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General discussion 

This thesis describes investigations into the neurocognitive basis of apathy in 

patients with Alzheimer’s disease dementia (AD) or amnestic mild cognitive 

impairment (aMCI). In recent years, scientific interest in apathy has increased due to its 

prognostic significance and impact on functional abilities in patients with various 

disorders. It has been suggested that treating apathy can reduce impairment in 

patients, decrease caregivers’ burden, and may improve prognosis of the parent 

disorder. From another viewpoint, interest in apathy stems from the need to 

understand the neural mechanisms that generate goal-directed behavior, which when 

affected are thought to produce symptoms of apathy. The studies described in 

chapters 3, 4, and 5 provided novel results that enhance our understanding of the 

neural basis of apathy and pose new questions for future research. Furthermore, the 

study described in chapter 6 showed that biological factors like insulin-like growth 

factor-1 may have a complex influence on cognitive decline in older adults and a better 

understanding of this association is highly needed. Overall, this thesis makes several 

advances to further our understanding of different aspects of the aging brain. In this 

chapter I summarize the findings of each study and provide an integrated discussion of 

their implications. 

7.1. Neural basis of apathy in aMCI and AD 

In AD and MCI patients, apathy is a marker of increased risk for worsening of 

cognitive and every-day functioning (Palmer et al., 2010; Richard et al., 2012; Robert, 

Berr, Volteau, Bertogliati, Benoit, Sarazin, et al., 2006; Somme, Fernández-Martínez, 

Molano, & Zarranz, 2013; Spalletta et al., 2015; Vicini Chilovi et al., 2009). Studies have 

shown that the dorsal anterior cingulate cortex along with areas primarily in the 

prefrontal cortex and temporoparietal region are particularly affected in these patients 

(Kos, van Tol, Marsman, Knegtering, & Aleman, 2016; Stella et al., 2014; Theleritis, 

Politis, Siarkos, & Lyketsos, 2014). However, this course of studies does not include 

associations between neurometabolite changes and apathy. 

Measured with proton magnetic resonance spectroscopy (1H-MRS), 

neurometabolites are indicators of various neural functions, such as the integrity of 

neurons and activity of glial cells. In chapter 2, a meta-analysis of 1H-MRS studies 

showed that the posterior cingulate cortex in MCI patients harbored neurometabolite 

changes indicative of reduced neuronal integrity and increased inflammatory activity. 

These changes were reflected in the robust reduction of the ratio of N-acetylaspartate 

to myo-inositol. Alterations in other neurometabolites such as choline, or in other brain 

regions such as the hippocampus and the white matter of the parietal region 

(paratrigonal region), were less consistent across studies. 
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Aiming to determine whether apathy in aMCI patients was also related to 

similar neurometabolite changes, we acquired spectra from four regions that could be 

expected to be affected in this cohort. The results, described in chapter 3, showed that 

the degree of apathy was associated with lower levels of choline and myo-inositol in 

the right temporoparietal cortex while no correlations were found in the dorsal 

anterior cingulate cortex, right dorsolateral prefrontal cortex, and the posterior 

cingulate cortex. 

Note that the 2 x 2 x 2 cm voxel from which 1H-MRS data were acquired, 

contained broad areas that crossed anatomical landmarks. For instance, the voxel in 

the temporoparietal cortex was centered over the inferior parietal lobule but also 

contained parts of the superior temporal cortex, and hence the broader region of 

interest is termed as the temporoparietal cortex. This terminology is also used 

throughout this chapter, unless stated otherwise. 

Besides neurometabolite changes, patients with apathy are also expected to 

show deficits in functional network connectivity, which have been found in preliminary 

studies but till date, not investigated thoroughly. In chapter 4, we conducted a detailed 

analysis of functional network connectivity across the brain in aMCI and AD patients, 

and found that apathy in these patients was associated with reduced connectivity of 

the frontoparietal network and cingulo-opercular network with other networks. In line 

with the hypothesized basis of apathy, both these networks have been previously 

implicated in goal-directed behavior (Dosenbach et al., 2007). Moreover, the brain 

areas comprising these networks are consistent with the various regions previously 

found to be associated with apathy, such as the dorsal anterior cingulate cortex, 

orbitofrontal cortex, and the temporoparietal cortex. 

The findings described in chapters 3 & 4 are also likely to be specific for 

apathy as both studies accounted for confounding symptoms of depression. The 

subjects in both studies either scored low on a depression questionnaire or their score 

for depressive symptoms was statistically controlled for in the analysis. Overall, our 

results build upon previous findings, showing that two functional networks supporting 

goal-directed behavior are affected in apathy, and that in early stages of AD, reduced 

choline levels in the temporoparietal cortex may be an underlying cause. 

7.1.1. Cholinergic deficit and apathy in aMCI 

Among the various findings, the association between apathy and reduced 

choline in the temporoparietal cortex is particularly noteworthy. The choline signal 

detected on 1H-MRS is mostly produced by free forms of choline-containing 

compounds, which form parts of cell membranes (Duarte et al., 2012; Öz et al., 2014). 

These compounds are also precursors for the synthesis of the neurotransmitter, 
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acetylcholine (Duarte et al., 2012). An increase in choline concentration is posited to 

reflect damage to cell membranes and occurs with normal aging (Pfefferbaum, 

Adalsteinsson, Spielman, Sullivan, & Lim, 1999). On the other hand, a reduction in 

choline concentration has been reported infrequently and the precise reason for this 

reduction is not clear. 

Like in middle-aged and older individuals, the concentration of choline was 

reported to be raised in the posterior cingulate cortex of individuals in the early (pre-

symptomatic) stages of AD (Kantarci et al., 2011). In this study, choline was also 

associated with neuropathological markers of AD. In contrast, a small number of 

studies in AD and aMCI patients found that choline was reduced in the hippocampal 

region (Chantal, Braun, Bouchard, Labelle, & Boulanger, 2004; Foy et al., 2011; 

Franczak et al., 2007; Jessen et al., 2001; Watanabe, Shiino, & Akiguchi, 2010) and the 

white matter of the parietal lobe (Watanabe et al., 2010). It was speculated that 

reduced acetylcholine levels caused the reduction in choline in these studies. Support 

for the choline signal being influenced by acetylcholine levels comes from 

interventional studies where drugs that augment acetylcholine were observed to 

produce a decline in the choline signal in AD patients (Bartha et al., 2008; Satlin, 

Bodick, Offen, & Renshaw, 1997). Furthermore, a study in rats found that the choline 

signal was correlated with the acetylcholine level (Wang, Du, Tian, & Wang, 2008). 

Together, these studies indicate that reduced cholinergic stimulation may be an 

underlying pathophysiological mechanism of apathy in aMCI patients.  

The above interpretation is further supported by the negative correlation 

found between myo-inositol levels and apathy scores. Myo-inositol is synthesized in 

the phosphatidylinositol cycle, which plays a role in intracellular calcium homeostasis 

(Gani, Downes, Batty, & Bramham, 1993). Besides other factors, this cycle is initiated 

by cholinergic stimulation (Fisher, Heacock, & Agranoff, 1992). Hence, reduced 

cholinergic stimulation may also reduce myo-inositol levels. Furthermore, myo-inositol 

is suggested to play a role in mood disorders such as major depressive disorder and 

bipolar disorder (Silverstone, McGrath, & Kim, 2005; Yildiz-Yesiloglu & Ankerst, 2006). 

Drugs used to treat these disorders, such as lithium and sodium valproate, are thought 

to act by blocking the synthesis of myo-inositol (Berridge, Downes, & Hanley, 1982, 

1989; Moore et al., 1999). Whereas a role for myo-inositol in psychiatric disorders 

appears likely, it has not been previously implicated in apathy. An alternative 

interpretation of the result is that choline and myo-inositol were reduced due atrophy 

in this region. However, this reading is less likely as we applied a statistical correction 

for the amount of white matter and cerebrospinal fluid in the assessed voxel. In 

addition, N-acetyl aspartate, a marker of neuronal health (Kantarci et al., 2007), was 

also not reduced in association with apathy, which weighs against the likelihood of 

neuronal loss and thus atrophy contributing to the findings. 
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While more research is clearly needed to establish the robustness of the 

negative correlation between choline and apathy, and its relation to acetylcholine, our 

study also indicated that the temporoparietal cortex is specifically affected in patients 

with apathy. This is in line with previous studies in similar patient cohorts where apathy 

has been associated with atrophy in this region (Donovan et al., 2014; Guercio et al., 

2015) or in the related frontoparietal network (Joo, Lee, & Lim, 2017; Munro et al., 

2015). Moreover, no association was found between apathy and the ratio of N-

acetylaspartate to myo-inositol in the posterior cingulate cortex, which was expected 

to be reduced based on previous studies in AD and MCI patients (Adalsteinsson, 

Sullivan, Kleinhans, Spielman, & Pfefferbaum, 2000; Catani et al., 2001; Kantarci et al., 

2000; Kantarci et al., 2007). To further investigate this result, we performed 

exploratory analyses and found that this ratio was reduced only in the posterior 

cingulate cortex in a sub-group of patients who were clinically diagnosed not to have 

apathy. Given that this measure is also related to neuropathological features of AD 

(Kantarci et al., 2008; Kantarci et al., 2011; Murray et al., 2014; Voevodskaya et al., 

2016), our result raises the possibility that the pathophysiological processes in aMCI 

patients with apathy may differ from that in aMCI patients without apathy. 

To summarize, reduced cholinergic input in the temporoparietal cortex may 

underlie symptoms of apathy in aMCI patients, and the mechanisms related to this 

change may stem from different processes than in MCI and AD patients. 

7.1.2. Networks supporting goal-directed behavior are affected in apathy 

Further insight into the neural changes underlying apathy was provided by our 

study of functional connectivity. Previous research has shown that in aMCI and AD 

patients functional connectivity changes are primarily found in the default mode 

network (Buckner et al., 2005; Damoiseaux, Prater, Miller, & Greicius, 2012; Greicius, 

Srivastava, Reiss, & Menon, 2004; Petrella, Sheldon, Prince, Calhoun, & Doraiswamy, 

2011). In contrast, apathy in aMCI patients was found to be associated with reduced 

connectivity in the frontoparietal network (Joo et al., 2017; Munro et al., 2015). 

However, this association was not found in AD patients with apathy (Balthazar et al., 

2014). In our study, a new analytical approach was used to investigate functional 

connectivity changes in detail. For this, graph theory was applied to study functional 

networks (Bullmore & Sporns, 2009). This approach models the brain as a network of 

regions (termed as nodes) that may be connected to each other, forming so-called 

edges. The topological properties of the network are then quantified from the level of 

a single node to that of the whole-brain (Rubinov & Sporns, 2010). For example, the 

modularity metric shows to what extent individual networks (termed modules) are 

separated from each other. 
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In AD patients, modularity is increased, suggesting that separation between 

networks is increased, and it may thus be more difficult to integrate information 

processed within each of the networks with information processed in other networks 

(Brier et al., 2014; Pereira et al., 2016; Sanz-Arigita et al., 2010). In our analysis, apathy 

was associated with lower global efficiency, which reflects decreased connectivity 

across the brain. We also found that those with apathy had fewer connections at each 

node on average (measured by local efficiency) and fewer nodes participating in 

interconnected clusters (measured by clustering coefficient). Both these 

measurements show that local density of functional connections was reduced in 

apathy. Additionally, consistent with past studies, modularity was increased in AD 

compared to controls, but was not affected in the group with apathy. Thus, apathy was 

associated with reduced functional connectivity at the local level, which may have also 

affected whole brain measures of integration but not of segregation. 

We also investigated properties of individual functional networks. Nodes were 

assigned to networks based on two definitions. One definition was based on a widely 

used template derived in healthy young adults (Power et al., 2011). The other network 

definition was derived in subjects of the current study as the disease process may alter 

the structure of functional networks. Consistent with past studies, the frontoparietal 

network in both definitions showed a lower participation coefficient and unaffected 

within-network local efficiency, which together indicate that the number of edges to 

other networks was reduced in patients with apathy. A similar pattern was observed in 

the cingulo-opercular network, which has not been previously reported. This network, 

defined in the independent healthy sample, was composed of nodes from the dorsal 

anterior cingulate cortex, anterior insula, anterior frontal cortex, and extended 

posteriorly towards the temporoparietal junction. In the network definition derived in 

the current study population, a module labelled as the insulo-temporoparietal network 

was also found to have reduced connectivity to other networks in patients with apathy. 

It is notable that the nodes in this network were similarly distributed as the cingulo-

opercular network, with the exception of the dorsal anterior cingulate cortex, which 

formed a separate network and showed lower within-network local efficiency in the 

apathy group. Thus, these results do not seem to be influenced by the network 

definitions used. 

Neuropsychiatric symptoms are often correlated with each other, especially in 

AD patients (Lyketsos et al., 2011). In previous functional connectivity studies of apathy 

in MCI/AD, neuropsychiatric symptoms were grouped into two broad categories 

(Balthazar et al., 2014; Munro et al., 2015): an ‘affective’ category consisting of apathy, 

depression, anxiety, and sleep and appetite disturbances, and a ‘hyperactive’ category 

consisting of agitation, disinhibition, irritability, and aberrant motor behavior. As it is 

improbable that different neuropsychiatric symptoms share the same neural basis, the 
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comorbid neuropsychiatric symptoms are likely to affect the associations found 

between a neuropsychiatric symptom and measures of functional connectivity. For 

example, in a group with comorbid apathy and anxiety, neural measures associated 

with one syndrome can be expected to be influenced by the other. In our study, this 

issue was addressed by comparing MCI/AD patients with apathy to those without any 

neuropsychiatric symptoms, and also to those with neuropsychiatric symptoms other 

than apathy. In addition, AD patients were compared to a group of healthy older adults 

to provide a reference for topological changes present in the overall AD sample. The 

network changes in apathy discussed above were present in both comparisons and 

were visually observed to differ from the healthy group. Therefore, these findings are 

likely to be more specific to apathy than those reported in previous studies. 

The studies described in chapters 2, 3, and 4 used different methods to 

understand neural changes in aMCI and AD patients with apathy. We showed that the 

various regions previously associated with apathy in these patients may largely involve 

deficits in two functional networks. These networks are crucial for task control 

(Dosenbach et al., 2007) and thus, not only link the various regions that were reported 

to be associated with apathy in previous studies (c.f. Kos et al., 2016) but also associate 

apathy with the neural basis of goal-directed behavior. In addition, the results from 

chapter 3 putatively suggest that the mechanism for these changes in aMCI patients 

may be reduced cholinergic input in the temporoparietal cortex. Together, these 

results provide a strong evidence-based hypothesis for the basis of apathy for testing in 

future confirmatory studies. 

7.2. Neurocognitive mechanisms of apathy 

In chapter 1, an overview of the cognitive mechanisms of apathy was given. 

Since apathy was first introduced as a clinically relevant and independent syndrome, its 

cognitive basis has been described in terms of reduced goal-directed behavior (Brown 

& Pluck, 2000; Marin, 1990, 1996; Stuss, Van Reekum, & Murphy, 2000). Indeed, our 

findings in chapters 3 and 4 support this view and enhance our understanding of the 

association between neural changes and goal-directed behavior. While the regions 

forming the cingulo-opercular network and particularly the dorsal anterior cingulate 

cortex are strongly linked to apathy (Kos et al., 2016; Stella et al., 2014), the role of the 

parietal and adjoin temporal cortex in apathy is less clear. Here I discuss the cognitive 

implications of our findings from chapters 3 and 4, and the mechanism that was 

proposed in chapter 5 for involvement of the lateral parietal cortex in apathy. 

 

7.2.1. Deficits in network mechanisms for goal maintenance and execution 
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Being a higher-order function, goal-directed behavior is dependent on the 

integration of various other functions such as motivation, planning, and initiating 

effortful actions (Brown & Pluck, 2000; Verschure, Pennartz, & Pezzulo, 2014). This 

integrative process may rely upon functional brain networks, which show coordinated 

activity between wide and often distant areas of the brain (Raichle et al., 2001; Sporns, 

Chialvo, Kaiser, & Hilgetag, 2004). The correlated activity of a network is considered to 

be a consequence of information transfer across brain areas and results in networks 

that are specialized for a particular cognitive function (Cole & Schneider, 2007; Sporns 

et al., 2004). For example, the frontoparietal network is activated during cognitively 

demanding tasks requiring attentional control and externally focused actions (Vincent, 

Kahn, Snyder, Raichle, & Buckner, 2008). The default mode network comprises of 

cortical midline structures and the inferior parietal lobe, and shows increased activity 

under resting conditions (Raichle et al., 2001). It is specialized in self-related processing 

such as autobiographical memories and self-projection (Buckner & Carroll, 2007). 

During standard experimental tasks, the default mode network and frontoparietal 

network show anti-correlated activity (Fox et al., 2005), suggesting that internally- and 

externally-focused cognition may work in a balanced manner. 

To produce coherent behavior, the processed information from different 

networks needs to be further integrated. This higher-level integration likely occurs 

through coordination between networks (Cole, Bassett, Power, Braver, & Petersen, 

2014; Krienen, Yeo, & Buckner, 2014). Between-network connectivity in large networks 

has been demonstrated when performing tasks that require multiple cognitive 

processes (Cole et al., 2014; Spreng & Schacter, 2012). Goal-directed cognition also 

appears to be supported by connectivity between functional networks (Spreng, 

Stevens, Chamberlain, Gilmore, & Schacter, 2010). When subjects were asked to plan 

the steps required to achieve personal goals such as improving academic outcomes, 

the default mode network was found to show correlated activity with the 

frontoparietal network. Thus, for tasks requiring planning a ‘road-map’ for self-related 

goals, functional connectivity between networks was found to play a role. With respect 

to apathy, while previous studies reported that connectivity within the frontoparietal 

network was reduced, our results suggest that between-network connectivity of the 

frontoparietal and cingulo-opercular networks is reduced. Although our findings are 

broadly consistent with previous results, the subtle distinction between the results may 

be significant, given the research on the neural basis of goal-directed behavior. 

In the context of cognitive functions, early studies showed that the brain areas 

comprising the frontoparietal and cingulo-opercular networks support different 

aspects of goal-directed behavior, which were together referred to as the ‘multiple 

demand system’ (Duncan & Owen, 2000). It was observed that a variety of tasks, such 

as response inhibition, learning novel tasks, working memory, and perceptual difficulty 
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activated similar regions in the medial and lateral prefrontal cortex. In other words, a 

common neural system seemed to respond to different task demands. In recent 

studies of functional networks, it has been shown that the multiple demand system can 

be separated into two distinct networks based on resting state connectivity 

(Dosenbach et al., 2007). Furthermore, these two networks, the frontoparietal and 

cingulo-opercular networks, were also found to have distinct functional roles. 

Terming it as the dual-network architecture for top-down control, the authors 

proposed that the frontoparietal network supports rapid adaptive control during task 

execution, whereas the cingulo-opercular network supports stable task control 

(Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008). More specifically, during 

execution of a task, the frontoparietal network is found to be activated by immediate 

task demands that require rapid adaptations at the level of single trials (Dosenbach et 

al., 2007). These demands include controlling motor initiation, flexibly adjusting task 

parameters in response to stimuli, and monitoring outcomes for errors. These 

functions, which are also described as rule-learning, attentional regulation, and 

inhibitory control, result in temporally specific and active control of cognitive functions 

in the frontoparietal network (Niendam et al., 2012). In contrast to the dynamic nature 

of the fronto-parietal network, activity in the cingulo-opercular network is found to be 

linked to maintaining task parameters that are applicable over the entire task duration. 

That is, the cingulo-opercular network and particularly the dorsal anterior cingulate 

cortex supports the encoding of long-term goals and strategies, which are especially 

needed for complex tasks (Holroyd & Yeung, 2012). 

The dual-network hypothesis and its role in goal-directed behavior are 

particularly relevant to understand the basis of apathy. While the functions of the 

frontoparietal network are relatively clear (Niendam et al., 2012), the proposed 

functions of the cingulo-opercular network are not as well understood. However, the 

key to bridging the gap between theoretical models of apathy and its experimental 

findings may lie in understanding how these two networks function together during 

goal-oriented behavior. 

A particularly noteworthy feature of our study were the definitions used for 

delineating functional networks. The first definition, featuring the cingulo-opercular 

network, was defined according to coordinates given in the study by Power et al. 

(2011). In this network definition, two networks were identified that covered the 

anterior insula and dorsal anterior cingulate cortex. The dorsal parts of these regions 

were identified as the cingulo-opercular network and the ventral parts were identified 

as the salience network. This distinction is important because in a majority of studies, a 

network comprising the dorsal anterior cingulate cortex and anterior insula is typically 

defined as the salience network. The suggested role of the salience network is to 
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detect self-relevant stimuli from the external and internal environments (Dhanjal & 

Wise, 2014; Elton & Gao, 2014; Menon & Uddin, 2010; Seeley et al., 2007). This 

ambiguity in terminology is also seen in other studies where the dorsal and ventral 

parts of the dorsal anterior cingulate cortex and anterior insula have been jointly 

labelled as the cingulo-opercular network. The function of this network was found to 

be the maintenance of sustained attention throughout a task (Coste & Kleinschmidt, 

2016; Sadaghiani & D’Esposito, 2015). Therefore, detecting the separate functions of 

task-set (goal) maintenance by the cingulo-opercular network and interoceptive 

awareness by the salience network is dependent on the network definition used. 

Nevertheless, evidence for a distinction between the two networks has been shown in 

both anatomical and functional studies (Chang, Yarkoni, Khaw, & Sanfey, 2013; Kurth, 

Zilles, Fox, Laird, & Eickhoff, 2010; Seeley, Crawford, Zhou, Miller, & Greicius, 2009). 

Taking this functional distinction into account, the significant differences found 

in the cingulo-opercular network but not in the salience network in our study are 

informative of the cognitive processes likely to be impaired. We can conclude that 

patients with apathy may find it more difficult to maintain broad goals and strategies 

while the ability to direct attention to relevant stimuli may not be deficient. 

In summary, dysfunction of the cingulo-opercular and frontoparietal networks 

in apathy provides a parsimonious explanation for previous reports that associated 

apathy with multiple brain regions. These networks comprise of brain areas known to 

support aspects of goal-directed behavior like goal maintenance and execution. Further 

research is required to understand the specific cognitive mechanisms affected in 

apathy due to changes in these networks. To our knowledge, few studies have 

investigated cognitive mechanisms in patients with apathy. In particular, it remains an 

open question whether the observed changes in network connectivity in apathy are 

associated with an impairment in the ability to encode goals and execute tasks 

separately, or that these individual functions are actually intact and that the ability to 

integrate these two functions when performing a task is affected. 

7.2.2. Cholinergic deficit as a basis for apathy 

In understanding the mechanisms of apathy, our results from chapter 3 

suggest that cholinergic deficits may underlie the structural and functional deficits 

observed in aMCI patients with apathy. Loss of acetylcholine is among the early 

hypotheses proposed to explain the basis of AD (Bartus, Dean, Beer, & Lippa, 1982; 

Coyle, Price, & DeLong, 1983). According to the cholinergic hypothesis, loss of neurons 

that produce acetylcholine severely affects the course of AD. It is based on the 

observation that the severity of AD was strongly associated with a reduction in 

cholinergic markers (Bowen, Smith, White, & Davison, 1976; Davies & Maloney, 1976). 

This hypothesis is supported by the modest improvement found in AD symptoms when 
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treated with inhibitors of the cholinesterase enzyme, which enhance the availability of 

acetylcholine (Lanctôt et al., 2003; Li, Wu, Zhou, Liu, & Dong, 2008; Ritchie, Ames, 

Clayton, & Lai, 2004; Whitehead et al., 2004). Although cholinergic drugs are among 

the few approved for treating AD, systematic reviews show that their efficacy is 

inconsistent (Blanco-Silvente et al., 2017; Russ & Morling, 2012). Other authors have 

suggested that cholinergic loss specifically contributes to the development of 

neuropsychiatric symptoms in AD (Pinto, Lanctôt, & Herrmann, 2011). Here too, the 

responsiveness to cholinergic therapy is variable (Campbell et al., 2008; Gauthier et al., 

2002; Rodda, Morgan, & Walker, 2009; Trinh, Hoblyn, Mohanty, & Yaffe, 2003). Among 

the neuropsychiatric symptoms, apathy shows the highest response rates to this form 

of therapy (Berman, Brodaty, Withall, & Seeher, 2012; Boyle & Malloy, 2004; Drijgers, 

Aalten, Winogrodzka, Verhey, & Leentjens, 2009). A host of factors could contribute to 

the uncertain efficacy, such as heterogeneity in patients, different severity of the 

disease, and lack of sensitive measurement of neuropsychiatric symptoms (Sepehry, 

Sarai, & Hsiung, 2017). The findings reported in this thesis may offer an explanation for 

these observations. 

As apathy was not associated with choline concentrations in the dorsal 

anterior cingulate cortex, a region most frequently affected in these patients, it may be 

possible that cholinesterase inhibitors are effective only in cases involving the 

temporoparietal cortex. This suggestion is supported by a study on changes in brain 

perfusion in response to donepezil, a cholinesterase inhibitor, in which a third of the 

subjects with AD showed behavioral improvement (Tanaka et al., 2004). The responder 

group was specifically found to have fewer symptoms of apathy and also showed 

significantly higher perfusion in the temporoparietal cortex at baseline (Tanaka et al., 

2004). As a number of functions, such as affect, attention, and memory are known to 

be influenced by cholinergic neurotransmission (Everitt & Robbins, 1997), it is plausible 

that cognitive processes of goal-directed behavior are also influenced by it. It has been 

proposed that cholinergic deficits in AD produce impaired attention that results in 

cognitive deficits and neuropsychiatric symptoms (Lemstra, Eikelenboom, & van Gool, 

2003). Along similar lines, Brousseau et al. (2007) proposed that cholinergic drugs 

selectively benefit AD patients with attentional deficits. 

Though interest in the cholinergic hypothesis had waned, recent technical 

improvements that allow in vivo assessment of cholinergic structures in the basal 

forebrain (Grothe, Heinsen, & Teipel, 2012) have revived interest in this hypothesis 

(Mesulam, 2012). In these studies, various cognitive and neuropathological features of 

AD have been associated with atrophy of the basal forebrain nuclei (Grothe et al., 

2010; Grothe, Heinsen, & Teipel, 2013; Grothe et al., 2016; Kilimann et al., 2016; Teipel 

et al., 2014), one of which provides cholinergic innervation to the cortex (Mesulam & 

Mufson, 1984). Similar studies of atrophy in the cholinergic system and its relation to 
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apathy have not been conducted. As spectroscopic studies of apathy in AD have also 

not been reported (to our knowledge), more evidence is needed to confirm the specific 

and probably localized association between cholinergic deficits and apathy. Further 

research will help to clarify the role of acetylcholine in aMCI/AD patients with apathy. 

7.2.3. Deficits in motor cognition: the role of the lateral parietal cortex 

As stated above, accumulating evidence suggests that deficits in the lateral 

parietal cortex and adjoining regions of the temporal cortex, especially in the early 

stages of AD, may produce apathy. In chapter 5, we reviewed this association seeking 

to determine the neural functions supported by the lateral parietal cortex and their 

role in goal-directed behavior. Our review suggested that this region is involved in the 

cognitive control of motor actions (Goldberg, Ullman, & Malach, 2008; Goldenberg, 

2014). The mechanism of motor cognition, typical of higher-order functions, may 

emerge from the integration other basic functions and is briefly described here. 

The location of the lateral parietal cortex between the occipital cortex 

posteriorly and the somatosensory cortex anteriorly is well-suited to integrate 

visuospatial and somatosensory information. This integration provides a neural 

representation of the body, its location in space, and a body-centric reference space 

(e.g., to the left of oneself) (Galati et al., 2000). During motor actions, activity in this 

region is linked to rapid adaptation of movements while performing an ongoing task 

(Gréa et al., 2002; Vingerhoets, 2014). Thus, a map of ‘self-in-environment’ integrates 

external stimuli with the required responses to the stimuli. Another emergent function 

of the lateral parietal cortex is in determining whether a performed movement was 

self-intentioned or not (Chambon, Moore, & Haggard, 2015; Haggard, 2008). For this 

purpose, internal stimuli (or intentions) are transformed into action, and the feedback 

obtained is matched with the predicted response. A match between the observed and 

predicted response gives rise to ‘sense of agency’ or causal knowledge of the action 

being self-initiated. 

More specifically, the lateral parietal cortex is activated when selecting 

internally- and externally-directed choices, i.e., when asked to select an external object 

or a body part (Beudel & de Jong, 2009; Beudel, Zijlstra, Mulder, Zijdewind, & de Jong, 

2011; de Jong, van der Graaf, & Paans, 2001). Direct evidence for the relation between 

intention and action can be found in an experiment in which electrical stimulation of 

the cortical surface of the inferior parietal lobule produced a sensation or an urge to 

move a specific body part, but did not actually cause a movement (Desmurget et al., 

2009). It may be that this region reduces the threshold potential needed for activating 

the motor cortex to produce specific intentional movements. Thus, in patients with 

deficits in the lateral parietal cortex and apathy, goal-directed behavior may be 

reduced due to the motor cortex not receiving sufficient input from this region for 
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initiating purposeful actions. Based on this line of reasoning, a neurocognitive model of 

apathy was proposed in chapter 5, highlighting the relevant functions of the lateral 

parietal cortex in goal-directed behavior. This mechanism may be another route to 

apathy, in addition to the three proposed sub-types (emotional-affective, cognitive, 

and auto-activation deficit subtypes). 

7.3. Apathy and cognitive decline 

 The poor prognosis attributed to apathy in AD and healthy older adults 

suggests that the neural mechanisms of apathy may also play a role in the 

neurodegenerative process. Below, our findings are discussed in the context of 

cognitive decline in healthy elderly and in pathological (neurodegenerative) conditions. 

7.3.1. Are the mechanisms for apathy and AD distinct? 

Although the neural mechanisms of apathy have been widely investigated, 

their relation to the processes implicated in AD are not known. The findings in chapters 

3 and 4 provide indicators towards this relation. 

In chapter 3, we found that a reduction in N-acetyl aspartate to myo-inositol 

ratio in the posterior cingulate cortex, consistently found in MCI and AD patients, was 

only present in patients who were clinically diagnosed not to have apathy. Moreover, 

myo-inositol concentration, which is raised even in the early or pre-symptomatic stages 

of AD, was negatively correlated with apathy. In the case of choline, the negative 

correlation with apathy also differs from the general increase in its concentration 

observed in normal aging and in the early stages of AD. Though the conflicting findings 

related to choline were noted above, the combined pattern of neurometabolite 

changes observed indicate that the mechanisms associated with apathy in aMCI 

patients may differ from those typical in aMCI and AD. 

Despite the differences in neurometabolite associations in those with and 

without apathy, it may be possible that reduced cholinergic input is a common 

mechanism underlying apathy as well as impaired episodic memory. Previous research 

has associated atrophy in the basal forebrain cholinergic neurons with attentional 

deficits and memory loss (Mesulam, 2004). Specifically, atrophy in this region has been 

associated with impaired episodic memory in MCI. However, this association was 

further correlated with hypometabolism primarily in the default mode network 

(including the inferior parietal lobe) (Grothe et al., 2016). Independent of the 

cholinergic changes, recent studies suggest that episodic memory deficits in AD are 

associated with atrophy in the lateral parietal cortex (Liang, Wang, Yang, & Li, 2012; 

Sestieri, Capotosto, Tosoni, Luca Romani, & Corbetta, 2013; Wagner, Shannon, Kahn, & 

Buckner, 2005). Hence, it may be argued that the underlying mechanism in those with 

and without apathy in MCI and AD may be similar. 
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The findings in chapter 4 also argue for the underlying mechanisms between 

those with and without apathy being alike. Our results showed that segregation of 

functional networks was increased in AD as well as in apathy. This result is in contrast 

with changes in healthy older adults where reduced segregation of functional networks 

occurs (Geerligs, Renken, Saliasi, Maurits, & Lorist, 2015). That is, functional networks 

become less distinct with age in healthy individuals (Carp, Park, Polk, & Park, 2011; 

Dennis & Cabeza, 2011). Moreover, in AD patients increased segregation was present 

in the whole brain whereas increased segregation was limited to two of the functional 

networks in apathy. Thus, both patient groups differ from healthy older adults, but the 

difference between the groups seems to lie only in the extent of functional changes 

and not in the underlying processes. While comparable metrics for functional networks 

in the sample investigated in chapter 3 were not determined, the results weigh in favor 

of similar functional mechanisms for apathy as well as AD. Despite these arguments in 

favor of underlying processes in AD and apathy being similar, the results of chapter 3 

call for more research as the current evidence does not clearly identify whether the 

mechanisms of apathy are similar to AD or follow a distinct path leading to pathological 

cognitive decline. 

7.3.2. Relation between severity of apathy and affected regions/networks 

Irrespective of the underlying pathophysiological processes, it appears that 

the severity of apathy may be related to the brain regions affected. In AD patients, the 

dorsal anterior cingulate cortex has been most frequently linked to apathy, whereas in 

MCI patients, the parietal and temporal cortex has been consistently associated with 

apathy. Moreover, in the combined sample of aMCI and AD patients in chapter 4, we 

found networks that involve both these regions. This possible dichotomy may be 

related to the degree to which cognitive functioning can be maintained when each of 

these networks are affected. Based on their known functions, an intact cingulo-

opercular network accompanied with an impaired frontoparietal network can be 

expected to result in goals being encoded but the execution of goal-oriented actions 

being deficient. In the opposite scenario, forming a stable representation of goals for 

long time periods may be impaired. This pattern of neural changes may be associated 

with greater apathy, as the inability to encode stable goals will impair performance on 

complex tasks and lead to an inability to function independently. In terms of the 

corresponding regional changes, the degree of apathy may be mild when the lateral 

parietal cortex and adjoining temporal cortex is affected, and apathy may be severe 

when the dorsal anterior cingulate cortex is affected. 

Another line of evidence favors the view that the severity of cognitive and 

behavioral impairment is related to regional deficits. Atrophy in the lateral parietal 

cortex is generally present in the early stages of AD, whereas the anterior cingulate 
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cortex is not affected till the late stages (Schroeter, Stein, Maslowski, & Neumann, 

2009). In addition, similar to apathy, atrophy in the lateral parietal cortex also accords 

a higher risk for progression from MCI to AD (McDonald et al., 2009; Mitchell & Shiri-

Feshki, 2009; Whitwell et al., 2008). Additionally, loss of cholinergic innervation in AD 

also follows a similar pattern. The lateral parietal and temporal cortex are more 

severely affected whereas the cingulate cortex is relatively spared in the early stages 

(Geula & Mesulam, 1996). The similarity in the sequence of brain regions affected in 

MCI/AD and that suggested for apathy is notable. In general, both these regions are 

associated with multiple cognitive processes and their functions have been subject to 

considerable debate (Braga, Sharp, Leeson, Wise, & Leech, 2013; Ebitz & Hayden, 2016; 

Humphreys & Lambon Ralph, 2015). Presuming that these regions receive inputs from 

many cognitive processes, their association with a syndrome like apathy is easy to 

understand as compensating for the dysfunction in integrating multiple cognitive 

processes may be particularly difficult. 

Despite the early involvement of the lateral parietal cortex, the clinical and 

cognitive correlates of atrophy in this region are less clear (Greene & Killiany, 2010; 

Schroeter et al., 2009). I speculate that the association between the lateral parietal 

cortex and apathy has been under-appreciated as neuropsychiatric symptoms are not 

commonly assessed in studies of MCI. Moreover, the neuropsychiatric inventory is 

most commonly used to assess behavioral symptoms, which probably leads to only 

clinically significant (severe) levels of apathy being detected. Given that atrophy in the 

lateral parietal cortex occurs early in AD, it is possible that the occurrence of subclinical 

levels of apathy, detectable by more sensitive instruments such as the apathy 

evaluation scale, are higher than current estimates in the literature. Using detailed 

questionnaires to assess apathy may help in improving estimates of the prevalence and 

neural correlates of apathy. 

7.4. Biological modulators of cognitive decline 

I now turn towards the mechanisms influencing brain function in healthy 

adults. As age remains the strongest risk factor for AD, factors that influence the aging 

process are of interest. Insulin-like growth factor-1 (IGF-1) is such a factor which also 

has neurotrophic functions (Aleman & Torres-Alemán, 2009; Deak & Sonntag, 2012; 

Fernandez & Torres-Alemán, 2012; Mattson, Maudsley, & Martin, 2004). Moreover, it 

has been suggested to play a role in AD also (Torres-Alemán, 2007). In chapter 6, our 

study of the long-term influence of IGF-1 determined that high serum levels in middle-

aged and older men negatively influenced processing speed and global cognition after 

eight years. No associations were found between changes in memory performance and 

executive function. Importantly, middle-aged (40-60 years) as well as older men (60-80 

years) showed similar associations between IGF-1 and cognition. In the older group, 
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memory performance was also not associated with IGF-1. As a decrease in processing 

speed is proposed to underlie healthy cognitive aging (Salthouse, 1996), and memory 

decline is characteristic of AD, the results suggest that high IGF-1 concentration in the 

serum accelerates normal cognitive aging but not pathological cognitive decline. 

Bearing in mind that a high proportion of the older group could not be included in the 

follow-up assessment and that IGF-1 levels at follow-up were not assessed, this 

proposition needs to be evaluated while addressing these shortcomings. Although the 

effects of biological factors on cognition appear to be complex (Fernandez & Torres-

Alemán, 2012; Hu, Yang, & Gong, 2016), this relation needs to be further investigated 

as early identification of modifiable factors of cognition offers an accessible avenue for 

interventions aimed at cognitive ageing. 

7.5. Clinical implications 

While the primary aim of this thesis was to understand the neural correlates 

of apathy, several clinical insights were also gained from the results. First, it deserves to 

be reiterated that apathy is an under-recognized syndrome in clinical settings. 

Increasing evidence shows that apathy is a marker of prognosis, impaired functional 

abilities, patient distress, caregiver burden, and as noted in this thesis, impaired neural 

function (Lanctôt et al., 2016). Second, linking apathy to neural processes of goal-

directed behavior provides a deeper understanding of the cognitive processes that may 

be affected in apathy and helps in identifying possible subtypes of apathy. For example, 

patients experiencing difficulties in maintaining actions oriented towards the primary 

goal may have altered function in the cingulo-opercular network. Insight into 

underlying cognitive and neural processes may ultimately also inspire the development 

of novel strategies for treatment of apathy, be they behavioral, pharmacological or 

using noninvasive neurostimulation (e.g. transcranial magnetic stimulation or 

transcranial direct current stimulation). 

A reason for the lack of recognition of apathy may be that it most commonly 

occurs as part of a parent disorder. This argument is countered by studies indicating 

that apathy may independently develop in healthy subjects also (Brodaty, Altendorf, 

Withall, & Sachdev, 2010; Clarke, Ko, Lyketsos, Rebok, & Eaton, 2010; Geda et al., 

2008). Moreover, it may be possible that wider use of sensitive instruments that 

measure goal-directed behavior may improve detection of this syndrome, identifying 

those not captured with current assessment tools. The apathy evaluation scale, Lille 

apathy rating scale, and apathy inventory are focused on the symptomatology of 

apathy and not on the processes of goal-directed behavior. 

Another argument against placing emphasis on apathy may be that even if 

apathy is diagnosed, it does not alter the primary treatment nor is itself treatable. 

From a clinical point of view, this is a valid concern. However, awareness of the nature 
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of symptoms and the underlying mechanisms can improve caregivers’ understanding of 

the patient. It could also enable caregivers to adapt their behavior and reduce the 

burden on themselves as well as on patients. Knowledge of these mechanisms can be 

utilized towards making simple adjustments in the immediate environment of the 

patient. For example, patients may benefit from cues such as electronic reminders that 

keep them oriented towards a goal. Such measures can help in preserving independent 

functioning to some extent. Moreover, identifying the specific subtype of apathy can 

help caregivers understand the particular cognitive and behavioral deficits present. 

Lastly, it is noteworthy that assessment measures like the geriatric depression 

scale (Yesavage, 1988) are also sensitive to symptoms of apathy. In chapters 3 and 4, 

the neural correlates of apathy were found in samples that scored low on this 

depression scale. Particularly in chapter 3, we found that even low scores on this 

instrument were correlated with scores on the apathy evaluation scale. To minimize 

this correlation, we dropped scores from six of the thirty questions on the depression 

scale, which were identified as an apathy cluster in a previous factor analysis of the 

scale (Adams, Matto, & Sanders, 2004). After excluding these items, the revised 

depression score was not correlated with the apathy score but remained correlated 

with the original depression score, confirming that the excluded questions were indeed 

measuring symptoms of apathy. This is clinically significant not only for understanding 

the nature of symptoms but also because treating depression with serotoninergic 

drugs has been found to induce apathy (Barnhart, Makela, & Latocha, 2004; Padala, 

Padala, Monga, Ramirez, & Sullivan, 2012; Wongpakaran, van Reekum, Wongpakaran, 

& Clarke, 2007). Hence, it may be recommended to exclude the items related to apathy 

from the geriatric depression scale. 

7.6. Methodological considerations and future research 

The studies in this thesis are constrained by various aspects that may have 

influenced the results and inferences. Some of these are general issues such as the 

benefits of including large samples in a study and conducting longitudinal studies, and 

limitations of the techniques used. The debate regarding adequate sample size for 

neuroimaging studies has gradually leaned towards including at least twenty to about 

forty subjects in a group in order to have adequate statistical power (Button et al., 

2013; Mumford & Nichols, 2008). However, this requirement is especially challenging 

when studying patients with apathy due to its low prevalence. Even in large 

collaborative multi-center studies such as the Alzheimer’s Disease Neuroimaging 

Initiative, from which data was used in chapter 4, subjects with apathy formed 

approximately a fifth (n=21) of the sample of MCI and AD patients. As a result, it is 

particularly challenging to investigate the neural basis of subtypes of apathy, which is 

reflected in the handful of studies on this topic. Similarly, longitudinal studies of apathy 
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are also scarce. It would be of interest to determine brain measures that correlate with 

a change in apathy scores, from an asymptomatic state to an overt reduction in 

behavior. 

Finally, there is a paucity of studies that have used task-based fMRI, 1H-MRS, 

electroencephalographic techniques, or a combination of these, to study apathy. 

Evidence gathered from such diverse sources is likely to be more reliable than studies 

based on a single technique. For instance, in chapter 3, manually placed voxels for 1H-

MRS may have led to minor differences in voxel location across subjects. In chapter 4, 

subjective choices were required to be made, for example, in selecting the frequencies 

of functional signals to be studied, the chosen regions of interest, and the strength of 

functional correlations between regions that were considered significant. Despite 

carefully optimizing methodological choices, these limitations need to be kept in mind 

when interpreting the results. Nevertheless, these studies are of significance 

considering the limited knowledge on the functional basis of apathy in MCI and AD 

patients. 

7.6.1. Routes to apathy 

A methodological aspect that requires a detailed discussion is the assessment 

of apathy. Apathy is most frequently assessed with the neuropsychiatric inventory and 

the apathy evaluation scale (Clarke et al., 2007, 2011; Cummings et al., 1994). These 

tools gather clinical and caregivers’ judgments of specific changes in a patient’s 

behavior. An example of a typical question is: ‘Has the patient lost interest in activities 

he/she previously enjoyed?’ Though such measures are clinically useful, the 

established symptoms may be very heterogeneous regarding origin and underlying 

neural mechanisms. Indeed, the presence of subtypes of apathy has been a consistent 

theme in research on this topic and specific neural correlates are hypothesized (Levy & 

Dubois, 2006; Stuss et al., 2000; van Reekum, Stuss, & Ostrander, 2005). However, 

evidence for subtype-specific brain changes in patients is sparse. This may be due to 

lack of assessment tools that identify the subtype of apathy present. Moreover, the 

diagnostic criteria for apathy as specified by a consensus group requires that two of 

three domains (cognition, emotion, and behavior) be impaired (Robert et al., 2009). 

This not only shows that robust evidence for each subtype is sparse but may also lead 

to inclusion of patients with deficits in at least of two of the posited neural 

mechanisms. 

Among the various instruments used to assess apathy, only the Lille Apathy 

Rating Scale classifies and assigns scores for four subtypes of apathy (Sockeel et al., 

2006). As a result, few imaging studies, including those reported in chapters 3 and 4, 

investigate the neural correlates of subtypes of apathy. Recently, greater emphasis has 

been laid on this aspect. Proposals for new measures such as the Dimensional Apathy 
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Scale and the Apathy Motivation Index, assign scores to each subtype (Ang, Lockwood, 

Apps, Muhammed, & Husain, 2017; Arnould, Rochat, Azouvi, & Van der Linden, 2013; 

Radakovic & Abrahams, 2014). Imaging studies using these measures may provide 

more information about the neural basis of each subtype. 

In chapter 5, our literature review indicated that the lateral parietal cortex is 

likely to be involved in transforming intentions to self-initiated actions. This function is 

probably achieved by selecting effectors for an intentional action (for e.g., a specific 

finger to press a button). We proposed that deficits in this mechanism may underlie 

the association between apathy and the lateral parietal cortex and suggested that 

lower input from this region makes activation of the motor cortex more difficult. To our 

knowledge, this mechanism has not been previously considered to cause apathy and 

may be related to the behavioral activation or action initiation subtype identified in 

dimensional apathy scales, such as the Lille Apathy Rating Scale and Apathy Motivation 

Index. These hypotheses need to be tested in future studies. 

7.6.2. Objective assessment of apathy 

Another limitation in the use of questionnaire-based tools for assessing 

apathy is their subjective nature. Despite apathy being defined as a quantifiable 

reduction in goal-directed behavior (Levy & Dubois, 2006), the lack of a direct measure 

of goal-directed behavior renders it down to a descriptive definition. Relatively more 

objective neuropsychological measures have been investigated in relation to apathy, 

and in some studies executive dysfunction has been associated with apathy (Boyle et 

al., 2003; Drijgers, Verhey, Leentjens, Köhler, & Aalten, 2011; McPherson, Fairbanks, 

Tiken, Cummings, & Back-Madruga, 2002; Nakaaki et al., 2008). However, this 

association is not consistent (Guimaraes et al., 2014; Robert, Berr, Volteau, Bertogliati, 

Benoit, Mahieux, et al., 2006). This inconsistency can be expected given that executive 

functions are likely to be specific to the lateral regions of the frontal lobe (Duncan & 

Owen, 2000; Miller & Cohen, 2001; Miyake et al., 2000) while brain areas associated 

with apathy are more varied. Thus, given the convergence of evidence towards apathy 

being a disorder of self-initiated, goal-directed behavior, objective measures for this 

higher-order function is likely to be useful. 

Efforts in this direction have been made in recent studies of healthy 

individuals that investigated traits likely to be related to apathy such as the effort 

exerted in response to different levels of reward or the behavioral, cognitive, and 

attentional processes involved in goal-directed behavior (Bonnelle et al., 2015; Huey et 

al., 2017; Klaasen, Kos, Aleman, & Opmeer, 2017). Another approach to objectively 

assess apathy is the use of actigraphy or the measurement of (arm) movement by a 

motion-sensitive device worn on the wrist (Mulin et al., 2011; Zeitzer et al., 2013). 

These approaches aimed at developing objective measures can be informed by the 
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findings in this thesis. Measures that assess stable goal-representation, and the efficacy 

in transforming these goals to directed actions can be developed in healthy subjects 

and used to evaluate patients with apathy. For example, the degree to which a 

distracting environment disturbs goal representation or execution of planned actions 

can be measured. Such measures can also accelerate understanding of intact 

neurocognitive mechanisms of goal-directed behavior. 

7.6.3 Multimodal investigation of apathy 

The pattern of neural changes associated with apathy in aMCI/AD patients 

has been established in structural and functional studies. Further steps on this topic 

could focus on determining the mechanisms that bring about the observed neural 

changes. For example, alternative measures of the cholinergic system such as atrophy 

of the nucleus basalis of Meynert could be correlated to choline levels on 1H-MRS in 

the temporoparietal cortex in patients with apathy. It would also be interesting to 

know if such cholinergic measures are associated with alterations in functional 

networks in apathy. Moreover, the relation between apathy and comparatively better 

understood features of MCI and AD such as cerebrospinal fluid markers is also not 

known. Despite these gaps in knowledge, evidence is converging towards specific 

neural changes being associated with apathy. As such, it may be fruitful to integrate 

neuropsychiatric assessments when considering the nature of brain changes observed 

in MCI/AD patients. 

7.7. Conclusion 

 Apathy has a significant impact on the course of AD. In this thesis we showed 

putative functional neural mechanisms that underlie apathy in MCI and AD. These 

mechanisms include stable encoding of goals in the cingulo-opercular network and 

transformation of goals into actions by the frontoparietal network. We also found that 

apathy in aMCI is associated with reduced cholinergic input in the temporoparietal 

cortex, a region linked to apathy in a number of studies. Based on these findings and a 

review of the literature we proposed that deficits in cognitive aspects of motor control 

may be a route to apathy. That the study subjects showed few depressive symptoms 

supports the view that apathy is an independent syndrome with distinct neural 

underpinnings. Further research is needed to unravel the interaction between the 

diverse neural changes observed in AD and their relation to apathy. Understanding 

these mechanisms is crucial to develop treatments for a syndrome that impairs 

functional abilities and increases the need for active care. 
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