

and surface-based metrics. It involves minimal manual intervention and can be carried out without 

expert knowledge of macaque neuroanatomy. To test the quality of the pipeline, scans from 74 

subjects across 8 different sites were processed. Results indicate that over 87% of tissue 

segmentations and surfaces were of satisfactory quality to not require additional manual correction. 

Hemispheric comparisons and analyses of scan-rescan data showed strong reliability of the 

volumetric and surface-based outputs. Finally, to illustrate potential applications of AutoMacq, the 

change in grey matter volume with ageing was investigated cross-sectionally using subjects aged 3-

15 years (corresponding to adolescence until mid-adulthood). The analysis revealed a linear decrease 

in grey matter volume with age similar to what has been found in humans, reinforcing the value of 

rhesus macaques as a model of healthy human ageing. 

1. 

Introduction 

Automatic pipelines are the gold standard in MRI data processing as they avoid biases that could be 

introduced by manual interventions and allow for standardisation of data processing. Many pipelines 

have been created to automatically process and analyse human MRI data, with minimal manual 

intervention from the researcher (https://neuro-jena.github.io/cat/; 

https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview; 

https://www.nipreps.org/smriprep/; https://www.fil.ion.ucl.ac.uk/spm/software/spm12/; Fischer et 

al. 2012; Glasser et al. 2013; Reuter et al. 2012). They can handle both cross-sectional and 

longitudinal datasets and allow for investigation of voxel-based morphometry (VBM) and/or surface-

based morphometry (SBM). 

Over the last couple of decades, MRI scanning of animal models has become a rapidly growing field 

(Öz, Tkáč and Ugurbill 2013). Non-human primates are of particular comparative and translational 

interest due to their relative evolutionary proximity to humans. In particular, their similarity to 

humans in terms of brain anatomy and cognitive abilities have made them crucial model animals in 

neuroscience research (Phillips et al. 2014; Roefsema and Treue 2014; Stonebarger et al. 2021). 

Additionally, Rhesus macaque are of particular value for ageing research due to their comparable life 

https://neuro-jena.github.io/cat/
https://surfer.nmr.mgh.harvard.edu/fswiki/FreeSurferAnalysisPipelineOverview
https://www.nipreps.org/smriprep/
https://www.fil.ion.ucl.ac.uk/spm/software/spm12/
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stages to humans, combined with their accelerated rate of ageing (3-4 times the rate of humans) 

which can allow for more efficient research (Mattison and Vaughan 2017).  

The processing of macaque MRI data comes with unique issues, precluding the use of established 

human pipelines to process macaque MRI data (Milham et al., 2018; PRIMatE Data Exchange (PRIME-

DE) Global Collaboration Workshop and Consortium 2020). Though similar in shape and organisation 

to the human brain, the macaque brain is around 12-16 times smaller than the human brain (in terms 

of volume), with specific areas accounting for different proportions of the macaque brain compared 

to the human brain (Croxson et al. 2018). Other differences include differences in the amount of 

tissue surrounding the brain as well as in tissue contrast, making it more difficult to extract and 

segment the brain in MRI scans, compared to human scans. Non-standardized surface coil 

arrangements are common when scanning macaques, and often result in variations in coil coverage 

and image intensity. Differences between sites in terms of equipment and protocols are also 

common and result in data across sites that varies greatly in terms of quality and scan parameters 

(Milham et al. 2018). Furthermore, motion artefacts can be an additional issue when scanning awake 

macaques, with the only current way to minimise these artefacts being through training and/or head 

fixation (PRIMatE Data Exchange (PRIME-DE) Global Collaboration Workshop and Consortium 2020). 

Custom processing pipelines tailored for rhesus macaque MRI data are clearly required, and over the 

last few years such pipelines have been developed (Balbastre et al. 2017; Garcia-Saldivar et al. 2021; 

Lepage et al. 2021). These pipelines require manual correction of tissue segmentation and surfaces, 

which relies on expert knowledge of macaque neuroanatomy. Additionally, the currently available 

macaque processing pipelines implement surface-based morphometry only, with no clear option to 

carry out voxel-based morphometry, despite the complementarity of the two approaches (Goto et al. 

2022). 

This study therefore aimed to design a processing pipeline for rhesus macaque MRI data that can 

produce accurate tissue segmentations and surfaces without manual intervention and can produce 

both voxel-based and surface-based metrics. 

2.   

Materials and Methods 

2.1. 

Datasets 

Scans from publicly available datasets, as well as those acquired locally or privately shared with the 

authors, were selected to test the pipeline. Data had been acquired on various scanners with various 

parameters and coil arrangements. An initial visual quality control of the scans was carried out prior 

to AutoMacq processing and the following section describes the datasets that were retained (for 

excluded scans and justification, see Suppl. Fig 1). 

Cross-sectional datasets - The AutoMacq pipeline was tested using cross-sectional T1 scans from 8 

different sites (N= 74 subjects, see Table 1; detailed scan parameters for each site are provided in 

suppl. Table 1). One of these datasets was collected at Newcastle University, as part of an ongoing 

longitudinal project. Three other datasets came from Deutsches Primatenzentrum (DPZ), Germany, 

the National Institute on Drug Abuse (NIDA), USA, and the University of Oxford, UK. The remaining 

five cross-sectional datasets were from the primate data exchange (PRIME-DE) (Milham et al. 2018): 

Mount Sinai School of Medicine (MSP and MSS), USA, Stem Cell and Brain Research Institute (SBRI), 

France, University of California Davis (UCD), USA and University of Western Ontario (UWO), Canada. 
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For some subjects, T2 data were available alongside the T1 scan (see Table 1). All the scans were 

acquired with a scanner strength of at least 3T and comprised a combination of scans acquired in 

anesthetized and awake animals. 

Scan-Rescan datasets - For a subselection of data two scans per subject, acquired within one week, 

were available (N = 13). All data were acquired in awake animals, at Newcastle University. There was 

some overlap in the scans included in the cross-sectional and scan-rescan datasets from Newcastle 

University. 

 

Table 1: Description of included datasets after the initial quality control check. 

Data 

Type 

Site Subjects 

(M/F) 

Age Range 

(in year) 

Subjects with 

T2 data 

Awake vs. 

Anaes. 

Scanner 

Strength 

CS Newcastle 18 (12/6) 5-15 18 Awake 4.7T 

CS DPZ 21 (21/0) 6-11 6 Anaes. 3T 

CS NIDA 6 (6/0) 7-10 0 Anaes. 3T 

CS Oxford 8 (5/3) 5-8 0 Anaes. 3T 

CS MSP 8 (8/0) 3-5 4 Anaes. 3T 

CS MSS 5 (5/0) 5-6 5 Anaes. 3T 

CS SBRI 3 (1/2) 7-14 3 Anaes. 3T 

CS UWO 5 (5/0) 4-8 5 Anaes. 7T 

 Total 74 (63/11) 3-15 41   

       

S-RS Newcastle 13 (8/5) 5-15 13 Awake 4.7T 

CS: cross-sectional datasets and S-RS: scan-rescan dataset. M: male and F: female. Anaes.: anaesthetised. 

 

2.2. 

Ethics 

Original data were acquired in accordance with the relevant legislation in each country and approved 
by an ethics committee. The re-use of the data was approved by Newcastle University Animal 
Welfare Ethical Review Board (reference number 1021). 
 
2.3. 

Cross-sectional AutoMacq Pipeline 

AutoMacq is optimised for the input of both T1 and T2 images, but can process T1 data alone, and 

utilises freely available software packages (SPM- 

https://www.fil.ion.ucl.ac.uk/spm/software/spm12/; FreeSurfer- Fischl 2012; ANTs- Avants et al. 

2009; FSL- Jenkinson et al. 2012; Connectome Workbench- Marcus et al. 2011). The pipeline can use 

any macaque template. For this study, the population-average 112RM-SL template and its prior maps 



 198 

(McLaren et al. 2009) were chosen for testing the pipeline. This template is aligned to the Saleem-

Logothetis atlas (Saleem and Logothetis 2012) that provides both high-resolution MRI scans and 

histological sections to delineate the anatomy of the macaque brain. An Ear Bar Zero (EBZ) 

coordinate system is employed, meaning that the origin is set to the midpoint of the interaural line 

(Saleem and Logothetis 2012).  

The AutoMacq pipeline is outlined in figure 1, and each step to process cross-sectional data is 

described in detail below (with step numbers referring to those in Fig. 1). AutoMacq can also process 

longitudinal structural MRI data from rhesus macaques, and this is discussed in the supplementary 

materials (see suppl. text, suppl. Table 2 and suppl. Figure 2). A detailed walkthrough, scripts and 

SPM batches for AutoMacq are available at: https://github.com/Nsk97/AutoMacq.git 

 
Figure 1: The AutoMacq pipeline. Yellow boxes represent steps carried out using SPM, blue boxes those 

carried out in a Linux environment (with ANTs, connectome workbench, FSL and FreeSurfer installed). An 

orange outline represents a step that is skipped if T2 data are not available, and a dashed black outline a step 

that would only be carried out for longitudinal data. Lightning bolts indicate a manual intervention. 

2.3.1. 

Cropping and Manual Reorientation (step 1) 

Prior to processing through the AutoMacq pipeline, scans with large fields of view are cropped in 

FreeSurfer. This cropping minimises empty space and tissue outside of the skull. Cropping the field of 

view allows for more accurate masking later in the pipeline.  

Following this, every T1 and, if available, T2 scan is manually reoriented in SPM. This involves rotating 

the scans and setting the origin to match the orientation and origin of the atlas. This manual 

reorientation step is simple and does not require any knowledge of macaque neuroanatomy.  

2.3.2.  

Co-registration between T1 and T2 (step 2) 



 199 

The next step of AutoMacq consists of co-registering the reoriented T1 and T2 scans to ensure that 

their orientations precisely match. This step is done using the SPM intra-subject co-registration 

routine using a rigid-body model and image reslicing (moving the T2 scan to align it with the T1 scan). 

This step is skipped in the absence of T2 scans. 

2.3.3. Brain extraction 

To obtain accurate tissue segmentation of macaque data, it is helpful to first mask out non-brain 

tissues, a process called brain extraction or skull stripping. This is done in 3 steps: (1) the creation of a 

precursor mask in SPM; (2) bias correction carried out using ANTs, connectome workbench and FSL; 

and (3) the creation of the final mask in SPM. 

Creation of Precursor Mask and initial brain extraction (step 3) 

The precursor mask is an approximate, subject-specific mask that can be utilised for bias correction. 

A precursor mask in the native space is obtained by first creating a mask of the template (by 

binarising the sum of the grey matter (GM), white matter (WM) and cerebrospinal fluid (CSF) prior 

maps), and then deforming the template mask to match the subject-specific scan(s). This 

deformation between the template space and the native space is calculated using the SPM 

segmentation routine. This routine combines tissue classification of the subject-specific scans 

(combining information from T1 and T2 scans to improve the segmentation accuracy), correction of 

intensity non-uniformity (bias correction) and non-rigid co-registration to the template. The 

segmentation relies on 4 classes of tissue probability maps: GM, WM, CSF, and non-brain tissues 

(adding the non-brain tissue class was found to improve the quality of the segmentation). The T1 

scan (and coregistered T2 scan, if available) is then masked using this approximate precursor mask.  

This process (segmentation, mask deformation and masking) can be repeated several times if 

necessary to further increase the quality of the subject-specific mask, as long as no brain tissues are 

masked out. Macaque data differs from human in that images are often acquired using non-

standardized arrangements of surface coils (Milham et al., 2018), generating increased variation in 

image intensity. Using the bias correction developed for human data in SPM, no parameter was 

found to be good enough to produce accurate subject-specific masks. To increase the quality of the 

mask, the precursor mask was created using little debiasing (heavy regularisation) in SPM and the 

main debiasing done outside SPM (please note that the precursor mask needs to be resliced to be 

used by other software). 

Bias Correction (step 4)  

For the AutoMacq pipeline, the ANTs functions DenoiseImage and N4BiasFieldCorrection are utilised. 

DenoiseImage removes noise from the scans using a spatially adaptive filter, and N4 debiasing is a 

variant of non-parametric, non-uniform, normalization (N3) debiasing (Tustison et al. 2010). 

DenoiseImage needs to be applied to the unmasked T1, whereas N4BiasFieldCorrection utilises an 

unmasked T1 image and the precursor mask as inputs. 

To further minimise bias in the images, the program connectome workbench along with the bias 

correction script from the Human Connectome Pipeline (HCP) can be utilised for subjects with both 

T1 and T2 scans. This script uses the square root of T1w*T2w in order to correct the bias field, and 

improvements can be seen when this is used alongside other debiasing steps. The HCP script requires 

both unmasked and masked T1 images as inputs; the masked T1 is obtained by applying the function 

fslmaths (from FSL) to the N4 debiasing output. 
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Creation of Final Mask and Brain extraction (step 5) 

A final mask is then created using the same approach described in step 3 but using the debiased 

scan(s) as input(s) of the segmentation, and a final masked T1 (and T2 if available) is produced which 

excludes non-brain tissues. 

2.3.4.  

Tissue segmentation (step 6) 

A final segmentation of the masked, debiased T1 scan is then performed in SPM. The output files 

from this segmentation can then be used to calculate tissues volumes as well as the local amount (or 

density) of grey matter in each voxel. These metrics can then be analysed statistically for voxel-based 

morphometry studies.  

2.3.5. 

Surface-based Cross-Sectional Processing (step 7) 

Surface-based processing in AutoMacq utilises custom analysis scripts that adapt the FreeSurfer 

standard processing stream for human MRI data. For cross-sectional processing, the FreeSurfer 

stream consists of 3 major stages: autorecon1, autorecon2 and autorecon3. For cross-sectional 

processing in AutoMacq, modifications are made to the autorecon1 and autorecon2 stages. 

Autorecon1 

Autorecon1 begins with computation of the affine transformation from the final masked T1 obtained 

in step 5 to the MNI305 atlas. This is required as atlas coordinates of different brain areas are needed 

for several downstream functions. The MNI305 is a human brain atlas, so this automatic computation 

tends to be extremely inaccurate for macaque data, and there is no simple way to substitute a 

macaque atlas for the MNI305 atlas. However, macaque MRI data can be successfully processed 

through FreeSurfer by manual correcting the atlas registration. This is done by matching the size and 

orientation of the masked T1 to the MNI305. Therefore, this manual step does not rely on any 

knowledge of macaque neuroanatomy and can be carried out quickly and easily by a non-expert. The 

rest of the autorecon1 stage includes correction of any remaining non-uniformity or fluctuations in 

intensity (unchanged FreeSurfer standard step). The final step of skull stripping is skipped since 

images have already been brain extracted in SPM.  

Autorecon2 

The autorecon2 stage begins with the segmentation of subcortical structures and the computation of 

their respective volumes. In AutoMacq, the standard stream is adapted to use the manually 

corrected atlas registration to initialise the subcortical segmentation. Next, WM is segmented to give 

a WM volume image (cerebellum and brainstem are excluded), which is then used to create the 

surface encoding the boundary of WM and GM in each hemisphere. These left and right WM 

surfaces are used as a starting point to generate surfaces encoding the boundary of GM and CSF in 

each hemisphere (‘pial surfaces’). However, this processing in FreeSurfer alone does not always 

produce accurate surfaces. Instead of manually correcting the white matter surfaces (WM edits), the 

WM segmentation file produced by SPM (step 6) can be used to re-run the cortical surface 

generation. To be recognised correctly in FreeSurfer, the WM segment image is first binarized in SPM 
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(threshold of 0.2). A custom script was written to recognise this binarized WM volume as WM edits. 

As the last step of autorecon2, a binary mask of the cortical ribbon is then created. 

 Autorecon3 

The autorecon3 stage carries out the co-registration of the GM and WM surfaces to the spherical 

atlas (spherical morph), in order to label brain regions for cortical parcellation. The entirety of 

autorecon3 can be ran unchanged from the standard FreeSurfer stream to acquire global brain 

metrics, but it is also possible to easily replace the human atlas with a macaque parcellation schema 

in order to acquire macaque parcellations.  

2.4. 

Statistics 

Whole brain measures of GM, WM and CSF were extracted using SPM for every subject. Hemispheric 

measures of the same metrics were also extracted in SPM, using a hemisphere mask created through 

manual editing of the Saleem-Logothetis atlas mask. Whole brain and hemispheric measures of grey 

matter and white matter surface area, as well as cortical thickness were taken from FreeSurfer for 

every subject. Intraclass correlation coefficient (ICC) was calculated in R, using an absolute-

agreement, single-measurement, two-way mixed-effects model, for scan-rescan comparisons. 

Pearson correlation analyses were carried out in R (https://www.r-project.org/) for hemisphere 

comparisons. This was used rather than ICC for the hemisphere comparisons as ICC accounts for 

systematic offsets, which could occur biologically between hemispheres. 

The change in GMV with ageing was also investigated in R. Tests for normality and heteroscedasticity 

were first carried out. A non-linear fit was found to not significantly improve the percentage of 

variance explained by the model, so a linear model was fitted. Site/scanner was included as a 

random effect in the model, and total intracranial volume (TIV) was controlled for (fixed effect) in 

order to account for differences in head size (Whitwell et al. 2001). 

3. 

Results 

3.1. 

VBM outputs 

All of the cross-sectional scans processed through AutoMacq (N=74) produced an accurate brain 

mask for skull striping (suppl. figure 3). Figure 2 illustrates a representative example of tissue volume 

outputs (grey matter and white matter volumes) obtained as the result of SPM segmentation. 95.9% 

of scans (N=71/74) produced tissue volumes of comparable quality to those in figure 2. The 

remaining scans (4.1%, 3/74) resulted in some errors in the segmentation of grey and white matter 

(suppl. figure 4).  
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Figure 2: Representative tissue volumes produced by AutoMacq. Horizontal slices of a representative example 

of GMV (shown in red) and WMV (shown in yellow), produced using the cross-sectional AutoMacq pipeline, 

displayed on the corresponding T1 scan, and presented alongside a midsagittal image showing where each slice 

is taken from. 

 

3.2. 

SBM output 

Figure 3 shows a representative example of FreeSurfer surfaces output from the cross-sectional 

AutoMacq pipeline, for the same subject for which tissue volume outputs were displayed in figure 2. 

87.8% of scans (65/74) processed through AutoMacq resulted in surfaces comparable to those 

shown in figure 3. This was after the WM segmentation file from SPM was used in place of WM edits 

in FreeSurfer for 60/74 (81.1%) subjects (the other 14 subjects produced good quality surfaces 

without this step). This improvement of the surface accuracy with this step is illustrated in figure 4. 

However, even after the incorporation of the WM segmentation file from SPM, 9/74 (12.2%) subjects 

still showed some errors in their surfaces (see details in suppl. figure 5). 
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Figure 3: Representative surfaces produced by AutoMacq and 3D models of those surfaces. Horizontal slices 

of a representative example of pial (shown in red) and white matter (shown in yellow) surfaces, produced using 

the cross-sectional AutoMacq pipeline.  A midsagittal image showing where in the brain each slice is taken 

from, and 3D models of the surfaces are also presented. The cerebellum and brainstem are excluded during 

FreeSurfer processing. 
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Figure 4: Comparison of surfaces produced with AutoMacq, without and with SPM WM. Horizontal slices of 

examples of pial (shown in red) and white matter (shown in yellow) surfaces, produced for the same subject 

using the cross-sectional AutoMacq pipeline, without WM from SPM (A) and with WM from SPM (B). 

 

3.3. 

Hemisphere Comparison 

To assess the reliability of AutoMacq, various volume-based and surface-based metrics were 

compared between hemispheres. Considering that hemispheric differences from biological origin are 

minimal, this analysis allows for quantification of errors mainly due to AutoMacq processing. All of 

the subjects processed through AutoMacq (including those with errors in their outputs) were 

included in this analysis. 

Results indicate strong correlation between hemispheres for all metrics tested (R values between 0.9 

and 0.98, Fig. 5). 

A 

B 
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Figure 5: Hemisphere Comparison Graphs. Correlation between left and right hemisphere values for GM 

volume (A), WM volume (B), GM surface area (C), WM surface area (D) and cortical thickness (E). The linear fit 

and standard error are plotted, and R and p values are shown on each graph.  

3.4. 

Scan-Rescan 

To further evaluate the reliability of AutoMacq, the scan-rescan dataset was processed to give both 

volume-based and surface-based outputs. Over such a short span of time between ‘scan’ and 

‘rescan’ (less than 1 week), noticeable structural brain changes are not expected. Rescan data was 

available for a subset of 13 Newcastle subjects (8 males and 5 females). 

Results indicate strong correlations across metrics despite a modest sample size and the fact that the 

animals were scanned while awake (ICC values between 0.6 and 0.95, fig. 6).  

A B 

C D 

E 
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A B 

C D 

E F 

G 

ICC = 0.82, p = 0.0002 ICC = 0.855, p = 6.86e-05 

ICC = 0.946, p = 2.14e-07 ICC = 0.883, p = 1.74e-05 

ICC = 0.951, p = 9.04e-08 ICC = 0.906, p = 6.17e-06 

ICC = 0.603, p= 0.0081 
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Figure 6: Scan-Rescan Graphs. Graphs of the correlation between the scans and the rescans for GM volume 

(A), WM volume (B), total brain volume (C), total intracranial volume (D), GM surface area (E), WM surface area 

(F) and cortical thickness (G). The identity line, ICC value and p value are shown on each graph. 

3.5. 

Global Brain Changes with Ageing 

To demonstrate a possible application of the AutoMacq pipeline, the impact of ageing on total GMV 

was tested using the male subjects from the cross-sectional datasets. Female subjects were excluded 

due to the small sample size, and the scans from any site with fewer than 5 male subjects were also 

excluded so that effect of site could be adequately controlled for in the model. A significant, linear 

decrease in total GMV with age was found (p=0.0066, fig. 7).  

 

Figure 7: Changes in GM volume according to ageing. The bold black linear line corresponds to the main effect 

of age, while controlling for TIV and with site/scanner declared as a random effect. The thin coloured lines 

correspond to linear fits of age effect in each site while controlling for TIV. Dots correspond to raw data 

(unadjusted for TIV).  

 

 

 

 

P= 0.0066 
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4. 

Discussion 

4.1.  

Strengths of AutoMacq 

AutoMacq is a robust processing pipeline, capable of successfully processing macaque MRI data with 

a wide range of quality and scan parameters, with minimal manual intervention. The two manual 

steps within the pipeline are simple to carry out and do not require any expert knowledge of 

macaque neuroanatomy. This, coupled with the automation of the rest of pipeline, makes AutoMacq 

relatively easy to use. Additionally, AutoMacq is unique amongst macaque pipelines in its ability to 

produce both voxel-based and surface-based metrics (Balbastre et al. 2017; Garcia-Saldivar et al. 

2021; Lepage et al. 2021), allowing for more avenues of investigation and comparison with a wider 

range of previous studies (Goto et al. 2022).  

Both T1 scans alone and datasets of T1 and T2 scans were successfully processed through AutoMacq. 

100% of the scans processed through AutoMacq produced an accurate brain mask. This extremely 

high level of success in terms of brain extraction is better than the one obtained using the FSL bet 

function (Lepage et al. 2021) and comparable to what can be obtained by more sophisticated deep 

learning-based approaches (Wang et al., 2021). 95.9% of cross-sectional scans processed through 

AutoMacq gave good quality volume-based outputs and 87.8% gave good quality surface-based 

outputs. A good quality output was defined as one not requiring manual correction. The high 

percentage of good quality outputs produced illustrates AutoMacq’s accuracy, with fewer errors in 

the outputs from AutoMacq than those produced when using other pipelines to process data from 

various sites (Garcia-Saldivar et al. 2021; Lepage et al. 2021). This better performance is likely to 

come from the use of SPM segmentation routine to identify the GM/WM boundary. AutoMacq was 

able to handle scans with a wide range of scan parameters and quality, including those known to be 

difficult to process, such as scans acquired in awake subjects (Newcastle University dataset) and 

scans from subjects that have open skulls due to head implants (Milham et al., 2018; PRIMatE Data 

Exchange (PRIME-DE) Global Collaboration Workshop and Consortium 2020). The few scans for 

which AutoMacq produced outputs with errors were not all from one site, indicating that the poorer 

outputs were not due to an inability to handle specific scanning parameters but likely due to issues 

specific to the individual scans themselves.  

The present assessment of AutoMacq’s quality as a processing pipeline is strengthened by the use of 

quantitative measures of reliability. The hemisphere comparison resulted in strong correlations for 

both volume-based and surface-based metrics, despite the fact that problematic volumes and 

surfaces were not excluded from the analyses. Since only minimal differences from biological origin 

were expected between hemispheres, this result indicates that AutoMacq produces reliable volume 

and surface outputs. The reliability of AutoMacq was then further demonstrated by the scan-rescan 

analysis. This analysis focused on a smaller sample (N=13) from the Newcastle dataset alone. Despite 

the limited sample size, good to excellent reliability was observed for all of the volume-based metrics 

tested and 2 of the 3 surface-based metrics, with the correlation for cortical thickness being weaker 

but still showing moderate reliability (Koo and Li 2016). This weaker correlation is unsurprising given 

how much influence sample size has in studies of cortical thickness (Pardoe et al. 2013), and the 

strength of this correlation did increase when the outlier was removed. Also, these correlations are 

fairly strong given the fact that macaques in this subset of data were all scanned whilst awake, and 

head movements are known to have a major impact on ICC in MRI studies (Hedges et al. 2022). 
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Overall, this scan-rescan analysis provides further evidence for the strong reliability of the AutoMacq 

pipeline. Both the hemisphere comparison and scan-rescan analysis resulted in similar correlations to 

what has been seen for human MRI studies (Carmon et al. 2020; Hedges et al. 2022).  

A key strength of AutoMacq is the ability to carry out both VBM and SBM. This is an advantage as it 

allows for data to be exploited in multiple different ways, and the optional ability to substitute a 

macaque parcellation schema into the FreeSurfer processing compounds this. Furthermore, the 

ability to produce both volume-based and surface-based metrics allows for comparison to a wider 

range of studies, which is particularly important due to the continued publication of both VBM and 

SBM human studies, especially in clinical populations (Goto et al. 2022). Historically, human cortical 

VBM analyses have been criticised because they tended to suffer from volumetric projection to a 

template, particularly due to the highly variable cortical folding pattern between subjects, and SBM 

has been - in part- developed to avoid these issues (Postelnicu et al. 2008; Villalon et al. 2011). 

However, the cortical folding pattern in macaques is much more preserved between subjects (Van 

Essen et al. 2019). Additionally, the probability of problems linked to partial volume effects can be 

mitigated by the use of high magnetic field strengths, allowing the acquisition of images at higher 

spatial resolution (Milham et al. 2018). We therefore suspect that the potential drawbacks of VBM in 

human data are less likely to be relevant for macaque analyses, which could be tested in future using 

the AutoMacq pipeline. 

4.2.  

Limitations of AutoMacq 

One limitation of AutoMacq is our use of a human atlas for the FreeSurfer processing. This is what 

necessitates the manual correction of the atlas registration.  The inability to run AutoMacq fully 

automatically may make processing very large datasets more time consuming, however datasets of 

hundreds or thousands of macaque MRI scans are relatively rare currently. Additionally, AutoMacq 

produced good outputs for the vast majority of subjects despite the use of a human atlas. It is 

possible that substituting in a macaque atlas may result in even fewer errors but given the high 

success rate already observed this is likely to be unnecessary for most studies. 

4.3.  

Impact of Ageing on GMV 

The impact of ageing on total GMV was investigated using 59 male subjects aged between 3 and 15 

years, scanned using 8 different scanners from across 7 different sites. Given macaques age at 4 

times the rate of humans during childhood (reaching sexual maturity around 4 and full physical 

maturity around age 5-6) and 3 times the rate of humans during adulthood (Mattison and Vaughan 

2017), the age range tested here can be roughly compared to ages of 12-45 in humans.  

A significant linear decrease in GMV was found, indicating that in male rhesus macaques there is a 

significant decline in GMV prior to reaching mid adulthood. This is a novel finding for this age group 

and suggests that the age-related decrease in GMV seen in mid/late adulthood in previous studies 

(Wisco et al. 2008; Chen et al. 2013) may actually start earlier in the lifespan. This finding fits with 

what has been seen in human studies, where a decline in GMV has been seen to occur across 

adolescence and early adulthood (Bartzokis et al. 2001; Lebel et al. 2012, Bethlehem et al. 2022). 

This study therefore provides further strength to rhesus macaques being models of healthy human 

ageing (Phillips et al. 2014; Roefsema and Treue 2014; Stonebarger et al. 2021). 
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It should be noted that this study only utilised male subjects, as scans were only available from very 

few females, and it would not have been possible to control for sex. It is therefore not possible to 

fully generalise these results to female rhesus macaques.  

5. 

Conclusion 

AutoMacq offers a processing pipeline for rhesus macaque MRI data that is easy to use and can be 

completed without expert knowledge of macaque neuroanatomy. AutoMacq can process data with a 

wide range of quality and parameters, from across different sites and scanners, with a high level of 

success. The pipeline is unique amongst macaque processing pipelines in its ability to generate both 

surface-based and voxel-based metrics, offering two ways to exploit macaque MRI scans and 

allowing for easier comparison to a wider range of previous research.  
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