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General introduction 

 

1.1. Summary 

This thesis explores the neurocognitive mechanisms underlying apathy in 

patients with dementia probably due to late-onset Alzheimer’s disease (AD) or mild 

cognitive impairment (MCI), a possible precursor of AD. Although colloquially typified as 

a memory disorder, patients with AD commonly develop a variety of cognitive deficits 

(Amieva et al., 2008; Stopford, Snowden, Thompson, & Neary, 2008; Dickerson & Wolk, 

2011; Scheltens et al., 2016) and behavioral symptoms (Mega, Cummings, Fiorello, & 

Gornbein, 1996; Benoit et al., 1999; Lyketsos et al., 2011). Among the various behavioral 

symptoms seen in AD, apathy is recognized to be of particular significance (Vilalta-

Franch, Calvó-Perxas, Garre-Olmo, Turró-Garriga, & López-Pousa, 2013; van der Linde, 

Matthews, Dening, & Brayne, 2016; van der Linde, Dening, et al., 2016). This is because 

it develops in a substantial proportion of individuals in the early stages of AD and in these 

individuals, the risk for poor outcomes is found to be higher as compared to those 

without any behavioral symptoms (Palmer et al., 2010; Richard et al., 2012; Vilalta-

Franch et al., 2013). Moreover, the cognitive mechanisms required to produce complex 

behavior, which is impaired in apathy, are likely to be better understood by studying its 

neural underpinnings. 

Apathy is defined as reduced self-generated voluntary and purposeful 

behavior, and is characterized by symptoms such as loss of interest in activities and 

inability to perform actions out of own volition (Robert et al., 2009). As compared to the 

characteristic symptom of memory decline, apathy has been investigated less 

extensively in AD patients. This is especially the case with advanced imaging techniques 

that can probe functional mechanisms of a disorder. In the chapters of this thesis, we 

aimed to address this gap in knowledge by investigating the neural correlates of apathy 

in patients with AD and its early stages. To achieve this goal, we investigated 

neurochemical changes present in vivo and modelled brain activity in these patients 

using mathematical techniques. Results from these studies, accompanied by evidence 

from the literature, were used to propose a new neurocognitive model of apathy. 

Cognitive decline in old age or due to AD occurs gradually over many years 

(Salthouse, 2009; Grober et al., 2008; Singh-Manoux et al., 2012). These changes are 

under various genetic and environmental influences (Deary et al., 2009; Sofi et al., 2011; 

Tangney et al., 2011), including neurohormonal influences (Ashpole, Sanders, Hodges, 

Yan, & Sonntag, 2015). Insulin-like growth factor-1 (IGF-1) is one such biological factor 

(Aleman & Torres-Alemán, 2009). The trophic function of IGF-1 is a canonical process, 

but the association between IGF-1, and normal and AD-related cognitive decline is not 
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clear due to contrasting findings (Deak & Sonntag, 2012; Hu, Yang, & Gong, 2016; 

Ostrowski, Barszczyk, Forstenpointner, Zheng, & Feng, 2016). Nevertheless, IGF-1 is of 

therapeutic interest (Gasparini & Xu, 2003; Vitiello et al., 2006) as changes in its serum 

concentration and cognition occur over overlapping timescales. Evidence for such an 

intervention is based mostly on cross-sectional studies, and the long term influence of 

IGF-1 on cognition is not well-understood (Ostrowski et al., 2016). To understand this 

long-term association, IGF-1 and cognitive function were investigated in healthy middle-

aged and older men. 

A detailed description of these topics is given in the remainder of this chapter, 

which is organized as follows: First, the conceptual and phenomenological basis of 

apathy and its impact is described. Next, an overview of current models that explain 

reduced behavior is provided. Following this, the cognitive and behavioral 

symptomatology of AD to provide the context in which apathy was studied is briefly 

described. After this, brain changes associated with apathy in AD are summarized. Lastly, 

studies reporting an influence of IGF-1 on cognitive ageing are described. 

1.2. Apathy: Impaired generation of voluntary and purposeful behavior 

Symptoms of apathy occur in a variety of neurological and psychiatric disorders 

(Chase, 2011). Besides AD, apathy is also seen in patients with Parkinson’s disease 

(Pagonabarraga, Kulisevsky, Strafella, & Krack, 2015), frontotemporal dementia 

(Zamboni, Huey, Krueger, Nichelli, & Grafman, 2008), Huntington’s disease (Reedeker et 

al., 2011), progressive supranuclear palsy (Litvan, Mega, Cummings, & Fairbanks, 1996), 

traumatic brain injury (Andersson & Bergedalen, 2002), stroke (Caeiro, Ferro, & Costa, 

2013), and in schizophrenia (Kiang, Christensen, Remington, & Kapur, 2003). Its 

occurrence in multiple disorders suggests that apathy does not have a single 

etiopathological origin, but may result from impairment of specific brain regions or 

networks. 

Patients with apathy display a wide variety of symptoms, among which lack of 

initiative, flattening of affect, reduced responsiveness to stimuli, and in severe cases, 

indifference to their own needs are prominent (Marin, 1990; Chase, 2011). In severe 

cases, patients are passive to an extent that they allow themselves to be fed and dressed 

by caretakers without any apparent reaction (Nagaratnam, Nagaratnam, Ng, & Diu, 

2004). They may not respond to questions posed or show inclination for any social 

contact. In milder but more common cases, patients find it difficult to initiate and 

complete tasks, lose interest in previously enjoyable activities, do not attempt to take 

actions to overcome problems, and do not show interest in gaining new experiences 

(Starkstein & Leentjens, 2008). They may also lack insight into their abnormal behavior 

(Starkstein, Brockman, Bruce, & Petracca, 2010). These symptoms result in observers 
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and caretakers perceiving patients to have lost interest in routine and new activities, 

lacking concern for their problems, and reduced enthusiasm for living in general (Colling, 

2004; Schulz et al., 2012). 

The definition of apathy has evolved over the past twenty-five years (Marin, 

1990; Starkstein, 2000; Stuss, Van Reekum, & Murphy, 2000; Brown & Pluck, 2000; 

Sockeel et al., 2006; Levy & Dubois, 2006). The changes in its definition during this period 

reveal the trajectory of our understanding of this subtle but widely prevalent 

neuropsychiatric symptom. Apathy was first defined as a disorder of motivation and was 

stated to result from ‘diminished motivation not attributable to diminished level of 

consciousness, cognitive impairment, or emotional distress’ (Marin, 1990). This early 

characterization provided impetus towards recognizing apathy as an independent 

syndrome and spurred interest into understanding its clinical correlates. 

Another early view suggested that symptoms such as withdrawal from 

activities in the absence of other causative conditions such as impaired consciousness or 

intact motor functions can be interpreted as lacking the ‘will’ to act (Berrios & Gili, 1995). 

This has also been termed "avolition" in the neurological and psychiatric literature. As 

‘motivation’ and ‘will’ are not easily measured and susceptible to subjective 

interpretations, an alternative definition for apathy was proposed. Apathy was defined 

as ‘absence in responsiveness to stimuli as demonstrated by lack of self-initiated action’ 

(Stuss et al., 2000). This definition laid stress upon externally observable features in the 

form of the patient’s responses. In addition, apathy was directly linked to lack of self-

initiated action. In this definition and that proposed by Marin, apathy was divided into 

three subtypes that categorized symptoms according to impairments in affective, 

cognitive, and sensory-motor domains (Marin, 1996; Stuss et al., 2000). Moreover, each 

subtype was linked to independent neural deficits in the circuits of the forebrain and 

brainstem. 

In addition to proposing a definition for apathy, Marin postulated that the 

amotivational state of apathy is a result of impaired goal-directed behavior (GDB) 

(Marin, 1996). For understanding the basis of reduced motivation or self-initiated action, 

the concept of GDB provides a neuropsychological framework that describes various 

processes needed to perform purposeful actions oriented towards achieving a goal. Note 

that reflexive actions in response to stimuli, even if complex are not considered as GDB. 

GDB involves the selection of a goal on the basis of internal or external stimuli, making a 

plan of action comprising of sub-goals, and orderly execution of planned actions towards 

achieving the overall objective (Dickinson & Balleine, 1994; Brown & Pluck, 2000). For 

example, seeking treatment in a hospital for symptoms (like pain) and with the objective 

of curing the ailment. In this scenario, an individual would determine a series of sub-

goals such as planning appointments, arranging transport to the hospital, consulting 
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doctors, and following the treatment regimen. The need for elaborate planning and 

execution calls upon a number of neural functions. The inability to perform such goal-

directed actions is suggested to result in symptoms of apathy. 

For successful GDB, several neural processes are needed to transform a 

motivating stimulus into plans and actions. Using a simplified framework of GDB, Brown 

and Pluck (2000) proposed that symptoms of apathy can be divided into three subtypes 

- affective, cognitive, and motor, following Marin’s (1990) earlier categorization. Each 

subtype is said to result from deficits in separate neural circuits that link the cortico-

striato-thalamic regions. Other authors have also suggested a similar three-subtype 

division of apathy (Cummings et al., 1994; Robert et al., 2002; Levy & Dubois, 2006; 

Starkstein & Leentjens, 2008). However, further subdivisions may be possible. Sockeel 

and colleagues (2006) conducted a principal component analysis on a 33-item 

questionnaire and found four clusters of symptoms that were grouped as (lack of) a) 

Intellectual curiosity, b) Action initiation, c) Emotion, and d) Self-awareness. 

The most widely used definition states that apathy is a ‘quantitative reduction 

in self-generated voluntary and purposeful behavior’ (Levy & Dubois, 2006). In this 

definition too, dysfunctional GDB was posited to be the basis of apathetic symptoms. As 

in Stuss et al. (2000) and Brown and Pluck (2000), three mechanisms localized to the 

prefrontal cortex and basal ganglia were proposed to underlie apathy by Levy & Dubois 

(2006). An emotional-affective type was related to the orbitofrontal and medial 

prefrontal cortex, and ventral striatum and ventral pallidum in the basal ganglia. The 

deficits proposed to be associated with this subtype were an inability to process affect 

and link it to behavior, and assign accurate reward value to actions. A second subtype 

proposed that deficits in the dorsolateral prefrontal cortex, dorsal caudate nucleus, and 

part of the thalamus led to apathy. Termed cognitive type, executive functions such as 

planning, rule-learning, and set-shifting were expected to be deficient. The third 

mechanism was related to a deficit in auto-activation, in which lesions mainly in the basal 

ganglia were considered to be the underlying mechanism. The features of this type were 

expected to be a relative sparing of externally-driven actions along with a severe 

reduction in spontaneous thoughts and actions. While this categorization is based on 

well-known functions of neural circuits, empirical evidence for subtypes of apathy is 

weak. While studies have linked apathy to individual cognitive functions (Chau, Chung, 

Herrmann, Eizenman, & Lanctôt, 2016; Fazio et al., 2016; Martínez-Horta, 

Pagonabarraga, Fernández de Bobadilla, García-Sanchez, & Kulisevsky, 2013; Rochat et 

al., 2013), a comprehensive assessment of goal-directed behavior and the circuits 

involved is currently lacking. 

Taken together, the various definitions concur that GDB is impaired in apathy but its 

neural substrates are not established. For this, better assessment of apathy and further 
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analysis of associated brain changes are needed. Several instruments are used to assess 

symptoms of apathy including (but not limited to) the neuropsychiatric inventory (NPI) 

(Cummings et al., 1994), apathy evaluation scale (AES) (Marin, Biedrzycki, & 

Firinciogullari, 1991), apathy inventory (Robert et al., 2002), apathy scale (Starkstein et 

al., 1992), and Lille apathy rating scale (Sockeel et al., 2006). Here the NPI and AES are 

described. The NPI is the most commonly used instrument to assess apathy and other 

behavioral symptoms (Clarke et al., 2011). A caretaker or an informant who knows the 

patient well is asked whether the patient seems to be less interested in activities, lacks 

motivation for starting new activities, or is more difficult to engage in a conversation. A 

score is assigned for the symptom by multiplying the frequency (in four levels) by the 

severity (in three levels) (Cummings et al., 1994). Although used widely, the NPI is not 

specifically designed to assess apathy. It does not assess the degree of apathy or the 

domains that may be affected. These limitations are addressed by the apathy evaluation 

scale (AES), which is an 18-item questionnaire, scored using 4-point Likert scale with 

higher scores indicating greater apathy. In addition, the AES has been shown to 

discriminate apathy from depression and the clinician-rated AES was found to be more 

reliable than the informant-rated and self-rated versions (Clarke et al., 2007). 

On the basis of accumulating evidence that indicates apathy is a distinct 

syndrome with underlying neural correlates, clinical criteria for its diagnosis have been 

established (Robert et al., 2009). A consensus group proposed that for a diagnosis of 

apathy, the following conditions must be present – the symptoms must be present for 

at least four weeks, impairment must be present in two of the three domains (goal-

directed behavior, goal-directed cognitive activity, and emotions), the impairment 

affects functioning, and no other exclusionary causes of apathy such as physical disability 

or medication-induced changes must be present (Robert et al., 2009) (See Box 1.1 for 

full definition). Notably, these criteria require impairment in at least two domains, which 

from a neural viewpoint would entail deficits in two of the three proposed circuits. Also, 

no threshold score on any instrument is prescribed or recommended for a diagnosis. 
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BOX 1.1: Diagnostic criteria for apathy 

For a diagnosis of Apathy the patient should fulfil the criteria A, B, C and D 

A] Loss of or diminished motivation in comparison to the patient's previous level of 
functioning and which is not consistent with his age or culture. These changes in 
motivation may be reported by the patient himself or by the observations of 
others. 

 
B] Presence of at least one symptom in at least two of the three following domains for 

a period of at least four weeks and present most of the time 
 

Domain B1: Loss of, or diminished, goal-directed behaviour as evidenced by at least one of 
the following: 

- Loss of self-initiated behaviour (for example: starting conversation, doing basic 
tasks of day-to-day living, seeking social activities, communicating choices) 

- Loss of environment-stimulated behaviour (for example: responding to 
conversation, participating in social activities) 
 

Domain B2: Loss of, or diminished, goal-directed cognitive activity as evidenced by at 
least one of the following: 

- Loss of spontaneous ideas and curiosity for routine and new events (i.e., 
challenging tasks, recent news, social opportunities, personal/family and 
social affairs). 

- Loss of environment-stimulated ideas and curiosity for routine and new 
events (i.e., in the persons residence, neighbourhood or community) 
 

Domain B3: Loss of, or diminished, emotion as evidenced by at least one of the 
following: 

- Loss of spontaneous emotion, observed or self-reported (for example, 
subjective feeling of weak or absent emotions, or observation by others of a 
blunted affect) 

- Loss of emotional responsiveness to positive or negative stimuli or events (for 
example, observer-reports of unchanging affect, or of little emotional 
reaction to exciting events, personal loss, serious illness, emotional-laden 
news) 

 
C] These symptoms (A–B) cause clinically significant impairment in personal, social, 

occupational, or other important areas of functioning. 
 
D] The symptoms (A–B) are not exclusively explained or due to physical disabilities (e.g. 

blindness and loss of hearing), to motor disabilities, to diminished level of 
consciousness or to the direct physiological effects of a substance (e.g. drug of 
abuse, a medication). 

          (from Robert et al., 2009) 
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1.3. Apathy in Alzheimer’s disease dementia 

AD is typically characterized by memory deficits (McKhann et al., 2011). 

Symptoms such as forgetting a familiar route to one’s home or asking the same question 

multiple times within the span of a single conversation are suggestive of probable AD 

(Budson & Solomon, 2011). Less relevant are other forms of forgetfulness that are 

common in older individuals. An example of benign forgetfulness is an inability to 

remember where keys or eye glasses were last kept. Thus, not all memory loss occurring 

with age is of concern but forgetting important facets of one’s personal life is an indicator 

of AD. Clinically, the failure to store and consolidate new information is considered 

suggestive of declining memory. As memory and other cognitive functions decline over 

time at a higher rate than normal, the individual is no longer capable of functioning 

independently, warranting a diagnosis of probable Alzheimer’s disease (McKhann et al., 

2011). 

The early identification of individuals at risk for AD is an important research 

priority because by the time a clinical diagnosis of AD is possible, extensive atrophy or 

loss of brain tissue is already present (Petersen et al., 1999). As lost neuronal tissue 

cannot be replaced, identifying those likely to develop AD before atrophy occurs is a key 

goal. Interventions at this stage are more likely to be successful. Accordingly, an early 

stage of AD was defined and termed ‘MCI due to AD’ (Albert et al., 2011). Typically, those 

who progress to AD are more likely to have deficits in episodic memory. Hereafter 

termed amnestic MCI (aMCI), the primary criteria for identifying these patients are a 

subjective concern of memory decline and objective deficit in episodic memory tests 

(Albert et al., 2011) (See Box 1.2 for a complete definition). In this state, minimal atrophy, 

typically restricted to the medial temporal lobe is observed (Visser et al., 1999; Killiany 

et al., 2000; Ferreira, Diniz, Forlenza, Busatto, & Zanetti, 2011). 

The prevalence of aMCI in the population is estimated at approximately 7% 

(Ward et al., 2012) and the rate of progression to AD in this cohort is estimated at 10-

15% per year as opposed to 1-2% in the general population (Petersen et al., 1999; Larrieu 

et al., 2002; Visser, Kester, Jolles, & Verhey, 2006; Mitchell & Shiri-Feshki, 2009; Brodaty 

et al., 2013). However, aMCI has proven to be a heterogeneous state (Petersen et al., 

2014). About 67% remains stable at 2 years and about 24% may revert back to a 

cognitively normal state (Brodaty et al., 2013; Canevelli et al., 2016). Over longer periods, 

the annual rate of reversion of 18.6% has been reported (Gao et al., 2014) but even those 

who revert show a higher risk of progressing to dementia subsequently (Roberts et al., 

2014). 
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Although impaired memory is more specific for AD compared to other 

symptoms, the complete clinical picture in aMCI and AD is complex. Nearly all patients 

with advanced AD develop one or more neuropsychiatric symptoms (NPS) that are 

usually persistent and become more severe over time (Lyketsos et al., 2002; Apostolova 

& Cummings, 2008; Steinberg et al., 2008). Some of the NPS such as apathy are more 

likely to develop earlier in the aMCI stage or even in cognitively normal older adults, 

although at a low prevalence rate. 

Several large population studies have estimated the prevalence of apathy and 

other NPS in AD (Burns, Jacoby, & Levy, 1990; Mega et al., 1996; Lyketsos et al., 2002; 

Aalten et al., 2007; Van der Mussele et al., 2013). Among 178 AD patients, apathy was 

present in 41% (Burns et al., 1990). A larger population-based study found apathy to be 

the most common NPS at 28.5% in AD (Lyketsos et al., 2002). Within the same study 

population, apathy in all-cause dementia increased from 20% at baseline to 51% after 5 

years. Moreover, nearly three-fourths of the sample had apathy at some point during 

the five years of follow-up. In this study, apathy was also found to have the highest 

severity score (Steinberg et al., 2008). A recent meta-analysis found that, at 49%, apathy 

was the most prevalent NPS in AD (Zhao et al., 2016). In aMCI patients, large population-

based studies estimate that 15% (Lyketsos et al., 2002; Okura et al., 2010) to 21% (Geda 

et al., 2008) of this cohort shows apathetic symptoms. Other studies have reported 

prevalence figures of 39% (Hwang, Masterman, Ortiz, Fairbanks, & Cummings, 2004), 

10.7% (Palmer et al., 2010), and 29% (Vicini Chilovi et al., 2009). Apathy also occurs in 

community-dwelling, cognitively normal older adults where expectedly lower 

prevalence rates are found, with estimates of 4.8% (Geda et al., 2014), 5% (Forrester, 

Gallo, Smith, & Leoutsakos, 2016), and 12.1% (Savva et al., 2009) being reported. 

In several studies, the estimated risk of progression to AD in those with aMCI 

and apathy symptoms was approximately 1.85 to 7 times higher than those without 

apathy (Teng, Lu, & Cummings, 2007; Robert et al., 2008; Vicini Chilovi et al., 2009; 

Palmer et al., 2010; Richard et al., 2012; Pink et al., 2015). The combination of high 

prevalence in aMCI patients and increased risk for progression to AD gives apathy the 

highest population attributable risk among all NPS. Notably, cognitively normal older 

adults with apathy were also twice as likely to develop MCI as compared to those without 

apathy and this risk was greater than that associated with hippocampal size in the same 

population (Geda et al., 2014). These findings provide a strong basis to consider apathy 

as a marker for identifying those at risk of developing AD (Lanctôt et al., 2016). 

While this epidemiological profile of apathy establishes its significance in the 

clinical trajectory of AD, the underlying neural mechanisms are not clear. Its mechanisms 

are of interest as the increased risk suggests that the pattern of neural changes 

underlying the development of apathy influence the pathophysiological process of AD. 



16 
 

1.4. Distinguishing apathy from depression in AD 

The symptomatologies of apathy and depression show considerable overlap 

(Marin, Firinciogullari, & Biedrzycki, 1993). Due to this, whether apathy and depression 

are independent has been debated (Levy et al., 1998; Tagariello, Girardi, & Amore, 2009; 

Zahodne et al., 2013). The similarities in observed symptoms, for example, withdrawal 

from regular activities, make it difficult to distinguish the two syndromes. It should be 

noted though, that a clear difference between the two is that depression is characterized 

by depressed mood and negative attentional biases (including low self-esteem), which 

are not characteristic of apathy proper. Rather than having negative cognitions, people 

with an apathy syndrome are characterized by being callous. Apathy is not recognized as 

an independent entity in the Diagnostic and Statistical Manual of Mental Health 

Disorders (DSM-5; American Psychiatric Association, 2013), perhaps because it is 

considered to be a correlate of other psychiatric or neurological problems. In DSM-5, 

apathy is included in criteria for diagnosing neurocognitive disorders but a clear 

definition is not provided (American Psychiatric Association, 2013). In earlier editions, 

symptoms of apathy such as lack of interest and flat affect were included in diagnostic 

criteria without terming such symptoms as part of an apathy syndrome (American 

Psychiatric Association, 2000). On the other hand, DSM-5 characterizes depression or 

major depressive disorder by depressed mood (affect) and loss of interest or pleasure 

(American Psychiatric Association, 2013). A closer reading of the nine symptoms 

comprising the diagnostic criteria for major depressive disorder suggests that two of the 

criteria show symptomatic overlap with those of apathy. These two symptoms of 

depression are i) ‘Markedly diminished interest or pleasure in all, or almost all, 

activities…’, and ii) ‘psychomotor retardation or agitation, nearly every day’. It is likely 

that clinical or caregiver observations of externally manifested reduction in interest or 

psychomotor activity do not provide information about internal unobservable factors 

that produce these symptoms. In short, positive affect and hedonic responses are 

reduced in depression whereas in apathy, the generation of voluntary behavior is 

reduced. 

In addition to the phenomenological differences, numerous studies have 

shown apathy to exist independently of depression in a wide range of disorders, e.g. 

Parkinson's Disease (Kirsch-Darrow et al., 2006; Oguru, Tachibana, Toda, Okuda, & Oka, 

2010), Alzheimer’s Disease (Levy et al., 1998; Palmer et al., 2010; Starkstein, Jorge, 

Mizrahi, & Robinson, 2006), and schizophrenia (Kiang et al., 2003; Shaffer et al., 2015; 

Simon et al., 2010). In MCI and AD, apathy and depression show different clinical profiles 

such as different prevalence rates (Apostolova & Cummings, 2008), risk for disease 

progression (Richard et al., 2012), and responses of medication (Wongpakaran, van 

Reekum, Wongpakaran, & Clarke, 2007). Studies have also attempted to distinguish 

between their neural correlates (Bruen, McGeown, Shanks, & Venneri, 2008). However, 
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both syndromes are often comorbid and their individual neural mechanisms have not 

been conclusively established. Further discussion on the separation of depression and 

apathy is beyond the scope of this thesis (See Mortby, Maercker, & Forstmeier, 2012 for 

a recent review). 

1.5. Brain changes associated with apathy in aMCI/AD 

Several studies investigating the neural correlates of apathy in AD and MCI 

patients, have used brain imaging methods such as single-photon emission computed 

tomography (SPECT) to measure changes in regional blood flow, positron emission 

tomography (PET) to measure specific ligands, and magnetic resonance imaging (MRI) 

to measure changes in brain structure and function. The findings of these studies have 

been reviewed recently (Kos, van Tol, Marsman, Knegtering, & Aleman, 2016; Stella et 

al., 2014; Theleritis, Politis, Siarkos, & Lyketsos, 2014) and are briefly summarized 

below. 

The systematic reviews show that across imaging modalities, the dorsal 

anterior cingulate cortex has been consistently associated with apathy in AD patients. 

In addition, other regions such as the orbitofrontal and medial prefrontal cortex have 

been associated with apathy in this patient group. The changes in these regions 

associated with apathy include reduced perfusion (Migneco et al., 2001; Benoit et al., 

1999, 2002, 2004; Robert et al., 2006; Lanctôt et al., 2007), lower glucose metabolism 

(Holthoff et al., 2005; Marshall et al., 2007), and loss of grey matter (Apostolova et al., 

2007; Bruen et al., 2008; Tunnard et al., 2011). Moreover, white matter changes in these 

regions have also been found (Starkstein et al., 2009), with a notable loss of integrity of 

the cingulum bundle, which passes through the cingulate cortex (Kim et al., 2011; Ota, 

Sato, Nakata, Arima, & Uno, 2012; Tighe et al., 2012; Hahn et al., 2013). These findings 

are strengthened by the association of apathy in these patients with amyloid deposition 

(Marshall et al., 2013; Mori et al., 2014) and neurofibrillary tangle counts (Marshall, 

Fairbanks, Tekin, Vinters, & Cummings, 2006), both of which are hallmarks of AD, in the 

anterior cingulate cortex. 

In contrast with the consistent association between changes in the anterior 

cingulate cortex and prefrontal cortex with apathy in AD patients, the link between 

particular brain regions and apathy in aMCI patients is less robust. Studies assessing 

cortical thickness have not found any association between any brain region and apathy 

at baseline in aMCI patients (Donovan et al., 2014; Zahodne et al., 2013), whereas future 

severity of apathy was predicted by thinning in the inferior temporal cortex (Donovan 

et al., 2014). Reduced cortical thickness in the same region was associated with apathy 

at baseline in these patients when the apathy evaluation scale was used for assessment 

(Guercio et al., 2015). 
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BOX 1.2: Diagnostic criteria for aMCI due to AD 

1. Cognitive concern reflecting a change in cognition reported by patient or 

informant or clinician (i.e., historical or observed evidence of decline 

over time). 

2. Objective evidence of impairment in one or more cognitive domains, 

typically including memory (i.e., formal or bedside testing to establish 

level of cognitive function in multiple domains). There should be 

evidence of lower performance in one or more cognitive domains that is 

greater than would be expected for the patient’s age and educational 

background. As a guideline, scores on cognitive tests for individuals with 

MCI are typically 1 to 1.5 standard deviations below the mean for their 

age and education matched peers on culturally appropriate normative 

data 

3. Preservation of independence in functional abilities 

Persons with MCI commonly have mild problems performing complex 

functional tasks, which they used to perform previously, such as paying 

bills, preparing a meal, or shopping. Nevertheless, they generally 

maintain their independence of function in daily life, with minimal aids 

or assistance. 

4. Not demented 

These cognitive changes should be sufficiently mild that there is no 

evidence of a significant impairment in social or occupational 

functioning. 

                                                                                                       (from Albert et al., 2011) 
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Recently, functional connectivity in brain networks has also been assessed with 

respect to apathy. Whereas one study in AD patients did not find any association 

between apathy and a limited number of brain networks (Balthazar et al., 2014), other 

preliminary findings suggest that apathy in aMCI patients may be associated with 

reduced connectivity in the frontoparietal network (Joo, Lee, & Lim, 2017; Munro et al., 

2015). 

Overall, the evidence suggests that apathy is associated with dorsal anterior 

cingulate cortex and prefrontal cortex in AD patients, and with the temporo-parietal 

regions in aMCI patients. The systematic reviews also show that only a few studies of 

apathy have used advanced methods or other imaging modalities that investigate 

aspects of brain function other than changes in structure and perfusion. Addressing 

these limitations in this thesis, we investigated apathy in AD and aMCI patients with 

proton magnetic resonance spectroscopy (1H-MRS) and whole-brain functional 

connectivity. 

1.6. Techniques used to assess functional properties of the brain  

1H-MRS quantifies neurometabolites, which are markers for various processes, 

in the brain in vivo (Alger, 2010). Similar to structural MRI scans, 1H-MRS quantifies 

substances that have a net magnetic moment and are present in adequate amounts in 

the tissue (Alger, 2010). While structural scans quantify the signal from proton ions of 

water, 1H-MRS is optimized to detect other substances that possess protons with a net 

magnetic moment. Due to the relative abundance of water (nearly 10000 times higher 

as compared to neurometabolites), structural scans provide high quality images of 1 x 

1 x 1 mm resolution. In contrast, conventional 1H-MRS scans acquire signals of 

neurometabolites from 20 x 20 x 20 mm voxels in a clinically reasonable amount of time. 

The most abundant neurometabolites in the brain include N-acetyl aspartate 

(NAA), Choline (Cho), myo-inositol (mI), creatine (Cr), and glutamate and glutamine 

(Glx) (Soares & Law, 2009). Each of these metabolites are enriched in particular neural 

compartments or are indicators of specific metabolic functions, and hence can be used 

as biomarkers for various diseases (Öz et al., 2014). For example, NAA is considered as 

a marker of neuronal health as it is localized primarily to neurons, whereas mI is 

localized to glial cells and an elevated level is considered to represent increased glial 

activity indicating inflammatory changes. Cho measures free choline, which is derived 

from cell membranes and also to a small extent from the neurotransmitter 

acetylcholine, while Cr is considered to be an indicator of energy metabolism. The Glx 

signal indicates the level of the excitatory neurotransmitter glutamate and its 

metabolite glycine. 
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In AD patients, lower levels of NAA and higher levels of mI have consistently 

been reported in the posterior cingulate cortex, a major locus of degenerative changes 

in AD (Adalsteinsson, Sullivan, Kleinhans, Spielman, & Pfefferbaum, 2000; Kantarci et 

al., 2000; Catani et al., 2001). These changes were also linked to neuronal loss and 

increased inflammation in the posterior cingulate cortex (Murray et al., 2014). In 

asymptomatic individuals at risk for developing AD, mI and Cho levels were found to be 

elevated in this region (Kantarci et al., 2011). Hence, it was suggested that inflammatory 

changes and breakdown of cell membranes precede the decline observed in NAA level. 

Together, these results show that 1H-MRS can be used to improve our understanding of 

pathophysiological processes in the brain. In this thesis, we sought to determine 

changes in these processes in relation to apathy in aMCI patients. 

In addition to 1H-MRS, we also analyzed whole-brain functional connectivity 

and its association with apathy and AD. Functional connectivity is measured by fMRI 

scans that are sensitive to what is termed as the blood-oxygen level dependent (BOLD) 

signal (Huettel, Song, & McCarthy, 2014). This signal is an indirect measure of neuronal 

activity (Logothetis, Pauls, Augath, Trinath, & Oeltermann, 2001). Neuronal firing 

triggers increased local blood flow, which leads to more oxygen-rich hemoglobin locally. 

The increased hemoglobin produces a larger BOLD signal than when no neuronal firing 

occurs and is inferred as presence of local neuronal activity. In standard fMRI scanning 

sequences, a BOLD signal from approximately 3 x 3 x 3 mm voxels spread all over the 

brain is acquired every 2 seconds. In chapter 4, such scans were acquired when a subject 

was lying in a quiet, awake and restful state. Termed resting state fMRI, it is of particular 

interest as these scans are easily acquired in a standardized format with minimum 

problems in following scan procedures, especially for patients. This method is 

increasingly being used to understand normal and abnormal brain function, catalyzed 

by the discovery of functional brain networks (van den Heuvel & Hulshoff Pol, 2010). 

In functional networks, the activity of the BOLD signal in distant brain areas is 

correlated (Biswal, Yetkin, Haughton, & Hyde, 1995). For example, the default mode 

network comprises cortical midline regions and the inferior parietal lobule and 

dysfunction in this network has been associated with various disorders (Raichle et al., 

2001). Specifically in AD, connectivity within this network is progressively reduced 

(Greicius, Srivastava, Reiss, & Menon, 2004; Rombouts, Barkhof, Goekoop, Stam, & 

Scheltens, 2005). Other canonical networks include the frontoparietal network and the 

salience network that are implicated in executive functions and in directing attention 

towards relevant stimuli, respectively (Seeley et al., 2007). Both these networks have 

not consistently been linked to AD, but it may be that specific symptoms are associated 

with changes in particular networks. 
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Standard methods of analysis investigate mean connectivity within a few large 

networks, which effectively ‘blurs’ functional connectivity data (Biswal et al., 1995; Fox 

et al., 2005). Such methods do not typically investigate functional connectivity across 

the whole brain or between networks. A new method, graph theory, has been used 

though to assess brain-wide functional connectivity with a small number of summary 

measures. This method describes the brain as a topological network consisting of 

regions of interest called nodes. Nodes may be connected to one another by edges, thus 

forming a topological map. An edge (or connection between two regions) is considered 

to be present if the correlation in the BOLD activity between the regions is above a 

certain (arbitrary) threshold. It is observed that real-world networks form optimum 

connectivity profiles, which can be assessed by various measures of graph theory 

(Bullmore & Sporns, 2009). For example, path length of a node is given by the number 

of edges between that node and every other node. In AD, path length is found to be 

increased, leading to reduced efficiency of functional connectivity (Sanz-Arigita et al., 

2010). As of yet, no such detailed studies of functional connectivity have been reported 

in AD/aMCI patients with apathy. We aimed to fill this gap in knowledge about the 

changes in functional connectivity underlying apathy in AD/aMCI. 

1.7. Insulin-like Growth Factor-1: link to cognition 

In the second part of this thesis, we will examine the influence of a biological 

factor on cognitive function. Cognitive decline in older individuals occurs gradually over 

prolonged durations (Salthouse, 2009). Moreover, age is the strongest predictor of 

cognitive status in both normal ageing and pathological conditions like AD (Deary et al., 

2009). Recent studies in AD have found that biological changes precede cognitive decline 

by several years (Sperling et al., 2011; Jack et al., 2013). Therefore, it is possible that 

biological factors affecting the general ageing process also independently affect 

cognition. Consistent with this hypothesis, early interventions have been called for that 

can slow the progress of biological changes and delay the development of clinically 

significant symptoms of cognitive decline (Torres-Alemán, 2007). 

IGF-1 has been suggested as a potential endogenous molecule affecting 

neuronal resilience, and hence, cognitive function (Sonntag, Ramsey, & Carter, 2005; 

Aleman & Torres-Alemán, 2009). It is an evolutionarily conserved systemic 

somatotrophic factor, which partly mediates the actions of growth hormone on the body 

and regulates the process of aging (Deak & Sonntag, 2012). Researchers have sought to 

determine whether variations in the serum concentration of IGF-1 are associated with 

differences in cognitive performance. Several early studies found that low IGF-1 levels in 

older adults, as compared to those with high levels, were associated with worse 

cognitive function (Morley et al., 1997; Rollero et al., 1998; Aleman et al., 1999). This 

result was replicated in larger samples of older adults (Dik et al., 2003; Okereke, Kang, 
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Ma, Gaziano, & Grodstein, 2006) and it was suggested that raising IGF-1 levels 

therapeutically may delay the onset of cognitive decline in these individuals. A single 

clinical trial found that raising IGF-1 levels (by administering growth hormone releasing 

hormone) appeared to improve cognition in MCI patients (Baker et al., 2012). However, 

the evidence for such interventions is not unequivocal as seen in a recent meta-analysis 

that did not find any difference in serum IGF-1 levels between AD patients and control 

subjects (Hu et al., 2016). Furthermore, no association was found between IGF-1 and 

cognition in healthy middle-aged subjects. A better understanding of these contrasting 

results and the role of IGF-1 in cognitive function is needed to reveal how IGF-1 affects 

cognition and inform its therapeutic possibilities. 

Extensive studies in animals show that IGF-1 has a complex regulatory function 

that has also been described as paradoxical (Fernandez & Torres-Alemán, 2012). It is 

likely that the influence on cognition in humans is also complex and apparently 

paradoxical. This is illustrated by a study in centenarians in whom mutations were found 

in genes for receptors of IGF-1 that lowered the bioactivity of IGF-1, which putatively 

contributed to increased lifespans (Suh et al., 2008). As this effect was limited to females, 

it indicates that the influence of IGF-1 may be gender-specific, in addition to being 

related to age. A particular gap in the literature on IGF-1 and cognition in humans 

pertains to its influence on long-term cognition. Cross-sectional studies find a small but 

significant negative association between IGF-1 and cognition in older adults (Dik et al., 

2003) but not in middle-aged adults (Licht et al., 2014). An association was found in 

middle-aged adults in a longitudinal study approximately twenty years after serum IGF-

1 levels were determined (Okereke et al., 2006). A limitation of this study was the use of 

a rather brief cognitive measurement. To better understand this relationship, we 

examined cognitive functions in detail in middle-aged and older men at two time points 

approximately eight years apart and estimated the association with serum IGF-1 at the 

baseline measurement. The aim was to determine whether the cross-sectional 

association between cognition and IGF-1 in older adults is also present prospectively. 

1.8. Overview of studies 

This thesis comprises of two broad overlapping themes. In the first part, we 

used the approach of cognitive neuropsychiatry, which models symptoms of a disorder 

based on the cognitive and neural deficits present (Halligan & David, 2001). Such models 

are based on evidence of deficient neuropsychological performance and associated 

changes in brain function. Thus, complex symptoms can be interpreted as resulting from 

deficits in specific cognitive functions and associated brain regions. The second part of 

this theses focuses on the biological mechanisms in the brain and the periphery that 

influence cognitive decline. In chapter 2, we conducted a meta-analysis of 

neurometabolite changes in 1H-MRS studies in MCI patients. In chapter 3 and 4, we 
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aimed to understand the neural basis of apathy in the context of AD. Current knowledge 

on this topic is based on structural MRI studies, PET studies that measure metabolic 

activity or toxic amyloid deposits characteristic of AD, and SPECT studies that measure 

blood flow. In chapter 3, we investigated the association between apathy in aMCI 

patients and neurometabolite changes on 1H-MRS from various regions that may 

underlie symptoms in these patients. Studies using fMRI are limited in number and have 

investigated functional connectivity within a few pre-defined networks. In chapter 4, we 

conducted a comprehensive investigation of functional connectivity to determine global 

and network-level connectivity changes in those with apathy in aMCI/AD. In chapter 5, 

the findings from chapters 3 and 4 are integrated with a critical review of literature and 

a new neurocognitive model of apathy is proposed with a focus on the parietal cortex. 

Chapter 6 describes the longitudinal association between serum IGF-1 and cognition in 

middle-aged and older men. In chapter 7, an integrated view of the findings along with 

their implications and future research directions are discussed. 
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Abstract 

Research using proton magnetic resonance spectroscopy (MRS) can potentially 

elucidate metabolite changes representing early degeneration in Mild Cognitive 

Impairment (MCI), an early stage of dementia. We integrated the published literature 

using meta-analysis to identify patterns of metabolite changes in MCI. 29 MRS studies 

(with a total of 607 MCI patients and 862 healthy controls) were classified according to 

brain regions. Hedges’ g was used as effect size in a random effects model. N-Acetyl 

Aspartate (NAA) measures were consistently reduced in posterior cingulate (PC), 

hippocampus, and the paratrigonal white matter (PWM). Creatine (Cr) concentration 

was reduced in the hippocampus and PWM. Choline (Cho) concentration was reduced 

in the hippocampus while Cho/Cr ratio was raised in the PC. Myo-Inositol (mI) 

concentration was raised in the PC and mI/Cr ratio was raised in the hippocampus. 

NAA/mI ratio was reduced in the PC. NAA may be the most reliable marker of brain 

dysfunction in MCI though mI, Cho, and Cr may also contribute towards this  
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1. Introduction 

With an aging population that is getting increasingly older, the prevalence of 

dementia is increasing. Unfortunately, the diagnosis of dementia is typically made at a 

stage in which the underlying pathology has reached an advanced and irreversible 

state. In the past decade, Mild Cognitive Impairment (MCI) has been identified as an 

early stage on the path towards dementia, and it may thus be important to predict the 

development of dementia at a stage when it can still be treated, thereby stopping or at 

least delaying the progression to dementia. The criteria for the diagnosis of MCI, 

however, are still under active development. In order to understand the 

pathophysiology of this early stage of cognitive deterioration, research using 

neuroimaging is necessary. Besides volumetric analyses of grey and white matter, 

based on Magnetic Resonance Imaging (MRI) scans, and functional MRI of brain 

activation differences, neuroimaging using proton magnetic resonance spectroscopy 

(MRS) can yield information regarding metabolite changes in the brain representing 

early degeneration. 

The criteria for the diagnosis of MCI were defined for the first time in 1999 by 

Petersen and colleagues with the purpose of capturing the prodromal state of 

Alzheimer’s disease (AD) (Petersen et al., 1999). The criteria consist of having a 

memory complaint that is corroborated by an informant and is documented by 

appropriate testing. In addition, the subject should be normal in other cognitive 

domains, be unimpaired in daily living and not demented. However, observations 

suggested that subjects with memory complaints may eventually progress not only to 

AD but also to other forms of dementia or psychiatric ailments (Petersen et al., 2001; 

Dubois and Albert, 2004). In 2004, the criteria were therefore expanded to include 

amnestic MCI (aMCI) and non-amnestic MCI (naMCI) with impairments in either a 

single domain or multiple domains accounting for diverse etiologies that cause 

memory impairments (Winblad et al., 2004). Reports of prevalence of MCI vary widely, 

ranging from 3-42%, with an increasing frequency observed from the age of 65 - 85 

years. The majority of the cases are of the amnestic type. This cohort of individuals 

have an annual conversion rate to AD of 3-17%, which is much higher than that for the 

general population (1-2%) (Ward et al., 2012). However, the outcomes of MCI are not 

consistent. While most MCI patients progress to dementia, a part of this cohort 

remains stable. That is, these patients are impaired, but do not progress to dementia. A 

small fraction may even improve to be categorized as no longer being impaired (Fisk 

and Rockwood, 2005; Palmer et al., 2008; Ritchie, 2004; Schonknecht et al., 2005; 

Solfrizzi et al., 2004) 

Being a relatively new disorder, MCI continues to be characterized, with the 

diagnostic criteria being regularly updated to reflect the improved understanding of 
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the disease (Albert et al., 2011). An important drawback of the current criteria is that 

they capture a clinical syndrome and not the disease. As a result, individual studies 

often use various definitions for the diagnosis of MCI (Matthews et al., 2008). This 

results in the use of a definition of MCI that is inconsistent across studies that in turn 

affects meaningful interpretation of the outcomes from various studies. This 

inconsistency may be an important reason for the variable results among 

epidemiological studies, and there is thus a clear need for standard criteria for the 

diagnosis of MCI (Ward et al., 2012). As the burden of AD is projected to increase in the 

near future, the interest in MCI as a predictor has also increased manifold (Petersen et 

al., 2009). Research on biomarkers, such as brain abnormalities, can ultimately benefit 

reliability and early identification of the condition. Moreover, research on the neural 

basis of MCI could contribute to the necessary knowledge for developing evidence-

based interventions. 

MRS is a novel technique that provides a detailed picture of the in vivo 

biochemistry of the brain (Duarte et al., 2012). To that end, a standard MRI scanner is 

used to acquire the spectrum that reflects the concentration of metabolites in the 

brain. Unfortunately, only a few metabolites in the brain are present in sufficiently 

large concentrations to be detected by MRI scanners approved for safe use in humans. 

The detection of the metabolites is partly dependent on the strength of the field, with 

higher field strengths required to detect metabolites present in low concentrations. 

The metabolites that are present in high concentrations and thus most commonly 

studied are N-Acetyl Aspartate (NAA), Choline (Cho), Creatine (Cr), myo-Inositol (mI), 

and Glutamate and Glutamine (Glx). Each of these metabolites are sensitive to a 

different pathological process in the brain. NAA is thought to be synthesized only 

within neurons and its concentration reflects neuronal density and viability (Block et 

al., 2002; De Stefano et al., 1995). It has a peak at 2.0ppm in the spectra (Pouwels and 

Frahm, 1998). The Choline signal is mainly contributed by the presence of free 

glycerophosphocholine and phosphocholine. These compounds are immobile when 

part of the cellular membrane, but become mobile and contribute to the Cho signal 

when the cell membrane has broken down (Klein, 2000). The Cho signal has a peak at 

3.2ppm and is a marker for membrane integrity (Miller et al., 1996). Creatine and 

phosphocreatine are markers for energy metabolism with a peak at 3.03ppm. The 

levels of Cr are thought to be fairly constant and hence used as a reference value 

(Pouwels and Frahm, 1998), though there are reports disputing this claim (Kreis et al., 

1993; Li, B.S. et al., 2003). Myo-inositol is an osmolyte and has a role in the second 

messenger system. It has a peak at 3.55ppm and it is a marker for glial activation 

(Fisher et al., 2002). Glutamate and glutamine (Glx), key amino acids in the brain, 

appear as a single peak at 2.1-2.3 ppm in the spectrum. The peak can be resolved into 

individual wavelets in high-field MRI or less accurately by post-processing methods. A 
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second smaller peak is also seen at 3.75ppm (Duarte et al., 2012; Mountford et al., 

2010). Zhu and Barker (2011) provide a recent review on MRS. 

Magnetic resonance spectroscopy has many advantages. The MRS spectrum 

is easily obtained from a conventional MRI machine requiring relatively little time. It is 

possible to obtain spectrum either from a single voxel (SV) of interest or from multiple 

areas (Multivoxel Spectroscopy (MVS)) simultaneously making it sensitive to regional 

changes in metabolites (Angelie et al., 2001; Duarte et al., 2012). It is non-invasive and 

free from radiation which allows for monitoring the disease progression in patients. A 

number of studies have also studied the efficacy of pharmacological interventions 

using MRS (Krishnan et al., 2003; Jessen et al., 2006; Modrego et al., 2006). When 

combined with MRI it enhances the sensitivity and specificity of differentiating MCI 

from healthy subjects and from AD patients (Kantarci et al., 2009). 

Over the past decade, a number of MRS studies in MCI using different 

methods have shown metabolite profiles that are similar to those typically found in AD. 

Diverse regions of the brain have been studied with the posterior cingulate and the 

hippocampal regions receiving the most interest. Also the posterior white matter and 

gray matter, temporo-parietal region, prefrontal, medial temporal lobe, as well as the 

whole brain have been studied. Compared to healthy controls, MCI patients have 

typically shown decreased NAA/Cr and Glx/Cr levels, and elevated mI/Cr and Cho/Cr 

levels, although some studies failed to find any differences between the groups. Only a 

few studies examined longitudinal changes in MCI subjects. In spite of the diverse aims 

and methodologies used by these studies, findings indicate the potential of MRS as a 

diagnostic tool. To investigate whether there would be a consistent pattern that would 

consolidate and highlight the changes in MCI, we performed a meta-analysis. A central 

goal was to systematically determine the most common metabolite changes as well as 

typical regional differences in MCI. 

2. Methodology 

2.1. Search Methods 

A search was performed in the PubMed, ISI Web of Knowledge, EMBASE and 

Cochrane databases for the time period up to July 2012 using the keywords “Mild 

cognitive impairment AND magnetic resonance spectroscopy, MCI AND NAA, MCI AND 

metabolites”. The search was limited to English language studies only. Additionally, the 

reference lists of all included studies were examined for relevant publications. 

Studies were included in this analysis if 1) they performed proton MRS 

comparing MCI subjects and healthy controls (HC) 2) definitions used for diagnosis 

were reported 3) specifications used for the acquisition of spectrum were reported 4) 
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at least a single metabolite ratio or concentration was reported and 5) sufficient data 

for the estimation of effect size were provided. 

The initial search, limited to English language articles, returned 67 studies that 

were relevant from the title and abstract. After applying the inclusion criteria and 

assessing the full text, 29 studies were identified for the final meta-analysis. The search 

procedure along with exclusions are shown schematically in Fig 1. Other definitions of 

pre-dementia such as Cognitive Impairment No Dementia (CIND) or Mild Memory 

Impairment (MMI) were not included in the inclusion criteria. Although one could 

consider these conditions to be similar to MCI, the diagnostic criteria differ from that of 

MCI and could otherwise have led to non-uniform inclusion criteria. Studies were not 

included in the meta-analysis if they did not include control subjects. Studies were also 

not included if they reported median data (Kantarci et al., 2003; Kantarci et al., 2008a). 

One study (Rami et al., 2008) did not report means and standard deviations or 

metabolite comparisons between control and MCI subjects and was therefore 

excluded. To prevent the inclusion of a study population more than once, we limited 

the data to one study per author or group per analysis (Senn, 2009), unless it was 

explicitly mentioned that an independent sample was included. If there were more 

than one study per author per analysis then the study with the largest sample size was 

retained. As a consequence, even though they fulfilled all inclusion criteria, 6 studies 

were not included (Kantarci et al., 2002a; Griffith et al., 2007a; Griffith et al., 2007b; 

Rami et al., 2007a; Lim et al., 2012b; Watanabe et al., 2012). 

The studies were classified according to the region of interest and the reported 

metabolite ratio or concentration. The characteristics of each study including the 

region of interest, strength of field, Repetition Time/ Echo Time (TR/TE), voxel size, 

ratio or concentration reported, and sample size are shown in Table 1 (presented on 

page 93). Thus, the meta-analysis included a total of 862 HC and 607 MCI subjects from 

29 studies. Eighteen studies included the posterior cingulate region (PC) while nine 

studies included the hippocampus. Two studies included the broader medial temporal 

lobe (MTL). The paratrigonal white matter area (PWM) was included in seven studies. 

The temporal and occipital regions were included in four studies, temporo-parietal, 

parietal and frontal were included in three studies and entorhinal cortex, anterior 

cingulate, lentiform nucleus, thalamus, and whole brain were included in one study 

each. 

2.2. Statistical Analyses 

The data was analyzed using Comprehensive Meta-Analysis software version 

2.2 (Biostat Inc., USA). The effect size used was the Hedges’ g wherein the difference in 

the means of the two groups was divided by the pooled standard deviation 

(Supplementary material A] Example calculation). For studies that reported p values 
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only, the sample size and the p value was used to calculate the effect size. The effect 

size may be broadly interpreted as small (0.3), medium (0.5), and large (0.8) (Cohen, 

1992). A medium effect size is understood as one that can be easily identified in daily 

life while a small and large effect stand equidistant from the medium effect. 

Heterogeneity was assessed by the I2 statistic. The I2 statistic is derived from Cochran’s 

Q and is more intuitive to interpret. It describes the percentage of variation due to 

heterogeneity (Supplementary material A] Example calculation). Heterogeneity is said 

to be low (0-50%), moderate (50-75%), or high (75-100%) (Higgins and Thompson, 

2002). The random effects model was used for the analysis. A meta-analysis was 

performed only when there were at least three studies in one category (i.e., specific 

metabolite in a brain region). 

 

 

Fig.1. Search strategy employed for the selection of studies 
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3. Results 

3.1. Meta-analysis of Posterior Cingulate 

3.1.1 Description of studies 

Eighteen studies investigated the posterior cingulate (576 HC and 303 MCI 

subjects) (# 4, 5, 8, 9, 12, 13, 15, 17-20, 22-27, 29 in Table 1). Sixteen studies reported 

metabolite ratios (# 4, 5, 8, 9, 12, 13, 15, 17, 18, 20, 22-25, 27, 29) and 7 studies 

reported metabolite concentrations (# 5, 17-20, 26, 27). Thirteen studies used a 1.5 T 

MRI scanner (# 4, 5, 8, 12, 13, 17-20, 23, 26, 27, 29) while 5 studies used a 3 T MRI 

scanner (# 9, 15, 22, 24, 25). All studies used a PRESS sequence with TR in the range of 

1500-2000 ms and short TE in the range of 30-40 ms except 2 studies (# 4 & 15), which 

used a STEAM sequence with similar TR of 1800 and 2000 ms and relatively shorter TE 

of 25 and 9.177 ms, respectively. The voxel size used was 2x2x2 cm in all studies except 

one (# 22) where 1x1x1.5 cm was used. # 19 and 23 used voxel sizes according to 

individual variations that ranged from 8-14 and 8-15.6 mL, respectively. In study # 4, 

the voxel size reported was 20 mm³. The results of all analyses are reported in Table 2. 

The results of analyses limited to aMCI studies are reported in Table 3. 

 

Table 2: Results of all Meta-analyses 

Region  k n ES CI p I² (%) 

Posterior 

Cingulate 

NAA/C

r 

14 798 -

.58** 

-.92 -.24 .00 79.71 

mI/Cr 13 774 .26 -.04 .57 .09 75.25 

Cho/Cr 12 734 .27* -.00 .55 .05 66.71 

NAA/

mI 

7 445 -.76* -1.44 -.09 .03 89.83 

mI/NA

A 

3 113 .02 -.79 .82 .97 76.15 

NAA 6 383 -

.63** 

-.84 -.42 .00 0.98 

mI 6 374 .39** .18 .60 .00 0 

Cho 6 374 .09 -.12 .30 .41 6.79 

Cr 5 280 -.21 -.45 .02 .08 0 

Glx 3 192 -.13 -.43 .17 .4 0 

Hippocampus NAA/C 9 450 - -.76 -.09 .01 59.07 
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r .43** 

mI/Cr 6 218 .60* .12 1.09 .02 63.95 

Cho/Cr 5 182 -.19 -.48 .11 .21 0 

mI/NA

A 

4 256 .88 -.20 1.95 .11 88.8 

NAA 5 377 -

.60** 

-1.03 -.17 .01 66.22 

mI 5 377 -.03 -.23 .31 .88 21.03 

Cho 5 377 -

.42** 

-.70 -.15 .00 24.29 

Cr 5 377 -

.40** 

-.62 -.18 .00 0 

Paratrigonal 

White Matter 

NAA/C

r 

5 173 -.29 -.70 .11 .15 43.2 

mI/Cr 5 173 .60 -.06 1.27 .08 77.82 

Cho/Cr 3 105 -.25 -.63 .12 .18 0 

NAA 3 148 -

.87** 

-1.20 -.54 .00 0 

mI 3 148 .13 -.19 .46 .41 0.7 

Cho 3 148 -.30 -.93 .34 .36 65.42 

Cr 3 148 -.36* -.68 -.04 .03 0 

Temporal NAA/C

r 

3 206 -.28 -.61 .04 .09 22.05 

K: no. of studies; n: total sample size; ES: Effect size for Hedges’ g; CI: Confidence 

Intervals; p: p value; I2(%): Heterogeneity in percentage; NAA: N-Acetyl Aspartate; mI: 

myo-inositol; Cho: Choline; Cr: Creatine; Glx: Glutamate and Glutamine 

Negative sign in column for ES indicates decrease in MCI subjects compared to Healthy 

controls; No sign indicates increase in MCI subjects compared to Healthy controls. 

* indicates significant result at ≤0.05; ** indicates significant result at ≤0.01 

 

3.1.2. Metabolite Ratios 

NAA/Cr ratio was investigated by 14 studies (# 4, 8, 9, 13, 15, 17, 18, 20, 22, 

23-25, 27, 29). The analysis revealed a significant decrease in the ratio of NAA/Cr (ES= -

0.58, p<0.005). The heterogeneity was moderate (I2= 79.71%) (Fig. 2). A subgroup 

analysis of 10 studies limited to aMCI subjects revealed a significantly lower effect size 

(ES=-0.65, p<0.005) with high heterogeneity (I2= 84.59%) (Supplementary material F). 

mI/Cr ratio was investigated by 13 studies (# 4, 8, 9, 13, 15, 17, 18, 20, 23-25, 27, 29). 

The analysis revealed no significant difference between the two groups (ES= 0.26, 

p=0.09, I2= 75.25%) (Supplementary Material B). A subgroup analysis of 9 studies 
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limited to aMCI subjects revealed no significant difference (ES= 0.25, p= 0.20, I2= 

79.79%) (Supplementary material F). Cho/Cr ratio was investigated by 12 studies (# 8, 

9, 13, 17, 18, 20, 22, 23-25, 27, 29) and the analysis revealed a significant increase in 

the ratio of Cho/Cr (ES= 0.27, p=0.05) with moderate heterogeneity (I2= 66.71%) (Fig. 

3). A subgroup analysis of 9 studies limited to aMCI subjects revealed a significantly 

higher effect size (ES= 0.35, p= 0.02) with moderate heterogeneity (I2= 64.41%) 

(Supplementary material F). NAA/mI ratio was investigated by 7 studies (# 4, 8, 13, 17, 

18, 24, 27). The analysis revealed a significant decrease in the ratio of NAA/mI (ES= -

0.76, p=0.03) with high heterogeneity (I2= 89.83%) (Supplementary Material B). A 

subgroup analysis of 3 studies limited to aMCI subjects revealed no significant 

difference (ES= -0.90, p= 0.23, I2= 95.41%) (Supplementary material F). mI/NAA ratio 

was investigated by 3 studies (# 23, 25, 29). The analysis revealed no significant 

difference between the two groups (ES= -0.02, p=0.97, I2=76.15%) (Supplementary 

Material B). 

3.1.3. Metabolite Concentrations 

NAA concentration was investigated by 6 studies (# 17-20, 26, 27). The analysis 

revealed a significantly lower concentration (ES= -0.63, p<0.005) with low 

heterogeneity (I2= 0.98%) (Supplementary Material B). A subgroup analysis of 4 studies 

limited to aMCI subjects revealed a significantly lower effect size (ES= -0.57, p< 0.005) 

with high heterogeneity (I2= 22.03%) (Supplementary material F). mI concentration was 

investigated by 6 studies (# 5, 18-20, 26, 27). The analysis revealed a significant 

increase in the concentration of mI with no significant heterogeneity (ES= 0.39, 

p<0.005, I2= 0%) (Supplementary Material B). A subgroup analysis of 4 studies limited 

to aMCI subjects revealed a significantly lower effect size (ES= 0.48, p<0.005) with no 

heterogeneity (I2= 0%) (Supplementary material F). Cho concentration was investigated 

by 6 studies (# 5, 18-20, 26, 27). The analysis revealed no significant difference 

between the two groups (ES= 0.09, p=0.41, I2= 6.79%) (Supplementary Material B). A 

subgroup analysis of 4 studies limited to aMCI subjects revealed no significant 

difference (ES= 0.13, p= 0.38, I2= 30.61%) (Supplementary material F). Cr concentration 

was investigated by 5 studies (# 18-20, 26, 27). The analysis revealed no significant 

difference between the two groups (ES= -0.21, p=0.08, I2= 0%) (Supplementary 

Material B). A subgroup analysis of 3 studies limited to aMCI subjects revealed no 

significant difference (ES= -0.12, p= 0.42, I2= 0%) (Supplementary material F). Glx 

concentration was investigated by 3 studies (# 5, 18, 19). No significant difference was 

observed between the two groups (ES= -0.13, p=0.40, I2= 0%) (Supplementary Material 

B). 

3.2. Meta-analysis of Hippocampus 
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3.2.1. Description of studies 

Nine studies reported data from the hippocampus including 225 HC and 162 MCI 

subjects (# 1, 6, 7, 21, 22, 24-26, 28). Two studies included the broader medial 

temporal lobe (MTL) region (HC=59, MCI=146) (# 3 & 10). We included these studies 

for the hippocampal analysis as they were centered on the hippocampus. Of the eleven 

studies in total, nine studies reported metabolite ratios (# 1, 3, 7, 10, 21, 22, 24, 25, 28) 

while 5 studies reported metabolite concentrations (# 6, 7, 10, 21, 26). Six studies used 

1.5 T field strength (# 1, 3, 6, 10, 26, 28) while 3 studies used 3 T (# 22, 24, 25), # 7 used 

0.5 T and # 21 used 4 T scanners. The size of the voxels varied considerably in the 

studies ranging from 3.7 mL (# 21) to 15 mL (# 10 in MTL). The voxels in the 

hippocampus almost always included tissue from surrounding regions, the extent of 

which depended on the size and placement of the voxel. The results are certainly 

influenced by such inaccuracies and necessitate caution with the interpretation of the 

results. PRESS was the used by all studies except # 21 in which a LASER sequence was 

used. TR ranged from 1200-2200 ms while short TE was mostly preferred, ranging from 

25 to 50 ms, except by # 1 where 70 ms was used. Study # 10 used a long TE of 272 ms 

for all measures and a short TE of 30 ms for mI concentration and mI/NAA ratio. The 

laterality of hippocampal changes could not be analyzed due to a lack of studies. # 6, 

24, 25 obtained the spectrum for each side separately, but - finding no significant 

difference - presented averaged values of the left and right hippocampi. In the analysis, 

we followed a similar procedure by averaging the values of the two hippocampi 

together when reported separately, as was the case in study # 7 and 26. If studies 

reported data from one side only, then those values were included directly in the 

analysis. If a p-value for an insignificant finding was not specified, we conservatively 

assumed the p-value of the insignificant finding to be p=1. All results are shown in 

Table 2. The results of analyses limited to aMCI studies are reported in Table 3. 

 

3.2.2 Metabolite Ratios 

NAA/Cr ratio was investigated by 7 studies (# 1, 7, 21, 22, 24, 25, 28) and 2 

studies reported data from the medial temporal lobe (# 3 & 10). The analysis revealed 

a significantly lower ratio of NAA/Cr (ES= -0.43, p=0.01) with moderate heterogeneity 

(I2= 59.07%) (Fig. 2). A subgroup analysis of 3 studies limited to aMCI subjects revealed 

no significant difference (ES= -0.06, p= 0.76, I2= 45.73%) (Supplementary material G). 

mI/Cr ratio was investigated by 5 studies (# 1, 7, 24, 25, 28) and one study reported the 

ratio from the MTL (# 3). The analysis revealed a significantly higher ratio of mI/Cr (ES= 

0.60, p=0.02) with moderate heterogeneity (I2= 63.95%) (Supplementary Material C). 

Cho/Cr ratio was investigated by 4 studies (# 7, 22, 24, 25) while one study reported 

MTL values (# 3). The analysis revealed a statistically insignificant effect size (ES= -0.19, 

p=0.21, I2= 0%) (Supplementary Material C). mI/NAA ratio was investigated by 3 studies 
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(# 1, 7, 25) and one study reported the ratio from the MTL region (# 10). The analysis 

revealed a statistically insignificant effect size for mI/NAA (ES= 0.88, p=0.11, I2= 88.8%) 

(Supplementary Material C). 

 

Fig. 2. N-Acetyl Aspartate (NAA) in the Posterior Cingulate and Hippocampus in MCI 

patients as compared to healthy controls. 

 

3.2.3. Metabolite Concentrations 

NAA concentration was investigated by 4 studies (# 6, 7, 21, 26) and one study 

reported values from the MTL region (# 10). The analysis revealed a significantly lower 

concentration of NAA (ES=-0.60, p≤0.01) with moderate heterogeneity (I2= 66.22%) 

(Supplementary Material C). A subgroup analysis of 3 studies limited to aMCI subjects 

revealed a significantly lower effect size (ES= -0.63, p=0.01) with moderate 

heterogeneity (I2= 74.42%) (Supplementary material G). mI concentration was 

investigated by 4 studies (# 6, 7, 21, 26) and one study reported values from the MTL 

region (# 10). The analysis revealed a statistically insignificant effect size (ES= 0.04,  

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Chao et al 2010 -1.10 0.45 0.20 -1.98 -0.22 -2.45 0.01

de Souza et al 2011 -0.76 0.36 0.13 -1.47 -0.04 -2.08 0.04

Griffith et al 2010 -0.23 0.24 0.06 -0.70 0.24 -0.96 0.34

Kantarci et al 2007a -0.39 0.18 0.03 -0.74 -0.03 -2.14 0.03

Lim et al 2012a -0.71 0.31 0.10 -1.32 -0.09 -2.25 0.02

Modrego et al 2011 -0.30 0.21 0.04 -0.70 0.11 -1.44 0.15

Olson et al 2008 -0.38 0.25 0.06 -0.87 0.11 -1.50 0.13

Rami et al 2007b -0.14 0.27 0.07 -0.66 0.39 -0.50 0.61

Santos et al 2008 0.00 0.35 0.12 -0.69 0.69 0.00 1.00

Seo et al 2012 -0.41 0.40 0.16 -1.20 0.37 -1.03 0.30

Wang T et al 2012 -2.36 0.28 0.08 -2.92 -1.81 -8.35 0.00

Wang Z et al 2009 -0.14 0.35 0.12 -0.81 0.54 -0.39 0.69

Yang et al 2012 -1.54 0.41 0.17 -2.35 -0.73 -3.72 0.00

Zimny et al 2011 0.13 0.33 0.11 -0.50 0.77 0.41 0.68

-0.58 0.17 0.03 -0.92 -0.24 -3.31 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: NAA/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Ackl et al 2005 -0.85 0.36 0.13 -1.55 -0.15 -2.38 0.02

Franczak et al 2007 -1.07 0.62 0.38 -2.29 0.14 -1.73 0.08

Seo et al 2012 -0.41 0.40 0.16 -1.19 0.38 -1.02 0.31

WangT et al 2012 -0.23 0.22 0.05 -0.67 0.20 -1.06 0.29

WangZ et al 2009 -0.92 0.36 0.13 -1.63 -0.21 -2.54 0.01

Zhang et al 2009 -0.54 0.38 0.14 -1.28 0.21 -1.41 0.16

Rupsingh et al 2011 0.00 0.38 0.14 -0.74 0.74 0.00 1.00

Chantal et al 2004 -0.84 0.38 0.15 -1.59 -0.09 -2.19 0.03

Jessen et al 2009 0.24 0.17 0.03 -0.10 0.58 1.38 0.17

-0.43 0.17 0.03 -0.76 -0.09 -2.48 0.01

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: NAA/Cr
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Table 3. Results of Meta-analyses limited to aMCI studies  

Region  k n ES CI p I² (%) 

Posterior 

Cingulate 

NAA/C

r 

10 631 -

.65** 

-1.09 -.21 .00 84.59 

mI/Cr 9 607 .25 -.13 .63 .20 79.79 

Cho/Cr 9 589 .35* .06 .65 .02 64.41 

NAA/

mI 

3 223 -.90 -2.36 .56 .23 95.41 

mI/NA

A 

2 - - - - - - 

NAA 4 288 -

.57** 

-.84 -.29 .00 22.03 

mI 4 276 .48** .24 .73 .00 0 

Cho 4 276 .13 -.17 .43 .38 30.61 

Cr 3 182 -.12 -.41 .17 .41 0 

Glx 1 - - - - - - 

Hippocampus NAA/C

r 

3 223 -.06 -.45 .33 .76 45.73 

mI/Cr 1 - - - - - - 

Cho/Cr 2 - - - - - - 

mI/NA

A 

2 - - - - - - 

NAA 3 270 -

.63** 

-1.13 -.12 .01 74.42 

mI 3 234 .05 -.21 .31 .72 0 

Cho 3 266 -

.44** 

-.71 -.17 .00 14.84 

Cr 3 268 -

.44** 

-.78 -.11 .01 44.21 

Paratrigonal 

White Matter 

NAA/C

r 

2 - - - - - - 

mI/Cr 2 - - - - - - 

Cho/Cr 2 - - - - - - 

NAA 2 - - - - - - 

mI 2 - - - - - - 

Cho 2 - - - - - - 
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Cr 2 - - - - - - 

Temporal NAA/C

r 

0 - - - - - - 

K: no. of studies; n: total sample size; ES: Effect size for Hedges’ g; CI: Confidence 

Intervals; p: p value; I2(%): Heterogeneity in percentage; NAA: N-Acetyl Aspartate; mI: 

myo-inositol; Cho: Choline; Cr: Creatine; Glx: Glutamate and Glutamine 

Negative sign in column for ES indicates decrease in MCI subjects compared to Healthy 

controls; No sign indicates increase in MCI subjects compared to Healthy controls. 

* indicates significant result at ≤0.05; ** indicates significant result at ≤0.01  

 

p=0.78, I2= 21.03%) (Supplementary Material C). A subgroup analysis of 3 studies 

limited to aMCI subjects revealed no significant difference (ES= 0.05, p= 0.72, I2= 0%) 

(Supplementary material G). Cho concentration was investigated by 4 studies (# 6, 7, 

21, 26) and one study reported values from the MTL region (# 10). The analysis 

revealed a significantly lower concentration of Cho (ES= -0.42, p<0.005) with low 

heterogeneity (I2= 24.29%) (Fig. 3). A subgroup analysis of 3 studies limited to aMCI 

subjects revealed a significantly lower effect size (ES= -0.44, p<0.005) with low 

heterogeneity (I2= 14.84%) (Supplementary material G). Cr concentration was 

investigated by 4 studies (# 6, 7, 21, 26) and one study reported values from the MTL 

region (# 10). The analysis revealed a significantly lower concentration of Cr (ES= -0.44, 

p<0.005) with no significant heterogeneity (I2= 0%) (Fig. 4). A subgroup analysis of 3 

studies limited to aMCI subjects revealed a significantly lower effect size (ES= -0.44, 

p=0.01) with low heterogeneity (I2= 44.21%) (Supplementary material G). 

3.3. Meta-Analysis of Paratrigonal White Matter 

3.3.1 Description of studies 

Seven studies investigated the paratrigonal white matter (PWM) (HC=152, 

MCI=79) (# 1, 2, 16, 19, 26-28). The PWM encompasses the white matter located 

lateral to the posterior horn of the lateral ventricle. This region has been referred to 

using various terms such as paratrigonal white matter, parietal white matter and deep 

posterior white matter but visual inspection of the placement of voxels indicated that 

the placement was in approximately the same brain region. Hence, these studies were 

grouped together for analysis. All studies were performed using 1.5 T scanners. PRESS 

was the sequence of choice except by # 28 where PRIME sequence was used. Multi-

Voxel Spectroscopy was used by # 27. The TR used ranged from 1500 to 2000 ms 

except in # 19 where 3000 ms was used. TE used ranged from 22 to 40 ms. Five studies 
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reported metabolite ratios (# 1, 2, 16, 27, 28), while 3 studies reported metabolite 

concentrations (# 19, 26, 27). All results are presented in Table 2. 

 

Fig. 3. Choline (Cho) in the Posterior Cingulate and Hippocampus in MCI patients as 

compared to healthy controls. 

 

3.3.2. Metabolite Ratios 

NAA/Cr ratio was investigated by 5 studies (# 1, 2, 16, 27, 28). The analysis 

revealed a statistically insignificant effect size for NAA/Cr (ES= -0.29, p=0.15, I2= 43.2%) 

(Supplementary Material D). mI/Cr ratio was investigated by 5 studies (# 1, 2, 16, 27, 

28). The analysis revealed a statistically insignificant effect size for mI/Cr (ES= 0.60, 

p=0.08, I2= 77.82%) (Supplementary Material D). Cho/Cr ratio was investigated by 3 

studies (# 2, 16, 27). The analysis revealed a statistically insignificant effect size for 

Cho/Cr (ES= -0.25, p=0.18, I2= 0%) (Supplementary Material D). 

3.3.3. Metabolite Concentrations 

NAA concentration was investigated by 3 studies (# 19, 26, 27). The analysis 

revealed a significantly lower concentration of NAA (ES= -0.87, p<0.005) with no 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

de Souza et al 2011 0.33 0.36 0.13 -0.37 1.03 0.93 0.35

Griffith et al 2010 0.55 0.24 0.06 0.07 1.02 2.25 0.02

Kantarci et al 2007a 0.81 0.19 0.03 0.45 1.18 4.39 0.00

Modrego et al 2011 -0.07 0.21 0.04 -0.47 0.33 -0.33 0.74

Olson et al 2008 0.62 0.25 0.06 0.12 1.12 2.44 0.01

Rami et al 2007b 0.99 0.28 0.08 0.43 1.54 3.46 0.00

Santos et al 2008 -0.10 0.35 0.12 -0.80 0.59 -0.29 0.77

Seo et al 2012 -0.07 0.40 0.16 -0.85 0.70 -0.18 0.85

Wang T et al 2012 -0.13 0.22 0.05 -0.56 0.30 -0.58 0.56

Wang Z et al 2009 -0.65 0.35 0.13 -1.34 0.04 -1.84 0.07

Yang et al 2012 0.54 0.37 0.14 -0.18 1.26 1.46 0.14

Zimny et al 2011 0.16 0.33 0.11 -0.48 0.80 0.50 0.62

0.27 0.14 0.02 -0.00 0.55 1.95 0.05

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Cho/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.77 0.28 0.08 -1.32 -0.23 -2.80 0.01

Franczak et al 2007 -1.23 0.63 0.40 -2.47 0.01 -1.94 0.05

Watanabe et al 2010 -0.43 0.20 0.04 -0.83 -0.03 -2.13 0.03

Rupsingh et al 2011 0.00 0.38 0.14 -0.74 0.74 0.00 1.00

Jessen et al 2009 -0.26 0.18 0.03 -0.61 0.09 -1.47 0.14

-0.42 0.14 0.02 -0.70 -0.15 -3.07 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: Cho
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significant heterogeneity (I2= 0%) (Supplementary Material D). mI concentration was 

investigated by 3 studies (# 19, 26, 27). The analysis revealed a statistically insignificant 

effect size for mI (ES= 0.13, p=0.41, I2= 0.7%) (Supplementary Material D). Cho 

concentration was investigated by 3 studies (# 19, 26, 27). The analysis revealed a 

statistically insignificant effect size for Cho (ES= -0.30, p=0.36, I2= 65.42%) 

(Supplementary Material D). Cr concentration was investigated by 3 studies (# 19, 26, 

27). The analysis revealed a significantly lower Cr concentration (ES= -0.36, p=0.03) 

with no significant heterogeneity (I²= 0%) (Fig. 4). 

3.4. Meta-analysis of the temporal region 

3.4.1. Description of studies 

Three studies investigated this region (# 11, 14, 20) (HC=124, MCI=82). All studies 

used 1.5 T scanners, TR of 1500 to 2000 ms and short TE of 30-35 ms. # 11 used a long 

TE of 135 ms. # 11 and 20 used PRESS sequence. A meta-analysis was performed only 

for the NAA/Cr ratio as it was the only common parameter in the 3 studies. 

Fig. 4. Creatine (Cr) in the Hippocampus and Paratrigonal White Matter in MCI 

patients as compared to healthy controls 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.81 0.28 0.08 -1.35 -0.27 -2.93 0.00

Franczak et al 2007 -0.18 0.57 0.33 -1.31 0.94 -0.32 0.75

Watanabe et al 2010 -0.46 0.20 0.04 -0.86 -0.07 -2.29 0.02

Rupsingh et al 2011 0.00 0.38 0.14 -0.74 0.74 0.00 1.00

Jessen et al 2009 -0.30 0.18 0.03 -0.65 0.05 -1.68 0.09

-0.40 0.11 0.01 -0.62 -0.18 -3.59 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Pilatus et al 2009 -0.89 0.45 0.20 -1.77 -0.00 -1.97 0.05

Watanabe et al 2010 -0.31 0.20 0.04 -0.70 0.09 -1.53 0.13

Yang et al 2012 -0.21 0.36 0.13 -0.92 0.50 -0.57 0.57

-0.36 0.16 0.03 -0.68 -0.04 -2.22 0.03

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: Cr
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3.4.2. Metabolite Ratio 

NAA/Cr ratio was investigated by 3 studies (# 11, 14, 20) and the analysis did 

not reveal a significant effect (ES= -0.28, p=0.09, I2= 22.05%) (Supplementary Material 

E). 

3.5. Review of other findings 

Unfortunately, for other brain regions, our literature search did not return a 

sufficient number (at least three) of comparable studies for inclusion in our meta-

analysis. However, the studies that did meet our criteria are summarized below. 

Hippocampus: Didic et al., 2010 reported reduced NAA/mI ratio in the left 

hippocampus. Occipital region: # 11 did not find any significant difference between 

MCI and control groups while # 17 found decreased NAA and NAA/Cr levels that were 

predictive of progression to dementia. # 26 examining concentrations did not find any 

difference, while # 22 studied the white matter in the occipital region and also did not 

report any significant difference between the controls and MCI groups. Frontal region : 

Siger and colleagues did not find any significant difference using MVS (Siger et al., 

2009) but decreased NAA and NAA/Cr were reported in the left prefrontal cortex by # 

14, while # 3 reported reduced Cho levels in the right prefrontal cortex. Entorhinal 

Cortex: # 22 reported reduced NAA/Cr levels, which were also found to be predictive of 

progression to AD. Thalamus, Lentiform Nucleus & Anterior Cingulate Cortex: No 

differences were found between controls and MCI in the thalamus or lentiform nucleus 

in study # 22 and in the anterior cingulate in a separate study (Lim et al., 2012a). 

Whole brain: Falini et al., 2005 found whole brain NAA concentration to be reduced in 

MCI subjects and this level was in between those seen in control and AD subjects. 

3.6. Longitudinal Studies 

We identified 10 longitudinal studies during the search process for the meta-

analysis. However, these studies differed in the areas assessed as well the methods 

used to analyze the data. As a result, a comparative meta-analysis of these studies was 

not possible. The findings of the individual studies are summarized in Table 4. The most 

common finding was a decrease in the NAA/Cr ratio and NAA concentration, which 

were reduced at baseline in MCI subjects who progressed to AD as compared to those 

who remained stable. This difference was seen in multiple brain areas including the 

posterior cingulate, paratrigonal white matter, and entorhinal cortex (Metastasio et al., 

2006; Seo et al., 2012; Walecki et al., 2011). A lower baseline value has also been 

shown to be predictive of MCI (Kantarci et al., 2009; Modrego et al., 2011). Studies 

have also reported that NAA/Cr ratio as well as NAA concentration in MCI show a faster 

rate of decline in subjects who progress to AD (Kantarci et al., 2007a; Pilatus et al., 

2009). This decline was also correlated to the decline in MMSE scores, which is a 
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measure of global cognitive function (Pilatus et al., 2009). Lower levels of NAA were 

also found in the left frontal lobe and left temporal lobe in subjects who showed 

greater deterioration (Walecki et al., 2011). 

The results in choline were not consistent across studies. Cho/Cr ratios were 

seen to decline faster in the PC of stable aMCI subjects, compared to subjects who 

converted to AD and cognitively normal elderly (Kantarci et al., 2007a). This finding was 

supported by another study that found higher Cho/Cr in PC at baseline in converters as 

compared to stable MCI subjects (Rami et al., 2007a). However, one study reported 

conflicting findings with higher Cho/Cr at baseline in stable MCI subjects compared to 

those who progress to AD (Walecki et al., 2011). Walecki and colleagues reported 

conflicting results in different brain areas, finding lower mI/H20 in the left frontal lobe 

in progressive MCI as compared to stable MCI, but higher mI/Cr in the left external 

temporal lobe in stable MCI as compared to subjects who converted to AD (Walecki et 

al., 2011). mI, considered to be a marker of glial activity, is thought to increase with the 

severity of dementia. Further, Cr concentrations were found to decline at a faster rate 

in progressive MCI subjects compared to stable MCI and controls (Pilatus et al., 2009). 

Finally, NAA/mI was found to be lower in the occipital lobe in converters as compared 

to non-converters, and lower levels of glutamate were seen in subjects who progressed 

to AD as compared to those who showed progression but not sufficient to develop AD 

(Walecki et al., 2011). 

Table 4. Longitudinal Studies of MRS in MCI 

Study Sample 

size 

Follow 

up 

period 

No. of 

Converters 

at follow 

up 

Brain 

area 

Findings 

Kantarci 

2007a 

C=88, 

aMCI=49, 

AD=60 

13 

months 

18/49 PC Larger decline [APC] in 

Cho/Cr in s-aMCI. 

Larger decline in  

NAA/Cr aMCI and AD vs 

controls  

Kantarci 

2009 

MCI=151 3 yrs 75/151 PC Lower baseline NAA/Cr  

is predictor 

  

 

Metastasio 

2006 

C=29, 

aMCI=25 

1 yr 5/25 PWM Lower baseline NAA/Cr 

ratio in p-MCI vs s-MCI 

and between p-MCI 
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and controls in the L-

PWM 

Modrego 

2005 

C=20, 

aMCI=53 

3 yrs     

(half 

yearly) 

29/53 Hip,  

Parietal 

Cortex, 

Occipital 

Cortex 

Lower baseline NAA/Cr 

and NAA/mI in p-aMCI 

vs s-aMCI in Occipital 

lobe and is predictive 

of progression  

Modrego 

2011 

C=35 

MCI=71 

2yr 27/71 PC, 

Med 

Occ 

Lower NAA/Cr in PC 

and occipital lobe (and 

NAA) is predictive of 

progression 

 

Olson 

2008 

C=24, 

aMCI=47 

11.56 

months 

4/47 PC Report a typical & 

atypical MCI profile 

Pilatus 

2008 

C=12, 

MCI=15 

3.4 yrs 6/15 PC,  

PWM 

Larger decline [APC] in 

NAA  and Cr in PC and 

NAA in PWM in p-MCI. 

Change in NAA 

correlates  to change in 

MMSE 

Rami 

2007a 

C=27, 

aMCI=14, 

ProAD=28, 

PrdAD=31 

1 yr 3/15 PC, 

LT pole, 

LT 

parietal 

Higher baseline Cho/Cr 

in PC of p- aMCI 

Seo 2011 C=11 

aMCI=13 

3 yrs 7/13 ERC, 

Hip, PC, 

Occipital 

White 

Matter 

Lower baseline NAA/Cr 

ratios in the entorhinal 

cortex in p-aMCI 

Walecki 

2011 

MCI=31 3 yrs 10/31 AD 

13/31 

pMCI 

MTL, 

ExTL 

Frontal 

lobe 

Baseline: L-frontal 

lobes: lower  mI/ H2O in 

p-MCI vs s-MCI  lower 

NAA/Cr in AD vs p-MCI.  

L-external temporal 

lobe: lower NAA/H2O in 

p-MCI vs s-MCI 

R-external temporal 

lobe: higher Cho/Cr  in 

s-MCI vs AD and higher 
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mI/Cr on the left side  

R-medial temporal lobe 

higher Glx/ in p-MCI vs 

AD  

Sample size: No. of subjects with MRS scan, C: Controls, MCI: Mild Cognitive 

Impairment, AD: Alzheimer’s Disease 

ERC: entorhinal cortex, Hip: hippocampus, PC: posterior cingulate, PGM: mid parietal 

gray matter (Posterior cingulate), PWM: paratrigonal white matter, LT pole = left 

temporal pole,  LT parietal = left temporal/parietal cortex  

APC: annualized percent change, MMSE: Mini Mental State Examination 

s-aMCI: stable amnestic MCI, p-aMCI: progressive amnestic MCI, ProAD: Probable AD, 

PrdAD: Prodromal AD 

4. Discussion 

This meta-analysis revealed a number of key findings. First, there was a 

significant decrease in NAA/Cr ratio in the posterior cingulate and hippocampus in MCI 

subjects when compared to controls. In addition, a decrease in the absolute 

concentration of NAA was also seen in the posterior cingulate, hippocampus, and 

PWM. The mI/Cr ratio was raised only in the hippocampus. The concentration of mI 

was raised in the posterior cingulate but not in the hippocampus or PWM. Analysis for 

NAA/mI ratio could only be performed in the PC and this ratio was found to be 

reduced. A more complex picture emerged from the findings for choline. Cho/Cr ratio 

was raised in the PC and Cho concentration was decreased in the hippocampus. Finally, 

creatine concentration was found to be decreased in the hippocampus and PWM. 

4.1. Further support for MRS biomarkers 

NAA has important and diverse roles in the nervous system ranging from 

myelination, aspartate transport and perhaps also in osmoregulation. The production 

of NAA is correlated with mitochondrial function and therefore is thought to play a role 

in neuroenergetics (Moffett et al., 2007). Reductions in NAA are seen in a variety of 

disorders such as neurodegenerative diseases, schizophrenia, epilepsy, and multiple 

sclerosis. In reversible brain insults such as hypoxia and Traumatic Brain Injury, NAA 

levels were found to be a sensitive predictor for recovery and can regain normal levels 

in the absence of permanent damage (De Stefano et al., 1995; Signoretti et al., 2001). 

These observations have led to the use of NAA as a biomarker for neuronal density and 

function. In dementia, studies reported NAA values to decrease in AD patients and the 

values in MCI subjects were in between that of healthy subjects and AD patients 

(Kantarci et al., 2000; Catani et al., 2001). NAA may also be predictive of further 

progression to dementia with significantly lower levels of NAA seen in subjects who 
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convert to dementia compared to those who do not convert to dementia (Modrego et 

al., 2005). Our results also show decreases in the posterior cingulate and hippocampus 

in both the NAA ratio and concentration, as well as decreased NAA concentration in 

the PWM. As such, these findings support the role of reduced NAA as a biomarker for 

the diagnosis of MCI. 

Myo-inositol (mI) is thought to be a marker of glial activity. Early studies of 

MRS in MCI found an increase in mI/Cr with no decrease in NAA/Cr levels (Kantarci et 

al., 2000). The same group also reported that mI/Cr levels correlated to the likelihood 

of AD stages, neuritic plaques and neurofibrillary tangles in a histopathological study of 

metabolites in MCI. The decrement in NAA/Cr was not found to be significantly 

correlated to the early pathological stages of AD. These findings led to the suggestion 

that mI changes precede NAA changes in dementia (Kantarci et al., 2008b). Our results 

indicate that the increase in mI is not uniform in mI/Cr ratio and mI concentrations in 

the regions under study. The absolute concentration of mI was found to be raised only 

in the PC and not in the hippocampus or PWM. In contrast, the mI/Cr ratio was raised 

in the hippocampus but not in the PC and PWM. Our results also show smaller effect 

sizes for the changes in mI as compared to that in NAA. These results may therefore 

call into question whether mI changes are more central to MCI than other metabolite 

markers. The decline in NAA seems to be larger and could also be interpreted as 

preceding the rise in mI. In other words, neuronal function may be affected at an 

earlier stage and the activation of glial cells is more likely to be a later event in the 

pathological sequence. Alternatively, it may also be possible that a decrease in Cr levels 

affects the mI/Cr ratio, thus leading to the inconsistent results. In addition, MCI 

subjects are known to be a heterogeneous cohort with respect to cause and severity of 

the disease, thereby affecting the consistency of results across studies. Longitudinal 

studies with multiple MRS measurements will yield the necessary information to 

analyze differences in time course of affected metabolites. Below, these considerations 

are discussed in more detail. 

The NAA/mI ratio is considered to combine additive changes in each of the 

two metabolites, thus yielding a larger collective change. As this ratio was shown to 

have the largest change, it has been considered as the most robust marker reflecting 

disease severity (Kantarci et al., 2008b). In our meta-analysis, we could analyze NAA/mI 

ratio only in the PC, as an insufficient number of studies reported NAA/mI ratio in the 

other brain areas. The result showed a significant decrease in NAA/mI with an effect 

size that was larger than that of NAA or mI measures, although this finding was 

associated with a high heterogeneity. More studies are needed in order to investigate 

moderating factors of this heterogeneity. 
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A small number of studies reported MRS changes specifically in non-AD 

dementias suggesting a decrease in NAA/Cr in the white matter in vascular dementia 

(VaD), frontotemporal dementia (FTD), dementia with Lewy bodies (DLB), and in VaD 

and FTD, but not in DLB in the PC. mI/Cr was raised in FTD but not in VaD and DLB 

(Kantarci, 2007b, Shiino et al., 2012). These results suggest that MRS may be capable of 

distinguishing the type of dementia. In MCI subtypes, however, limited studies using 

diverse definitions of MCI reported inconsistent results (Fayed 2008, Kantarci, 2008a). 

The heterogeneous nature of MCI is also seen in neuropathology. Though a majority of 

MCI patients show AD type pathology, a substantial number also have non-AD 

pathology of which cerebrovascular disease is the most common (Markesbery, 2010). 

The presence of overlapping pathologies perhaps make disease specific changes 

difficult to identify with MRS. Moreover, no MRS marker or a combination of markers 

have been identified to reliably identify VaD, FTD or DLB. 

The subgroup analysis limited to studies including amnestic MCI subjects 

showed similar results in terms of effect size and heterogeneity, with the exception of 

NAA/mI ratio in the PC where the ratio was no longer significantly different between 

the two groups. The similarity in the two analyses can be attributed to the 

preponderance of the same aMCI studies in both analyses. Due to lack of studies 

specifically including naMCI subjects, it was not possible to contrast  MRS findings in 

aMCI with naMCI. More studies specifically including naMCI subjects could elucidate 

differences in the two groups. In addition, approximately 30% of aMCI patients are also 

known to have non-AD type pathology (Jicha et al., 2006) and this may also contribute 

to the similar metabolite picture in the analysis of aMCI studies. 

4.2. Choline levels 

The findings with respect to choline levels in MCI subjects were less 

consistent. As discussed above, measures of NAA were seen to be consistently 

decreased and measures of mI were mostly raised in MCI subjects compared to 

controls, although these changes were not significant in all regions under study. In 

contrast, Cho/Cr ratio was found to be raised in the PC, while the Cho concentration 

was reduced in the hippocampus, and no differences were seen in the PWM. Choline is 

thought to reflect membrane integrity (Klein, 2000) and was raised in AD subjects 

compared to controls (Kantarci et al., 2000). In a later study, lower Cho levels were 

reported in subjects who did not progress to AD when compared to MCI patients who 

developed AD. Compensatory mechanisms that were not well understood were 

thought to underlie these observations (Kantarci et al., 2007a). In addition, Cho/Cr 

levels are also reported to be raised in the PC in DLB and FTD and reduced in the white 

matter in DLB and FTD while remaining unaffected in VaD (Kantarci, 2007b). 
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These findings along with the results of our meta-analysis may be better 

explained by studies in Choline Acetyltransferase (ChAT), the enzyme that produces 

acetylcholine from substrates of choline such as Glycerophosphocholine and 

Phosphocholine (Klein, 2000). Ikonomovic and colleagues classified participants in four 

groups who were clinically diagnosed as No Cognitive Impairment (NCI), MCI, mild-to-

moderate AD and severe AD. Post mortem, participants in each group were assigned a 

Braak stage according to the neuropathological criteria of Braak (Ikonomovic et al., 

2003). The ChAT activity in the hippocampus was then measured and it was found that 

only MCI subjects in Braak stage III/IV (entorhinal/hippocampal stage) had raised ChAT 

activity. This upregulation of ChAT was absent in participants with NCI or with AD. In 

this context, it seems that ChAT upregulation occurs to compensate for lower 

acetylcholine levels in the hippocampus of MCI subjects. Our finding of reduced Cho 

levels in the hippocampus of MCI subjects may thus be due to the utilization of the 

substrates of choline (Glycerophosphocholine and Phosphocholine) caused by the 

increased activity of ChAT. Alternatively, the reduced Cho signal may also be correlated 

with reduced acetylcholine levels (Wang, X.C. et al., 2008). Further research is 

necessary on this topic. In a later study, the same group also found that ChAT activity in 

the precuneus remains stable in spite of increasing amyloid burden, showing a decline 

only with progression to more advanced stages of AD (Ikonomovic et al., 2011). A voxel 

size of 8mL that was used to assess the PC region in the studies included in our meta-

analysis also partly contains the precuneus region. Hence, considering ChAT activity to 

remain stable in MCI, our finding of unchanged Cho concentration in the PC of MCI 

subjects indicates that despite neuronal function being affected, membrane turnover is 

not raised. 

In conclusion, the reduced Cho levels in the hippocampus of MCI subjects may 

reflect a compensatory mechanism of increased ChAT activity necessitated by reduced 

cholinergic input, while neuronal membranes in the PC remain stable in the MCI stage. 

In addition, this interpretation also indicates that the Cho signal in MRS may reflect 

changes in ChAT activity as well as membrane turnover. 

4.3. A Creatine Confound? 

Because determining the absolute concentration of metabolites from MRS 

results is technically difficult, this is commonly overcome by expressing the metabolites 

as a ratio to Cr. However, this requires the assumption that Cr concentration remains 

constant. Although our findings are based on a limited number of studies, they cast 

doubt whether this is always a valid assumption to make. Although not significant in 

the PC, we found that subjects with MCI had a decreased Cr concentration in the 

hippocampus as well as in the PWM region. In other words, both in the gray as well as 

in the white matter regions of the brain, the Cr concentration was not constant. This is 
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in line with a previous study by Kreis et al., 1993 who also reported variable Cr levels. In 

addition, it has been shown that measurements of metabolite ratios suffer from higher 

variability as compared to metabolite concentrations (Li, B.S. et al., 2003). Metabolite 

concentrations have also been shown to be more discriminative than metabolite ratios 

in differentiating neurological disorders (Watanabe et al., 2008). 

Taken together, these findings indicate that the metabolite ratios may not 

accurately reflect the underlying biological process, and thus urge for caution in the 

interpretation of the findings of the metabolite ratios in the meta-analyses. 

Reassuringly though, the direction of change in metabolite ratios was largely the same 

as that in the corresponding concentrations in the brain areas under study. Yet, it is 

important to note that since a change in both the numerator and denominator 

contribute to the change in a ratio, subtle biological changes may have been 

obfuscated. Although quantitation methods such as the use of an external phantom or 

water as an internal reference are also considered to have intrinsic shortcomings 

(Alger, 2010), quantitation of metabolites may be preferable over the use of ratios, as 

it can potentially reveal more subtle differences and may be the more reliable 

measure. 

4.4. Towards an earlier diagnosis of MCI 

In our meta-analysis we found similar changes in metabolites in the posterior 

cingulate, hippocampus, and paratrigonal white matter, which may indicate that 

similar pathological, possibly concurrent changes occur in different brain regions. As 

discussed above, histopathologic studies show that changes in AD first originate in the 

Entorhinal cortex and then progress to the hippocampus, the subcortical areas and 

finally to isocortical areas (Braak and Braak, 1991). Kantarci and colleagues also 

showed that these pathologic changes correlate with metabolite changes in MCI 

subjects in the posterior cingulate (Kantarci et al., 2008b). Further support is provided 

by the finding that whole brain NAA levels are reduced in MCI subjects compared to 

healthy controls in a MVS study (Falini et al., 2005). β amyloid, the toxic protein 

accumulating in the brains of AD patients, is present in high levels in MCI subjects (Jack 

et al., 2010). PiB imaging reveals a steep and rapid increase in concentration of Aβ early 

in the disease process, and is at a high plateau at the onset of the MCI stage (Quigley et 

al., 2011). For anti-amyloid interventions to be effective, this stage may be too late 

(Rabinovici and Jagust, 2009). 

As the underlying pathology appears to be widespread, it may be possible to 

identify subjects at a pre-clinical stage when metabolite alterations may be localized. 

This hypothesis was tested by Seo and colleagues finding decreased NAA/Cr in the 

entorhinal cortex with no changes in the hippocampus, posterior cingulate, or occipital 

white matter in aMCI subjects compared to controls (Seo et al., 2012), caution is 
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needed, though, with regard to conclusions regarding spatial specificity for adjacent 

regions such as hippocampus and entorhinal cortex, as it is not always possible to 

position a voxel entirely within the boundaries of one brain region. Other studies also 

find differences in the symptom profile of ‘pre-MCI’ subjects compared to normal 

controls and MCI subjects (Duara et al., 2011; Chao et al., 2010; Storandt et al., 2006). 

In these studies, ‘pre-MCI’ was defined as the presence of impaired cognition that does 

not satisfy the criteria for MCI. Metabolite evaluations have not yet been reported in 

such pre-MCI subjects with some cognitive decline, but the results of our meta-analysis 

and other studies suggest that significant differences may indeed be found. It must be 

noted that the spectroscopic analyses of the hippocampus and entorhinal cortex are 

technically more difficult due to small volume, irregular shape, and presence of 

cerebrospinal fluid and bone in the vicinity. However, recent advances have allowed for 

smaller voxel sizes, simultaneous acquisition of spectrum from both hemispheres and 

more accurate post processing, enabling greater assessment accuracy for small regions 

of interest. Our results indicate the importance of formally defining a ‘pre-MCI’ stage to 

foster research towards the earlier detection of cognitive decline. 

A fall in cognitive performance is a definite indicator of the onset of 

dementia. Studies show that having lower levels of NAA/Cr and NAA is a predictor of 

subsequent cognitive decline (Kantarci et al., 2009; Modrego et al., 2011). Studies also 

find that subjects showing greater changes in metabolite values show greater cognitive 

decline (Olson et al., 2008; Pilatus et al., 2009). Studies also show that metabolite 

values in MRS correlate to cognitive tests in MCI (Kantarci et al., 2002a; Watanabe et 

al., 2012). These findings - along with the results of the meta-analyses - support the 

development of a role for MRS such that it can ultimately contribute to the early 

diagnosis of dementia and subsequent monitoring of patients. 

4.5. Limitations 

There are a number of limitations to the current meta-analysis that are 

appropriate to consider when interpreting the results. First, as the number of studies 

with MRS in MCI are limited, many individual meta-analysis included a relatively small 

number of studies. Also, heterogeneity was found to be significant for many results, 

and we were unable to perform any moderator analysis to detect any systematic 

effects on heterogeneity. However, we speculate that a significant amount of 

heterogeneity may have been due to the heterogeneous cohort of subjects who are 

diagnosed as suffering from MCI.  

Indeed, the etiology of MCI is recognized to be diverse, and MCI may precede 

various forms of dementia. A small part of this cohort also suffers from psychiatric 

disorders, whereas the cognition of others may fully return to normal levels. Second, it 

is known that the inclusion criteria used for the diagnosis of MCI by different studies 
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tend to vary, leading to divergence in the studied population. A third factor that may 

contribute to the heterogeneity arises from the differences in acquisition parameters 

that were used in the various studies. MRS measurements are known to be influenced 

by multiple parameters, such as the sequence used, voxel size and location, the TR/TE 

used for acquisition as well as the post-processing methods. Variations in these 

parameters between studies may also have contributed to disparities in the results. To 

summarize, the combination of mixed pathology and non-uniform inclusion criteria 

may have led to a heterogeneous MCI cohort. Together with the use of differential 

acquisition parameters, this may indeed have contributed to heterogeneity in the 

meta-analyses. Nevertheless, a number of consistent findings emerged from the meta-

analysis, which can yield insight into changes characteristic of MCI. 

Finally, we were unable to assess the prognostic value of MRS metabolites 

due to a lack of sufficient studies with similar methodology. The results of the few 

published longitudinal studies show that MRS metabolites, especially NAA/Cr, may be 

sensitive and specific in predicting progression to dementia. These findings suggest 

that MRS could ultimately be developed to be an important clinical tool to predict and 

monitor MCI patients. However, more longitudinal studies are necessary to establish 

criteria for such use. 

4.6. Conclusion 

In conclusion, the results from the meta-analysis revealed robust metabolite 

changes in the posterior cingulate, hippocampus, and the paratrigonal white matter in 

patients with MCI. N-Acetyl Aspartate may be the most reliable marker for the 

differentiation of MCI subjects from healthy elderly, though myo-inositol, choline, and 

creatine may also contribute towards the diagnosis. The use of metabolite 

quantitation, rather than metabolite ratios, may improve the reliability of MRS for this 

purpose. Finally, we suggest that the potential of MRS has not been fully explored and 

future studies could contribute to standardizing MRS techniques for wider application. 
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Supplementary Material 

SI A] Example Calculation for Effect size (Hedges’ g) and heterogeneity (I2) 

An example is presented using data from Paratrigonal white matter NAA/Cr ratio 

Table A: Raw data for Paratrigonal White Matter: NAA/Cr 

Study name Xc sdc nc Xe sde ne 

Ackl et al 2005 1.44 0.18 22 1.50 0.19 19 

Catani et al 2001 1.68 0.11 11 1.59 0.11 11 

Metastasio et al 2006 1.63 0.16 29 1.60 0.13 25 

Yang et al 2012 1.53 0.30 15 1.31 0.25 14 

Zhang et al 2012 1.95 0.48 13 1.78 0.73 14 

Xc: Mean of control group, sdc: standard deviation of control group, nc: sample size of 

control group 

Xe: Mean of experimental group, sde: standard deviation of experimental group, ne: 

sample size of control group 

Calculated example for study of Ackl et al 2005 

Step 1) Standardized Mean Difference (SMD) = 𝑋𝑒 −𝑋𝑐
𝑠𝑝

 = 
1.50 −1.44

0.185
= 0.324 

 where Xe is the mean value of the experimental group (i.e. MCI group) and Xc 

is the mean of the control group. 

 Pooled standard deviation (𝑠𝑝) = √
(𝑛𝑒−1)𝑠𝑒

2+ (𝑛𝑐−1)𝑠𝑐
2

𝑛𝑒 + 𝑛𝑐 − 2
 = √

(19−1)0.192+ (22−1)0.182

19+22 − 2
 

= 0.185 

Step 2) Variance (V) =  
𝑛𝑐+𝑛𝑒

𝑛𝑐∗𝑛𝑒
+  

𝑆𝑀𝐷2

2(𝑛𝑐+𝑛𝑒)
 = 

22+19

22∗19
+  

0.322

2(22+19)
= 0.0993 

Step 3) Correction Factor (J) = 1-
3

4𝑑𝑓−1
 , where df=degrees of freedom 

 J = (1 −  
3

4∗𝑑𝑓−1
) = (1 −  

3

4∗39−1
) = 0.981 

Step 4) Therefore, corrected effect size for Ackl et al 2005 is 

 Hedges’ g = J * SMD = 0.981 * 0.324 = 0.318 

 Within Study Variance (Vg) = J2 * V = 0.9624 * 0.0993 = 0.0956  

 Weight (W) = 
1

𝑉𝑔
 = 

1

0.0956
 = 10.46 

This procedure is repeated for the other studies and the values are shown in table 

below. 

 

Table B: Computations for Fixed effects 

Study name g Vg W W2 Wg Wg2 
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Ackl et al 2005 0.32 0.10 10.46 109.5 3.33 1.06 

Catani et al 2001 -0.79 0.18 5.48 30.07 -4.32 3.40 

Metastasio et al 2006 -0.21 0.07 13.74 188.90 -2.93 0.62 

Yang et al 2012 -0.81 0.14 7.08 50.16 -5.59 4.41 

Zhang et al 2012 -0.26 0.14 7.10 50.45 -1.88 0.50 

Sum ( ∑ )   43.88 429.07 -11.38 9.99 

g: Hedges’g for individual study; Vg: corrected variance; W: corrected weight  

Step 5) Calculate Between study variance (T2) = 
Q − df

𝐶
 

 where Q= ∑ 𝑊𝑔2 – (
(∑ 𝑊𝑔)

2

∑ 𝑊
) = 9.99 - 

129.504

43.88
 = 7.0387 

 Df = 4  

 C= ∑ 𝑊 – (
∑ 𝑊

2

∑ 𝑊
) = 43.88 - 

429.07

43.88
 = 34.102 

Therefore, T2 = 
7.039 − 4

34.102
 = 0.0891 

Step 6) For Random Effects model  

 Weight (Wt) = 
1

𝑉𝑡
 = 

1

𝑉𝑔 + 𝑇2
= 

1

0.0956+0.0891
= 

1

0.1847
= 5.4142 

 where Vt is the total variance, Vt = Vg + T2 

Table C: Computations for Random Effects 

Study name g Vg T2 Vt Wt gWt 

Ackl et al 2005 0.32 0.10 0.09 0.18 5.41 1.72 

Catani et al 2001 -0.79 0.18 0.09 0.27 3.68 -2.90 

Metastasio et al 2006 -0.21 0.07 0.09 0.16 6.17 -1.31 

Yang et al 2012 -0.81 0.14 0.09 0.23 4.34 -3.43 

Zhang et al 2012 -0.26 0.14 0.09 0.23 4.35 -1.15 

Sum ( ∑ )     23.96 -7.07 

g: Hedges’ g for individual study; Vg: corrected within study variance; T2= Between 

study variance; Vt: total variance; Wt: weight for random effects model 

Step 7) Summary Effect size (ES) = 
∑ 𝒈𝑾𝒕

∑ 𝑾𝒕
) =  

−𝟕.𝟎𝟕

𝟐𝟑.𝟗𝟔
 = -0.29   

 Variance = 
1

∑ 𝑊𝑡
= 0.04;  Standard Error (SE) = √Variance = 0.20;  Z = 

𝐸𝑆

SE
 = -1.44 

Step 8) Heterogeneity (I2) = (
𝑸−𝒅𝒇

𝑸
) ∗ 𝟏𝟎𝟎 =  

𝟕.𝟎𝟑𝟗 − 𝟒

𝟕.𝟎𝟑𝟗
∗ 𝟏𝟎𝟎 = 𝟒𝟑. 𝟐𝟎 % 

 

For further details on methodology, please refer to 
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Borenstein, M., Hedges, L.V., Higgins, J.P.T., Rothstein, H.R.,2009. Introduction to 

Meta-Analysis. 

John Wiley & Sons, Ltd. ISBN: 978-0-470-05724-7 

 

 

SI B] Posterior Cingulate: Metabolite changes in MCI subjects compared to healthy 

controls 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Chao et al 2010 1.15 0.45 0.20 0.26 2.04 2.55 0.01

de Souza et al 2011 0.16 0.35 0.13 -0.53 0.86 0.46 0.64

Griffith et al 2010 0.76 0.25 0.06 0.28 1.24 3.07 0.00

Kantarci et al 2007a 0.85 0.19 0.03 0.49 1.22 4.59 0.00

Lim et al 2012a 0.23 0.31 0.09 -0.37 0.82 0.74 0.46

Modrego et al 2011 -0.54 0.21 0.04 -0.94 -0.13 -2.57 0.01

Olson et al 2008 0.56 0.25 0.06 0.07 1.06 2.22 0.03

Rami et al 2007b 0.12 0.27 0.07 -0.40 0.65 0.46 0.65

Santos et al 2008 -0.20 0.35 0.13 -0.90 0.49 -0.57 0.57

Wang T et al 2012 0.48 0.22 0.05 0.04 0.91 2.15 0.03

Wang Z et al 2009 -0.22 0.35 0.12 -0.90 0.45 -0.64 0.52

Yang et al 2012 0.80 0.38 0.14 0.06 1.54 2.13 0.03

Zimny et al 2011 -0.65 0.33 0.11 -1.31 0.00 -1.96 0.05

0.26 0.16 0.02 -0.04 0.57 1.68 0.09

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: mI/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Chao et al 2010 -1.79 0.50 0.25 -2.77 -0.82 -3.61 0.00

Kantarci et al 2002b -0.67 0.24 0.06 -1.15 -0.19 -2.74 0.01

Modrego et al 2011 0.51 0.21 0.04 0.10 0.92 2.46 0.01

Olson et al 2008 -0.82 0.26 0.07 -1.33 -0.32 -3.19 0.00

Santos et al 2008 0.39 0.36 0.13 -0.31 1.08 1.09 0.28

Wang T et al 2012 -1.10 0.23 0.06 -1.56 -0.64 -4.67 0.00

Yang et al 2012 -2.24 0.47 0.22 -3.15 -1.32 -4.80 0.00

-0.76 0.34 0.12 -1.44 -0.09 -2.21 0.03

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: NAA/mI
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Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

de Souza et al 2011 0.79 0.36 0.13 0.08 1.51 2.17 0.03

Wang Z et al 2009 -0.08 0.34 0.12 -0.76 0.59 -0.24 0.81

Zimny et al 2011 -0.63 0.33 0.11 -1.29 0.02 -1.90 0.06

0.02 0.41 0.17 -0.79 0.82 0.04 0.97

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: mI/NAA

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Modrego et al 2011 -0.61 0.21 0.04 -1.02 -0.20 -2.91 0.00

Olson et al 2008 -0.81 0.26 0.07 -1.31 -0.30 -3.14 0.00

Pilatus et al 2009 -0.89 0.39 0.16 -1.67 -0.12 -2.26 0.02

Rami et al 2007b -0.15 0.27 0.07 -0.68 0.37 -0.57 0.57

Watanabe et al 2010 -0.64 0.20 0.04 -1.04 -0.24 -3.13 0.00

Yang et al 2012 -1.00 0.38 0.15 -1.76 -0.25 -2.61 0.01

-0.63 0.11 0.01 -0.84 -0.42 -5.95 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: NAA

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Fayed et al 2011 0.52 0.23 0.05 0.07 0.98 2.25 0.02

Olson et al 2008 0.25 0.25 0.06 -0.24 0.74 1.01 0.31

Pilatus et al 2009 -0.16 0.38 0.14 -0.90 0.57 -0.44 0.66

Rami et al 2007b 0.55 0.27 0.07 0.01 1.09 2.01 0.04

Watanabe et al 2010 0.30 0.20 0.04 -0.09 0.70 1.51 0.13

Yang et al 2012 0.87 0.38 0.14 0.12 1.61 2.29 0.02

0.39 0.11 0.01 0.18 0.60 3.60 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: mI
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Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Fayed et al 2011 0.07 0.23 0.05 -0.37 0.52 0.33 0.74

Olson et al 2008 0.16 0.25 0.06 -0.33 0.64 0.62 0.53

Pilatus et al 2009 -0.28 0.38 0.14 -1.02 0.46 -0.73 0.46

Rami et al 2007b 0.55 0.27 0.07 0.02 1.09 2.03 0.04

Watanabe et al 2010 -0.14 0.20 0.04 -0.53 0.25 -0.69 0.49

Yang et al 2012 0.24 0.36 0.13 -0.47 0.95 0.66 0.51

0.09 0.11 0.01 -0.12 0.30 0.83 0.41

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Cho

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Olson et al 2008 -0.37 0.25 0.06 -0.86 0.12 -1.48 0.14

Pilatus et al 2009 -0.47 0.38 0.15 -1.22 0.28 -1.23 0.22

Rami et al 2007b -0.13 0.27 0.07 -0.65 0.40 -0.47 0.64

Watanabe et al 2010 0.00 0.20 0.04 -0.39 0.39 0.00 1.00

Yang et al 2012 -0.51 0.37 0.13 -1.23 0.21 -1.39 0.16

-0.21 0.12 0.01 -0.45 0.02 -1.77 0.08

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Fayed et al 2011 0.04 0.23 0.05 -0.41 0.49 0.17 0.87

Olson et al 2008 -0.23 0.25 0.06 -0.72 0.26 -0.92 0.36

Pilatus et al 2009 -0.37 0.38 0.14 -1.11 0.38 -0.96 0.33

-0.13 0.15 0.02 -0.43 0.17 -0.85 0.40

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Glx
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SI C] Hippocampus: Metabolite changes in MCI subjects compared to healthy controls  

 

 

 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Ackl et al 2005 -0.35 0.34 0.12 -1.03 0.32 -1.03 0.30

Franczak et al 2007 1.12 0.62 0.39 -0.10 2.35 1.80 0.07

WangT et al 2012 0.58 0.22 0.05 0.14 1.02 2.60 0.01

WangZ et al 2009 0.98 0.37 0.13 0.27 1.70 2.69 0.01

Zhang et al 2009 1.38 0.42 0.17 0.56 2.20 3.31 0.00

Chantal et al 2004 0.24 0.37 0.14 -0.48 0.96 0.65 0.52

0.60 0.25 0.06 0.12 1.09 2.43 0.02

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: mI/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Franczak et al 2007 -0.83 0.60 0.36 -2.01 0.34 -1.39 0.17

Seo et al 2012 -0.13 0.40 0.16 -0.91 0.64 -0.34 0.74

WangT et al 2012 -0.07 0.22 0.05 -0.50 0.36 -0.32 0.75

WangZ et al 2009 -0.26 0.35 0.12 -0.94 0.42 -0.75 0.45

Chantal et al 2004 -0.23 0.37 0.14 -0.95 0.49 -0.62 0.54

-0.19 0.15 0.02 -0.48 0.11 -1.25 0.21

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: Cho/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Ackl et al 2005 0.10 0.34 0.12 -0.57 0.77 0.30 0.76

Franczak et al 2007 1.74 0.69 0.48 0.38 3.09 2.51 0.01

WangZ et al 2009 2.13 0.44 0.19 1.28 2.99 4.90 0.00

Jessen et al 2009 -0.11 0.19 0.04 -0.49 0.27 -0.56 0.57

0.88 0.55 0.30 -0.20 1.95 1.60 0.11

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: mI/NAA
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SI D] Paratrigonal White Matter: Metabolite changes in MCI subjects compared to 

healthy controls 

 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.56 0.27 0.07 -1.10 -0.03 -2.07 0.04

Franczak et al 2007 -1.46 0.66 0.43 -2.75 -0.17 -2.22 0.03

Watanabe et al 2010 -1.07 0.21 0.05 -1.49 -0.65 -4.99 0.00

Rupsingh et al 2011 0.00 0.38 0.14 -0.74 0.74 0.00 1.00

Jessen et al 2009 -0.30 0.18 0.03 -0.65 0.05 -1.69 0.09

-0.60 0.22 0.05 -1.03 -0.17 -2.72 0.01

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: NAA

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.03 0.27 0.07 -0.55 0.50 -0.10 0.92

Franczak et al 2007 1.28 0.64 0.41 0.03 2.54 2.01 0.04

Watanabe et al 2010 0.13 0.20 0.04 -0.27 0.52 0.63 0.53

Jessen et al 2009 -0.17 0.20 0.04 -0.57 0.23 -0.83 0.41

Rupsingh et al 2011 -0.61 0.37 0.13 -1.33 0.11 -1.66 0.10

-0.03 0.18 0.03 -0.37 0.32 -0.15 0.88

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: mI

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Ackl et al 2005 0.32 0.31 0.10 -0.29 0.92 1.03 0.30

Catani et al 2001 -0.79 0.43 0.18 -1.62 0.05 -1.84 0.07

Metastasio et al 2006 -0.21 0.27 0.07 -0.74 0.32 -0.79 0.43

Yang et al 2012 -0.79 0.38 0.14 -1.53 -0.05 -2.10 0.04

Zhang et al 2009 -0.26 0.38 0.14 -1.00 0.47 -0.71 0.48

-0.29 0.20 0.04 -0.70 0.11 -1.44 0.15

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: NAA/Cr



Chapter 2 
 

64 
 

 

 

 

 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Ackl et al 2005 0.13 0.31 0.09 -0.47 0.73 0.43 0.67

Catani et al 2001 2.34 0.54 0.29 1.28 3.40 4.32 0.00

Metastasio et al 2006 -0.09 0.27 0.07 -0.61 0.44 -0.32 0.75

Yang et al 2012 0.80 0.38 0.14 0.06 1.54 2.12 0.03

Zhang et al 2009 0.32 0.38 0.14 -0.42 1.06 0.85 0.39

0.60 0.34 0.12 -0.06 1.27 1.77 0.08

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: mI/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Catani et al 2001 -0.22 0.41 0.17 -1.02 0.59 -0.53 0.60

Metastasio et al 2006 -0.33 0.27 0.07 -0.86 0.20 -1.21 0.23

Yang et al 2012 -0.15 0.36 0.13 -0.86 0.56 -0.42 0.67

-0.25 0.19 0.04 -0.63 0.12 -1.33 0.18

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: Cho/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Pilatus et al 2009 -1.02 0.46 0.21 -1.92 -0.12 -2.23 0.03

Watanabe et al 2010 -0.87 0.21 0.04 -1.28 -0.46 -4.18 0.00

Yang et al 2012 -0.74 0.37 0.14 -1.48 -0.01 -1.99 0.05

-0.87 0.17 0.03 -1.20 -0.54 -5.12 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: NAA
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SI E] Temporal region: Metabolite changes in MCI subjects compared to healthy 

controls 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Pilatus et al 2009 0.34 0.43 0.19 -0.51 1.18 0.78 0.43

Watanabe et al 2010 -0.03 0.20 0.04 -0.42 0.36 -0.13 0.89

Yang et al 2012 0.53 0.37 0.14 -0.19 1.25 1.43 0.15

0.13 0.16 0.03 -0.19 0.46 0.82 0.41

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: mI

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Pilatus et al 2009 -0.60 0.44 0.19 -1.46 0.26 -1.38 0.17

Watanabe et al 2010 -0.60 0.20 0.04 -1.00 -0.20 -2.94 0.00

Yang et al 2012 0.38 0.36 0.13 -0.33 1.10 1.05 0.29

-0.30 0.32 0.10 -0.93 0.34 -0.92 0.36

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Paratrigonal White Matter: Cho

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Kantarci et al 2000 0.00 0.25 0.06 -0.49 0.49 0.00 1.00

Li et al 2010 -0.56 0.24 0.06 -1.04 -0.08 -2.29 0.02

Rami et al 2007b -0.28 0.27 0.07 -0.81 0.25 -1.04 0.30

-0.28 0.17 0.03 -0.61 0.04 -1.70 0.09

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Temporal Region: NAA/Cr
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SI F] Posterior Cingulate: Metabolite changes in aMCI subjects compared to healthy 

controls 

 

 

 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

de Souza et al 2011 -0.76 0.36 0.13 -1.47 -0.04 -2.08 0.04

Griffith et al 2010 -0.23 0.24 0.06 -0.70 0.24 -0.96 0.34

Kantarci et al 2007a -0.39 0.18 0.03 -0.74 -0.03 -2.14 0.03

Lim et al 2012a -0.71 0.31 0.10 -1.32 -0.09 -2.25 0.02

Modrego et al 2011 -0.30 0.21 0.04 -0.70 0.11 -1.44 0.15

Rami et al 2007b -0.14 0.27 0.07 -0.66 0.39 -0.50 0.61

Seo et al 2012 -0.41 0.40 0.16 -1.20 0.37 -1.03 0.30

Wang T et al 2012 -2.36 0.28 0.08 -2.92 -1.81 -8.35 0.00

Yang et al 2012 -1.54 0.41 0.17 -2.35 -0.73 -3.72 0.00

Zimny et al 2011 0.13 0.33 0.11 -0.50 0.77 0.41 0.68

-0.65 0.22 0.05 -1.09 -0.21 -2.91 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: NAA/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

de Souza et al 2011 0.16 0.35 0.13 -0.53 0.86 0.46 0.64

Griffith et al 2010 0.76 0.25 0.06 0.28 1.24 3.07 0.00

Kantarci et al 2007a 0.85 0.19 0.03 0.49 1.22 4.59 0.00

Lim et al 2012a 0.23 0.31 0.09 -0.37 0.82 0.74 0.46

Modrego et al 2011 -0.54 0.21 0.04 -0.94 -0.13 -2.57 0.01

Rami et al 2007b 0.12 0.27 0.07 -0.40 0.65 0.46 0.65

Wang T et al 2012 0.48 0.22 0.05 0.04 0.91 2.15 0.03

Yang et al 2012 0.80 0.38 0.14 0.06 1.54 2.13 0.03

Zimny et al 2011 -0.65 0.33 0.11 -1.31 0.00 -1.96 0.05

0.25 0.20 0.04 -0.13 0.63 1.29 0.20

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: mI/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Modrego et al 2011 0.51 0.21 0.04 0.10 0.92 2.46 0.01

Wang T et al 2012 -1.10 0.23 0.06 -1.56 -0.64 -4.67 0.00

Yang et al 2012 -2.24 0.47 0.22 -3.15 -1.32 -4.80 0.00

-0.90 0.74 0.55 -2.36 0.56 -1.20 0.23

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: NAA/mI



Chapter 2 
 

67 
 

 

 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

de Souza et al 2011 0.33 0.36 0.13 -0.37 1.03 0.93 0.35

Griffith et al 2010 0.55 0.24 0.06 0.07 1.02 2.25 0.02

Kantarci et al 2007a 0.81 0.19 0.03 0.45 1.18 4.39 0.00

Modrego et al 2011 -0.07 0.21 0.04 -0.47 0.33 -0.33 0.74

Rami et al 2007b 0.99 0.28 0.08 0.43 1.54 3.46 0.00

Seo et al 2012 -0.07 0.40 0.16 -0.85 0.70 -0.18 0.85

Wang T et al 2012 -0.13 0.22 0.05 -0.56 0.30 -0.58 0.56

Yang et al 2012 0.54 0.37 0.14 -0.18 1.26 1.46 0.14

Zimny et al 2011 0.16 0.33 0.11 -0.48 0.80 0.50 0.62

0.35 0.15 0.02 0.06 0.65 2.34 0.02

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Cho/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Modrego et al 2011 -0.61 0.21 0.04 -1.02 -0.20 -2.91 0.00

Rami et al 2007b -0.15 0.27 0.07 -0.68 0.37 -0.57 0.57

Watanabe et al 2010 -0.64 0.20 0.04 -1.04 -0.24 -3.13 0.00

Yang et al 2012 -1.00 0.38 0.15 -1.76 -0.25 -2.61 0.01

-0.57 0.14 0.02 -0.84 -0.29 -4.01 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: NAA

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Fayed et al 2011 0.52 0.23 0.05 0.07 0.98 2.25 0.02

Rami et al 2007b 0.55 0.27 0.07 0.01 1.09 2.01 0.04

Watanabe et al 2010 0.30 0.20 0.04 -0.09 0.70 1.51 0.13

Yang et al 2012 0.87 0.38 0.14 0.12 1.61 2.29 0.02

0.48 0.13 0.02 0.24 0.73 3.84 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: mI

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Rami et al 2007b -0.13 0.27 0.07 -0.65 0.40 -0.47 0.64

Watanabe et al 2010 0.00 0.20 0.04 -0.39 0.39 0.00 1.00

Yang et al 2012 -0.51 0.37 0.13 -1.23 0.21 -1.39 0.16

-0.12 0.15 0.02 -0.41 0.17 -0.82 0.41

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Cr
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SI G] Hippocampus: Metabolite changes in aMCI subjects compared to healthy 

controls

 

 

 

 

 

 

 

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Seo et al 2012 -0.41 0.40 0.16 -1.19 0.38 -1.02 0.31

WangT et al 2012 -0.23 0.22 0.05 -0.67 0.20 -1.06 0.29

Jessen et al 2009 0.24 0.19 0.04 -0.14 0.62 1.24 0.21

-0.06 0.20 0.04 -0.45 0.33 -0.31 0.76

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: NAA/Cr

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Fayed et al 2011 0.07 0.23 0.05 -0.37 0.52 0.33 0.74

Rami et al 2007b 0.55 0.27 0.07 0.02 1.09 2.03 0.04

Watanabe et al 2010 -0.14 0.20 0.04 -0.53 0.25 -0.69 0.49

Yang et al 2012 0.24 0.36 0.13 -0.47 0.95 0.66 0.51

0.13 0.15 0.02 -0.17 0.43 0.88 0.38

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Posterior Cingulate: Cho
Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.03 0.27 0.07 -0.55 0.50 -0.10 0.92

Watanabe et al 2010 0.13 0.20 0.04 -0.27 0.52 0.63 0.53

Jessen et al 2009 0.00 0.23 0.05 -0.45 0.45 0.00 1.00

0.05 0.13 0.02 -0.21 0.31 0.36 0.72

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: mI

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.56 0.27 0.07 -1.10 -0.03 -2.07 0.04

Watanabe et al 2010 -1.07 0.21 0.05 -1.49 -0.65 -4.99 0.00

Jessen et al 2009 -0.26 0.20 0.04 -0.64 0.12 -1.33 0.18

-0.63 0.26 0.07 -1.13 -0.12 -2.45 0.01

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: NAA
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Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.77 0.28 0.08 -1.32 -0.23 -2.80 0.01

Watanabe et al 2010 -0.43 0.20 0.04 -0.83 -0.03 -2.13 0.03

Jessen et al 2009 -0.25 0.20 0.04 -0.64 0.13 -1.28 0.20

-0.44 0.14 0.02 -0.71 -0.17 -3.18 0.00

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: Cho

Study name Statistics for each study Hedges's g and 95% CI

Hedges's Standard Lower Upper 
g error Variance limit limit Z-Value p-Value

Foy et al 2011 -0.81 0.28 0.08 -1.35 -0.27 -2.93 0.00

Watanabe et al 2010 -0.46 0.20 0.04 -0.86 -0.07 -2.29 0.02

Jessen et al 2009 -0.18 0.20 0.04 -0.56 0.21 -0.90 0.37

-0.44 0.17 0.03 -0.78 -0.11 -2.59 0.01

-2.00 -1.00 0.00 1.00 2.00

Decreases in MCI Increases in MCI

Hippocampus: Cr
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CHAPTER 3 

Apathy in people with amnestic mild cognitive 

impairment is associated with reduced choline and myo-

inositol in the right temporo-parietal cortex on 1H-MRS 
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Abstract 

Apathy is a common symptom in amnestic mild cognitive impairment (aMCI) patients. 

The neural substrates of apathy in aMCI may involve multiple brain regions, including 

the anterior cingulate cortex and the temporo-parietal region. Here we investigated 

proton magnetic resonance spectroscopy (1H-MRS) in brain regions that may underlie 

apathy in aMCI patients. Twenty-eight aMCI patients with varying degrees of apathy and 

20 matched controls completed neuropsychological assessments and 1H-MRS. Spectra 

were acquired from single voxels in the posterior cingulate cortex (PCC), dorsal anterior 

cingulate cortex (DACC), right dorsolateral prefrontal cortex (DLPFC), and right temporo-

parietal cortex (TPC). Spearman partial correlations between metabolite concentrations 

in each region and severity of apathy were determined. Additional analyses of 

covariance were performed to determine whether metabolite changes differed between 

patients with or without clinically diagnosed apathy. Degree of apathy was found to be 

negatively correlated with choline and myo-inositol (mI) in the TPC. Additional 

exploratory analyses suggested that N-acetyl aspartate (NAA)/mI was reduced in aMCI 

without apathy group but not in the aMCI with apathy group. In the DACC, glutamate 

and glutamine (Glx) levels tended to be higher in the aMCI with apathy group and 

reduced in association with depression scores. Apathy in aMCI patients is associated with 

neurometabolite changes indicative of altered membranal integrity and glial function in 

the right TPC.  We conclude that, in a clinically diagnosed aMCI cohort, apathy symptoms 

may be suggestive of neural changes that are distinct from aMCI without apathy.  



Chapter 3 
 

73 
 

1. Introduction 

Alzheimer’s disease dementia (AD) is characterized by a progressive decline in 

cognitive functions, leading to an inability to live independently (Albert et al., 2011). In 

the preceding stage before AD, termed amnestic mild cognitive impairment (aMCI) 

(Albert et al., 2011), the characteristic decline in memory function is accompanied by 

apathy in approximately 15-20% of patients (Geda et al., 2008; Hwang et al., 2004; 

Lyketsos et al., 2002). Apathy is characterized by reduced initiative and interest in 

activities, and is associated with a decrease in daily functioning, increased caregivers’ 

burden, and increased risk for institutionalization (Bakker et al., 2013; Boyle et al., 2003; 

Kaufer et al., 1998; Robert et al., 2009). With worsening cognitive decline, apathy 

becomes more frequent, and is associated with an increased risk for disease progression 

(Palmer et al., 2010; Richard et al., 2012; Teng, Lu and Cummings, 2007; Vicini Chilovi et 

al., 2009). Given this adverse impact of apathy on the disease course, determining its 

neural mechanisms may improve understanding of the processes that contribute to the 

progression from the stage of aMCI to AD. 

Previous imaging studies in MCI/AD patients with apathy found that apathy 

was associated with changes in the dorsal anterior cingulate cortex (DACC) such as 

reduced gray matter (Apostolova et al., 2007; Bruen et al., 2008), reduced integrity of 

white matter tracts (Kim et al., 2011; Tighe et al., 2012), lower perfusion (Lanctôt et al., 

2007), reduced metabolism (Marshall et al., 2007), and higher pathologic burden 

(Marshall et al., 2006; Tekin et al., 2001). Besides the DACC, apathy is also associated 

with changes in the right temporo-parietal cortex (TPC) (Kos et al., 2016). These changes 

include reduced perfusion (Ott, Noto and Fogel, 1996), atrophy (Donovan et al., 2014; 

Guercio et al., 2015), reduced metabolism (Gatchel et al., 2017), and reduced functional 

connectivity (as part of the fronto-parietal network) (Munro et al., 2015) in this region. 

Though these studies associate apathy with neural changes on various modalities, it is 

not known whether changes in neural metabolites are also associated with apathy in 

these patients. 
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The concentration of various metabolites in the brain can be quantified non-

invasively with proton magnetic resonance spectroscopy (1H-MRS) (Alger, 2010; Duarte 

et al., 2012). In MCI and AD patients, 1H-MRS studies have found consistent metabolite 

changes in the posterior cingulate cortex (PCC) (Adalsteinsson et al., 2000; García Santos 

et al., 2008; Kantarci et al., 2000; Pilatus et al., 2009; Tumati, Martens and Aleman, 

2013). In this region, the ratio of N-acetyl aspartate (NAA) to myo-inositol (mI) was found 

to be reduced. In addition, changes in the level of choline-containing compounds (Cho) 

have also been noted, although these findings are not consistent (Tumati, Martens and 

Aleman, 2013). These changes have also been associated with various markers of AD 

(Gomar et al., 2014; Kantarci et al., 2008; Murray et al., 2014; Voevodskaya et al., 2016). 

These metabolites are markers for various neural functions as they are 

selectively enriched in different cellular processes or compartments. For example, NAA 

is primarily located in neurons and axons, and its concentration indicates neuronal 

density and viability. Similarly, functioning of glial cells can be ascertained by the 

concentration of mI, which when increased may indicate presence of inflammatory 

changes (Duarte et al., 2012). The Cho signal comprises free forms of 

glycerophosphocholine and phosphocholine, which are part of cell membranes. An 

increase in breakdown of membranes releases these compounds leading to an increase 

in the Cho signal (Öz et al., 2014). 1H-MRS also quantifies the concentration of the 

excitatory neurotransmitter glutamate and its precursor, glutamine, which are termed 

as Glx as both molecules form overlapping resonance peaks (Öz et al., 2014). These 

metabolites are commonly expressed as a ratio, relative to the concentration of creatine 

and phosphocreatine (Cr). Cr, which plays a role in energy metabolism, is assumed to 

remain constant, and hence it is often used as an internal reference. However, this may 

not always be the case and absolute quantification (relative to water) may improve 

metabolite estimates (Jansen et al., 2006). 

In the current study of aMCI patients, we sought to determine metabolite 

changes that may be present in the various regions implicated in apathy. In addition to 

the DACC and TPC which were empirically associated with apathy (Kos et al., 2016; Stella 

et al., 2014; Theleritis et al., 2014), we also investigated the dorsolateral prefrontal 
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cortex (DLPFC) as theoretical models have proposed that deficits in this region may 

produce symptoms of apathy (Guimarães et al., 2008; Levy and Dubois, 2006; van 

Reekum, Stuss and Ostrander, 2005). The PCC was also assessed as metabolite changes 

in this region were expected in aMCI. We hypothesized that metabolite changes in the 

DACC and TPC would be associated with apathy, in accordance with existing literature. 

Specifically, reduced NAA/mI in the PCC and increased Cho and mI in the DACC and right 

TPC were hypothesized to be associated with greater apathy. 

2. Methods 

2.1. Participants 

The study was conducted at the Neuroimaging Center, the department of 

Geriatrics, and Alzheimer Research Center of the University Medical Center Groningen 

(UMCG), the Netherlands, with approval from the institutional medical ethics board. 

Written informed consent was obtained from all study participants. In total, twenty-

eight subjects with aMCI and 20 healthy cognitively normal subjects between 60 to 80 

years of age were included in this study. They were all assessed by a neurologist and 

neuropsychologist for aMCI according to criteria by Petersen et al. (Petersen et al., 1999; 

Winblad et al., 2004). Apathy was diagnosed clinically in eight subjects according to 

criteria described by Robert et al. (Robert et al., 2009) and its severity was assessed with 

the Apathy Evaluation Scale (AES) (Clarke et al., 2007). The cognitively healthy subjects 

were matched with the aMCI group for age, gender and education  and were required 

to have a mini mental state examination (MMSE) score of 28 or higher and not to have 

subjective memory complaints. Subjects were excluded if (i) any neurological or 

psychiatric disorders (except symptoms of depression in aMCI subjects) were present 

currently or in the past, (ii) medications that may affect cognition were being used, (iii) 

a history of head injury accompanied by loss of consciousness was present, (iv) they were 

unable to undergo a magnetic resonance imaging (MRI) scan, or (v) anatomical 

abnormalities were found on the MRI scan. Two subjects with aMCI did not complete 

the questionnaire to assess depression and hence were excluded from the analyses, 

leaving a sample of 26 aMCI subjects and 20 controls. 

2.2. Cognitive and behavioral assessment 
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All subjects were evaluated with the Mini Mental State Examination (MMSE), 

Global Deterioration scale, 30-item Geriatric Depression scale (GDS) (Yesavage, 1988) 

and the clinician version of the AES (Clarke et al., 2007; Marin, Biedrzycki and 

Firinciogullari, 1991). The AES is an 18-item ordinal scale, where each item is scored 

between 1 and 4 based on the clinician’s assessment. The assessment yields a score 

ranging from 18 to 72, with higher scores indicating greater apathy (Clarke et al., 2007). 

Memory was assessed with the 15-word Rey auditory verbal learning task (RAVLT) for 

encoding (immediate recall) and 20 to 30 minute delayed recall (Lezak, 2004). 

2.3. MRI Acquisition 

Participants underwent scanning in a 3T Philips Intera MRI scanner (Best, the 

Netherlands) equipped with a 32-channel SENSE head coil. A whole-brain high-resolution 

anatomical 3D T1-weighted scan was acquired for positioning of 1H-MRS voxels and for 

separation of tissue classes within each spectroscopic voxel (repetition time (TR) 9 ms; 

echo time (TE) 3.6 ms; flip angle (FA) 8°; field of view (FOV) 256 × 232; 170 slices; voxel 

size 1 × 1 × 1 mm). Spectra were acquired from four locations sequentially, each with a 

single voxel measuring 20 × 20 × 20 mm. Following automated first-order B0 shimming, 

water unsuppressed and chemical shift water suppression (CHESS) spectra were 

acquired using Point Resolved Spectroscopy (PRESS) sequence with a TR=2000 ms, 

TE=35ms, 128 signal excitations and 1024 data points. Voxel locations are shown in 

Figure 1. The first voxel was placed in the bilateral DACC, aligned to the callosal sulcus 

inferiorly and the anterior border of the voxel was located ~7-10 mm posterior to the 

genu of the corpus callosum while the superior border extended into the superior frontal 

gyrus. The second voxel was placed midline in the PCC/ inferior precuneus as described 

for 1H-MRS studies in AD (Kantarci et al., 2008). The third voxel was placed in the right 

DLPFC, with the inferior border aligned with the corpus callosum, and superior to the 

lateral fissure. The fourth voxel was placed in the right TPC, covering the posterior 

ascending ramus of the sylvian fissure and surrounding supramarginal gyrus. The third 

and fourth voxels also covered the underlying white matter considerably owing to the 

size of the voxel and a necessity to minimize CSF within the voxel. 

2.4. Analyses 
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The metabolites NAA, Cho, mI, Cr, and Glx were quantified using LCModel software 

package (Provencher, 2001). The acquired spectra were considered reliable if Cramer-

Rao lower bounds (CRLB), used for estimating model fitting error for each metabolite, 

were less than 20% (Cavassila et al., 2001). Data not meeting this criterion were excluded 

from analyses. Final group sizes for each metabolite are given in Table 2. Metabolite 

values were referenced to internal water concentration obtained from a water-

unsuppressed 1H-MRS acquisition (Alger, 2010). In addition, NAA/mI ratios were 

calculated. Tissue proportions of grey matter, white matter, and CSF in each voxel were 

extracted from T1-weigthed images by masking the 1H-MRS voxel position using custom 

scripts and subsequently segmented using SPM12 (http://www.fil.ion.ucl.ac.uk/).  
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Figure 1: Voxel position on sagittal, coronal and tranverse sections. Bounding box of 

the voxel is shown in yellow. (A: Anterior; P: posterior; R: Right; L: Left) 



Chapter 3 
 

79 
 

Statistical analyses were performed in R (https://www.r-project.org/). 

Demographic data and neuropsychological assessments between the groups were 

compared with Mann-Whitney U tests or chi-squared tests (for gender). Significant 

differences on the omnibus test were further evaluated with the Dunn test. Since GDS 

scores differed significantly between controls and aMCI patients, we calculated a 

subscore (GDS-non apathy) by leaving out six items of the GDS (no. 2, 12, 19, 20, 21, & 

28) that were identified as an apathy component in a factor analysis of a large 

independent sample of healthy older adults (Adams, Matto and Sanders, 2004). 

Spearman correlations between the AES score, GDS scores, and neuropsychological 

measures were calculated. 

Partial correlations (Spearman) between metabolites and AES scores were 

determined, after controlling for GDS-non apathy score, and proportion of white matter 

and CSF content in the voxel as covariates. Additionally, analyses of covariance 

(ANCOVA) were conducted for differences in metabolites between aMCI and control 

groups. Results were considered significant at FDR-corrected two-tailed p < .05. Post hoc 

exploratory analyses of covariance (ANCOVA) were conducted for differences between 

aMCI with apathy, aMCI without apathy, and control group (uncorrected p-value 

reported). 

3. Results 

3.1. Sample characteristics 

Demographic and clinical characteristics of the sample are given in table 1. The 

patient and control group were comparable except for significant group differences on 

the 15-word RAVLT test (immediate and delayed), and the GDS total score. The GDS-non 

apathy subscore, denoting depression independent of apathy was significantly higher in 

both patient groups compared to controls. The AES score was significantly correlated 

with the GDS total score (r= 0.32, p=.03) but not with the GDS-non apathy score (r= 0.23, 

p=.13).  

3.2. Associations between apathy and neurometabolites 
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Partial correlations between metabolite levels and AES scores controlled for 

proportion of white matter and CSF in the voxel, and GDS-non apathy score, showed that 

higher AES scores were significantly correlated with lower Cho (r= -0.53, pfdr= .002, n=45) 

and lower mI (r= -0.42, pfdr = .016, n=45) in the right TPC. Uncorrected for multiple 

comparisons, there were also correlations seen between AES score and lower Cho (r= -

0.37, punc= .015, pfdr= .092, n=45) in the PCC and higher NAA/mI (r=0.33, punc= .033, pfdr= 

.07, n=45) in the right TPC. These results did not survive correction for multiple 

comparisons. No other significant associations were found between any metabolites and 

AES score in the assessed brain regions (Table 2 and Figure 2). 

The analyses also did not show neurometabolite differences in any region 

between the aMCI and control group (Table 3). Notably, the NAA/mI ratio in the PCC did 

not differ significantly between the two groups. In addition, given that apathy increases 

the risk of progression to AD, we expected to find a significant association between AES 

scores and metabolite levels in the PCC. This was not the case. To follow this up, we 

conducted an exploratory 

Table 1: Sample characteristics 

 aMCI Controls p 

n (females) 26 (6) 20 (7) .58 

Age 68.5 (4.9) 67.6 (5.1) .57 

Education 5.5 (1.1) 5.7 (0.8) .66 

MMSE 28.6 (1.2) 28.9 (1.1) .42 

GDS 7.12 (5.8) 2.4 (3.6) <.01 

GDS-non apathy 5.2 (4.5) 1.6 (2.6) <.01 

AES 30.5 (10.3) 26.2 (4.6) .25 

Group comparisons were performed with Chi-square tests for gender and Mann-

Whitney U test for continuous measures. Numbers given are mean (standard 
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Right TPC Right TPC DACC DACC 

deviation) except for sample size and gender. MMSE: Mini Mental State Examination; 

GDS: Geriatric Depression Scale; AES: Apathy Evaluation Scale 

 

Figure 2: Associations between metabolites, and apathy and depression scores 

In all figures, ● represent aMCI with apathy group, ▲ represent aMCI without apathy 

group, and ■ represent matched cognitively normal control group. Figure A shows a 

decline in Cho levels and Figure B shows a decline in mI levels with increasing apathy in 

the right lateral parietal cortex. Figure C shows increasing Glx with apathy scores and 

Figure D shows decreasing Glx with increasing depression (GDS score without apathy 

items) in the dorsal anterior cingulate cortex. 

 

ANCOVA to determine if presence or absence of apathy was associated with different 

metabolite levels in the four voxels of interest. The groups, defined according to clinical 

diagnosis, were aMCI with apathy, aMCI without apathy, and controls. We included the 

following variables as covariates: GDS non-apathy score, and WM and CSF proportions. 

3.3. Exploratory analyses 

In the exploratory analyses, NAA/mI values were significantly different 

between the groups (F (5,39)=2.47, p<.05, adj. R2= 0.14). Posthoc testing indicated that 

the aMCI without apathy group (n=18) showed significantly lower NAA/mI ratio (t= -2.2, 

punc= .034) as compared to controls (n=20) (Supplementary Table S1). In the DACC, Glx 

levels between the groups differed significantly (F (5,35)=3.03, p=.02, adj. R2= 0.20) with 
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posthoc testing indicating higher Glx levels in the aMCI with apathy group (n=8) (t= 2.6, 

punc= .013) compared to controls (n=18). In the same model, GDS-non apathy scores were 

associated with lower Glx (t= -2.2, punc= .035). 

 

Table 2: Partial correlations (Spearman) between apathy scores (AES) and 1H-MRS 

metabolites, controlling for depression scores (GDS-non apathy), and proportion of 

white matter and CSF in the voxel. 

  N (aMCI_A/ aMCI_NA/ CN) R p (unc) p (fdr) 

Posterior cingulate cortex 

NAA  46 (8/ 18/ 20) 0.08 0.63 0.72 

Cho  46 (8/ 18/ 20) -0.37 0.02 0.09 

mI  45 (8/ 18/ 19) -0.17 0.27 0.53 

Cr  46 (8/ 18/ 20) -0.17 0.29 0.53 

Glx  46 (8/ 18/ 20) 0.06 0.72 0.72 

NAA/mI  45 (8/ 18/ 19) 0.15 0.36 0.53 

Dorsal anterior cingulate cortex 

NAA  46 (8/ 18/ 20) 0.15 0.35 0.96 

Cho  46 (8/ 18/ 20) 0.01 0.93 0.96 

mI  42 (7/ 17/ 18) 0.07 0.68 0.96 

Cr  46 (8/ 18/ 20) 0.09 0.56 0.96 

Glx  41 (8/ 15/ 18) 0.35 0.03 0.2 

NAA/mI  42 (7/ 17/ 18) -0.01 0.96 0.96 

Right dorsolateral prefrontal cortex 

NAA  43 (7/ 16/ 20) -0.07 0.65 0.99 
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Cho  43 (7/ 16/ 20) -0.32 0.04 0.26 

mI  38 (7/ 15/ 16) <-0.01 0.99 0.99 

Cr  43 (7/ 16/ 20) 0.06 0.73 0.99 

Glx  41 (7/ 15/ 19) 0.09 0.60 0.99 

NAA/mI  38 (7/ 15/ 16) <-0.01 0.99 0.99 

Right lateral parietal cortex 

NAA  45 (8/ 18/ 19) -0.11 0.47 0.47 

Cho  45 (8/ 18/ 19) -0.53 0.0003 0.002 

mI  45 (8/ 18/ 19) -0.42 0.005 0.016 

Cr  45 (8/ 18/ 19) -0.16 0.30 0.45 

Glx  45 (8/ 18/ 19) -0.13 0.43 0.47 

NAA/mI  45 (8/ 18/ 19) 0.33 0.03 0.07 

N: sample size; aMCI_A: aMCI with apathy; aMCI_NA: aMCI without apathy; CN: 

cognitively normal matched controls; NAA: N-acetylasparte & N-

acetylaspartylglutamate; Cho: Glycerophosphocholine & phosphocholine; mI: myo-

inositol; Cr: Creatine & phosphorcreatine; Glx: Glutamate & glutamine. Significant 

values are highlighted. p (unc): Uncorrected p-values; p (fdr): False discovery rate 

corrected p-values. 

 

4. Discussion 

 This study aimed to determine associations between apathy in aMCI and 

metabolite levels in four brain regions that have been hypothesized or previously 

reported to be associated with apathy in aMCI/AD patients. Results showed that greater 

apathy is associated with reduced Cho and mI in the right temporoparietal cortex (TPC) 

in clinically diagnosed aMCI patients and matched control subjects. No other 

associations were found. Metabolite levels in the aMCI and control groups were also not 
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significantly different. Exploratory analyses suggested that reduced NAA/mI as 

compared to controls, a consistent finding in previous studies in MCI/AD (Adalsteinsson 

et al., 2000; García Santos et al., 2008; Kantarci et al., 2000, 2007; Pilatus et al., 2009; 

Tumati, Martens and Aleman, 2013), was present only in aMCI without apathy group. 

Overall, our findings i) support the association between apathy in aMCI and neural 

changes in the right temporoparietal cortex, ii) suggest that the mechanisms for this 

association involve changes in membrane structure (reduced Cho) and glial function 

(reduced mI), and iii) indicate that neural changes in aMCI patients with and without 

apathy may be distinct. 

 

Table 3. Differences in metabolite levels between aMCI and cognitively normal 

controls 

 PCC DACC R-DLPFC R-TPC 

NAA 

1.12 (4,41), 

p=.36 

7.98 (4,41), 

p<.01 

1.66 (4,39), 

p=.18 

0.26 (4,40), 

p=.90 

 t=0.85, p=.40   

Cho 

1.25 (4,41), 

p=.31 

0.28 (4,41), 

p=.89 

1.35 (4,39), 

p=.27 

1.11 (4,40), 

p=.37 

    

mI 

1.18 (4,40), 

p=.33 

0.21 (4,37), 

p=.38 

1.11 (4,33), 

p=.37 

1.39 (4,40), 

p=.25 

    

Cr 

4.15 (4,41), 

p<.01 

0.34 (4,41), 

p=.85 

1.38 (4,39), 

p=.26 

0.90 (4,40), 

p=.47 

t=-1.88, p= .07    

Glx 
0.49 (4,41), 

p=.75 

1.85 (4,36), 

p=.14 

0.45 (4,37), 

p=.78 

0.19 (4,40), 

p=.94 
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NAA/mI 

2.14 (4,40), 

p=.09 

0.27 (4,37), 

p=.89 

0.93 (4,33), 

p=.46 

1.23 (4,40), 

p=.31 

    

Numbers given are the value of F-test of ANCOVA for group differences and 

(uncorrected) significance values with fraction of CSF and WM, and GDS-non apathy 

score as covariates. When significant, the value of the t-test for difference between 

aMCI and control groups is given along with significance. 

 

4.1. Neural mechanisms of apathy 

Apathy develops in a substantial proportion of patients with MCI (Lyketsos et 

al., 2002; Peters et al., 2012; Di Iulio et al., 2010; Geda et al., 2008). Due to its influence 

on the disease course and lack of adequate treatments, renewed emphasis has been laid 

on understanding its neural mechanisms (Lanctôt et al., 2016; Rosenberg, Nowrangi and 

Lyketsos, 2015). Previous studies have linked atrophy, reduced functional connectivity, 

and reduced metabolism in the TPC with apathy (Donovan et al., 2014; Gatchell et al., 

2017; Munro et al., 2015). Findings from the current study support this association 

between changes in TPC in aMCI patients and apathy. The DACC and adjacent medial 

frontal regions, previously reported to be associated with apathy (Marshall et al., 2007; 

Tekin et al., 2001) showed only a weak association in our exploratory analyses. 

Furthermore, apathy scores were not correlated with metabolite levels in the DLPFC, 

which is hypothesized to mediate cognitive subtype of apathy (Levy and Dubois, 2006), 

or the PCC, in which consistent changes in metabolite levels in AD/MCI patients were 

reported in previous studies (Catani et al., 2001; Kantarci et al., 2000). Thus, in this first 

1H-MRS study of all cortical regions implicated in apathy, only neural changes in the TPC 

were found to have a moderate-to-strong association with apathy in aMCI. 

The reduction in Cho and mI levels in association with apathy may have 

resulted from atrophy in the TPC. This interpretation is supported by studies that report 

atrophy in the TPC to be a consistent feature in AD patients (Bell-McGinty et al., 2005; 
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Chételat et al., 2005), and have also specifically associated atrophy in this region with 

apathy symptoms (Donovan et al., 2014; Guercio et al., 2015). However, as the CSF and 

white matter content in the voxels were controlled for in the analyses, this explanation 

for the results may be less likely. Moreover, the concentration of NAA in this region, 

which indicates neuronal viability, was also not reduced as compared to the control 

group or correlated with the apathy score. Another possibility may be that lower Cho 

levels are indicative of reduced cholinergic neurotransmission (Duarte et al., 2012). This 

interpretation is in line with pharmacological studies where drugs that increase the 

availability of acetylcholine were found to be beneficial for apathy in AD (Berman et al., 

2012). However, not all studies find such an effect (Harrison, Aerts and Brodaty, 2016). 

The lack of unequivocal findings may be attributed to study limitations such as apathy 

commonly being a secondary outcome measure and assessed with the neuropsychiatric 

inventory (Harrison, Aerts and Brodaty, 2016), which has only a single item for assessing 

apathy (Cummings et al., 1994). Nevertheless, atrophy of the nucleus basalis of Meynert, 

which provides cholinergic innervation to the entire cortex, is known to occur early in 

the course of AD (Bartus et al., 1982; Grothe, Heinsen and Teipel, 2012). However, it is 

not clear if this atrophy is associated with specific behavioral symptoms of AD. Taken 

together, multiple lines of evidence suggest cholinergic dysfunction as a putative 

mechanism for apathy that should be evaluated especially in early stages of AD. 

4.2. Early apathy: a distinct mechanism? 

The ratio of NAA/mI in the PCC on 1H-MRS is a proposed biomarker for the 

diagnoses of AD as it is found to be reduced in AD, MCI, and high risk cognitively normal 

older adults, as compared with matched controls (Miller et al., 1993; Shonk et al., 1995; 

Kantarci et al., 2007). Moreover, this ratio was found to gradually decline with disease 

progression (Schott et al., 2010), and was also associated with neuropathological and 

CSF features of AD (Kantarci et al., 2008; Murray et al., 2014; Gomar et al., 2014). 

Although based on limited evidence, the TPC in AD may be incur changes on 1H-MRS 

similar to that in the PCC (Bittner, Heinze and Kaufmann, 2013). However, in the current 

study, the ratio of NAA/mI in the PCC as well as the TPC was neither significantly lower 

in aMCI patients as compared to controls nor was associated with apathy. Only patients 
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with aMCI but not apathy were found to have a lower NAA/mI ratio in the PCC 

(Supplementary table S1). This suggests that in those with aMCI and apathy, different 

neural mechanisms may be affected than in aMCI or AD. Future research should 

elucidate this relationship between impairments in cognition and behavior. 

Clinically diagnosed aMCI is considered to be a precursor stage for AD, though 

the broad criteria may result in considerable heterogeneity in terms of progression to 

AD (Petersen et al., 2009), and indeed a substantial number of cases do not progress to 

AD (Mitchell and Shiri-Feshki, 2009). In cognitively normal older adults, development of 

apathy confers an increased risk of developing AD (Geda et al., 2014; Onyike et al., 2007). 

Our results raise the possibility that such individuals may harbor neural changes in the 

TPC. In such cohorts, the underlying neuropathology may also differ (Saito, Yamamoto 

and Ihara, 2015). Toledo and colleagues (Toledo et al., 2013) found that in those with 

clinical diagnosis of AD or MCI, AD pathology was coincidental in about 40% of subjects 

with other pathologies such as dementia with Lewy bodies, hippocampal sclerosis, TDP-

43 proteinopathy, argyrophilic grain disease and vascular pathology. Similar findings 

were also reported in independent cohorts (White et al., 2016). In light of these reports, 

associations between apathy and metabolites in the TPC but not in the PCC suggest that 

apathy may emerge from pathologies other than those strictly limited to AD proper. This 

interpretation would imply that in those with aMCI and apathy, memory decline occurs 

due to impaired TPC function while PCC function remains intact. These suggestions need 

to be evaluated in larger studies. 

4.3. Assessment of apathy in aMCI 

Our results also suggest that detailed evaluation of neuropsychiatric symptoms (NPS) 

like apathy and depression is of value. The co-morbidity of depression vis-à-vis apathy 

has been previously reported. Studies have also suggested that the neural correlates of 

the two syndromes may differ. In the current study, the AES and GDS scores were found 

to be correlated, and this correlation was reduced after excluding items on the GDS that 

were previously found to be related to apathy. Moreover, the exploratory analyses, 

while performed in a small sample, suggested that apathy and depression may be 

associated with divergent changes in Glx levels in the DACC (Fig. 2C & 2D). Although this 
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result needs to be replicated in a well-powered study, it suggests that the DACC may be 

involved in apathy as well as depression. This finding provides a possible basis for 

overlapping brain changes in the two behavioral syndromes. Furthermore, the results 

also suggest that apathy may emerge from multiple routes (DACC and TPC) in AD. 

Assessments with dimensional scales will be useful for analyzing links between the 

subtypes of apathy and neural mechanisms. As NPS have a substantial influence on 

disease progression, functional abilities, and need for care, understanding the neural 

basis of individual NPS is required. The above findings demonstrate that detailed 

assessments of NPS contribute towards understanding the neural changes in older adults 

with memory deficits. 

4.4. Limitations 

While interpreting the results, the limitations of this study need to be 

considered. CSF or PET markers of AD were not available in our sample of aMCI subjects. 

As a result, we could not examine if the aMCI with and without apathy groups also had 

different CSF and PET biomarker profiles. Such data could be used to evaluate our 

interpretation that the two groups harbored distinct neural changes. The sample size of 

the aMCI with apathy group was relatively small. However, the incidence of apathy in 

very early stages of MCI (between 5-15%) makes inclusion of large samples with apathy 

difficult (Geda et al., 2008; Onyike et al., 2007; Lyketsos et al., 2002; Peters et al., 2012). 

Lastly, spectra were only acquired from the right side of the brain for the DLPFC and TPC. 

Therefore, lateralization of brain changes in relation to apathy could not be evaluated. 

Despite these limitations, this first MRS study of apathy in aMCI patients has provided 

novel findings regarding the neural mechanisms of apathy. Furthermore, apathy was 

assessed using the AES in cohort with relatively intact cognitive function, minimizing the 

likelihood of other comorbid symptoms. This study also examined metabolite changes in 

all regions hypothesized to be associated with apathy. 

In conclusion, in a clinically diagnosed aMCI cohort, apathy symptoms may be 

suggestive of distinct neural changes from those in aMCI without apathy. The TPC may 

be a key region for the neural correlates of apathy as indicated by reduced Cho and mI 

levels indicative of alterations in membranal and glial function. Our tentative finding 
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suggesting different glutamatergic changes in the DACC for apathy versus depression 

needs further investigation. MRS at higher field strengths (e.g., 7T) may also yield 

additional insights into neurometabolite correlates of apathy. 
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Abstract 

  

 Apathy is a common neuropsychiatric symptom (NPS) in Alzheimer’s disease 

(AD) and is linked to changes in multiple brain regions. However, NPS are often comorbid 

in AD and functional network changes specific to apathy remain unclear. In AD and mild 

cognitive impairment patients with low depression scores, topological metrics from 

resting state functional magnetic resonance images in those with apathy (NPS_A, n=21) 

were compared to those without NPS (NPS_None, n=28) and those with NPS other than 

apathy (NPS_NA, n=38). Altered global efficiency, reduced local efficiency and clustering 

coefficient were found in NPS_A compared to NPS_None and NPS_NA at the whole brain 

level. In similar contrasts, apathy was associated with increased participation coefficient 

in the fronto-parietal network and cingulo-opercular network, and reduced local 

efficiency in the dorsal anterior cingulate network. Apathy in AD is associated with 

reduced inter-network connectivity of the fronto-parietal network and cingulo-opercular 

network. 
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1. Introduction 

 Apathy is among the most common neuropsychiatric symptoms (NPS) in 

Alzheimer’s disease (AD) (Geda et al., 2008; Onyike et al., 2007; Spalletta et al., 2010). It 

is clinically diagnosed by a lack of interest in routine and new activities, and a flat 

emotional affect (Robert et al., 2009). Symptoms of apathy increase in prevalence and 

severity as AD progresses from a preclinical stage to mild cognitive impairment (MCI) 

and later to clinically diagnosed AD (Geda et al., 2008, 2014; Lyketsos et al., 2002). 

Notably, apathy is associated with a higher risk for disease progression (Palmer et al., 

2010), institutionalization and death (Vilalta-Franch, Calvó-Perxas, Garre-Olmo, Turró-

Garriga, & López-Pousa, 2013), suggesting that apathy may be a clinical marker for worse 

pathophysiology in the brain in AD. 

 Apathy in MCI and AD is associated with changes in brain structure, perfusion, 

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

Theleritis, Politis, Siarkos, & Lyketsos, 2014). The affected regions include the dorsal 

anterior cingulate cortex, prefrontal cortex, basal ganglia, superior and inferior temporal 

lobe, and lateral parietal lobe. Though fronto-subcortical disturbances are considered to 

underlie apathy across disorders (Levy & Dubois, 2006), the involvement of multiple 

brain regions suggests that diverse neural mechanisms may underlie apathy. Similar 

investigations of functional mechanisms of apathy that can indicate of the neural circuits 

involved are few. Moreover, multiple brain regions are known to be impaired 

progressively in AD (Agosta et al., 2012), but whether these changes contribute to 

behavioral symptoms is not known. 

 Resting state functional magnetic resonance imaging (rs-fMRI) has revealed 

that distant brain regions show correlated activity forming functional networks (Fox & 

Raichle, 2007). Such networks support specific cognitive functions and changes in these 

networks are related to neurodegenerative diseases (Seeley, Crawford, Zhou, Miller, & 

Greicius, 2009). In AD, the default mode network (DMN) shows reduced connectivity and 

is associated with memory decline and amyloid deposition (Buckner et al., 2005). Two 

recent studies investigated associations between NPS in AD and functional networks. 

While Balthazar and colleagues (Balthazar et al., 2014) found no correlations between 

functional networks and apathy in AD, Munro et al. (Munro et al., 2015) found that the 

apathy was correlated with reduced connectivity in the fronto-parietal control network 

(FPCN). However, both studies combined apathy symptoms with other NPS to form a 

broad category of affective symptoms. As indicated by Munro et al. (Munro et al., 2015), 

such broader categories may be problematic from a clinical perspective. Moreover, brain 

changes related to apathy must be separated from comorbid depression, besides other 

NPS, as apathy and depression are suspected to result from different neural mechanisms 

(Palmer et al., 2010). In addition, both studies utilized a region-of-interest approach 
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where a limited number of brain regions are predefined for analysis. Nonetheless, 

evidence suggests that apathy may be associated with changes in specific functional 

networks outside the DMN. 

 Brain networks can be comprehensively characterized by network measures 

based on graph theory. These metrics describe topological properties of the whole brain 

as well as of sub-networks (Bullmore & Sporns, 2009). A graph is defined by nodes and 

their interlinking edges. In rs-fMRI, nodes can be defined as key areas that are denoted 

as regions of interest (ROI) and the correlation in activation between these ROI defines 

their edges. Nodes that are connected to each other with a single edge are considered 

neighbors and the average number of edges between a node and every other node is 

the path length of that node. The brain is considered to be an optimal network where 

specialized information can be processed in sub-networks in a segregated manner and 

processed information can be rapidly integrated globally. These properties of functional 

segregation and integration can be quantified with measures derived from graph theory 

(Rubinov & Sporns, 2010). Measures of integration include global efficiency, which is 

defined as the sum of the inverse of the shortest path length between all pairs of nodes. 

Measures of segregation quantify the extent of clustering of nodes where specialized 

information processing can occur. These measures include modularity, clustering 

coefficient and local efficiency. In large networks, communication is facilitated by nodes 

that connect to multiple sub-networks. This property is assessed by participation 

coefficient. All these measures quantify different properties of a network and are further 

described below. 

 Studies reporting intrinsic connectivity measures based on graph theory in 

patients with MCI and AD have reported divergent results regarding both structural and 

functional brain networks (Brier et al., 2014; Sanz-Arigita et al., 2010; Dai et al., 2015; 

Tijms et al., 2013; Liu et al., 2014). Relatively consistent findings include increased 

modularity (Pereira et al., 2016), indicating a loss of functional network organization of 

the brain, and increased path length that preferentially affects long distance connections 

(Dai et al., 2015; Deng et al., 2016; Liu et al., 2014). Similar changes have also been 

reported in the preclinical stage of AD showing changes in modularity and transitivity 

(similar to clustering coefficient but at network level) from the preclinical stage to mild 

AD (Brier et al., 2014). Thus, graph measures describe whole brain functional network 

alterations in AD but no study to our knowledge has investigated such measures in 

relation to NPS in AD.  

Based upon existing literature on apathy and specifically, from empirical 

associations between brain regions and apathy in AD, we hypothesized that graph 

theoretical measures of functional sub-networks such as the FPCN and the salience 

network would be altered in apathy. Further, these localized changes in individual 
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networks would result in altered graph theoretical measures at the global level. To test 

this hypotheses, we compared global and network level graph measures in MCI/AD 

patients with apathy (NPS_A) to those without any NPS (NPS_None), and with those who 

had NPS other than apathy (NPS_NA). As multiple NPS are often comorbid in MCI/AD, 

comparison with a NPS_NA group would increase confidence in attributing changes 

specifically to apathy. Additionally, the AD group was compared with an amyloid 

negative cognitively normal group to provide a reference with the primary disease 

process. 

2. Methods 

 Data used in this study were obtained from the Alzheimer’s Disease 

Neuroimaging Initiative (ADNI) database (http://adni.loni.usc.edu). ADNI was launched 

in 2003 as a public-private partnership, led by Principal Investigator Michael W. Weiner, 

MD. The primary goal of ADNI has been to test whether serial magnetic resonance 

imaging (MRI), positron emission tomography (PET), other biological markers, and 

clinical and neuropsychological assessment can be combined to measure the 

progression of mild cognitive impairment (MCI) and early Alzheimer’s disease (AD). 

Further information on subject recruitment for this study can be found at 

http://www.adni-info.org. Written informed consent was obtained from all subjects and 

study partners. Notably, only those scoring less than 6 on the 15-item Geriatric 

Depression scale were included. 

2.1. Subjects 

 In the present study, subjects with a baseline rs-fMRI scan from the ADNI2 

cohort were included. The analysis consisted of two parts. First, we assessed differences 

in graph metrics (detailed below) between AD subjects (n=26) and healthy controls (HC, 

n=18), who were defined as cognitively normal (according to ADNI inclusion criteria) and 

with cortical amyloid tracer (AV-45) retention below 1.11 standardized uptake value 

ratio (SUVR) (Landau et al., 2012). This comparison provides a context to changes 

associated with apathy. Next, three sub-groups were defined within the MCI or AD group 

- those with i) apathy (AP, n=21), ii) without NPS (NPS_None, n=28), and iii) NPS other 

than apathy (NPS_NA, n=38). NPS were assessed with the Neuropsychiatric Inventory 

(NPI, described below). 

2.2 Assessments 

At baseline, all subjects underwent neuropsychological tests including the Mini 

Mental State Examination (MMSE), Clinical Dementia Rating (CDR) assessment, and the 

13-item Alzheimer’s Disease Assessment Scale (ADAS). The NPI is a validated and reliable 

instrument assessing twelve NPS (Cummings et al., 1994). It is administered to the study 

partner (known to the subject or preferably living with him/her) in the absence of the 
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subject and assesses the presence or recent development of NPS in the preceding four 

weeks. To assess apathy, study partners were asked the following: ‘Has the patient lost 

interest in the world around him/her? Has he/she lost interest in doing things or does 

he/she lack motivation for starting new activities? Is he/she more difficult to engage in 

conversation or in doing chores? Is the patient apathetic or indifferent?’ Subjects in this 

study were considered apathetic if the study partner answered ‘yes’ in response to the 

above questions. The present study utilized the diagnosis of apathy, and not the severity 

of apathy symptoms. Other NPS were similarly assessed with symptom-specific 

questions. The NPS_None group was defined by a total NPI score of zero and the NPS_NA 

group was defined by a total NPI score greater than zero and NPI-apathy score of zero. 

In addition to the NPI, the study partner was administered the Functional Assessment 

Questionnaire (FAQ) (Pfeffer, Kurosaki, Harrah, Chance, & Filos, 1982). All study 

procedures are described in detail on the study website (http://www.adni-

info.org/Scientists/ADNIStudyProcedures.html). 

2.3 Image acquisition and processing 

An overview of the image processing steps is given in Fig. 1 and described briefly 

below (Detailed methods in supplementary methods). A seven minute scan was acquired 

under resting conditions with eyes closed in 3T Philips scanners from 13 sites. The 

repetition time was 3000ms with a 3.31mm isotropic voxel. A high resolution T1-

weighted structural scan was also acquired. Subjects were excluded (n=8) if 40% or more 

volumes were affected by in-scanner movement (framewise displacement > 0.5mm or 

intensity variation > 3 standard deviations), resulting in each subject having at least 5 

min of minimally affected scans (Power et al., 2014). Further steps included global signal 

regression, temporal filtering to retain frequencies in the range of 0.009-0.08 Hz, and 

spatial smoothing with a 6mm full width half maximum kernel. Pearson’s correlation 

coefficient between blood-oxygen level dependent activity in pairs of 264 standard ROI 

(Power et al., 2011) yielded connectivity matrices, where ROI that were >50% outside 

scan coverage area in any subject were excluded (28 ROI). 

2.4 Network definition 

 Based on the modularity metric, seven functional networks were defined in the 

current sample (Fig 2A). These were labeled as - visual network (VS, 52 nodes), somato-

motor network (SMN, 43 nodes), insulo-temporoparietal network (Ins-TPN, 39 nodes), 

FPCN (24 nodes), DMN (64 nodes), dorsal anterior cingulate network (dACC, 6 nodes), 

and subcortical network (8 nodes). In addition, a standard network definition from 

independent young healthy subjects was used (Power et al., 2011) (Fig. 2B & 

supplementary methods). Both network definitions were used as the disease process 
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may alter healthy network structures but definitions are also influenced by the 

parcellation method used. 

We assessed global efficiency where higher values reflect a more integrated 

network. Measures of segregation that indicate segregated neural processing were 

determined at the nodal level with local efficiency and for groups of nodes with 

clustering coefficient, for both which higher values indicate higher density of edges 

locally. Segregation was also assessed globally by modularity where higher values 

indicate increased segregation. For each functional network in both definitions, mean 

local efficiency representing intra-network density of edges and mean participation 

coefficient where higher values indicate higher edges within the network or lower inter-

network edges (Rubinov & Sporns, 2010). Statistical significance, considered at p< .05 

(two-sided), for group comparisons adjusted for age and gender was tested non-

parametrically using threshold free cluster enhancement (Smith & Nichols, 2009). 

3. Results 

3.1 Sample characteristics 

Table 1 presents demographic, neuropsychological and neuropsychiatric 

assessments, and imaging characteristics of HC and AD, and MCI and AD subjects with 

NPS_None, NPS_NA, and NPS_A groups. The NPS_A group showed a worse 

neuropsychological and AD-related biomarker profile compared to NPS_ None and 

NPS_NA groups. The NPS_A group had significantly higher CDR scores, reduced 

functional abilities and a higher total neuropsychiatric burden along with higher cerebral 

amyloid deposition and lower cerebral glucose metabolism. 

3.2 Whole brain topological properties 

Graph metrics showed that graph construction methods differentially influence 

measures. Global efficiency, local efficiency, and clustering coefficient were less stable 

at network densities below 5%. Modularity reduced with increasing network density in 

all groups in binary and weighted graphs, whereas global efficiency increased with 

increasing network density in binary graphs and remained stable in weighted graphs. 

Local efficiency and clustering coefficient increased with network density in binary 

graphs but decreased with increasing network density (5-30%) in weighted graphs (Fig. 

3). 

In the AD group, modularity was significantly higher compared to HC in binary 

(1-20% network density) and weighted graphs (1-30% network density). No significant 

differences were found between HC and AD in other global graph metrics. Subjects with 

apathy showed lower local efficiency compared to NPS_None and NPS_NA groups in 

binary (8-24% & 9-30% network density, respectively) and weighted graphs (5-30% & 1-
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30% network density, respectively). Global efficiency also differed between the groups. 

However, compared to the NPS_None and NPS_NA groups, global efficiency was lower 

in the AP group in weighted graphs (10-30% & 9-30% network density, respectively), but 

higher in binary graphs (5-30% & 2-30% network density, respectively). Clustering 

coefficient was reduced in the NPS_A group as compared to the NPS_NA group in binary 

(5-30% network density) and weighted (1-30% network density) graphs. The NPS_A 

group also showed lower modularity compared to the NPS_NA group but only over a 

narrow range of network densities in binary graphs (11-13 and 16-22%). 

 

Figure 1: Overview of processing steps 
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Figure 2: Comparison of functional networks defined in the current study sample (A) 

and in an independent sample (B) (Power et al., 2011).  

The nodes of salience and/pr network in (B) are segregated into a relatively smaller dACC 

cluster (A) and the insular nodes are coupled with the cingulo-opercular network, which 

is labelled as the insulo-temporoparietal network in Figure 2A. 

 

3.3 Group differences in functional brain networks 

  In study-specific networks (Fig. 4), compared to the HC group, the AD group 

showed significantly reduced local efficiency in the dACC network in binary and weighted 

graphs (4-28% and 5-30% network density, respectively) and higher participation 

coefficient in the Ins-TPN (binary: 3-30%, weighted: 4-30%). No further differences were 

found between HC and AD in other networks. Participation coefficient in the AP group 

was higher in the FPCN compared to the NPS_NA group (binary: 3-30%, weighted: 3-

30%) and lower in the dACC network compared to the NPS_ None group (binary: 8-20, 

27-30%, weighted: 8-30%) and the NPS_NA group (binary: 3-30%, weighted: 3-30%). The 

NPS_None group also showed higher local efficiency in the subcortical network (binary: 
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3-30%, weighted: 3-30%) and lower participation coefficient in the SMN (binary: 3-30%, 

weighted: 4-30%) compared to the NPS_A group. Participation coefficient in the 

subcortical network was lower in the NPS_NA group compared to NPS_A group (binary: 

2-24%, weighted: 2-29%). 

 In network definitions by Power et al. (Power et al., 2011) (Fig. 5), participation 

coefficient was higher in the VAN in AD compared to HC (binary: 4-30%, weighted: 7-

30%). No other significant differences were found between HC and AD in any network. 

Compared to the NPS_None and NPS_NA group, the NPS_A group showed higher 

participation coefficient in the FPCN (binary: 5-30%, weighted: 5-30% & binary: 2-30%, 

weighted: 2-30%, respectively), CON (binary: 5-30%, weighted: 6-30% & binary: 7-30%, 

weighted: 7-30%, respectively), and SAN (binary: 8-30%, weighted: 8-30% & binary: 13-

17, 19-20%, weighted: 13-16, 19%, respectively). The NPS_A group showed higher local 

efficiency than the NPS_NA group in the DAN (binary: 1-30%, weighted: 1-30%).  

 

Table 1: Sample characteristics of healthy control and AD, and MCI and AD subjects 

without any NPS (NPS_None), with NPS other than apathy (NPS_NA), and apathy 

(NPS_A) 

 

 HC AD No NPS Non-AP NPS AP Chi-sq$ p 

n (female) 18 (11) 26 (12) 28 (12) 38 (21) 21 (5) 5.39 .07 

n (AD) - - 4 12 10 6.38 .04 

Age 73.13 (5.7) 72.87 (7.2) 71.22 (6.3) 71.29 (7.6) 75.27 (5.7) 5.18 .07 

Education 16.56 (1.8) 15.88 (2.7) 16.18 (2.5) 16.16 (2.7) 15.76 (2.6) 0.41 .81 

MMSE 28.61 (1.5) 22.35 (2.5) 26.75 (3.0) 26.05 (3.2) 25.48 (3.4) 2.38 .30 

ADAS-13 9.28 (3.9) 35.58 (9.2) 
19.71 

(11.4) 
20.08 (11.4) 

25.57 

(12.5) 
4.01 .13 

CDR-SB 0.03 (0.1) 4.40 (1.4) 1.64 (1.5) 2.49 (1.6) 3.57 (1.6) 18.62 <.01 
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FAQ 0.11 (0.5) 15.00 (7.8) 3.70 (6.9) 7.26 (7.9) 12.19 (6.0) 22.12 <.01 

Total NPI 0.61 (1.0) 9.23 (11.3) - 5.13 (5.2) 
12.81 

(11.1) 
10.76 <.01# 

Hippocampal 

volume 

(bilateral, 

mm3) 

7029.2   

(783.8) 

6068.7 

(1050.0) 

(n=23) 

7085.7 

(1070.6) 

(n=23) 

6837.20 

(1369.6)  

(n=36) 

6637.41 

(933.0) 

(n=19) 

1.05 .59 

Amyloid 

uptake 

(AV45) 

1.02 (0.04) 
1.47 (0.2) 

(n=25) 
1.22 (0.2) 

1.31 (0.2) 

(n=37) 
1.39 (0.3) 6.21 .04 

FDG-PET 6.79 (0.4) 5.24 (0.7) 6.17 (0.9) 6.02 (0.7) 5.64 (0.6) 8.37 .02 

$ Chi-square statistic for Kruskal-Wallis test (two-tailed); # comparison between No-AP 

NPS and AP groups; AV45: Amyloid binding ligand, values in Standardized Uptake Value 

Ratio (SUVR); FDG-PET: Glucose metabolism, values in SUVR; ADAS-13: Alzheimer’s 

Disease Assessment Scale-13 item; FAQ: Functional Assessment Questionnaire; CDR-

SB: Clinical Dementia Rating scale-sum of boxes; NPI: Neuropsychiatric Inventory score 

 

Further, the NPS_None group showed higher local efficiency in the subcortical 

network (binary: 20-27%, weighted: 16-30%) and lower participation coefficient in the 

SMN (binary: 3-30%, weighted: 3-30%) than in the NPS_A group. Finally, the NPS_NA 

group showed higher local efficiency (binary: 11-25%, weighted: 4-30%) and lower 

participation coefficient (binary: 8-10%, weighted: 6-29%) in the DMN as compared to 

the NPS_A group. 
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Figure 3: Whole brain graph theoretical measures (previous page) 

The figures show the binary (left) and weighted (right) global efficiency (A), mean local 

efficiency (B), modularity (C) and clustering coefficient (D) (y-axis) over increasing 

network densities (x-axis), after adjustment for age and gender, for each group. Each 

hash (#) symbol (aligned to the x-axis) indicates a significant difference at each network 

density with the color indicating the groups compared. Dark blue (#) indicates 

significance for HC vs AD. Light blue (#) indicates significance for NPS_NA vs NPS_A. Light 

green (#) indicates significance for NPS_None vs NPS_A. In those with AD compared to 

HC, modularity was higher (C) suggesting increased segregation of networks. In NPS_A, 

local density of connections are lower as suggested by lower local efficiency (B) and 

clustering coefficient (D) whereas global efficiency in the AD and NPS_A groups are 

highly similar (A). 

 

 

 

 

 

 

 

Figure 4: Graph theoretical properties in current sample networks (next page) 

The figures show the binary (left) and weighted (right) mean local efficiency (y-axis) in 

the dACC (A), and mean participation coefficient (y-axis) over increasing network 

densities (x-axis) in the dACC (B), Insulo-temporoparietal network (C), and frontoparietal 

control network (D), after adjustment for age and gender, for each group. Each hash (#) 

symbol (aligned to the x-axis) indicates a significant difference at each network density 

with the color indicating the groups compared. Dark blue (#) indicates significance for 

HC vs AD. Light blue (#) indicates significance for NPS_NA vs NPS_A. Light green (#) 

indicates significance for NPS_None vs NPS_A. The NPS_A group shows similar changes 

as the AD group in local efficiency in dACC (A) and participation coefficient in the insulo-

temporoparietal network (C). However, participation coefficient of the dACC (B) in the 

NPS_A group and AD diverge. Taking (A) and (B) together suggests that inter-network 

edges in NPS_A are lost to a greater extent than in AD. In contrast, changes in FPCN in 

form of increased participation coefficient may be specific to the NPS_A group. 
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4. Discussion 

 This study aimed to determine topological properties of functional brain 

networks associated with apathy in MCI and AD. Subjects with apathy were more likely 

to have AD, have higher scores on the CDR-SB, NPI and FAQ, and higher global amyloid 

deposition, and lower cortical glucose metabolism compared to those without any NPS 

and those with NPS other than apathy. In topological measures, the AD group showed 

increased modularity while global efficiency, local efficiency and clustering coefficient 

were similar as compared to the HC group. In contrast, those with apathy showed lower 

local efficiency and clustering coefficient, suggesting that segregated neural processing 

is affected. Global efficiency was also altered in the NPS_A group, whose values were 

highly similar to the AD group (Fig 3). These results suggest that apathy may be 

associated with reduced nodal density of functional connections. The findings from 

network level analysis in both network definitions converge upon the FPCN where 

participation coefficient was higher while local efficiency was similar in NPS_A compared 

to the NPS_None and NPS_NA groups. This suggests that lower inter-network 

connectivity of the FPCN is associated with apathy in AD. Similarly, inter-network 

connectivity in the CON is lower in NPS_A than in NPS_NA and NPS_None. In addition, 

the dACC showed lower local efficiency than in NPS_NA and NPS_None suggesting that 

reduced intra-network connectivity in the dACC may play a role in producing symptoms 

of apathy. 

 Symptoms of apathy have been proposed to arise from deficits in neural circuits 

linking the frontal cortex to the basal ganglia (Levy & Dubois, 2006). As noted above, 

apathy in MCI and AD patients is associated with only the frontal-subcortical circuits but 

with broader regions of the association cortex and particularly with regions that support 

goal-directed actions (Kos et al., 2016; Stella et al., 2014; Theleritis et al., 2014). The 

findings of this study show that functional connectivity between the FPCN and CON to 

other networks is reduced in apathy. These networks support control of goal-directed 

action by dynamically regulating executive functions in the FPCN, and the maintenance 

of sustained attention and task-representations in the CON (Dosenbach et al., 2007; 

Sadaghiani et al., 2010; Seeley et al., 2007). That changes in both networks indicate 

reduced inter-network connectivity suggests that patients with apathy experience 

difficulties in transforming goal representations to goal-directed actions but not in the 

neural processing of each set of functions independently. This interpretation is 

consistent with apathy symptoms such as an inability to initiate actions but once 

initiated, capacity to execute the action is preserved.  
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Figure 5: Group difference in independently-defined networks (previous page) 

The figures show the binary (left) and weighted (right) mean participation coefficient (y-

axis) over increasing network densities (x-axis) in the ventral attention network (A), 

frontoparietal control network (B), cingulo-opercular network (C), and salience network 

(D), after adjustment for age and gender, for each group. Each hash (#) symbol (aligned 

to the x-axis) indicates a significant difference at each network density with the color 

indicating the groups compared. Dark blue (#) indicates significance for HC vs AD. Light 

blue (#) indicates significance for NPS_NA vs NPS_A. Light green (#) indicates significance 

for NPS_None vs NPS_A. Increased participation coefficient in the frontoparietal control 

network (B) and cingulo-opercular network (C) was present to a greater extent in the 

NPS_A group whereas all patient groups show similarly increased participation 

coefficient in the ventral attention network (A). In the salience network (D), the 

NPS_None group shows lower participation coefficient, which may indicate 

compensatory changes that preserve function. 

  

 It may also be that both networks communicate independently with other 

networks controlling the generation of behavior that may be deficient. This 

interpretation would suggest that the neural routes to the development of apathy may 

differ between patients with apathy. 

 This study expands upon previous results that associated apathy in MCI/AD to 

broad brain regions and particularly to the dACC and temporo-parietal lobe (Stella et al., 

2014; Theleritis et al., 2014). A recent functional connectivity study found that apathy 

was associated with reduced connectivity in the FPCN in association with apathy in MCI 

patients (Munro et al., 2015). ROI were limited to four functional networks and inter-

network connectivity was not investigated. As NPS increase in number and severity with 

stages of AD, they are often comorbid and associating brain changes to specific NPS is 

not trivial. In the current study, a novel approach was used contrasting apathy with those 

without NPS and those with NPS_NA. When differences are present in both comparisons, 

the findings are more likely to be specific to apathy. Moreover, the parent ADNI study 

excluded subjects with high depression scores at baseline, which reduces the likelihood 

of overlapping symptomatology and confounding neural changes. Finally, this study 

investigated network topology in the whole brain that enabled detection of intra- and 

inter-network connectivity changes in fine-grained brain networks. Thus, the results 

from the current study may be considered to reflect brain changes underlying apathy 

more accurately as compared to past studies. 
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 In the broader context of graph theoretical changes seen in AD, the apathy sub-

group showed similar changes to the complete AD group in global efficiency but 

modularity in apathy is altered to a smaller degree (Fig. 3). Local efficiency and clustering 

coefficient were altered to a greater extent in the apathy group than in complete AD 

group. In AD, long distance connections are posited to be more affected than short 

distance connections (Dai et al., 2015; Deng et al., 2016; Liu et al., 2014). Taken together, 

it may be that loss of functional connectivity at a nodal level plays a large role in the 

producing symptoms of apathy. Considering that the apathy group comprised of MCI 

and AD patients, the larger differences in this group compared to the AD group may also 

underlie the increased risk for disease progression seen in those with apathy in AD. 

Furthermore, the pattern of changes in individual networks seen in Fig. 3 & 4 suggests 

that NPS can reveal localized network changes in AD. For example, participation 

coefficient was similar in all patient groups in the ventral attention network (Fig. 3) but 

lower in the somatomotor network of the NPS_None group (Supplementary figures). 

Thus, NPS may reveal localized network changes and their role in the general network 

dysfunction in AD need to be further investigated. 

4.1 Limitations 

 Graph theoretical measures are sensitive to methodological procedures, which 

have been suggested to result in differences between studies (Tijms et al., 2013). In this 

study for example, AP was associated with higher GE in binary graphs but reduced GE in 

weighted graphs. Such results highlight the complexity of graph measures and 

interpreting such findings may be challenging (De Vico Fallani, Richiardi, Chavez, & 

Achard, 2014). Processing steps such as ignoring negative correlations in building graphs 

or the use of global signal regression may also affect results. Therefore, replication of 

findings in an independent sample is essential. Furthermore, the organization of brain 

networks is affected by variables such as age and disease. By using functional networks 

defined in a healthy independent sample and in the study sample, we aimed to minimize 

such effects. Nevertheless, methodological differences in defining the network 

structures need to be considered. Finally, using the NPI to diagnose apathy can be 

considered a limitation as studies indicate that apathy is a complex construct that can 

be separated into sub-types that may have distinct neural mechanisms (Levy & Dubois, 

2006). Future studies may investigate if there are multiple routes to apathy in AD. 

 In summary, the results of the current study in a sample with low depression 

scores suggest that reduced inter-network connectivity of the frontoparietal control 

network and the cingulo-opercular network is associated with apathy in AD. Further, 

the dACC shows a marked reduction in efficiency and segregation in association with 

apathy. Finally, global changes suggest that apathy is specifically associated with 

localized loss of functional connections.  
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Supplementary Information 

Supplementary Methods 

Image acquisition: Subjects were scanned on 3.0 Tesla Philips MRI scanners at thirteen 

sites. Echoplanar images with repetition time/echo time (TR/TE) of 3000/30 ms and flip 

angle (FA) of 80° were acquired in an interleaved manner. Each scan consisted of 140 

volumes, with 48 slices, dimensions 64 x 64 and voxel size 3.31 x 3.31 x 3.31 mm. 

Structural images with a resolution of 1 x 1 x 1.2 mm were acquired through the sagittal 

plane, using a magnetization prepared rapid gradient echo (MPRAGE) three-dimensional 

T1-weighted sequence with a TR = 6.8 ms, TE = 3.16 ms, and FA = 9°. Scans were acquired 

a maximum of 81 days prior to NPI assessment (mean (SD) = 18.6 (15.0) days). 

Image pre-processing: An overview of the methods are provided in Fig. 1. rs-fMRI data 

were preprocessed with the following steps: i) first three volumes of the resting state 

scans were discarded to achieve signal equilibrium; ii) scans were corrected for slice 

timing and intensity differences due to interleaved acquisition; iii) scans were spatially 

realigned  to the first volume using rigid body transformation to correct for head motion 

within runs, and then coregistered to the subject's high resolution structural scan; iv) 

scans were intensity scaled within runs to a mode value of 1000 (performed using 

fslmath in the FSL suite), and v) normalized to a study specific anatomical template 

created using DARTEL (Diffeomorphic Anatomical Registration through Exponentiated 

Lie Algebra toolbox) and resampled to 3mm isotropic voxels. To minimize motion-

induced spurious correlations (van Dijk, Sabuncu and Buckner, 2012; Power et al., 2014), 

scans were examined for excessive motion defined by framewise displacement (FD) and 

standardized delta variations in signal intensity (DVARS). FD estimates head motion from 

one volume to next and is calculated as the sum of the absolute displacement in 

translational and rotational motion. Rotational measures were transformed to 

millimeters by assuming that the center of rotation was located 65mm away from the 

affected voxels. The DVARS measure determines changes in signal intensity from one 

volume to the next and is calculated at the global level as the root mean square of the 

temporal derivative of the time series at each voxel. Volumes where FD exceeded 0.5mm 

and DVARS exceeded 3 standard deviations (with first volume set at zero) were 

censored. If less than five minutes of valid volumes (100 volumes, 73% of the scan) 

remained after censoring then scans were excluded from further analysis (n=8). For 

remaining scans, censored volumes were replaced by spline interpolation, and were re-

censored after frequency filtering. On average, 5.08 % volumes in each scan were 

censored (AD=4.2%, MCI=4.29%, SMC=5.7%, HC=6.9%). To further reduce spurious 

effects, additional steps were performed including demeaning and linear detrending the 

signal, regressing out 1) the global signal, 2) white matter, 3) cerebrospinal fluid signal 

and 4) motion parameters from the realignment step, and their first order derivatives. 
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We chose to perform global signal regression as it was shown to strongly reduce motion 

related artifacts when combined with censoring of motion affected volumes and reduces 

the need to censor volumes subsequent to the movement affected volume (Power et 

al., 2014). Next, temporal band pass filtering using an eighth order Butterworth filter 

with zero phase was performed to retain frequencies in the range of 0.009 to 0.08 Hz. 

Finally, data were spatially smoothed with a 6mm FWHM (full width half maximum) 

kernel. 

Connectivity matrices: To determine functional connectivity, first subject specific masks 

were created by binarizing the processed scans using BET tool in the FSL suite. Regions 

of interest (ROI) with less than 50% coverage in any subject were excluded for all subjects 

(28 ROI). The mean time-course from each remaining ROI was extracted and Pearson's 

correlation coefficient between each pair of ROI was calculated, generating a 236 x 236 

matrix for each subject. For ROI at a distance of less than 20mm apart, the correlations 

were set to zero as such correlations may result from motion induced artifacts and/or 

smoothing process. Further, correlations between a ROI and itself were set to zero. 

Negative correlations were also set to zero as negative correlations can be introduced 

spuriously when global signal regression is performed (Murphy et al., 2009; 

Weissenbacher et al., 2009), which lead to reduced test-retest reliability (Shehzad et al., 

2009; Wang et al., 2011). The final outcome matrix, referred to as the connectivity matrix 

hereafter, was used in all subsequent steps. 

Network definition: The nodes of a graph can be separated into non-overlapping 

communities or modules by maximizing the modularity metric, which quantifies the 

extent to which a module has maximum within-module edges and minimum between-

module edges. The resulting modules are labeled functional networks. However, such 

definitions are subject to methodological choices and may differ between study 

populations. Therefore, we defined functional networks based on the current study 

sample. The modularity metric was determined at a single optimal threshold, which was 

determined by computing entropy values obtained by applying information theory to 

the connectivity matrices (See Geerligs et al., 2015 for details of this method). Briefly, 

connectivity matrices were thresholded proportionally over a range of values (1-50%) in 

incremental steps of 1%, where the threshold proportion of strongest correlations in the 

matrix at each step were retained such that the matrix is converted to represent the 

retained correlation values as present and the rest as absent. The binarized matrices 

were then averaged over subjects and entropy values were calculated. These steps were 

performed separately for the HC, MCI, and AD groups to allow for variations in the 

optimal threshold according to group. As entropy values are sensitive to the number of 

edges, which differ according to the applied threshold, random matrices with the same 

number of edges at each threshold were created for comparison. The following process 
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was used to generate the random matrices - 50 randomized matrices with the same 

number of nodes and edges were generated at each threshold per subject. From these 

random matrices, 500 new average matrices were created per group by sampling the 

randomized matrices at each threshold. The random matrices per group were then 

averaged and entropy values were calculated at each threshold. Finally, entropy values 

of the random matrices and true matrices were compared. The threshold at which the 

lowest entropy in the true matrices across groups maximally differed from the lowest 

entropy of the randomized matrices was determined as the optimal threshold. For all 

groups, the optimal threshold value was determined at a threshold value of 1%. 

The optimal threshold was used to partition the connectivity matrices into non-

overlapping modules (Newman, 2004). In order to obtain smaller modules, the 

modularity metric used for partitioning was maximized across a range of resolutions. 

First, an initial partition was created for each connectivity matrix using the Louvain 

modularity algorithm (Blondel, Guillaume, Lambiotte and Lefebvre, 2008). Next, a fine-

tuning algorithm was applied to increase modularity, and a new partition was obtained 

(Sun, Danila, Josić and Bassler, 2009). This process was repeated 50 times and each node 

was assigned to a module. The node assignments over the 50 repetitions were then 

averaged to create a single consensus matrix per subject. The consensus matrix per 

subject was then re-entered into the above steps to obtain new partitions. This step was 

repeated until the consensus matrix per subject remained unchanged and was 

considered stable. 

To achieve stable partitioning across subjects, consensus matrices of all subjects were 

averaged and entered into a consensus partitioning algorithm (Lancichinetti and 

Fortunato, 2012) at 30 resolutions (ranging 1 to 3, in steps of 0.1). The resulting group 

consensus matrices at each resolution were assessed for similarity across the 

resolutions. This was achieved by comparing the normalized mutual information (NMI) 

across each resolution. Across all resolutions, a 7-module decomposition was found 

most often (13 times), which showed a mean NMI of 0.93. Identical partitioning (NMI=1) 

was present at four resolutions and was used to define functional networks in 

subsequent analyses (Fig. 2A). We then repeated the analyses using a network definition 

based on an independent sample of healthy young adults (Power et al., 2011) 

(http://www.nil.wustl.edu/labs/petersen/Resources.html) to provide comparability 

with previous studies. In this network definition, nodes with inadequate coverage, those 

defined as uncertain (11 nodes), as part of cerebellar network (4 nodes), and a posited 

memory retrieval network (5 nodes) were excluded.  Nodes classified separately as 

sensory-motor hand (29 nodes) and sensory-motor mouth (5 nodes) networks were 

combined. These steps resulted in a total of 10 functional networks (216 nodes) (Fig. 2B). 
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Network Measures: Connectivity matrices were thresholded over a range (1-30%), 

retaining the proportionate number of strongest correlations. Thresholding over a range 

of edge strengths is required, as including all edges results in a fully connected graph, 

while using a single threshold uses an arbitrary set of functional connections. Binary and 

weighted thresholded matrices were used to calculate network measures. Both types of 

measures were determined because binarizing matrices may introduce bias as 

correlations close to the threshold value are similar but may be included or excluded, 

resulting in artificial variations in edges between subjects [6]. Using weighted graphs 

reduces this bias and enhances reproducibility but methods for scaling edge weights are 

currently not definitive. 

The following network measures were determined using the Brain Connectivity Toolbox 

(Rubinov and Sporns, 2010). Three measures were calculated using whole brain graphs 

- global efficiency, local efficiency, and modularity. Global efficiency is the sum of the 

inverse of the average path between all pairs of nodes in a graph with higher values 

indicating more efficient paths between each node to any other node in the network. 

Local efficiency is calculated as the inverse of the average path length between a node 

and its immediate neighbors. Higher local efficiency indicates higher density of edges 

locally. For the whole brain graph, local efficiency of each node is averaged. Modularity 

quantifies the extent of segregation of nodes in a graph into modules or networks.  

Segregation of networks allows each network to process specialized information. Higher 

modularity values indicate better segregation between networks. Further, for each 

functional network, local efficiency and participation coefficient were calculated. In this 

case, local efficiency of each node and the mean value for a network were restricted to 

edges within the network. Participation coefficient determines the ratio of intra-network 

edges to all edges of a node and the mean of these values from each node within a 

network indicated the extent of intra- or inter-network edges. Higher values indicate 

better integration between networks. 

Statistical analysis: Differences in graph measures between i) HC and AD, ii) NPS_None 

and NPS_A, and iii) NPS_NA and NPS_A were determined after controlling for age and 

gender. Significance of the differences in network measures was non-parametrically 

tested by randomly permuting group membership 5000 times for each comparison 

(maintaining group sizes). A null distribution of group differences for each comparison 

was computed at each threshold and tested for significance using threshold free cluster 

enhancement (TFCE) (with default settings-E=0, H=1) (Smith and Nichols, 2009). Results 

were considered significant at a two-sided p value of < .05. All analyses were conducted 

in MATLAB 2014a (The MathWorks, Inc., Natick, USA), unless noted otherwise, using 

custom in-house scripts. Preprocessing steps (except intensity normalization) were 
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performed in SPM12b (http://www.fil.ion.ucl.ac.uk/spm/software/spm12). Fig. 2 was 

created using BrainNet Viewer (http://www.nitrc.org/projects/bnv/). 

 

Supplementary Figures A-E: Group difference in current-sample and independently-

defined networks 

The figures show the binary (left) and weighted (right) mean participation coefficient (y-

axis) over increasing network densities (x-axis). Fig A shows local efficiency and Fig B 

shows participation coefficient in networks defined in the current sample. Fig C and D 

show local efficiency and Fig E shows participation coefficient in networks defined in an 

independent sample. Measures in all figures are adjusted for age and gender. Each hash 

(#) symbol (aligned to the x-axis) indicates a significant difference at each network 

density with the color indicating the groups compared. Dark blue (#) indicates 

significance for HC vs AD. Light blue (#) indicates significance for NPS_NA vs NPS_A. Light 

green (#) indicates significance for NPS_None vs NPS_A. 

DMN: Default mode network; DAN: Dorsal attention network; VAN: ventral attention 

network; FPN: frontoparietal network, CON: cingulo-opercular network, SN: salience 

network; Ins-TPN: insulo-temporoparietal network; AN: auditory network; VN: Visual 

network; SMN: somatomotor network;  
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Abstract 

A reduction in goal-directed behavior, or apathy, is an early prognostic marker of 

several neurological and psychiatric disorders. It has been attributed to deficits in neural 

circuits connecting the prefrontal cortex to the basal ganglia. A number of brain imaging 

studies have associated apathy symptoms in various disorders with widespread changes 

in the brain. Such variety in regional cerebral involvement is consistent with the 

suggestion of different subtypes of apathy. Although these studies include reports that 

apathy is associated with regions in the lateral parietal cortex (LPC), the role of this 

region in apathy is not appropriately recognized. From a cognitive neuroscience 

perspective, functions of the LPC are relevant for goal-directed behavior, and therefore 

dysfunction of this region may produce symptoms of apathy. Here, we review studies 

that report associations between parietal cortex dysfunction and apathy across 

disorders and investigate the putative cognitive processes in the LPC that may underlie 

such reduction of active behavior. Neural processes in this region provide an interface 

between basic features of sensorimotor transformation and core features of volition and 

action performance, thus enabling the transformation of internal goals to external 

actions. We infer that impairments in these processes may logically represent 

mechanisms underlying the association between the LPC and apathy. Considering the 

evidence, we propose that impairments in the lateral parietal cortex may lead to reduced 

goal-directed behavior and hence, suggest this region be included in neural models of 

apathy.  
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1. Introduction 

Performing complex behaviors is part and parcel of daily life. For example, 

getting from A to B in a city requires the dynamic interplay of several cognitive processes, 

ranging from long-term memory and attention to planning abilities and spatial 

navigation. Thus, to successfully accomplish such behaviors, a variety of cognitive 

functions that rely on multiple brain regions must work together in an integrated 

manner. Cognitive models that describe the generation of such complex behavior 

comprise of cognitive functions that begin with an internally or externally driven 

motivation to act, followed by planning, executing actions, evaluating outcomes with 

respect to selected goals, and if required, adapting subsequent actions (Brown and 

Pluck, 2000). Deficits in any cognitive function forming this sequence of processes may 

lead to impairments in the generation of complex behaviors. Such reduced behavior, 

which is clinically termed as apathy (Levy and Dubois, 2006; Robert et al., 2009), is 

observed across various neurological and psychiatric disorders. It is characterized by 

several observable symptoms, such as lack of initiative, loss of interest, or lack of effort 

in performing day to day tasks. 

The neural substrates of apathy have been suggested to lie in circuits linking 

the prefrontal cortex to the basal ganglia (Brown and Pluck, 2000; Levy and Dubois, 2006; 

Marin, 1990; Starkstein, 2000; Stuss et al., 2000; van Reekum et al., 2005). The emphasis 

on frontostriatal circuits is easy to understand, as there is not only empirical evidence 

for their association in apathy (Kos et al., 2016; McIntosh et al., 2015; Pagonabarraga et 

al., 2015; Stella et al., 2014; Theleritis et al., 2014), but also known functions of these 

circuits correspond with deficits expressed in apathy (Hazy et al., 2007; Miller and Cohen, 

2001). These functions include components of goal-directed behavior (GDB), mediated 

by the prefrontal cortex including storage and evaluation of stimulus information, 

evaluation of reward potential of specific actions, and generation of a plan of action 

(Hollerman et al., 2000). The basal ganglia, which by means of extensive dopaminergic 

circuitry, signals reward potential and acts as a final gateway in the production of motor 

movements (Goto and Grace, 2005). In short, these circuits appear to support cognitive 

functions necessary for GDB. 

A critical reading of recent studies in different brain disorders, however, 

suggests that besides associations with the prefrontal cortex-basal ganglia regions, 

apathy is also associated with changes in the lateral parietal cortex (LPC) (Fig.1). This 

association, reported in diverse disorders, is of interest as the LPC does not find a place 

in current models of apathy (Bonelli and Cummings, 2007; Guimarães et al., 2008; Levy 

and Dubois, 2006; Starkstein and Leentjens, 2008; van Reekum et al., 2005). As a result, 

the reported associations between the LPC with apathy have been largely ignored and 

the cognitive basis of apathy symptoms due to impairments in the LPC have not been 
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explained. To address this issue, we review evidence associating apathy with 

impairments in the LPC, and evaluate the cognitive and neural mechanisms that 

contribute towards reduced behavior. We suggest that deficits in LPC-supported 

cognitive processes impair the control of goal-directed actions and the attribution of 

motor actions to one self, which may underlie the association of this brain region with 

reduced behavior. We further propose that the LPC be included in neural models of 

apathy. In the following sections, we review evidence supporting the involvement of the 

LPC in apathy, evaluate the cognitive processes involved, and present a new model for 

apathy emphasizing the role of the LPC. 

2. Association between lateral parietal cortex and apathy across disorders 

Symptoms of apathy are common in several brain disorders such as in 

neurodegenerative conditions like Alzheimer’s disease (AD), Parkinson’s disease (PD), 

and fronto-temporal dementia (FTD), in stroke (or cerebrovascular accident), and in 

schizophrenia. In each of these disorders, apathy becomes increasingly prevalent and 

severe with disease progression (with the exception of stroke where symptoms may 

improve with functional recovery) (Dujardin et al., 2007; Geda et al., 2014; Landes et al., 

2005; Starkstein et al., 2006). Given that apathy is a marker for worse prognosis, 

understanding its neural mechanisms can better characterize the primary disorder. In 

imaging studies across disorders, apathy is associated with deficits in multiple brain 

regions (Kos et al., 2016), with the most common region being the dorsal anterior 

cingulate cortex (ACC) (McIntosh et al., 2015; Pagonabarraga et al., 2015; Theleritis et 

al., 2014). However, as noted by Stella et al. (2014), apathy is also associated with other 

brain regions. Besides the dorsal ACC, apathy has been associated with deficits in sub-

cortical regions, orbito-frontal cortex, and dorso-lateral prefrontal cortex [See Tekin and 

Cummings (2002) for a discussion on the accompanying cognitive deficits]. In addition to 

fronto-subcortical circuits, apathy has been linked been to the LPC in one third of the 

studies on neurodegenerative disorders and in about 14% of studies on psychiatric 

disorders (Kos et al., 2016). This association is present across imaging modalities 

including structural, metabolic, and functional imaging and is discussed below for the 

different clinical conditions. Figure 2 shows the location of regions (in the Montreal 

Neurological Institute atlas space) from studies associating apathy with the LPC. 

2.1 Association of LPC with apathy in Alzheimer’s disease 

In AD, a progressive decline in cognitive functions is accompanied or in some cases, 

preceded by behavioral changes (Geda et al., 2008; Pietrzak et al., 2012). Apathy is the 

most common behavioral change in AD and when present in the prodromal stage, it 

increases the risk of disease progression (Peters et al., 2013; Rosenberg et al., 2013). 

Investigating the neural correlates of apathy, Ott and colleagues (1996) reported 

reduced cerebral perfusion in the right posterior temporal and parietal cortex in 
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association with apathy in AD patients. Moreover, global cognition (measured using 

Mini-Mental State Examination) was not associated with perfusion in these regions or 

with apathy, suggesting that symptoms of apathy are not captured by cognitive 

measures and also the associated brain regions may not necessarily overlap. In another 

study of seventy AD patients with apathy, similar findings were reported (Tanaka et al., 

2004). Donepezil (a cholinesterase inhibitor) was found to have differing effects among 

the AD patients. In some patients (30%), symptoms of apathy, dysphoria and anxiety 

were reduced, whereas in ten percent of patients these symptoms worsened, and no 

effects were seen in the rest (60%). By contrasting the group with worsened symptoms 

to those in whom symptoms improved or remained unchanged, the authors found 

significant associations between apathy and reduced blood flow in the bilateral superior 

parietal lobule and the surrounding temporal cortices (Tanaka et al., 2004). Although this 

study included a small sample size, it provides evidence linking apathy to reduced blood 

flow in the parietal regions. 

 

 
 

Fig. 1: Anatomical divisions of the lateral parietal cortex. 

The superior parietal lobule (SPL) is shaded in blue. The inferior parietal lobule (IPL) 

comprises of the angular gyrus (AG) in red and supramarginal gyrus (SMG) in green. The 

SPL and IPL are separated by the intraparietal sulcus (IPS). In this review, the SPL and IPS 

are together labelled as the dorsal lateral parietal cortex (LPC), and the SMG and AG are 

together labeled as the ventral LPC. The term ventral LPC is used interchangeably with 

the IPL. (Adapted from Humphreys and Lambon Ralph, 2015) 
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Fig. 2: Empirical associations between lateral parietal cortex and apathy 

Peak coordinates from studies that reported an association between apathy and the 

lateral parietal cortex are projected on to a brain template. The size of the regions of 

interest are arbitrary and are not scaled to the reported cluster sizes (in some studies). 

 

Eslinger et al., 2012   Ota et al., 2012   

Huang et al., 2013   Reijnders et al., 2010   

Liemburg et al., 2015   Tanaka et al., 2004   

Munro et al., 2015     
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In addition to reduced blood flow, apathy was found to be associated with 

reduced cortical thickness of the right superior and inferior temporal cortex in patients 

with mild cognitive impairment (MCI) (Guercio et al., 2015), as well as predictive of 

increased severity of apathy symptoms in MCI and AD patients (Donovan et al., 2014). 

Furthermore, changes in white matter in the LPC have also been associated with apathy 

in AD. More specifically, damage in the white matter of the right parietal lobe in the form 

of hyperintense lesions, indicative of vascular pathology, was found to be increased in 

probable AD patients with apathy and comorbid depression (Starkstein et al., 2009). 

Using diffusion imaging to characterize nerve tracts in twenty one AD patients, Ota and 

colleagues (2012) found that apathy was associated with reduced fractional anisotropy, 

indicative of damage to nerve fibers, in the bilateral parietal cortices. Measures of 

diffusion such as fractional anisotropy can be used to delineate major white matter 

tracts. In one such analysis, the right superior longitudinal fasciculus, which carries nerve 

fibers between the frontal and parietal cortex, was shown to have reduced integrity in 

AD patients with apathy (Hahn et al., 2013). Notably, this study assessed apathy 

symptoms using the Apathy Inventory (AI), which quantifies the severity of apathy as 

opposed to the common practice of assessing the presence/absence of apathy. The 

findings of impaired structural connectivity are supported by a recent study where 

affective symptoms, particularly apathy, were associated with reduced functional 

connectivity (correlation between time-courses of activity in brain regions) in the fronto-

parietal control network (FPCN) in patients with MCI (Munro et al., 2015). Thus, a 

number of studies in AD patients have reported apathy to be associated with deficits in 

the lateral parietal and temporal regions, particularly in the right hemisphere. 

2.2 Association of LPC with apathy in Parkinson’s disease 

In PD, atrophy of dopaminergic neurons in the brainstem is accompanied by 

characteristic motor symptoms of tremors and rigidity. In addition to motor symptoms, 

neuropsychiatric features are also common in PD (Chaudhuri et al., 2006). Symptoms of 

apathy are diagnosed in a quarter to one-third of patients in the early stages of the 

disease, and with progressive worsening, this proportion increases (Pagonabarraga et 

al., 2015). Like in AD, apathy in PD is also associated with changes in multiple brain 

regions with prefrontal-subcortical circuits being affected most often (Pagonabarraga et 

al., 2015). However, apathy has also been associated with changes in the LPC. In early 

PD patients, Reijnders et al. (2010) found reduced grey matter density in a number of 

regions including the bilateral inferior parietal lobes to be associated with apathy. In this 

study, apathy was characterized with multiple assessment tools and the apathy score 

derived with each tool was found to be associated with nearly identical brain regions 

(Reijnders et al., 2010). In another study investigating metabolic changes in early stages 

of PD, apathy was found to be associated with reduced glucose metabolism in the right 

inferior parietal lobule (Huang et al., 2013). In addition to using the Apathy Evaluation 
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Scale (AES) to assess apathy symptoms, which quantifies apathy (similar to the AI), this 

study also found reduced motor functions to be associated with reduced metabolism in 

the inferior parietal lobule. Results from functional imaging acquired under resting 

conditions also converge on the inferior parietal lobule as the locus in the LPC that is 

associated with apathy in PD (Skidmore et al., 2011). Together, these findings suggest 

that dysfunction in the inferior parietal lobule of the LPC plays a role in the development 

of apathy and that reduced motor function may mediate this association. 

2.3 Association of LPC with apathy in fronto-temporal dementia 

Apathy is also a common symptom of FTD, which is characterized by atrophic 

changes in the frontal and temporal lobes of the brain. Symptomatically, behavioral 

disturbances are prominent in FTD, which occur either in the form of increased 

behavioral activity such as loss of inhibition, inappropriate behavior, and repetitive 

actions, or manifest themselves in the form of reduced self-initiated behavior (i.e., 

apathy) (Mendez et al., 2008). Both clinical presentations of FTD are correlated with 

atrophic changes in the frontal lobes. However, similar to AD and PD, apathy in FTD has 

also been associated with the LPC. In a moderately sized sample of FTD patients, the 

severity of apathy, as measured by the apathy sub-scale of the frontal systems behavior 

scale, was associated with reduced gray matter density in the lateral frontal cortex as 

well as the right inferior parietal lobule (Zamboni et al., 2008). Similar results were also 

found in a smaller sample of patients with the behavioral variant of FTD where the 

apathy score was based on caregivers’ report and was associated with reduced gray 

matter density in the broader temporo-parietal region (Eslinger et al., 2012). Compared 

to late-onset FTD patients with disinhibition and healthy control subjects, FTD patients 

with apathy showed atrophy and hypometabolism in the lateral frontal cortex and the 

inferior parietal lobule (Morbelli et al., 2016). 

2.4 Association of LPC with apathy in stroke and schizophrenia 

The LPC is also associated with apathy in post-stroke syndromes. In a three-

year follow-up of a single subject who developed apathy following a stroke, functional 

connectivity of the inferior parietal lobule along with that of the ACC was found to be 

altered (Siegel et al., 2014). The normal positively correlated activity between the 

inferior parietal lobule and medial frontal brain regions was reversed and normal 

positive correlation with other brain areas was reduced. In this single case study, apathy 

was associated with changes in multiple cortical and subcortical areas. That apathy is 

associated with multiple regions of the brain including the LPC is also borne out by a 

study in a large sample of stroke patients (Yang et al., 2015) where structural 

connectivity (measured by diffusion imaging) was reduced within a network of regions 

that involved the LPC. Among studies using task-based functional imaging, Liemburg et 

al., (2015) found that brain activation was reduced in the inferior parietal lobule while 
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performing the Tower of London task in association with greater apathy in schizophrenia 

patients. 

2.5. Summary of findings and their relation to neural models of apathy 

In the above-mentioned studies, symptoms of apathy in brain disorders with 

varying etiologies were associated with altered structure, function and metabolic activity 

in the LPC. Although, associations of apathy with the LPC were reported in these studies, 

the findings were not extensively discussed or considered to be of significance. A likely 

reason for this may be that in a majority of these studies, apathy was associated with 

multiple brain regions including the dorsal ACC, medial prefrontal cortex or basal ganglia. 

The consistent association of apathy with these regions lends support to neurocognitive 

models where deficits in the prefrontal cortex – basal ganglia circuits are proposed to be 

the neural basis of apathy (Brown and Pluck, 2000; Guimarães et al., 2008; Levy and 

Dubois, 2006; van Reekum et al., 2005). These models also describe the cognitive 

mechanisms supporting GDB where apathy may result either due to an inability to 

evaluate the reward potential of an action (behavioral apathy, consistent with deficits in 

the medial prefrontal cortex), or deficits in executive functions (cognitive apathy, 

consistent with deficits in the lateral prefrontal cortex) or deficits in spontaneous activity 

(auto-activation deficit, consistent with deficits in the basal ganglia) (Brown and Pluck, 

2000; Levy and Dubois, 2006). However, current models of apathy do not explain the 

empirical associations between the LPC and symptoms of apathy. 

In the next section we focus on the behavioral deficits that result from isolated 

lesions of the LPC and may underlie symptoms of apathy. We also review the relevant 

literature from a cognitive neuroscience perspective to understand the basic cognitive 

mechanisms that are supported by the LPC. Based on these studies, we build a case for 

the cognitive basis for symptoms of apathy resulting from deficits in the LPC. 

3. Evidence from lesion studies: the role of the LPC in generating behavior 

 Successful goal-directed behavior relies on a number of cognitive processes 

(Brown and Pluck, 2000), which in turn are supported by distributed brain networks. Key 

regions in these networks, especially in the association cortices, may be recruited by 

multiple cognitive processes (Culham and Kanwisher, 2001; Duncan and Owen, 2000; 

Ebitz and Hayden, 2016). The LPC, in particular, is activated during diverse cognitive 

processes such as attention, working memory, spatial cognition, and social cognition 

(Cabeza et al., 2012; Humphreys and Lambon Ralph, 2015). As a result of supporting 

diverse cognitive processes, damage to the LPC results in complex syndromes with 

varying symptoms, some of which may affect the motor aspects of behavior generation. 

3.1 Apraxia and neglect: deficits in the cognitive control of actions 
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Classically, lesions in the parietal lobe are associated with apraxia where 

patients are unable to perform skilled motor movements, in the absence of sensory, 

motor, or muscular disorders (Geschwind and Damasio, 1985). Among the subtypes of 

apraxia, the ideational and ideo-motor forms are particularly relevant to GDB. Both 

subtypes involve transforming abstract concepts of an action and precise execution of 

complex motor movements. While the definition and neural substrates of each subtype 

are debated (Buxbaum et al., 2014), ideational apraxia refers to difficulty in generating 

complex movements when using an object, (De Renzi and Lucchelli, 1988) and ideo-

motor apraxia refers to difficulties in performing an imagined movement on command, 

i.e., pantomiming (De Renzi et al., 1980). Various models have been proposed to explain 

the observed deficits in ideational apraxia including loss of knowledge of object usage 

(De Renzi and Lucchelli, 1988), disordering of action sequence (Poeck and Lehmkuhl, 

1980), and incorrect activation of relevant schemas and suppression of irrelevant 

schemas at appropriate times (Norman and Shallice, 1986). These models point towards 

deficits in specific stored action plans in apraxia. 

Ideomotor apraxia, on the other hand, is considered more sensitive to motor 

control since the absence of a tool or object deprives sensory input, which likely supports 

the execution of actions (Goldenberg et al., 2004). This sensitivity has a direct bearing 

on GDB since it implies that pantomiming requires intentionally activating a specific 

action sequence towards an imagined goal while constraining other stored schemas 

resulting in accurate and meaningful motor movements. Models of ideomotor apraxia 

(Buxbaum et al., 2000; Cubelli et al., 2000; Gonzalez Rothi et al., 1991) broadly involve 

conversion of action semantics and gesture patterns to motor output. In particular, 

Buxbaum et al., (2000) emphasize upon the dynamic regulation of intrinsic body schema 

in the production of gestures, based on a case-study of apraxia. In this model, gesturing 

deficits arise not due to deficits in stored action schemas but due to deficits in the 

interaction between the stored schemas and internal coding of body positions. The 

production of an intentioned action fails due to an inability to provide a continually 

updated body schema. In case of actual tool use, deficient interaction between the 

action schema and body schema is compensated by sensory and visual feedback. 

Another view of ideomotor apraxia suggests that deficits arise due to 

difficulties in selecting the appropriate action schema, rather than deficits in or between 

action and body schemas (Bekkering et al., 2005). This view regards imitation as a goal 

to be achieved by selecting the appropriate action schema. A recent voxel-based lesion-

symptom mapping study in a large number of patients provided a neuroanatomical basis 

for the deficits of ideomotor apraxia (Buxbaum et al., 2014). In this study, pantomiming 

was more strongly associated with lesions in the posterior temporal lobe, while imitation 

of meaningless gestures was more strongly associated with lesions in the parietal lobe. 
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This result suggests that motor control of action is achieved through multiple brain 

regions in the postero-lateral regions of the brain (Buxbaum et al., 2014). The findings 

can help understand the impairment of externally-directed goal-directed actions: 

conversion of verbal cues (evoking semantic knowledge) to action is supported by the 

posterior part of the temporal lobe, whereas imitation, which implies converting a visual 

cue to actions is supported by the parietal lobe. 

Similar to apraxia, neglect is also classically associated with damage to the 

parietal (Azouvi et al., 2002; Hillis et al., 2005; Mort et al., 2003; Vallar and Perani, 1986) 

and the superior temporal lobule (Karnath et al., 2004; Ringman et al., 2004), as a result 

of which patients fail to attend to stimuli present on the contralesional side, in the 

absence of sensory and motor deficits (Mesulam, 1999; Vallar, 1998). This complex 

condition provides insight into another function of the lateral parietal and posterior 

temporal cortices – encoding a spatial map. Studies show that an egocentric and an 

allocentric map are encoded by the LPC and the temporal lobe, respectively (Hillis et al., 

2005; Ota et al., 2001; Verdon et al., 2010). However, the debate on the neural 

distinction between the types of maps is not settled (McGlinchey-Berroth et al., 1996; 

Molenberghs and Sale, 2011; Rorden et al., 2012). 

With respect to its functional basis, various theories have been put forth. One 

theory suggests neglect occurs due to deficits in the LPC in selecting the objects to be 

perceived (Bartolomeo and Chokron, 2002), while another theory suggests that the 

deficit lies in the direction and maintenance of attention (Corbetta and Shulman, 2002). 

A third theory asserts that it is not perception but spatial working memory that is 

affected in neglect (Pisella and Mattingley, 2004; Vuilleumier et al., 2007). Another 

theory suggests that motor control involved in initiation of arm (or eye) movement, and 

not cognitive functions, which is deficient in neglect (Kubanek et al., 2015; Mattingley et 

al., 1998). With respect to GDB, studies in neglect link spatial and body maps to the 

postero-lateral regions of the cortex, and indicate the various cognitive and motor 

control functions supported by this region. 

Considering apraxia and neglect together, we can conclude that normal LPC 

function is necessary for controlling complex actions with reference to the environment. 

Furthermore, detailed analysis of symptoms and associated lesion sites in these 

disorders indicate that parietal dominant lesions produce symptoms indicative of 

deficient egocentric spatial functions while lesions in the posterior temporal region 

produce symptoms that indicate deficient processing of externally generated cues such 

as verbal commands and object features. 

3.2. Insights into LPC function from distinct syndromes 
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Besides the common syndromes consequent to LPC lesions, circumscribed 

lesions in this area produce rare syndromes that can provide insight into LPC 

mechanisms contributing to reduced behavior. In these syndromes, complex and 

seemingly unrelated symptoms occur together, which suggest that focal regions within 

the LPC also support multiple functions. For example, in Gerstmann’s syndrome, lesions 

in the inferior parietal lobule result in acalculia, finger agnosia, agraphia and left-right 

confusion (Gerstmann, 1930). Lesions in the angular gyrus (Mayer et al., 1999; Morris et 

al., 1984; Roux et al., 2003) may be responsible for producing a disordered mental body 

schema (Gerstmann, 1930). 

In some instances, focal lesions in the LPC, typically subsequent to a stroke, 

result in the alien hand syndrome. Patients with this syndrome present with complex 

goal-directed hand movements that occur without volition or intention of the patient 

(Assal et al., 2007; Doody and Jankovic, 1992). As a result, the hand is perceived to out 

of voluntary control, which implies loss of sense of ownership and gives the disorder its 

name. In patients with LPC lesions, the movements observed are less complex but 

produce a stronger sense of loss of ownership, and accompanied by other symptoms like 

neglect and disordered body schema (Hassan and Josephs, 2016). In the context of self-

generated behavior, the alien hand syndrome suggests that the LPC contributes to the 

perception of motor movements as being intentional by integrating neural signals of 

motor preparation, initiation or execution with visual and proprioceptive cues of 

movement. Deficient integration of these processes may contribute to the loss of 

agency, particularly when such deficiency includes impaired matching of predicted 

sensory consequences of movement and the actual sensory feedback (de Jong, 

2011).Such loss of agency has been suggested to also play a general role in apraxia 

(Pazzaglia and Galli, 2014). 

The loss of complexity in movements in the parietal variant of alien hand 

syndrome indicate that in addition to intentional movements, the LPC is also involved in 

fine control of the intended movement. Indeed, studies in patients and healthy subjects 

have shown that the posterior parietal cortex dynamically controls adjustments in hand 

movements even after the movement has been initiated (Mutha et al., 2014; Pisella et 

al., 2000; Vingerhoets, 2014). This is illustrated in a patient with bilateral lesions in the 

posterior parietal cortex who was able to grasp an object when its position was 

maintained at one location during a trial but failed to do so when the object was moved 

during the trial (Gréa et al., 2002; Rossetti et al., 2005). 

Based on the evidence from lesion studies, LPC functions include the 

integration of sensory cues with precise execution of actions. Since brain lesions are 

expansive in nature, the affected region(s) cross anatomical boundaries and are not 

uniform across patients. As a result, accurate localization of affected functional 
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processes is difficult. From the functional deficits in patients with lesions, two broad 

domains of the LPC can be delineated. First, the dorsal region of the LPC consisting of 

the superior parietal lobule and intraparietal sulcus (Fig. 1) supports visuo-spatial 

attention and control of fine motor movements. Second, the ventral region of the LPC 

(inferior parietal lobule) consisting of the angular gyrus and supramarginal gyrus 

supports generation of intentional actions and attribution of motor movements to 

oneself. The adjoining posterior temporal cortex integrates semantic cues with 

intentional movements. This functional segregation coincides with findings from 

cognitive neuroscience studies where the dorsal LPC is considered to support 

visuospatial parameters coding external spaces and movement direction, and the ventral 

LPC contributing to proprioceptive processing, which facilitates maintenance of one’s 

body scheme and serves efficient motor control (Beudel et al., 2011; de Jong et al., 2001; 

Hinkley et al., 2007). Together, the two broad divisions of the LPC support the cognitive 

control of motor behavior. 

4. Framework of Goal-Directed Behavior and role of the LPC 

 In Section 1, we introduced GDB as the key cognitive framework that is 

disrupted in apathy. In Section 3, we described the behavioral deficits resulting from 

lesions of the LPC. Taking account of the complex syndromes that follow these lesions, 

it is clear that the LPC supports a variety of functions. This multifaceted nature is 

necessary for the higher-order integration of information from multiple sensory sources. 

From the preceding section, we concluded that deficits in spatial control of movement 

and body schema form two pathways that may reduce the generation of behavior. To 

further describe the basic mechanisms that underlie such deficits, we delve into the 

cognitive processes associated with the LPC in healthy individuals in order to draw 

linkages between the detailed framework of GDB and the relevant but broad functions 

that were inferred from lesion studies of the LPC. 

Models of GDB provide a framework of cognitive elements that are needed for 

successfully reaching a predetermined end point (Brown and Pluck, 2000; Verschure et 

al., 2014). A key initial step in such a framework is the formation of an intent to act, 

driven by external or internal cues. A second component includes planning, which can 

be broken down into the representation of a goal, determining a sequence of actions 

aimed towards the goal, and selection and timing of actions during execution. The final 

component entails the initiation and execution of actions. In addition, a set of 

supervisory processes is essential for ensuring that actions are directed towards the goal, 

and if not, to incorporate necessary adaptations into the action sequence. A function 

that is implicit for any action and clearly associated with GDB is sense-of-agency, which 

is the subjective knowledge that an action is performed out of one’s volition. Verschure 

and colleagues (2014) describe these processes in terms of ‘what’, ‘why’, ‘when’, 
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‘where’, and ‘how’. In other words, the ‘why’ component posits the goal and the reason 

for its choice; the ‘what’ component represents the broad plan of action; the ‘when’ and 

‘where’ components reflect the spatiotemporal aspects of the actions; the ‘how’ 

component describes the detailed motor sequences to be performed (Verschure et al., 

2014). Notably, the authors distinguish between internal and external cues of GDB, with 

the former relying on longer time-scales, driven by memory and internal states. 

4.1. Roles of the dorsal and ventral LPC in performance of intentional 

actions 

Cognitive neuroscience studies provide a rich body of evidence for assigning 

key roles regarding individual functions in the framework of GDB to specific brain 

regions. Here, we focus on the GDB-related cognitive functions associated with the LPC. 

4.1.1. Attentional control, action planning, and regulation of motor 

movements 

The dorsal part of the LPC, comprising of the superior parietal lobule and 

intraparietal sulcus, supports neural representations necessary for top-down attentional 

control, spatial representation, and execution of complex motor movements (Andersen 

and Cui, 2009; Corbetta and Shulman, 2002; Gallivan et al., 2011). For performing a series 

of actions, these functions must be integrated (Humphreys and Lambon Ralph, 2015). 

Thus, a cross-modal functional integration may occur in the following form - mental 

simulations are performed of planned actions, an optimum action plan is selected and 

execution of the action sequence is initiated. The visual and somatosensory feedback 

from actions are evaluated and the motor plan is continuously updated to maintain a 

trajectory towards the goal (Battaglia-Mayer et al., 2014). 

The dorsal LPC, especially the superior parietal lobule is activated during top-

down tasks (Corbetta et al., 1995). This activation is paired to pre-formed responses such 

as when searching for specific visual cues presented among a set of distractors (Corbetta 

and Shulman, 2002). Top-down attention is also necessary for spatial working memory, 

which maintains a representation of salient cues for a short duration after the cue is 

changed or removed (Awh and Jonides, 2001). Activity in the dorsal LPC is also implicated 

in selecting motor actions, updating of the plan of action and in tracking outcomes of the 

action (Caminiti et al., 2010; Desmurget et al., 1999). This region is also active during 

sequential movements, whether self-performed, imagined/planned, or performed by 

others, which are achieved through sensorimotor integration (Cui, 2014). 

Within the dorsal LPC, the superior parietal lobule is more strongly linked to 

spatial orientation, planning, and maintenance of attention on a task whereas activity 

along the intraparietal sulcus is associated with effectors such as in the dynamic 

adjustment of eye and hand movements during a task (Gallivan et al., 2011; Glover, 
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2004; Tunik et al., 2005). The former is suggested to rely on multiple sensory and 

cognitive inputs while the latter guides actions towards the goal (Glover, 2004). 

Besides externally-directed planning, action performance also involves 

(internal) preparation of the body for executing the requisite motor plan. Pertaining to 

execution of actions, Beudel and de Jong (2009) contrasted two visuo-motor tasks and 

found that the superior parietal lobule was activated only when an instructed finger was 

to be guided to a fixed button as compared to when an instructed button was to be 

pressed with a fixed finger. After the initiation of planned actions, the intraparietal sulcus 

regulates spatial and temporal adjustments in movements to reach a target (Tunik et al., 

2005). To support dynamic adjustments to movements, the intraparietal sulcus is 

suggested to store goals of an action, to which the executed action and its outcomes are 

compared, and in case of a mismatch, corrective movements are initiated (Tunik et al., 

2007). 

This inferential view is supported by evidence that the intraparietal sulcus is 

active in selection of a movement. When presented with alternative response choices 

encoded in the lateral frontal brain regions, the intraparietal sulcus signaled the 

selection of the appropriate choice (Muhle-Karbe et al., 2014). Activity in this region was 

disrupted by transcranial magnetic stimulation in close temporal proximity to selection 

of the appropriate response, which resulted in more errors as compared to control 

subjects. Furthermore, this study aimed to distinguish the role of the inferior frontal 

gyrus, which was found to be associated with updating of task goals, and the 

intraparietal sulcus, which was associated with responses to the task (Muhle-Karbe et 

al., 2014). Similarly, the initiation of adjustments to an action were disrupted by TMS to 

the intraparietal sulcus but had no effect if stimulation was applied after adjustments 

were already initiated (Glover et al., 2005). An alternative view suggests that the 

superior parietal lobule and intraparietal sulcus both store representations of motor 

plans, but the latter is active earlier than the former (Verhagen et al., 2013). 

Taken together, the dorsal LPC appears to contribute to motor cognition by 

dynamically regulating goal-directed action: movements are planned by selecting the 

effector (Beudel and de Jong, 2009), the appropriate action is chosen from multiple 

responses encoded in the lateral prefrontal cortex (Muhle-Karbe et al., 2014), and then 

spatial and temporal control over motor movements is maintained so that they remain 

oriented towards intended goals (Glover et al., 2005; Tunik et al., 2007; Verhagen et al., 

2013). Thus, the superior parietal lobule and the intraparietal sulcus together translate 

abstract goals represented in the frontal lobes to specific motor plans and regulate their 

execution (Muhle-Karbe et al., 2014). 

4.1.2. Volition – intention and sense of agency 
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Besides attentional control, planning, and regulation of motor movements, 

performing goal-directed actions requires volition or what is perceived as the will to act. 

The act of choosing such actions needs to be distinguished from habitual movement, 

which can be complex but not necessarily resulting from conscious intent. In apathy, 

assessing whether patients lack initiative in performing activities directly relates to the 

concept of volition. Also termed free will, volition encompasses the experience of 

temporally distinct concepts of an intention to act, selection of an appropriate action, 

and attributing the outcomes to self-initiated actions. Studies over two decades have 

extensively investigated the neural basis of volition and evidence converges towards the 

inferior parietal lobule being key to volitional processes in the brain (Haggard, 2008). 

The intention to act can be detected prior to motor movements being initiated. 

First reported as fluctuations in brain activity on electroencephalographic recordings, 

the ‘bereitschaftspotential’ or readiness potential has been interpreted as neural activity 

that reflects motor preparation preceding movement or planning of an action 

(Kornhuber and Deecke, 1965). Such activity preceding an action can be recorded from 

different parts of the brain such as the pre-supplementary motor area, basal ganglia and 

the LPC (Colebatch, 2007). Here, it is important to distinguish the effects of each region 

on motor movements in order to determine their roles in generating voluntary actions. 

The input from the basal ganglia to the pre-supplementary motor area plays a key role 

in activating effectors whereas activity in the dorsal LPC regulates movements as 

elaborated in the preceding section. The ventral LPC or inferior parietal lobule appears 

to generate the intention to perform an action (Sirigu et al., 2004). Patients with lesions 

in this region were aware of the performed movement but unable to recall if they were 

aware of the intention to move. The inability to experience intentions can lead to 

misattribution of the agent of the action. Apraxic patients with parietal lobe damage 

show reduced ability to distinguish movements of self from those of others (Sirigu et al., 

1999). The discrimination between self and other is also affected in non-motor functions. 

Schizophrenia patients with auditory-verbal hallucinations (misattributing the agent of 

thoughts) show altered morphology of the inferior parietal lobule (Plaze et al., 2015). 

Thus, intention and sense of agency are coupled and typically integrated during 

voluntary actions. This coupling is particularly made evident by the notion that intention 

implicitly includes prediction of action effects. 

Brain stimulation studies have provided evidence for the contribution of 

various regions to motor movements and volition. Stimulating the pre-supplementary 

motor area produces the inclination or even urge to move a body part, such as the hand 

or lips depending on the location of stimulation. As the strength of the stimulation is 

increased, factual movement of that body part occurs (Desmurget et al., 2009; Fried et 

al., 1991). A similar ‘urge to act’ is also produced on stimulating the inferior parietal 
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lobule. A crucial difference between the two stimulation sites is that on supra-threshold 

stimulation of the inferior parietal lobule, subjects sensed movements in the said body 

part despite absence of any such movement (Desmurget et al., 2009). In contrast, 

stimulation of the mesial pre-central area, a region close to motor areas, elicited 

compulsive feelings to perform an action. Importantly, the sensation of impending 

movement was not perceived as self-willed (Desmurget et al., 2009). Contrasting these 

outcomes, the inferior parietal lobule appears to be crucial to experiencing intention and 

perceiving (even when movement has not occurred), while the pre-supplementary 

motor area activates movement but does not contribute to perceiving it as self-

generated. This study is in line with previous evidence showing that patients with 

damage to the angular gyrus in the inferior parietal lobule report a delay in experiencing 

motor movements until just before (~50 ms) an action is performed, as compared to 

healthy subjects (~250 ms) (Sirigu et al., 2004). Thus, the inferior parietal lobule plays a 

key role in receiving feedback of motor movements and in the perception of the inputs 

as self-generated. 

The viewpoint mentioned above is strengthened by results from Haggard and 

Cole (2007). The authors reported that the inferior parietal lobule is highly active when 

subjects recognize that observed outcomes were due to their own actions. Conversely, 

lower activity was found in this region when subjects perceived a dissonance between 

their actions and outcomes. A recent study suggests that sense of agency may also be 

prospective, i.e., whether an action is attributed to oneself may be experienced before 

performing the action (Chambon et al., 2015). To test this hypothesis, neural activity in 

the inferior parietal lobule was disrupted using transcranial magnetic stimulation, which 

resulted in reduced perception of self-control on subsequent actions. In other words, 

the inferior parietal lobule may also play a role in movement preparation, which may 

contribute to perceiving actions as intentional. This view is supported by the study of 

Verhagen and colleagues (2013) who found that movement planning occurs in the dorsal 

as well as ventral LPC in parallel and that the ventral LPC can compensate for 

perturbations in the dorsal LPC. 

In sum, the ventral LPC contributes to movement planning and attributing 

actions to oneself or in other words, intention and sense of agency are represented in 

the same brain region. Together, these results suggest that in motor cognition, the 

ventral LPC plays a crucial role as an interface where motor actions are associated with 

self-related processes and vice-versa. 

5. Integration of functions supporting self-generated behavior 

Generating goal-directed actions in response to internal and external stimuli is 

a fundamental function of the brain, for which information from internal and external 
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stimuli must be integrated. The LPC, especially the inferior parietal lobule, appears to 

plays a key role in this process as evidenced in the sections above. Besides the cognitive 

aspects of action generation, the LPC is activated by other cognitive processes such as 

episodic memory (Cabeza et al., 2012). The mechanism that enables the overlap of 

various cognitive processes within the LPC (Humphreys and Lambon Ralph, 2015) may 

be that this region receives signals from multiple brain networks (Braga et al., 2013) 

making it a candidate region for multi-modal integration essential for GDB. 

Functional brain networks comprise distant regions that show spontaneous 

and coordinated activity (Fox et al., 2005). This functional organization of the brain is 

based on a framework of structural connections and is present in states of rest as well 

as sleep (Greicius et al., 2009). The default mode network (DMN) comprises of midline 

structures in the anterior and posterior cortical regions, and the inferior parietal lobule 

in the LPC (Raichle et al., 2001). Also termed the task negative network, the DMN is more 

active when individuals are not engaged in any task or are asked to not think of anything 

in particular. When performing cognitively demanding tasks that require problem solving 

and working memory, the DMN typically shows reduced activity while areas in the lateral 

frontal cortex and parietal cortex are activated (Fox et al., 2005). The task positive 

regions with anti-correlated activity with the DMN are segregated into the FPCN 

consisting of regions in the rostrolateral prefrontal cortex and the inferior parietal lobule 

and active when performing executive functions (Vincent et al., 2008), and the dorsal 

attention network comprising of the superior pre-central gyrus and the superior parietal 

lobule, which are active during tasks requiring sustained attention (Fox et al., 2006). The 

specialized cognitive processing in individual networks provides a basis for a 

neurocognitive framework for GDB. 

5.1. Functional activity in the LPC and goal-directed behavior 

When performing cognitive tasks, brain networks function as segregated but 

not isolated systems and cognitive performance is supported by between-network 

connectivity (Cole et al., 2014; Krienen et al., 2014). Such an interactive functional 

network may be especially crucial for goal-directed cognitive activity. Spreng et al. (2010) 

investigated the activity of the DMN and the FPCN under two conditions requiring 

autobiographical planning based on personal goals related to debt and employment, and 

an externally-directed visuo-spatial planning task (the tower of London test). The FPCN 

was found to interact with the DMN and dorsal attention networks in self-related and 

externally-directed conditions, respectively. The authors concluded that the FPCN ‘may 

flexibly couple with the default and dorsal attentional networks’ and act as ‘a cortical 

mediator linking the networks in support of goal-directed cognitive processes’. Thus, 

these results support the view that internally- and externally-directed cognition relies on 
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interactions between the FPCN and DMN, as well as FPCN and dorsal attention network, 

respectively. 

The inferior parietal lobule is activated in response to a variety of tasks and its 

further functional subdivision into regions that participate in the DMN and FPCN is not 

clearly demarcated (Humphreys and Lambon Ralph, 2015). In addition, this region is 

uniquely represented in two large networks in the brain (DMN and FPCN), and interacts 

with the superior parietal lobule and intraparietal sulcus of the dorsal attention network 

(Vincent et al., 2008; Spreng et al., 2010). The supramarginal gyrus in the inferior parietal 

lobule shows overlapping activity with the DMN, dorsal attention network and salience 

network (comprising of the dorsal ACC and insula) (Braga et al., 2013). That the inferior 

parietal lobule shows functional connectivity with the salience network in addition to 

the DMN, FPCN, and dorsal attention network may be pertinent to the generation of 

behavior as the dorsal ACC is the most commonly affected region in patients with apathy 

(Kos et al., 2016; Stella et al., 2014). 

5.1.1. Dissociation between external and internal choices 

The role of the LPC and the dorsal ACC in GDB is illustrated in the study by 

Beudel and de Jong (2009). When participants were asked to select one of four buttons 

representing a free external choice, the dorsal ACC was activated together with the 

ventral LPC, whereas only the ventral LPC was activated when subjects were asked to 

choose a finger to press a fixed button. This finding is consistent with the results in a 

similar study using a finger-tapping task, where the LPC was activated during conditions 

where a choice was to be made and the dorsal ACC (and supplementary motor cortex) 

was found to be active during action selection (Zhang et al., 2012). Not only is the 

distinction in brain regions present when performing a task but also when planning for 

externally- and internally-directed tasks (Ariani et al., 2015).These results suggest that 

the dorsal ACC and LPC contribute to different aspects of the decision-making process in 

behavior generation. While the dorsal ACC plays a role in external choices, the ventral 

LPC plays a role in making internal as well as external choices. Thus, externally- and 

internally-directed motor cognition may be integrated in the ventral LPC. In line with this 

view, Goldberg and colleagues (2008) suggested that the inferior parietal lobule (ventral 

LPC) is able to generate behavior by using cues from the internal environment for making 

choices. 

Taken together, the ventral LPC supports the planning and execution of 

internally driven actions by selecting the effectors of the action, as opposed to the dorsal 

LPC, which appears to support external aspects of planning, attentional control and 

movement regulation. Moreover, the role of the dorsal ACC in selecting external goals 

demarcates the mechanism by which apathy may be produced due to its dysfunction. 
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5.1.2. Movement intention and execution 

The studies described in section 5.1.1 demonstrate that interaction of the LPC 

with other regions may enable different aspects of GDB. Another function that may 

result from similar interaction is the intention to act. Self-related processes are 

supported by midline structures in the cortex mediating the integration of processes 

evaluating reward potential in the subgenual ACC and medial prefrontal cortex, and 

autobiographical processes in the posterior cingulate cortex and precuneus (Northoff et 

al., 2006). Under certain circumstances, brain activation in the precuneus was found to 

predict the action to be performed, and occurred considerably before subjects reported 

awareness of their intention to perform a specific act. Increased activity in this region 

occurred several seconds prior to the motor response (Soon et al., 2008) and prior to 

subjects reported becoming aware of the choice (Soon et al., 2013). Moreover, the 

reported awareness of the movement intention paralleled increased activity in the 

angular gyrus of the ventral LPC. It may be possible that the posterior cingulate 

cortex/precuneus evaluates the self-relevance of an action and the ventral LPC is active 

after a future desired state (goal) is affirmed, triggering planning and performance of 

actions. In a broader context, connectivity between these regions enables integration of 

self-related processes with performed, imagined, and observed actions (Buckner and 

Carroll, 2007; Farrer et al., 2008; Lou et al., 2004). 

5.2. A neurocognitive framework for GDB 

In the studies described in section 4, we summarized cognitive processes 

involved in GDB including those occurring outside the LPC. These findings can be 

integrated to provide a neurocognitive framework of GDB (Fig. 3). In this framework, 

internal stimuli for intentional actions are produced in the posterior DMN and activate 

the LPC for forming an action plan. The ventral LPC in coordination with the dorsolateral 

prefrontal cortex evaluate multiple action plans with the former selecting the plan of 

choice and the body movements needed (Beudel and de Jong, 2009), and the latter is 

activated during rule-learning, external goal representations, and monitoring 

performance (Ridderinkhof et al., 2004). The dorsal LPC along with the dorsal ACC 

monitor external choices with the latter selecting the targets, and the former regulating 

action execution (Beudel and de Jong, 2009) as well as monitoring external outcomes 

(Botvinick et al., 2004). Execution of the necessary movement is regulated by control of 

attention and movement by the superior parietal lobule and intraparietal sulcus. The 

subsequent perception of the action performed and resulting changes in the external 

environment as caused by oneself (sense of agency) is mediated by the inferior parietal 

lobule (Chambon et al., 2015; Zwosta et al., 2015), whereas the medial prefrontal cortex 

evaluates the reward value of the outcome (Liu et al., 2011). Thus, the integration of 

segregated processes in the anterior and posterior as well medial and lateral cortical 
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regions represent the transformation of self-related processes of goal formation and 

intention to directed motor movements. 

It is important to note that the flow of information between these regions 

occurs in a parallel fashion and not sequentially, where activity in each region biases 

activity in all other regions (Cisek and Kalaska, 2010). In addition, we have focused on 

the role of cortical networks in GDB, without considering the contribution of basal 

ganglia and thalamus to GDB. The reason for this is that distinct networks of sub-regions 

in these latter regions have not been defined consistently and their functions are 

unclear, although deficits in subcortical structures are associated with relatively greater 

degree of apathy compared to those with primarily cortical deficits (Stuss et al., 2000). 

6. Revised model of apathy – role of LPC 

Understanding the neural basis of apathy rests on models of GDB, the deficits 

of which have been suggested to produce negative symptoms such as apathy in 

neurological and psychiatric patients (Brown and Pluck, 2000). These symptoms were 

broadly classified into cognitive, motor, and affective subtypes based on deficits in 

specific neural substrates in the cortico-striato-thalamic circuits. To explain the cognitive 

processes affected in negative symptoms, a model of interconnected cognitive processes 

that produce GDB was proposed. The processes described in this model include 

intention, planning, initiation and execution of actions, and casual knowledge of a link 

between action and outcome. Subsequent models of apathy expanded upon this 

framework identifying deficits in the prefrontal cortex - basal ganglia circuits to underlie 

apathy (Levy and Dubois, 2006; van Reekum et al., 2005). Diagnostic criteria for apathy 

have been proposed, classifying apathy into three domains – behavioral, cognitive, and 

emotional (Robert et al., 2009). Our description above shows that critical aspects of GDB 

are supported by the LPC. These aspects like intention, initiation, and causal knowledge 

of action were included in previous models of GDB but these functions were not 

attributed to any brain region/network. We have shown the mechanisms by which these 

functions are supported by the LPC and proposed a revised model that describes the 

neurocognitive mechanisms of GDB incorporating the role of the LPC. 

As reviewed in the preceding sections, the LPC supports the cognitive aspects 

of movement generation. Based on functions localized in the LPC, apathy may emerge 

through the following mechanisms. 1) Deficits in the dorsal LPC may reduce the ability 

to sustain attention for forming action plans and update ongoing actions according to 

the obtained feedback, which together may increase the effort required for generating 

behavior directed towards a goal. 2) Deficits in the ventral LPC likely perturbs internally 

generated action. The likely mechanism for this maybe disturbance in selecting an 

effector for action during planning and execution. In addition, disturbances in mapping 
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the proprioceptive state of the body, including the predicted sensory effects of 

movement, may also reduce the subjective feeling of intention and sense of agency or 

causal knowledge that results from executing intended actions. 

The proposed neurocognitive framework presented in figure 3 incorporates 

the cognitive processes supported by the LPC, and figure 4 further describes the two 

mechanisms that are localized to the dorsal and ventral LPC. In contrast to lesion studies 

where a large part of a single region is typically affected, apathy is not likely to result 

from deficits in a single region as the disorders with symptoms of reduced behavior are 

not localized (with the exception of stroke). In these disorders, brain changes occur 

slowly and are diffuse in nature. Such changes may give rise to compensatory processes. 

Another consideration is that loss of function in one region affects other interconnected 

regions, as a result of which a deficit in the ventral LPC can be expected to produce 

changes in the DMN, FPCN, and salience network. Keeping these concerns in mind, 

behavioral consequences of deficits in the dorsal LPC are likely to be increased errors 

when performing actions. To compensate for errors, slowing of actions may occur. 

Deficits in the ventral LPC are likely to be associated with difficulty in initiating actions, 

but once initiated, further processes are performed without difficulty or errors. Thus, 

slowness of responses leading to increased reaction times may be common to both 

mechanisms. 

As the model is based on the findings from cognitive experiments, the results 

and inferences are biased by the context in which GDB was assessed. These functions 

are typically assessed over relatively short durations and instructions for the expected 

actions are given to the participants, thus rendering experimental conditions not 

completely voluntary or self-paced. In comparison, patients with apathy show reduced 

self-generated behavior that occur over longer periods. 

Between the two mechanisms, the ventral LPC (or inferior parietal lobule) 

region is more commonly reported to be affected in studies in apathy patients (section 

2). Given its role of linking internally- and externally-directed cognitive functions 

supporting goal-directed actions, the ventral LPC forms a critical node in sensorimotor 

transformation. Moreover, this region has been shown to compensate for deficits in 

dorsal LPC function (Verhagen et al., 2013) but not vice- versa. Therefore, the ventral 

LPC and its associated functions of internally-driven selection of effectors of movement, 

its initiation, and attribution to oneself are more likely to be the deficient mechanisms 

in apathy. In-depth studies of apathy patients with cognitive tests are needed to evaluate 

the proposed mechanisms. 
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Fig. 3. Schematic framework of goal-directed behavior 

The figure integrates various functions necessary for goal-directed behavior (GDB) and 

identifies likely brain regions that support these functions. This framework ascribes 

cognitive control of internally-directed motor behavior to regions of the lateral parietal 

cortex, and GDB consists of the following steps. External and internal stimuli are assigned 

a reward value by the pregenual anterior cingulate cortex. Based on the reward value, 

an intention to act (volition) is generated by interactions between the ventral LPC 

(internal parietal lobule) and the posterior cingulate cortex. The intent to act triggers 

preparation to generate actions. Externally-oriented processing in the dorsolateral 

prefrontal cortex and dorsal anterior cingulate cortex assess various alternative paths to 

the goal and select an appropriate option. In parallel, internally-directed processing 

contributes to the selection and initiation of the appropriate external goal based on the 

body schema and achievable motor plans. The selected movement is operationalized in 

the dorsal LPC, which regulates fine control of the selected movement and necessary 

adjustments during its execution. Based on the visual feedback and changes in body 

schema, the ventral LPC evaluates the actual outcome with the predicted outcome. This 

evaluation contributes to the recognition of the agent of the action, i.e., whether the 

observed change was caused by the action performed (sense of agency). This process is 

facilitated by the ventral LPC. Simultaneously, the dorsal anterior cingulate compares 

the obtained result with the original goal. 
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Fig 4. Brain regions involved in goal-directed behavior, focusing on the mechanisms 

of intention, and internally- and externally-directed decision-making 

The regions of interest (ROI) are color-coded into groups that show largely similar 

functions. Thus, ROI in magenta indicate the pregenual anterior cingulate cortex and 

orbitofrontal cortex, which are involved in reward evaluation. ROI in dark blue indicate 

the lateral prefrontal cortex, which is involved in rule learning and framing of alterative 

goals. ROI in red indicate the posterior cingulate cortex and are associated with 

autobiographical processing. ROI in black indicate subcortical regions, whereas those in 

ochre indicate the primary and supplementary motor cortex, which together control the 

production of movements. ROI in yellow indicate the dorsal ACC. ROI in light blue 
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indicate those in the dorsal LPC while those in green indicate the ventral LPC. The arrows 

in the figure indicate the pathways through which motor behavior is regulated by the 

dorsal ACC and the parietal cortex. The thick black line indicates that the dorsal LPC 

regulates planning and rapid adjustment of movements. The dashed arrows from the 

ventral LPC to the posterior cingulate cortex and supplementary motor cortex indicates 

the interaction between these regions produces intention and sense of agency, 

respectively. The thin arrow between the dorsal ACC and supplementary motor cortex 

indicates inhibitory control over motor behavior. 

 

7. Clinical implications for apathy 

In the preceding sections we described a neurocognitive model to account for 

the associations between symptoms of apathy and the lateral parietal lobe in different 

brain disorders. The two parts of this model draw together the rich and independent 

literature on cognitive functions and large-scale networks that involve the LPC. Based on 

the several cognitive functions anchored in this region and necessary for performing 

motor behavior, the symptoms resulting from dysfunction in these regions may vary. 

In clinical settings, apathy is assessed using various instruments. The most 

commonly used instruments include the AES (Clarke et al., 2007), Lille apathy rating scale 

(LARS) (Sockeel et al., 2006), apathy scale (AS) (Starkstein et al., 1992), and AI (Robert et 

al., 2002). Other commonly used instruments that assess multiple behavioral symptoms 

include the neuropsychiatric inventory (NPI) (Cummings et al., 1994), frontal systems 

behavioral scale (FrSBe) (Grace et al., 1999), unified Parkinson’s disease rating scale 

(UPDRS) (Goetz et al., 2008) and positive and negative syndrome scale (PANSS) (Kay et 

al., 1987). In each of these scales, specific items assess symptoms that may result from 

impaired processes in the LPC. Such items may be broadly divided into those where 

patients need to be told what to do, and those requiring sustained control of complex 

motor movements. Examples of the former are: Is getting started by oneself important 

to the patient (AES), Lacks initiative (FrSBE, AES, LARS, AI), Puts little effort into anything 

(AES), Lack of spontaneity (PANSS), Less likely to initiate a conversation (NPI). Examples 

of the latter are: Mixes up sequences (FrSBe), Does not finish things (AI, AES, FrSBe), 

Does things with reminders (FrSBe), Do you try out new products or tools (LARS), 

Learning new things (AES), Doesn’t care about doing new things (NPI). 

The ventral LPC route to apathy will likely lead to symptoms where subjects 

experience difficulty in initiating actions, or selecting actions or linking the actions to 

outcomes, a difficulty which is solved when the choice of action need not be made. The 

dorsal LPC route to apathy can be expected to produce symptoms where deficits in 
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sustained control of complex motor movements impair the ability to learn new tasks, or 

engage in novel behavior. They can also lead to an inability to complete tasks, requiring 

repeated prompts to complete a task. Here routine activities and hobbies may be 

preserved. The contrast between the two symptom clusters – relative preservation of 

routine activities in dorsal-predominant LPC deficits and difficulty in initiating behavior 

but ability to complete tasks once initiated, distinguish the two routes. Together, the 

two categories of symptoms can be explained with the proposed mechanisms of apathy. 

The presence of sub-types in apathy has been repeatedly suggested (Brown 

and Pluck, 2000; Levy and Dubois, 2006; Marin, 1990; Starkstein and Leentjens, 2008; 

Stuss et al., 2000; van Reekum et al., 2005). However, the questionnaires used to assess 

apathy do not identify these sub-types, or only attempt to do so in a limited way. The 

AES and the NPI are most commonly used but do not categorize symptoms into sub-

types of apathy. The AI aims to identify the three standard sub-types but the symptoms 

for this classification are assessed with a limited number (2-3) of questions (Robert et 

al., 2002). The LARS uses a more extensive questionnaire, compared to the AES and AI, 

consisting of 33 items in 9 domains and yields scores for four categories – intellectual 

curiosity, emotion, action initiation, and self-awareness (Sockeel et al., 2006). It has been 

mainly used to characterize apathy in patients with Parkinson’s disease, and to our 

knowledge, the neural correlates of each category have not been reported. Recent 

studies have advocated that dimensional scales be used in assessing apathy in 

amytrophic lateral sclerosis and traumatic brain injury patients as well (Arnould et al., 

2013; Radakovic and Abrahams, 2014). One such instrument proposed is the 

Dimensional Apathy Scale, which is designed to assess three subtypes of apathy – 

cognitive/behavioral initiation, emotional, and executive variants (Radakovic and 

Abrahams, 2014). Similar approaches (e.g., Aleman, 2014) may provide insights into 

reduced behavior and help to identify associated neural deficits. Current approaches for 

assessing apathy are based on identifying or aggregating symptom clusters. Further 

research is needed to validate the neurocognitive mechanisms of subtypes of apathy, 

which calls for detailed symptom assessment and neuropsychological testing. 

8. Conclusion 

To summarize, we evaluated the association between apathy and the LPC in 

the extant literature and provided an analysis of the underlying neurocognitive 

mechanisms. A review of studies in patients and in healthy subjects provided evidence 

for the role of the LPC in supporting the cognitive aspects of action generation. Within 

the LPC, contributions of the dorsal and ventral subdivision appear to be relatively more 

important for control of external action planning and regulation, and internal planning, 

intentionality, and monitoring internal feedback, respectively. These cognitive deficits 
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are suggested to give rise to distinct behavioral features such as difficulty in learning new 

tasks or the need for prompts to complete an initiated task in case of dorsal LPC 

impairment, and difficulty in initiating actions and reduced engagement in routine or 

habitual actions in case of ventral LPC impairments. In both cases, patients are expected 

to take more time to perform tasks. We also described the framework of GDB after 

incorporating the LPC, attributing specific functions of GDB to it. 

In conclusion, we propose that deficits in neural processes occurring in the LPC 

may contribute to the development of symptoms of apathy. These involve (i) deficits in 

the control of intentional movements in the dorsal LPC, specifically aimed at new 

external circumstances, and (ii) deficits in internally driven actions supported by the 

ventral LPC, associated with a general difficulty in selecting a specific action outflow 

channel. Such deficits may explain the reports of LPC associations with apathy across 

various disorders and deserve to be studied in more detail. 
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Abstract 

 

Low levels of insulin-like growth factor-1 (IGF-1), an essential neurotrophic factor, have 

been associated with worse cognitive function in older adults. However, few studies have 

assessed the prospective association of serum IGF-1 with cognitive function. We aimed 

to determine the association between serum IGF-1 on concurrent and prospective 

cognitive function in a population sample of men aged 40-80 years. Blood samples were 

assessed for IGF-1 levels at baseline and neuropsychological assessments were 

performed at baseline (n=400) and at follow-up after a mean duration of 8.3 years (n= 

286). Linear regression analyses were carried out to determine the associations between 

quintiles of IGF-1 and cognitive function at the baseline and follow-up visits. Results 

showed that those in the top quintile of IGF-1 had lower processing capacity and global 

cognition scores at follow-up after controlling for cognitive function at baseline and other 

confounding factors. Additional analyses exploring associations with IGF-1 separately in 

middle-aged and older participants, and with quartiles of IGF-1 produced similar results. 

In those older than 60 years, high IGF-1 levels were also associated with lower baseline 

processing capacity. These results suggest that high IGF-1 levels are associated with 

worse long-term cognition in men. Together with past studies, we suggest that both, high 

and low levels of IGF-1 may be associated with poor cognitive function and that optimum 

levels of IGF-1 (quintile 2 and 3 in current study) may be associated with better cognitive 

function.



Chapter 6 
 

159 
 

1. Introduction 

Cognitive decline is common with increasing age, and leads to a reduced quality 

of life and capacity for independent daily functioning (Stuck et al., 1999). Though 

characteristic of old age, subtle worsening of cognitive performance begins much earlier 

even in healthy individuals (Salthouse, 2009), suggesting that biological changes 

underlying cognitive decline begin at a younger age. Identifying such early biological 

changes will improve understanding of the mechanisms that underlie cognitive decline 

and assist in development of interventions that enhance quality of life in old age. 

Insulin-like growth factor-1 (IGF-1) is an essential neurotrophic factor that is 

produced both peripherally and in the brain. Peripheral levels of IGF-1, measured in the 

serum, have been previously associated with cognitive function (Morley et al., 1997; 

Rollero et al., 1998). Studies in older individuals suggest that low levels of IGF-1 are 

associated with reduced processing capacity (Aleman et al., 1999), fluid intelligence 

(Aleman et al., 2001), and verbal expression (Landi et al., 2007). Prospective studies have 

suggested that lower levels of IGF-1, especially below threshold levels are associated with 

poor cognition (Dik et al., 2003; Kalmijn et al., 2000; Okereke et al., 2006) (for review see 

(Aleman and Torres-Alemán, 2009)). In short, adequate levels of serum IGF-1 may be 

necessary for normal cognitive functioning. 

As cognitive decline begins early, it is important to study cognitive changes 

occurring at a younger age. However, previous studies on IGF-1 have mostly assessed 

cognitive functioning in older individuals. In a small number of studies where this was not 

the case, cognition was measured using brief neuropsychological assessments. In 

addition, most studies were limited by short follow-up durations. As worsening of 

cognitive performance is gradual, especially in relatively younger individuals, cognitive 

assessments over longer time periods are necessary to enhance sensitivity for detecting 

such gradual changes. 

This study aimed to investigate the association between serum IGF-1 

concentrations and cognitive functioning. Keeping in mind the above-mentioned 

limitations, this study was conducted using a large prospective population cohort of 

middle-aged and older men. Detailed cognitive assessments were conducted at two time 

points approximately eight years apart. 

2. Methods 

The parent study, conducted in Utrecht, the Netherlands, is a prospective multi-

disciplinary population-based longitudinal single-center study of independently living 

middle-aged and older men in the age range of 40 – 80 years (Muller et al., 2003). In 

2001-2002, participants were recruited by requesting female participants of previous 
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studies conducted at the center to suggest male volunteers between 40 and 80 years old. 

Invitation letters were sent to 770 potential participants, of which 240 volunteered to 

participate in the study. In addition, 1230 males were randomly selected from community 

registers and sent invitations, of which 390 men volunteered for the study. Volunteers 

who were unable to live independently or were unable to visit the health center were 

excluded (n=16). The remaining group of 614 volunteers were divided into four 10-year 

age groups and random samples of 100 participants were drawn from each age group to 

create a stratified sample of 400 men. 

Between 2010 and 2011, all participants still living (N = 351) were invited for re-

examination to the study center. A total of 286 men (participation rate = 71.5%) were re-

examined. Reasons for non-participation were emigration (n = 4), inability to visit the 

study center (n = 31), not interested or non-response (n = 30). The mean duration 

between the two assessments was 8.3 (standard deviation: 0.4) years. The mean age 

(range) of the participants at baseline was 60.2 (40 - 80) years and mean age at follow-

up was 67.2 (48 - 88) years. The study was approved by the Institutional Review Board of 

Utrecht University and conformed to the principles of the Declaration of Helsinki. Written 

informed consent was obtained from all participants for both assessments. 

2.1. Cognitive Assessment 

Trained research personnel conducted the following seven tests. The Mini 

Mental State Examination (MMSE), a measure of global cognition, consists of 20 

questions with a maximum score of 30 (Folstein et al., 1975). The Rey Auditory Verbal 

Learning Test (RAVLT) assesses verbal episodic memory by measuring the rate and 

capacity for learning a list of words. For this, the examiner recited a 15-word list at the 

rate of one word per second. The participant was asked to recall as many words as he 

could remember. This sequence was repeated five times to obtain a total score 

representing immediate recall. After 30 minutes the participant was once again asked to 

recall the words in the list. The number of correctly remembered words represented the 

delayed recall score. Participants were then asked to recognize the 15 test words from a 

list of 30 words. The number of correct answers comprised the recognition score with a 

maximum score of 30 (Lezak, 2004). The Doors Test was used to assess visual recognition. 

Participants were shown pictures of doors (total of 24) and were asked to recognize the 

correct (previously shown) ones amongst a picture panel with four doors each (Davis et 

al., 1999). The Digit Symbol Substitution Test (DSS) is a sensitive test for cognition that 

primarily assess information processing capacity. Participants were presented with a 

reference key comprising of symbols paired with numbers and asked to pair as many 

symbols with the corresponding number in 90 seconds. The reference key of digit-symbol 

pairing was visible during the test (Wechsler, 1945). The Digit Span Test measures 

working memory and information processing ability. Scores consisted of the longest 

sequence of numbers (maximum 8) that a participant could recall in forward (digit span 
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forward) and reverse (digit span backward) order (Wechsler, 1945). For the Trail Making 

Test (TMT), participants were asked to connect numbers (TMT A1) and letters (TMT A2) 

sequentially. For TMT part B (TMT B), numbers and letters were both presented and the 

participants were asked to alternate between connecting numbers and letters, thus 

forming two sequences. TMT A1 & A2 measure processing capacity whereas TMT B 

measures executive function. The Verbal Fluency Test (VF), measuring cognitive control, 

consists of (a) naming as many nouns as possible starting with ‘n’ and ‘a’ and, (b) naming 

as many animals and occupations as possible in sixty seconds.  

Composite scores were computed by summing the standardized scores of 

individual tests into three cognitive domains: memory performance (combining scores 

from the Doors Test, RAVLT scores of Immediate recall, Delayed recall and Recognition), 

processing capacity and speed (combining scores from the Digit Span - forward and - 

backward, DSS, and TMT-A1 & A2), and executive function (combing scores from VF and 

TMT part B) (Muller et al., 2005). A higher score on the tests denotes better performance 

except in case of the TMT, for which the sign of the Z score was reversed to denote better 

performance. 

 2.2. IGF-1 measurement 

 At baseline, blood samples were collected between 8 and 10 am after an 

overnight fast. Platelet-free serum was obtained by centrifugation and stored at -80⁰C. 

IGF-1 was measured using an immunometric technique on an Advantage 

Chemiluminescense System (Nichols Institute Diagnostics, San Juan Capistrano, USA). 

The lower limit of detection was 6.0 ng/mL and inter-assay variation was 9.7, 6.4 and 

5.1% at 51, 183 and 424 ng/L, respectively (n=280). 

2.3. Covariates 

During the initial visit, factors likely to affect cognitive function or IGF-1 were 

recorded among other details (Muller et al., 2003), including age, level of education and 

smoking history. Education (highest level achieved), was assessed with the 7-point 

Verhage scale where 1 = less than 6 years of elementary school, 2 = elementary school, 

3 = elementary school and less than 3 years of secondary education, 4 = elementary 

school and 3 years of secondary education, 5 = elementary school and 4 years of lower 

general secondary education, 6 = pre-university education and higher vocational 

education, 7 = university and technical college (Verhage, 1964). Height and weight were 

recorded and body mass index values (BMI) were calculated (dividing weight (kg) by the 

square of height (in meters)). Physical activity was assessed using the Physical activity 

questionnaire (Voorrips et al., 1991). Fasting blood glucose levels were assessed with a 

GlucoTouch reflectometer (LifeScan Benelux, the Netherlands), which uses a reagent 

strip glucose oxidase method. 



Chapter 6 
 

162 
 

2.4. Statistical analysis 

 Previous studies have indicated that the association between serum IGF-1 and 

cognition may be present in a threshold dependent manner (Dik et al., 2003). Therefore, 

we divided IGF-1 levels into quintiles. MMSE scores measured at baseline and follow-up 

were log transformed to achieve a normal distribution. Composite scores of memory 

performance, processing capacity, executive function, and log MMSE scores were used 

as outcome variables. Demographic variables characterizing the study sample were 

calculated according to quintiles of IGF-1, and compared using analysis of variance and 

chi-squared tests. 

 At baseline, composite cognitive scores for 3 cases and glucose measurements 

for 4 cases were missing. At follow-up, the rate of missingness across the quintiles of IGF-

1 was: Q1 - 28.2%, Q2 - 25.3%, Q3 - 28.8%, Q4 - 33.8%, and Q5 - 26.3%. Of the 286 men 

at follow-up, complete data for composite cognitive scores ranged from 66% to 71.5%. 

To avoid loss of statistical power due to exclusion of data of those lost to follow-up, 

multiple imputation by chained equations was performed. We assumed that data were 

missing at random (MAR) or missing completely at random (MCAR). Logistic regression 

was performed to determine if missingness for the main variables of interest could be 

predicted by baseline measurements of variables that could potentially lead to loss of 

follow-up. These included age, education, occupational level, composite cognitive scores, 

MMSE scores, Dutch version of the Adult reading test (a measure of pre-morbid 

intelligence), presence of a chronic disease, number of chronic diseases, smoking history 

(in pack-years), alcohol consumption (in units/week), physical activity score, marital 

status, whether living alone or not, and measures of physical health such as heart rate, 

systolic and diastolic blood pressure, BMI, serum levels of IGF-1, glucose, cholesterol, 

lipids, homocysteine, cortisol, and testosterone. Among these variables, significant 

predictors of missingness included age, presence and number of chronic diseases, 

occupational level, marital status, homocysteine levels, heart rate, and executive 

function score at baseline. 

 These variables together explained 32% to 39% of the variance (Nagelkerke R2) 

for each cognitive score, partially substantiating the assumption of MAR. Thus, use of an 

imputed dataset for analyses would improve the validity of the results, as compared to a 

complete case analysis. All variables in the main model of analyses and significant 

predictors of missingness were included in the imputation model. In place of quintiles of 

IGF-1 used in the main model, serum IGF-1 values were included in the MI models. MI 

were performed using fully conditional specification wherein separate models specify the 

distribution for each variable with missing data (van Buuren and Groothuis-Oudshoorn, 

2011). Predictive mean matching was used to impute missing data as the variables were 

continuous in nature. To achieve adequate results, the number of imputations is 
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recommended to be equal to the percentage missingness (White et al., 2011). 

Accordingly, 30 imputed datasets (with 10 iterations each) were constructed for the rate 

of 28.5% missingness. Results from each imputed dataset were pooled according to 

Rubin’s method for multiple imputation inference (Rubin, 2004). 

 Linear regression was performed using the imputed dataset to determine the 

association of quintiles of IGF-1 with cognitive performance at baseline and follow-up. In 

statistical models, quintile 5 was used as the reference group and covariates included 

age, level of education, smoking, BMI, blood glucose levels, and physical activity. In 

models assessing association of IGF-1 with follow-up cognitive measures, the 

corresponding cognitive measure at baseline was included as a covariate. 

 Additional analyses were conducted as described below. First, regression 

analyses of cognitive scores at follow-up with quintiles of IGF-1 were performed using 

the complete case dataset, as the assumption of MAR underlying the imputed dataset 

cannot be conclusively established. Second, the above-mentioned analysis was repeated 

after splitting the sample into middle-aged (< 60 years) and older (> 60 years) groups to 

determine whether association between IGF-1 and cognition differed in the two age 

groups. Third, the analyses was performed using continuous values of IGF-1 to assess for 

linear trends between serum IGF-1 and cognition. Finally, the analysis was performed 

using quartiles of serum IGF-1 values in place of quintiles to determine if the association 

with cognitive function at follow-up were influenced by group definitions according to 

quintiles. 

 Statistical analyses were conducted in R software, version 3.1.1 using the 

packages car, effects and multcomp. MI was performed using the mice and miceadds 

packages in R. Fig 1 was plotted using MATLAB (2011b, The MathWorks, Inc.). Results 

were considered significant at a two-sided value of p < .05. 

3. Results 

 A stratified sample of 400 middle-aged and older males composed of 100 

participants in each ten-year age group from 40 to 80 years were randomly drawn from 

volunteers who responded to invitations to participate in this study. Letters were sent to 

individuals suggested by female participants of past studies at the research center and to 

randomly selected individuals drawn from community registers. The mean age (range) at 

baseline assessment was 60.2 (40 - 80) years. After 8 years (standard deviation: 0.4 

years), neuropsychological assessment was repeated for 286 participants. The mean age 

(range) at follow-up was 67.2 (48 - 88). Table 1 presents baseline sample characteristics 

according to quintiles of IGF-1 of those assessed at follow-up, and Table 2 presents the 

mean cognitive scores of participants in each quintile at both time points. Participants 
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assessed at follow-up were significantly younger, better educated, had lower glucose 

levels, and had higher scores on all cognitive domain scores and MMSE scores at baseline 

than those not re-assessed. Serum IGF-1 levels did not differ between those assessed and 

those not assessed at follow-up. Baseline characteristics of the complete sample are 

provided in supplementary information S1 Table. 

 Linear regressions were carried out using the imputed dataset. Results showed 

that quintiles of serum IGF-1 were not associated with cognitive functions at baseline (S2 

Table). Linear regressions of cognitive functions at follow-up on quintiles of IGF-1 showed 

statistically significant negative associations with processing capacity and MMSE scores 

(Table 3). Results from adjusted models (i.e. controlled for age, education level, smoking, 

BMI, physical activity, glucose levels, and baseline cognitive score) revealed that Q2 (B = 

1.04, SE = 0.47, p = .026) and Q3 (B = 1.02, SE = 0.5, p = .045) were associated with higher 

processing speed at follow- up than Q5. Similarly, log MMSE scores at follow-up were 

higher in Q1 (B = 0.03, SE = 0.01, p = .008), Q2 (B = 0.03, SE = 0.01, p = .005), Q3 (B = 0.03, 

SE = 0.01, p = .018), and Q4 (B = 0.03, SE = 0.01, p = .038), as compared to Q5 (Table 3). 

Analyses of the complete case dataset showed that results were comparable to those 

obtained from the imputed dataset (see S3 Table for further details). In addition, robust 

regression was performed on the complete case dataset to determine if outliers influence 

the results. The results were comparable to those from ordinary least squares regression 

with additional significant differences being present in memory performance (Q2 higher 

than Q5) and executive function (Q4 higher than Q5) (S3 Table).  To visualize these 

results, we plotted adjusted mean scores for processing capacity and log MMSE at follow-

up for each quintile (Fig. 1). Supplementary information S1 Figure shows cognitive scores 

of each subject at baseline and follow-up, with and without adjustment for covariates. 

 Further analyses were carried out to determine if associations of serum IGF-1 

with follow-up processing speed and MMSE scores were driven primarily by those in the 

older age group. Linear regressions of cognitive scores on IGF-1 quintiles were repeated 

after stratifying the sample based on age. Categories were defined as middle-aged (<60 

years at baseline), and old (>60 years at baseline). Results showed that the association of 

lower cognition with high IGF-1 were not driven by the older age group. Processing 

capacity was no longer significantly associated with quintiles of IGF-1 in either age group. 

As compared to Q5, log MMSE scores were higher in Q3 (B = 0.02, SE = 0.01, p = .049) of 

the middle-aged group, and in Q2 (B = 0.05, SE = 0.02, p = .025) of the older age group. 

In addition, baseline score for processing capacity in the older age group was higher in 

Q3 (B = 1.22, SE = 0.6, p = .044), compared to Q5 (S4 Table). 

 Analyses of associations between continuous serum IGF-1 scores at baseline 

and follow-up cognition were carried out using the imputed dataset. Results showed that 

serum IGF-1 levels at baseline were negatively associated with follow-up MMSE scores 
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after controlling for baseline MMSE scores and confounding factors. No association 

between IGF-1 on processing capacity were found (S5 Table). Lastly, we regrouped serum 

IGF-1 into quartiles in the imputed dataset to assess if larger values of serum IGF-1 in Q5 

were driving the associations with cognitive functions. Results obtained were comparable 

to those with quintiles of IGF-1 (S6 Table). 

 

Table 1: Baseline characteristics and cognitive performance of participants assessed at 

follow-up (n=286) according to quintiles of IGF-1 

 

 Quintiles of serum IGF-1 [range in ng/ml]  

 Q1 Q2 Q3 Q4 Q5 p 

 [47-96] [97-117] [118-137] [138-162] [164-512]  

Participants 61 56 57 53 59 - 

IGF-1 (ng/ml) 85.0 (10.7) 107.0 (5.7) 126.8 (5.6) 149.0 (7.0) 204.7 (56.2) - 

Age (years) 62.2 (10.0) 55.8 (10.3) 58.0 (11.7) 59.0 (10.0) 56.8 (11.4) .03 

Glucose 

(mmol/L) 
6.1 (1.5) 5.9 (1.7) 5.6 (0.9) 5.8 (1.2) 5.7 (0.9) .44 

BMI 27.0 (4.3) 26.1 (2.9) 25.2 (3.1) 25.8 (3.0) 26.5 (3.4) .02 

Smoking (pack 

years) 
19.1 (23.5) 13.6 (17.0) 14.9 (20.6) 16.7 (22.1) 15.6 (19.6) .69 

Physical 

activity 
17.8 (8.2) 17.3 (6.6) 20.5 (7.3) 17.6 (7.5) 17.4 (6.1) .18 

Education 

Level^ 4.6 (1.9) 4.9 (1.8) 5.3 (1.6) 4.9 (1.8) 4.8 (2.1) .28 
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^ Verhage scale; Values given are Mean (SD) at baseline unless stated otherwise; [ ] 

represent range 

 

 

Table 2: Cognitive scores at baseline and follow-up 

 

 
 

Q1 Q2 Q3 Q4 Q5 p 

 
Baseline 

Memory 

performance 

Mean 

(SD) 

-0.08 

(2.2) 

0.27 

(2.0) 

0.50 

(2.5) 

-0.81 

(2.5) 

-0.06 

(2.8) 

.85 

 Range [-7.1 to 

4.5] 

[-5.0 to 

4.9] 

[-8.5 to 

5.1] 

[-10.4 

to 6.2] 

[-7.6 to 

5.1] 

 

Processing 

capacity 

Mean 

(SD) 

-0.14 

(3.1) 

0.30 

(3.0) 

0.39 

(3.3) 

-0.03 

(3.1) 

-0.36 

(3.8) 

.52 

 Range [-10.3 

to 8.4] 

[-7.2 to 

8.7] 

[-8.9 to 

7.9] 

[-9.4 to 

7.3] 

[-11.4 

to 9.0] 

 

Executive 

function 

Mean 

(SD) 

-0.23 

(3.2) 

-0.24 

(2.4) 

0.70 

(3.4) 

0.04 

(2.9) 

-0.24 

(3.4) 

.25 

 Range [-8.3 to 

7.2] 

[-5.8 to 

4.8] 

[-10.4 

to 8.8] 

[-7.0 to 

6.1] 

[-10.1 

to 7.0] 

 

MMSE Mean 

(SD) 

27.9 

(1.4) 

27.9 

(1.3) 

27.9 

(1.6) 

28.0 

(1.6) 

28.0 

(1.8) 

.96 

 Range [24 to 

30] 

[24 to 

30] 

[21 to 

30] 

[22 to 

30] 

[21 to 

30] 

 

 
Follow-up 

Memory 

performance 

Mean 

(SD) 

-0.61 

(3.2) 

0.81 

(2.7) 

0.47 

(3.1) 

0.25 

(3.6) 

0.25 

(3.3) 

.20 
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 Range [-9.2 to 

4.2] 

[-4.8 to 

6.0] 

[-9.3 to 

6.6] 

[-11.0 

to 6.1] 

[-8.7 to 

7.3] 

 

Processing 

capacity 

Mean 

(SD) 

-0.27 

(3.9) 

0.56 

(3.1) 

0.85 

(3.0) 

0.13 

(3.5) 

-0.60 

(4.1) 

.19 

 Range [-12.8 

to 8.1] 

[-7.3 to 

7.1] 

[-9.2 to 

6.7] 

[-10.4 

to 7.1] 

[-18.5 

to 5.8] 

 

Executive 

function 

Mean 

(SD) 

-0.59 

(3.5) 

-0.22 

(3.0) 

1.22 

(2.8) 

0.22 

(3.6) 

0.18 

(4.0) 

.07 

 Range [-9.4 to 

7.2] 

[-7.3 to 

7.0] 

[-5.1 to 

8.0] 

[-8.2 to 

7.2] 

[-7.1 to 

13.5] 

 

MMSE Mean 

(SD) 

28.6 

(1.7) 

28.9 

(1.4) 

28.9 

(1.7) 

28.8 

(1.4) 

28.0 

(2.1) 

.03 

 Range [21 to 

30] 

[25 to 

30] 

[20 to 

30] 

[24 to 

30] 

[23 to 

30] 

 

 

  

 
Table 3: B (95% CI) for association between cognitive scores at follow-up and quintiles 

of IGF-1 

 Q1 Q2 Q3 Q4 Q5 

adjusted for baseline cognition 

Memory 

performance 

-0.27 

(-1.20 - 0.66) 

0.58 

(-0.28 to 

1.44) 

0.28 

(-0.65 to 

1.20) 

0.43 

(-0.48 to 

1.33) 

Ref. 

Processing 

capacity 

0.52 

(-0.54 to 

1.57) 

0.99* 

(0.04 to 

1.95) 

0.90 

(-0.12 to 

1.91) 

0.85 

(-0.15 to 

1.85) 

Ref. 
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Executive 

function 

-0.37 

(-1.39 to 

0.60) 

-0.02 

(-0.96 to 

0.91) 

0.15 

(-0.77 to 

1.07) 

0.23 

(-0.70 to 

1.15) 

Ref. 

Log MMSE 

scores 

0.02* 

(<0.01 to 

0.05) 

0.03** 

(0.01 to 

0.06) 

0.03* 

(0.01 to 

0.05) 

0.03* 

(<0.01 to 

0.05) 

Ref. 

Fully adjusted model 

Memory 

performance 

0.05 

(-0.89 to 

0.99) 

0.61 

(-0.24 to 

1.45) 

0.31 

(-0.61 to 

1.22) 

0.43 

(-0.46 to 

1.31) 

Ref. 

Processing 

capacity 

0.91 

(-0.13 to 

1.95) 

1.04* 

(0.12 to 

1.96) 

1.02* 

(0.02 to 

2.01) 

0.92 

(-0.05 to 

1.88) 

Ref. 

Executive 

function 

-0.11 

(-1.05 to 

0.82) 

-0.11 

(-0.98 to 

0.75) 

0.06 

(-0.8 to 0.92) 

0.20 

(-0.65 to 

1.05) 

Ref. 

Log MMSE 

scores 

0.03** 

(0.01 to 

0.05) 

0.03** 

(0.01 to 

0.05) 

0.03* 

(0.01 to 

0.05) 

0.03* 

(<0.01 to 

0.05) 

Ref. 

* significant at p < .05, ** significant at p < .01; Ref. indicates reference quintile; Fully 

adjusted models include baseline cognitive score, age, level of education, BMI, smoking 

(in pack-years), physical activity, and blood glucose levels 

 

4. Discussion 

 In a longitudinal population cohort of middle-aged and older men, high levels of 

serum IGF-1 at baseline were associated with a decline in cognitive function after eight 

years. The top quintile (Q5) of IGF-1 was associated with a larger decline than in quintile 

2 and 3 in processing capacity, a cognitive domain sensitive to age-related changes. Q5 
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was also associated with a larger decline than other quintiles in MMSE scores, a measure 

of global cognition. Analyses using quartiles of IGF-1 showed comparable results; the top 

quartile was associated with a worsening of processing capacity and MMSE scores. When 

analyzed as a continuous measure, serum IGF-1 was associated with a decline in MMSE 

scores at follow-up. No associations were found between serum IGF-1 and cognition at 

baseline. However, older adults (>60 years) in Q5 showed lower processing capacity at 

baseline as compared to quintile 3. Together, these results suggest that high serum IGF-

1 levels are associated with worse future cognitive function in middle-aged and older 

men. 

 

Figure 1: Mean performance in cognitive domains at follow-up for quintiles of IGF-1 in 

complete case dataset (adjusted for cognitive scores at baseline, age, education level, 

BMI, smoking, physical activity, and glucose levels. Error bars indicate 95% confidence 

intervals of the adjusted mean cognitive score. Higher values on y-axis represent better 

cognitive performance. Sample size in each quintile: Q1= 53, Q2=53, Q3=56, Q4=52, 

Q5=51. * indicates significant at a p value of < .05). 

 A number of epidemiological studies have reported that IGF-1 levels are 

positively associated with cognition (Arwert et al., 2005) in domains of processing 

capacity (Aleman et al., 1999; Dik et al., 2003), verbal memory (Okereke et al., 2006), 

working memory (Deijen et al., 2011), executive function, (Al-Delaimy et al., 2009) and 

global cognition (Dik et al., 2003; Kalmijn et al., 2000) in older individuals. However, a 

recent study did not find any evidence for associations between IGF-1 and concurrent 

cognition in middle-aged individuals (Licht et al., 2014), which was supported by results 

from the current study. In contrast to previous studies, our results indicated that high 

levels of IGF-1 in middle- aged and older men are associated with worse future cognitive 
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performance and with lower concurrent processing capacity specifically in older 

individuals. While the contrasting results compared to previous studies may have 

stemmed from differences in study design and follow-up duration, the inclusion of 

middle-aged individuals who typically have higher IGF-1 levels than in later life (Bayram 

et al., 2011), may have also led to a higher range of IGF-1 in the current sample. 

Moreover, if higher IGF-1 levels indeed indicate future cognitive decline, then previous 

studies in healthy older subjects may have inadvertently excluded those with high IGF-1 

levels. 

 In some studies (Al-Delaimy et al., 2009; Angelini et al., 2009; Dik et al., 2003) 

but not all (Deijen et al., 2011; Kalmijn et al., 2000), low IGF-1 levels below 75 ng/ml were 

associated with poor cognition, a level present in few (n=8) subjects in the current sample 

(Q1: 47 - 96 ng/ml). The relatively high values of IGF-1 in the lowest quintile may have 

contributed to the lack of associations between low IGF-1 and cognition. Further, serum 

IGF-1 levels greater than 106 ng/ml (Al-Delaimy et al., 2009) to 118 ng/ml (Angelini et al., 

2009) were associated with better cognition in older adults. These values fall in the 

second and third quintiles in the current sample, whereas IGF-1 levels in Q5 were higher 

than reference levels expected for the age range of the current sample (91.1 - 135.7 

ng/ml (Bidlingmaier et al., 2014)). Together, these results indicate that the absolute level 

of IGF-1 may be relevant to cognition. 

 The characteristics of participants also differed according to quintiles of IGF-1. 

Those in the third quintile (118-137 ng/ml) had lower BMI and blood glucose levels, and 

tended to be better educated, have higher scores and lower smoking rates (S1 Table). In 

contrast, those in Q1 have worse scores on the same indicators, which suggests that IGF-

1 levels may indicate health status in general rather than cognition only. Since the 

analyses were adjusted for these confounding factors, the association of IGF-1 with 

cognition may be independent of general health status. 

 The complex relationship of IGF-1 with brain function is also reflected in the 

heterogeneous results from studies in Alzheimer’s disease (AD), a neurodegenerative 

disorder characterized by declining cognition. In AD and in those at high risk to develop 

AD, higher IGF-1 levels have been reported (de Bruijn et al., 2014; Johansson et al., 2013; 

van Exel et al., 2014; Vardy et al., 2007). However, lower IGF-1 levels in association with 

AD have also been reported (Doi et al., 2015; Duron et al., 2012; Westwood et al., 2014). 

Moreover, raising serum IGF-1 levels was reported to improve cognition in those at high 

risk for AD (Baker et al., 2012). The contrasting results highlight the difficulty in 

conclusively establishing the effects of IGF-1 on cognition despite its fundamentally 

essential role in the brain (Fernandez and Torres-Alemán, 2012). That poor cognition is 

associated with lower (from past studies) and higher (from current study) levels of IGF-1 

suggests that cognitive function may benefit from optimum levels of IGF-1, similar to 
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associations with hormonal levels such as testosterone (Matousek and Sherwin, 2010; 

Muller et al., 2005). 

 While the mechanism for the association between high IGF-1 and cognition are 

not clear, studies suggest a role for the insulin/IGF signaling (IIS) system (Deak and 

Sonntag, 2012). Lower activity in the IIS resulting from polymorphisms in IGF-1 receptor 

genes has been associated with longevity in centenarians (Suh et al., 2008) as well as with 

lower risk for cognitive decline in those older than 85 years (Euser et al., 2008), suggesting 

that low IIS activity may be especially beneficial for longevity and cognition. We speculate 

that increased IGF-1 levels lead to a sustained increase in IIS, which in turn leads to 

deleterious effects that speed up cellular aging (Bassil et al., 2014). An alternative 

explanation may be that raised serum IGF-1 levels reflect a compensatory response to 

ongoing deleterious changes. These speculations need confirmation in future studies. 

 While interpreting the results the following limitations must be considered. 

First, serum IGF-1 levels were not assessed at follow-up. It may be possible that poor 

cognition at follow-up is associated with change in IGF-1 between the two visits rather 

than with baseline levels. Second, free forms of IGF-1 and IGF binding proteins, which 

may be associated with cognitive function, were not assessed in this study. Third, these 

results may not be generalizable to females considering that associations of serum IGF-1 

with behavioral symptoms show gender differences (Sievers et al., 2014). Lastly, serum 

levels of IGF-1 are known to differ from that available locally in the brain (Sun et al., 2005) 

and hence serum IGF-1 may not reliably indicate IGF-1 activity in the brain. 

 To conclude, serum IGF-1 is not associated with concurrent cognitive function 

in middle-aged males, while older males with high IGF-1 show poor concurrent cognition. 

In both middle-aged and older males, high levels of IGF-1 beyond a threshold are 

associated with a decline in future cognitive function. We suggest that optimum levels of 

IGF-1 may be associated with better long term cognitive function. Further studies are 

needed to determine the absolute levels of IGF-1, which may be associated with poor 

cognition. 
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Supplementary Information 

S1 Table: Baseline characteristics and cognitive performance of participants assessed 

at baseline (n=400) according to quintiles of IGF-1 

 Quintiles of serum IGF-1 [range in ng/ml]  

 1 2 3 4 5 p 

 [44-96] [97-117] [118-137] [138-162] [163-512]  

Participants 85 75 80 80 80 - 

IGF-1 (ng/ml) 84.1 (11.5) 106.7 (5.6) 127.1 (5.8) 149.3 (7.0) 
201.7 

(49.3) 
- 

Age (years) 63.7 (10.1) 58.1 (10.6) 60.1 (12.5) 59.6 (10.7) 59.3 (11.9) .02 

Glucose 

(nmol/L) 
6.4 (2.1) 6.1 (1.7) 5.7 (0.9) 5.8 (1.1) 5.8 (0.9) .01 

BMI 27.0 (4.4) 26.5 (3.0) 25.3 (3.1) 26.1 (3.3) 26.4 (3.2) .02 

Smoking (pack 

years) 

21.4 

(25.0) 
14.6 (16.6) 

14.5 

(20.1) 

16.8 

(21.1) 

15.9 

(19.0) 
.19 

Physical 

activity 
17.0 (8.2) 17.2 (7.5) 19.6 (7.2) 18.3 (6.3) 17.1 (8.2) .23 

Education 

Level^ 
4.7 (2.0) 4.7 (1.9) 5.0 (1.7) 4.6 (1.8) 4.6 (2.1) .68 

IGF-1: Insulin like Growth Factor-1; BMI: Body Mass Index; ^ Verhage scale; Values 

given are Mean (SD) at baseline unless stated otherwise. 
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S2 Table: B (95% CI) for association between baseline cognitive scores and quintiles of 

IGF-1 

 Q1 Q2 Q3 Q4 Q5 

Unadjusted models 

Memory 

performance 

-0.07 

(-0.81 to 

0.67) 

0.32 

(-0.44 to 

1.08) 

0.11 

(-0.64 to 

0.86) 

-0.02 

(-0.77 to 

0.73) 

Ref 

Processing 

capacity 

0.13 

(-0.88 to 

1.15) 

0.66 

(-0.38 to 

1.71) 

0.75 

(-0.27 to 

1.78) 

0.34 

(-0.69 to 

1.36) 

Ref 

Executive 

function 

-0.05 

(-1.01 to 

0.91) 

-0.02 

(-1.01 to 

0.96) 

0.94 

(-0.03 to 

1.90) 

0.28 

(-0.69 to 

1.25) 

Ref 

Log MMSE 

scores 

-0.004 

(-0.02 to 

0.01) 

-0.004 

(-0.02 to 

0.01) 

-0.003 

(-0.02 to 

0.02) 

-0.001 

(-0.02 to 

0.02) 

Ref 

Adjusted model 

Memory 

performance 

0.41 

(-0.20 to 

1.02) 

0.19 

(-0.43 to 

0.81) 

0.06 

(-0.55 to 

0.67) 

0.04 

(-0.57 to 

0.64) 

Ref 

Processing 

capacity 

0.60 

(-0.23 to 

1.43) 

0.49 

(-0.35 to 

1.33) 

0.65 

(-0.18 to 

1.48) 

0.41 

(-0.41 to 

1.23) 

Ref 

Executive 

function 

0.20 

(-0.65 to 

1.05) 

-0.09 

(-0.95 to 

0.76) 

0.65 

(-0.20 to 

1.50) 

0.32 

(-0.53 to 

1.15) 

Ref 
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Log MMSE 

scores 

-0.0004 

(-0.02 to  

0.02) 

-0.0060 

(-0.02 to  

0.01) 

-0.0060 

(-0.02 to  

0.01) 

-0.0010 

(-0.02 to  

0.02) 

Ref 

Adjusted models include age, level of education, BMI, smoking, physical activity, and 

glucose levels; MMSE: mini mental state examination; BMI: body mass index 

 

 

S3 Table: (i) B (95% CI) for association between follow-up cognitive scores and 

quintiles of IGF-1 in complete case dataset 

 Q1 Q2 Q3 Q4 Q5 

Memory 

performance 

0.11 

(-0.74 to 

0.96) 

0.80 

(-0.03 to 

1.64) 

0.41 

(-0.44 to 

1.26) 

0.45 

(-0.41 to 

1.31) 

Ref 

Processing 

capacity 

0.95* 

(0.05 to 

1.85) 

1.29** 

(0.41 to 

2.17) 

1.21** 

(0.33 to 

2.10) 

1.27** 

(0.38 to 

2.16) 

Ref 

Executive 

function 

0.07 

(-0.88 to 

1.02) 

0.16 

(-0.77 to 

1.08) 

0.22 

(-0.72 to 

1.15) 

0.55 

(-0.38 to 

1.49) 

Ref 

Log MMSE 

scores 

0.03** 

(0.01 to 

0.05) 

0.03** 

(0.01 to 

0.05) 

0.03** 

(0.01 to 

0.05) 

0.03** 

(0.01 to 

0.05) 

Ref 

* significant at p < .05, ** significant at p < .01; Models adjusted for baseline cognitive 

score, age, level of education, BMI, smoking, physical activity, and glucose levels. 

MMSE: mini mental state examination; BMI: body mass index 
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(ii) B (95% CI) as determined by robust regression for association between follow-up 

cognitive scores and quintiles of IGF-1 in complete case dataset 

 Q1 Q2 Q3 Q4 Q5 

Memory 

performance 

0.17 

(-0.70 to 

1.04) 

0.91* 

(0.16 to 

1.66) 

0.59 

(-0.19 to 

1.36) 

0.63 

(-0.18 to 

1.36) 

Ref 

Processing 

capacity 

0.91* 

(0.06 to 

1.76) 

1.02** 

(0.30 to 

1.75) 

0.83* 

(0.02 to 

1.64) 

0.95* 

(0.11 to 

1.78) 

Ref 

Executive 

function 

0.51 

(-0.39 to 

1.41) 

0.55 

(-0.29 to 

1.38) 

0.55 

(-0.30 to 

1.40) 

0.94* 

(0.04 to 

1.83) 

Ref 

Log MMSE 

scores 

0.02* 

(0.01 to 

0.04) 

0.02** 

(<0.01 to 

0.04) 

0.02** 

(0.01 to 

0.04) 

0.02* 

(<0.01 to 

0.04) 

Ref 

* significant at p < .05, ** significant at p < .01; Models adjusted for baseline cognitive 

score, age, level of education, BMI, smoking, physical activity, and glucose levels. 

MMSE: mini mental state examination; BMI: body mass index 

 

S4 Table: B (95% CI) for association between cognitive scores at follow-up, and at 

baseline with quintiles of IGF-1, separated by age classes 

  Q1 Q2 Q3 Q4 Q5 

 Adjusted models for cognitive scores at follow-up 

Memory 

performance 

< 

60yrs 

-0.02 

(-1.10 to 

1.07) 

0.45 

(-0.52 to 

1.42) 

0.42 

(-0.60 to 

1.44) 

0.52 

(-0.56 to 

1.60) 

Ref. 
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> 

60yrs 

-0.25 

(-1.72 to 

1.22) 

0.50 

(-1.13 to 

2.13) 

-0.09 

(-1.46 to 

1.27) 

-0.04 

(-1.50 to 

1.43) 

Ref. 

Processing 

capacity 

< 

60yrs 

0.22 

(-0.82 to 

1.26) 

0.44 

(-0.46 to 

1.35) 

0.51 

(-0.42 to 

1.43) 

0.30 

(-0.63 to 

1.23) 

Ref. 

> 

60yrs 

1.46 

(-0.45 to 

3.36) 

1.78 

(-0.28 to 

3.84) 

1.60 

(-0.30 to 

3.50) 

1.52 

(-0.35 to 

3.39) 

Ref. 

Executive 

function 

< 

60yrs 

-0.15 

(-1.34 to 

1.04) 

-0.06 

(-1.10 to 

0.97) 

-0.21 

(-1.31 to 

0.88) 

0.56 

(-0.58 to 

1.70) 

Ref. 

> 

60yrs 

0.49 

(-0.95 to 

1.92) 

0.38 

(-1.27 to 

2.02) 

0.93 

(-0.55 to 

2.41) 

0.21 

(-1.13 to 

1.53) 

Ref. 

Log MMSE 

scores 

< 

60yrs 

0.020 

(-0.0030 to 

0.0500) 

0.020 

(-0.0040 to 

0.0400) 

0.020* 

(0.0003 to 

0.0400) 

0.010 

(-0.0100 to 

0.0400) 

Ref. 

> 

60yrs 

0.040 

(-0.0030 to 

0.0800) 

0.050* 

(0.0060 to 

0.0900) 

0.030 

(-0.0100 to  

0.0800) 

0.040 

(-0.0100 to 

0.0800) 

Ref. 

 Adjusted models for cognitive scores at baseline 

Memory 

performance 

< 

60yrs 

-0.22 

(-1.08 to 

0.64) 

-0.33 

(-1.07 to 

0.41) 

-0.60 

(-1.37 to 

0.16) 

-0.25 

(-1.01 to 

0.52) 

Ref. 
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> 

60yrs 

0.85 

(-0.07 to 

1.76) 

0.71 

(-0.33 to 

1.75) 

0.71 

(-0.27 to 

1.68) 

0.26 

(-0.71 to 

1.23) 

Ref. 

Processing 

capacity 

< 

60yrs 

0.52 

(-0.81 to 

1.84) 

0.13 

(-1.01 to 

1.28) 

0.10 

(-1.08 to 

1.28) 

0.12 

(-1.05 to 

1.30) 

Ref. 

> 

60yrs 

0.87 

(-0.25 to 

1.99) 

0.86 

(-0.41 to 

2.14) 

1.22* 

(0.03 to 

2.41) 

0.84 

(-0.35 to 

2.02) 

Ref. 

Executive 

function 

< 

60yrs 

-0.26 

(-1.49 to 

0.96) 

-0.06 

(-1.11 to 

1.00) 

0.80 

(-0.29 to 

1.89) 

0.25 

(-0.83 to 

1.34) 

Ref. 

> 

60yrs 

0.31 

(-0.95 to 

1.57) 

-0.35 

(-1.78 to 

1.08) 

0.51 

(-0.83 to 

1.85) 

0.30 

(-1.03 to 

1.63) 

Ref. 

Log MMSE 

scores 

< 

60yrs 

-0.010 

(-0.0300 to 

0.0100) 

-0.020 

(-0.0300 to 

0.0040) 

- 0.010 

(-0.0300 to 

0.0060) 

-0.010 

(-0.0300 to 

0.0100) 

Ref. 

> 

60yrs 

0.008 

(-0.0200 to 

0.0300) 

0.004 

(-0.0300 to 

0.0300) 

0.004 

(-0.0200 to 

0.0300) 

0.007 

(-0.0200 to 

0.0400) 

Ref. 

*significant at p < .05; Adjusted models include age, level of education, BMI, smoking, 

physical activity, and glucose levels; Follow-up models additionally adjusted for baseline 

cognitive score; MMSE: mini mental state examination; BMI: body mass index 
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S5 Table: B (95% CI) for association between cognitive scores and serum levels of IGF-

1 

 

Unadjusted models Adjusted models 

Baseline Follow-up1 Baseline Follow-up 

Memory 

performance 

-0.0010 

(-0.006 to 

0.005) 

0.0200 

(-0.004 to 

0.008) 

-0.0030 

(-0.007 to 

0.001) 

-0.0002  

(-0.006 to 

0.006) 

Processing 

capacity 

-0.002 

(-0.009 to 

0.005) 

-0.002 

(-0.009 to 

0.005) 

-0.004 

(-0.010 to 

0.001) 

-0.005  

(-0.012 to 

0.002) 

Executive 

function 

0.002 

(-0.004 to 

0.009) 

0.003 

(-0.003 to 

0.010) 

0.001 

(-0.005 to 

0.007) 

0.002 

(-0.004 to 

0.008) 

Log MMSE 

scores 

0.00004 

(-0.00009 to 

0.00010) 

-0.00020* 

(-0.00030 to -

0.00001) 

0.00002 

(-0.00009 to 

0.00010) 

-0.00020** 

(-0.00040 to -

0.00006) 

1Adjusted for baseline cognitive score; * significant at p < .05, ** significant at p < .01; 

Adjusted models include baseline cognitive score, age, level of education, BMI, 

smoking, physical activity, and glucose levels. MMSE: mini mental state examination; 

BMI: body mass index 
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S6 Table: B (95% CI) for association between follow-up cognitive scores and quartiles 

of IGF-1 in the imputed dataset 

 
Q1 

[44 - 101] 

Q2 

[102 – 126] 

Q3 

[127 - 155] 

Q4 

[156 - 512] 

n 102 98 100 100 

Memory 

performance 

-0.09 

(-0.88 to 0.70) 

0.30 

(-0.49 to 1.09) 

0.04 

(-0.76 to 0.84) 
Reference 

Processing 

capacity 

0.72 

(-0.18 to 1.62) 

1.07* 

(0.23 to 1.91) 

0.83* 

(0.03 to 1.63) 
Reference 

Executive 

function 

-0.20 

(-1.02 to 0.62) 

-0.05 

(-0.83 to 0.73) 

0.09 

(-0.68 to 0.86) 
Reference 

Log MMSE 

scores 

0.03* 

(0.010 to 

0.050) 

0.03** 

(0.010 to  

0.050) 

0.02* 

(0.003 to  

0.040) 

Reference 

* significant at p < .05, ** significant at p < .01; Models adjusted for baseline cognitive 

score, age, level of education, BMI, smoking, physical activity, and glucose levels. 

MMSE: mini mental state examination; BMI: body mass index 
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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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Gedurende de dag voeren we allerlei verschillende handelingen uit, 

zoals bijvoorbeeld naar het werk gaan of naar de supermarkt. Gewoonlijk 

wordt het genereren van dergelijke acties als een spontaan proces ervaren. 

Bij een verscheidenheid aan neurologische en psychiatrische stoornissen 

kunnen patiënten deze handelingen echter niet uit zichzelf genereren. 

Deze moeilijkheid is niet beperkt tot handelingen, maar kan zich geleidelijk 

uitbreiden tot een vertraging van de denk- of cognitieve vaardigheden en 

verminderde emotionele reacties op dingen die men al dan niet leuk vindt. 

De symptomen als gevolg van verminderde gedragsreacties worden in de 

kliniek aangeduid als apathie. Kennis over hoe dit syndroom zich op basis 

van veranderingen in de hersenen ontwikkelt kan ons helpen om de 

aandoening beter te begrijpen en nieuwe manieren te ontwikkelen om 

deze te behandelen. Met dit doel voor ogen zijn voor dit proefschrift 

oudere mensen onderzocht die aan dementie en/of een verslechterde 

cognitie leden, mogelijk veroorzaakt door de ziekte van Alzheimer, waarbij 

de hersenmechanismen die verband houden apathie zijn onderzocht. 

Het onderzoek naar hersenmechanismen is met de introductie van 

magnetische resonantie imaging (MRI) in een stroomversnelling geraakt. 

Terwijl een typische MRI-scan de structuur van het weefsel laat zien, zijn 

varianten zoals magnetische resonantie spectroscopie (MRS) en 

functionele MRI (fMRI) gevoelig voor respectievelijk specifieke 

verbindingen in de hersenen en veranderende hersenactiviteit. Een MRI-

scan meet doorgaans het signaal van watermoleculen, die veel talrijker zijn 

dan andere magnetisch-gevoelige verbindingen. In een MRS-scan wordt 

het watersignaal echter onderdrukt, waardoor signalen voor andere 

verbindingen kunnen worden gedetecteerd. Het sterke punt van MRS is dat 

de gedetecteerde moleculen markers zijn van cellulaire processen die de 

functie van hersencellen zoals neuronen en glia aanduiden. 

De tweede techniek die in dit proefschrift wordt gebruikt, dat wil 

zeggen fMRI, meet ijzer bevattend hemoglobine in het bloed. Activiteit in 

hersencellen leidt tot een verhoogde zuurstofrijke bloedstroom in een 

bepaald hersengebied, wat leidt tot een hogere BOLD (bloed 

zuurstofniveau afhankelijk) signaal van de zuurstofrijke hemoglobine. 
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Daarom wordt het bold signaal gebruikt als proxy voor neurale activiteit. 

Herhaalde metingen, meestal om de twee seconden, reflecteren het 

tijdsverloop van het BOLD-signaal, dat in de hersenen wordt geregistreerd 

in een rasterachtig patroon van blokjes die voxels worden genoemd, die 

ongeveer 3 mm aan elke kant meten. Deze gegevens worden dan verwerkt 

om afwijkingen in het signaal te minimaliseren. Vervolgens kunnen 

verschillende statistische technieken worden toegepast op het verwerkte 

signaal, afhankelijk van de onderzoeksvraag. In dit proefschrift hebben we 

functionele connectiviteit onderzocht met behulp van een wiskundige 

aanpak, grafenheorie genaamd. Twee hersengebieden worden daarbij 

geacht functioneel met elkaar verbonden te zijn als de BOLD-activiteit in de 

twee gebieden vergelijkbaar is. Het meten van de connectiviteit tussen alle 

regio's in de hersenen vormt echter statistische problemen. Grafentheorie 

vermindert dit probleem door een soort samenvatting van een zeer 

gedetailleerde kaart van alle hersenverbindingen te maken. Tot nu toe zijn 

deze methoden nooit eerder gebruikt om apathie-gerelateerde 

hersenveranderingen te onderzoeken. 

Voordat we ingaan op de bevindingen in dit proefschrift, worden 

de symptomen van apathie kort beschreven om een overzicht te geven. 

Een veel gebruikte definitie van apathie beschrijft het als een vermindering 

van vrijwillig en zelf-gegenereerd gedrag. Met andere woorden, patiënten 

met apathie zijn weinig geneigd om routineuze of nieuwe activiteiten uit 

zichzelf te doen; ze moeten worden verteld wat er gedaan moet worden. 

Dergelijke patiënten tonen eveneens vaak weinig reacties wanneer er 

tegen ze gesproken wordt, voeren geen dagelijkse taken uit, vertonen geen 

nieuwsgierigheid en/of tonen geen emotionele reacties op goed of slecht 

nieuws. Verzorgers geven vaak bij een dergelijke persoon aan dat ze geen 

interesse hebben om iets te ondernemen. Kortom, apathie wordt vaak in 

verband gebracht met diverse gedrags-, cognitieve en emotionele 

functioneringsproblemen. Het waargenomen gebrek aan interesse of 

motivatie wordt vaak toegeschreven aan depressie. We hebben 

geconstateerd dat dit ook in klinische instellingen het geval was. Een aantal 

studies heeft echter aangetoond dat er verschillen zijn tussen apathie en 

depressie in het verloop, de uitkomsten en de bijbehorende 
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hersengebieden. Een opvallend verschil tussen de twee syndromen is dat 

depressie wordt gekenmerkt door een neerslachtige stemming, terwijl 

mensen met alleen apathie meestal een normale stemming hebben. 

Desondanks is depressie een belangrijke factor bij het bestuderen van 

apathie, aangezien beide syndromen gelijktijdig kunnen optreden en 

vragenlijsten die gebruikt worden om depressie te beoordelen items 

omvatten die betrekking hebben op symptomen die verband houden met 

apathie. Daarom is een zorgvuldige evaluatie van symptomen belangrijk 

voor de studie van apathie.  

De groep proefpersonen die voor dit proefschrift is onderzocht, 

vertoonde een verslechterd geheugen en werd beschouwd als risicogroep 

voor het ontwikkelen van dementie. Individuen worden verondersteld te 

lijden aan de amnestische vorm van milde cognitieve stoornissen (aMCI) als 

klachten van geheugengebreken gepaard gaan met lage niveauscores op 

geheugentests, terwijl het vermogen om zelfstandig te leven er nog is. In 

de afgelopen twee decennia is er in kaart gebracht welke hersengebieden 

hier een rol in spelen. Consequent komen daarbij twee gebieden in het 

bijzonder naar voren: ter eerste de achterste cingulatieve cortex, die achter 

het centrum van de hersenen ligt. En ten tweede de hippocampus, een 

langwerpige structuur die in beide hersenhelften van de voor- naar 

achterzijde loopt, dichtbij de middelste en inferieure delen van de 

hersenen. Beide regio's zijn van cruciaal belang voor het geheugen - de 

hippocampus ondersteunt de verwerking van nieuwe informatie, terwijl de 

achterste cingulale cortex belangrijk is voor het autobiografisch geheugen. 

Het eerder beschreven type van patiënten is in verschillende 

eerdere studies met MRS onderzocht. In hoofdstuk 2 hebben we een meta-

analyse uitgevoerd van al deze studies. De gegevens uit deze studies 

werden daarbij samengevoegd om schattingen te maken van het verschil in 

aanwezigheid van diverse metabolieten tussen gezonde oudere 

proefpersonen en proefpersonen met aMCI. De primaire bevinding toonde 

aan dat een marker van neuronaal functioneren in de posterior cingulate 

cortex was verlaagd. Dit resultaat is in overeenstemming met eerdere 

studies van aMCI waarbij een verminderd glucoseverbruik en functionele 
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connectiviteit is waargenomen in deze regio. Daarnaast vonden we ook 

veranderingen in een marker in dezelfde regio die indicatief kan zijn voor 

de aanwezigheid van ontstekingen. In gezondheid is ontsteking een 

defensieve weefselrespons bij het tegenkomen van schadelijke stoffen. 

Wanneer dit proces uit de hand loopt kan het echter ook gezond weefsel 

beschadigen. Eén van de vermoedelijke oorzaken van de ziekte van 

Alzheimer is dan ook een overmatige ontsteking in de hersenen. MRS kan 

dus gebruikt worden om markers van ziekte bij levende patiënten op te 

sporen. Overigens waren er tevens veranderingen in andere metabolieten 

en in andere hersengebieden aangetroffen, maar deze werden als minder 

robuust beschouwd, mogelijk doordat er slechts een beperkt aantal studies 

spectroscopische veranderingen in de hersenregio’s tot nu toe hebben 

onderzocht. 

In hoofdstuk 3 werd onderzocht of apathie bij mensen met aMCI 

verband houdt met metabolietveranderingen in de hersenen. De 

resultaten toonden aan dat de pariëtale regio (zie figuur) veranderingen 

vertoonde die suggereren dat er bij mensen met apathie een tekort kan 

zijn aan acetylcholine - een belangrijke neurotransmitter. 

Neurotransmitters zijn moleculen die communicatie tussen hersencellen 

mogelijk maken. Hoewel een grotere studie nodig zou zijn om deze 

bevinding onafhankelijk te bevestigen, verschaffen onze resultaten een 

biologische basis voor eerdere onderzoeken die al aangaven dat deze regio 

structureel is aangetast bij aMCI-patiënten met apathie. Een tweede 

belangrijke bevinding betreft de verwachte hersenveranderingen die met 

MRS bij aMCI-patiënten naar voren komen. Wij konden de resultaten die in 

de vorige paragraaf zijn beschreven niet repliceren, wat wellicht suggereert 

dat de proefpersonen in onze studie niet vergelijkbaar zijn met die in de 

eerder uitgevoerde studies. Bij verdere analyse waren de voornoemde 

bevindingen echter alleen aanwezig bij personen waarbij klinisch was 

vastgesteld dat ze geen apathie hadden, het betrof met andere woorden 

personen die alleen geheugentekorten en geen apathie hadden. Dit kan 

impliceren dat verschillende pathologische processen kunnen optreden bij 

aMCI patiënten met en zonder apathie. De huidige studie leverde in ieder 
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geval voorlopig bewijs op dat apathie in aMCI een biologische basis lijkt te 

hebben. 

In hoofdstuk 4 is een complementaire aanpak gebruikt die apathie 

associeert met veranderingen in functionele hersenconnectiviteit. 

Functionele connectiviteit is een recente techniek die een nieuw begrip van 

de hersenfunctie biedt. In tegenstelling tot het toewijzen van een functie of 

een tekort aan een enkel hersengebied, meet functionele connectiviteit de 

gelijkenis in activiteit tussen twee hersenregio's, die dan vervolgens aan 

een functie of symptoom gerelateerd kan worden. Met andere woorden, 

individuele hersenregio's worden hierbij dus niet als onafhankelijk 

functionerend gezien; in plaats daarvan wordt de communicatie tussen 

regio's gezien als sleutel tot het begrijpen van normaal en abnormaal 

functioneren. Nog geavanceerder is het gebruik van grafentheorie, die het 

mogelijk maakt om functionele connectiviteit tussen vele paren regio's in 

de hersenen te beoordelen. Dit in tegenstelling tot conventionele 

methoden, waarbij de analyse om statistische redenen beperkt is tot 

slechts enkele geselecteerde hersengebieden. 

In onze studie hebben we de mate van functionele connectiviteit 

tussen elk paar van de 264 regio's bepaald. Vervolgens zijn diverse 

manieren om het functioneren van de hersenen te meten ingezet, 

waaronder de mate van globale efficiëntie (hoeveel verbindingen er 

gemiddeld nodig zijn om informatie van de ene regio naar de andere te 

sturen), lokale efficiëntie (het aantal verbindingen dat elke regio gemiddeld 

heeft met de omliggende regio's), clustering coëfficiënt (of de omliggende 

regio's die met een gemeenschappelijk regio verbonden zijn ook met elkaar 

zijn verbonden) en modulariteit (een meting van de neiging van een 

netwerk om subgroepen of modules te vormen die hechter met elkaar zijn 

verbonden dan met de rest van het netwerk). Ter vergelijking kunnen 

sociale netwerken op een zelfde manier omschreven worden hoe 

bevriende mensen met elkaar verbonden zijn. Zo wordt een individu met 

veel vrienden als efficiënt beschouwd (bijvoorbeeld bij het verspreiden van 

roddels), aangezien hij of zij met veel individuen rechtstreeks verbonden is 

en met één extra stap (via de vrienden van de vrienden) in korte tijd een 
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enorme hoeveelheid mensen kan bereiken. Als de vrienden van het 

individu ook vrienden van elkaar zijn, wordt op dezelfde manier een sociale 

groep gevormd. 

Dankzij deze techniek ontdekten we dat proefpersonen met 

apathie allerlei veranderingen in functionele hersennetwerken vertoonden. 

Zo bleek apathie gerelateerd te zijn aan een gemiddeld lagere lokale 

connectiviteit tussen regio's en hun directe buren (gemeten door lokale 

efficiëntie en clustering coëfficiënt) dan bij patiënten zonder apathie. 

Patiënten met dementie die waarschijnlijk door Alzheimer was veroorzaakt 

vertoonden een verhoogde scheiding tussen functionele netwerken 

(gemeten door modulariteit) in vergelijking met gezonde ouderen. 

Daarnaast wilden we vaststellen of veranderingen in individuele 

functionele netwerken een rol speelden bij apathie. Uit onze analyse bleek 

dat twee specifieke netwerken een verminderde connectiviteit met andere 

netwerken lieten zien. Interessant genoeg zijn deze netwerken betrokken 

bij het reguleren van gedrag bij het uitvoeren van een taak. Terwijl van één 

netwerk wordt verondersteld dat het wordt gebruikt wordt om een 

bepaald lange termijndoel in het geheugen te vormen en actief te houden, 

zorgt het andere netwerk voor eventuele bijstellingen van het doel als dat 

tussentijds nodig blijkt te zijn. Enerzijds kan de verklaring van apatisch 

gedrag dus liggen in een probleem om actiedoelen te vormen en actief te 

houden, of anderzijds in de tussentijdse bijstelling en adequate uitvoering.  

Een aantal van de beschreven studies koppelde apathie aan meer 

dan één hersengebied. Veel van die gebieden komen in hoofdstuk 4 terug 

als onderdeel van de functionele hersennetwerken die we met apathie in 

verband brengen, en vormen samen een gemeenschappelijk mechanisme 

dat op diverse manieren aangetast lijkt te zijn om taken uit te kunnen 

voeren of te initiëren. Zo is het plausibel dat individuele regio's bijdragen 

aan verschillende aspecten van het uitvoeren van handelingen. Zo wordt 

de dorsale voorste cingulatieve cortex in de middelste lijn van de hersenen 

bijvoorbeeld vaak geassocieerd met apathie, een gebied wat waarschijnlijk 

belangrijk is om na een evaluatie van verschillende actie-mogelijkheden tot 

een keuze te komen. Maar apathie kan bijvoorbeeld ook voortkomen uit 
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een heel andere regio, zoals bijvoorbeeld de laterale pariëtale cortex, aan 

de zijkant van de hersenen, die vooral bij oudere volwassenen met 

geheugentekorten vaak lijkt te zijn aangedaan maar waarbij de link met 

apathie nog onduidelijk is. In hoofdstuk 5 hebben we de literatuur 

onderzocht om de functies die verband houden met deze regio te 

identificeren die relevant kunnen zijn voor de ontwikkeling van apathie. 

Onder de verschillende functies die door deze regio worden gesteund, is 

met name zijn rol bij het bepalen hoe een bepaalde actie dient te worden 

uitgevoerd relevant voor het ontstaan van apathie. Deze regio lijkt met 

name specifieke motorische hersengebieden te activeren en lijkt bepalend 

te zijn welke lichaamsdelen aangestuurd dienen te worden om tot een 

bepaalde gedrag en bewegingen te komen. Als deze functie wordt 

aangetast kan men vaak nog wel tot een bepaalde gedragskeuze komen, 

maar bestaat er een onvermogen om deze keuze vervolgens te vertalen in 

de daarbij horende acties. Een dergelijk mechanisme komt overeen met de 

observatie dat apathie patiënten veel dingen wel degelijk nog kunnen, 

maar dat daarbij wel precies verteld moeten worden wat ze dan moeten 

doen. Toekomstig onderzoek is nodig om dit mechanisme van apathie, 

zoals voorgesteld in hoofdstuk 5, verder te bestuderen en te toetsen. 

Samenvattend komt uit het onderzoek naar voren dat apathie lijkt 

voort te vloeien uit tekortkomingen vanuit meerdere regio's. Een dergelijk 

complex patroon van verschillende pathologische gronden is eerder ook 

gekoppeld aan ziektes zoals Parkinson en schizofrenie. Het betekent dat de 

ontwikkeling van apathie dus verschillende oorzaken kan hebben, en er bij 

de beoordeling en behandeling van dit syndroom dus diverse 

mechanismen in aanmerking moeten worden genomen. 

Tekorten in de hersenfuncties die ten grondslag liggen aan 

dergelijke cognitieve en gedragssymptomen, treden geleidelijk op, 

verspreid over een groot aantal jaren. Dit biedt tegelijk relatief veel tijd 

voor interventies om problemen, verdere hersenaantasting en de daaraan 

gekoppelde vermindering van functioneren te stoppen of in ieder geval te 

reduceren. De factoren die dit langzame proces beïnvloeden zijn echter 

nog steeds niet duidelijk. In hoofdstuk 6 hebben we de rol van insuline-
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achtige groeifactor-1 (IGF-1) onderzocht op cognitieve achteruitgang over 

een periode van acht jaar bij mannen van middelbare leeftijd en ouder. 

IGF-1 is een mediator van groeihormoon in het lichaam en is gekoppeld aan 

de levensduur bij verschillende soorten, waaronder mensen. Bij oudere 

volwassenen zijn hoge niveaus van IGF-1 eerder gekoppeld aan betere 

cognitie. Bij andere soorten zijn echter optimale, dus juist niet hele hoge of 

lage, niveaus van IGF-1 geassocieerd met een lange levensduur. Bij mensen 

is de associatie tussen IGF-1 en cognitie in de middelbare leeftijd 

vooralsnog inconsistent. In onze analyse ontdekten we dat hoge IGF-1 

niveaus nadelig zijn voor toekomstige cognitie. Aangezien deze link 

aanwezig was bij de twintig procent van proefpersonen met de hoogste 

IGF-1-niveaus, vermoeden wij dat optimale IGF-1-niveaus ook bij mensen 

de cognitie bevorderen. 

Samenvattend stelt dit proefschrift een aantal cognitieve, neurale 

en biologische mechanismen voor die bij oudere volwassenen en vooral bij 

degenen met apathie aangetast kunnen zijn. Onze bevindingen wijzen erop 

dat patiënten met apathie het moeilijk vinden om te bepalen wat te doen 

en deze doelen vervolgens om te zetten in handelingen. De basis hiervoor 

kan een verminderde communicatie tussen de relevante hersengebieden 

zijn, voor tenminste een deel veroorzaakt door een tekort in een 

neurotransmitter die de communicatie tussen hersencellen regelt. Hoewel 

apathie geen openlijke symptomen van angst veroorzaakt, is het een 

aanzienlijke last voor patiënten en verzorgers. Nieuwe behandelingen zijn 

nodig om deze last te verminderen, en de bevindingen van dit proefschrift 

kunnen hieraan wellicht een belangrijke bijdrage leveren. 
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