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ABSTRACT 

Background  

 Identifying risk factors for cognitive impairment in older adults is an integral part of 

tackling the increasing prevalence of dementia worldwide. Examining these risk factors in 

cognitively healthy older adults can help inform the development of preventative measures 

against cognitive impairment. Age-related decrease in testosterone levels has been identified 

as a potential cognitive risk factor for older men. Results from animal studies have 

demonstrated neuroprotective effects of testosterone in the brain. However, results from 

human observational studies and clinical trials are marked by inconsistent findings. This 

suggests a degree of complexity in the relationship between testosterone and cognition, which 

requires a greater understanding of potential modifying factors. Thus, the current thesis aimed 

to provide new empirical findings that may facilitate better understanding of the relationship 

between testosterone and individual cognitive domains (e.g. memory, attention, language, 

processing speed and executive functioning), in cognitively healthy older men. Specifically, 

genetic and lifestyle factors that may influence this relationship.  

Methods and Results 

 First, a meta-analytic review of randomised clinical trials completed in the last decade 

was conducted, to better understand the efficacy of testosterone supplementation on cognitive 

domains such as verbal memory, visuospatial memory, visuospatial ability, attention, 

psychomotor speed and executive functioning. . Included studies examined the effect of 

routine testosterone supplementation on cognition in cognitive healthy older men over the age 

of 50. Change in cognitive performance before and after supplementation in the treatment 

group was compared to that of the placebo group. Among the cognitive domains assessed, 

testosterone supplementation appeared to confer the greatest improvement on processing 

speed.  
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 In order to explore potential reasons for inconsistent findings in the literature thus far, 

the current thesis examined a subset of factors that may account for this. Specifically, genetic 

variations in the androgen receptor gene and the impact of physical activity levels. Two novel 

empirical studies were designed to examine how these factors may affect the relationship 

between free testosterone and cognition. These studies benefitted from data collected from a 

subset of cognitively healthy older male participants above the age of 60, of the flagship 

Australian Imaging, Biomarkers and Lifestyle (AIBL) study of aging. Laboratory and 

cognitive data collected at baseline and at 18 month follow up were utilised. This allowed for 

the examination of potential changes in these relationships over time.  

 Variations in length (short vs long) of a polyglutamate (CAG) repeat in the androgen 

receptor gene are proposed to alter testosterone activity in the brain. As such, it was 

examined as a moderator of the relationship between baseline free testosterone levels, change 

in free testosterone levels over 18 months and cognition. A significant interaction was found 

in the attention and processing speed domain, but not other cognitive domains. Short CAG 

repeat lengths (i.e. below 20 repeats) appeared to exacerbate the detrimental effects of low 

and decreasing free testosterone levels. 

 Evidence indicates that higher levels of physical activity has positive effects on 

testosterone levels and cognition. This suggests that variations in levels of physical activity 

could affect the relationship between free testosterone and cognition in older men. Therefore, 

the final study examined if changes in free testosterone levels over 18 months mediated the 

relationship between self-reported physical activity and cognition. Contrary to our 

hypothesis, self-reported physical activity did not have a significant association with 

cognition or change in free testosterone levels.  
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Conclusion 

  Overall, this thesis has advanced the understanding of the relationship between 

testosterone and cognition in cognitively healthy older men. These findings support age-

related decrease in free testosterone levels as a potential risk factor for cognitive decline. In 

particular, lower free testosterone levels may partially account for age-related decline in 

processing speed. Results have also demonstrated that inconsistencies in the current findings 

may be attributed to factors such as genetic variations in the androgen receptor gene and the 

multiplicative effects of both low and decreasing free testosterone. However, future research 

is needed to examine other factors, such as engagement in physical activity and the role of 

gonadotropins. Collectively, these findings provide important considerations for the design of 

future studies and clinical trials, in order to better assess the potential of testosterone 

supplementation as a preventative measure against cognitive decline.  
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Chapter 1: General Introduction  

Overview 

Countries all over the world are faced with an increasingly aging population and the 

challenges associated with progressively increasing incidences of dementia. Gerontological 

research has sought to better understand potential risk factors for cognitive impairment in a 

bid to develop treatments and preventative measures. One particular area of research has 

focused on age associated changes in sex hormone levels and its impact on cognition. While 

more has been done to examine the relationship between estrogen and cognition, less is 

known about the relationship between testosterone levels and cognition. Even though the 

neuroprotective properties of testosterone are well documented, existing literature on the 

relationship between testosterone and cognition on otherwise healthily aging older men 

without dementia is inconsistent, as will be discussed below. One possible explanation for 

these inconsistent findings is that the relationship between testosterone and cognition may 

involve the interplay of moderating or mediating factors that have yet to be explored.  As 

such, the overarching goal of this thesis is to further our understanding of factors involved in 

the relationship between testosterone and cognition in older men.  

Age-related Cognitive decline and Dementia  

While some older adults maintain their cognitive capacities as they age, others 

experience significant decline. This diversity is not random and can be attributed to an 

interplay of environmental, physical and genetic factors. 

 In its mildest form, cognitive aging has been synonymous with subjective memory 

complaints (SMCs) commonly pertaining to memory loss and word findings difficulties 

(Small, 2002). Evidence suggests that SMCs are associated with increased risk of future 

decline and may even be considered an earlier manifestation of neurodegenerative diseases 

(Brailean et al., 2019; Choe et al., 2018; Reid & MacLullich, 2006). Mild Cognitive 
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Impairment (MCI), typically described as a precursor condition to dementia, represents a 

more significant form of memory loss, defined by a change in cognitive functioning that is 

greater than expected for an individual’s age, with no other changes in functional capacity 

(Petersen, 2004; Petersen & Morris, 2005). Dementia, as defined by the Diagnostic and 

Statistical Manual of Mental Disorders-5th Edition (DSM-V), is a neurocognitive disorder 

characterized by a collection of symptoms caused by several disorders affecting the brain. 

Symptoms include significant impairment across several cognitive domains, behavioural and 

psychiatric disturbances, difficulties with self-care and impairments in daily functioning 

(American Psychiatric Association, 2013).  

Amongst the different types of dementia, 50 to 75 per cent of cases are clinically 

defined as Alzheimer’s disease (AD). AD is characterised by neuronal loss and abnormal 

protein depositions that eventuate in deterioration of various cognitive functions that lead to  

functional impairment (Förstl & Kurz, 1999). The trajectory of AD is slow and progressive, 

and the pathology can precede the onset of cognitive symptoms by 15-20 years (Villemagne 

et al., 2013). A cure or effective treatment for AD has been elusive thus far, with suggestions 

that potential treatments are being administered too late in the disease process, by which 

progressive neuronal loss and irreversible cognitive impairment have already occurred 

(Martins et al., 2018). As such, it is important to identify risk factors, in a cohort of older 

adults that have yet to exhibit demonstrate cognitive impairment. 

As of 2019, an estimated 450,000 Australian are living with dementia and this is 

expected to affect more than one million people by 2058 (Dementia Australia, 2018). 

Dementia is the major cause of disability in older adults and is now the second leading cause 

of death in Australians (Australian Bureau of Statistics, 2018). Therefore, it has become vital 

to examine preventative or treatment strategies that might preserve cognition into advanced 

age. Examining potential risks for cognitive decline in otherwise cognitive healthy older 
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adults, will be helpful for implementing targeted prevention and potential treatment methods 

that can alter the presence or trajectory of cognitive decline. 

Risk Factors for Cognitive Impairment   

Research thus far has identified some well-established risk factors that may increase 

an individual’s risk for cognitive impairment and subsequent diagnosis of AD. Livingston 

and colleagues (2017) have identified several modifiable and non-modifiable risk factors for 

dementia across the life course (early life, midlife and later life).  

Non-modifiable Risk Factors  

  Age. Age is the greatest non-modifiable risk factor for cognitive impairment and 

dementia in older adults. With increasing age comes a decline in multiple inter-related 

physiological systems that then increase vulnerability for adverse health outcomes, including 

cognitive decline (Vella Azzopardi et al., 2018). For example, increasing age usually results 

in shortened telomeres, or protective caps on the ends of chromosomes. Telomeres shorten 

with each cell division until they reach a critical length, after which cell division stops and 

cell death eventually occurs (Aubert & Lansdorp, 2008). In turn, increased neuronal cell 

death is proposed to be a potential mechanism for cognitive decline, by resulting in grey 

matter and white matter volume loss in brain regions such as the frontal lobes (Murman, 

2015; Salat et al., 1999; Shimamura, 1995). Notably, there is inter-individual variability in 

the extent to which aging predicts changes in cognition. In many older adults, aging brings 

about predictable changes in certain aspects of cognition, including episodic memory, 

reasoning abilities and speed of information processing while other older adults maintain 

“youthful” memory performance even with advancing age (Harada et al., 2013; Rogalski et 

al., 2012). Research has identified that this cohort of “SuperAgers” have superior cognitive 

ability for their age and are reported to have reduced rates of cortical atrophy (Dang et al., 

2019). The presence of these individuals contests the view that aging is synonymous with 
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cognitive decline, and supports the need to investigate the role of physiological, genetic and 

environmental factors that contribute to cognitive decline.  

 Apolipoprotein E ɛ4 allele carriage. The genetic variant, ɛ4, of the Apolipoprotein 

E (APOE) gene on chromosome 19 is identified as the genetic risk factor for sporadic AD 

(i.e., AD not due to any specific family link). Physiological functions of APOE include the 

packaging and transport of cholesterol and other lipids through the bloodstream (Higgins et 

al., 1997). Lipoproteins containing APOE release cholesterol that is needed to support 

synaptogenesis and the maintenance of synaptic connections (Kim et al., 2009). The three 

allelic variants (ɛ2, ɛ3 and ɛ4) of the APOE gene yield six possible genotypes. Findings 

suggest that possession of the ɛ2 allele may be protective, with reported associations of 

lower AD risk and slower rates of cognitive decline (Kim et al., 2017). On the contrary, 

possession of a single ɛ4 allele is reported to be a strong genetic risk factor for AD, with a 

three-fold increased risk in those heterozygous for the ɛ4 allele and a 15-fold increased risk 

for ɛ4 homozygous individuals (Coon et al., 2007).  

Prevention or modification of the abovementioned risk factors are virtually 

impossible or challenging. In order to explore potential preventative methods against 

cognitive decline, research has focused on modifiable risk factors. 

Modifiable Risk Factors 

 In the 2017 Lancet Commission on dementia prevention, Livingston and colleagues 

(2017) highlighted a range of modifiable lifestyle factors that have the potential to decrease 

the risk of cognitive impairment and dementia. They propose that modification of these 

lifestyle factors may decrease the risk of cognitive decline and dementia through two main 

mechanisms.  

 Firstly, such modifications may influence risk by decreasing neuropathological 

damage as a result of oxidative stress and neuroinflammation. Factors such as smoking, diet 
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and physical activity are amongst many lifestyle factors that have been examined. Smoking 

is a later life risk factor that has been associated with increased risk of cognitive decline, due 

to accelerated loss of grey matter density and decreased structural integrity across multiple 

brain regions (Almeida et al., 2011; Durazzo et al., 2012). Therefore, smoking cessation, 

even in later life, has been found to ameliorate this risk (Taylor et al., 2002). Research has 

also looked into dietary patterns, to reduce midlife risk factors such as hypertension and 

obesity, as well as later life risks such as diabetes (Tourlouki et al., 2009) In particular, the 

Mediterranean Diet has been identified, characterised by an increased consumption of fish, 

fruits, vegetables, legumes and unsaturated fatty acids, as well as decreased consumption of 

dairy, meat and saturated fatty acids (Gardener et al., 2012). Adherence to the Mediterranean 

Diet has been associated with slower rates of cognitive decline and lower AD risk (Lourida 

et al., 2013). Finally, physical inactivity has also been identified as a later life risk. Higher 

levels of physical activity have been associated with a reduction in risk of cognitive decline, 

by lowering diabetes risk and enhancing hippocampal neurogenesis (Buchman et al., 2012). 

In older adults, improvements in aspects of memory and processing speed following specific 

exercise interventions have been reported (Carvalho et al., 2014).  

Secondly, modifiable risk factors are also proposed to increase or maintain cognitive 

reserve. The theory of cognitive reserve posits that the brain employs pre-existing cognitive 

processing approaches or compensatory mechanisms to help cope with neuropathological 

processes (Stern, 2012). Evidence from epidemiological studies suggest that those with 

lower education levels (less than 8 years) and lower lifetime occupational attainment had a 

greater risk of developing dementia (Stern et al., 1994). However, cognitive reserve may be 

better viewed as a modifiable construct. Even though many older adults had limited 

opportunities for formal schooling, higher levels of occupational attainment and continued 

engagement in cognitively stimulating activities and social engagements, may still be 
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protective. Specifically, engagement in these activities may protect against the effects of 

decline in brain function, through increased brain efficiency and less disruption of functional 

networks that are important for integrating information (Opdebeeck et al., 2016; Stern, 

2012). Similarly, physical activity has also been proposed to aid in the maintenance of 

cognitive reserve by preserving metabolism and maintaining good physical health, to allow 

the brain to sustain a higher burden of neuropathology without clinical signs of cognitive 

impairment.  

Identifying modifiable lifestyle risk factors is vital for the prevention of cognitive 

decline. However, heterogeneity in the occurrence, age of onset and rate of cognitive decline 

amongst older adults suggests the involvement of other risk factors that have yet to be 

considered. Aging brings about a range of physiological changes that could have secondary 

effects on cognition. In particular, age-related changes in endocrine levels have been 

identified as a potential risk factor for cognitive decline in older adults.  

Age-related Changes in Sex Hormones and Cognition 

Testosterone and estrogen levels decline with age, though there are significant gender 

differences in the pattern of change. Changes in hormone levels are commonly associated 

with physiological changes but there is substantial research to suggest that these changes can 

also alter cognition and other neural functions.  

Estrogen 

Females experience a sharp drop in both blood and brain estrogen levels during 

menopause, after which, levels remains fairly constant (Sherwin, 2003). A considerable 

volume of research has examined the impact of estrogen on cognition and dementia risk. 

Fluctuations in estrogen during the menstrual cycle or postpartum are observed to result in 

varying performance across different cognitive domains (Sherwin, 2003). Higher estrogen 

levels have been associated with better verbal memory and fluency while lower estrogen 
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levels have been associated with better spatial ability (Sherwin, 2012). In older female 

cohorts, the sharp decrease of estrogen levels following menopause has been associated with 

poorer working memory and verbal fluency (Greendale et al., 2009; Wroolie et al., 2011). 

Studies have proposed that this significant decrease in estrogen levels may also account for 

higher prevalence of AD in post-menopausal women (Zagni et al., 2016; Zárate et al., 2017).   

There has been substantial research on the cognitive effects of hormone replacement 

therapy (HRT) in women. In some studies, HRT appeared to have positive effects on verbal 

memory and learning, while in other studies HRT was associated with greater cognitive 

decline (Henderson & Sherwin, 2007; McCarrey & Resnick, 2015). Research has since 

identified a critical time frame (the critical period hypothesis) for the commencement of 

HRT. Positive effects appear to be larger in menopausal women who initiate treatment close 

to the onset of menopause (Galen Buckwalter et al., 2004; Kantarci et al., 2018; Lobo, 2017). 

Commencement of HRT outside of this window may result in no cognitive benefit or even 

cognitive detriment (Fischer et al., 2014). Despite the breadth of research in this area, 

findings are still inconsistent, highlighting the complex relationships between sex hormones 

and cognition. 

Testosterone 

In males, the decrease in testosterone levels occurs gradually over time. Testosterone 

levels can decrease by as much as 50% by the age of 80 (Rosario et al., 2004). Unlike 

estrogen, brain levels of testosterone can differ significantly from circulating levels, due to 

the presence of brain steroid-converting enzymes and neurosteroidogenesis (Barron & Pike, 

2012). Almost half of circulating total testosterone is bound to sex hormone-binding globulin  

(Pike, 2006). The remaining free testosterone  is unbound in serum and is proposed to be 

more readily available to brain tissues for biological activity (Belchetz et al., 2010).  
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Compared to research on estrogen, less is known about the relationship between 

testosterone, its impact on brain structures and cognitive function. However, animal and cell 

culture studies present substantial evidence that testosterone is vital to brain functioning 

throughout the lifespan.  

 Neuroprotective Properties of Androgens 

 Androgens refer to a group of sex hormones, including testosterone, that regulate the 

development and maintenance of male characteristics (Davey & Grossmann, 2016). 

Additionally, they play a role in a range of neuroprotective functions in the brain throughout 

development. As such, decrease in testosterone levels are proposed to be a risk factor for 

cognitive decline by reducing neuroprotective mechanisms in the brain.  Neuroprotective 

actions throughout development  

Neuroprotective Actions Specific to Alzheimer’s Disease Pathology  

Androgens also exert numerous protective actions in the brain that have particular 

pertinence to AD. These protective effects of androgens against AD pathology may be 

beneficial in helping to delay or prevent cognitive impairment by hindering disease 

progression.  

The major hallmarks of AD neuropathology are: a) Accumulation of amyloid-β (Aβ) 

peptides in the form of Aβ plaques and b) tau protein in the form of neurofibrillary tangles 

that occur as a result of abnormal hyperphosphorylation of tau (Braak & Braak, 1991). Aβ is 

a protein found in the brain, cerebrospinal fluid and blood of all older adults, although 

accumulation is particularly marked in individuals diagnosed with AD (O'Brien & Wong, 

2011). Proteolytic cleavage of the amyloid precursor protein (APP) via the amyloidogenic 

pathway results in the release of Aβ which is neurotoxic at high concentrations. Conversely, 

cleavage of APP via the non-amyloidogenic pathway involves cleavage within the Aβ 

peptide that thereby precludes Aβ production (O'Brien & Wong, 2011). An earlier theory of 
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AD pathogenesis, posits that the accumulation of Aβ protein in the brain initiates a series of 

processes that eventuate in cell death and brain atrophy (Hardy & Higgins, 1992).  

Androgens are proposed to have a role in the inhibition of Aβ accumulation and 

regulation of Aβ clearance. Firstly, androgens can alter the processing of APP through its 

aromatisation into estradiol. This then activates several estrogen pathways, resulting in 

increased production of its non-toxic fragment (Rosario & Pike, 2008). Secondly, androgens 

also function as negative regulators of Aβ by controlling the expression of neprilysin, an Aβ 

catabolizing enzyme (Yao et al., 2008). Lastly, low androgenic activity may indirectly 

impact Aβ levels by dysregulating the hypothalamic-pituitary-gonadal (HPG) axis. Low 

testosterone levels diminish negative feedback on the HPG axis, resulting in elevations in 

levels of luteinizing hormone, a gonadotropin theorised to increase risk of AD (Verdile et al., 

2014a). These neuroprotective actions are supported by studies demonstrating that in men 

diagnosed with Alzheimer’s disease, low levels of testosterone were associated with high Aβ 

levels (Gillet et al., 2003). Additionally, men undergoing androgen deprivation therapy for 

prostate cancer were also found to have elevated serum and plasma Aβ levels (Gandy et al., 

2001; Nead et al., 2017; Sun et al., 2018). 

 Neurofibrillary tangles are described as bundles of paired, helically wound filaments 

present in the cytoplasm of neurons and is mainly composed of accumulated 

hyperphosphorylated insoluble protein, tau (Avila, 2000; Drubin & Kirschner, 1986). The 

main function of tau is to stabilize microtubules which constitute the neuronal cytoskeleton, 

but the hyperphosphorylation of tau alters the bindings of microtubules that result in 

aggregation (Avila, 2000). In turn, this aggregation reduces the stability in dendrite and axon 

branches, leading to synaptic loss (Koleske, 2013). Research to date has focused more on the 

role of estradiol in preventing hyperphosphorylation of tau (Grimm et al., 2016). However, 

earlier studies on animal models have evidenced that testosterone treatment prevented 
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abnormal tau hyperphosphorylation, through its aromatisation to estradiol (Papasozomenos, 

1997; Rosario et al., 2010).  

In summary, animal models and cell culture studies have been vital in demonstrating 

the neuroprotective properties of testosterone throughout development. These protective 

actions are particularly salient in key brain regions that are associated with learning, 

memory, decision making and planning. Testosterone also appears to have a role in 

protecting these brain regions against deterioration as a result of neurodegenerative diseases 

such as AD.  

Testosterone and Cognition: Overview and Limitations of Current Research 

Given the neuroprotective properties of testosterone, studies have since examined the 

impact of endogenous testosterone and testosterone supplementation on cognitive 

performance in older males and females (Boss et al., 2014; Celec et al., 2015). However, the 

focus of this thesis will be on the relationship between testosterone and cognitive functioning 

in older men.    

Testosterone and Cognition in Clinical Samples of Older Men 

There are a small but growing number of research studies examining the relationship 

between testosterone and cognition in individuals with MCI or dementia. Observational 

studies consistently report lower levels of testosterone in individuals with dementia, 

compared to healthy controls (Chu et al., 2008; Hogervorst, Bandelow, et al., 2004; 

Hogervorst et al., 2003; Watanabe et al., 2004). Findings from large scale longitudinal 

studies indicate that individuals who obtained a subsequent diagnosis of AD had lower 

baseline testosterone levels that decreased even further over time. This suggests that 

decreasing testosterone levels may precede, rather than be a consequence of AD (Chu et al., 

2010; Moffat et al., 2004). Only a small number of clinical trials have examined the impact 

of testosterone supplementation on men with cognitive impairment or dementia. 
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Improvements have been noted in cognitive domains such as general cognition, visuospatial 

ability and verbal memory (Cherrier, Matsumoto, Amory, Asthana, et al., 2005; Sherwin et 

al., 2011; Tan & Pu, 2003). Overall, the effects of testosterone supplementation in clinical 

samples are promising, but more studies with larger sample sizes are needed to better to 

validate the potential benefit of testosterone supplementation in the clinical setting.  

Testosterone and Cognition on Cognitively Healthy Older Men 

Comparatively, findings from studies examining the relationship between 

endogenous testosterone, testosterone supplementation and cognition in otherwise 

cognitively healthy older men are more diverse and inconsistent.  

Observational studies have found that lower levels of endogenous testosterone are 

associated with poorer performance on measures of global cognitive functioning, memory 

and visuospatial functioning (Hogervorst, De Jager, et al., 2004; Muller et al., 2005; Yaffe et 

al., 2002; Yeap et al., 2008). On the contrary, other studies have failed to find significant 

associations between testosterone and performance across any cognitive domains (Fonda et 

al., 2005; Thilers et al., 2006; Zimmerman et al., 2011). Some studies have also reported 

negative associations between testosterone and cognition, such that higher levels of 

testosterone were associated with poorer performance in domains such as attention, and 

executive function (Martin et al., 2008; Van Strien et al., 2009).  

Similarly, results amongst longitudinal studies are also varied. Findings from the 

Boston Longitudinal Study of Aging provided strongest evidence for a relationship between 

testosterone and cognition over time. In a cohort of 407 community based older men, those 

with higher mean levels of testosterone showed less decline on measures of visual memory 

and processing speed over a follow-up period of nine years (Moffat et al., 2002). Results 

from the Medical Research Council Cognitive Function and Aging Study further 

demonstrated that men who showed cognitive decline after a two year follow-up had lower 
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testosterone levels at baseline (Hogervorst et al., 2010). On the contrary, other longitudinal 

studies found non-significant associations over time (LeBlanc et al., 2010; Lessov-Schlaggar 

et al., 2005; Yaffe et al., 2007). However, it should be noted that some of these findings were 

restricted to associations between baseline testosterone levels and change in cognition, given 

that they did not measure testosterone levels at follow up.  

The need to better understand the causal effects of testosterone on cognition has led 

researchers to examine the effects of testosterone supplementation on cognition in 

randomized clinical trials. However, a similar pattern of divergence was noted.  Some 

studies reported improvements in measures of spatial memory, verbal memory and spatial 

abilities after six weeks of supplementation using intramuscular or gel supplementation 

(Cherrier et al., 2001; Cherrier, 2005a; Janowsky et al., 2000). On the other hand, studies 

using similar modes of supplementation over longer durations reported no differences across 

cognitive domains, when compared to the control condition (Cherrier, 2003; Kenny et al., 

2002; Sih et al., 1997). Notably, many of these studies are limited by small sample sizes and 

may have been underpowered to find any significant effects. Recent, better powered clinical 

trials investigating the effect of testosterone supplementation in older men reporting 

subjective memory complaints have also had mixed findings. Wahjoepramono and 

colleagues (2016) reported modest but significant improvements in global cognition but not 

verbal memory, following one year of testosterone supplementation using a cream formula. 

Using a gel formulation over two years, Resnick and colleagues (2017) reported no changes 

in performance on measures of visual memory, executive function and spatial ability.  

The diverse and inconsistent findings among studies on cognitively healthy older 

men illustrate the complexity of the relationship between testosterone and cognition. 

However, it should be acknowledged that several limitations amongst the research that may 

play a role.  
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Limitations of Current Research 

A review of findings thus far suggests that testosterone may have differential 

associations with different cognitive domains (Holland et al., 2011). Lower levels of 

endogenous testosterone have been associated with better performance in some cognitive 

domains such as verbal memory and visuospatial ability. On the contrary, higher levels of 

testosterone have been associated with poorer executive functioning, working memory and 

attention. There have been suggestions that negative associations may be due to possible 

curvilinear associations between testosterone and certain cognitive domains, such that higher 

levels of testosterone are only beneficial up to a certain threshold, after which further 

increases may result in decline in performance (Barrett-Connor et al., 1999; Matousek & 

Sherwin, 2010; Muller et al., 2005). However, this has been difficult to ascertain, given that 

studies have rarely examined the relationship between testosterone and a wide range of 

cognitive domains (Holland et al., 2011). Instead, studies have often been selective in the 

cognitive domains they assess. In order to achieve a better understanding of the relationship 

between testosterone and cognition, a comprehensive assessment of cognition is necessary.  

There is also significant variability in whether total testosterone or free testosterone 

levels is measured amongst studies. While some studies have measured both total 

testosterone and free testosterone levels, other studies have relied on measurement of total 

testosterone levels (Holland et al., 2011). However, free testosterone levels are proposed to 

be a more accurate indicator of brain androgenic activity, given that it is more biologically 

active and can readily cross the blood-brain barrier (Beauchet, 2006). Given that brain 

testosterone levels may differ from serum levels of testosterone, relying solely on total 

testosterone levels may mean that studies have not have accurately assessed the impact on 

brain levels of testosterone and cognition.  
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Variability in the use of different components of testosterone are further challenged 

by the lack of well-established references ranges for both total and free testosterone levels in 

older men. Therefore, studies may differ on their classification of whether an individual is 

considered to have testosterone levels that are lower than expected for their age. This has 

particular implications for clinical trials, as the efficacy of testosterone supplementation 

appears to differ depending on whether an individual is hypogonadal (i.e. diminished 

production of testosterone) or eugonadal (i.e. normal production of testosterone). It has been 

proposed that testosterone supplementation may be more beneficial for a eugonadal cohort, 

compared to a hypogonadal cohort (Fuller et al., 2007; Holland et al., 2011). However, 

studies have been unable to draw firm conclusions about this.  

Clinical trials have also varied in their use of supplementation methods, which may 

effects outcomes. Studies have yet to determine how factors such as treatment duration, 

supplementation dose and supplementation method can influence the efficacy of testosterone 

supplementation on cognition. For example, reviews have suggested that a supplementation 

period of six weeks may be too brief to assess any long lasting effects, while a 

supplementation duration of three years may increase risk of prostate cancer (Hua et al., 

2016). Additionally, the use of different supplementation methods may affect hormone levels 

differently, thereby resulting in differences in cognition. Carruthers et al (2015) reviewed 

seven different supplementation methods in patients undergoing treatment for androgen 

deficiency. Each treatment method was found to produce a different endocrine profile, such 

as longevity of peak and nadir testosterone levels. In turn, this may impact testosterone 

levels and cognitive performance depending on the time of assessment.  

 In summary, findings thus far suggest that low testosterone levels could be a risk 

factor for poorer cognitive performance in cognitively healthy men. Similarly, testosterone 

supplementation has the potential to improve cognition in this cohort (Beauchet, 2006; 
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Driscoll & Resnick, 2007; Holland et al., 2011; Hua et al., 2016). While methodological 

limitations may have a role to play, the inconsistency and diversity across cross-sectional 

studies, longitudinal studies and randomized clinical trials indicate a level of complexity in 

the relationship between testosterone and cognition that requires more understanding and 

examination.  

Thesis Aims 

The overarching aim of this thesis is to progress our current understanding of the 

relationship between testosterone and cognition in cognitively healthy older men, and 

address some of the limitations of the current research.  

Examining this relationship in a cognitive healthy cohort is important in determining 

if low testosterone levels are a risk factor for cognitive decline. Furthermore, if exogenous 

testosterone is able to maintain or even improve cognitive function in this cohort, it provides 

validation for testosterone supplementation as a viable preventative measure.  

Aim 1: Understanding the Effects of Testosterone Supplementation on Cognition 

While several extensive systematic reviews have been published on the findings of 

observational studies and clinical studies, it was identified that a meta-analytic review of 

clinical trials has yet to be conducted. A meta-analytic review is necessary to quantify the 

effect of testosterone supplementation, while accounting for sample size and variability in 

duration of supplementation, method of testosterone supplementation (e.g. intramuscular, gel 

or patch) and cognitive outcomes examined. As such, the first aim of this thesis is to fill this 

gap in the current literature by conducting a meta-analytic review of clinical trials to better 

understand the efficacy of testosterone supplementation on cognition. Chapter 2 of this thesis 

will present a meta-analytical review of the effects of testosterone supplementation cognition 

individual cognitive domains, among clinical trials published in the last decade.  
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Aim 2: Examining Factors that Influence the Relationship between Testosterone and 

Cognition 

As mentioned, inconsistencies in the literature thus far indicate a degree of 

complexity in the relationship between testosterone and cognition. It may be that this 

relationship is influenced by one or more factors that have yet to be identified or accounted 

for. Therefore, the second aim of this thesis is to better understand the relationship between 

testosterone and cognition by examining a subset of potential influencing factors. In 

particular, this thesis has chosen to focus on two potential factors that may influence 

androgenic action on cognition. Specifically, a genetic factor- the length of a polyglutamate 

repeat in the androgen receptor gene, and a modifiable lifestyle factor- physical activity.  

Genetic factors have been proposed to modify the relationship between testosterone 

and cognition (Driscoll & Resnick, 2007; Holland et al., 2011). Specifically, individual 

differences in the length of a polymorphic CAG trinucleotide repeat (CAG) in the androgen 

receptor gene has been identified. Individual differences in CAG repeat lengths can impact 

on androgen receptor gene expression, thereby impacting on androgen activity (Krithivas et 

al., 1999). In turn, alterations in brain androgen activity can have an impact on cognitive 

performance. Variations in CAG repeat lengths have commonly been examined in the 

context of physiological symptoms associated with diseases such as Spinal Bulbar Muscular 

Atrophy, Kennedy’s disease or prostate cancer (Dejager et al., 2002; Gómez et al., 2016). 

However, research on the association between CAG repeat length and cognition is very 

limited, with varied findings (Lee et al., 2010; Yaffe et al., 2003). Given that androgenic 

activity may be altered by variations in CAG length, this could alter the relationship between 

testosterone and cognition. Therefore, Chapter 4 will present the findings of a novel 

experimental study examining CAG repeat length as a potential moderator of the relationship 

between testosterone and cognition.  
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A second factor of interest, is the role of physical activity. A further limitation 

identified amongst clinical trials was that some studies may have failed to account for  

possible lifestyle factors that could impact on baseline testosterone levels and cognition 

(Gray et al., 1991; Holland et al., 2011). This thesis is particularly interested in the role of 

physical activity levels, given its ability to impact on both testosterone levels and cognition. 

There is substantial evidence outlining the cognitive benefits of frequent physical activity 

(Brown et al., 2012; Carvalho et al., 2014).  Therefore, testosterone may mediate the 

relationship between physical activity and cognition, such that an individual who engages in 

higher levels of physical activity may have higher testosterone levels and therefore, better 

cognitive performance. As such, studies that have not controlled for individual variations in 

physical activity may not have controlled for extraneous modifications to testosterone levels 

or cognition due to physical activity. Furthermore, studying the relationship between 

physical activity, testosterone and cognition also serves to further validate it as a 

preventative measure against cognitive decline. Using a mediation model, Chapter 5 presents 

the results of another novel study examining the relationship between self-reported physical 

activity levels, testosterone and cognition.  

Addressing Methodological Limitations  

As acknowledged in the previous section, methodological limitations among current 

studies may contribute to the current state of findings. This thesis is unable to address all the 

limitations but aims to address two important methodological limitations across the current 

literature.  

Firstly, it is felt that majority of studies have yet to comprehensively examine 

potential differential effects of testosterone on individual cognitive domains. In order to 

overcome this, the relationship between testosterone and individual cognitive domains will 

be examined in all proposed studies of this thesis. Secondly, the proposed experimental 
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studies (Chapter 4 and 5) will specifically examine the relationship between free testosterone 

levels and cognition. As mentioned, free testosterone is proposed to be more biologically 

active and may be a better predictor of cognitive performance in older men (Yaffe et al., 

2002).   

Summary and Chapter Outline 

In summary, the goal of this thesis was to further our understanding of the 

relationship between testosterone and cognition in cognitively healthy older men. The age-

related, gradual decrease in testosterone levels have been identified as a potential risk factor 

for cognitive decline and subsequent dementia diagnosis in this population group. Animal 

and cell culture studies provide evidence for the neuroprotective properties of testosterone 

throughout development and in the event of brain insult, injury or toxicity. Brain regions 

associated with memory, learning and processing speed are also found to be rich in androgen 

receptors. Thus, a decrease in androgenic activity, resulting from a decrease in testosterone 

levels may compromise optimal cognitive functioning. However, findings from both 

observational studies and clinical trials present a very disparate picture on the relationship 

between testosterone and cognition. While methodological differences may play a role, these 

divergent findings also highlight the complexity of the relationship between testosterone and 

cognition. It may be that this relationship is influenced by factors that have yet to be 

examined or accounted for. Furthering our understanding of the relationship between 

testosterone and cognition will be important for guiding future research and providing 

further validation to support use of testosterone supplementation as a preventative measure 

against cognitive decline.  

In order to accomplish this goal, this thesis sought to achieve two main aims. Firstly, 

we aimed to fill a gap in the current literature by conducting a meta-analytic review of 

existing clinical trials, to better understand the effect that testosterone supplementation has 
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on individual cognitive domains. The findings of this review are presented in chapter 2 and 

have since been published in the American Journal of Geriatric Psychiatry (2019); 27(11), 

1232-1246.  

Our second aim was to explore potential factors that could influence the relationship 

between testosterone and cognition. Two specific factors were chosen, informed by the 

existing literature. A genetic factor – variations in CAG repeat length and a lifestyle factor- 

level of physical activity. These factors will be examined individually in two separate 

experimental studies (Chapters 4 and 5), using data from the same subset of cognitively 

healthy older men who participated in the flagship Australian Imaging, Biomarkers and 

Lifestlye (AIBL) study. The AIBL study is an observational longitudinal study conducted in 

Perth and Melbourne, with the aim of examining risk factors for cognitive decline and 

Alzheimer’s disease. Given that the experimental studies were formatted with the intention 

of publication, they have little detail on recruitment, participants, materials and methodology 

due to restrictions in word count. As such, detailed information about recruitment, 

participants, materials and methodology for the AIBL study are presented in Chapter 3. The 

final chapter of this thesis (Chapter 6), presents a general discussion of the findings, 

strengths and weaknesses, original contributions and future directions.  
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Chapter 2: Effects of Testosterone Supplementation on Separate Cognitive 

Domains in Cognitively Healthy Older Men: A Meta-analysis of Current 

Randomized Clinical Trials. 

 

This chapter was published in the American Journal of Geriatric Psychiatry, 27(11), 1232-

1246. It is presented below, as published, but formatted for consistency with the rest of the 

thesis. 
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Abstract 

 

Background 

 An increasing body of literature suggests a positive, neuroprotective effect of testosterone on 

cognition in older men. However, randomized clinical trials (RCTs) examining the effects of 

testosterone supplementation on cognitive function have been inconclusive.  

Objective 

 To investigate the potential for testosterone supplementation to prevent cognitive decline in 

otherwise cognitively healthy older men, by examining the differential effects of testosterone 

supplementation across cognitive domains in randomized clinical trials (RCTs). 

 Methods 

 A comprehensive search of electronic databases, conference proceedings and grey literature 

from 1990 to 2018 was performed to identify RCTs examining the effects of testosterone 

supplementation on cognition before and after supplementation, in cognitively healthy older 

men above the age of 50.  

Results 

  A final sample of 14 eligible RCTs met inclusion criteria. Using pooled random effects 

expressed as Hedge’s g, comparison of placebo versus treatment groups pre and post 

supplementation showed improvements in the treatment group in executive function (g(11) = 

0.14, 95% CI = 0.03 to 0.26, z = .56, p = .011). However, it was noted that two studies in our 

sample did not report a significant increase in mean serum total testosterone levels in the 

treatment group after supplementation. Following exclusion of these studies, analysis indicated 

improvement in the treatment group for the overall cognitive composite (g (11) = 0.18, 95% CI 

= 0.02 to 0.33, z = 2.18), psychomotor speed (g (3) = 0.22, 95% CI= 0.01 to 0.43, z = 2.07) and 

executive function (g (9) = 0.15, 95% CI = 0.03 to 0.28, z = 2.35).  No significant differences 



Testosterone Supplementation and Cognition  23 

 

 

 

were noted for the global cognition, attention, verbal memory, visuospatial ability or 

visuospatial memory domains.  

Conclusion 

 Overall, our findings support the potential for testosterone supplementation as a preventative 

measure against cognitive decline, although the effect sizes were small. These findings warrant 

further observational studies and clinical trials of good methodological quality, to elucidate the 

effect of testosterone supplementation on cognition.  
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Introduction 

 Well established risk factors for age-related cognitive decline include age and genetic risk. 

However, there is growing interest in the way that age-related decreases in hormone levels 

impact cognitive performance in older adults. 

 Multiple reviews have reported on the relationship between endogenous testosterone levels 

and cognition in older men (Barrett-Connor et al., 1999; Boss et al., 2014; Holland et al., 2011). 

A growing number of clinical trials have also been published, examining the effects of 

testosterone supplementation on cognition in older menH. However, there has yet to be a meta-

analysis of the effects of testosterone supplementation on cognition. This paper addresses this 

pivotal gap in the literature by examining the effects of testosterone supplementation on 

individual cognitive domains in published, randomized clinical trials evaluating cognitively 

healthy older men, defined as individuals without MCI or dementia.   

Androgen Production and Aging  

 Total testosterone levels in men decline in the third or fourth decade of life at a rate of 0.2 to 

1 percent annually, while subcomponents of testosterone decrease at faster rates (Bardin et al., 

1991). Specifically, bioavailable testosterone (testosterone that is not bound to sex hormone 

binding globulin) and free testosterone (testosterone that is not bound to sex hormone binding 

globulin and albumin) decrease at a rate of 2 to 3 percent annually (Feldman et al., 2002). 

Neuroprotective Functions of Testosterone 

 A high concentration of androgen receptors is localized in the hippocampus and prefrontal 

cortex, where synaptic loss and white matter atrophy in these regions are thought to cause 

cognitive decline (Janowsky, 2006a, 2006b; Salat et al., 1999; Shimamura, 1995). Animal 

studies have demonstrated the potential for testosterone supplementation to reverse these 

neuropathological events. For example, increased synaptic spine density was observed in the 

hippocampus and medial prefrontal cortex in gonadectomized male rats and is proposed to be 
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the mechanism by which new memories are made and stored (Hajszan et al., 2008). Research 

into demyelinating diseases also identified the role of testosterone in preserving white matter 

integrity in the frontal lobes by stimulating the formation of new myelin (Bartzokis et al., 2003; 

Bielecki et al., 2016).  

 Testosterone also shows promise for the prevention of pathological cognitive decline by 

increasing cell viability (Pike et al., 2009). The accumulation of beta-amyloid (Aβ) protein in 

the form of amyloid plaques and the hyperphosphorylation of tau forming neurofibrillary 

tangles are two hallmarks of Alzheimer’s disease (AD) pathology (Braak & Braak, 1991; 

Grundke-Iqbal et al., 1986). Animal studies have demonstrated that androgens can protect the 

brain by decreasing the accumulation of Aβ through various pathways and inhibiting the 

hyperphosphorylation of tau (McGinty et al., 2014; Papasozomenos, 1997; Yao et al., 2008).  

 Given the neuroprotective properties of testosterone and its association with AD risk, 

researchers have been interested in its effects on cognition.  

Testosterone Supplementation and Cognition 

 Various observational studies report the relationship between low levels of endogenous 

testosterone and poorer performance on measures of memory, visuospatial function, executive 

function and processing speed (Driscoll & Resnick, 2007; Holland et al., 2011). Longitudinal 

studies also report a slower rate of decline in certain cognitive processes such as verbal 

memory, in individuals with higher free testosterone levels (Moffat et al., 2002). These findings 

suggest differential effects of testosterone on individual cognitive domains. However, the 

associative nature of observational studies, while informative, is not indicative of the causal 

effects of testosterone on cognition.  

 Randomized clinical trials (RCTs) have also been inconclusive. Studies examining the 

effects of testosterone in cognitively healthy older men, report improvements in specific 

domains such as episodic memory and visuospatial ability while others report no improvements 
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(Holland et al., 2011; Hua et al., 2016).  Systematic reviews of RCTs in the last decade have 

summarized these divergent results. However, there has yet to be a meta-analytic review 

quantifying the effects of testosterone supplementation on individual cognitive domains thus 

far.  

 The current meta-analysis aimed to contribute to existing knowledge about the cognitive 

effects of testosterone supplementation, by examining the potential for testosterone to prevent 

cognitive decline in older men. The onset of neuropathology can precede the onset of clinical 

symptoms by 15 to 20 years (Villemagne et al., 2013). So far, research into potential 

interventions for neurodegenerative diseases such as AD have not had great success, which has 

been partially explained as a function of providing the intervention after neuropathology has 

already progressed to an irreversible level (Anderson et al., 2017; Mehta et al., 2017). 

Therefore, any potential prevention or treatment methods should target the disease in its very 

early stages to succeed. Whilst it is of importance to review the treatment potential of 

testosterone supplementation in individuals with clinically diagnosed MCI and AD, this current 

review examines the potential for testosterone supplementation to prevent or delay the progress 

of age-related cognitive decline, independent of neuropathological mechanisms. As such, only 

RCTs examining the effects of testosterone supplementation on cognitive healthy individuals 

were included.   

 This review is also unique in its examination of differential effects of testosterone 

supplementation on various cognitive domains. Results from observational studies support the 

potential for testosterone levels to impact different cognitive domains differentially. To 

overcome the variability of cognitive measures used across studies, they were grouped into 

domains based on their theoretical basis. This review also adopted guidelines and 

recommendations released by the  International Society of Andrology (ISA), the International 

Society for the Study of Aging Male (ISSAM) and the European Association of Urology (EAU) 
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to inform the significance of testosterone levels reported among selected RCTs (Wang et al., 

2009).  

 Previous reviews highlight methodological factors such as supplementation methods and 

gonadal status as potential reasons for variability in findings thus far (Fuller et al., 2007; 

Holland et al., 2011; Hua et al., 2016; Huang et al., 2016; Yeap, 2014). Therefore, this review 

aimed to understand the role of baseline testosterone levels, resultant testosterone levels and 

supplementation method as potential moderators of the effects of testosterone supplementation 

on cognition.  

Study Objectives 

 The aims of this meta-analysis were to:  a) statistically quantify the effect of testosterone 

supplementation on cognitively healthy older men randomized to treatment and placebo groups, 

on individual cognitive domains and b) to explore methodological variables such as 

supplementation methods, pre and post treatment testosterone levels as potential moderators of 

the relationship between testosterone supplementation and cognition. For each study, the 

difference in performance between baseline and follow-up in the treatment group was compared 

to the placebo group.  

Methods 

 This meta-analysis complies with the guidelines provided by the Preferred Reporting Items 

for Systematic Reviews and Meta-Analysis (PRISMA) Statement (Moher et al., 2010). 

Search Strategy  

 A comprehensive electronic literature search was conducted to identify published and 

unpublished studies examining the supplementation effect of testosterone on cognition. The 

search terms used are listed in Figure 1. Search results were limited to studies published in 

English, between January 1990 and December 2018. Data were acquired through electronic 

databases (Keyword and MeSH explode) for published articles (PubMed, MedLine, and 
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Cochrane Clinical Trials Review), conference proceedings (Scopus, Web of Science), 

dissertations and theses (Proquest Dissertations and Theses, PsycNet), and grey literature (Open 

Grey and PsycEXTRA). Routine searches made on clinical trial registries returned no results in 

the time frame, nor were any unpublished studies found. Reference lists of published review 

papers produced no additional studies. Key authors of published articles were contacted and this 

returned one study (Wahjoepramono et al., 2015). Two authors (ST and HRS) independently 

reviewed all selected articles against inclusion/exclusion criteria. Where there were 

disagreements, the paper was discussed and agreement achieved.  

Study Selection Criteria  

 Studies were included if study samples included only males over the age of 50. Three studies 

were excluded, as study samples included individuals below the age of 50 (younger men aged 

20-50 years old) and therefore age-related testosterone decrease criteria were not applicable to 

them (Cherrier et al., 2002; Lasaite et al., 2017; Zitzmann, Weckesser, et al., 2001). 

Furthermore, in these studies, results were not stratified according to age and therefore, the 

treatment effect of testosterone on individuals greater than or equal to 50 years old could not be 

extracted. Studies were included only if participants were cognitively healthy males.  Each 

study was reviewed to ensure that the cognitive status of the sample was determined by a 

cognitive screen or examination to rule out possible cognitive impairment. Selected studies 

included at least one valid measure of cognition as a primary or secondary outcome. Where 

participants were cognitively assessed multiple times, only results at baseline and end of 

treatment were analysed. Included studies had a regular testosterone supplementation schedule 

(e.g., daily, weekly, fortnightly). If studies compared the efficacy of testosterone and other 

treatments (e.g., testosterone vs. finasteride or testosterone vs. anastrozole), only the effects of 

testosterone was considered.  Studies were excluded if participants had pre-existing medical 
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conditions that could affect cognition and if they did not have a control group (Cherrier et al., 

2007; Gray, 2005). 

Quality Assessment 

 Methodological quality of included studies was examined using the PEDro scale. (Verhagen 

et al., 1998) Quality ratings for all studies were carried out by two of the authors (ST and MT) 

independently, and discrepancies were discussed and resolved.  

Data Extraction 

 Data extracted from the final selected papers included author/s, year of publication, sample 

size, mean participant age, mean years of education, mean baseline and end of study 

testosterone levels (total testosterone, free testosterone and bioavailable testosterone), 

supplementation method, supplementation dosage, supplementation frequency, cognitive 

assessments used and scores for each test. Where there were insufficient data to calculate effect 

sizes, corresponding authors were contacted. Where graphs were available for these studies, 

Plot Digitizer was used to extract means and confidence intervals 

(http://plotdigitizer.sourceforge.net; Cherrier et al., 2001; Cherrier, Matsumoto, Amory, Ahmed, 

et al., 2005; Resnick et al., 2017). 

Categorization of Cognitive Domains  

 Cognitive measures for each study were categorized into the following domains: an overall 

cognitive composite score, global cognition, psychomotor speed, attention, executive function 

(EF), verbal memory, visuospatial memory and visuospatial ability (Table 1 of supplementary 

material). Mapping of tests to each domain was based on the theoretical basis of each test and 

agreed upon by authors with expertise in cognitive aging (MW and HRS). When more than one 

sub-test score was provided, data from the subtest that best reflected usual age-related deficits 

were extracted (e.g., only scores on the long-delay condition of the California Verbal Learning 

Test were extracted).  
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Stratification of Testosterone Levels   

 The mean serum total testosterone levels of study samples were stratified according to 

guidelines released by the ISA, ISSAM, EAU, EAA and ASAi . Individuals with serum total 

testosterone concentrations of less than 230ng/dL would benefit from treatment, those with 

serum total testosterone concentrations of above 350 ng/dL would not require treatment, and 

those with levels between 230 and 350 ng/dL required further investigation (Wang et al., 2009). 

 Studies were also grouped according to the post- treatment serum total testosterone levels 

achieved. Based on the finding that testosterone levels vary between 320-1000 ng/dL in adult 

males, mean post treatment serum total T levels between 320 and 1000 ng/dL were grouped as 

being average and those above 1000 ng/dL were grouped as having supraphysiological  levels 

(Vermeulen, 2001). 

Data Analysis 

 Comprehensive Meta-Analysis, version 2.2.064 was used to collate data, calculate effect 

sizes and generate forest and funnel plots.  

Calculation of Effect Sizes 

 Performance of the treatment and control group pre- and post-treatment, was compared. 

Effect sizes were expressed as Hedges’ g, which includes a correction for small sample bias. 

The magnitude of Hedges’ g may be interpreted as, d ≤ 0.20 small, d = 0.50 medium, d ≤ 0.80 

large and d ≤ 1.00 very large (Cohen, 2013). A random effects model was used. Where a study 

used more than one measure to assess a cognitive domain, the effect size was calculated using 

the mean of selected measures.  

                                                           
i These guidelines have been superseded by the Endocrine Society of Australia Position Statement on the 

Management of Male Hypogonadism in Med J Aus 2016;205(4):173-8 and 205(5):228-31 and the Endocrine 

Society Clinical Practice Guideline on Testosterone Therapy in Men with Hypogonadism JCEM 2018;103(5):1-30. 

However, reference ranges included in these two guidelines were based on young adult men (between 19 and 35 

years) or older men (between 70 and 89 years) so could not be applied to men aged between 50 and 69 years as 

reported in the studies in this meta-analysis. Therefore, previous guidelines were used. 
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Results  

 The results of the search strategy are shown in Figure 1.  
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Figure 1. 

1PRISMA Flow Diagram of Literature Search Illustrating the Inclusion of the Final 14 Studies. 

 

The search process resulted in 14 eligible RCTs (providing 15 separate comparisons), 

describing data for 736 treated and 670 control participants (Table 1a and 1b). One study 
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employed a randomized crossover design and was thus treated as individual studies in our 

analyses (Wahjoepramono et al., 2015). 
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Table 1a.  

1Summary of Participant Characteristics for Each Study. 

 

  

 

Citation Year 
Control Group Treatment Group 

PEDro 

N Age Ed. N Age Ed. 

A Borst et al.  2014 
16 70 - 14 69 - 

9 

B Cherrier et al.  2001 

12 65 15 13 70 16 

8 

C Cherrier et al.  2005 
20 65 16 18 65 16 

9 

D Huang et al. 2016 
140 68 16# 140 66 16# 

9 

E Janowsky et al  1994 
29 67 15 27 67 15.3 

10 

F Kenny et al 2002 
20 75 16# 24 76 16# 

7 

G Lu et al.   2006 
10 61 17.6 12 63 16.5 

9 

H Maki et al.  2007 
- - - 15 73 17.4 

10 

I Vaughan et al.  2007 
15 70 15.8 15 70 15.8 

9 
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Table 1a (Continued) 

Note. Citations are displayed alphabetically by first author and are given a letter to aid the presentation of information in Table 1-S of the 

Appendix. N= number of participants; Age = Mean age of participants; Ed.= years of education; BMI= body mass index; # = Studies did not 

provide a mean education level but the percentage of participants with a college education. Since more than 50% of participants in these studies 

received college education, an average of 16 years was listed; Pedro = Quality rating score (out of a maximum of 10) attained on the PEDro 

scale, where a higher score indicates an increased likelihood that the RCTs are internally  and externally valid and have sufficient statistical 

information for interpretable results.  

 

 

Citation Year 

Control Group Treatment Group 

PEDro 
N Age Ed. N Age Ed. 

   
      

 

J Wahjoepramono et al. (Placebo-

Treatment)  
2016 - - - 22 62 13.7 9 

K Wahjoepramono et al (Treatment-

Placebo)  
2016 - - - 22 59 13.9 9 

L Young et al. 2010 15 67 16.07 15 67.5 16.6 8 

M Emmelot-Vonk et al.  2008 110 67 - 113 67 - 8 

N Haren et al.  2005 37 68 - 39 69 - 9 

O Resnick et al.  2017 246 72 - 247 72 - 9 
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Table 1b.  

2Summary of Post Supplementation Hormone Levels and Supplementation Details. 

 

  

 Citation  Year  PreTT 

(ng/dL) 

PreBT 

(ng/dL) 

PreFT 

(pmol/L) 

PosTT 

(ng/dL) 

PosBT 

(ng/dL) 

PosFT 

(pmol/L) 

Dur. Supp. Meth. Dose 

(mg) 

Freq. 

A Borst et al.  2014 245 46 - 448 101.20 - 52 TE IM 125 W 

B Cherrier et al. $ 2001 570.02 - - 1271.47 - - 6 TE IM 100 W 

C Cherrier et al. $ 2005 403.46 - - 1475.5 - - 6 TE IM 100 W 

D Huang et al.  2016 305.48   567.72   156 TU Gel 7500 D 

E Janowsky et al.  1994 - - 55.9 - - 84.3 4 T IM 15 W 

F Kenny et al.  2002 - 93 - - 162 - 52 T Patch 5 D 

G Lu et al.  2006 387.7 - 6.2 597.1 - 11.2 24 T Gel 75 D 

H Maki et al.  2007 402.07 - - 970.21 - - 39 TE IM 200 F 

I Vaughan et al.  2007 285.30 100.90 - 587.90 170.0 - 156 TE IM 200 F 
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 Table 1b (Continued) 

 Note. Citations are displayed alphabetically by first author and are given a letter to aid the presentation of information in Table 1-S of the Appendix. 

Gon. Status Pre= Baseline mean gonadal status of the study cohort; H= Hypogonadal; EU= eugonadal; BL= borderline; NS= not specified; Gon. 

Status Post = End of treatment mean gonadal status of the cohort; S= supraphysiological; PreTT= Pre-supplementation total testosterone level; PreBT= 

pre supplementation bioavailable testosterone levels; preFT = pre-supplementation free testosterone level; Dur= supplementation duration in weeks; 

Supp.= supplementation type, Meth.= supplementation method; Dose= supplementation dose in milligrams; Freq.= supplementation frequency; TE= 

testosterone enanthate; TU= testosterone undecanoate; T= Testosterone; IM= intramuscular; W= weekly; D= daily; F= fortnightly; # Studies that were 

 
Citation  Year  PreTT 

(ng/dL) 

PreBT 

(ng/dL) 

PreFT 

(pmol/L) 

PosTT 

(ng/dL) 

PosBT 

(ng/dL) 

PosFT 

(pmol/L) 

Dur. Supp. Meth. Dose 

(mg) 

Freq. 

J 

 

Wahjoepramono et 

al. (Placebo-

Treatment)  

2016 
 

478.38 
- - 706.05 - - 24 T Gel 50 D 

K 

Wahjoepramono et 

al. (Treatment-

Placebo)  

2016 475.50 - - 769.45 - - 24 T Gel 50 D 

L Young et al. 2010 - - 241.4 - - 347.6 6 T Gel 75 D 

M 
Emmelot-Vonk et al. 

# 
2008 317.26   NA - - 24 TU Oral  80 D 

N Haren et al. # 2005 482.82 - - 449.65 - - 52 TU Oral  80 D 

O Resnick et al. $ 2017 256.54 - - 492.06 - - 52 T Gel  5000 D 
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excluded from the post-hoc analysis due to decreases in testosterone levels from baseline; $ = Pre and Post Mean TT levels for this study are estimates. 

Actual values were not provided in the paper and were extracted using the Plot Digitizer software. 
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All studies recruited cognitively healthy, community-dwelling adults with an age range of 59 to 

76 years. Eight studies reported an average education level of 15 years. Treatment duration 

ranged from 4 to 156 weeks, with six studies using an intramuscular (IM) method of 

testosterone supplementation on a weekly or fortnightly basis. Studies included in the analysis 

were deemed to be of high quality (PEDro scale score range: 7 to 10).  

 The correlation between baseline and follow up scores is required to calculate the standard 

deviation of change from baseline. These correlations were not provided in any of the studies. 

Analyses were conducted with imputed correlations between 0.3 to 0.7, with no substantial 

differences in the magnitude or direction of effects sizes across values (Table 2 of 

supplementary material). A correlation of 0.5 was used for reporting results (Fu et al., 2013) 

A statistical summary of the results is presented in Table 2. The treatment group had 

significant improvements compared to the control group, on tests of executive function, g (10) = 

0.14, 95%CI = 0.03 to 0.26, z = 2.56, p = .011 (Figure 2). There were no significant differences 

in the effect sizes from the treatment group to control group across other cognitive domains 

(Figure 1a to 1d of supplementary material).  
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Table 2.  

3Meta-analysis of Treatment Effects of Testosterone Supplementation on Cognition in the 

Treatment Group Compared to the Control Group. 

Note. N= number of studies included in each cognitive domain; g = Hedge’s g ; CI= Confidence 

Interval; LL= lower limit; UL = upper limit; Z= test of null hypothesis *= effect size significant at p 

< .05.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cognitive 

Domains 

  

N g 95% CI 

 

LL       UL 

Z P Homogeneity Statistics 

Q(df) P I2 

Overall  cognitive 

composite 

14 0.11 0.00 0.21 1.99 .047* 5.02(14) .986 0 

Global Cognition   5 0.07 -0.19 0.33 0.54 .589 6.52(4) .164 38.63 

Attention 6 0.16 -0.03 0.35 1.70 .089 0.63(5) .987 0 

Executive 

Function 

11 0.14 0.03 0.26 2.56 .011* 2.46(10) .991 0 

Psychomotor 

Speed 

5 0.15 -0.02 0.31 1.75 .080 2.03(4) .730 0 

Verbal Memory  12 0.10 -0.01 0.21 1.77 .077 8.38(11) .679 0 

Visuospatial 

Ability 

9 0.05 -0.07 0.18 0.84 .400 5.55(8) .697 0 

Visuospatial 

Memory  

8 0.14 -0.05 0.32 1.47 .141 9.76(7) .203 28.27 
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Figure 2.  

2Forrest Plot Illustrating Individual Study Statistics for the Executive Function Domain. 

 

Sensitivity Analysis  

In two studies, post-treatment total testosterone levels were noted to be lower than or 

unchanged from baseline total testosterone levels. A sensitivity analysis was conducted, 

excluding these studies, to elucidate the effects of increasing testosterone levels on cognition. 

With the exclusion of the above mentioned studies, a significant difference between the 

treatment and placebo group was observed in the overall cognitive composite, psychomotor 

speed and executive function domains (Table 3 and Figure 3a to 3c). However, cognitive 

performance in the treatment group did not differ from that of the control group in the global 

cognition, attention, executive function or visuospatial memory domains (Figure 2a to 2d of 

supplementary material).  
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Table 3.  

4Meta-analysis of Treatment Effects of Testosterone Supplementation on Cognition, Excluding Two 

Studies that Did Not Demonstrate an Increase in Testosterone Levels After. 

Note. N= number of studies included in each cognitive domain; g = Hedge’s g ; CI= Confidence 

Interval; LL= lower limit; UL = upper limit; Z= test of null hypothesis *= effect size significant at 

p < .05.  

 

 

 

 

 

 

 

 

 

 

Cognitive 

Domains 

 
N g 95% CI Z P Homogeneity statistics 

     LL  UL   Q(df) P I2 

Overall  

cognitive 

composite 

 

13 0.13 0.01 

 

0.25 2.15 .032* 4.05(12) .983 0 

Global 

Cognition   

 
4 0.10 -0.07 

 
0.26 1.17 .244 3.00(3) .391 0.09 

Attention  5 0.21 -0.07  0.48 1.48 .138 0.45(4) .978 0 

Executive 

Function 

 
9 0.16 0.03 

 
0.28 2.35 .019* 2.22(8) .974 0 

Psychomotor 

Speed 

 
4 0.22 0.01 

 
0.43 2.07 .038* 0.77(3) .858 0 

Verbal 

Memory  

 
11 0.11 -0.01 

 
0.23 1.82 .068 8.11(10) .618 0 

Visuospatial 

Ability 

 
7 0.09 -0.06 

 
0.24 1.14 .255 4.61(6) .595 0 

Visuospatial 

Memory  

 
8 .14 -0.05 

 
0.32 1.47 .141 9.78(7) .203 28.27 
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Figure 3a.  

3Forrest Plot Illustrating Individual Study Statistics for the Global Cognitive Composite. 

 

Note. Two studies that did not demonstrate an increase in mean serum TT levels in the treatment 

group are excluded. 

 

Figure 3b.  

4Forrest Plot Illustrating Individual Study Statistics for the Executive Function Composite. 

 
Note. Two studies that did not demonstrate an increase in mean serum TT levels in the treatment 

group are excluded. 
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Figure 3c.  

5Forrest Plot Illustrating Individual Study Statistics for the Psychomotor Speed Composite. 

 

 
 

Note. Two studies that did not demonstrate an increase in mean serum TT levels in the treatment 

group are excluded. 

 

Moderator Analysis 

 Baseline T levels, post treatment testosterone levels and supplementation method were 

identified a-priori, to examine their role as potential moderators of the relationship between 

testosterone supplementation and cognition. To determine if lower baseline testosterone levels 

might alter the relationship between testosterone supplementation and cognition, studies were 

stratified into three predetermined groups. Six studies had mean total testosterone levels at 

baseline above 350ng/dL and three studies had mean total testosterone levels between 230-350 

ng/dL. Two studies did not report baseline serum total T levels and were not included in this 

analysis. Baseline testosterone level did not have a significant impact on the relationship 

between testosterone supplementation and cognition across domains.  

 Eight studies achieved post treatment testosterone levels within the average range expected 

for adult males whilst two studies achieved supraphysiological post treatment testosterone 

levels. Two studies did not report post treatment total testosterone levels and were excluded 

from the analysis. Across cognitive domains, post treatment total testosterone levels did not 

impact the relationship between testosterone supplementation and cognition.  
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 Lastly, the effect of different supplementation methods used amongst studies was explored. 

Five studies used intramuscular testosterone enanthate, six studies used testosterone gel, two 

used an oral formulation and one used a testosterone patch. There was no evidence that an 

improvement in cognitive performance in the treatment group differed by supplementation 

method.   

Heterogeneity  

 Heterogeneity was assessed visually with forest plots and statistically using Cochrane’s Q-

statistic, and I2 statistics. The evaluation of heterogeneity with a small number of studies (< 8) is 

problematic, so where appropriate, forest plots were consulted for an approximate evaluation 

(von Hippel, 2015).  Significant heterogeneity was not found in any cognitive domains. 

Publication Bias 

 Publication bias was inspected using funnel plots (Figure 3a to 3h, 4a to 4h of supplementary 

material) and Egger’s test of asymmetry. Egger’s test for funnel plot asymmetry is not 

recommended for sample sizes less than 10, so symmetry of the funnel plots for some domains 

was not examined (Sterne et al., 2011). 

 With the inclusion of all studies, Egger’s test of asymmetry indicated publication bias only in 

the verbal memory domain (1.08, 95%CI = 0.16 to 2.00, t(10) = 2.62, p = .026).  Rosenthal’s 

Fail-safe N indicated 7 studies with null results would be required to generate a non-significant 

effect. With the exclusion of two studies in the second analysis, possible publication bias was 

indicated in the cognitive composite score, verbal memory and visuospatial ability domains. In 

the cognitive composite, Egger’s test of symmetry indicated possible bias (0.74, 95%CI = 0.19 

to 1.30, t(11) = 2.94, p = .013). Rosenthal’s Fail-safe N indicated that 9 studies with null results 

would be required to general a non-significant result. If the asymmetry is due to bias, the 

adjusted effect size could be 0.13, (Lower Limit to Upper Limit: -0.02 to 0.27). In the verbal 

memory domain (1.06, 95%CI= 0.07 to 2.05, t(9) = 2.41, p = .039), Rosenthal’s Fail-safe N 
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indicated 7 missing studies with null results were required to generate a non-significant effect. If 

asymmetry is due to bias, the adjusted effect size could be 0.05 (Lower Limit to Upper Limit: -

0.09 to 0.19).  In the visuospatial ability domain, (1.10, 95%CI = 0.13 to 2.08, t(5) = 2.90, p = 

.033). If asymmetry is due to bias, the adjusted effect size could be 0.02 (Lower Limit to Upper 

Limit: -0.14 to 0.18). 

 Routine searches for unpublished clinical trials and dissertations resulted in two abstracts, 

one of which reported positive effects (Shin et al., 2012) whilst the other indicated that the 

reported baseline data were part of an ongoing clinical trial (Heyn et al.) Attempts to contact 

both authors for further details were unsuccessful.  

Discussion 

 We aimed to synthesize and quantitatively evaluate the efficacy of testosterone 

supplementation on individual cognitive domains in recent RCTs. RCTs examining the effect of 

testosterone supplementation on cognition in cognitively healthy older men above the age of 50 

were analysed, to examine its to prevent or delay age-related cognitive decline in cognitively 

healthy individuals. It extends the work of previous systematic reviews by quantifying the 

effects of testosterone on individual domains of cognition.  

 With the inclusion of all studies in the analysis, executive functions significantly improved in 

the treatment group, as compared to the placebo group. However, this result was not reflected in 

other cognitive domains. It was determined that an increase in testosterone levels after 

supplementation is an important caveat for examining the effect of testosterone supplementation 

on cognition. Therefore, two studies were excluded and a sensitivity analysis was conducted. 

Even after the exclusion of these studies, the effect size in the executive function domain 

remained significant. A significant improvement in executive functioning, due to testosterone 

supplementation is an important finding, given that the frontal lobes that are associated with 

executive functioning are proposed to have high androgen receptor concentration. Furthermore, 
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poor performance in executive function measures have been noted in non-demented older adults 

and has been found to predict cognitive decline and progression to AD (Blacker et al., 2007; 

Lindsay R. Clark et al., 2012). Therefore, testosterone supplementation may delay the 

progression of cognitive decline by improving or maintaining executive functioning.  

 In addition, testosterone supplementation also had a small, positive effect on the overall 

cognitive composite score and psychomotor speed after the exclusion of two studies. A 

significant effect of testosterone supplementation on the cognitive composite score suggests that 

it could be beneficial for overall cognitive functioning. This resonates with previous reviews that 

testosterone supplementation has the potential to improve cognition in older men (Holland et al., 

2011; Hua et al., 2016). In particular, a positive effect on psychomotor speed is also important, 

as processing speed tasks involving a motor component exhibit significant decline with age 

(Eckert et al., 2010). Furthermore, age-related decline in processing speed accounts for a large 

proportion of age-related variance in task performance in other cognitive domains amongst older 

adults (Salthouse, 1996). 

 Significant improvements in measures of attention, verbal memory, visuospatial memory and 

visuospatial ability were not observed. These findings may be attributed in part to the types of 

measures used. For example, evidence from animal models suggests that visuospatial working 

memory but not visuospatial long term memory may benefit from supplementation (Spritzer et 

al., 2008). It is possible that the measures used in the studies examined here were not reflective 

of aspects of visuospatial memory on which testosterone may exert its benefits. In turn, use of 

spatial span tasks (e.g. Corsi blocks tapping task) may be a better measure of the effect of 

testosterone supplementation on visuospatial working memory (Guariglia, 2007). 

 It is also important to consider stability of particular cognitive processes with age. For 

example, the measures of attention reported largely assessed selective attention (e.g. Trail 

Making Task A), a domain that appears relatively stable in older adults, compared to 
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performance on divided attention (Harada et al., 2013). Given the relatively high level of 

educational attainment and normal cognitive status of the sample, future studies should utilize 

cognitive measures with adequate sensitivity to detect small changes in these domains.  

Methodological Issues and Considerations for Future Research 

 Our ability to examine methodological variables as potential moderators was likely limited by 

small sample sizes in each cognitive domains. Nonetheless, summary of the methodology for 

each clinical trials indicates methodological issues that would be beneficial for future research to 

address.  

Participant Testosterone Levels 

 Across studies, there was variability in the eligibility criteria for maximum individual 

testosterone levels for eligibility, making it difficult to determine testosterone levels that would 

best benefit from supplementation. The absence of standardized reference ranges make it 

difficult to determine the exact lower limits of circulating testosterone to diagnose androgen 

deficiency. Furthermore, this can be complicated by variations in testosterone levels using 

different assay methods. In the most recent guidelines published by the ESA and the ES, the 

importance of accuracy of testosterone assays is emphasized (Bhasin et al., 2018; Yeap et al., 

2016). Recently, references ranges that are cross-calibrated across different laboratories have 

been published, allowing laboratories to standardize their results (Travison et al., 2017) . 

However, these have not been validated for clinical or research use. In the absence of 

standardized references ranges, clinical trials should consider physiological symptoms of 

hypogonadism, in conjunction with hormone assays. Self-reported symptoms such as erectile 

dysfunction, loss of libido and symptoms of depression are indicative of a low androgen state 

when considered together with a laboratory diagnosis (Bhasin et al., 2018; Wang et al., 2009). 
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Testosterone Formulation 

 Comparison of different testosterone formulations demonstrates wide variations in the 

resulting endocrine profiles. Intramuscular testosterone enanthate and testosterone gel were most 

commonly used amongst RCTs analysed. Based on an ongoing analysis of older men in the UK 

Androgen Study, analysis of endocrine profiles over a period of 10 years showed that both 

formulations demonstrated similar endocrine profiles longitudinally (Carruthers et al., 2015). 

Both formulations resulted in significant increases in both total T and calculated free 

testosterone (cFT) that were sustained over time. Comparatively, two studies that were excluded 

in our sensitivity analysis due to no increase in post treatment total testosterone levels, 

administered oral testosterone undecanoate formulations. Oral testosterone undecanoate may be 

susceptible to temperature instability, problems with absorption and was found to result in slight 

increases in the total testosterone and free testosterone levels over a five year period (Carruthers 

et al., 2015). In our current analysis, it was also observed that large scale RCTs, with null 

results, tended to use oral or topical formulations. Future research may be interested in 

comparing different formulations and their effects on cognition.  

Measurement of Response to Testosterone Supplementation  

 Even when a uniform dose of testosterone is administered, individuals can vary in how much 

their testosterone levels may increase following supplementation. Therefore, studies need to 

determine if increasing testosterone levels to average or supraphysiological levels is beneficial 

for cognitive performance. The current analysis only had a small number of studies achieving 

supraphysiological testosterone levels after supplementation, and as such was unable to 

determine if post treatment testosterone levels affected the relationship between testosterone 

supplementation and cognition. Given that evidence from animal and human studies points to 

the possible detrimental effects of supraphysiological levels of testosterone on cognition, it will 
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be valuable for future studies to explore the level of testosterone increase that allows for greatest 

cognitive benefit (Carcaillon et al., 2014; Jia et al., 2013; Martin et al., 2007).  

 Increase in free testosterone levels should also be considered as measurement of responses to 

testosterone supplementation. Free testosterone, or biologically active testosterone, is proposed 

to be a more robust predictor of cognitive outcomes (Moffat et al., 2002; Yeap et al., 2008). 

Studies suggest that men with normal total testosterone and free testosterone levels present with 

different physical symptoms compared to men with normal total testosterone but low free 

testosterone levels (Bhasin et al., 2018). However, this research has not be explored in relation 

to cognition. Currently, the gold standard for the measurement of free testosterone levels is 

liquid or gas chromatography, tandem mass spectrometry, though this may not be achievable 

due to the high cost of this labour intensive method (Bhasin et al., 2018; Yeap et al., 2016). Free 

testosterone levels can also be calculated from total testosterone levels, with limitations; i.e. the 

accuracy of calculations is limited by the quality of total testoterone, sex hormone binding 

globulin and Albumin assays and may result in overestimation (Rosner et al., 2007). The 

difficulty with interpreting free testosterone levels also stems from the lack of established 

reference ranges and variability in the calculation of free testosterone. It will be valuable for 

future observational studies and clinical trials alike to help establish reference ranges and 

determine the impact of testosterone supplementation on free testosterone levels. 

Role of Other Hormones 

 Testosterone may act in synchrony with other hormones to exert its effect on cognition (Hua 

et al., 2016). As T levels decrease with age, levels of sex hormone binding globulin and 

gonadotropins such as luteinizing hormone and follicle stimulating hormone increase. This 

upregulation of these hormones has been has been associated with poorer cognitive performance 

and increased risk of dementia, independent of free testosterone or total testosterone levels 

(Fonda et al., 2005; Muller et al., 2010; Verdile et al., 2014b; Verdile et al., 2008). Therefore, 
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the supplementation effects of testosterone could be masked by higher sex hormone binding 

globulin or gonadotropin levels.  Alternatively, the effects of testosterone supplementation on 

cognition may not be accurately measured until gonadotropin levels are decreased. 

 Testosterone may also impact on verbal memory through its conversion to estradiol, an 

estrogen steroid hormone (Holland et al., 2011; Hua et al., 2016). Cherrier and colleagues 

(2005) compared verbal memory performance in two groups, one administered with testosterone 

and another group administered with testosterone and an aromatization inhibitor. Improvements 

were observed only in the testosterone group, suggesting that the aromatisation of testosterone to 

estradiol may mediate the benefits of testosterone on verbal memory. Future studies can benefit 

from more research into the complex relationship between testosterone, gonadotropins and 

cognition. 

Limitations 

  Our review of the efficacy of testosterone supplementation on cognition, though 

informative, was not without limitations. The neuropsychological measures in our sample were 

divided into eight cognitive domains, resulting in a small sample size in each domain. However, 

this was valuable in allowing us to examine differential effects of testosterone supplementation 

on different cognitive domains. 

  As illustrated by funnel plots, some of our findings are also likely to be subject to 

small-study effects, in which smaller studies are more likely to report beneficial effects of 

testosterone supplementation on cognition. Several significant findings across individual 

cognitive domains were observed to be driven by smaller RCTs, while larger RCTs failed to 

improve either testosterone levels or cognitive performance. Smaller studies may be susceptible 

to exaggeration of treatment effects and poorer methodological rigor. However, a null effect is 

not evidence for a null effect of testosterone supplementation on cognition.  
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  Our analysis was also limited in its scope. Whilst narrowing our analysis to studies in 

cognitively healthy older men meant that we were able to examine the potential for testosterone 

supplementation to maintain cognitive function, we were unable to comment on the effect of 

testosterone supplementation as a treatment for MCI or AD. This is an important topic for future 

analyses. 

Lastly, our stratification of studies according to the joint guidelines released by the ISA, 

ISSAM and EAU was felt to be best suited for the current sample age-ranges but do not reflect 

the most recent references ranges released by the ES and the ESA. Whilst these new reference 

ranges are important to guide clinical treatment for hypogonadism, our research was designed to 

elucidate the impact of testosterone supplementation on cognition in different domains. 

 Conclusion 

Our current analysis presents a statistical summary of RCTs in the last decade, 

examining the effects of testosterone supplementation on individual cognitive domains, in 

cognitively healthy older men above the age of 50. By examining supplementation effects in 

cognitively healthy men, we can examine the potential for testosterone supplementation to 

improve cognition in the absence of neuropathology. Results from this meta-analysis provide 

evidence for improvements in overall cognition, psychomotor speed and executive function in a 

sample of relatively high quality RCTs examining the effects of testosterone supplementation on 

cognitively healthy older men, where the supplementation increased testosterone as expected. 

Though effect sizes were small, significant findings in these domains suggest that testosterone 

supplementation may have potential to prevent cognitive decline or maintain cognitive 

performance, in the absence of any confirmed neuropathology. The challenge for future clinical 

trials is to refine their methodological quality in larger, longitudinal studies to identify variables 

that can impact on the cognitive benefits of testosterone supplementation. 
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CHAPTER 3: Methods   

 Preface 

 Results from the meta-analytic review of clinical trials, as presented in the previous 

chapter, demonstrated that testosterone supplementation can improve performance on 

processing speed in cognitively healthy older men. However, the reported effect sizes are 

modest, which supports the need to better understand the relationship between testosterone 

and cognition, by examining possible reasons behind inconsistencies in the current literature.  

As mentioned in Chapter 1, we aimed to achieve this by examining a subset of 

potential factors that could moderate or mediate the relationship between testosterone and 

cognition. Specifically, the two factors of interest in this thesis are individual variability in 

the length of a polyglutamate receptor in the androgen receptor gene, and individual variation 

in physical activity levels. Two novel experimental studies were designed to examine the role 

that these two factors play in the relationship between testosterone and cognition. Using data 

collected from the Australian Imaging Biomarkers and Lifestyle (AIBL) Flagship Study of 

Aging, we aimed to examine how these factors modulate the relationship between 

testosterone and cognition.  

While results from our meta-analysis showed that testosterone supplementation had 

the greatest effect on processing speed, the following experimental studies will still include 

cognitive scores across a range of different domains. This is facilitated by the comprehensive 

neuropsychological battery administered as part of the AIBL study protocol. As identified in 

the Chapter 1, a limitation of the current research is that studies are often selective the 

cognitive domains they examine. By examining the proposed relationships across a range of 

cognitive domains, it will advance the current understanding of the relationship between 
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testosterone and cognition, by delineating potential differential relationships that testosterone 

may have on different cognitive domains.  

The remainder of this chapter describes the design of the AIBL study in greater detail. 

It also outlines the recruitment and selection of the cohort used in the proceeding 

experimental studies.  

 Recruitment, Participants and Materials  

 The AIBL study is a prospective, longitudinal study of aging launched in 2006. Since 

then, over 2000 individuals over the age of 60 have been recruited in both Melbourne and Perth, 

Australia, to assist with prospective research into Alzheimer’s disease (AD). The AIBL study 

has received Ethics approval from Institutional Ethics Committees of Austin Health and St 

Vincent’s Health for the Melbourne site; Hollywood Private Hospital and Edith Cowan 

University for Perth site. A detailed description of recruitment, materials and analyses have 

been summarized in a publication by Ellis and Colleagues (2009). Details of the sample, 

measures and analyses pertaining to the proceeding experimental studies in this thesis are 

described below.   

Recruitment 

Volunteers over the age of 60 were recruited through a media appeal for volunteers or 

were referred by their treating physician. All volunteers underwent initial screening by 

telephone. Screening questions included basic demographic data (age, sex, contact details) and 

information about medical history. Individuals were excluded if they had a history of non-AD 

dementia, schizophrenia, bipolar disorder, significant current depression, Parkinson’s disease, 

cancer (other than basal cell skin carcinoma) within the last two years, symptomatic stroke, 

uncontrolled diabetes or regular alcohol use exceeding four standard drinks per day (for men).  
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Study Design 

Based on their responses on the screening interview, volunteers who met the inclusion 

criteria were invited to attend the baseline assessment. Assessments were conducted across 

three locations in Melbourne and Perth, Australia. Prior to the assessment, detailed information 

about the study was sent to participants and participants provided written informed consent 

upon arrival on the day of assessment.   

Assessments were conducted in the mornings and participants were instructed to fast 

from the night before, for eight hours or more. Weight, height, abdominal circumference, 

resting blood pressure and pulse were measured upon arrival, after which 80ml of blood was 

drawn for biochemical and genetic analyses. Participants were then provided with breakfast, 

before the cognitive assessments were administered. Cognitive measures were administered by 

trained staff, under the supervision of a qualified and experienced psychologist. 

Participants were invited back for follow up visits every 18 months after their first visit. 

At each visit, they were asked to fast overnight and the same procedures at baseline were 

repeated at all follow-ups. The experimental studies in this thesis analysed results of the 

baseline and first follow up visit.  

Materials 

Cognitive Measures  

The tests in the AIBL neuropsychological battery aimed to cover the main domains of 

cognition affected by AD and other dementias. On average, administration of the full 

neuropsychological battery was completed in about two to three hours and participants were 

encouraged to take breaks whenever necessary to prevent and reduce fatigue. The battery was 

administered in the following order: Mini-Mental State Examination (MMSE), Digit Span and 

Digit Symbol-Coding subtests of the Wechsler Adult Intelligence Scale-Third Edition (WAIS-

III), Logical Memory I and II of the Weschler Memory Scale 3rd Edition (LMI; LMII; Story A 
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only), California Verbal Learning Test-Second Edition (CVLT-II), Rey Complex Figure Test 

(RCFT), Delis-Kaplan Executive Function System (DKEFS) letter and category fluency tests, 

a 30-item version of the Boston Naming Test (BNT), Clock Drawing Task, Wechsler Test of 

Adult Reading (WTAR) and the Stroop task (Victoria version).  

Test scores from this battery were selected to calculate composite scores in the recall 

memory, recognition memory, language, executive functioning, attention and processing 

speed, and an AIBL pre-clinical AD cognitive composite (Harrington et al., 2016). Outcome 

measures for each domain were standardized against the baseline mean and standard deviation 

for the whole cognitive healthy older adult group, then averaged to compute cognitive 

composite scores (Lim et al., 2015). Selection and calculation of these cognitive domains were 

determined by members of the cognitive stream of the AIBL study. For the purposes of our 

analyses, composite scores on the memory, language, executive functioning, attention and 

processing speed domains were analysed. These cognitive processes were chosen because 

declines in these domains have typically been identified in cognitively healthy older adults 

(Harada et al., 2013). A description of the outcome measures selected for each domain is 

described below.  

 Memory Composite Domain. Scores in the recall memory composite consists of 

scores on the CVLT-II long delay condition, scores on the Logical Memory II and the 30-

minute delay condition of the RCFT. 

California Verbal Learning Test 2nd edition (CVLT-II; Delis et al., 2000). The CVLT-

II is a commonly used neuropsychological measure and has well established construct validity 

as a measure of episodic verbal learning and memory (Alexander et al., 2003; Baldo et al., 

2002). The assessor presents a list (List A) of 16 items aloud, at one-second intervals in a fixed 

order, over five learning trials. After each trial, participants are asked to recall as many words 

as they can in any order, immediately. An interference list (List A) of 16 words is then 
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presented for one trial. Participants are then asked to recall as many words from List A (free 

recall) and then asked to recall words from the same list after being given a categorical cue 

(cued-recall). The free recall and cued recall trials of List A are then administered again after 

a 20 minute delay, followed by a yes/no recognition of words from List A. Studies have 

supported the reliability and validity of the CVLT-II in healthy older adult populations 

(Benedict, 2005; Woods et al., 2006).  

WMS-III Logical Memory subtest (WMS-III;Wechsler, 1945). Assessors read out a 

short prose passage and participants are asked to recall as many details as possible immediately 

and after a 25-35-minute interval. The Logical Memory subtest of the WMS-III typically 

consists of two stories, however only story A was administered in this battery. Higher scores 

on each of the immediate and delayed recall trials reflect more details recalled. It has been 

widely used in the assessment of older adults with and without cognitive disorders and has 

adequate sensitivity in distinguishing between cognitively health older adults and those with  

AD or MCI (Johnson et al., 2003). This test has a high level of reliability and validity in older 

adult samples (Drozdick et al., 2012; Strauss et al., 2006). 

Rey Complex Figure Test (RCFT; Myers & Myers, 1995). The RCFT is a measure of 

visual-spatial constructional skills and memory. Participants are presented with a two-

dimensional figure and are asked to copy and then reproduce the figure from memory after a 

three-minute (Immediate Recall) and 30-minute (Delayed Recall) delay period. The 

recognition trial requires participants to identify, from a list of 24 items, those that were part 

of the original stimulus. Performance was calculated by applying the standard scoring criteria, 

in which the figure is divided into 18 components and each component is scored on a two point 

scale based on accuracy and placement (Myers & Myers, 1995). Studies have evidenced the 

reliability and validity of this test as a sensitive measure of age-related cognitive changes 

(Harrington et al., 2016; Myers & Myers, 1995).  
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 Language Composite. The language composite consists of scores on a 30-item short 

form of the Boston Naming Test and the Category fluency subtest of the D-KEFS. 

Boston Naming Test 30 item short-form (BNT; Saxton et al., 2000). The BNT is a 

measure of confrontational word retrieval. Participants are presented with 30 black and white, 

line drawn pictures. The pictures are presented on at a time and participants are asked to name 

each one. Two types of cues may be presented when there is an incorrect response, or if the 

examinee is unable to name the picture. A stimulus cue is presented when the examinee clearly 

misperceives or does not recognise the picture. A phonemic cue (the first sound of the word) 

is presented when there is indication that the examinee correctly perceives the picture but is 

unable to name it. Only correct responses produced spontaneously and those with the aid of 

stimulus cues are considered correct responses. Studies have supported the reliability and 

validity of this measure (Graves et al., 2010; Harry & Crowe, 2014; Mack et al., 1992). 

D-KEFS Category Fluency subtest (Delis et al., 2001). The category fluency 

component is one of three components that make up the D-KEFS verbal fluency test. The 

category fluency component assesses an individual’s verbal productivity and access to 

semantic knowledge. The participant is asked to say as many words belonging to a designated 

semantic category (animals) as possible, in one minute.  

 Executive Function Composite. The executive functioning composite consists of the 

Letter Fluency and Category Switching score of the Delis–Kaplan Executive Function System 

(D-KEFS) verbal fluency subtest. 

D-KEFS Letter Fluency subtest (Delis et al., 2001). The letter fluency component is a 

measure of participant’s access to long term lexical scores, identified as a subcomponent of 

executive functioning (Buckner, 2004). This task requires participants to say words beginning 

with a specific letter of the alphabet (e.g. F), as quickly as possible. Participants are instructed 
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not to say proper nouns, numbers or words that they have said before but have a different 

ending (e.g. eat, eating, eaten).  

D-KEFS Category Switching subtest (Delis et al., 2001). The category switching task 

is a measure of cognitive flexibility that requires participants to alternate between saying words 

from two different semantic categories (fruit and furniture). Participants are scored on the 

number of correct switches made between two categories.  

According to the manual, the reliability of the D-KEFS verbal fluency subtests are in 

the moderate to high range (Delis et al., 2001; Delis et al., 2004). Positive clinical validity of 

this subtest has been reported in studies of cognitive aging and other cohorts (e.g. frontal lobe 

lesions) (Baldo et al., 2001; Wecker et al., 2000). Fluency tests identical to the D-KEFS verbal 

fluency subtest have been used in aging and AD research, showing good diagnostic and 

predictive validity (Henry et al., 2004; Nutter-Upham et al., 2008; Östberg et al., 2005; St-

Hilaire et al., 2016).  

 Attention and Processing Speed Composite. The attention and processing speed 

composite consist of the Digit Span and Digit Symbol-Coding subtests of the Wechsler Adult 

Intelligence Scale-Third edition (WAIS-III). 

 WAIS-III Digit Symbol-Coding subtest. This subtest is one of three subtests that form 

the processing speed index of the WAIS-III and is a measure of psychomotor and grapho-motor 

speed. Participants are provided with a table of digit-symbol pairs, followed by a list of digits. 

They are asked to write down the corresponding symbol for as many digits as possible in two 

minutes. The test is scored based on the number of correct symbols written in the allowed time.  

 WAIS-III Digit Span task. This subtest is part of the working memory index of the 

WAIS-III. Participants are read a sequence of numbers and asked to repeat them back to the 

assessor in order (Digit Span forwards) or in the reverse order (Digit Span backwards). Both 

scores are added to form a summary value to allow for the use of age-based norms.  
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 Estimation of Intellectual Function. The Wechsler Test of Adult Reading (WTAR) 

was administered as a measure of intellectual functioning in the AIBL cohort. Participants are 

presented with 50 irregularly spelled words and asked to read them out loud. IQ scores were 

estimated based on reading scores and demographic information. Estimated full scaled IQ 

(FSIQ) was calculated using U.K. norms. Estimated FSIQ was included in our analyses as a 

measure of cognitive reserve. Word pronunciation measures such as the WTAR have been 

shown to be relatively unaffected by neurodegeneration or insult, and has thus been commonly 

used as a proxy measure of cognitive reserve (McGurn et al., 2004).  

Biochemistry and Genetic Analyses 

Blood samples taken at each visit were fractionated, with one aliquot (27ml) sent to 

clinical pathology laboratories in Perth (PathWest Laboratory Medicine WA) and Melbourne 

(Melbourne Health, Melbourne) for examination of blood biomarkers.  

In a select cohort of male participants, blood samples were analysed to obtain sex 

hormone binding globulin (SHBG), and albumin levels. SHBG and albumin levels were used 

to obtain calculated free testosterone (cFT) levels using the Vermeulen equation (Vermeulen 

et al., 1999). cFT levels obtained using the Vermeulen equation are proposed to be a reliable 

index of free testosterone. Measurements are comparable to free testosterone levels obtained 

via equilibrium dialysis (the current gold standard for free testosterone measurement) and has 

shown good clinical utility (Vermeulen et al., 1999). The equation is presented below.  

𝐹𝑇 (
𝑛𝑚𝑜𝑙

𝐿
) =

−𝑏 +  √𝑏2 + 4𝑎[𝑇] 

2𝑎
 

Where 

  a = kat + kt + (kat x kt)([SHBG] + [albumin] – [T]) 

  b = 1+ kt[SHBG] + kat[albumin] – (kat + kt)[T] 

Where 
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kt and kat are association constants for testosterone binding to 

SHBG (10x108 L/mol) and albumin (3.6 x 104 L/mol) 

respectively, [T] = total testosterone concentration in nmol/L, 

[SHBG] = sex hormone binding globulin concentration in 

nmol/L and [albumin] = albumin concentration in mg/dL.  

FT is converted to pg/ml by multiplying the result by 2.88 x 10-

13 and then multiplying by 1.6 (Vermeulen et al., 1999) 

 

One 0.5ml tube of whole blood was used for apolipoprotein E (APOE) genotyping. This 

procedure was conducted in house by the genetic stream of the AIBL study based in Edith 

Cowan University. APOE genotyping was performed on a QuantStudio 12K-Flex Real-Time 

PCR System (Applied Biosystems, USA) using TaqMan® genotyping assays (Life 

Technologies, USA) for rs429358 (Assay ID: C___3084793_20) and rs7412 (Assay ID: 

C____904973_10), as previously described (Porter, Burnham, Milicic, et al., 2018; Porter, 

Burnham, Savage, et al., 2018). In our analyses, APOE ɛ4 allele carriage was coded as a 

dichotomous variable (i.e., carriage of at least one ɛ4 allele or a non-carrier). Therefore, anyone 

with ɛ2/ɛ4, ɛ3/ɛ4 or ɛ4/ɛ4 was considered carrier and those with ɛ2/ɛ2, ɛ2/ɛ3 or ɛ3/ɛ3 was 

considered non-carrier.  

Participants 

Participants of the AIBL study were classified into three different groups: 1) individuals 

diagnosed with AD (as defined by the NINCDS-ARDA criteria), 2) those with mild cognitive 

impairment (MCI, based on the criteria of Winblad et al., 2004) and 3) cognitively normal 

controls (CN). A clinical review panel consisting of geriatricians, psychiatrists, 

neuropsychologists and researchers with longstanding expertise in the field of aging discussed 

the baseline diagnostic classification for all participants with a diagnosis of AD or MCI, and 
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for those who participated as CN but required further investigation. A consensus diagnosis was 

assigned for each participant.   

 The subsequent experimental studies were interested in exploring the role of factors 

affecting the relationship between testosterone and cognition, with a greater view of examining 

testosterone as a preventative measure of cognitive decline. As such, it was most appropriate 

to analyse data from older males in the AIBL cohort who did not demonstrate objective 

cognitive impairment (i.e.CN older males). Only a subset of CN participants had SHBG and 

albumin levels analysed to obtain cFT levels. As such, not all CN males were included in the 

final cohort. Figure 1 illustrates the total number of participants in the initial cohort and the 

final sample included in our analyses.  

Figure 4.  

6Flowchart Illustrating the Selection of Participants Included in the Final Sample. 
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All participants completed baseline cognitive assessment. However, not all cognitive data was 

available at follow-up, resulting in different final sample sizes for each study. Therefore, the 

sample size, sample characteristics and description of additional variables unique to each study 

will be detailed in the corresponding chapters.   
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CHAPTER 4: Androgen Receptor CAG Repeat Length as a Moderator of 

the Relationship between Free Testosterone Levels and Cognition. 

Abstract 

 Age-related decrease in testosterone levels is a potential risk factor for cognitive 

decline in older men. However, observational studies and clinical trials have reported 

inconsistent results on the effects of testosterone on individual cognitive domains. Null or 

non-significant findings may be attributed to potential moderating factors that studies have 

yet to consider. In particular, individual variations in polyglutamine (CAG) length in the 

androgen receptor (AR) gene could alter androgenic activity in the brain, particularly in 

regions associated with cognitive processes including memory and executive functions. 

However, the role of AR CAG repeat length as a moderator of the relationship between 

testosterone levels and cognition has not been elucidated. Therefore, we aimed to examine 

the relationship between baseline calculated free testosterone (cFT) levels, change in cFT 

levels and CAG repeat length on memory, executive function, language, attention and 

processing speed. These relationships were examined in 304 cognitively normal older male 

participants aged 60 and above, in the Australian Imaging, Biomarkers and Lifestyle (AIBL) 

study of Aging. In the attention and processing speed domain, a short CAG repeat length 

appears to exacerbate the effects of low baseline cFT levels that are also decreasing over 

time, F (1,251) = 8.66, p = .004. These results highlight that individual variations in AR CAG 

repeat length should be considered in future studies and clinical trials that examine the 

complex relationship between testosterone and cognition.  
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Introduction 

 Progressive, age-related decrease in testosterone levels have been implicated as a 

potential risk factor for neuropathological cognitive decline in older men. However, findings 

from observational studies and clinical trials alike have been inconsistent, suggesting that the 

relationship between testosterone and cognition is complex and requires further exploration. 

The current study contributes towards much needed understanding of the relationship between 

testosterone and cognition. Specifically, we examined the role of genetic variability in the 

androgen receptor (AR) gene, in the relationship between endogenous free testosterone (FT) 

levels and cognitive performance in a large community-based sample of cognitively healthy 

older men.  

 A gradual decrease in testosterone levels is a normal consequence of aging in men and 

can be as much as 50% by the time a male reaches the age of 80. In particular, FT (testosterone 

that is not bound to sex hormone binding globulin and albumin) decreases at a higher rate 

compared to total testosterone levels and is proposed to be a more accurate measure of 

androgen status in the brain (Pike, 2006; Yeap et al., 2008). Androgens have a range of 

neuroprotective properties, such as maintaining neuronal viability and encouraging 

regeneration (see Pike, 2006 for review). The hippocampus and frontal lobes have a high 

concentration of androgen receptors, such that a  decrease in androgenic activity as a result of 

decreasing testosterone levels, may increase susceptibility to degeneration and pathology 

(Janowsky, 2006a). In turn, this can impact cognitive processes associated with these regions, 

such as memory and executive functioning. Androgens are also posited to play a vital role in 

the regulation and clearance of beta-amyloid (Aβ) protein, one of the pathological hallmarks 

of Alzheimer’s disease (AD) (Braak & Braak, 1991; Pike et al., 2009).  
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 Research has since examined the association between endogenous testosterone levels 

and cognitive performance in both cognitively healthy cohorts and in those diagnosed with AD. 

Compared to controls, individuals in the preclinical and clinical stages of AD were found to 

have lower testosterone levels (Hogervorst, 2013; Moffat et al., 2004). In cognitively healthy 

older males, lower testosterone levels have been associated with poorer verbal memory, 

visuospatial memory and attention, but not executive functioning or verbal fluency (see 

Holland et al., 2011 for review). Longitudinal studies have demonstrated that a greater decline 

in testosterone levels were associated with increased dementia risk, suggesting that decreasing 

testosterone levels may be a risk factor rather than a consequence of cognitive decline 

(Carcaillon et al., 2014; Ford et al., 2018; Hogervorst, Bandelow, et al., 2004; Hsu et al., 2015). 

Findings from clinical trials examining the efficacy of testosterone supplementation on 

cognition have also returned a similar pattern of results. In some studies, testosterone 

supplementation appears to improve performance on tasks of global cognition, spatial and 

verbal memory, while it appears to confer no cognitive benefit in others (Haren et al., 2005; 

Resnick et al., 2017; Wahjoepramono et al., 2015). While animal and cell culture studies have 

provided evidence for the neuroprotective properties of testosterone, findings in human studies 

have been inconsistent and there is consensus that more research is needed to better understand 

the relationship between testosterone and cognition.  

 Beyond heterogeneous methodology between studies, null findings could be attributed 

to other factors that can impact on the relationship between testosterone and cognition but have 

yet to be accounted for. Holland and colleagues (2011) proposed that the modifying role of 

genetic factors should be considered in the relationship between testosterone and cognition. 

Specifically, a polyglutamine (CAG) repeat site in the X-linked AR gene (Holland et al., 2011). 

Testosterone exerts its effects via the AR that directly regulates gene transcription. The 

polymorphic CAG repeat, residing in exon 1 of the AR gene, modulates the first step of AR 
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gene expression, allowing it to interact with specific androgen responsive elements and initiate 

transcription of target genes (Casella et al., 2001). As such, the length of AR CAG repeats could 

impact cognitive functioning by influencing androgen action across different brain regions.  

 CAG repeat lengths in healthy individuals vary from 7 to 38 repeats. Pathological 

expansions have been associated with several conditions including spinal bulbar muscular 

atrophy (SMBA) and Kennedy’s disease (Casella et al., 2001). AR gene CAG repeat lengths 

within the normal range have been examined in the context of male infertility, prostate cancer 

risk, symptoms of depression and reactivity to threat (Van Golde et al., 2002; Van Pottelbergh 

et al., 2001; Zitzmann, Brune, et al., 2001). However, research on the impact of CAG repeat 

length on cognition is limited and the results are inconsistent. Yaffe and colleagues (2003) 

found that older males with CAG base pairs in the highest tertile had poorer test scores on 

measures of general cognition, cognitive flexibility and psychomotor speed. By contrast, Lee 

and colleagues (2010) reported no significant interactions between CAG repeat length, total 

testosterone or FT levels and a composite of vision-based cognitive measures after age, 

education, depression and other health factors were controlled for. To our knowledge, the 

above study was the first to examine the interactions between AR CAG repeat lengths, 

testosterone levels and cognition. However, it is limited in its cross-sectional design and 

reliance on only visually-based measures of cognition. Therefore, more studies are needed to 

elucidate this relationship, across a broader range of cognitive domains using visual and 

auditory testing modalities.  

 Collectively, the current literature indicates that low testosterone levels, as well as 

testosterone levels that are decreasing over time, are risk factors for cognitive decline. These 

relationships may be further altered by a modification of AR activity due to individual 

variations in CAG repeat length. The differential effects that testosterone has on different 

cognitive domains, suggest that these CAG-testosterone interactions may differ across 
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individual cognitive domains. Therefore, the primary aim of this study is to evaluate whether 

AR CAG repeat length moderates the relationship between baseline FT levels, change in FT 

levels and individual cognitive processes, over and above other established risk factors of 

cognitive decline such as age, cognitive reserve and genetic risk for AD, i.e. apolipoprotein E 

(APOE) ɛ4 carriage.  

 Given that the literature on the effects of AR CAG repeat length on cognitive function 

is limited and inconsistent, we adopted an exploratory approach. Specifically, we wanted to 

explore if longer or shorter CAG repeat lengths altered the relationship between low, 

decreasing testosterone levels and performance in individual cognitive domains.  

Additionally, the following hypotheses were proposed: 

1) Lower baseline FT levels will be associated with poorer performance across individual 

cognitive domains (recall memory, language, executive function, attention and 

processing speed) after controlling for age, cognitive reserve, baseline cognitive 

performance and genetic risk for AD.  

2) A decrease in FT levels is associated with poorer performance across individual 

cognitive domains after controlling for age, cognitive reserve, baseline cognitive 

performance and genetic risk for AD.  

3) Lower FT levels at baseline that are also decreasing over 18 months will be associated 

with poorer performance across individual cognitive domains after controlling for age, 

cognitive reserve, baseline cognitive performance and genetic risk for AD.  

The proposed model of these relationships is illustrated in Figure 5.  
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Figure 5. 

7Model Illustrating the Proposed Relationships Between cFT, CAG Repeat Length and 

Cognition. 

 

Methods 

Participants 

 This study utilised data collected from a subset of participants of the Australian 

Imaging, Biomarkers and Lifestyle (AIBL) Study of Aging. This is a prospective, longitudinal 

study of aging, launched in 2006, recruiting individuals above the age of 60. Participants were 

community-dwelling older adults, AD patients and those with mild cognitive impairment 

(MCI), residing in either Perth or Melbourne. A full description of the cohort recruitment, study 

design and assessments has been previously published and is also provided in greater detail in 

Chapter 3 (Ellis et al., 2009). Briefly, exclusion criteria included schizophrenia, bipolar 

disorder, and significant current depression, cancer within the last two years, stroke, 

uncontrolled diabetes or current regular alcohol use exceeding four units a day. All participants 

provided informed consent prior to participation. The AIBL study has received Ethics approval 
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from Institutional Ethics Committees of Austin Health and St Vincent’s Health for the 

Melbourne site, Hollywood Private Hospital and Edith Cowan University for Perth site. 

 Our current analysis included a subset of cognitively-normal (CN) male participants in 

the AIBL study at baseline and at 18-month follow up. Participants were classified as CN if 

they did not meet the clinical criteria for diagnosis of MCI or dementia, as determined by a 

panel of clinicians using informant reports and extensive neuropsychological testing (Ellis et 

al., 2009).  By using a CN sample, we can examine the relationship between T, cognition and 

CAG repeat length in the context of age-related changes.  

Biochemistry and Genetic Analysis 

 Participants had an early morning fasting blood sample taken at both time points. 

Baseline blood samples were taken and fractionated, with one aliquot sent to clinical pathology 

laboratories in Perth and Melbourne, Australia. SHBG and albumin levels were used to obtain 

calculated free testosterone (cFT) levels using the Vermeulen equation (Vermeulen et al., 

1999). APOE genotyping was performed on a QuantStudio 12K-Flex Real-Time PCR System 

(Applied Biosystems, USA) using TaqMan® genotyping assays (Life Technologies, USA) for 

rs429358 (Assay ID: C___3084793_20) and rs7412 (Assay ID: C____904973_10), as 

previously described (Porter, Burnham, Milicic, et al., 2018; Porter, Burnham, Savage, et al., 

2018).  A fragment of exon 1 of the AR gene was amplified to obtain the CAG repeat number, 

and fragment lengths determined on a 3130xl genetic analyser. Guided by previous research, a 

cut-off of 20 CAG units was used to code participants as having short (≤ 20 CAG repeats) or 

long (>20 CAG repeats) repeat lengths (Lehmann et al., 2003).  

Cognitive Assessment  

 The comprehensive neuropsychological battery administered in the AIBL study is 

detailed in Chapter 3. Particular test scores were used to compute composite scores for recall 

memory, executive function, language, attention and processing speed. These domains chosen 
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based on areas of cognition that are expected to be impacted in a cognitively healthy sample 

(Harada et al., 2013). Selected outcome measures were standardized against the baseline mean 

and standard deviation for the total AIBL cohort of CN participants, then averaged to compute 

cognitive composite scores (Lim et al., 2015). Scores in the recall memory composite consists 

of scores on the California Verbal Learning Test-Second edition (CVLT-II) long delay free 

recall condition, the Logical Memory II subtest of the Wechsler Memory scale 3rd edition 

(WMS-III; Story A only)  and the 30-minute delayed recall condition of the Rey Complex 

Figure Test (RCFT).  The executive functioning composite consisted of Letter Flunecy and 

Category Switching score of the Delis–Kaplan Executive Function System (D-KEFS) verbal 

fluency subtest. The language composite consisted of scores from a 30-item short-form of the 

Boston Naming Test (BNT) and the Category Fluency subtest of the D-KEFS. Finally, the 

attention and processing speed composite consisted of the Digit Symbol-Coding and Digit Span 

subtests of the Wechsler Adult Intelligence Scale-Third edition (WAIS-III). Estimated full 

scale IQ was used as a proxy measure cognitive reserve and was estimated using scores on the 

Wechsler Test of Adult Reading (WTAR). 

 Statistical Analysis 

 A moderated moderation model was tested using the PROCESS v3.1 macro for SPSS 

(Model 3; Hayes & Matthes, 2009). Baseline cFT levels predicted cognitive performance at 18 

months follow up. Moderators included the change in cFT levels between baseline and 18 

months (∆cFT) and CAG repeat length. ∆cFT level represents the unstandardized residual 

obtained by regressing 18-month follow up cFT levels on the baseline cFT level. Covariates 

include age, estimated FSIQ, APOE ɛ4 allele carriage (i.e., carriage of at least one ɛ4 allele or 

a non-carrier) and cognitive performance at baseline.  

 The analysis was repeated for the memory, language, executive function, attention and 

processing speed domains. No adjustments were made for multiple comparisons, as 
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investigation of the effect of AR CAG repeat length on the relationship between cFT and 

cognition was of an exploratory nature. The  Johnson-Neyman technique was used to further 

probe conditional effects of significant three way interactions (Hayes & Matthes, 2009).  

Data Assumptions 

 Bootstrapping analysis was performed to calculate 95% bias-corrected confidence 

intervals using 5000 bootstrap samples. Bootstrapping during regression analysis removes the 

need for normally distributed variables, as well as the assumptions of linear relationships 

between variables and that all residuals are approximate equal for all predicted cognitive 

composite scores.  

Correlational Analyses 

 Prior to running the regression analyses, bivariate Pearson correlations between 

variables of interest and covariates for each domain were explored. The strength of correlations 

between key variables were not indicative of multicollinearity.  

Results 

 Laboratory and cognitive assessment data were obtained for all participants at baseline. 

Cognitive data were not available for some participants at follow-up, as illustrated in Figure 6.  
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Figure 6. 

8Flowchart Detailing the Sample Size at Each Stage of Recruitment and Analysis. 

 

 Descriptive statistics for key variables at baseline and at 18 months follow up are 

summarized in the Table 1. Of the 304 male participants included in this study, 52 participants 

had a long CAG repeat length and 252 had a short CAG repeat length. In this cohort, 26% of 

participants (N=78) were APOE ɛ4 carriers. According to reference intervals for cFT levels, 

the mean cFT level of the current sample can be considered to be in the lower end of the range 

(Ho et al., 2006). Although the mean change in cFT levels of the sample was 0, this was likely 

attributed to an increase in cFT levels in some participants but a decrease in others. There was 
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no significant difference in ∆cFT levels in participants with a longer CAG repeat lengths (-0.23 

± 0.09) compared to those with a shorter CAG repeat length (0.00 ± 0.09), t (68) = -1.96, p = 

.054.   

Table 4.  

5Means, Standard Deviation and Confidence Intervals for Demographic and Key Variables. 

Variable  Mean  SD  95%CI  

   LLCI ULCI  

Age  71 6.92 69.92 71.71  

Baseline cFT levels (nmol/L) 0.27 0.11 0.26 0.28  

∆ cFT  0 0.09 -0.01 0.01  

FSIQ 108.82 7.05 107.84 109.70  

Episodic Recall Composite at BL  -0.2 2.17 -0.19 0.37  

Episodic Recall Composite at 18 months -0.19 2.25 -0.40 0.24  

Language Composite  at BL 0.19 1.29 0.05 0.41  

Language Composite at 18 months  0.10 1.34 0.04 0.42  

Executive Function Composite at BL 0.03 1.51 -0.11 0.30  

Executive Function Composite at 18 months  -0.22 1.56 -0.32 0.10  

Attention and Processing Speed Composite  at BL 0.20 1.45 0.05 0.45  

Attention and Processing Speed Composite at 18 

months  

-0.14 1.41 -0.26 0.13  

Note: cFT= calculated free testosterone levels; ∆cFT = change in cFT levels from baseline to 18 

months (the unstandardized residual from regressing 18 month cFT on baseline cFT); FSIQ= 

Full scale IQ predicted using raw scores on the Wechsler Test of Adult Reading; BL= baseline; 

Composite scores of the recall memory, language, executive function, attention and processing 

speed domains are represented as Z scores.  

 Results of the regression analyses are summarised in Table 5. 
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Table 5.  

6Standardized Regression Estimates for the Effect of BL cFT, Change in cFT levels Over 18 months, and CAG Repeat Length on Cognition. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Note. ^= Values are significant at p < .001; #= values are significant at p< .05; N= the number of participants with complete data at BL and 

18 months; BL cFT (x) = baseline calculated free testosterone levels.; ∆cFT(w) = change in cFT levels from baseline to 18 months (the 

   Predictors  Interactions Covariates  

Domain N Constant 

BL 

cFT 

(x) 

∆cFT 

(w) 

CAG 

length 

(z) xw xz wz xwz Age APOE FSIQ 

Domain 

score at 

BL 

Episodic 

Recall 
260 3.04 1.42 0.22 -0.28 -12.46^ -2.08 -0.29 6.38 -0.05^ -0.58^ 0.01 0.71^ 

Language 216 -1.27 0.29 0.44 -0.26 -11.00 1.11 -3.75 0.50 -0.04^ -0.23 0.04^ 0.64^ 

Executive 

Function 
264 -1.06 -0.52 -0.67 0.20 2.57 -2.49 -0.03 -4.91 -0.04^ 0.14 0.03^ 0.61^ 

Attention 

and 

Processing 

Speed 

263 -1.17 1.19 -0.50 0.13 -8.78^ -0.63 -0.61 17.61# -0.01 0.13 0.01 0.70^ 
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unstandardized residual from regressing 18 month cFT on baseline cFT); CAG length (z) = length of polyglutamine repeat, coded as long or 

short (short CAG repeat, 0 – 20), 1 = (long CAG repeat, 21+); xw = the interaction between BL cFT levels and ∆cFT levels; xz= the 

interaction between BL cFT levels and CAG repeat length; wz= the interaction between ∆cFT levels and CAG repeat length; xwz= the 

interaction between BL cFT levels, ∆cFT levels from BL to 18 months and CAG repeat length; Age= Age of participant at BL; APOE= 

APOE risk as determined by the presence of the ɛ4 allele (0 = non-carrier; 1 = carrier); FSIQ= Full scale IQ estimated using raw scores on 

the Weschler Test of Adult Reading; Domain score at BL= the participant’s score on the respective domains at BL.  
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 The inclusion of baseline cFT levels, change in cFT levels over 18 months, CAG 

repeat length, age, APOE status, cognitive reserve and cognitive scores in the respective 

domains at baseline accounted for a significant amount of variance in the memory domain, 

R2= .61, F(11,248) = 35.17, p < .001; the language domain, R2= .34, F(11,252) = 11.60, p < 

.001; the executive function domain, R2 = .45, F(11, 252) = 18.77, p = .000 and the attention 

and processing speed domain, R2= .61 , F(11,251) = 95.48, p = .000.  

Main Effects 

 There were no main effects of BL cFT levels, change in cFT levels and CAG repeat 

lengths in any cognitive domains. Of the covariates included in the model, age was a significant 

predictor of recall memory, language and executive function. Estimated FSIQ was a significant 

predictor of language and executive function, while APOE status was a significant predictor of 

recall memory.  

Two-way Interactions 

 To facilitate interpretation of the conditional effects of significant interactions, we 

compared baseline cFT levels at the 16th, 50th and 84th percentile. In both the recall memory 

and attention and processing speed domains, there were significant two-way interactions 

between baseline cFT levels and change in cFT levels over 18 months. Lower baseline cFT 

levels (16th percentile) that were decreasing over 18 months predicted poorer performance in 

the recall memory domain, t = -2.64, p = 009, LLCI to ULCI = -39.51 to -3.05 and the attention 

and processing speed domain, t = -2.94, p = .004, LLCI to ULCI = -16.92 to -0.90.  Illustration 

of these interactions are presented in Figure 3a and 3b. 
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Figure 7a. 

9Illustration of the 2-way Interactions between Baseline cFT levels and Change in cFT levels in 

the Memory Composite. 

 

Figure 7b. 

10Illustration of the 2-way Interactions between Baseline cFT levels and Change in cFT levels for 

the Attention and Processing Speed Composite. 

 

 

 

 

 

 

 

 

Three-way Interactions 

 Of primary importance to the present study, a three-way interaction between baseline 

cFT levels, change in cFT levels over 18 months and CAG repeat length was found for the 
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attention and processing speed domain, R2∆ = .012, F (1, 251) = 7.57, p = .006. Conditional 

analysis of the interaction between baseline cFT levels and change in cFT levels at different 

AR lengths, found a significant interaction between baseline cFT levels and change in cFT 

levels over 18 months in individuals with short CAG repeat length, F(1,251) = 8.66, p = .004. 

Therefore, individuals with lower baseline cFT levels, who showed a decrease over 18 months 

and had a short CAG repeat length were found to have lower composite scores on the attention 

and processing speed domains at 18 months, after controlling for age, FSIQ, APOE status and 

their baseline attention and processing speed composite scores. No other statistically significant 

three way interactions were found.  

Figure 8a. 

11Illustration of the Interaction between Baseline cFT levels and Change in cFT levels Over 18 

Months in Participants With a Short AR CAG Repeat Length.
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Figure 8b. 

12Illustration of the Interaction between Baseline cFT Levels and Change in cFT Levels Over 

18 Months in Participants Who Have a Long AR CAG Repeat Length. 

  

 

 

 

 

 

 

 Overall, results of this analysis found no main effect of baseline cFT levels, change in 

cFT levels or CAG repeat length across the cognitive domains. However, low baseline cFT 

levels that were decreasing over 18 months were associated with lower scores in the recall 

memory domain. Importantly, results show that a short CAG repeat length interacts with low 

baseline cFT and decreasing cFT levels to predict poorer scores on the attention and 

processing speed domain.  

Discussion 

 This study aimed to examine the relationship between baseline cFT levels, change in 

cFT levels and AR CAG repeat length on individual cognitive domains in a community-based 

sample of cognitively healthy older men, aged 60 and above. In particular, we were keen to 

explore if individual variations in CAG repeat length moderated the relationship between 

baseline and changing testosterone levels and cognition. We also hypothesized that lower 

baseline cFT levels, decreasing cFT levels and the interaction between these variables would 

predict poorer performance across all cognitive domains.  
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 Lower baseline cFT levels that were also decreasing over 18 months predicted poorer 

performance in the recall memory and attention and processing speed domains, over and above 

age, genetic risk for AD, estimated FSIQ and performance at baseline. Impaired memory recall 

is an early and characteristic feature of both normal and pathological cognitive decline. The 

hippocampus, a brain region associated with memory, consists of subfields (e.g. CA1 and CA3) 

that have a high density of androgen receptors that are involved in the maintenance of synaptic 

density (MacLusky et al., 2006; Moghadami et al., 2016). Therefore, a decrease in androgen 

activity in these regions may deprive the hippocampus of protection against neuronal damage 

and cell death and in turn, compromise memory function.  

 These findings may help to identify a cohort that would most benefit from testosterone 

supplementation. As such, individuals who have low testosterone levels and whose testosterone 

levels show signs of decrease over time, may benefit from testosterone supplementation to 

prevent memory decline. Our findings also raise questions about studies that failed to find 

significant relationship between testosterone levels and cognition. Studies have focused on low 

testosterone levels at a given time point, or decreasing testosterone over long periods of time, 

but not considered these two factors together. While the brain may be able to cope with low 

but stable FT levels, individuals whose FT levels are low and are showing a greater decrease 

over time, may be at a greater risk of poor cognitive outcomes. 

 Importantly, our findings indicate that the combination of low baseline and decreasing 

testosterone levels interact with genetic variation in the AR gene to impact on attention and 

processing speed domain. To our knowledge, this is the first study to explore the role for AR 

CAG repeat length as a moderator the relationship between cFT levels and performance on 

individual cognitive domains. Our findings suggest that short CAG repeat lengths may 

exacerbate the detrimental impact of low and decreasing cFT levels on measures of attention 

and processing speed. In turn, impairments in these domains are thought to underlie individual 
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differences in performance on other domains such as memory, learning or visuospatial 

processing (Rabbitt et al., 2007; Salthouse, 1995).  

 Shorter CAG repeats have commonly been associated with higher transcription 

activation. However, prolonged increase in AR activity may result in increased response to 

androgen negative feedback in the hypothalamic-pituitary-testicular axis, resulting in greater 

age-associated decrease in androgen levels over time (Krithivas et al., 1999; Raber, 2008). In 

turn, decreasing androgen levels may result in lower androgenic activity in the brain, which 

then impacts on cognitive performance. Lower androgen levels may put the brain at risk by 

depriving it of protection against neural demyelination. Studies have identified the key role of 

androgens in spontaneous neural remyelination, such that a decrease in AR activity may 

amplify the impact of age related demyelination, resulting in declines in processing speed. 

(Bielecki et al., 2016; Chopra et al., 2018; Kochunov et al., 2010).  

 However, the existing literature commonly associates longer CAG repeats with 

decreased androgen sensitivity. These associations have commonly been studied in the context 

of pathological expansion of CAG repeats in individuals with Spinal and bulbar muscular 

atrophy (SBMA) or Kennedy’s disease (KD) (Zitzmann, 2006). Our findings indicate that even 

variations with the normal range may result in different patterns of AR activity. Therefore, it 

should be considered that CAG repeat lengths may impact on testosterone levels and cognition 

through different mechanisms, when considered outside the context of pathology.  

 It is important that future studies consider individual variations in AR CAG repeat 

length, particularly in future clinical trials examining the impact of testosterone 

supplementation on cognition. One of the main issues highlighted in recent reviews is that 

clinical trials thus far have yet to determine a sample that would best benefit from testosterone 

supplementation (Hua et al., 2016). Our findings suggest that individuals with a short CAG 

repeat length may obtain more cognitive benefit from testosterone supplementation, 
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particularly on measures of processing speed and attention performance. This is promising, 

given that findings from our recent meta-analysis indicate modest significant improvements on 

measures of processing speed after testosterone supplementation (Tan et al., 2019). By 

identifying a cohort that will best benefit from testosterone supplementation, research can make 

further progress in the examination of testosterone supplementation as a preventative measure 

for cognitive decline.   

 This study presents much needed research on the impact of individual variation in AR 

gene CAG repeat length on cFT levels and cognition. The use of 20 CAG repeats as a research 

cut-off, was guided by previous research. However, this resulted in a smaller proportion of 

individuals with long CAG repeat lengths. Therefore, the current findings may have been 

driven by a larger sample size of individuals with short CAG repeat lengths. However, it should 

also be considered that there is a strong theoretical basis to support that short CAG repeat 

lengths may eventuate in lower androgen levels. As such, the current findings will benefit from 

validation using a large sample.  

 Another limitation of the current study involves examination of the change in cFT levels 

and cognitive performance over an 18-month period. In a cognitively healthy sample, a longer 

period is potentially required to elucidate more substantive changes in cognition, such as the 

development of cognitive impairment or dementia. Nonetheless, significant findings within 

such a short time frame suggests the relationship between change in testosterone level and CAG 

repeat length may be an important part of age-related changes.  

 The non-significant findings in other cognitive domains may be suggestive of the need 

for more comprehensive cognitive assessment. For example, theoretical models of executive 

function propose that it consists of many subcomponents which may be differentially impacted 

by aging (Adrover-Roig et al., 2012; Miyake et al., 2000). Our current composites captured 

generativity and switching, which are subcomponents that have been reported to decline with 
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age. Future research should assess other aspects of EF such as inhibition, planning and abstract 

reasoning.  

 Lastly, our analysis was limited to CN individuals. While this allowed us to examine 

these relationships in the context of normal aging, the association between short CAG repeat 

length and AD risk suggests that it may be beneficial for future research to examine this 

relationship in an AD sample.  

 The current findings evidence that individual variations in AR gene CAG repeat length 

may modify the relationship between testosterone and cognition in a cognitively health older 

male sample and should be considered in future research. More research is needed to better 

determine the possible mechanisms involved in this relationship. Nonetheless, understanding 

the interplay of these variables and how they impact on attention and processing speed in older 

adults, advances our understanding of the complex relationship between testosterone and 

cognition. Furthermore, these findings may help inform future clinical trials looking to identify 

a population that may best benefit from testosterone supplementation as a preventative measure 

against cognitive decline.  
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Chapter 5: Does Change in Free Testosterone Levels Explain the 

Relationship between Self-reported Physical Activity and Cognition in 

Cognitively Healthy Older Men? 

Abstract  

 Studies examining the association between testosterone and cognition in cognitively 

healthy older men, have produced inconsistent results so far. This suggests the involvement 

of factors that may affect this relationship, but have yet to be accounted for. In order to 

explore potential reasons for these inconsistencies, variations in physical activity levels was 

examined as a potential factor. Studies have demonstrated that higher physical activity levels 

benefit both cognitive performance and free testosterone levels in older men. As such, 

variations in physical activity (PA) levels may affect the relationship between testosterone 

and cognition, if not accounted for. This current study examined change in free testosterone 

levels as a mediator of the relationship between self-reported PA levels and cognition in a 

sample of cognitively healthy older men aged 60 and above. Additionally, it also examined 

how age and cognitive reserve may alter these relationships.  

 Participants were a sample of 213 older male participants (above the age of 60) of the 

Australian Imaging Biomarkers and Lifestyle (AIBL) Study of Aging. Cognitive outcomes 

consisted of performance on measures of memory, language, executive function, attention 

and processing speed. Higher PA levels were associated with poorer memory, executive 

function, attention and processing speed, though regression estimates were very small. 

Change in free testosterone levels did not mediate the relationship between self-reported PA 

and cognition across all domains. Age and cognitive reserve were not significant moderators, 

but remained significant independent predictors of cognition.  

 The current results were unable to provide conclusive evidence on how PA levels 

affect the relationship between free testosterone and cognition. Future research will benefit 
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from examining these relationships using more rigorous methodology. Comparison of the 

current findings with that of previous literature highlight potential gender differences in the 

benefits of PA on cognition. This supports the need for more research into the potential role 

of sex hormones in the relationship between PA and cognition in older adults.  
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Introduction 

 Modifiable lifestyle factors such as sleep, diet and exercise have been the focus of 

gerontological studies in recent years, with the aim of reducing the risk of cognitive 

impairment. Age-related decreases in testosterone levels, especially in older men, have also 

been identified as a potential cognitive risk factor. In particular, recent research has examined 

testosterone supplementation as a potential preventative measure against cognitive decline. 

However, research exploring the relationship between testosterone and cognition in 

cognitively healthy older men has produced inconsistent findings. This suggests that the 

relationship between testosterone and cognition is complex and may be influenced by several 

factors that have yet to be examined. One proposed factor is individual variability in physical 

activity (PA) levels, which has the potential to improve testosterone levels and cognitive 

functions, but has been inadequately studied (Barnes, 2015; Lawrence et al., 2017). 

Therefore, this study aimed to address this gap by examining the relationship between 

testosterone, self-reported physical activity and cognition in older men.  

Age-related Decrease in Testosterone  

 Males experience a gradual decrease in testosterone levels over time, that can be as 

much as 50% by the age of 80 (Rosario et al., 2004). Low testosterone levels are typically 

associated with loss of muscle mass, sexual function, depression and impairments in aspects 

of cognitive function (Rosario & Pike, 2008). In particular, free testosterone refers to 

testosterone that is not bound to sex hormone binding globulin and albumin. As such, it is 

more readily available for biological activity and therefore, more likely to influence 

cognitive function (Moffat et al., 2004).  

 Decreases in testosterone levels are proposed to put the aging brain at risk by 

depriving it of testosterone’s neuroprotective effects. Androgens are posited to have 

neuroprotective properties throughout development, including the maintenance of neural 
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structure and promoting synaptic density (Pike et al., 2009). In the event of neural insult or 

pathology, androgens are involved in the inactivation of pro-apoptotic protein that results in 

cell death (Pike, 2006; Rosario & Pike, 2008; Yao et al., 2008). These neuroprotective 

properties have motivated research to examine the relationship between endogenous 

testosterone levels, testosterone supplementation and cognition. 

 Testosterone and Cognition  

 Research findings have suggested that low endogenous free testosterone levels are a 

risk factor for cognitive decline amongst older men (Holland et al., 2011; Moffat et al., 2002). 

Additionally, evidence from longitudinal studies suggests an increased risk of cognitive 

impairment in individuals whose testosterone levels are decreasing over time (Hogervorst et 

al., 2010; Moffat et al., 2002). Therefore, individuals with low testosterone levels that are 

also decreasing over time, appear to be a higher risk of cognitive decline and subsequent 

impairment.  

 However, findings from both observational studies and clinical trials are inconsistent, 

particularly in cognitively healthy male cohorts. Low endogenous free testosterone levels 

have been associated with poorer verbal memory, visuospatial ability and processing speed 

(see Holland et al., 2011 for review). However, some studies report non-significant or even 

negative associations between testosterone and attention, executive function and working 

memory (Holland et al., 2011; Martin et al., 2007). A similar pattern of inconsistency is also 

evident in clinical trials. Comparison of results have been further complicated by 

methodological differences in supplementation duration, dose and supplementation method. 

Despite this heterogeneity, our recent meta-analytic review of 14 clinical trials conducted in 

the last decade, found modest but significant benefits of testosterone supplementation on 

processing speed amongst cognitively healthy older men (Tan et al., 2019, Chapter 2). 

Collectively, evidence suggests that low testosterone may be a cognitive risk factor for poorer 
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cognitive performance and that testosterone supplementation has shown potential for 

improving performance in selected cognitive domains. Nonetheless, inconsistency in findings 

suggests that the relationship between testosterone and cognition is complex and requires 

further examination.  

 One of the proposed reasons for this inconsistency is that there may be other factors 

influencing the relationship between testosterone and cognition that have yet to be examined. 

In particular, studies appear to vary in relation to their consideration of morbidity (e.g. 

cardiovascular disease) or lifestyle factors in the relationship between testosterone and 

cognition (Hua et al., 2016).  If these factors can impact on testosterone and cognition, but are 

not controlled for, then they may account for some of the null or negative findings in the 

literature. In particular, this current study aimed to examine individual variations in physical 

activity (PA) as a potential modulating factor in the testosterone-cognition relationship. The 

extant literature provides evidence that engaging in PA could potentially improve cognition 

and increase testosterone levels. Therefore, if studies are not controlling for the effects of 

individual variations in PA, this may account for some of the inconsistencies in findings.  

Impact of Physical Activity on Cognition 

 PA has been investigated as a potential preventative measure against cognitive 

impairment and dementia in older adults. Higher engagement in PA, both objective and self-

report, has been associated with improved or stable cognitive performance over time in 

cognitively healthy older adults (Barnes, 2015; Carvalho et al., 2014) . In particular, higher 

levels of PA have been associated with better performance on attention, verbal memory and 

executive functioning in older adults (Barnes et al., 2008; Carvalho et al., 2014; Fabre et al., 

2002).  

 However, it appears that the effect of PA on cognition could be domain-specific, like 

that of testosterone and cognition. A recent study by Marston and colleagues (2019) reported 
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improvements in a computerised verbal memory task following 12 weeks of resistance 

training, but no improvements in processing speed, visual memory or attention. Similarly, a 

meta-analytic review of 29 aerobic exercise intervention trials conducted on older adult 

samples, reported modest improvements in attention and processing speed, executive function 

and memory performance, but not working memory (Smith et al., 2010). Given the variability 

in cognitive outcomes, this study aimed to examine the impact of physical activity on a range 

of domains such as memory, language, executive function, attention and processing speed.  

Impact of Physical Activity on Testosterone   

 During physical activity, a hormonal response is essential for regulating physiological 

reaction and adapting the body during periods of activity and recovery (Cinar et al., 2009). 

Comparatively, more studies have examined the relationship between physical activity and 

hormone levels in women, particularly the impact of physical activity on estrogen levels in 

premenopausal and postmenopausal women. For example, recent meta-analytic reviews 

report that higher levels of physical activity were associated with decreased risk of breast 

cancer and obesity in premenopausal women (Ennour-Idrissi et al., 2015; Neilson et al., 

2017). 

  In contrast, research examining the relationship between physical activity and 

testosterone have commonly been conducted in younger males, athletes, men who are obese 

or have chronic conditions such as diabetes (Adebero et al., 2019; Heufelder et al., 2009; 

Kowal et al., 2020; Kumagai et al., 2016; Tremblay et al., 2004). Overall, results in these 

studies indicate that intense exercise is associated with increased testosterone levels in the 

abovementioned groups. However, fewer studies have examined the effect of physical 

activity on older adults. A recent meta-analytic review by Hayes and colleagues (2019) found 

only nine randomized controlled trials examining the effect of exercise on testosterone in 

men. Overall, exercise was associated with small but significant increases in basal 
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testosterone. Compared to their sedentary counterparts, physically active older males have 

higher testosterone levels (Ari et al., 2004; Vaamonde et al., 2012). Studies investigating the 

efficacy of specific exercise interventions have also reported an increase in total testosterone 

levels in older men following exercise (Hayes et al., 2015; Kraemer et al., 1999). 

Comparatively, even fewer studies have examined the impact of PA on free testosterone 

levels. A recent exercise intervention study found increases in free testosterone levels 

following six weeks of high-intensity interval training in a cohort of lifelong sedentary older 

men (Lawrence et al., 2017). However, this study did not measure cognitive outcomes. 

Overall, there is evidence to suggest that engaging in PA can result in an increase in 

testosterone levels, even in an older male cohort. However, less is known about the impact of 

PA on free testosterone, suggesting a need to investigate the potential relationships between 

PA, free testosterone and cognition in older men.   

 The literature thus far has provided compelling evidence that engaging in PA appears 

to have a positive impact on both testosterone levels and cognition. Thus, variation in PA 

levels may account for the inconsistent findings in studies examining the relationship 

between testosterone and cognition. Additionally, increasing testosterone levels may be a 

potential mechanism by which PA benefits cognition. Furthermore, there is evidence to 

suggest that the proposed mechanisms by which physical activity impacts cognition, may in 

part be mediated by androgenic activity in the brain.  

 PA is proposed to benefit cognition by promoting positive neuroplasticity, reducing 

brain atrophy and increasing neurogenesis, particularly in the frontal and hippocampal 

regions (Carvalho et al., 2014; Colcombe et al., 2006; Erickson et al., 2011; Hirase & 

Shinohara, 2014). Animal and cell culture studies show that these brain regions have a high 

concentration of androgen receptors that play a vital role in promoting neuronal viability and 

neuroplasticity throughout development and in the event of insult or injury (Pike, 2006; 
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Rosario et al., 2006). Androgens also appear to protect against Alzheimer’s disease by 

facilitating clearance of beta-amyloid (Aβ) build up through their action on neprilysin, an 

enzyme that increases the expression of an Aβ catabolizing enzyme (Yao et al., 2008). 

Similarly, PA also has a role in enhancement of Aβ clearance in the brain (Brown et al., 

2019). Individuals who reported higher levels of PA were found to have lower levels of brain 

and CSF Aβ levels (Brown, Peiffer, Taddei, et al., 2013; Okonkwo et al., 2014). Similarities 

in the proposed mechanisms of action of both PA and testosterone on cognition provide 

further support for the hypothesis that PA may benefit cognition through a change in 

testosterone levels, particularly in older men. 

The Role of Age and Cognitive Reserve  

 One further consideration, when exploring these relationships, is the need to account 

for individual differences in age and cognitive reserve, both well-established risk and 

resilience factors for cognitive impairment. Current research has not consistently accounted 

for the potential moderating effects of these factors. Increasing age remains the biggest non-

modifiable risk factor for cognitive decline in older adults (Vella Azzopardi et al., 2018). As 

explained in Chapter 1, age-related changes across various physiological systems increases 

the risk for adverse health outcomes, such as cognitive decline. (Vella Azzopardi et al., 

2018). 

  In contrast, higher cognitive reserve is proposed to protect against cognitive 

deterioration (Stern, 2012). An individual’s cognitive reserve is proposed to account for the 

differential susceptibility to age-related and disease-related changes. The theory of cognitive 

reserve proposes that the brain makes use of pre-existing cognitive processing approaches or 

compensatory mechanisms to help cope with neuropathological processes (Stern, 2012). 

Given that cognitive reserve is a hypothetical construct, direct measures of reserve are not 

available. As such, measures such as IQ, education levels or occupational attainment are 
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typical proxy measures used to quantify cognitive reserve (Jones et al., 2011). Word 

pronunciation tests such as the Wechsler Test of Adult Reading (WTAR) have been found to 

be unaffected by neurodegeneration or insult and therefore have been typically used to 

estimate IQ (McGurn et al., 2004). In this study, it was considered that older adults may have 

limited opportunities for formal schooling, therefore estimated full scale IQ using a word 

pronunciation test was chosen as the proxy measure of cognitive reserve.  

 Both these factors, independently and in combination, have the capacity to moderate 

the relationship between testosterone, physical activity and cognition. Biological changes 

associated with aging such as loss of bone density, increased inflammation and cortical 

shrinkage are hypothesized to increase one’s vulnerability to cognitive impairment (Morrison 

& Baxter, 2012). However, individuals with higher cognitive reserve may be protected 

against the impact of degeneration, through increased brain efficiency and less disruption of 

existing functional networks (Stern et al., 1994). Thus, individuals with the lowest cognitive 

reserve and of the oldest age, would be at greatest risk of cognitive decline. It should also be 

considered that age and cognitive reserve may play a role in influencing the lifestyle choices 

that older adults make, such as their willingness to engage and seek out opportunities to 

engage in physical activity (Clare et al., 2017).  

Aims and Hypotheses  

 The present study examined if self-reported PA levels at baseline would impact on 

cognitive performance in individual cognitive domains (memory, language, executive 

function, attention and processing speed) at 18-month follow-up by altering free testosterone 

levels over time. Additionally we explored if age and estimated full scale IQ (FSIQ; as a 

proxy for cognitive reserve) moderate the relationship between free testosterone and 

cognition, and the relationship between physical activity and cognition.  



Physical Activity, Testosterone and Cognition  94 

 

 

 

 Of note, the extant literature often uses the terms PA and exercise interchangeably. 

However, PA can include any type of movement, while exercise is a form of physical activity 

that includes planned, guided activities associated with physical fitness goals (Brown et al., 

2019). In this manuscript, the term PA is used to encompass both exercise and other forms of 

activity including walking and work-related activity. Doing so captures activities amongst 

individuals who may not be engaging in specific exercises but may still be engaging in other 

forms of PA. As such, the current study made use of the International Physical Activity 

Questionnaire (IPAQ), a well validated self-report measure of physical activity that has been 

used in older adult cohorts (Craig et al., 2003). The IPAQ was developed to measure habitual 

PA and covers physical activity across different domains such as work and leisure. It allows 

researchers to consider the frequency and intensity of PA. Research has reported that more 

time spent engaged in moderate to high intensity PA was associated with lower AD risk and 

better cognitive outcomes in older adults (Brown, Peiffer, Taddei, et al., 2013; Lim et al., 

2020).  

 This study also benefitted from data collected by the Australian Imaging, Biomarkers 

and Lifestyle (AIBL) Flagship Study of Aging, a longitudinal study examining various risk 

factors for Alzheimer’s disease.  The proposed relationships between the variables are shown 

in Figure 9.  
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Figure 9.  

13Proposed Relationships Between Self-reported Physical Activity, Change in Calculated Free Testosterone (cFT), Age, Cognitive Reserve and Cognition. 

 

Note. Panel i shows the complete moderated mediation model. Panel ii (path c) denotes the total direct relationship between physical activity and 

cognition. Panel iii (path a) denotes the relationship between physical activity and change in cFT levels. Panel iv (path b) denotes the relationship 
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between change in cFT levels and cognition. Therefore path ab denotes the indirect relationship between physical activity and cognition, via changes 

in cFT levels (the mediator). Moderation of paths b or c by age and cognitive reserve are indicated.  
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Specifically, we hypothesized that:  

H1:  Higher levels of self-reported baseline PA levels would be associated with better 

cognitive performance on measures of memory, language, executive function, 

attention and processing speed at follow-up (Figure 1, panel ii) 

H2: PA would have an indirect effect on cognitive performance at follow up, via a 

change in calculated free testosterone levels (the mediator). Higher levels of PA 

would be associated with better cognition, through an increase in calculated free 

testosterone levels. (Figure 1, panel i, iii).  

H3: The strength of the relationship between baseline PA and 18-month cognition, as 

well as calculated free testosterone and cognition, would be influenced by (a) age 

and/or by (b) estimated FSIQ. A stronger positive relationship would be observed in 

men who are older and/or in men with lower estimated FSIQ (Figure 1, panel ii and 

iv). 

H4: The strength of the relationship between baseline PA and 18-month cognition, as 

well as calculated free testosterone and cognition, would be influenced by the 

combined effect of age and estimated FSIQ. Older participants with lower estimated 

FSIQ will show the strongest positive relationships. Younger participants with higher 

estimated FSIQ will show the weakest relationships. (Figure 1, panel ii and iv) 

Methods 

Participants  

 Participants were 213 men aged over 60 years from the Australian Imaging, Biomarkers 

and Lifestyle (AIBL) study cohort. Recruitment of participants and materials for the study are 

described in Chapter 3. Final sample sizes included for analysis differ for each cognitive 

domain as neuropsychological testing in some domains was not completed for every participant 

(e.g. due to time constraints, difficulties with mobility, and progressing to dementia diagnosis).  
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Neuropsychological Assessments  

 Tests from the full AIBL neuropsychological battery were selected to calculate 

composite scores in the memory, language, executive function, attention and processing speed 

domain. Scores in the memory composite consists of scores on the California Verbal Learning 

Test-Second edition (CVLT-II) long delay trial, scores on the Logical Memory delayed recall 

subtest (Logical Memory II, Story A only) of the Wechsler Memory Scale 3rd Edition (WMS-

III)  and the 30-minute delay condition of the Rey Complex Figure Test (RCFT). The language 

composite consists of scores on a 30-item short form of the Boston Naming Test and the 

Category fluency subtest of the Delis Kaplan Executive Function System (D-KEFS). The 

executive functioning composite consists of the Letter Fluency and Category Switching score 

of the D-KEFS verbal fluency subtest. Lastly, the attention and processing speed composite 

consist of the Digit Span and Digit Symbol-Coding subtests of the Wechsler Adult Intelligence 

Scale-Third edition (WAIS-III). Selected outcome measures for each domain were 

standardized against the baseline mean and standard deviation for the healthy older adult group, 

then averaged to compute cognitive composite scores (Lim et al., 2015).  

 The Wechsler Test of Adult Reading (WTAR) was administered in our analysis as an 

proxy measure of cognitive reserve (Weschler, 2001). IQ scores were estimated based on raw 

scores and demographic information and estimated full scale IQ was calculated based on UK 

norms.  

Biochemical Analyses 

 Blood samples taken at baseline and 18-month follow-up were fractionated and sent for 

analysis to obtain sex hormone binding globulin and albumin levels needed to calculate free 

testosterone levels for each participant. Calculated free testosterone (cFT) levels were obtained 

using the Vermeulen equation, which is proposed to be reliable index of bioavailable 
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testosterone (Vermeulen et al., 1999). Further details on the derivation of cFT levels have been 

described in Chapter 3.  

International Physical Activity Questionnaire (IPAQ)  

 In addition, participants were administered the International Physical Activity 

Questionnaire, a self-report measure of physical activity at baseline (Craig et al., 2003). 

Participants were instructed to complete the questionnaire based on the amount of physical 

activity they engaged in, in the preceding seven days. Items include job-related physical 

activity (e.g. digging or heavy construction) and physical activity associated with house 

maintenance (e.g. digging in the garden or sweeping). Metabolic weightings were used to 

calculate a metabolic-minutes/week score for each participant, in which activities of different 

intensity were allocated different METs (e.g., walking = 3.3, moderate activities = 4, 

vigorous activities = 8).  

Statistical Analyses 

 A mediated moderation model was applied to analyse data using the PROCESS v3.1 

macro for SPSS version 24 (Model 19, Hayes & Matthes, 2009; IBM Coporation, Armonk, 

NY). In order to examine if physical activity resulted in a change in testosterone levels over 

time, baseline physical activity was used to predict cognitive performance at 18 month 

follow-up. Therefore, physical activity, measured as MET-minutes per week (MET) was used 

as a predictor of cognitive performance at 18 month follow up. Change in calculated free 

testosterone levels from baseline to 18 month follow-up (∆cFT) was the proposed mediator. 

∆cFT was calculated as the unstandardized residual derived by regressing baseline cFT levels 

onto cFT levels at follow-up.  Participants’ age at baseline and cognitive reserve, indicated by 

the estimated full scale IQ derived from performance on the WTAR were included as 

moderators (Figure 1, path b and c). 
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 In order to assess whether it was appropriate to run the full moderated mediation 

model in panel i, as well as to assist in the interpretation of the results, tests of the c, a and b 

paths were run individually (using Model 3 in PROCESS). For the full moderated mediation 

model to be appropriate, both the a and b paths must be significant. Further, age and 

cognitive reserve must have a moderating effect on at least one of the b or c paths.  

 Support for H1, that MET would have a significant positive effect on cognition, 

would be indicated by a significant c path. Support for H2, that MET would improve 

cognitive function by increasing cFT levels, would be indicated by a significant ab path. If 

H3 were supported, this would be indicated by a significant interaction between MET and 

age, or MET and cognitive reserve in path c . In path b, this would be indicated by a 

significant interaction between ∆cFT levels and cognitive reserve or ∆cFT levels and age in 

path b. Results should indicate conditional effects showing a stronger positive effect of MET 

or ∆cFT on cognition in older participants. Likewise, a stronger positive effect of MET or 

∆cFT on cognition should be observed in participants with lower cognitive reserve. Finally, 

support for H4 would be indicated by an interaction between MET, age and cognitive reserve 

or between ∆cFT levels, age and cognitive reserve. Conditional effects should indicate a 

stronger positive relationship between physical activity or change in cFT levels on cognition 

at older age and lower levels of cognitive reserve.  

 These analyses were conducted separately for the following cognitive domains: 

memory, language, executive function, attention and processing speed.  

Data Assumptions 

 Bootstrapping analysis was performed to calculate 95% bias-corrected confidence 

intervals using 5000 bootstrap samples. Bootstrapping during regression analysis removes the 

need for normally distributed variables. It assumes linear relationships between the variables 

and that all residuals are approximately equal for all predicted cognitive composite scores. 



Physical Activity, Testosterone and Cognition  101 

 

 

 

Given that all hypotheses were specified a priori, no adjustments were made for multiple 

comparisons (Perneger, 1998).  

 

Results 

 Descriptive statistics for key variables are summarized in the Table 6.  

Table 6.  

7Means, Standard Deviation and Confidence Intervals for key variables. 

Variable  Mean  SD  95%CI 

   LLCI ULCI 

MET 4678.49 3646.01 4199.50 5157.49 

Baseline cFT levels (nmol/L) 0.27 0.11 0.26 0.29 

Follow-up cFT levels (nmol/L) 0.27 0.11 0.26 0.19 

Raw Change in cFT  -0.00 0.10 -0.02 0.01 

∆ cFT  0 0.09 -0.01 0.01 

Memory Composite  -0.17 2.21 -0.47 0.14 

Language Composite  0.29 1.30 -0.63 0.30 

Executive Function Composite  -0.19 1.46 -0.39 0.02 

Attention and Processing Speed Composite    -0.12 1.38 -0.31 0.07 

Age 71.05 6.31 70.21 71.89 

FSIQ 109 6.61 108 110 

Note: METMV = Metabolic minutes a week score for moderate and vigorous activities; ∆cFT = 

change in calculated free testosterone levels from baseline to 18 months (the unstandardized 

residual from regressing 18 month cFT on baseline cFT); FSIQ= Estimated Full scale IQ 

predicted using raw scores on the Wechsler Test of Adult Reading; BL= baseline; Composite 
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scores of the recall memory, language, executive function, attention and processing speed 

domains are represented as Z scores.  

 A summary of the regression estimates is presented in Table 7.  

The MET-Cognition Association (Figure 1, panel ii) 

 Path c determined if self-reported engagement in physical activity was associated with 

cognitive performance 18 months later (H1).  

 The inclusion of MET, ∆cFT age and cognitive reserve accounted for a significant 

proportion of variance in the memory domain, R2= .23, F (11,200) = 5.55, p < .001; the 

language domain, R2= .25, F(11,201) = 6.17, p < .001; the executive functioning domain, R2= 

.17, F(11,201) = 3.79, p < .001 and the attention and processing speed domain, R2= .24, 

F(11,200) = 5.75, p < .001.  
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Table 7.  

8Standardized Regression Estimates of the Relationships between Baseline cFT, Change in cFT levels over 18 months and Cognition. 

Note. Values significant at p  < .05 are highlighted in bold; N= the number of participants included in the analysis for each cognitive domain; METMV (x) 

=  metabolic minutes per week for moderate to vigorous activities; Age (w)= Age of participant at BL; Cog Reserve (z)= Cognitive reserve indicated by 

estimated Full scale IQ estimated using raw scores on the Weschler Test of Adult Reading; xw = the interaction between METMV and age; xz= the 

interaction between METMV and cognitive reserve; wz= the interaction between age and cognitive reserve on the c path; xwz= the interaction between 

  Path c Path b  

 Predictors  Interactions   Predictor Interactions 

Cognitive 

Domain  

N METMV 

(x) 

Age 

(w) 

Cog 

Reserve 

(z)  

 xw xz 

 

wz xwz 

 

 ∆cFT(m) mw 

 

mz 

 

wz$ mwz 

 

Memory  203 -0.0001 -0.15 0.08  0.00 -

0.001 

-0.002 0.000  0.86 0.420 -0.29 -0.00 0.08 

Executive 

Function 

213 -0.0001 -0.06 0.07  0.00 -0.00 -0.00 0.00  -0.34 -0.02 0.23 -0.00 -0.02 

Language  213 -0.000 -0.07 0.08  -0.00 0.00 -0.00 0.00  0.75 0.18 0.06 -0.00 0.00 

Attention 

and 

Processing 

Speed  

212 -0.0001 -0.07 0.07  -0.00 0.00 -0.00  0.00  -0.25 0.35 0.25 -0.00 0.02 
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METMV, age and cognitive reserve; ∆cFT(m) = change in cFT levels from baseline to 18 months (the unstandardized residual from regressing 18 month 

cFT on baseline cFT); mw = the interaction between ∆cFT and age ; mz =  the interaction between ∆cFT and cognitive reserve, wz$ = the interaction 

between age and cognitive reserve on the b path; mwz =  the interaction between ∆cFT, age and cognitive reserve.  
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Self-reported engagement in PA was a significant predictor of performance in the memory, 

executive function, attention and processing speed domains. Contrary to our hypothesis (H1), 

engagement in more PA was associated with lower cognitive scores in the above-mentioned 

domains.  

MET-Cognition Mediated by ∆cFT Levels (H2; Figure 1, Panel i) 

Path a.  

 This path examined the effect of MET on change in cFT levels. The model was not 

significant in the memory, language, executive function, attention or processing speed 

domains. Self-reported engagement PA was not associated with a change in cFT (ΔcFT) levels 

across all cognitive domains and as such, regression estimates for this path are not reported.  

Path b.   

 The association between ΔcFT levels over 18 months and cognitive performance was 

examined in this pathway. ΔcFT levels were not associated with cognitive performance across 

any cognitive domains. There were no significant interactions between age, cognitive reserve 

or ΔcFT.  

 Given that there were no significant effects on path a or path b across all domains, the 

conditions for moderated mediation were not met. Therefore, contrary to our hypothesis (H2), 

ΔcFT levels did not mediate the relationship between self-reported engagement in PA and 

memory, language, executive functioning, attention or processing speed. 

MET-Cognition and ∆cFT-Cognition Pathways Moderated by Age (H3 (a); Figure 1, 

panel iii and iv) 

 Age was a significant predictor of cognitive performance across all domains. Increasing 

age was associated with poorer cognitive performance. However, age did not moderate the 

relationship between the METMV-cognition pathway and the ∆cFT-cognition pathway across 

any domain.  
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MET-Cognition and ∆cFT-Cognition Pathways Moderated by Estimated FSIQ (H3 (b); 

Figure 1, panel iii and iv) 

 Higher levels of estimated FSIQ were a significant predictor of better cognitive 

performance. However, estimated FSIQ did not moderate the relationship between the 

METMV-cognition pathway and the ∆cFT-cognition pathway across any domain.  

MET-Cognition and ∆cFT-Cognition Pathways Moderated by Age and Estimated FSIQ 

(H4; Figure 1, panel iii and iv). 

 There were no significant three-way interactions between MET, age and estimated 

FSIQ or ∆cFT, age and estimated FSIQ across any cognitive domain. As such, age did not 

interact with estimated FSIQ to moderate the relationship between MET and cognition, as well 

as the relationship between ∆cFT and cognition. 

Post-hoc Analysis  

 During discussion with AIBL collaborators, it was suggested that Apolipoprotein E ɛ4 

(APOE ɛ4) genotype should be included in the model. The carriage of APOE ɛ4 allele is a 

major genetic risk factor for Alzheimer’s disease, and an important risk factor for cognition 

even in individuals without dementia (Wisdom et al., 2011). In order to explore this intriguing 

proposal, APOE ɛ4 allele carriage was coded as a dichotomous variable (i.e., carriage of at least 

one ɛ4 allele, scored as 0, or a non-carrier, as 1) and APOE ɛ4 risk was examined as a third 

moderator, to explore the potential for APOE ɛ4 risk to interact with age and estimated FSIQ 

to influence the relationship between MET and cognition. This three way moderation was 

examined for those cognitive domains in which MET was a significant predictor (i.e. memory, 

executive function, attention and processing speed). Results showed that APOE risk was not a 

significant predictor of cognition across these domains. However, a significant interaction 

between MET and APOE risk was found in the executive function domain, β = 0.33, t (203) = 

2.64, p = .009. In APOE ɛ4 carriers, higher levels of physical activity predicted better executive 
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functioning. In non-APOE ɛ4 carriers, higher levels of physical activity predicted poorer 

executive functioning (Figure 2). There were no other significant interactions between MET, 

age, cognitive reserve and APOE ɛ4 allele carriage across other cognitive domains.  

Figure 10. 

14Interaction of APOE ɛ4 Allele Carriage and Physical Activity Levels in the Executive 

Functioning Domain. 

 

 

  

 

 

 

 

 

Discussion 

 This study aimed to determine if changes in free testosterone levels mediated the 

relationship between self-reported PA and performance on measures of memory, language, 

executive function, attention and processing speed. Additionally, the extent to which age, 

cognitive reserve and the interaction of age and estimated FSIQ influenced the nature of these 

relationships was also examined. In summary, change in cFT levels did not mediate the 

relationship between self-reported PA and cognition in this cohort. Higher levels of PA were 

associated with poorer performance on measures of memory, executive function, attention and 

processing speed. Age and estimated FSIQ did not significantly moderate the relationships 

between PA and cognition, or change in cFT levels and cognition, but were significant 

independent predictors of cognitive performance across all cognitive domains.  
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 It was hypothesized that higher levels of self-reported PA may be associated with 

better cognition by increasing cFT levels. However, our mediation analysis returned null 

findings across all cognitive domains. We proposed that these findings could be due to 

several limitations, such as the lack of significant change in free testosterone levels and low 

overall PA levels in this sample. Firstly, inspection of the raw difference between baseline 

and follow-up free testosterone levels revealed mean of 0 but a standard deviation of 0.1. 

Whilst there are no clear guidelines on what constitutes a clinically significant difference or 

change in FT, inspection of a study published by Ho and colleagues (2016) suggests that a 

difference in or reduction of around 0.1 nmol/L would be sufficient to take an individual from 

the 25th to the 2.5th percentile (i.e. from 0.354 to 0.245 nmol/L). As such, there was arguably 

sufficient variability in both baseline FT and change in FT levels. Thus, this does not account 

for the nonsignificant effect. Secondly, the lack of variability in PA levels in this sample was 

also explored as a limiting factor. The scoring guidelines for the IPAQ allows for individuals 

to be classified as engaging in high, medium or low levels of PA based on their weekly 

metabolic output (Craig et al., 2003). Only 2.9% of individuals in our cohort can be classified 

as engaging in high levels of PA. Given that the majority of the cohort was considered to be 

sedentary, there may have been insufficient variability in PA levels to evaluate the 

relationship between PA and change in free testosterone.   

 Contrary to our hypotheses, higher levels of self-reported PA were associated with 

poorer cognitive performance in memory, executive function, attention, and processing speed 

in this cohort of older men.  Even though our results indicate significant negative 

associations, the effects were very small. Furthermore, it should be acknowledged that the 

current analyses did not adjust for multiple comparisons. The current effects would not be 

significant against a more conservative p-value Therefore, the results of our findings may 

represent a Type I error.  
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 Further, these findings are in contrast to previous studies that have indicated positive 

associations between self-reported PA and cognition in older adults (Carvalho et al., 2014). 

The current study chose to examine this relationship in an older male sample, while majority 

of studies in the literature thus far have recruited mixed samples of men and women. As such, 

these current findings suggest potential gender differences in the way PA benefits cognition. 

Specifically, older men may not benefit from PA in the same way that older women do. 

Meta-analytic reviews of clinical trials reveal evidence that gender moderates the effects of 

exercise on cognitive function, such that studies with a higher proportion of females 

compared to males tended to have larger effect sizes (Colcombe & Kramer, 2003). This may 

be attributable to difference in the way sex hormones change with age. In women, there is a 

sharp decrease in estrogen during menopause. Therefore, an increase in sex hormones, as a 

result of PA, may result in more evident and immediate cognitive benefits, given that they 

have lower basal hormone levels to begin with (Brown, Peiffer, & Martins, 2013). In men, 

decrease in testosterone levels occurs gradually over time. As such, the way in which PA 

benefits cognition may be less evident in the short term and may vary as a function of 

individual basal hormone levels. More research is needed to better understand the impact of 

PA on free testosterone levels in men. Therefore, future studies may benefit from examining 

gender differences in the impact of PA on cognition and how sex hormones may underlie 

these differences.  

 Lastly, there was no significant association between change in FT levels and 

cognition in this sample. Longitudinal studies have demonstrated that a decline in free 

testosterone levels predicted poorer cognitive functioning over time (Hsu et al., 2015; Moffat 

et al., 2002). However, it is notable that these studies had follow-up periods of five years or 

more. Therefore, this current study may have been limited by the 18-month follow up period, 

such that a significant association was not observed in this timeframe. It was also considered 
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that change in free testosterone levels may need to be examined in conjunction with baseline 

free testosterone levels. In Chapter 4, we proposed that the combined effect of low and 

decreasing FT levels may confer a greater cognitive risk and as such, was considered as a 

potential reason for the lack of an association in this study. Whilst this was not part of the a 

priori hypothesis of this study, a post hoc analysis adding baseline FT levels as a predictor of 

cognition was conducted for each cognitive domain. There were no changes to the reported 

relationships between PA, change in FT levels and cognition. Indeed, baseline FT levels did 

not predict cognition at follow up.  

 Overall, the current results limits our ability to draw conclusions regarding the role of 

cFT levels as a mediator of PA and cognition. This suggests that these relationships might be 

better assessed using more robust experimental methods. Future studies may be better 

informed by examining the relationship between PA, free testosterone and cognition by using 

objective PA measures, or through longitudinal exercise intervention trials.  

 The IPAQ has been validated against objective measures of PA (Cleland et al., 2018; 

Prince et al., 2008). However, the use of self-report measures in general may be subject to 

inaccuracies, particularly in an older adult cohort (Herbolsheimer et al., 2018; Van Boxtel et 

al., 1996). Furthermore, a systematic review comparing methods for assessment of PA, has 

also demonstrated potential gender differences in the accuracy of self-reported PA, with a 

tendency for lower self-reported physical activity levels in male-only studies (Prince et al., 

2008). Therefore, the use of objective measures of physical activity may allow for a more 

accurate assessment of PA.  

 Current findings also suggest that habitual PA may be insufficient to result in a 

significant change in free testosterone levels. Therefore, future studies may need to examine 

if this association is altered by using PA of a higher intensity, such as specific exercise 

intervention. Results from exercise intervention trials have suggested that PA of a moderate 
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to vigorous intensity has greater benefits for cognitive performance in older adults (Smith et 

al., 2010; Zheng et al., 2016). Furthermore, studies demonstrating an increase in free 

testosterone levels in older men following PA have mostly utilised high intensity exercise 

interventions (Anderson et al., 2016; Ari et al., 2004; Lawrence et al., 2017). A recent study 

by Lawrence and colleagues (2017) found that in a sample of older men, free testosterone 

levels significantly increased following a combination of high intensity interval training 

(HIIT) and aerobic exercise. On the contrary, this was not evidenced in another study that 

used a combination of resistance and aerobic training. However, these studies did not 

examine cognitive outcomes. Therefore, future studies will need to identify specific exercise 

interventions that result in a larger, sustained increase in free testosterone levels needed for 

significant cognitive benefit. Additionally, examining these relationships longitudinally may 

allow future studies to more accurately assess the impact of PA on free testosterone levels 

over time.  

 Future studies may also need to consider that pattern of decrease in free testosterone 

levels in men has implications for cohort selection in future studies. The rate at which free 

testosterone levels decrease may differ significantly within cohorts of older men (Kaufman & 

Vermeulen, 2005). In order to more accurately observe the impact of PA on testosterone, 

future studies may benefit from examining the mediating effect of testosterone on PA and 

cognition, using a cohort diagnosed with clinical hypogonadism. These individuals have 

significantly lower basal free testosterone levels than expected for their age and are proposed 

to be at an increased risk of cognitive impairment, due to significantly low free testosterone 

levels (Kaufman & Vermeulen, 2005). Therefore, increasing PA levels in this cohort may 

result in a more evident cognitive benefits. 

 Even after considering the potential for under-reporting of PA levels, the low levels of 

PA in this sample supports the need for more initiatives to increase engagement in PA 
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amongst older adults. Consistent with the current findings, studies have reported low levels of 

PA in older adults (Boulton et al., 2018; Dumith et al., 2011; Macek et al., 2019). 

Increasingly sedentary lifestyles have been identified as a risk factor for physical frailty and 

cognitive impairment in older adults (Michel et al., 2016; Song et al., 2015). The World 

Health Organisation recommends that older adults over 65 years of age should accumulate at 

least 150 minutes of moderate intensity physical activity a week (World Health Organisation, 

2020). Although the mean reported time spent engaging in moderate and vigorous activity 

was above the recommended minimum time, 40% of the current sample still fell below the 

recommended guidelines. 

 The current findings indicate that age and estimated FSIQ did not moderate the 

relationship between PA and cognition, or the relationship between change in free 

testosterone levels and cognition. Nonetheless, they were both independent predictors of 

cognition. This reinforces the importance of considering age and cognitive reserve as key risk 

and resilience factors in cognition. Even though these factors were not significant moderators 

of the relationship between PA and cognition in this study, it will still be important for future 

studies to consider how age and cognitive reserve may influence cognition. Studies have 

reported that the positive relationship between PA and cognition may in part be mediated by 

higher cognitive reserve and younger age (Clare et al., 2017; Finkel et al., 2016; Scarmeas & 

Stern, 2003). Higher levels of PA, may help to preserve metabolism and sustain overall good 

physical health, which can in turn put the brain in a better position to sustain a higher burden 

of neuropathology with symptoms of cognitive impairment (Livingston et al., 2020; Wallace 

et al., 2019). As such, considering the influence of age and cognitive reserve will also help 

future interventions be more targeted, by identifying characteristics of the older adult cohort 

(oldest old vs younger old, high cognitive reserve vs low cognitive reserve) that may most 

benefit from PA. 
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 Findings from the post-hoc analysis indicate that PA may benefit executive 

functioning, particularly in individuals at a higher risk of AD.  This further supports the role 

of PA as a modifiable lifestyle factor against cognitive decline and dementia (Livingston et 

al., 2020). One of the possible mechanisms by which PA exerts it benefits on brain health, is 

by lowering Aβ levels (Brown, Peiffer, Taddei, et al., 2013). APOE ɛ4 carriers have been 

shown to have increased Aβ levels, as compared to APOE ɛ4 non-carriers. There is also 

evidence to suggest that an increase in cerebrospinal Aβ levels were associated with subtle 

deterioration in executive functioning, which may precede memory impairment in AD 

(Balota et al., 2010; L. R. Clark et al., 2012; Harrington et al., 2013).Therefore, this further 

supports the role of PA as a preventative measure against cognitive decline and AD. It may 

be that individuals who are higher risk of AD may be protected with higher levels of PA. 

However, replication of this analysis with a larger sample will be necessary to further 

validate these findings.  

 This study has benefited from a fully characterised cohort and high-quality data 

collected by the AIBL study. However it should be acknowledged that this cohort is 

comprised of a relatively homogenous and highly educated group of older adults. As such, 

the current findings may not be reflective of the wider community.  

 Even though a well validated measure of self-reported PA was used, this study was 

limited in its ability to consider the effects of long term habitual patterns of PA on cognition, 

given that PA was only assessed in a discreet seven day period. This may be an important 

consideration, given the 18 month time period between baseline and follow up. Given that 

test-retest reliability of the IPAQ in the AIBL cohort has been established, this will further 

benefit from evaluation of self-reported PA across a longer time period. This will allow for 

the calculation of long-term physical activity scores to better indicate regular patterns of PA 

and potential changes in PA between follow ups.  
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 The current study was also limited in its examination of a single lifestyle factor in 

relation to free testosterone and cognition. It should be considered that factors influencing the 

relationship between PA, testosterone and cognition may also be influenced by a combination 

of other lifestyle factors. Other factors such as diet, sleep quality, and obesity may directly or 

indirectly affect testosterone levels in the body. Nonetheless, this study is novel in its attempt 

to examine an increase in free testosterone as the possible mechanism underlying the 

cognitive benefits of PA on cognition. In order to validate the role of lifestyle habits as 

preventative measures against cognitive decline, the mechanisms by which it confers this 

benefit will still need to be elucidated.  

 The current study is unable to draw conclusions about the mediating effect of free 

testosterone levels on the relationship between PA and cognition in the current sample of 

cognitively healthy older adults aged 60 and above. Likewise, results did not demonstrate 

significant associations between PA and cognition across a range of domains, which is in 

contrast to the current literature. These findings support the need to assess these relationship 

using more robust experimental methods, such as the use of longitudinal exercise intervention 

trials and objective measures of PA. Nonetheless, this study has highlighted the role that sex 

hormones might play in possible gender differences in the effects of PA on cognition. 

Additionally, our findings also reinforce the need to consider age and cognitive reserve, as 

well as the interaction of these risk and resilience factors when examining lifestyle factors. 
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Chapter 6: General Discussion  

 The global impact of dementia has directed research efforts towards identification of 

risk factors for cognitive impairment, in a bid to identify potential prevention strategies. In 

particular, lessons from Alzheimer’s disease (AD) research has underscored the importance 

of employing these strategies well before the symptomatic clinical stages, where underlying 

neurodegeneration is well established (Cummings et al., 2014). 

  In particular, the typical age-related decrease in testosterone levels has been 

identified as a potential risk factor for cognitive impairment. As such, increasing testosterone 

levels through supplementation may be a preventative measure against cognitive impairment. 

Animal and cell culture studies have shown the neuroprotective properties of androgens in 

the brain (Janowsky, 2006a; Pike et al., 2009). However, findings from human studies have 

been inconsistent, suggesting the need for further investigation of the relationship between 

testosterone and cognition. Therefore, the overarching aim of this was to further the 

understanding of the relationship between testosterone and cognition.  

 Given that specific findings of each study have been discussed in detail in their 

respective chapters, this chapter will provide a summary of findings from each study and 

discuss the significance of these findings against the backdrop of current research. Lastly, the 

implications of these results for future research and clinical trials in this area will also be 

discussed.  

Summary of Findings  

 The first aim of this thesis was to obtain a better understanding of the effects of 

testosterone supplementation on cognition. To achieve this, a meta-analysis was conducted to 

examine the effect size of testosterone supplementation on individual cognitive domains. 

Cognitive performance in the treatment group were compared to those of the placebo group 

before and after supplementation across a range of cognitive domains (i.e., verbal memory, 
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visuospatial memory, visuospatial ability, language, executive function, attention and 

processing speed). The treatment group demonstrated modest but significant improvement in 

processing speed, compared to the placebo group. This improvement was not shown across 

other cognitive domains. Limitations in sample size for each cognitive domain meant the 

moderating effect of methodological variations (e.g. supplementation dosage, method and 

duration) could not be examined. Nonetheless, several methodological considerations for 

future studies were identified and discussed.   

 The second aim of this thesis was to progress the understanding of the relationship 

between testosterone and cognition by examining potential reasons for inconsistencies in the 

current research. Guided by existing research, two factors were selected for closer 

investigation in this thesis. These factors were: 1) genetic variations in a polyglutamate 

receptor (CAG) on the androgen receptor (AR) gene and 2) engagement in physical activity. 

These studies benefitted from a world leading longitudinal cohort, the Australian, Imaging, 

Biomarkers and Lifestyle (AIBL) Study of Aging. 

  The first empirical study examined if variations in CAG repeat length could influence 

the relationship between baseline calculated free testosterone levels, changes in testosterone 

levels and cognition (memory, executive function, language, attention and processing speed). 

Results demonstrated that low baseline free testosterone levels that are also decreasing over 

time, are associated with poorer attention, processing speed and memory. This effect appears 

to be exacerbated in individuals with a short CAG repeat lengths. These results remained 

significant even after controlling for age, cognitive reserve and APOE risk.  

 The second empirical study examined if calculated free testosterone levels were 

impacted by self-reported physical activity and the overall impact of this relationship on 

cognitive functioning. Contrary to the hypotheses, results demonstrated a lack of significant 

association between self-reported physical activity levels and cognition (memory, executive 
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function, language, attention and processing speed). Changes in free testosterone levels did 

not moderate the relationship between self-reported physical activity and cognition. Although 

these findings did not disprove the null hypothesis, they do not negate the potential for 

physical activity to benefit cognition by increasing free testosterone levels. Rather, these 

findings suggest that further examination of the relationships between physical activity, free 

testosterone levels and cognition, using more stringent experimental methods is warranted. 

Furthermore, the results also reinforced the role of age and cognitive reserve as risk and 

resilience factors of cognition.  

 Importantly, this thesis addressed two important limitations in the current literature. 

All studies examined cognition across a range of cognitive domains in order to gain a better 

understanding of potential differential effects of testosterone on individual cognitive 

domains. Secondly, experimental studies in this thesis (Chapter 4 and 5) chose to examine the 

relationship between free testosterone levels and cognition. Guided by existing literature, free 

testosterone was chosen as it was proposed to be a more reflective of testosterone action on 

brain functions. 

Relationship between Free Testosterone and Processing Speed 

 An integral finding of this thesis is the significant association between free 

testosterone and processing speed, evident across two of the three studies presented; 

particularly, that this relationship was identified in a highly educated, cognitively healthy 

cohort. This supports the idea that age-related hormonal changes can have an impact on 

cognitive functioning, even in a cognitively healthy cohort (Beauchet, 2006). Furthermore, 

finding significant associations in the processing speed domain, in the presence of null 

findings in other domains, indicates that changes in testosterone levels may be an early and 

sensitive marker of early changes in cognition.  
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 Processing speed refers to the speed and efficiency in which an individual is able to 

process information. Age-related changes in processing speed are proposed to have a 

quadratic trajectory, in that maximum efficiency of processing speed is achieved in 

individuals in their 30’s and it suffers a generally linear decline thereafter (Lu et al., 2011). 

Compared to their younger counterparts, older adults have consistently demonstrate slower 

response rates on timed tasks, in exchange for increased accuracy (Salthouse, 1996).  On a 

structural level, a decline in processing speed has been attributed to compromised myelin 

integrity which in turn, contributes to the degeneration of brain white matter. Studies have 

evidenced that the breakdown of myelin integrity mediates the slowing in processing speed 

amongst a sample healthy older adults (Lu et al., 2011; Lu et al., 2013). Furthermore, 

evidence from neuroimaging and post-mortem studies have associated myelin damage with 

the presence of beta amyloid plaques and tau hyperphosphorylation, with recent evidence 

suggesting that myelin damage may be considered an early neuropathological abnormality in 

AD (Benitez et al., 2014; Couttas et al., 2016; Papuć & Rejdak, 2018; Zhan et al., 2015).  

 From a neuropsychological perspective, a decline in processing speed can be 

considered an early sign of cognitive decline. Importantly, processing speed is proposed to 

account for a significant proportion of variance in other cognitive domains among healthy 

older adults (Salthouse, 1995). Thus, poorer processing speed may account for decline in 

other areas of cognition, in particular, attention. Attention is a construct closely related to 

processing speed, whereby slowed processing speed influences all stages of attentional 

functioning. Directing of one’s attention to the correct information is a key component of 

accurate information processing (Lester et al., 2018). In turn, this supports efficient learning, 

memory and retrieval of information (Verhaeghen & Salthouse, 1997). Therefore, declines in 

attention and processing speed may be considered early indicators of cognitive decline. 

Findings from this thesis demonstrate decreasing free testosterone levels may be one of the 
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mediating factors in which age-related declines in processing speed occurs. In turn, declines 

in this domain may increase the risk of declines in other cognitive domains.  

 Furthermore, it was identified that testosterone supplementation can remediate the 

effects of low free testosterone levels on processing speed. This further supports its potential 

as a preventative measure. In turn, maintain or improving processing speed may reduce the 

risk of decline in other cognitive domains. These findings are further supported by research 

that has identified testosterone and androgen receptors as key players in the treatment of 

demyelinating diseases such as multiple sclerosis (Bielecki et al., 2016). Studies have 

evidenced that testosterone treatment stimulated the formation of new myelin and reversed 

myelin damage in chronic demyelinated brain lesions (Hussain et al., 2013). However, further 

research is needed to validate if this as a potential mechanism by which testosterone 

supplementation benefits older adults.  

 By examining the effects of the testosterone across a variety of domains, this thesis 

was able to demonstrate that decreasing free testosterone levels could be an early indicator of 

cognitive decline. It should be acknowledged that null findings in other cognitive domains 

can partially be accounted for by factors such as the lack of variability in cognitive 

performance in the current cohort. Nonetheless the significant association between free 

testosterone and processing speed in a cognitively healthy cohort indicates its sensitivity 

towards subtle changes in cognition. More importantly, converging lines of evidence support 

the potential for testosterone supplementation to improve processing speed, which may then 

prevent decline in other cognitive domains.  

The Importance of Low and Decreasing Testosterone Levels  

 Results of the first empirical study has identified that the interactive effects of low 

free testosterone and decreasing free testosterone levels may present a greater cognitive risk. 

Prior cross sectional studies have examined the association between low testosterone levels 
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(both total and free testosterone) and cognition, while longitudinal studies have provided 

evidence that decreasing testosterone levels over time are associated with cognitive 

impairment and an increased risk of subsequent AD diagnosis (Holland et al., 2011). 

However, few studies have examined the interaction between low testosterone levels and the 

rate of decrease in testosterone levels over time. Finding that the combination of low free 

testosterone and decreasing free testosterone levels was associated with poorer attention, 

processing speed and memory in a cognitively healthy cohort, should be strongly considered. 

Specifically, this suggests that a combination of low and decreasing free testosterone may be 

one of the pathways by which older men develop cognitive impairment. Given that memory 

deficits are also characteristic of early AD, extending this research to a clinical population 

may help determine if the combination of low and decreasing free testosterone levels are a 

risk factor for subsequent AD diagnosis (Graham et al., 2004).  

 The lack of consideration for a multiplicative relationship between basal free 

testosterone levels and change in free testosterone levels may account for non-significant or 

negative associations between testosterone and cognition in some studies. For example, an 

individual with low basal level of free testosterone may not exhibit poorer cognition due to 

conditioning of the androgen receptor sensitivity in a constantly low androgenic environment 

(Hogervorst et al., 2005). However, if free testosterone levels are decreasing at a higher rate 

this may amplify the impact of decreased androgenic activity in the brain, increasing risk for 

cognitive impairment. Comparatively, an older male whose testosterone levels are low, but 

stable over time, may be at a lower risk for cognitive decline. Therefore, change in 

testosterone levels over time will be an important consideration for future studies examining 

the impact of testosterone levels on cognition. Additionally, it should also be considered that 

the accuracy of testosterone levels measured at a given time point may be influenced by 

factors such as diurnal variations, use of different assay methods or even intra-individual 
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variability in testosterone levels (Trost & Mulhall, 2016). Therefore, examining both baseline 

and change in testosterone levels, rather than relying on a singular measure may increase the 

accuracy of any observed associations.  

Factors Influencing the Relationship between Free Testosterone and Cognition 

 Another primary aim of this thesis was to identify and explain the inconsistencies in 

prior observational studies and clinical trials in this area. It was proposed that these 

inconsistencies may be due to factors that can impact testosterone, cognition, or both. This 

proposition was partially supported, in that variations in CAG repeat length, but not self-

reported physical activity, was found to play a significant role.  

Genetic Variation in the Androgen Receptor Gene 

 As mentioned above, the novel experimental study in this thesis demonstrated that 

short CAG repeats amplify the impact of low and decreasing free testosterone levels, even 

after age, cognitive reserve and APOE risk were accounted for. Thus, this supports the 

important role androgen receptors play in cognitive functioning. More importantly, it 

indicates that variations in the AR gene may influence the relationship between testosterone 

and cognition. As such, the effect of individual differences in CAG repeat length may 

account for some of the nonsignificant or negative findings in the literature thus far. This is 

an indicator for future research to consider how genetic variations in the AR gene can alter 

androgen receptor function.  

 These findings also provide insight into the role of CAG repeat length in a non-

pathological context.  Knowledge regarding the effects of variations in CAG repeats has 

predominantly originated from Kennedy’s disease, a rare X-linked disease characterised by 

progressive muscle weakness and atrophy primarily in males (Dejager et al., 2002). It has 

also been described as a form of mild, late onset androgen resistance, attributed to the 

pathological expansion (40 to 62 repeats) of the CAG repeats. These longer repeat lengths are 
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correlated with symptoms of androgen insensitivity such as gynecomastia and testicular 

hypotrophy (Dejager et al., 2002). On the contrary, shorter CAG repeat lengths have been 

associated with increased incidence of prostate cancer, due to higher androgenic activity 

(Heinlein & Chang, 2004). That shorter CAG repeat lengths are associated with poorer 

processing speed may be in contrast to existing literature, but it supports the association 

between short CAG repeat and higher androgen receptor activity. As discussed in Chapter 4, 

short CAG repeat lengths may initially be associated with increased androgen receptor 

activity but the prolonged increase in activity may strengthen the negative feedback loop of 

the hypothalamic-pituitary-gonadal axis, resulting in a decrease in testosterone production 

(Raber, 2008).  

Examining or validating this proposed mechanism of action to account for the 

unexpected direction of the present findings was beyond the scope of this thesis. It is also 

possible that our findings may be explained by the small sample size of the present study.  

Specifically, the use of the recommended research cut-off to group individuals with short and 

long CAG repeat length resulted in a relatively smaller group of individuals with a long CAG 

repeat sequence. The small sample size in that subgroup may have increased the risk of 

spurious findings. As such, replication of this research with a larger sample size, will be 

important in validating the current findings.   

 By extension, greater consideration should also be given to the role of the androgen 

receptor, when examining the relationship between testosterone and cognition. Alterations in 

the androgen receptor may impact on the way testosterone exerts its effects on the brain 

(Raber, 2008).Using human neuron cultures, Hammond and Colleagues (2001) found that 

physiological levels of testosterone protected against cell death through interaction with 

androgen receptors. In contrast, these neuroprotective effects were blocked in the presence of 

an anti-androgen, such as flutamide (Hammond et al., 2001). The importance of the androgen 



General Discussion   121 

 

 

 

receptor is further supported by research investigating the therapeutic properties of 

testosterone on demyelinating disease, as discussed above. Studies have found that androgen 

receptor expression within the central nervous system was necessary for the stimulation of 

remyelination by testosterone (Bielecki et al., 2016; Hussain et al., 2013). Overall, the results 

of this thesis, as well as other converging lines of evidence support the importance of the 

androgen receptor in the relationship between testosterone and cognition. Understanding how 

androgen receptor functions change as a result of decreasing free testosterone levels, may 

allow for better understanding of the impact of free testosterone on the brain.   

 Overall, the current findings indicate that the genetic variations in the AR gene may be 

a contributing factor towards the inconsistencies observed in testosterone and cognition 

literature thus far. Apart from gaining a greater understanding into the impact of CAG repeat 

lengths on cognition, this thesis also highlights the important role that the androgen receptor 

may play in modifying effects of testosterone and may be an avenue for future research.   

The Role of Physical Activity 

 A growing number of studies reporting the positive effects of physical activity on 

cognition and testosterone levels was the motivating factor in investigating physical activity 

levels as a potential modulating factor. If studies were not taking into account the level of 

physical activity that participants are engaging in, this could impact on the observed 

association between testosterone and cognition. Even though results did not demonstrate that 

changes in free testosterone mediate the relationship between self-reported physical activity 

and cognition, this does not necessarily disaffirm the role of testosterone as a potential 

mediator. As discussed, these relationships will benefit from the use of more robust 

experimental methods, such as a longitudinal exercise intervention trials. 

 These findings have highlighted potential gender differences in the relationship 

between physical and cognition. This suggests that sex hormones may play a role in the 
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relationship between physical activity and cognition. As discussed in Chapter 5, differences 

in the way sex hormones change in women and men may have implications for how physical 

activity benefits cognition.  This is supported by evidence from research acknowledging that 

physiological differences between men and women may result in different outcomes 

following physical activity (Carlsson et al., 2006; Tanasescu et al., 2003; Woodcock et al., 

2010). Evidence from animal studies have also suggested that sex hormones may 

differentially mediate exercise response (Bowen et al., 2011; Huxley, 2007). Therefore, 

further research into the role of sex hormones on physical activity may help to elucidate 

gender differences in this area.  

 Additionally, physical activity may be a nonpharmacological method of increasing 

free testosterone levels. As such, gaining a better understanding of the relationship between 

physical activity and testosterone will further validate it as a preventative measure against 

cognitive decline. However, more research is required to better examine if increasing 

physical activity is effective in mitigating the cognitive risks that occur because of decreasing 

free testosterone levels. Specifically, more research on the effects of exercise interventions on 

free testosterone in older men are required, in order to clarify the degree to which free 

testosterone increases following exercise and how long this increase is sustained for. 

 The findings in this thesis do not discount the role that physical activity plays in 

preventing cognitive decline. While this thesis focused on the effects of testosterone, it is 

acknowledged that physical activity may benefit cognition by mitigating risk from other 

physiological changes. For example, exercise mediated physiologic mechanisms include 

elevated neurotrophins, a family of proteins that play a role in inducing the survival and 

function of neurons (Barde, 1994) . Resistance exercise has been associated with increased 

release of protective neurotrophins, such as brain-derived neurotrophic factor (BDNF) 

(Yarrow et al., 2010). Higher levels of BDNF have been shown to facilitate plasticity and 
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enhance neurovasculature in the hippocampus, and appear to have a positive impact on 

cognitive function in the aging brain (Vaynman & Gomez-Pinilla, 2005). Research has shown 

that neurotrophins may exert their neuroprotective effects through interaction with 

testosterone (Rasika et al., 1999; Tirassa et al., 1997; Wang et al., 2016). However, these 

results have been reported mainly in animal and cell culture studies and more research is 

needed to better understand the complex interactions between testosterone and neurotrophic 

factors in the aging brain.   

 Overall, the literature supports the benefits of physical activity on testosterone and 

cognition. While current findings do not suggest that it can account for inconsistencies in the 

testosterone and cognition literature, it does not negate testosterone as a potential mechanism 

by which physical activity benefits cognition in older adults, as supported by gender 

differences in the impact of physical activity.  

The Role of Age and Cognitive Reserve  

 The present thesis also highlighted the importance of considering age and cognitive 

reserve when examining the association between testosterone and cognition. As described in 

Chapter 1, increasing age appears to be the greatest risk factor for cognitive impairment while 

higher cognitive reserve may serve as a protective factor against the impact of the 

neurological insult or degeneration.  

 Other areas of gerontological research have emphasized the importance of considering 

age, cognitive reserve and the interaction between these two factors when examining age-

related changes (Cross et al., 2017; Schwartz et al., 2012). Accounting for age and cognitive 

reserve as covariates increases confidence in the validity of the current findings. As 

demonstrated in the first empirical study, the interaction between baseline free testosterone, 

change in free testosterone levels and CAG repeat length were significant even after 

accounting for established risk and resilience factors for cognitive impairment. This further 
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supports that decreasing free testosterone levels as a mediator of age-related cognitive 

decline. Results from the second empirical study also reinforced the need to consider how age 

and cognitive reserve can impact cognitive, independent of other factors such as lifestyle 

habits (Clare et al., 2017; Scarmeas & Stern, 2003). Nonetheless, it may be of interest for 

future studies to examine if higher cognitive reserve and younger age, may protect against the 

negative cognitive impacts of a sedentary lifestyle.  

 Overall, these results suggest that it will be important for future studies to consider the 

impact of age and cognitive reserve on cognition, in order to ensure greater confidence in 

their findings.  

Implications for Future Research  

Re-defining Expectations from a Cognitively Healthy Cohort  

 Conducting research on cognitively healthy older adults is crucial in informing key 

risk factors that can help in early detection and developing preventative measures against 

cognitive impairment. However, the use of a cognitively healthy cohort has implications for 

the evaluation and assessment of cognition.  

 Firstly, studies assessing the treatment efficacy of testosterone supplementation may 

need to consider a re-definition of what constitutes a good treatment outcome. It may be 

unrealistic to expect significant improvement in cognitive performance, particularly in a 

cognitively healthy sample. Instead, the maintenance of cognitive performance, or a lack of 

decline in cognitive performance over time may be a more realistic. Furthermore, research 

among cognitively healthy older adults will no doubt be subjected to sample selectivity, 

whereby voluntary recruitment is more likely to attract individuals with higher educational or 

occupational attainment. Thus, these individuals may perform at the age-appropriate levels or 

higher and expecting further improvements may not be realistic. Therefore, adjusting the 
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expectation of cognitive outcomes may provide a more accurate portrayal of the efficacy of 

testosterone supplementation.  

 Secondly, clinical trials and observational studies will need to consider the types of 

cognitive measures used in neuropsychological assessment batteries. In addition to the use of 

sensitive measures, test measures chosen in neuropsychological batteries will need to be 

guided by knowledge of the cognitive changes involved in normal aging. For example, the 

original AIBL composites included composite scores for recognition memory. However, this 

was removed from the final analyses of cognition because the ability to retrieve information 

when given a cue is proposed to remain relatively stable with age, as opposed to spontaneous 

recall of information from memory without a cue (Harada et al., 2013; Price et al., 2004). 

Additionally, measures should also reflect the theoretical model of the cognitive construct. 

Results of our meta-analytic review demonstrated improvements in executive function 

following testosterone supplementation. However, the association between testosterone and 

executive function was not demonstrated in the proceeding experimental studies. It may be 

that the measures for executive functioning were limited to two subcomponents: access to 

long term memory and switching, and could not adequately capture changes in this domain. 

Theoretical models of executive function propose that it comprises of a range of 

subcomponents such as inhibition, shifting and working memory (Adrover-Roig et al., 2012; 

Miyake et al., 2000). As such, choosing measures that reflect each subcomponent of this 

domain may allow for a more thorough measurement of the relationship between testosterone 

and executive function.  

 Research using cognitively healthy older adult cohorts is important in identifying risk 

factors and informing preventative strategies. However, this will have implications for the 

selection of cognitive measures and treatment outcomes, in order to accurately interpret 

results.  
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Identifying the right cohort for testosterone supplementation  

 A significant goal for future clinical trials will be to identify a cohort of older men for 

whom testosterone supplementation will provide the most cognitive benefit.  

 The current findings can help improve necessary criteria to better identify individuals 

at a greater risk of cognitive decline, and thus may be best candidates for testosterone 

supplementation. Firstly, findings from the empirical study presented in Chapter 4 identified 

that older men with a combination of low and decreasing testosterone levels, as well as a 

short CAG repeat length may most benefit from testosterone supplementation. Specifically, 

individuals with short CAG repeat length may have decreased testosterone production as a 

result of increased androgen sensitivity. This suggests that they may be more receptive to 

exogenous testosterone. In turn, this will have implications for the way future clinical trials 

recruit participants. For example, future studies may benefit from recruiting individuals who 

have demonstrated greater decrease in free testosterone levels over a period of time. Unless 

trials can benefit from participants already involved in a longitudinal study such as AIBL, 

studies may need to turn toward older males with clinically diagnosed hypogonadism or who 

have reported symptoms associated with hypogonadism in recent years. Likewise, future 

trials may benefit from analysing individual CAG repeat lengths in the AR gene to further 

validate if individuals with short CAG repeat lengths show greater cognitive improvement 

following supplementation.  

 Additionally, it appears that individuals who are not engaged in regular physical 

activity or who are considered sedentary may also benefit from testosterone supplementation. 

Studies have demonstrated that sedentary older adults are at a higher risk of cognitive 

impairment (Mullane et al., 2017; Wheeler et al., 2019). Sedentary older males have also 

been found to have lower testosterone levels (Herbst & Bhasin, 2004; Lovell et al., 2012). 

The current thesis was unable to demonstrate this as there was limited variability in physical 
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activity levels in the current sample. Furthermore, physical activity was assessed using a self-

report measure and did not provide an objective measure of physical fitness. Nonetheless, this 

may be a cohort of individuals who may be unable to engage in physical activity or exercise 

due to mobility or health issues, in which testosterone supplementation may be a more 

feasible preventative method against cognitive decline.  

 While the cognitive benefits of testosterone supplementation are of interest in this 

thesis, consideration should also be given to the potential negative impact of testosterone on 

health outcomes, such as prostate cancer risk and mood. Research suggests that endogenous 

testosterone levels are unrelated to prostate cancer, but there is still concern that testosterone 

supplementation, particularly in individual who do not have clinical hypogonadism may 

increase the risk of prostate cancer development (Boyle et al., 2016). Additionally, the effects 

of testosterone supplementation on mood in older males should also be considered. 

Specifically, research indicates that higher testosterone levels are related to elevated 

symptoms of anxiety, through mechanisms such as increased threat vigilance and lower stress 

resilience (Zitzmann, 2020). In turn, this may present as aggression in some individuals. 

Therefore, consideration for an individual’s medical history and potential vulnerability to 

mood disorders are also important considerations for identifying individuals that may best 

benefit from testosterone supplementation.    

 In addition to identifying the cohort that would derive the most cognitive benefit and 

least risk from testosterone supplementation, there are other methodological factors that 

future clinical trials will need to consider. As discussed in Chapter 2, future trials will need to 

gain a greater understanding of how supplementation factors such as dosage, mode of 

supplementation and formulation might impact treatment outcomes. At the time of thesis 

completion, new research was published on a novel formulation of oral testosterone 

undecanoate which has been found to elevate testosterone levels to a normal range in a 
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sample of clinically hypogonadal men (Swerdloff et al., 2020). Exploring the impact that 

such a formulation could have in increasing testosterone levels in older men and its resultant 

impact on cognition, is an exciting new avenue for future research.     

 It should be acknowledged that clinical trials examining the efficacy of testosterone 

supplementation on cognition is considered to be in its infancy. Findings from this thesis 

have helped to identify potential cohorts that might best benefit from testosterone 

supplementation. There is an ongoing need for more high quality clinical trials to investigate 

and examine various other methodological variables, in order to validate the efficacy of 

testosterone supplementation in preventing cognitive impairment.  

Limitations 

 Despite attempts to address some weaknesses of existing literature in these areas, the 

following limitations of the results reported in this thesis are acknowledged.  

 Although this thesis has benefitted greatly from data collected from the Australian 

Imaging, Biomarkers and Lifestyle (AIBL) Study of Aging cohort, this study did have some 

limitations. Firstly, the lack of variability in the amount of self-reported physical activity 

among the current cohort, was a limiting factor in the second empirical study. As discussed, 

this was likely impacted by the use of a self-report measure of physical activity. As such, the 

study was unable to draw conclusions on the involvement of physical activity in the 

relationship between testosterone and cognition. Secondly, some data may not have been 

collected in a format that is optimal for the current analysis. For example, the use of 

education levels might have been a preferred measure of cognitive reserve. However, 

education was coded as a categorical variable rather than in absolute values, limiting its use 

as an informative measure of cognitive reserve in the AIBL Study. Thirdly, there are some 

limitations in the cognitive composites used in both empirical studies. It is also noted some 

cognitive composites are only calculated based on two measures. While adequate for the 
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purposes of the study, additional measures could have been included in each domain to 

increase theoretical validity of the composites. For example, the executive function 

composite consists of measures assessing cognitive flexibility and efficiency of access to long 

term memory, and thus is limited in comprehensively assessing other subcomponents of 

executive function. Nonetheless, these cognitive composites increased the reliability and 

psychometric properties of the cognitive outcomes variables and allowed for the assessment 

of cognitive performance across a variety of domains. Lastly, the cohort included in our 

experimental studies represents data from a largely Caucasian population which may not 

representative of the wider global community. 

 The empirical studies in this thesis were also limited by analysis of data over two time 

points. This meant that changes in cognition and free testosterone levels were only examined 

over a period of 18 months. Availability of data over longer follow up periods may offer 

more insight into the trajectory and rate of change of cognition and free testosterone levels 

over time. Nonetheless, the reported significant results in one of our experimental studies 

indicated that changes in free testosterone levels over 18 months may be sufficient to impact 

on cognitive performance.  

 Additionally, it should be acknowledged that our use of calculated free testosterone 

levels in both experimental studies, may have an impact on the accuracy of free testosterone 

measurement. The current gold standard for free testosterone measurement is by liquid 

chromatography-tandem mass spectrometry, but is criticized as being impractical for routine 

laboratory practice. Calculating free testosterone levels using the Vermeulen equation has 

been well validated and compared to other equations (e.g. Sodergard equation, Nanjee-

Wheeler equation), and it is the most widely quoted in the literature (Ho et al., 2006). 

However, a main criticism of this method is that it is dependent on the quality and accuracy 

of the SHBG and albumin sample (Trost & Mulhall, 2016). More large scale studies are 
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needed to objectively determine the superiority of one equation over the other. In the 

meantime, research needs to acknowledge the limitations of testosterone measurement and 

exercise caution in the interpretation of testosterone concentrations and androgen status.  

 Finally, our results could also have been further enriched by examining how carriage 

of the APOE ɛ4 allele affects the relationship between testosterone and cognition. Studies 

have shown that risk factors for cognitive impairment may be amplified in APOE ɛ4 carriers. 

Therefore, the inclusion of both carriers and non-carriers in the experimental studies may be a 

potential confounder. It will be beneficial for future studies to examine how the nature of the 

relationship between testosterone and cognition may be different in APOE ɛ4 carriers and 

non-carriers. In turn, this can better inform studies examining these relationships in 

individuals with AD.   

Future Directions  

 Research into the complex relationship between testosterone and cognition in older 

men is still in its infancy. There is general consensus that more research and clinical trials are 

needed, so as to progress beyond a research landscape that is marked by inconsistent findings.  

 One of the main challenges for clinical research in this area is the lack of standardized 

age-based reference ranges for various subcomponents of testosterone. Studies have typically 

referred to laboratory-based reference ranges, making it difficult for comparison across 

studies. Even though standardized reference ranges are being developed, these have yet to be 

validated for research use (Le et al., 2016). Guidelines for the diagnosis and management of 

late onset hypogonadism may be a valuable resource, with both the International Society of 

Andrology and the Endocrine Society of Australia publishing reference ranges for 

testosterone levels across different age groups for diagnostic purposes (Wang et al., 2009; 

Yeap et al., 2016). However, these ranges do not cover all ages, which is a limiting factor for 

gerontological research in this area. Additionally, having standardized reference ranges will 
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allow future research to better understand the trajectory of change in testosterone levels in 

older men. Specifically, the rate of decrease of the different components of testosterone over 

time and when they are considered clinically significant. Therefore, future research will need 

to work towards validated, standardized reference ranges for testosterone levels to allow 

future studies to better interpret their findings. 

 A review by Hua and colleagues (2016) noted that testosterone acts synergistically 

with other hormones to exert its effects on cognition. Therefore, further study is needed to 

examine the interaction effects of testosterone and other hormones that are also subject to 

change, due to the dysregulation of the hypothalamic pituitary gonadal axis during aging. 

Lower free testosterone levels may be a result of elevated levels of luteinizing hormone and 

sex hormone binding globulin. Thus, future studies may benefit from examining the 

interaction between testosterone and other gonadotrophins. Of note, the efficacy of 

testosterone supplementation may be compromised by persistently higher gonadotrophin 

levels (Bhasin et al., 2018). Therefore, future studies should investigate if prevention against 

cognitive impairment might be achieved by decreasing levels of luteinizing hormone and sex 

hormone binding globulin, in order to allow for an increase in testosterone levels. Previous 

studies thus far have demonstrated that an elevation of luteinizing hormone and sex binding 

globulin may be associated with increased risk of cognitive impairment and AD (Bhatta et al., 

2018; Fahrner & Hackney, 1998; Lin et al., 2017). It appears that most studies have mainly 

examined the impact of individual gonadotrophins, such that less is known about how these 

might interact with testosterone to impact on cognition.  

 Research in this area may also benefit from the use of brain imaging techniques. In 

doing so, this may allow future research to better examine the impact of testosterone on AD 

pathology. The neuroprotective properties of testosterone have primarily been evidenced in 

animal models (Janowsky, 2006a; Pike et al., 2009). With the benefit of brain imaging, future 
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studies may be able to examine the effect of testosterone on pathological markers in the 

human brain, using brain imaging techniques visualising AD neuropathology. This will 

further our understanding of its effect as a preventative measure against subsequent cognitive 

impairment. At the time of completing this thesis, a clinical trial examining the effects of 

intramuscular testosterone supplementation on cognition and brain amyloid load is currently 

under way (The TotAl Study). In this study, cognitively healthy men who have a significant 

amyloid burden (as measured by positron emission tomography scan) are being recruited into 

an 18-month long trial involving regular intramuscular testosterone. Success of this trial will 

be a significant encouragement for further research into the therapeutic potential of 

testosterone supplementation in individuals diagnosed with MCI, often viewed as the 

preclinical stage of AD.  

 This thesis has justified the need to further examine cognitive changes in a cognitively 

healthy older adult sample. Given that cognitive changes over time in this cohort may be 

subtle, it could be of interest to consider the impact of subjective memory complaints. 

Subjective memory complaints have been shown to predict later cognitive impairment and an 

increased risk of AD, even in the absence of current objective memory impairment (Brailean 

et al., 2019). However, studies have yet to examine potential interactions between subjective 

memory complaints and testosterone levels (Resnick et al., 2017; Wahjoepramono et al., 

2015). It may be that subtle changes in processing speed following testosterone 

supplementation, may be sufficient to alleviate subjective memory concerns. Furthermore, 

analysis could incorporate the potential effects of lifestyle factors such as sleep, stress and 

depression, all of which can affect an older adult’s subjective view of their cognition. In turn, 

this could have implications for early identification and treatment for older adults at risk for 

subsequent cognitive decline and dementia. 
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 Conclusion 

 This thesis provided a greater understanding of the relationship between testosterone 

and cognition in cognitively healthy older men. The work in this thesis has highlighted that 

age-associated physiological changes may contribute to risk of cognitive impairment. The 

findings reinforce that age-related decrease in testosterone levels is a risk factor for cognitive 

impairment and that testosterone supplementation can result in improvement in cognitive 

functioning, even in a cognitively healthy cohort. In a bid to examine potential reasons for 

inconsistences in the findings so far, this thesis has identified that genetic variations within 

the androgen receptor gene and rate of change in free testosterone levels over time may be 

significant factors. The current results have significant implications for the way studies 

interpret research outcomes. Additionally, there are also implications for future clinical trials, 

including the refinement of several methodological factors and the identification of cohorts of 

individuals who may most benefit for testosterone supplementation. Further study will be 

required to validate and build on the results presented here in order to better understand 

testosterone action on the brain. Extension of these findings into a clinical setting will 

improve the likelihood of identifying appropriate preventative treatments or strategies against 

cognitive impairment and AD in order to contribute towards reducing the global impact of 

dementia.  
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Appendix 

Supplementary Figures for Chapter 2, as published.  

Table 1-S 

Description of included cognitive domains, measures and corresponding studies.  

 

Domain  Definition  Measures  Studies 

included in 

analysis* 

Composite score of 

cognition  

Summary score 

across cognitive 

measures. 

  

General Cognition  Measures screening 

for general 

cognitive function  

MMSE J, K  

ADAS-Cog  G 

Attention  The ability 

selectively to 

attend to and 

concentrate on 

specific aspects of 

information  

Digit Span Total  F, I 

Digit Span 

Forwards  

H 

Executive Function  A set of mental 

skills that allow for 

organisation and 

planning of tasks.  

TMT B L, D, E, F, 

H, I ,A 

TMT B-A L 

SOPT C, L 

Digit Span 

Backwards  

H 

SCWT C, D 

Letter Number 

Sequencing  

D 

Semantic Fluency  D 

Phonemic Fluency  C, D, L 

Alpha-span  H 

Psychomotor speed The ability to 

complete tasks 

within a given time 

period.    

Grooved Pegboard: 

Dominant 

D, E, H  

Digit Symbol  F 

TMT A L, F, H, A 
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Verbal Memory The ability to recall 

verbally presented 

information  

CVLT: Delayed 

Recall  

E, G, H 

RAVLT: Delayed 

Recall  

J, K 

Paragraph Recall: 

Delayed  

D, L  

BSRT : Delayed  D, I 

Story Recall 

(WMS-R)  

B, C  

Visuospatial Memory  The ability to recall 

visually presented 

information 

Visual 

Reproduction 

(WMS-R) 

E 

BVRT: Number 

Correct  

 I 

Route Test  B, C  

ROCF: 30 min 

Recall  

L, A 

Route Learning: 

Delayed  

D  

Complex Figure: 

Delayed  

D 

Visual Spatial 

Learning Test : 

Delayed  

D 

BVRT: Total 

Errors  

H 

Visuospatial/Constructional 

Ability  

The ability to 

identify and 

reproduce visual 

and spatial 

relationships 

between objects  

Block Design 

(WMS) 

B, E, G 

Figure 

Discrimination 

Task  

L 

JOLO L, G, I, A 

Visual Motor 

Integration  

G 

Mental Rotation 

task  

L 

Note. *The letters in this column correspond to studies listed in Table 1. MMSE= Mini 

Mental State Examination; ADAS-Cog =Alzheimer’s Disease Assessment Scale-Cognitive; 

TMTA=Trail Making Test A; TMTB=Trail Making Test B; Digit Span= Digit Span subtest 

of the Wechsler scales; SOPT = Self-ordered pointing test; SCWT= Stroop Colour and Word 

Test; CVLT = California Verbal Learning Test; RAVLT= Rey Auditory Verbal Learning 

Test; BSRT= Buschke Selective Reminding Test; Story Recall (WMS-R)= Story recall 

subtest of the Wechsler Memory Scale-Revised; Visual Reproduction= Visual Reproduction 

subtest of the Wechsler Memory Scale-Revised; BVRT= Benton Visual Retention Test; 

BVMT= Brief Visual Memory Test; Block Design (WMS)= Block Design subtest of the 

Wechsler Memory Scale; JOLO= Judgement of Line Orientation Task.   
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Table 2-S 

 Sensitivity Analysis of effect sizes for pre-post correlations of .3 to .7 

Note. *= effect sizes are significant at p < .05 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cognitive 

Domain  

Pre-Post Correlation 

 0.3 0.4 0.5 0.6 0.7 

 g P g P g P g P g P 

Overall 0.16 .05 0.17 .04* 0.18 .03* 0.19 .02* 0.20 .01* 

Global 

Cognition 

0.30 .11 0.33 .08 0.36 .06 0.40 .04* 0.45 .02* 

Attention  0.19 .19 0.20 .16 0.21 .14 0.21 .11 0.22 .09 

Executive 

Function 

0.08 .36 0.09 .35 0.09 .33 0.09 .31 0.09 .28 

Processing 

Speed 

0.22 .05 0.22 .04* 0.22 .04* 0.22 .03* 0.22 .03* 

Verbal 

Memory 

0.18 .03* 0.19 .03* 0.20 .02* 0.21 .01* 0.23 .01* 

Visuospatial 

Ability 

0.25 .07 0.27 .05 0.30 .03* 0.33 .02* 0.38 .01* 

Visuospatial 

Memory 

0.14 .24 0.16 0.20 0.18 .18 0.20 .16 0.23 .14 
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Figure 1a-S 

15Forrest Plot Illustrating Individual Study Statistics for the Global Cognition Domain. 

 

Figure 1b-S 

Forrest Plot Illustrating Individual Study Statistics for the Psychomotor Speed Domain. 

 
Figure 1c-S 

Forrest Plot Illustrating Individual Study Statistics for the Verbal Memory Domain. 
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Figure 1d-S 

Forrest Plot Illustrating Individual Study Statistics for the Visuospatial Ability Domain. 

 
 

Figure 2a-S 

Forrest Plot Illustrating Individual Study Statistics for the Global Cognition Domain. 

 

 

 

 

 

 

 

Figure 2b-S 

Forrest Plot Illustrating Individual Study Statistics for the Verbal Memory Domain. 
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Figure 2c-S 

Forrest Plot Illustrating Individual Study Statistics for the Visuospatial Ability Domain. 

 

 

 

 

 

Figure 2d-S 

Forrest Plot Illustrating Individual Study Statistics for the Visuospatial Memory Domain. 
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Figure 3a-S 

Funnel Plot of Studies Included in the Overall Cognitive Composite. 

 

Figure 3b-S 

Funnel Plot of Studies Included in the Global Cognition Domain. 

 
Figure 3c-S 

Funnel Plot of Studies Included in the Attention Domain. 
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Figure 3d-S 

Funnel Plot of Studies Included in the Executive Function Domain 

 

Figure 3e-S 

Funnel plot of Studies Included in the Psychomotor Speed domain. 

 
 

Figure 3f-S 

Funnel plot of Studies included in the Verbal Memory Domain. 
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Figure 3g-S 

Funnel Plot of Studies Included in the Visuospatial Ability Domain. 

 
Figure 3h-S 

Funnel Plot of Studies Included in the Visuospatial Memory Composite. 

 
 

Figure 4a-S 

Funnel Plot of Studies Included in the Overall Cognitive Composite. 
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Figure 4b-S 

Funnel Plot of Studies Included in the Global Cognition Domain. 

 
 

Figure 4c-S 

Funnel Plot of Studies Included in the Attention Domain. 

 
Figure 4d-S 

Funnel Plot of Studies Included in the Executive Function Domain. 

 



Appendix  173 

 

 

 

Figure 4e-S 

Funnel Plot of Studies Included in the Psychomotor Speed Domain. 

 
Figure 4f-S 

Funnel Plot of Studies Included in the Verbal Memory Domain. 
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Figure 4g-S 

Funnel Plot of Studies Included in the Visuospatial Ability Composite. 

 
 

Figure 4h-S 

Funnel Plot of Studies Included in the Visuospatial Memory Composite. 

 
 

 

 




