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Abstract  

  

  

Major Depression Disorder (MDD) is a significant neuropsychiatric disorder which leads to 

disabilities worldwide. Considerable evidence has shown links between peripheral 

inflammation and MDD pathophysiology, but how these peripheral inflammation changes are 

incorporated into the brain remains poorly understood. Peripheral and central immune 

interactions are discussed in the literature, which suggests a mechanism for developing 

neuroinflammation linked to the disruption of the brain solute clearance and fluid homeostasis 

in the brain. In this model, the dysregulation of the dynamic or the production of cerebrospinal 

fluid (CSF) may contribute to the dysfunction of the brain’s waste clearance pathways.   

A few studies on neurological conditions have indirectly examined the CSF-mediated 

clearance alteration by assessing the CSF dynamic in the lateral ventricles using Positron  

Emission Tomography (PET). Other studies have used the Magnetic Resonance Imaging (MRI) 

to evaluate the alteration in the solute clearance. However, no previous studies have 

investigated CSF-mediated clearance and its relevance for neuroinflammation in MDD.  This 

PhD thesis aims to examine indirect measurements of the brain CSF-mediated clearance using 

neuroimaging data to quantify their link to neuroinflammation in depression.   

Study1: This study aimed at testing the immune-mediated model of depression that proposes a 

direct effect of peripheral cytokines and immune cells on the brain to elicit a 

neuroinflammatory response via a leaky blood–brain barrier and ultimately depressive 

behaviour. The blood-to-brain and blood-to-CSF perfusion rates for two TSPO radiotracers 

collected in two separate studies and were estimated, in two datasets normal and depressed 

cohorts and 7 healthy controls where peripheral inflammation was induced via subcutaneous 

injection of interferon (IFN)-α. In both studies we observed a consistent negative association 

between peripheral inflammation, measured with C-reactive protein (CRP), and radio tracer 
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perfusion into and from the brain parenchyma and CSF. These results suggest a different model 

of peripheral-to-central immunity interaction whereas peripheral inflammation may cause a 

reduction in BBB permeability.   

  
Study 2: this study aimed to investigate choroid plexus (CP) volume alterations in depression 

and their associations with inflammation depressed participants and age- and sex-matched 

healthy controls using [11C]PK11195 PET/structural MRI imaging for measuring neuro- 

inflammation and CP volume respectively. A significantly greater CP volume in depressed 

subjects compared to HCs was found which positively correlated with [11C]PK11195 PET 

binding in the anterior cingulate cortex, prefrontal cortex, and insular cortex, but not with the 

peripheral inflammatory markers. The CP volume correlated with the [11C]PK11195 PET 

binding in CP. This result supports the hypothesis that changes in brain barriers may cause 

reduction in solute exchanges between blood and CSF, disturbing the brain homeostasis and 

ultimately contributing to inflammation in depression.   

  
Study 3: This paper aimed to explore the use of a free water (FW) measurement taken from the 

Neurite Orientation Dispersion and Density Imaging (NODDI) MRI process as an alternative 

to TSPO PET to quantify neuroinflammation in patients with depression.   

No significant associations were observed between the FW fraction and peripheral and central 

inflammation markers, nor between the FW fraction and the depression clinical scores. 

Although we found evidence of changes in the FW in depression, there is no clear link between 

the FW and the immune response or depression.   

These overall results indicate that CSF-mediated clearance alterations can be assessed 

using neuroimaging and explore a modified model of the peripheral-to-central immune axis. 



   6  

The changes in the CSF clearance are associated with peripheral and central inflammation, but 

not necessarily with MDD.   
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1 Chapter 1: Introduction  

In this introductory chapter we will briefly cover Major Depression Disorder (MDD) 

in terms of its diagnosis, symptoms, and treatment. Then, the role of the immune process and 

the inflammation of the aetiology in MDD will be discussed. Multiple and replicable evidence 

indicates that there is communication between the peripheral and central immune system, 

which may reflect the biological mechanism involved in developing brain inflammation or 

neuroinflammation. Peripheral inflammatory markers are found in patients suffering from 

depression. The different pathways of the proinflammatory markers crossing the brain tissue 

are explained, as well as the role of brain barriers to maintain the brain homeostasis of the 

depressive brain. After that, the role of the glial cells in developing neuroinflammation will be 

covered. Non-invasive measures to investigate neuroinflammation are now possible using 

neuroimaging procedures, including PET imaging and MRI. Neuroinflammation has been 

found to impact the microglia, astrocyte, and brain barriers, which exhibits a link to CSF 

mediating clearance. The process of CSF-mediating clearance has recently been discovered to 

be a process of Glymphatic Function. The glymphatic pathways and the dysfunction in 

different neurodegenerative disorders are described. Finally, different research examines the 

glymphatic pathways and the CSF clearance by using an indirect method to assess CSF 

mediated clearance.    

1.1 Major Depression Disorder  

Major Depression Disorder (MDD) is the most common mental disorder, ranked as the 

top cause of disability worldwide (Friedrich, 2017) in contributing to the international burden 

of disease (Ferrari et al., 2013).The World Health Organization states that MDD affects 

approximately 280 million people globally, and is expected to be the leading cause of disability 

by 2030 (World Health Organization, 2022)(Bains and Abdijadid, 2022). The predicted 
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economic cost of MDD globally between 2011 and 2030 is estimated to be approximately 5.36 

trillion USD (Richards et al., 2016, Bloom et al., 2012). This includes the care, the 

pharmacological and cognitive behavioural therapy, as well as the resultant loss of employment 

caused globally (McCrone et al., 2018, Richards et al., 2016, Larson et al., 2022). The high 

cost-effect is estimated to increase in line with changes in demographic features, including sex 

and age (Ferrari et al., 2013). The rates of MDD are increasing in females compared to males, 

and in people with low-income and lower educational backgrounds (Annequin et al., 2015).   

The two main symptoms used to identify MDD are mood dysregulation and anhedonia 

(Kennedy, 2022). MDD has at least five confirmed symptoms in addition to mood impairment 

or anhedonia based on the DSM-5 (Otte et al., 2016). Other symptoms not covered by the DMS, 

such as irritability and anxiety, can be measured using different rating scales, such as the 

Hamilton Rating Scale for Depression (HAMD), the Beck Depression Inventory (BDI), and 

the Center for Epidemiological Studies Depression Scale (Fried et al., 2016). Depression 

symptoms, including low mood, anhedonia and sadness, crying, feeling unpleasant and guilty, 

having no desire to do most daily activities, appetite/weight disturbance, fatigue, anxiety, 

insomnia or excessive sleep, and suicidal thoughts or attempts, must be present on most days 

or every day (Fried et al., 2016, Otte et al., 2016) . The presence of MDD can either be a single 

episode (2 weeks minimum) or recurrent episodes with no drug or alcohol abuse or other 

medical condition. MDD patients also demonstrate cognitive impairment, such as memory 

defect, impairment in attention, and verbal fluency (Sierksma et al., 2010).   

MDD treatment is dependent on the severity and the characteristics of the depressive 

episode, as well as the symptoms displayed. The first line of treatment for MDD includes 

psychological therapy such as cognitive behavioural therapy and/or antidepressant medication 

(Wong and Licinio, 2001). Treatment using one method for MDD patients has an equivalent 

remission rate of approximately 30 to 40% (Gelenberg et al., 2010). Although a combination 
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of treatments including medication and cognitive therapies has a higher remission rate, this 

entails higher costs and effort (Craighead and Dunlop, 2014).   

Less than 50% of depressed patients who were treated with antidepressant drugs 

demonstrated poorer responses to the standard antidepressant treatment (Petralia et al., 2020).  

Depression patients who were treated with at least two different antidepressants of a sufficient 

dose and for a sufficient period of time and failed to develop a significant response to the brain 

stimulation or improvement in the clinical outcomes are considered resistant to the 

antidepressant (Sackeim et al., 2019). One third of MDD patients who show resistance to 

antidepressants exhibit high peripheral inflammatory markers, such as cytokines, acute phase 

proteins, chemokines, adhesion molecules, and inflammatory mediators, such as  

prostaglandins in plasma and cerebrospinal fluid (CSF) (Strawbridge et al., 2015, Miller et al., 

2009, Dantzer et al., 2008). It is important to note that a meta-analysis of randomised clinical 

trials which used an anti-inflammatory agent alongside antidepressant drugs approved for 

MDD sufferers, reveals that participants showed a better response to antidepressant treatment, 

with higher levels of remission, when using an anti-inflammation treatment compared to those 

receiving the placebo(Köhler et al., 2014, Bai et al., 2020). Studies in which the peripheral 

inflammatory markers were blocked showed a reduction in the depressive symptoms in 

pathologies accompanied by chorionic inflammation (Tyring et al., 2006, Abbott et al., 2015).  

1.2 The role of peripheral inflammation in the aetiology of depression  

Different studies have confirmed the role of inflammation and the immune system in 

the aetiology of depression (Raison et al., 2010, Nettis et al., 2020).The association between 

peripheral inflammation and depression has been investigated in a number of studies (Dantzer 

et al., 2006, Dantzer et al., 2008, Felger et al., 2018, Howren et al., 2009). Depression has been 

shown to be prevalent and comorbid with different autoimmune diseases (Gavard et al., 1993, 

Sartorius, 2022, Siegert and Abernethy, 2005, Matcham et al., 2013). These autoimmune 
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diseases, such as diabetes mellites Type 1 (Korczak et al., 2011), rheumatoid arthritis (Nerurkar 

et al., 2019), and multiple sclerosis (MS) (Feinstein et al., 2014) are associated with chronic 

inflammation. Chronic inflammation is characterised by slow and long-term inflammation 

which lasts for months or years. Many risk factors which have been found to contribute to 

chronic inflammation, such as stress, sleep disorders, obesity, a diet rich in saturated fat, ageing, 

and low sex hormones (Pahwa et al., 2021), have also been found in MDD patients (Fried and 

Nesse, 2015, Motivala et al., 2005, Meyers et al., 2005).   

MDD patients who have experienced a history of early life trauma such as childhood 

sexual abuse – the most predictive risk factor for depression – demonstrated increased 

proinflammatory markers, including Tumour Necrosis Factor (TNF)-α, C-reactive protein 

(CRP), and Interleukin (IL)-6 (Baumeister et al., 2014). Moreover, the administration of 

immune challenges, such as interferon- α (IFN- α), which is used for the treatment of infectious 

diseases such as hepatitis C or a malignant disease, exhibited an association of up to 60% with 

the onset of mild to moderate depressive symptoms (Golden et al., 2005, Raison et al., 2005). 

Developing symptoms such as fatigue, anxiety, discomfort, loss of appetite, sleepiness, and 

loss of concentration during treatment for infection emulate depressive symptoms in MDD 

(Stieglitz et al., 2015). Increased peripheral inflammation cytokines and evolving sickness 

behaviour such as fatigue, confusion, and less desire to do daily activities, following a single 

injection of peripheral immune challenges, were identified in normal human volunteers (Nettis 

et al., 2020).   

Patients with depression exhibit high levels of proinflammatory cytokines, including  

IL-6, TNF-α, and CRP (an acute inflammatory protein synthase in the liver in response to the 

IL-6) (Pasco et al., 2010). The proinflammatory cytokines are tiny proteins secreted by 

different nucleated cells (cells with a nucleus) and contribute to the development, homeostasis, 

and regulation of the immune process (Lackie, 2010). Low-grade inflammation measured by 
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the concentration of CRP in plasma has been found in MDD patients (Osimo et al., 2019), and 

predicted the onset of a depressive episode (Gimeno et al., 2009). Notably, the CRP in plasma, 

which is associated with depressive symptoms, is strongly correlated with the CRP and 

inflammatory cytokines in the CSF (Felger et al., 2018). Despite the fact that considerable 

evidence has shown links between peripheral inflammation and MDD pathophysiology, how 

these peripheral inflammation changes are incorporated into the brain remains poorly 

understood.    

1.3 Peripheral immune system versus central immune system 

The central nervous system (CNS) is known to be immuno-privileged, as it is isolated 

from the circulation and peripheral immune system by the blood-brain barrier (BBB) and blood  

CSF barriers (BCSFB), and its maintenance and homeostasis are independent (Croese et al., 

2021). However, bone marrow-derived immune cells (myeloid cell) are involved in the central 

immune and neuroprotective processes (Croese et al., 2021) and play a significant role in 

neurological diseases and neuroinflammation (Passaro et al., 2021). The central immune 

system is composed of innate immune cells, including the microglia, resident macrophages, 

astrocytes, and ependymal and mast cells, which maintain the homeostasis and neuron 

plasticity (Passaro et al., 2021). The dysregulation on the CNS homeostasis due to injury, 

inflammation, bacterial, or viral infection will activate the immune cells. The microglia are the 

primary immune cells in the CNS which maintain homeostasis and are involved in the 

phagocytosis process (Ousman and Kubes, 2012). In terms of neuroinflammation, the 

activation of the microglial cells is promoted by the stimuli which either release 

proinflammatory phenotypes that induce neural damage, or anti-inflammatory phenotypes 

which help to repair neurons (Mosser and Edwards, 2008). This classification of the glial 

activation was considered an oversimplification as the microglial activation presented greater 

complexity (Mosser and Edwards, 2008). The proinflammatory cytokines released from 
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activation microglia are activated astrocyte, the tight junctions regulation in BBB, which 

therefore release proinflammatory or anti-inflammatory phenotypes derived from microglia 

activation (Passaro et al., 2021). The dysregulation of the barriers permeability allowed the 

infiltration of peripheral cytokines and monocytes into the CNS crossing the BBB in a 

neuroinflammation state and revealed either proinflammatory or anti-inflammatory functions 

derived from macroglia activation.  

Furthermore, the ependymal cells in the choroid plexus (CP) contain immune cells such 

as macrophages and memory T-cells, which are able to recognise the CNS antigens and produce 

anti-inflammatory markers, including IFN-𝛄 and IL-10. (Passaro et al., 2021, Croese et al., 

2021). The CP also adjusts the immune composition of the CSF, which presents low numbers 

of bone marrow-derived immune cells (Ousman and Kubes, 2012). Moreover, the meninges 

host many antigen-presenting cells (APCs), including macrophages and dendritic cells derived 

from the bone marrow in the skull, which migrate to the parenchyma without crossing the 

blood (Herisson et al., 2018). All macrophages found in the CP, meninges, and perivascular 

spaces expressed proinflammatory cytokines in response to the neuroinflammation (Jordão et 

al., 2019). The disturbance of brain homeostasis will enhance the infiltration of the cytokines 

and monocytes into the brain parenchymal, and this process is involved in tissue damage and 

neuroinflammation (Varvel et al., 2016, Song et al., 2020); nevertheless, they may support the 

CNS by producing anti-inflammatory phenotypes (Shechter et al., 2009).     

In a healthy brain, the peripheral monocyte does not present in the CNS parenchyma, 

even when examined in different neuroinflammation states, trafficking from the blood stream 

into the brain tissue (Prinz and Priller, 2017). The peripheral immune system comprises 

collections of cells, tissue, and organs, which respond to the pathogens through innate and 

adaptive immunity (Paul, 2012). The innate immune cells comprise white blood cells such as 
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dendritic cells, macrophages, mast cells, neutrophils, basophils and eosinophils, and 

lymphocytes without specific antigens (Akira et al., 2006). The innate immune cells can 

circulate freely through the blood stream and express cytokines or activate the adaptive 

immune cells by interaction with other cells (Liaskou et al., 2012). The adaptive immune cells 

involve lymphocytes with specific antigen receptors, usually T- and B-cells (Medzhitov and 

Janeway Jr, 1997). The responses of the peripheral immune cells are very important for 

protecting and repairing body tissues, as well as controlling infections in the critical early 

period (Liaskou et al., 2012). It has recently been shown that the peripheral immunity cells 

communicate with the central immune system by passing brain barriers into the brain tissue 

during neuroinflammation (Quan and Banks, 2007). There are different routes for peripheral 

leukocytes crossing the brain parenchyma: through the BCSFB, perivascular space, and 

postcapillary venules (Ransohoff et al., 2003). The literature confirms that patients who have 

experienced neuroinflammation diseases demonstrated elevation of the CSF and plasma 

cytokines (Brosseron et al., 2014, Sosvorova et al., 2015, Sun et al., 2019, Dahl et al., 2014), 

as well as activated microglia (Enache et al., 2019, Werry et al., 2019) 

 

1.4 The communication between the peripheral immune system and 

central nervous system  

Peripheral and central immune system interactions have been implicated as a 

mechanism for developing neuroinflammation. However, the CNS is separated from plasma 

by tight junctions found in the BBB and BCSFBs in epithelial cells in the choroid plexus (CP) 

(Johanson and Johanson, 2018). There are different pathways for the proinflammatory 

cytokines to infiltrate brain tissue from the bloodstream (Dantzer, 2018). The cytokine 

pathways, which include the humoral, neural, and cellular pathways, were suggested by some 

animal studies. The humoral pathways were identified on cytokines across a leaky BBB, as 
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found in the circumventricular structures, while the neural pathways where the cytokines bind 

saw the active transport of molecules in the BBB. The cytokine receptors found in peripheral 

afferent nerve fibres as vagus nerves are represented in the neural pathway. In terms of the 

cellular pathway, the activated immune cells in the perivascular, parenchyma, and CP, which 

infiltrate into the CSF and brain parenchyma indicated other pathways into the brain (Miller 

and Raison, 2016). 

The CP forms BCSFB, which work alongside the BBB to control the traffic between 

the blood and the CSF and the brain parenchyma (Saunders et al., 2012). The BBB is comprised 

of an endothelial cell with very low transcytotic vesicles, a vascular allowing macromolecules 

to move across the cell membrane, and a high restrictive paracellular diffusion barrier (Wolburg 

and Lippoldt, 2002). The BBB contains tight endothelial cells that form a restrictive barrier to 

limit the entry of substances into the brain interstitial fluid (ISF) (Abbott, 2005). However, the 

BCSFB fenestrations in the choroid plexus vascular are less restricted and allow ions and small 

molecules to diffuse into CP epithelial cells (Maharaj et al., 2008).   

The immune cells in CP work with the intraventricular immune cells to form the initial 

defensive action against brain infection, and acute and chronic inflammation (Yang et al., 

2021). The CP is considered the main brain structure that responds to chronic and acute 

inflammation (Marques and Sousa, 2015, Turner et al., 2014). Chronic inflammation is thought 

to increase the transport of immune cells from the plasma into the CP, and consequently into 

the brain parenchyma (Marques and Sousa, 2015). Importantly, the study of post-mortem MDD 

tissue found an alteration in the transforming growth factor-beta (TGF-𝞫) pathways and a 

downregulation of the CP transcriptome link to the interaction with the CP extracellular matrix 

and cytoskeleton, which may indicate a dysregulation in CP functions (Turner et al., 2014). 

Additionally, the permeability of the BBB was found to be inconsistent in depression studies 

(Wengler et al., 2019, Maharaj et al., 2008).  Finally, a meta-analysis of the vascular endothelial 
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growth factor (VEGF), a plasma protein measuring the BBB permeability produced by CP 

endothelial cells, identified mixed results in depression patients ((Clark-Raymond and Halaris, 

2013). Taking all of the above into account, CP can be considered a brain structure that plays 

an important role in immune responses in the nervous system, where the peripheral and the 

central immune systems communicate (Meeker et al., 2012).  

1.5 Markers of neuroinflammation in depression  

Once the peripheral cytokines cross the brain, they activate their receptors in the 

vascular endothelial cells, perivascular immune cells, glial cells including microglia, astrocyte, 

and oligodendrocytes, and neurons in several brain regions linked to mood regulation (Woelfer 

et al., 2019). Microglia are resident microphages in the brain and spinal cord which play a role 

in the immune process (Spindler and Hsu, 2012), where the astrocytes – immunocompetent 

cells – preserve the tight junction of the BBB and maintain the water and ion balance (Enache 

et al., 2019, Watzlawik et al., 2010). The oligodendrocyte is a glial cell which has a main role 

in the myelination as well as releasing pro-inflammatory cytokines following brain injury 

(Mechawar and Savitz, 2016). The activation of microglia and astrocyte in the brain may 

contribute to developing a neuroinflammation (Maeng and Hong, 2019). Neuroinflammation 

is a process where increasing immune responses of microglia and astrocytes release 

proinflammatory chemokines and cytokines, including the TNF-α and IL-6, consequently 

impairing brain functions (Maeng and Hong, 2019). Different neurological diseases and 

neuropsychiatric disorders, including depression, demonstrated high peripheral cytokines as 

well as the activation of glial cells (Haapakoski et al., 2015). In addition to the heightening of 

the peripheral inflammatory markers in depression patients, gene expression studies have 

supported the role of inflammation in depression in demonstrating an increase of the messenger 

RNA in genes expressing the proinflammatory mediator in mood disorders (Savitz et al., 2013, 

Pandey et al., 2015, Drexhage et al., 2011). Also, central inflammatory markers have been 
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explored in several research studies on depression and exhibited immune dysregulation 

markers in the brain (Enache et al., 2019).The dysregulation of the immune system in the brain 

has been investigated in depression studies and showed a high level of CSF cytokines obtained 

from lumber punctures, as well as an alteration of the amount and function of immune 

regulation cells such as microglia, astrocytes and oligodendrocytes, which have been 

demonstrated in many post-mortem studies (Enache et al., 2019, Mechawar and Savitz, 2016). 

In order to detect neuroinflammation in humans in-vivo and non-invasively, neuroimaging has 

been used to investigate neuroinflammation through either measuring the radioactive signals 

of Positron Emission Tomography (PET) in activated microglia (Enache et al., 2019), or by 

using Magnetic Resonance Imaging MRI to investigate structural alterations in depressed 

patients (Oestreich and O’Sullivan, 2022). 

1.6 Neuroimaging for neuroinflammation   

1.6.1 PET Imaging   

Positron Emission Tomography (PET) is a nuclear imaging technique using 

radionuclides such as Carbon-11, Fluorine-18 or Oxygen-15, which emit positrons during 

isotope decay (Brownell, 1999). A positron is a subatomic particle with the same mass as an 

electron but with the opposite charge (Faulstich, 1991). Radionuclides are manufactured in a 

particle accelerator called a cyclotron and combined with biologically active molecules to 

create a labelled compound, which may be referred to as a radioactive tracer, radiotracer or 

radioligand. Radioactive tracers mimic the biological behaviours, pharmacokinetics, and 

pharmacodynamics of the unlabelled equivalent compound (Bloomfield et al., 2017). 

Following intravenous injection, radioactive tracers circulate around the bodily tissues via the 

blood circulation system. Upon interaction of the positron with an electron, annihilation occurs 

producing two gamma rays with an energy of ~511 keV (Faulstich, 1991). The two gamma 

rays are detected by opposing detectors placed within the PET scanner around the anatomical 

structures of the participant to be imaged (Cherry et al., 2006). The imaginary line connecting 
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the PET scanner detectors is termed the ‘line of response’ and is used to identify the location 

of an annihilation event. Several lines of response are recorded during a PET measurement, 

which are ultimately used to reconstruct the PET image (Bloomfield et al., 2017). 

  False events may occur during emission detection, including photon attenuation, non-

linearity of the detection system, photon deflection, and random coincidences. Once these are 

corrected, the number of coincident counts assigned to each line of response reflects the overall 

isotope activity. The detected signals represent a 2/3- dimensional projection of the tracer 

distribution, which are combined to generate a sinogram (Bloomfield et al., 2017). The 

sinogram is converted to images to determine the distribution of radioactivity by using a 

reconstruction algorithm either via filter back-projection or iterative reconstruction.  

Quantification of the PET signal by measuring area-specific tracer activity or analysing 

radiotracer exchanges is determined to establish the behaviour of the radiotracer within the 

target tissue compartments (Bloomfield et al., 2017). The monitoring of radiotracer exchanges 

requires dynamic acquisition to measure tracer activity over time. Dynamic PET imaging is 

commonly conducted alongside the collection of arterial blood samples to ascertain the uneven 

distribution of the tracer in the plasma and blood, and to assess tracer-protein binding and tracer 

metabolites in the plasma. This presents a reliable method of quantitatively analysing tracer 

kinetics, and different techniques such as compartmental modelling can be used to generate 

specific outcomes. Compartmental modelling involves the creation of a mathematical model 

of the biological system, using the radioligand concentration in arterial plasma as a model 

input. Conversely, if a reference region time activity curve is available, this may be used as a 

substitute for the arterial input function in receptor studies (Lammertsma and Hume, 1996). 

Currently, this is the only process validated for comprehensively understanding a disease or 

physiological system (Bloomfield et al., 2017).  
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  The peripheral benzodiazepine receptor (PBR), recently named the 18-kDa translocator 

protein (TSPO), is a translocator protein found extensively in the outer membrane of the 

mitochondrial, although not exclusively (Cagnin et al., 2007). In its normal physical state, the 

TSPO was found at low levels in the brain, and increased with neuroinflammation and brain 

injury, mainly in the activated microglia (Chen and Guilarte, 2008). The PK11195 is a 

particular ligand of the TSPO and is combined with radioactive molecules to quantify brain 

function as a characteristic of the activated microglia in neuroinflammation (Enache et al., 

2019, Chen and Guilarte, 2008). Several studies on depression have shown mixed results 

regarding the radioligand PET signal targeting the TSPO. Some have found an increase of the 

TSPO radioligand PET signal in some brain regions involving the anterior cingulate cortex 

(ACC), prefrontal cortex (PFC), and insula in the MDD group (Schubert et al., 2021c, Setiawan 

et al., 2018, Richards et al., 2018). However, some studies did not find an elevation of the 

TSPO radiotracer in the activation microglia in different brain regions in the MDD cohorts 

(Hannestad et al., 2013), nor in the subjects of experimental tests after the injection of an 

immune challenge marker (IFN-⍺), even with high peripheral cytokines and transient 

depressive behaviour (Nettis et al., 2020).  

1.6.2 MRI Imaging   

Magnetic Resonance Imaging (MRI) is a non-invasive, less expensive compared to the 

PET, and easily accessible neuroimaging procedure that characterises biophysical changes in 

brain tissue related to in-vivo neuroinflammation (Oestreich and O’Sullivan, 2022). MRI uses 

a strong magnetic field and radiofrequency to create well-defined structural and functional 

images depending on the magnetic properties of the hydrogen protons (H+) which are abundant 

in the human body. The H+ at the centre of the magnetic pore are aligned with the direction of 

the strong magnetic field. Then, the radiofrequency is turned on and off on the hydrogen 

protons at a specific degree, a net magnetisation, which changes their orientation. When the 

net magnetisation returns to equilibrium, a radiofrequency signal is released and detected by 
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the gradient coils placed in the MRI scanner. The signals are reconstructed and transformed 

into electronic images with differing image contrast. The image contrast is dependent on the 

physiological properties of the tissue, including the T1, which represents the relaxation time 

(the time taken for the H+ to realign to the magnetic field direction) and the T2, which is the 

dephasing time (the time for the H+ to dephase). Usually, structural MRI is used with a T1 spin 

echo to create a well-defined anatomical image used for segmentation and registration. The 

echo planer pulse sequence (gradient echo) is used for the diffusion and perfusion of images to 

investigate the functional properties of water molecules.   

MRI has been used to assess the micro and macro changes in brain tissue during 

neuroinflammation (Oestreich and O’Sullivan, 2022). MDD patients have shown a reduction 

in the volume of some regions in the grey matter (GM), measured by structural MRI, which 

are associated with a high CRP level (Opel et al., 2019). Other structural MRI research has 

found changes in the macrostructures of the brain tissue in depressed patients (Zhang et al., 

2018b, Ramezani et al., 2015), and confirmed a consistent reduction in the cortical thickness 

of ACC and PFC in patients who suffered multi-depressive episodes compared to the healthy 

control group (Bora et al., 2012). Similarly, the volume of the frontal cortex, including the 

prefrontal cortex, orbitofrontal cortex, middle prefrontal cortex, and dorsolateral prefrontal 

cortex, was decreased in drug-naïve MDD patients (Zhang et al., 2018b). MRI contrast 

enhancement has also been used for multiple sclerosis (MS) subjects with depression, 

compared to MS subjects without depression (Kallaur et al., 2016). A reduction in the contrast 

enhancement and an increase of the peripheral inflammatory cytokines were seen in MS 

patients with depression, compared to MS subjects without depression (Kallaur et al., 2016). 

Other MRI procedures using a diffusion-weighted image (DWI) were applied to investigate 

microstructure changes in brain tissue, as well as the movement of water molecules 

(Bloomfield et al., 2017). The diffusion tensor image (DTI) is one DWI technique, and has 
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been used to investigate the microstructure in regional white matter (WM) (Bergamino et al., 

2016). The DTI was used to explore a reduction in the white matter integrity of depression 

patients compared to healthy control subjects (Bergamino et al., 2016). These structural 

changes detected by MRI in the brain tissues of depression sufferers may suggest a mechanism 

for developing neuroinflammation. The neuroinflammation also showed a contribution to the 

dysregulation of the dynamic, or the production of CSF, which may point to the dysfunction of 

the brain’s waste clearance pathways and ultimately the disruption of brain homeostasis.  

  
1.7 Cerebral Spinal Fluid (CSF) and its role in preserving brain 

homeostasis  

1.7.1 CSF Production   

CSF is a proteinaceous fluid composed of 99% water and 1% other compounds, which include 

proteins, ions, growth factors, glucose (Amann et al., 2016), neuropeptides (Mizui et al., 2019), 

hormones (Sullivan et al., 2006), neurotrophic factors (Gerner et al., 1984), and 

neurotransmitters (Lindström, 1985). Compared to plasma, CSF contains a higher 

concentration of sodium and magnesium, but a lower concentration of potassium and calcium 

(Sakka et al., 2011). CSF is produced by specialised ependymal cells found in the CP in the 

basal lamina of the four brain ventricles (Shen, 2018, Brown et al., 2004). The CP is a folded 

structure which produces 75% of the CSF (430 - 530 mL), with a 150 mL constant flow volume 

within the CNS (Kress et al., 2014). CP epithelial cells have two borders: an apical border 

facing the ventricular side, which is covered by microvilli to increase the surface area for CSF 

secretion and diffusion, and a basolateral border facing the blood supply, which has several 

folds and creases to increase absorption (Brinker et al., 2014). Changes in the concentrations 

of the plasma and the CSF presented by the active transporters enable the exchange of sodium 

(Na) and chlorine (Cl) by basolateral transport proteins (Brown et al., 2004). The CP epithelial 

cells are surrounded by stroma, blood vessels, and immune cells (Marques et al., 2009). The 
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CP produces the CSF in two stages: through the passive diffusion of the plasma via fenestrated 

choroidal capillaries, driven by the different osmatic pressure gradient between the two 

surfaces, and through the ultrafiltration of the active transporters and channels via the choroid 

plexus epithelial cells in the ventricles (Brown et al., 2004, Ghersi-Egea et al., 2018b), See 

Figure 1.1 .  

  
Figure 1.1 Choroid plexus (CP) and brain-CSF-barriers (BCSFB)  

 

A B 

  
  

A. CP histology: A single layer of cuboidal epithelial cells (dark purple) surrounding the 

choroidal stroma and comprising bundles of choroidal capillaries (red) and connective tissues 

(pink).   

B. The CP epithelial cells are connected by tight junctions in the apical border facing the 

cerebrospinal fluid (CSF) and are covered by microvilli, while the basolateral border faces the 

blood vasculature. The ependymal cells cover the roof of the ventricles and are connected by 

gap junctions, which facilitate the exchange of electrolytes and some solutes between the CSF 

and the interstitial fluid (ISF).   
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The CP has numerous mitochondria to provide the energy to control the movements of 

macromolecules including hormones, growth factors, drugs, and ions, from and into the CSF 

(Damkier et al., 2013), as well as into and out of the brain through particular channels in the 

tight junctions of the CP epithelial cells (Plog and Nedergaard, 2018). Moreover, the Osmotic 

pressure gradient promotes the movement of water molecules, which are facilitated by the 

water channel Aquaporin-1 (AQP1), found on the apical surface of CP epithelial cells 

(Khasawneh et al., 2018, Mobasheri and Marples, 2004). Also, the gap junctions between the 

ependymal cells lining the lateral ventricles facilitate the diffusion of small molecules into the 

ventricular CSF from the interstitial fluid (ISF), which contributes to the production of a small 

amount of the CSF (Saunders et al., 2012). The tight junctions in the CP epithelial cells which 

form the BCSFBs, control the movement of substances and regulate the trafficking of the 

immune cells into the ventricles in the normal physical state (Meeker et al., 2012). An alteration 

of the CP can result in a reduction in the BCSFB integrity which alters the trafficking of the 

immune cells as well as the pathogens into the CNS (Szmydynger-Chodobska et al., 2012), and 

is linked to several neurodegenerative diseases including Alzheimer’s disease (AD), 

autoimmune diseases such as multiple sclerosis (MS), and following strokes and brain trauma 

(Solár et al., 2020). Interestingly, the CP volume was found to be increased in AD (Tadayon et 

al., 2020) and MS patients (Ricigliano et al., 2021).   

1.7.2 CSF Dynamic   

CSF flows unidirectionally through the ventricular system, moving from the two lateral 

ventricles located on each hemisphere into the third ventricle placed between thalami via the 

foramen of Monro, and into the fourth ventricle located within the brainstem through the 

cerebral aqueduct (the aqueduct of Sylvius). CSF leaves the ventricular system into the 

subarachnoid space, cisterns, and central canal of the spinal cord through the two lateral 

apertures (the foramina of Luschka) and the median aperture (the foramen of Magendie), 

respectively, where CSF movement becomes slow and multidirectional. The cisterna and 
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subarachnoid spaces reach the perivascular space that surrounds the extension arteries and 

veins supplying the brain parenchyma (Zhang et al., 1990, Ghersi-Egea et al., 2018b). 

Ultimately, the CSF is reabsorbed by the venous system through specialised cells, arachnoid 

granulations, or villi found along the brain surface drained into the dural venous sinuses 

(Johnston and Papaiconomou, 2002, Bradbury and Cserr, 1985). The CSF exits the brain 

through the cribriform plate into the cervical lymphatic vessels and/or to the meningeal 

lymphatic vessels that run along the dura sinuses (Chen et al., 2015), see Figure 1.2.   

  

Figure 1.2 CSF pathways and blood-brain barriers (BBB) 

 
A. CSF is produced by the CP and flows through the four brain ventricles to the subarachnoid 

space and into the brain parenchyma, ultimately exiting the brain. CSF is absorbed by 

dura sinuses via the arachnoid granulation and drain into cervical lymph nodes by the 

meningeal lymphatic vessels and the nasal lymphatic route across the cribriform plate. 

B. CSF circulates through the brain parenchyma and removes waste products via direct 

CSF/ISF exchange, mediated by the astrocyte end-feet AQP-4. CSF clearance is 
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facilitated by the bulk flow of fluid through the AQP4, which assists the CSF influx at the 

para-arterial space into the ISS and removes parenchymal waste via the ISF efflux along 

the para-venous space. C. The BBB contains tight endothelial cells that form a restrictive 

barrier to limit the entry of substances into the brain ISF.  

  

All the brain ventricles and the central canal of the spinal cord are lined with ciliated 

ependymal cells, which are composed of cuboidal glial cells with a ciliated surface, 

contributing to the CSF flow (Del Bigio, 1995). The arachnoid membrane is also considered a 

part of the BCSFB, despite the unidirectional exchange between the CSF and the periphery 

(Siyahhan et al., 2014). The CSF flow is encouraged by the pressure gradient, motivated by 

cardiac and pulmonary pulsation (Vinje et al., 2019) in addition to the choroid plexus arterial 

pulses (Takizawa et al., 2018, Bering, 1962) assisted by the movement of the ependymal cilia 

(Siyahhan et al., 2014). The CSF protects the brain and spinal cord and plays a significant role 

in the nutrient supply and mediation of tissue clearance, despite the lack of conventional 

lymphatics in the brain (Iliff et al., 2012, Iliff et al., 2013).  

1.8 The glymphatic pathways   

The recent discovery of the brain glymphatic system (GS) has provided new 

perspectives on the waste clearance mechanisms in the central nervous system (CNS), as well 

as new insights into the neuropathological mechanisms common in several brain disorders 

(Louveau et al., 2017). This recently-identified clearance pathway has been termed the 

glymphatic system, due to the important role of glial cells and their similarity with the 

lymphatic system in the peripheral tissues (Iliff et al., 2012). The CSF removes cellular waste 

within the perivascular space, also known as the Virchow–Robin space, via the water channels 

at the astrocytes end-feet, which are called aquaporin-4 (AQP4) (Schubert et al., 2019, Jessen 

et al., 2015, Bakker et al., 2016). The CSF clearance is facilitated by the bulk flow of fluid 
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through the AQP4, which assists CSF influx at the para-arterial space into the interstitial space 

(ISS) and removes parenchymal waste via the interstitial fluid (ISF) (Iliff et al., 2012). ISF is 

a fluid formed and secreted by the capillary endothelial cells (Nagelhus and Ottersen, 2013) 

that effluxes along the para-venous space (Iliff and Nedergaard, 2013, Iliff et al., 2012). The 

ISF and its components are mixed with the CSF, a process which can present across the 

ependymal layer of the ventricular system (Del Bigio, 1995, Saunders et al., 2012), either 

recirculating in the subarachnoid space, or exiting the cranial cavity through absorption via the 

arachnoid granulations to the sinuses and meningeal lymphatic vessels (Johnston and 

Papaiconomou, 2002, Westman et al., 2012).   

The function of the GS is more active during natural sleep and general anaesthesia: research 

shows increases in the ISS and therefore increases in the convicted exchange between the CSF 

and the ISF during sleep (Xie et al., 2013). Furthermore, sleep disorders are associated with 

several psychiatric disorders, including anxiety disorders, MDD, and schizophrenia (Baglioni 

et al., 2016). In addition, a chemical imbalance in the CSF of patients with psychiatric disorders 

(Huang et al., 2006) and with depression (Martinez et al., 2012, Heilig, 2004, Soleimani et al., 

2014) has been found.  

1.9 CSF alterations in Depression  

The CSF of MDD patients exhibited increases in some neuropeptides (Martinez et al., 

2012, Heilig, 2004, Soleimani et al., 2014), along with the immunoreactive hormone 

corticotropin-releasing factor (Nemeroff et al., 1984). In contrast, transthyretin, a carrier 

protein produced by the CP and secreted into the CSF, is significantly reduced in patients with  

MDD (Sullivan et al., 2006). CSF proinflammatory cytokines were also found to be higher in 

MDD patients (Enache et al., 2019). An alteration of the CSF production and dynamic may 

alter the process of CSF-mediated clearance and consequently unbalance the CNS homeostasis  

(Khasawneh et al., 2018). 
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1.10 Neuroimaging of CSF-mediating brain clearance   

Glymphatic function has been investigated in biotechnology experiments in animal 

models (Jessen et al., 2015). The first in-vivo study to examine CSF clearance as a direct 

measurement of glymphatic pathways involved the injection of a fluorescent tracer into the 

cisterna magnum of mice. The study revealed that CSF influx in brain parenchyma through the 

periarterial space is mediated by the AQP4 on astrocyte end-feet (Iliff et al., 2012), and that 

excessive Aβ protein is removed from the ISF through the perivenous space (Iliff and 

Nedergaard, 2013). Previous studies have revealed that CSF clearance was impaired in AQP4 

null mice, resulting in the accumulation of amyloid plaques and tau tangles (Iliff et al., 2013, 

Iliff et al., 2012). Furthermore, changes in the AQP4 in reactive astrocytes have been observed 

in rats with a subarachnoid haemorrhage and acute ischemic stroke (Gaberel et al., 2014).  

Alterations in the AQP4 result in changes in the perivascular space polarisation and increase 

Aβ and tau protein accumulation (Jessen et al., 2015, Gaberel et al., 2014).   

Furthermore, glymphatic function was investigated in mice with a subarachnoid 

haemorrhage and acute ischemic stroke using MRI contrast enhancement (Gaberel et al., 2014), 

finding a decrease in CSF clearance. Similarly, a rat model of ischemic stroke has demonstrated 

that intraventricular contrast enhancement is associated with BCSFB impairment (Renú et al., 

2017). Likewise, patients with ischemic stroke showed a contrast enhancement in the ventricles 

after intravenous thrombolysis treatment to remove the thrombosis (Park et al., 2017). An 

accumulation of the contrast enhancement on the lateral ventricles of a stroke patient may 

reveal an alteration of the BCSFB (Park et al., 2017). Interestingly, neuroinflammation may 

contribute to the dysfunction of BCSFB and BBB integrity (Kaur et al., 2016, Raison et al., 

2006), impairing the process of CSF-mediated brain clearance.   
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The measurement of CSF clearance can be obtained either invasively, through a lumbar 

puncture, or through neuroimaging, which serves as a non-invasive alternative procedure (De 

Leon et al., 2017). Several studies have reported an impairment of CSF clearance in the 

pathology of neurodegenerative diseases (De Leon et al., 2017, Schubert et al., 2019), with no 

direct biomarkers monitoring these parameters in humans. De Leon et al. (2017) used PET 

imaging as an indirect method to investigate the CSF dynamic in the lateral ventricles as a 

marker of CSF-mediated clearance, finding a reduction in ventricular CSF clearance which 

was inversely proportional to the Aβ deposition in patients with AD. AD and MS patients also 

exhibited a decrease in CSF-mediated tissue clearance compared with matched healthy controls 

(Schubert et al., 2019). The CSF-mediated clearance pathway is critical for the removal of 

potentially harmful molecules such as Aβ, which is a pathological hallmark of AD (Rasmussen 

et al., 2018). The mechanisms underlying decreased CSF clearance have not yet been fully 

explained, but the inflammation of the CP and ventricular ependymal cells, as seen in MS 

(Vercellino et al., 2008, Lisanti et al., 2005), AD, and PD (Doorduin et al., 2008), may play an 

important role in the alteration of the clearance process.   

Depression is known to be a risk factor for AD (Green et al., 2003) and comorbid with   

MS (Feinstein, 2011), where there is a reduction in the marker of CSF-mediated clearance. 

There have yet been no studies investigating CSF-mediated clearance in depression. This PhD 

project investigated the CSF-mediated clearance in an MDD group using CSF dynamics in 

lateral ventricles – measured by a PET signal – and the choroid plexus volume as indirect 

proxies of CSF-mediated clearance.   
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1.11 Aim and Objectives  

  

Overall Aim  

  

The primary aim of this research project is to explore, through indirect measurement, 

the brain CSF-mediated clearance and its link to peripheral and central inflammation in 

depression, compared to healthy controls, using PET imaging and MRI, to establish an indirect 

proxy of CSF clearance.  

   

Specific Aims   

Study 1: To explore the clinical relevance of the [11C]PK11195 PET signal of the lateral 

ventricles as a proxy of CSF dynamics by comparing the signal magnitudes of MDD patients 

and healthy controls. The study also sets out to assess the link between the CSF clearance 

marker and peripheral inflammatory markers, as well as with clinical MDD symptoms.   

Study 2: To investigate the choroid plexus volume and its relationship to the peripheral and 

central inflammation using structural MRI in depressed and healthy controls. It was also 

anticipated that the CP enlargement would be associated with the reduction of the CSF 

clearance markers measured in the study, as well as the clinical scores relating to depression.  

Study 3: To investigate the free water volume extracted from the multiple shell diffusion weight 

image of an MRI for three regions of interest (the anterior cingulate cortex, prefrontal cortex, 

and insula cortex) as a biomarker for neuroinflammation, as well as its relation to clinical 

scores in depressed and healthy control subjects. The study also sets out to assess the link 

between the free water volume and the indirect marker of CSF-mediated clearance measured 

in the first study, and the choroid plexus volume measured in the second study.   
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1.12 Hypotheses  

1. A reduction of the lateral ventricle PET measure is sensitive to the alterations of the 

CSF dynamic in depressed patients compared to healthy control subjects.  

2. Mild inflammation in depressed patients reduces the CSF dynamic by closing the brain 

barriers in response to peripheral inflammation.   

3. Reduction of CSF clearance mediates depressive symptoms. 

4. CP volume is larger in depressed patients compared to healthy control subjects.  

5. Alterations in barriers structure mediates depressive symptoms.  

6. CP volume enlargement links to high peripheral inflammatory markers and high central 

inflammatory markers, measured by the TSPO PET uptake in key regions of 

depression: the anterior cingulate cortex, the prefrontal cortex, and the insular.  

7. The free water volume measured with MRI increases in the key regions of depression 

(anterior cingulate cortex, the prefrontal cortex, and the insula), as well as in the total 

grey matter in depressed patients compared to healthy control subjects.   

8. The free water volume links to the marker of CSF clearance, including the TSPO PET 

signal perfused in the lateral ventricles and CP enlargement, as well as to the peripheral 

and central inflammatory markers.   
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2 Chapter 2  

  

Study 1:  Increased serum peripheral C-reactive protein is associated with reduced 

brain barriers permeability of TSPO radioligands in healthy volunteers and depressed 

patients: implications for inflammation and depression 

This study is published in the Brain, Behavior, and Immunity, 91 (2021), 487-497.  

 

2.1 INTRODUCTION  

The relationship between peripheral and central inflammation and depressed behaviour 

has been investigated by a number of in vivo studies using Positron Emission Tomography 

(PET) and radioligands targeting the 18 kDa translocator protein (TSPO) in patients with 

depression. The TSPO is a mitochondrial protein that is expressed in a number of cells  

(endothelial, astrocyte as well as neurons) of the central nervous system (CNS) (Notter et al., 

2020)  but is particularly enriched in activated microglia, the brain-resident macrophages 

(Betlazar et al., 2018, Tournier et al., 2019).  However, TSPO PET studies in depressed cohorts 

have returned mixed results demonstrating either negative (Zhang et al., 2018a), null(Hannestad 

et al., 2013) or mild TSPO elevations (Setiawan et al., 2015, Su et al., 2016, Holmes et al., 

2018, Richards et al., 2018), with elevation being more evident in unmedicated subjects 

(Richards et al., 2018) and in those with suicidal thoughts (Holmes et al., 2018). More 

importantly, so far no study has demonstrated a consistent and replicable association between 

TSPO brain concentration and peripheral inflammatory mediators (Mondelli et al., 2017, 

Enache et al., 2019). A positive association was found in a sample of 48 patients with major 

depressive disorder between plasma adiponectin (an anti-inflammatory protein) and TSPO PET 

imaging in anterior cingulate cortex, but the analysis was only exploratory and did not survive 
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correction for multiple comparisons (Richards et al., 2018). More recently, a negative 

association between CRP and brain TSPO expression was found by Attwells (Attwells et al., 

2019), suggesting that patients with depression and high peripheral inflammation would have 

less microglia activation than those with normal level blood CRP. This disagrees with the 

immune-mediated model of depression for which depressive symptoms can be induced by 

peripheral cytokines and immune cells acting on the brain to elicit a neuroinflammatory 

response via a leaky blood-brain barrier (BBB) (Miller and Raison, 2016, Dantzer, 2009, 

Schedlowski et al., 2014). The evidence above prompted us to re-evaluate the data collected in 

TSPO imaging studies in normal and depressed cohorts by focusing on the relationship with 

one particular peripheral inflammatory marker, C-reactive protein (CRP), in order to propose 

an alternative model for the mechanism of action between peripheral and CNS immunity.   

Meta-analysis of cross-sectional and longitudinal studies on the relationship between 

peripheral immunity and depression have highlighted the relevance of pro-inflammatory 

cytokines such as tumour necrosis factor-α (TNF-α), interleukin-1β (IL-1β) and interleukin-6 

(IL-6) but also of  the acute phase protein, CRP (Valkanova et al., 2013). CRP is an acute phase 

reactant, a protein primarily made by the liver that is released into the blood within a few hours 

after tissue injury, the start of an infection or other inflammatory insults (Sproston and 

Ashworth, 2018). The concentration of CRP in blood has been increasingly used to quantify 

levels of systemic inflammation and associated levels of risks for a number of conditions, with 

concentrations greater than 3 mg/L indicating a high risk of cardiovascular disease (Smith, 

2004).  

In-vitro and preclinical models have shown that high concentrations of CRP (10 to 20 

mg/L) are associated with BBB disruption, increasing its permeability (Hsuchou et al., 2012).  
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However, the clinical relevance of this literature to the in-vivo human context remains to be 

shown, as in most instances CRP levels in depressed cohorts are below the 10 mg/L mark, 

which is on the low to moderate spectrum of the peripheral inflammatory range (Elwood et al., 

2017); in particular, we note that higher CRP levels increase BBB porosity to plasma proteins 

(measured as cerebrospinal fluid/serum albumin ratio) but only in those instances when CSF 

also exhibited abnormalities (Elwood et al., 2017). At the same time, other in-vitro work has 

reported that milder CRP plasma concentrations may stiffen endothelial cells and reduce 

endothelial permeability (Kusche-Vihrog et al., 2011a, Tomiyama et al., 2005).   

  

Hence, we hypothesized that, in normal volunteers and patients with depression but no 

other BBB impairment, the levels of CRP in the range observed in these cohorts (range 3-10 

mg/l, equivalent to ‘low-grade inflammation’) are associated with reduced blood to brain 

permeability. To test this hypothesis, we evaluated previously acquired data on the perfusion 

of TSPO radiotracers across the blood-brain interface (e.g., the BBB) and the blood 

cerebrospinal fluid (CSF) interface (e.g., the choroid plexus).   

  

Specifically, we quantified radiotracer perfusion from blood into parenchyma (via the 

BBB) and from blood and parenchyma into the CSF (via epithelial barriers and the choroid 

plexus) from TSPO PET data collected in two separate studies, one large cross-sectional study 

of neuroinflammation in normal controls and depressed patients (Schubert et al., 2020) and a 

second study where peripheral inflammation in normal volunteers was induced via 

subcutaneous injection of interferon (IFN)-⍺ and CNS inflammation was measured with PET 

(Nettis et al., 2020). 
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2.2 METHODS  

2.2.1 Datasets  

Two independent TSPO PET datasets collected from two separate neuroimaging studies 

were considered in this work.   

Dataset 1 includes 51 subjects with major depressive disorder (MDD) (36/15 

women/men; mean age: 36.2 ± 7.4 years) and 25 matched healthy controls (HC) (14/11 

women/men; mean age: 37.3 ± 7.8 years) without statically different in mean age and sex as 

part of the Biomarkers in Depression Study (BIODEP, NIMA consortium, 

https://www.neuroimmunology.org.uk/) to investigate the contribution of neuroinflammation 

in depression. The data for the BIODEP project was collected in two phases. The primary 

cohort involved HC and MDD subjects matched for age, sex, and BMI, while the secondary 

cohort the HC and MDD matched for age and sex but not for BMI. Patients aged 25 to 50 

(inclusive) that were taking anti-depressant treatment and had a total Hamilton Depression 

(HAMD) score>13 or were untreated and had a total HAMD>17 were included. The final 

sample consisted of 9 untreated patients and 42 taking medications. MDD patients were further 

classified based on their blood CRP level, CRP >3mg/L corresponding to the high CRP group 

(20 patients, 36.9 ± 7.6 years) and CRP<=3mg/L corresponding to low CRP group (31 patients, 

35.7 ± 7.2 years). Of the 9 untreated patients 4 were in the high CRP group and 5 in the low 

CRP group. In the treated group, 17 were in the high CRP group, 25 in the low CRP group. 33 

patients were treatment resistant (15 and 18 respectively in the high and low CRP group) while 

of the remaining 9, 2 had high CRP values and 7 low. CRP concentrations for controls were no 

different to the ones for low CRP group (t =0.017, p=0.99). MDD cases and HC with a lifetime 

history of other neurological disorders, active drug and/or alcohol abuse, participation in 

clinical drug trials within the previous year, concurrent medication or medical disorder that 

could compromise the interpretation of results, and those who were pregnant or breastfeeding 

were excluded. HC subjects had no personal history of clinical depression requiring treatment 
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and were age- and sex-matched with the patient group. On the contrary, BMI was significantly 

higher for the depression group (BMIMDD: 27.2±4.0) kg/m; BMIHC 24.2±4.8 kg/m2; p 

value=0.001). For patients detailed characteristics and demographics please refer to the original 

publication (Schubert et al., 2021b), Table 2.1. 

Table 2.1 Demographic and Clinical Characteristics for Depressed and Healthy Control 

Subjects 

Variable  Depressed Subjects (n = 

51)  

Healthy Control 

Subjects (n = 25)  

p Value 

Age, Years, Mean (SD)  36.2 (7.3)  37.3 (7.8) .561 

Male, n (%)  15 (29%)  11 (44%)  .208 

BMI, kg/m2, n, Mean 

(SD)  

All  

High CRP  

Low CRP 

 

51, 27.2 (4.0)  

20, 30.0 (3.8)  

31, 26.2 (3.4)  

 

24.2 (4.8)  

NA  

NA 

 

.001* 

NA 

NA 

CRP, mg/L, n, Mean 

(SD) 

 All  

High CRP  

Low CRP  

 

51, 2.9 (2.8)  

20, 5.6 (2.6)  

31, 1.1 (0.7)  

 

0.6 (0.9)  

NA 

NA 

 

001* 

NA 

NA 

Medication Status, n 

(%) 

Untreated  

Treatment resistant  

No grouping 

 

9 (17.5%)  

33 (65%)  

9 (17.5%)  

 

NA 

NA 

NA 

 

NA 

NA 

NA 

HDRS, Mean (SD)  18.5 (3.7)  0.6 (0.9)  .001* 

 

BMI, body mass index; CRP, C-reactive protein; HDRS, Hamilton Depression Rating Scale; NA, not applicable. *p < .05 

 

Dataset 2 includes data from 7 healthy males to image microglia activation in the CNS 

before and ~24 hours after one subcutaneous injection of the immune challenge IFN-α 

(Roferon-A 3 million IU/0.5 ml solution for injection). The mean age and BMI for the 7 healthy 

males are 29.85 ± 6.44 and 23.46 ± 1.75, respectively. The study aimed to investigate putative 

changes in brain microglia activity and their relationship with changes in peripheral 

inflammation and in mood. Eligible participants were non-smokers, drank no more than 5 
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alcohol drinks per week, had no history of significant medical illness and did not meet the 

criteria for any current or past psychiatric or substance-dependence diagnosis. Subjects were 

excluded if they had an infection in the last month or had regularly used anti-inflammatory 

drugs. All subjects were TSPO high-affinity binders (HABs) as determined by single 

nucleotide polymorphism rs6971 genotyping (Owen et al., 2012). 

  

All imaging protocols were approved by the local ethics committee and participants 

gave written informed consent prior to data collection.  

  

2.2.2 Image acquisition and analysis  

Dataset 1 - All subjects underwent 60-minute dynamic PET scan on a GE SIGNA  

PET/MR scanner (GE healthcare, Waukesha, USA) after an intravenous bolus injection of 

[11C]PK11195 (target dose ~350 MBq, injected dose 361±53MBq). Data were reconstructed 

using multi-subject atlas method and improvements for the MRI brain coil component (Burgos 

et al., 2014). Data were corrected for scatter, randoms and deadtime using the scanner GE 

software. No arterial blood data was collected during the PET imaging consistent with best 

practice of [11C]PK11195 PET imaging (Turkheimer et al., 2007). Full experimental details are 

reported in the original reference (Schubert et al., 2021a). 

  

Dataset 2 – All the subjects underwent two 90-minute dynamic PET scans on a Siemens 

Biograph™ True Point™ PET/CT scanner (Siemens Medical Systems, Germany) after 

receiving a bolus injection of [11C]PBR28 (target dose  350 Mbq, injected dose 341±15). 

Images were reconstructed using filtered back projection and corrected tissue attenuation, 

scatter and random coincidences, and deadtime using scanner software. In parallel to the PET 

acquisition, arterial blood sampling was performed to generate metabolite-free arterial input 

function consistently with previous studies using the same tracer (Bloomfield et al., 2016). 
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Ligand free-plasma fraction (fp), or the portion of [11C]PBR28 unbound to plasma proteins, 

was determined for all scans using ultrafiltration-based method as previously described 

(Hannestad et al., 2013).Full experimental details are reported in the original reference (Nettis 

et al., 2020). 

  

In both datasets, all subjects also had structural T1-weighted brain MRI, either collected 

during the PET acquisition as in dataset 1 or acquired just before the PET session as in dataset 

2. These MRI images were used for PET data processing including grey matter (GM) and white 

matter (WM) tissue segmentation, brain masking, and atlas-based region extraction. These pre-

processing steps as well as the PET inter-frame motion correction were performed using 

MIAKATTM (www.miakat.org) a MATLAB-based software combining tools from SPM12 and 

FSL for PET/MRI imaging analysis.  For the [11C]PK11195 PET studies TSPO density was 

assessed using BPnd parameter calculated by using a supervised clustering reference region 

approach (Turkheimer et al., 2007). For the [11C]PBR28 PET study, instead, the tracer tissue 

kinetics was described with full compartmental modelling (Rizzo et al., 2019, Rizzo et al., 

2014). The tracer blood to tissue exchange rate (K1) and tracer volume of distribution (VT) were 

used as main parameters of interest to measure the tracer perfusion and TSPO availability, 

respectively.  

  

2.2.3 Quantification of blood to CSF tracer exchange  

TSPO tracer exchange between blood and CSF through CP was calculated from the 

PET imaging using the validated analysis protocol defined in (De Leon et al., 2017, Schubert 

et al., 2019). The method has shown to be sensitive to CSF dynamics, returning evidence for 

altered CSF-mediated clearance in dementia and multiple sclerosis (De Leon et al., 2017, 

Schubert et al., 2019). Briefly, manual lateral ventricle ROIs were generated for all subjects 

using the subject T1-weighted structural MRI data and the ITK-SNAP (Yushkevich et al., 2006) 
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(itksnap.org) snake tool, following previously described guidelines for lateral ventricle 

extraction (Acabchuk et al., 2015). The lateral ventricle ROIs were then eroded by two voxels 

(5.2 mm) using the erode function given by FSL ‘fslmaths’ utility package in order to reduce 

partial volume effects of the surrounding tissues.   

  

For both datasets, standardized uptake value ratios (SUVRs) at 60 minutes (activity at 

60 mins normalized to counts of a reference region) and the area-under-curve from 30 to 60 

minutes (AUC30-60, e.g. integrated activity between 30 and 60 mins) were calculated from the 

PET images using the eroded lateral ventricle activity as target region and supervised reference 

region (dataset 1) or whole brain grey matter (dataset 2) as normative region.  

In certain circumstances, reference regions may be unavailable. TSPO is expressed 

throughout the entire brain, hence a true reference region exhibiting no TSPO expression is not 

possible to obtain. The use of whole brain grey matter as a normative region has been proposed 

as a solution to the problem, although this has limitations (Albrecht et al., 2018). In particular, 

this method may prove effective for the analysis of focal inflammatory disease but not 

widespread inflammation (Schubert et al., 2021a). Nevertheless, a normative region can assist 

in the quantification of the PET signal without applying a plasma input function, and facilitates 

the PET procedure by avoiding the discomfort caused by arterial blood sampling (Turkheimer 

et al., 2012). Furthermore, the use of a normative tissue region in TSPO PET imaging 

reportedly reduced between-subjects variability when compared to blood-based quantification 

(Schubert et al., 2021a).  

In dataset 2, for which metabolite-free arterial input function was also available, we 

implemented the compartmental modelling approach to quantitatively describe the rates of 

exchanges of the tracer from blood to lateral ventricle (K1), from tissue into lateral ventricle 

and clearance (kClearance) as well as the tracer specific biding in the lateral ventricle (kon and 
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koff) (Figure 2.1). The volume of distribution of the [11C]PBR28 into lateral ventricles was 

calculate as VT = K1/kClearance*(1+kon/koff). Interestingly, it was not possible to model a 

specific tracer exchange from tissue to CSF as in the original paper describing [11C]PIB kinetics 

into lateral ventricles (Schubert et al., 2019); this may be possibly due to a poorer extraction of 

the radiotracer whereas the radioactivity in tissue is ~1% of the one in blood hence its 

contribution to the kinetics in the ventricles is undetectable (Sander et al., 2019). Consistent 

with a previous publication the model was implemented using SAAM II software (Barrett et 

al., 1998).   

 Figure 2.1 Compartmental modelling of [11C]PBR28 tracer kinetic in lateral ventricles and 

parenchyma.  

 

Figure 2.1 1 
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A) Compartmental model and kinetic parameters for lateral ventricles. K1 represents the rate of 

transfer from plasma to the lateral ventricles. Given the low extraction of the tracer into parenchyma 

in respect to blood (1%) the rate of transfer of the tracer from parenchyma into the lateral ventricles 

was not detectable. The parameters kon and koff represent the potential binding on and off to binding 

sites in the ventricles; These binding sites are so far unknown and could be specific to cells lining the 

ventricles or simply non-specific (lipids) due to the lipophilicity of PET tracer. The parameter 

KClearance compounds the rate of flux of the tracer back into blood or, potentially in parenchyma – 

the two not being identifiable by the model in this context   B) Representative data fit for a ventricle 

time-course (healthy control, baseline). C) Compartmental model and kinetic parameters for brain 

parenchyma. K1 and k2 represent the rates of transfer from blood to tissue and viceversa while k3 and 

k4 denote the on and off rate of   rate of binding to the TSPO. D) Representative data fit for a tissue 

time-course (healthy control, baseline).  

 

2.2.4 High sensitivity C-reactive protein measurement  

For both datasets venous blood samples were collected from each participant for the  

CRP analysis in study 1, a venous blood sample was collected after an overnight fast between  

08:00 and 10:00 on the day of clinical assessment. Participants had refrained from exercise for 

72 h and had been lying supine for 0.5 h prior to venepuncture (Chamberlain et al., 2019). For 

study 2, blood samples were collected at the time of PET scans, i.e. at baseline and ~24 hours 

after IFN-⍺ injection. High sensitivity CRP (hsCRP) was used to assess peripheral 

inflammation. For both projects, blood samples were collected in clot activator containing 

tubes for measurement. The samples were allowed to coagulate for 30–60 minutes, then 

centrifuged at 1600 Relative Centrifugal Force (RCF) for 15 min. For the first project 

(BIODEP), serum samples were separated and transported to a central laboratory 

(Q2Solutions) where analyzed on the day of receipt. Samples were exposed to anti-CRP-

antibodies on latex particles, and the increase in light absorption due to complex formation was 

used to quantify hsCRP levels, using Turbidimetry on Beckman Coulter AU analyzers. Inter 
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and intra-assay coefficients of variation were<10%. For the second project (FLAME) after 

blood collection, the serum was separated, aliquoted and stored at −80 °C before use. It was 

later assayed on the Siemens Advia 2400 Chemistry analyser (Siemens Healthcare Diagnostics, 

Frimley, UK) (Mason et al., 2013). Inter and intra-assay co-efficient of variations were 

also<10%. In both datasets there were no missing data or values below detection limit.  

  

2.2.5 VEGF and S100B measurement  

Forth both datasets, VEGF-A was measured using Meso Scale Discovery (MSD) 

VPLEX sandwich immunoassays (Dabitao et al., 2011, King et al., 2019), and plates read on 

an MSD QuickPlex SQ 120. The results were analyzed using MSD DISCOVERY  

WORKBENCH analysis software. Intra-assay and inter assay coefficients of variation were 

7% and 15% respectively, and in both datasets there were no missing data or values below 

detection limit. In dataset 2 (FLAME), levels of serum S100B protein were also measured in 

serum using a S100B kit distributed by Diasorin, Charles House, Toutley Road, Wokingham,  

Berkshire, run on the Liaison XL chemiluminescence analyser (Wunderlich et al., 2004, 

Townend et al., 2002). Intra assay and inter assay coefficients of variation were <7% and < 11% 

respectively. 7% of the values were undetected, so they we replaced with the lowest detectable 

validated value (0.02 µg/L).  

  

2.3 Statistics  

SPSS (version 24.0, Chicago, IL) was used to perform all statistical analyses. Normality 

of the data was tested using Shapiro-Wilk W test. For dataset 1, blood to CSF exchange 

measures (i.e. SUVR and AUC30-60) were investigated using analysis of variance (ANOVA) 

to test for group differences between MDD at different CRP levels and HC, while covarying 

for possible confounding factors (e.g. age, BMI, tracer injected dose, or lateral ventricle 
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volume). Group differences were further investigated using independent samples t tests, while 

association between CSF-mediated clearance measures and clinical scores (i.e. HAMDI, 

Childhood trauma, and Perceived Stress Score) were investigated with bivariate correlations. 

Correlation of these metrics with the blood brain barrier permeability marker (VEGF) was also 

explored. For Dataset 2, we explored the relationship between CRP changes and blood to CSF 

exchange measures (i.e. SUVR and AUC30-60) before and after IFN-⍺ challenge. We also 

compared K1 and VT, both into lateral ventricles and GM parenchyma between conditions. The 

latter was chosen as representation of the parenchymal tracer uptake independent from lateral 

ventricles. Correlation of these metrics with CRP levels, peripheral tracer plasma protein 

binding and the blood brain barrier integrity markers (VEGF and S100b) were also explored. 

We implemented the Durbin-Watson test to exclude outliers.   

  

2.4 RESULTS  

2.4.1 Marked inverse association between blood-to-CSF exchange measures and CRP in 

patients with depression  

  

Results from the analysis of dataset 1 indicated the presence of a reduction in blood to 

CSF small-molecule perfusion as shown by an inverse association between blood-to-CSF 

exchange parameters and CRP, with higher CRP levels corresponding to both lower SUVR and 

lower AUC30-60 (Figure 2.2) in both MDD patients and HC. Considering the whole population 

(HC and MDD cases) the association remained significant, once corrected for lateral ventricle 

volumes using partial correlations, for both SUVR (r=-0.233, p=0.045) and  

AUC30-60 (r=-0.277, p=0.016). There was no effect of age, tracer injected dose and subject  

BMI on SUVR and AUC30-60 (p>0.4).  
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These associations between CRP and CSF radiotracer activity became stronger when 

considering MDD patients only, both in SUVR (partial correlation r: -0.300, p=0.034) and 

AUC30-60 (partial correlation r: -0.338, p=0.016). The relationship between these variables 

became more evident by restricting the analysis to the MDD-high CRP group only. Controlling 

for lateral ventricle volume SUVR-CRP partial correlation was -0.447 (p=0.048) while 

AUC30-60-CRP partial correlation was -0.579 (p=0.007). As for the whole sample, there was 

no effect of age, tracer injected dose and subject BMI on SUVR and AUC30-60 correlation 

with CRP.  

  

No correlations between CSF-mediated clearance measures and HAMD score, 

Childhood trauma or Perceived Stress Score were found. The only exception was a significant 

inverse association between AUC30-60 and Childhood trauma score (Spearman’s rho = -0.32, 

p: 0.02) although it did not survive to multiple comparison correction.  

No correlation between VEGF and CSF-mediated clearance measures or CRP was found 

(p>0.5) although MDD cases reported a significantly lower VEGF value compared to HC (t44:  

2.90, p<0.01).  
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Figure 2.2 CSF-mediated clearance parameters and peripheral CRP in MDD.  

  

 
 

  

The results refer to [11C]PK11195 PET study (dataset 1). Patients are identified by low CRP group 

(<3mg/L, grey bar) and high CRP group (>3mg/L, white bar). Healthy matched controls are reported 

in black. Panel A and B show the distribution of SUVR and AUC30-60 as function of CRP, respectively.  

Panel C and D show the SUVR and AUC30-60 group averages and standard deviations.  
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2.4.1 Peripheral CRP increase is associated with reduction of blood to brain tracer 

percolation after IFN-⍺ injection  

In dataset 2, we found that the CRP increase following the peripheral IFN-a challenge was 

inversely associated with lateral ventricular SUVR measure (R2: 0.72, p=0.015) (Figure 2.3A) 

indicating a reduction on blood-to-CSF small molecule transfer. This association was not 

replicated by AUC30-60 (Figure 2.3B).  

  

The most interesting results were obtained for the compartmental modelling analysis 

(Figure 2.3 C and D). When we considered the tracer kinetics into lateral ventricle CSF we 

found that VT was significantly reduced after IFN-a injection (-18±12%, p=0.01) while the 

difference in blood to CSF tracer transportation K1 almost reached significance (-23±20%, 

p=0.05). No significant difference was found for the other kinetic parameters (kClearance: 

1±49%, kon: 19±56%; koff: 2±10%).   
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Figure 2.3CSF-mediated clearance after IFN-a immune challenge.  

  

  

 

 

The results refer to [11C]PBR28 PET study (dataset 2). A) Association between CRP and 

SUVR variations at baseline and after 24 hours IFN-a injection. B) Association between 

CRP and AUC30-60 variations at baseline and after 24 hours IFN-⍺ injection. 

C)Comparison of the volume of distributions (VT) for GM and lateral ventricle CSF at 

baseline and after 24 hours IFN-a injection. D) Comparison of blood to tissue rates (K1) 

for GM and lateral ventricle CSF at baseline and after 24 hours IFN-⍺ injection.  
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A stronger effect of interferon-a was found also for the kinetic parameters describing 

tracer kinetics with brain GM. Particularly we found that both blood to GM tracer 

transportation K1 (-27±15%, p<0.01) and GM VT (-22±10%, p<0.01) were significantly 

reduced after the challenge. Given the effect that blood proteins have on the TSPO tracer 

availability (Lockhart et al., 2003), we explored whether these reductions were associated with 

CRP changes or with tracer plasma protein binding (Figure 2.4). We found that both variables 

were associated with reduction of tracer percolation into GM (Figure 2.4A and B) and into 

lateral ventricle CSF (Figure 2.4D and E).   

  

Given the collinearity between plasma protein binding and CRP (R2=0.32, p=0.03) we 

studied their interaction with K1 as the dependent variable. Partial regression between K1 and  

CRP controlling for plasma protein binding (fp) showed significant association for GM tissue 

(Pearson’s R=-0.65,p<0.01) but not for CSF (Spearman rho=-0.37, p=0.11). However, when 

we directly corrected the transfer rate K1 by multiplication with fp, we found significant 

associations between the tracer perfusion and CRP for both CSF and GM (Figure 2.4C and F).  
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Figure 2.4Association between blood to tissue tracer percolations, plasma protein binding and 

CRP 

 

 

  

A-C) Blood to tissue transport into brain GM. D-F) Blood to tissue transport into lateral 

ventricle CSF.  

In terms of BBB permeability markers, there were positive associations between VEGF 

and K1 parameters (R=0.63, p=0.02 for CSF and R=0.53, p=0.05 for GM) but no association 
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was found between S100 and any kinetic parameter (both K1 and tracer clearance from lateral 

ventricle) (Figure 2.5). Interestingly S100 and VEGF were positively associated (R=0.55, 

p=0.04) but only VEGF was significantly reduced after interferon-⍺ (from 134.5±52.5 at 1 h 

before IFN-⍺ to 93.5±34.9 at 24 hours after; paired t-test, t=5.15, p=0.002).  

Figure 2.5Association between blood to tissue tracer percolations and BBB integrity (VEGF 

and S100)  

 
   

A) Tracer kinetics in lateral ventricles (black circles = K1, red triangle = kClearance). B)  

Blood to GM transport (black circles = K1)  

  



   58  

2.5 DISCUSSION  

This work has demonstrated that, contrary to expectations, high levels of the peripheral 

inflammatory marker CRP are associated with reduced influx of TSPO PET radiotracers into 

brain spaces. Influx rates K1, whether they represent the rate of transfer of the tracer from 

plasma to parenchyma through the BBB or from blood to the CSF through the choroid plexus, 

are the product of two factors: cerebral blood flow (CBF) and tracer extraction (E). Hence 

reduction in influx in the MDD cohorts can be explained by reduction of either CBF or E or 

both. A review of the literature seems to point to a likely reduction in extraction; a very recent  

MRI imaging technique called   IDEALS (intrinsic diffusivity encoding of arterial labeled spin) 

(Wengler et al., 2019) now allows the direct and simultaneous measurement of CBF and BBB 

water extraction. Preliminary data obtained with IDEALS indicate that in MDD CBF is 

unchanged but E is reduced by about 20% (Wengler et al., 2019). 

  

It is important to note that BBB permeability of water is not the same as the permeability 

of a PET radioligand. The BBB is constituted by three layers; the endothelial layer where cellto-

cell contact is through the tight junctions, the basal membrane upon which the endothelial cells 

lie, and the final layer made of pericytes and the astrocytic end-feet (Hladky and Barrand, 

2016). Aqueous transport across the endothelial layer is thought to be paracellular across the 

tight junction while PET radioligands, that are generally quite lipophilic, are thought to use a 

transcellular route (Bagchi et al., 2019). Less is known about the transfer of substances through 

the remaining layers and a number of models considering passage through the clefts between 

astrocytic end-feet or through aquaporin channels have been proposed (Hladky and Barrand, 

2016). Data so far do not allow the clarification of the mechanism involved in the observed 

changes in permeability in MDD and further studies are granted.  
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However, it is very worth noting that TSPO ligands have molecular weight (~300 g/mol) 

and lipophilicity similar to that of other lipid-soluble drugs like antidepressants (Frisk-

Holmberg and van der Kleijn, 1972) and thus it is interesting to consider the possibility that 

reduced paracellular perfusion of small lipophilic molecule into the brain could be a 

mechanism of drug resistance. In fact, in those instances where MDD cohorts demonstrate 

increases in BBB porosity, drug response seems associated with increased levels of the marker 

S100β (Arolt et al., 2003, Ambree et al., 2015) although this is debated (Jang et al., 2008) 

  

In addition, on a technical level, our findings are relevant in the context of the difficulties 

encountered in the quantification of the binding of TSPO PET tracers in the study of patient 

cohorts with inflamed peripheral status where the volume of distribution, e.g. the estimated 

ratio between the target and the plasma tracer concentrations, will be lowered by the decreased 

perfusion and this may be mistakenly interpreted as a reduction in the target TSPO density. 

This further complicates the interpretation of TSPO neuroimaging studies, which is already 

methodological challenging (Turkheimer et al., 2015). 

  

It is notable that the findings here do not fit with the previous models of peripheral-to 

central immune interaction in depression.  For example, depression's main environmental risk 

factor is chronic stress and one prevalent model proposes that peripheral myeloid cells or 

proinflammatory cytokines generated during prolonged stress conditions can diffuse into the 

brain due to stress-induced increase of BBB permeability (Quan and Banks, 2007); a large 

body of literature exists on this matter (Menard et al., 2017, Hodes et al., 2015, Wohleb et al., 

2013, Weber et al., 2017, Esposito et al., 2001, Santha et al., 2015, Friedman et al., 1996) 

although this link is still controversial  (Roszkowski and Bohacek, 2016). Clinical evidence is 

very sporadic with only a few reports on the subject; association between BBB leakage and 
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depression has been demonstrated with higher CSF albumin concentration in small patients’ 

subgroups (Bechter et al., 2010) and in elderly women (Gudmundsson et al., 2007). Another 

marker of BBB integrity is the astrocytic marker S100β protein that has been reported as 

increased in MDD (Tsai and Huang, 2016, Arora et al., 2019) and reduced after medication 

(Schroeter et al., 2002), although elevated levels S100β have been shown to be correlated 

positively with therapeutic response in depressed patients (Arolt et al., 2003, Ambree et al., 

2015), with few exceptions (Tsai and Huang, 2016). Contrary to this, in MDD cohorts, high 

levels of CRP in plasma and CSF are not associated with increased BBB permeability as 

measured by albumin plasma-to-CSF ratio (Felger et al., 2018). Indeed, even in this paper, 

patients in the BIODEP cohort did not demonstrate biomarkers of BBB disruption. In the 

FLAME study, the HC after the IFN-⍺ challenge did not exhibit evidence of BBB leakage as 

measured by serum levels of S100β (Figure 2.5).   

  

If the reduction in BBB permeability in MDD extends beyond lipophilic molecules then 

a different model can be put forward positing a reduction of the permeability of the healthy 

BBB in reaction to increased peripheral inflammation as indexed by CRP.   

  

Hence, we may then speculate that the mild inflammatory state observed by PET imaging 

in the brain of clinically depressed patients may be the result of disturbed homeostasis due to 

the much-reduced transfer of solutes across the BBB. This reduction of BBB permeability may 

be protective on the short-term but may lead to disturbed homeostasis in the case of 

prolonged/chronic inflammatory states. If this were proven to be the case, then the mechanism 

of interaction between peripheral cytokines and CNS immune activity would be indirect, e.g., 

mediated by the BBB closure and ensuing disturbance to CSF dynamics.   
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Importantly, the activation of microglia in MDD would be the secondary outcome of 

disturbed homeostasis. To support further this model, Dantzer and colleagues have very 

recently demonstrated that sickness behaviour generated in mice and rats by peripheral immune 

challenges is not mediated by microglia (Vichaya et al., 2020).  

  

Further support to this model comes from the observation that in MDD peripheral 

circulating glucocorticoidsare increased (Lombardo et al., 2019), and conditions with high 

endogenous glucocorticoids, such as Cushing’s disease, are associated with depression (Sonino 

et al., 1998). Within neuroinflammatory diseases such as multiple sclerosis use of high dose 

glucocorticoid treatment is thought to reduce BBB permeability and therefore reduce the flow 

of inflammatory mediators from the blood into the CNS (Miller et al., 1992). Anti-

glucocorticoid treatments have also been used with some benefit in the treatment of MDD in 

patients with high serum glucocorticoids (Lombardo et al., 2019). Therefore, increases in 

circulating glucocorticoids in MDD, although not measured in this study, could potentially 

explain the reduction in BBB permeability demonstrated and therefore changes in BBB 

permeability could explain the mechanism of their actions.   

  

The observation of reduced transfer across the choroid plexus into CSF also supports our 

proposed model; amongst its various functions, the choroid plexus regulates the access for 

chemical substances from blood to the CSF playing a key role in neurotransmitter volumetric 

transmission (Skipor and Thiery, 2008). Molecular and gene-expression analysis of choroid 

plexus gene expressions in MDD has suggested alterations to calcium signalling as well as to 

immune activity in MDD (Turner et al., 2014, Devorak et al., 2015).  
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Finally, it is also of note the significant negative correlation between reduced CSF tracer 

exchange in ventricles and increased childhood trauma scores observed in the secondary 

analysis; this correlation did not survive multiple comparison correction but it is suggestive 

that early life events may translate into BBB porosity becoming a trait in the following years, 

most likely because of an increased inflammatory state (Baumeister et al., 2016), and become 

a risk factor for adult depression. Further investigations on the issue are needed in a much 

larger dataset.  

  

2.5.1 Methodological Issues  

To measures the perfusion of the tracers from blood to CSF we focused on the amount 

of radioactivity percolating into the lateral ventricles. Generally, the source of this radioactivity 

is both the fraction of the radiotracer in parenchyma flowing in the interstitial spaces and then 

across the ependymal cells that line the ventricular spaces and the radiotracer flowing directly 

from blood through the choroid-plexus (Schubert et al., 2019). Kinetic modelling of the 

[11C]PBR28 data evidenced that in the case of TSPO tracers, likely due to their poor tissue 

extraction, radioactivity in the lateral ventricles is predominantly sourced from blood.   

  

Given the variability across subjects in the BIODEP dataset as well as the unavailability 

of arterial blood data for [11C]PK11195 study, we then turned to another dataset where 

inflammation was experimentally controlled via IFN-⍺ challenge in normal volunteers and 

measured with [11C]PBR28 with arterial sampling. Here we also observed a strong inverse 

linear relationship between peripheral CRP levels and radioactivity in ventricles measured both 

with SUVR and via kinetic modelling through the blood to lateral ventricle CSF transport. In 

these data as in the previous set, the effect was amplified non-linearly for abnormal CRP levels. 

Although we do not know whether CRP is directly inducing the observed reduction in tracer 

delivery, this modulation, that was consistently observed across the two datasets, possibly 
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indicates a threshold effect with barriers becoming less permeable for inflammatory states 

corresponding to CRP levels greater than 3-5 mg/L.  

  

In the [11C]PBR28 dataset, the same association between CRP and reduction in tracer 

delivery to the lateral ventricles was observed in the blood-to-brain transfer constant K1. This 

also suggests that in the BIODEP dataset the SUVR for the lateral ventricles may actually 

underestimate the reduction of delivery into those spaces given that is likely that the delivery 

to parenchyma was also reduced; this would explain the lack of group difference between 

controls and patients. Note that an alternative explanation is that the observed associations are 

confounded by changes in the free fraction of the radiotracer in plasma. Lockart et al., 

(Lockhart et al., 2003) demonstrated an affinity of PK11195, a quinoline, to the reactant alpha1-

acid glycoprotein which, although not measured in these two datasets, is also likely to be 

positively associated with peripheral inflammatory states. There was indeed an association 

between tracer delivery into brain and CSF and plasma free fractions of [11C]PBR28, the latter 

being highly collinear with CRP levels. However, the range of changes in free fractions did not 

explain a significant portion of the variability of blood-to-tissue transport (as measured by K1) 

either in CSF or in GM.  

  

The inverse association between TSPO tracer perfusion and peripheral inflammatory 

status indexed by CRP may explain why brain TSPO density quantified with a plasma input 

function has shown reductions or no differences in MDD cases versus HC as the parameter 

used, the volume of distribution, is dependent on the target TSPO density but also on the 

perfusion of the tracer into tissue. Reference tissue approaches to quantification, that are not 

dependent on plasma-to-tissue transfer, may be more suitable for the quantification task in these 

cohorts (Marques et al., 2019). 
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Overall, the observed changes in free plasma fraction and brain perfusion, combined with 

the moderate-to-low variations observed in MDD and psychiatric cohorts, underlie the 

difficulty of obtaining robust quantification in these studies.  

  

2.6 Limitations  

The use of PET tracer percolation into lateral ventricle is an indirect way to quantify CSF 

dynamics and suffers from the low PET signal measurable in this anatomical area. However, 

when we tested the reproducibility of our metrics (both SUVR and AUC30-60) in a test-retest 

[11C]PBR28 brain PET dataset of 5 patient with mild AD (Nair et al., 2016) we found good 

performances: for SUVR parameter the test-retest absolute variability was 8%±4%, 

corresponding to an intra-class correlation coefficient (ICC) = 0.97, while for AUC30-60 test-

retest absolute variability was 12%±7% (ICC = 0.86). These numbers are in line with those 

obtained for SUV in whole GM for which absolute variability was 6%±3% and ICC = 0.94  

(Nair et al., 2016). 

2.7 Conclusion  

We have demonstrated a strong association between (increased) peripheral inflammation 

indexed by CRP and (reduced) blood-to-brain and blood-to-CSF transfer of TSPO-PET 

radiotracers. These results may be expanded to implicate a mechanism of reduced permeability 

of the BBB and BCSFB that may be harmful if protracted by chronic inflammatory states. This 

mechanism should be further tested to assess the effect of peripheral inflammatory messengers 

on BBB permeability for a wider range of molecules as well as antidepressant medication. 
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2.8 Contributions to Study 1  

The lateral ventricle segmentations were created by Noha Althubaity. All data collection was 

conducted for use in original studies and the data was re-analysed for this work. All data 

analysis and the reporting of the results were conducted by Noha Althubaiy.  
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3 Chapter 3  

  

Study 2:  Choroid plexus enlargement is associated with neuroinflammation and 

reduction of blood brain barrier permeability in depression 

This study was published in NeuroImage: Clinical, 33 (2022), 102926.  

  

3.1 INTRODUCTION  

Major Depressive Disorder (MDD) is a neuropsychiatric disorder associated with 

significant psychosocial impairment, recognized by the World Health Organization (WHO) as 

the leading cause of disability worldwide (Petralia et al., 2020). MDD is associated with mood 

changes such as sadness, crying, irritability, and anhedonia as well as psychophysiological 

symptoms such as insomnia, slowness of speech and action, loss of appetite, constipation, 

diminished sexual desire, and suicidal thoughts (Belmaker and Agam, 2008). Available 

antidepressant medications, which largely target monoamine pathways, are effective; however, 

more than 30% of depressed patients fail to achieve remission despite multiple treatment trials 

(Nettis et al., 2021a). Treatment resistance in MDD has been associated with heightened 

peripheral immunity (Bekhbat et al., 2018).  

MDD patients who experienced treatment resistance exhibit most of the cardinal 

features of inflammation, including elevations in inflammatory cytokines, acute phase proteins, 

chemokines, adhesion molecules, and inflammatory mediators such as prostaglandins in 

peripheral blood and CSF (Miller et al., 2009). Different studies have shown significant 

associations between inflammatory cytokines, in particular IL-1, TNF- α, and IL-6 that are 

markers of innate immune response, and depressive symptoms (Miller and Raison, 2016, 

Enache et al., 2019). Evidence of direct relationship between peripheral heightened immunity 

and MDD is supplied by the reproducible observation that the acute and chronic administration 

of cytokines (or cytokine inducers such as lipopolysaccharide (LPS) or vaccination) can cause 
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behavioural symptoms that overlap with those found in MDD (Miller and Raison, 2016). For 

example, 20% to 50% of patients receiving chronic IFN-alpha therapy for the treatment of 

infectious diseases or cancer develop MDD (Lotrich, 2009). Moreover, inducing acute IFN-⍺ 

in healthy subjects results in the elevation of peripheral inflammation immune markers such as 

C-reactive protein, TNF-⍺, and IL-6 and is accompanied with depressive symptoms (Nettis et 

al., 2020).   

The mechanisms linking peripheral immunity to changes in central nervous system and 

mood changes in MDD are still under investigation. The hypothesis of a potential direct action 

of peripheral cytokines trespassing the blood brain barrier (BBB) to activate brain microglia 

(D'Mello et al., 2009) has spurred a number of imaging studies of neuroinflammation in the 

central nervous system (CNS) in MDD that have been conducted using positron emission 

tomography (PET) and radiotracers targeting the 18kDa mitochondrial translocator protein  

(TSPO), a protein that is consistently upregulated in activated microglia (see review in 

(Mondelli et al., 2017)). These have revealed mild microglial activity in depressed subjects 

(Schubert et al., 2021b); however, evidence of a relationship between central and peripheral 

inflammation for PET imaging has been lacking (Schubert et al., 2021b). Instead, there is very 

recent evidence of a relationship between heightened peripheral immunity and the reduction of 

the brain barriers permeability, both for the BBB and blood-CSF barrier (BCSFB) at the 

choroid plexus (CP) (Turkheimer et al., 2020).  

This has led us to hypothesize a different model of peripheral-to-central inflammatory 

interaction whereas brain barriers react to increases in circulating inflammatory messengers by 

reducing peripheral-to-central solute transfer (Turkheimer et al., 2020). This may be protective 

in the short term but, if the inflammatory status becomes chronic, may disturb brain 

homeostasis and induce microglia to react to the disturbed environment. Very recent work on 

immune peripheral activation via LPS in mice and rats supports this view by showing that 
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sickness behaviour is not mediated by microglia, hence their activation is a secondary result of 

the peripheral immune challenge (Vichaya et al., 2020).  

The model above leads to a novel focus on a particular brain structure, the CP, that is 

an important part of the brain barriers, plays an active role in immune responses in the nervous 

system (Meeker et al., 2012), and, importantly, can be measured in-vivo using MRI imaging: 

the choroid plexus, see Figure 1.1 in Chapter 1.  

The primary role of the CP is to produce the cerebrospinal fluid (CSF) and form the 

BCSFB (Liddelow, 2015). The CP is an epithelial-endothelial convolute, consisting of a highly 

vascularised stroma with connective tissue and epithelial cells and is located in the basal lamina 

of the four brain ventricles (Shen, 2018, Brown et al., 2004, Khasawneh et al., 2018). It is 

responsible for producing 75% of CSF, and through the action of active transporters and 

channels mediates the movement of water and solutes across the epithelium (Ghersi-Egea et 

al., 2018a). CP epithelial cells are connected via tight junctions, which play a fundamental role 

in regulating the permeability and integrity of the BCSFB (Ghersi-Egea et al., 2018a). The 

fenestrations in the choroidal plexus vessels are less restricted compared to cerebral vessels, 

and allow ions and small molecules such as amino acids to diffuse into the CP epithelial cells, 

which can then be actively transported actively into the CSF (Maharaj et al., 2008, Liddelow, 

2015). The BCSFB together with the BBB control the traffic between the blood, the CSF, and 

the brain parenchyma (Saunders et al., 2012). There has been a recent increase of interest in the 

CP due to its important role in regulating brain homeostasis and, particularly, the 

neuroinflammatory response (Schwartz and Baruch, 2014). CP immune cells and 

intraventricular macrophages provide the first line of defence against brain infections and 

inflammation (Pollak et al., 2018, Yang et al., 2021). Prolonged inflammation may contribute 

to the infiltration of the CP by immune cells, and subsequently into the CSF and into the brain 

parenchyma (Marques and Sousa, 2015).   
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There is a growing body of literature that recognises the importance of CP morphology in 

psychiatric conditions. In subjects with schizophrenia, CP enlargement has been found to be 

associated with chronic stress (Zhou et al., 2020), a condition often associated with MDD and 

inflammation. A more direct correlation between CP volume and levels of peripheral IL-6 has 

been documented by Lizano and colleagues in psychosis (Lizano et al., 2019) whereas CP 

enlargement was also associated with reductions in gray matter and amygdala volume as well 

as ventricle enlargement and consequential deteriorated cognitive status (Lizano et al., 2019). 

Note that CP enlargement is also observed in patients with mild cognitive impairment and 

Alzheimer’s disease, for which MDD is a known prodrome (Tadayon et al., 2020). However, 

few studies suggest a potential direct link between CP structural and functional alterations and 

depression. Gene expression analysis from a cross-sectional post-mortem study has identified 

multiple differential mRNA expression in CP samples obtained from MDD patients (Turner et 

al., 2014, Devorak et al., 2015). ICAM-1 and VEGF transcripts are notable examples as they 

are known to play an important role in depression, being part of the tissue inflammatory 

response. They are also known to affect BBB permeability and in fact their peripheral measures 

serve as inflammatory markers (Müller, 2019, Clark-Raymond and Halaris, 2013).  

In this study we wanted to test the model of peripheral-to-central inflammation sketched 

above by investigating for the first time the association between CP volume and 

neuroinflammation in a depressed cohort, using structural MRI and 18kDa translocator protein 

(TSPO) positron emission tomography (PET) data. We hypothesized that if the BCSFB were 

indeed a mediator between peripheral and central inflammation in depression, we would 

observe a direct correlation between central inflammation, here marked by TSPO parenchymal 

expression, and CP volume.  
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3.2 Methods  

3.2.1 Dataset   

Data for this study were collected from a network of clinical research sites in the United 

Kingdom as part of the Biomarkers in Depression Study (BIODEP, NIMA consortium, 

https://www.neuroimmunology.org.uk/) and included 51 depressed participants and 25 healthy 

controls (HCs). Depressed subjects who had taken anti-depressive treatment with Hamilton 

Depression Rating scale (HDRS)>13 and untreated subjects with HDRS>17 were included. In 

total, there were 9 untreated subject and 42 were medicated.  An overview of demographic and 

clinical characteristic data is reported in Table 3.1, while full details of the dataset are outlined 

in the previous publication (Schubert et al., 2021b). Participant’s inclusion criteria were as 

follows: no history of other neurological disorder, no current alcohol and/or drug abuse, no 

contribution in any clinical drug trials during the previous year. Participants were not 

experiencing any other medical disorders or undergoing any treatment that could affect the 

accuracy of the study’s results. Pregnant or breastfeeding women were excluded. HC subjects 

were age- and sex-matched with the depressed subjects, and they did not have a history of 

clinical depression or antidepressant treatment. Ethical approval was obtained from the local 

ethics committee. All participants provided written informed consent prior to the study.  
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Table 3.1 Demographics and clinical characteristics for depressed subjects and healthy controls 

(HCs)  
 

Variable  Depressed subjects  

(n = 51)  

Healthy controls  

(n = 25)  

p Value  

Demographics  

Age, mean ± SD, years  

  

Male, No. (%)  

  

  

36.2 ± 7.3  

  

15 (29)  

  

  

37.3 ± 7.8  

  

11 (44)  

  

  

0.56  

  

0.21  

  

Weight, mean ± SD, kg  80.3 ± 14.4  73.7 ± 15.1  0.10  

BMI, mean ± SD, kg/m2  

        

27.2 ± 4.0  

  

24.2 ± 4.8  

  

<0.01*  

  

Blood Variables, (MDD No.; HC No.), mean  

± SD:  

CRP mg/L (51; 25)  

IL6 (35;12)  

TNF-α (34;11)  

IFN-γ (35;11)  

IP-10 (49;22)  

Lymphocytes (47;23)  

Monocytes (47;23)  

Neutrophils total (47;23)  

Neutrophils absolute (47;23)  

Albumin (47;23)  

Cholesterol (47;23)  

VEGF (35;11)  

  

  

2.9 ± 2.8  

1.1 ± 1.63  

2.7± 0.9  

4.0 ± 0.7  

402 ± 152  

30.9 ± 7.2  

6.8 ± 2.1  

58.8 ± 8.3  

3.9 ± 1.5  

44.8 ± 2.7  

5.2 ± 1.2  

82 ± 55.5  

  

  

  

1.1 ± 0.9  

0.6 ± 0.4  

2.3 ± 0.5  

4.2 ± 0.0  

428 ± 101  

30.2 ± 10.2  

6.6 ± 2.5  

59.3 ± 11.3  

4.1 ± 1.4  

45.3 ± 2.1  

4.9 ± 1.2  

136 ± 47.8  

  

  

  

<0.01*  

0.35  

0.25  

0.26  

0.46  

0.79  

0.78  

0.80  

0.48  

0.44  

0.35  

<0.01*  
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Depressive Clinical Scores, (MDD No.), 

mean + SD:  

HDRS (51)  

Childhood Trauma score (50)  

Perceived Stress score (48)  

  

  

18.5 ± 3.7  

54.3 ± 14  

26.7 ± 4.3  

  

  

0.6 ± 0.9  

38.2 ± 5.4  

10 ± 5.9  

  

  

<0.001*  

<0.001*  

<0.001*  

ICV, mean ± SD, mm3  1,562,594 ± 137,333  1,550,724 ± 185,887  0.76  

Abbreviations: NA, not applicable  

  
3.2.2 Clinical Assessments  

For the clinical evaluation of depression, HCs and depressed subjects underwent a 

number of psychiatric assessments: the Hamilton Depression Rating scale (HDRS), the 

Standard Clinical Interview for DSM-5, the Beck Depression Inventory, the Spielberger 

StateTrait Anxiety Rating Scale, the Chalder Fatigue Scale, the Snaith-Hamilton Pleasure 

Scale, the Childhood Trauma score, and the Perceived Stress score. A venous blood sample was 

collected from all participants to assess peripheral blood parameters including interlukin-6 (IL-

6), tumor necrosis factor-alpha (TNF-α), interferon gamma (IFN-γ), interferon gamma-induced 

protein 10 (IP-10), lymphocytes, monocytes, neutrophil’s total, neutrophils absolute, albumin, 

cholesterol, VEGF, and C-reactive protein (CRP) concentration. CRP was used as the main 

marker of a peripheral inflammation, consistent with other studies in MDD (Howren et al., 

2009, Haapakoski et al., 2015).   

3.2.3  MRI and PET Imaging  

For all the subjects, imaging data were obtained using a GE SIGNA simultaneous 

PET/MR scanner (GE Healthcare, Waukesha, USA). All MRI acquisitions included a high 

resolution T1-weighted image for structural imaging. PET imaging consisted in a bolus 

injection of [11C]PK11195 (target dose ~350 MBq, mean injected dose 361+ 53MBq) followed 

by a 60-minute dynamic acquisition. A multi-subject atlas method was used for attenuation 
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correction and included improvement for the MRI brain coil component (Burgos et al., 2014). 

Additional corrections (including scatter, random, normalisation, and deadtime correction), 

were performed using the standard console software that applied PET/MR reconstruction 

algorithm correction. Additional information on the PET and MRI protocols can be found in 

the original report on these data (Schubert et al., 2021b).  

  

3.2.4 CP Volume and brain volume measurement   

The CP of the lateral ventricles of all subjects was manually segmented on the axial, 

sagittal, and coronal planes of the high resolution T1- weighted image using the Analyze 

software (v.12, https://analyzedirect.com) (Figure 3.2). The image intensity was adjusted to 

assist in the localization of the region of interest and its anatomical boundaries. The CP was 

traced slice by slice starting from the axial plane followed by coronal and sagittal planes. After 

the region contouring, the CP volume was calculated for each subject using the Analyze 

software. The SPM12 (http://www.fil.ion.ucl.ac.uk/spm) was used to perform tissue 

segmentation for grey matter, white matter, and CSF (Heinen et al., 2016). High resolution T1 

weighted images were smoothed and normalised into MNI standard space using the DARTEL 

algorithm via the SPM12 for brain volume calculation (Ashburner, 2007). The total brain 

volume was obtained by the sum of gray and white matter volume (Heinen et al., 2016). 

Additionally, the Freesurfer software (v.6.0, http://surfer.nmr.mgh.harvard.edu/), was used to 

estimate the total intracranial volume (ICV) (Fischl et al., 2002, Jovicich et al., 2009), which 

was used as a covariate in the statistical analysis (Pintzka et al., 2015).  
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Figure 3.1 Choroid plexus (CP) segmentation in HCs and depressed subject 

 

  

 
 

T1-weighted MRI images with the manual segmentation of the left and right CP (red) on the 

axial, coronal, and sagittal planes for one representative control (A) and one depressed subject 

(B).  

  

3.2.5 PET Analysis   

The pre-processing of the [11C]PK11195 PET imaging including frame-by-frame 

motion correction, PET-MRI alignment, brain masking, and atlas-based region extraction was 

  

Healthy Control 

Depressed Patients 

A 

B 
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performed using the MIAKAT software (www.miakat.org). Processed data were hence used for 

both the quantification of TSPO distribution in brain parenchyma (as a proxy of 

neuroinflammation) as well as to assess the tracer exchange between blood and CSF in the 

lateral ventricles. This second method had been previously validated and used to demonstrate 

CSF dynamic alterations in Alzheimer’s disease (De Leon et al., 2017, Schubert et al., 2019) 

and multiple sclerosis (Schubert et al., 2019). The lateral ventricles were manually segmented 

using T1-weighted structural MRI and ITK-SNAP software as was done in the original 

reference (Schubert et al., 2019, Acabchuk et al., 2015), and then eroded by two voxels in native 

space (5.2 mm) to reduce the effect of the partial volume(Yushkevich et al., 2006, Turkheimer 

et al., 2020). The [11C]PK11195 PET activity extracted from the eroded lateral ventricles was 

used to calculate the standardized uptake value ratio (SUVR) normalized by a reference region 

at 60 minutes, and the area-under-curve (AUC) which included activity of the lateral ventricles 

between 30 and 60 minutes (AUC30-60) (Turkheimer et al., 2020). For the quantification of 

TSPO, the simplified reference tissue model was used to calculate the distribution volume ratio 

(DVR) of [11C]PK11195 in brain (Turkheimer et al., 2007). The DVR estimates for the anterior 

cingulate cortex (ACC), prefrontal cortex (PFC), and insula (INS), were extracted to assess the 

level of brain inflammation as these regions serve important roles in mood regulation (Goldin 

et al., 2008), and the ACC has been previously shown to be involved in inflammation-

associated mood deterioration (Harrison et al., 2009, Torres-Platas et al., 2014). For both 

methods, the same reference region derived from a supervised clustering of dynamic PET 

images was applied (Schubert et al., 2021a). Additional details about the PET image processing 

and quantification are found in our previous studies (Turkheimer et al., 2020, Schubert et al., 

2021b).  
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3.3 Statistical Analysis   

Statistical analyses were performed using SPSS software (version 25.0, Chicago, IL). 

The Shapiro-Wilk’s test was used to test for normality of the data. An independent sample ttest 

was used to examine the difference of CP volume between the HCs and depressed subjects. 

Partial correlations were used to analyse the relationship between CP volume and depressive 

clinical scores (HDRS, the Childhood Trauma, and Perceived Stress score), while covarying 

for ICV. Partial correlation tests were used to investigate the association between the CP volume 

and blood to CSF exchange measures (SUVR and AUC30-60) while covarying for the ICV and 

group. Partial correlation of CP volume measures and brain TSPO values (ACC, PFC, and INS) 

and brain volume were also investigated while covarying for possible confounding factors 

including ICV and group. The same analyses were repeated voxelwise with SPM12, using FWE 

for multiple comparison corrections.  

  

3.4 Imaging transcriptomics  

We leveraged transcriptomic data from the Allen Human Brain Atlas (AHBA) 

(Hawrylycz et al., 2012) to explore possible associations between the brain map depicting the 

correlations between CP volume and TSPO and post-mortem brain gene expression. With this 

analysis, we aimed to gain further insight about potential biological pathways explaining 

regional vulnerability to spatial variability in the association between CP volume and brain 

TSPO across subjects.   

We used the abagen toolbox (https://github.com/netneurolab/abagen) to process and 

map the transcriptomic data to 83 parcellated brain regions from the DK atlas (Desikan et al., 

2006), as described in Martins et al. (Martins et al., 2021). We applied the normalization for 

cortical and subcortical regions separately, as suggested by Arnatkeviciute et al., 2019  
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(Arnatkeviciute et al., 2019). After pre-processing, we retained regional gene expression data 

from 15,633 genes, corresponding to genes with expression higher than background noise. We 

then used partial least square regression (PLS) to investigate associations between the t-

statistics quantifying the regional correlations between CP volume and TSPO and brain gene 

expression. We focused on both cortical and subcortical regions from the left hemisphere only. 

This choice was motivated by scarcity of data in the AHBA for the right hemisphere.   

Partial least square regression ranks all genes by their multivariate spatial alignment 

with the regional strength of the association between CP volume and TSPO. The first PLS 

component (PLS1) is the linear combination of the weighted gene expression scores that have 

a brain expression map that covaries the most with the map of the association between CP 

volume and TSPO. We confirmed PLS1 explained the largest amount of variance by testing 

across a range of PLS components (between 1 and 15) and quantifying the relative variance 

explained by each component. The statistical significance of the variance explained by each 

PLS model was tested by permuting the response variables 1,000 times, while considering the 

spatial dependency of the data by using a spin test (Alexander-Bloch et al., 2013a, Alexander-

Bloch et al., 2013b, Vasa et al., 2018). Since PLS1 alone explained the largest amount of 

variance in the imaging dependent variable, we focused our following analyses on this 

component.  

The error in estimating each gene’s PLS1 weight was assessed by bootstrapping 

(resampling with replacement of the 34 brain regions), and the ratio of the weight of each gene 

to its bootstrap standard error was used to calculate the Z scores and, hence, rank the genes 

according to their contribution to PLS1 (Whitaker et al., 2016). Genes with large positive PLS1 

weights correspond to genes that have higher than average expression in regions where the 

association between CP volume and TSPO is more strongly positive. Mid-rank PLS weights 
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showed expression gradients that are weakly related to the pattern of the regional association 

between CP volume and TSPO.   

We then used the list of genes ranked by the respective weights according to the PLS1 

component to perform gene set enrichment analyses for biological pathways (gene ontology) 

and genes expressed in different brain cell types, as identified in a previous single-cell 

transcriptomic study of the human brain (Lake et al., 2018). We implemented these analyses 

using the GSEA method of interest of the Web-based gene set analysis toolkit (WebGestalt) 

(Zhang et al., 2005).   

For comparative purposes, we used the same method to understand the spatial 

variability of changes in brain TSPO between subjects with depression and HCs.  
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3.5 RESULTS   

3.5.1 Demographic and Clinical Characteristics  

Subjects with depression and HCs were matched in terms of age (p=0.56) and sex 

(p=0.21), and no difference was shown in terms of the ICV between groups (p=0.76). BMI was 

significantly higher in depressed subjects compared to HCs (t(76)=3.52, p=0.001).  

Peripheral blood parameters were all comparable between two groups (Table 3.1), with 

the exception of CRP and VEGF levels. Depressed subjects had higher blood CRP (t(76) =3.14, 

p=0.002) and lower VEGF (t(46) =-2.90, p=0.006) levels compared to HCs. While CRP 

differences were expected given the recruitment parameters (Schubert et al., 2021b), the 

difference in VEGF level was not.   

In terms of clinical variables, the HDRS, Childhood Trauma scores, and the Perceived 

Stress score were significantly higher in depressed subjects compared to HCs (t(76) =23.6, 

p<0.001), (t(75) =5.5, p<0.001), (t(73) =13.8, p<0.001) respectively (Table 3.1).  

3.5.2 Depressed subjects have larger CPs compared to HCs   

The CP volume was log10-transformed to induce normality in the data distribution as 

confirmed by Shapiro-Wilk’s test (W(76) =0.98, p=0.23). The CP volume was greater in patients 

with depression compared to HCs (mean value of depressed patients:1710.29 ±408.80; mean 

value HCs: 1513.96±459.80; t(76)=2.17, p=0.03) (Figure 3.3). In both groups, the CP volume 

was strongly correlated with ICV (r=0.25, p=0.03) and sex (F=4.7, p=0.03), but not with age  

(p=0.72) or BMI (p=0.19). However, when both ICV and sex were included as covariates, only 

ICV remained significant. After adjusting for ICV, the CP volume remained significantly higher 

in depressed subjects compared with HCs (F(76)=4.6, p=0.04) (Figure 3.3).   
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After adjusting for ICV, the CP volume of depressed subjects showed a negative 

association with Perceived Stress score (r=-0.30, p=0.05); however, the association was not 

significant following multiple comparisons correction. No association was found with any 

other clinical variable.  

Figure 3.2 Choroid plexus (CP) volume in depressed subjects and healthy controls (HCs)   

  
 

 

 

 HCs Depressed Cases 

  

  

Mean difference of CP volumes between HC and depressed groups (F=5.30, p=0.02). Error 

bars indicate standard error. The analysis is corrected for the intracranial volume.   

    

  
3.5.2 CP volume is not associated with peripheral inflammatory markers   

When using the full sample, the CP volume was not associated with the CRP levels  

(r=0.07, p=0.53), IL-6 (r=-0.08, p=0.61), TNF-α (r=-0.06, p=0.70), or VEGF (r=0.12, p=0.39). 

Similarly, no association between CP volume and peripheral inflammatory markers was found 

when depressed and HC groups were analysed separately.   
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3.5.3 CP volume is positively associated with central inflammation and inversely with CSF clearance  

Using the full dataset (N=76), CP volume measures were positively correlated with 

[11C]PK11195 DVR in the ACC (r=0.28, p=0.02), PFC (r=0.24, p=0.04) and INS (r=0.24, 

p=0.04) (Figure 3.4). All these correlations were corrected for group and ICV, although only 

ICV was a significant covariate in the regression for ACC and INS (Figure 3.4). When analysis 

was repeated in the depression cohort only, no correlation was detected between the CP volume 

and [11C]PK11195 DVR in any of the main ROIs (ACC: r=0.20, p=0.40; PFC: r=0.18, p=0.18;  

INS: r=0.17, p=0.2). No correlation was found between CP volumes and total cortical 

[11C]PK11195 DVR (r=-0.21, p=0.07) nor with whole brain [11C]PK11195 DVR (r=-0.05, 

p=0.56).  
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Figure 3.3 Correlation between the choroid plexus (CP) volume and brain inflammation in 

healthy controls (HCs) and depressed subjects in ACC (A), PFC (B) and INS (C).   
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Groupns (t=0.9, p=0.35) *indicates statistical significance (p-value<0.05). ns indicates non-significant 

results.   

  

The CP volume exhibited a negative association with the blood-to-CSF radiotracer 

exchange as measured by the lateral ventricle SUVR (r=-0.23, p=0.05), following correction 

for group and ICV. A similar association was found for radiotracer AUC30-60 in lateral ventricle 

(r=-0.26, p=0.02) (Figure 3.5). However, the depression cohort did not show a significant 

association between the CP volume and the SUVR (r=-0.19, p=0.19) nor AUC30-60 (r=-0.20, 

p=0.16).  

Figure 3.4Inverse association between choroid plexus (CP) volume and CSF-blood tracer exchange 

measured by [11C]PK11195 PET uptake (SUVR and AUC, respectively) in lateral ventricles (LV).   

  

 

* indicates statistical significance (p-value<0.05).  
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3.5.4 CP volume is not associated with brain volume  

No association was detected between the CP volume and brain volume (r=0.16, p=0.17), 

nor with total grey matter volume (r=0.10, p=0.38) when depression and control groups were 

combined. Results were consistent with and without group and ICV as covariates.  

3.5.5  Imaging transcriptomics  

The first PLS component explained 26.01% of the spatial variability in the strength of the 

association between CP volume and TSPO and did so above chance (r=0.51, pspatial =0.006)  

(Figure 3.6). The list of genes ranked by the respective PLS1 weights can be found in 

“Supplementary data - [PLS1_weights_CP_TSPO_Corr]”. We found significant enrichment 

for six gene ontology (i.e. biological pathways terms among the top positively weighted genes), 

including “protein localization to endoplasmatic reticulum”, “leukocyte activation involved in 

inflammatory response”, “serotonin receptor signalling pathway”, “gamma-aminobutyric acid 

signalling pathway”, “neuroinflammatory response”, and “interleukin-1 response”. In the brain 

cell type enrichment analysis, we found enrichment among the top positively weighted genes 

mostly for genes from excitatory and inhibitory neurons, where the strongest positive 

enrichment hit was the subclass of excitatory neurons “Ex3e” (Figure 3.6) (Full statistics can 

be found in “Supplementary data - [GSEA_PLS1_CP_TSPO_Corr]”).  

 For the analyses on case-control differences in TSPO, PLS1 explained 33.64% of the spatial 

variability in TSPO differences and did so above chance (r=0.58, pboot=0.001) (Supplementary 

- Figure 3.1). In the gene set enrichment analysis, we did not find significant enrichment for 

any gene ontology. In the brain cell type enrichment analysis, we also did not find significant 

enrichment among positively weighted genes for genes from any of the cell types  we 

 tested  (Full  statistics  can  be  found  in  Supplementary  

[PLS1_weights_TSPO_Differences] and [GSEA_PLS1_TSPO_Differences]).  
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Figure 3.5Imaging transcriptomics decoding of regional variation in the association between choroid 

plexus (CP) volume and TSPO.   

  

 
 

  

Panel A: Left - scatter plot depicting a significant positive correlation between PLS1 gene 

expression weights and the t-statistics quantification the association between CP volume and 

TSPO for each region of the left hemisphere. Right – the upper brain map depicts the cortical 

distribution of the t-statistics quantifying the association between CP volume and TSPO; the 

lower brain map depicts the cortical distribution of the weights of PLS1. Panel B: Table 

showing the results of the brain cell-type gene enrichment analysis. The colours depict 

normalized enrichment ratios; positive ratios indicate enrichment for genes of a specific cell 

class among those genes with the highest positive PLS1 weights; the reverse applies to 

negative enrichment ratios. White squares indicate cell classes where enrichment did not 

survive pFDR<0.05. NER – Normalized enrichment ratio; CP – Choroid plexus.  
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Figure 3.6Supplementary Figure 3.1 - Imaging transcriptomics decoding of regional variation in the 

TSPO differences (Depressed cases (MDD) > control cases). 

  
Left - scatter plot depicting a significant positive correlation between PLS1 gene expression 

weights and the t-statistics quantification of TSPO regional differences. Right – the upper brain 

map depicts the cortical and subcortical distribution of the t-statistics quantifying TSPO 

differences (as measured by [11C]PK11195 PET distribution volume ratio); the lower brain map 

depicts the distribution of the weights of PLS1. 

3.6 Discussion   

We demonstrated for the first time the association between CP enlargement in depression 

and a reduction of brain barrier permeability reflected by blood-to-CSF radiotracer exchange 

parameters (SUVR). Moreover, we have also demonstrated that in the same patients CP volume 

is positively associated with increases in brain inflammation as measured by TSPO PET in key 

regions (ACC, PFC and Insular Cortex). There was no association between CP volume and 

peripheral inflammatory markers (CRP, IL6, and TNF-α) nor depression clinical scores (HDRS, 

Childhood Trauma score), but there was an association with Perceived Stress score. However, 

as this result was from exploratory analysis and did not survive multiple comparison testing 

correction, it should be taken with caution. Our results support the hypothesis that CP 

enlargement occurs in depressed cohorts, and this enlargement is associated with central 

inflammation.    
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The finding that CP volume is correlated with inflammation of the CNS but not with 

peripheral inflammation fits into the proposed model of the relationship between peripheral and 

central inflammation. We can speculate that CP volume may increase with time, likely together 

with the BBB dysfunction (Kealy et al., 2020) as a reaction to a heightened concentration of 

peripheral immune mediators. The lack of correlation between CP volume and CRP (which 

trends towards a positive association but does not achieve significance) is probably due to the 

CRP concentrations being an instantaneous measurement (Felger et al., 2018), while CP volume 

increase is likely the result of the integrated series of peripheral immune events across time 

(Marques and Sousa, 2015, Turner et al., 2014). Interestingly, CP volume increases were 

associated with reductions in plasma albumin which is a well established marker of chronic 

inflammation (Don and Kaysen, 2004). The enlargement of the CP volume in our result is 

associated with the reduction of the BCSFB permeability, which was identified as a reaction to 

the chronic inflammatory events in depressed subjects (Turkheimer et al., 2020). Similarly, the 

correlation between CP volume and brain inflammation may indicate that microglial activation 

is also the result of disturbed homeostasis across time (Enache et al., 2019).  In our study, we 

did not see any elevation of CP [11C]PK11195 in depression, but we were able to replicate the 

association between CP volume and CP TSPO uptake as reported by in relapsing remitting 

multiple sclerosis patients (Ricigliano et al., 2021). The specificity to TSPO of tracer activity 

in CP was investigated in an independent [11C]PBR28 PET blocking study with 

XBD173(Veronese et al., 2018). A significant reduction of tracer activity (-42%, t (7) = 2.6, p 

= 0.04) was found after XBD173 administration. Unfortunately, we cannot comment on the 

origin of tracer specific binding in CP, as it could be endothelial, vascular, or infiltration of 

immune cells (Veronese et al., 2018). 

The spatial profile of the correlation pattern between CP volume and TSPO brain 

expression was positively associated with neuron distribution, twice stronger for excitatory 
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neurons than for inhibitory ones (supplementary data). In general, this result indicates that 

those brain areas metabolically more active are also those where inflammation is likely the 

result of reduced permeability of the barriers. These areas are known as “neotenic” as they 

contain a disproportionate density of synapses that have exceptionally high energy 

requirements and matching needs of efficient transport and clearance of metabolic substrates 

and products (Goyal et al., 2014, Vaishnavi et al., 2010). These results confirm an associative 

link between brain metabolism, brain barriers, permeability, and neuroinflammation. But 

further research is required to establish a causal link between these factors in MDD.   

It is important to note that imaging data on the structure of CP do not explain the 

functional mechanism underlying such morphological modifications. Previous gene 

expression analysis from a cross-sectional post-mortem study has identified multiple 

differences in CP samples obtained from patients with depression, particularly in the 

downregulation of genes related to the “transforming growth factors- beta” (TGF-𝞫) 

pathway, which are known to interact with the production of the extracellular matrix, 

suggesting changes in the cytoskeleton of CP epithelial cells in patients with MDD (Turner 

et al., 2014). Reduction of VEGF, a neurotrophic factor which is produced by the CP 

epithelial cells and responsible for angiogenesis and vascular fenestration permeability, were 

found in serum of suicide victims with MDD (Isung et al., 2012) and in plasma of MDD 

patients (Dome et al., 2009). To date, however, CP alterations remain poorly understood and 

multiple mechanisms are put forward that include CP ependymal cell proliferation (Barkho 

and Monuki, 2015), infiltration of CP by peripheral immune cells or oedema (Johanson and 

Johanson, 2018).  

 Finally, it is important to note that the findings above do not seem to be specific to 

depression. Hence, this peripheral-to-central immunity mechanism seems to be generalizable 

/Users/nohasaad/Desktop/Thesis_amended%20_Noha%20/Choroid%20Plexus%20Enlargement%20and%20Inflammation%20in%20Major%20Depression%20Disorder%20V6-%20SM.xlsx
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to all pathologies where peripheral inflammatory states are observed, in particularly those 

where the BBB is not disrupted such as in schizophrenic cohorts (Lizano et al., 2019, Zhou 

et al., 2020). Recently, strong evidences from multiple sclerosis patients, a cuprizone diet-

related demyelination mouse model and the experimental autoimmune encephalomyelitis 

model demonstrated a cross-dependency between neuroinflammation and choroid plexus 

functional, cellular and morphological characteristics which included volume enlargement, 

glia hyperactivity and the upregulation of functional pathways primary related to 

neuroinflammation and cell-to-cell interactions (Fleischer et al., 2021). Taken together, these 

results further support the use of CP volume as a reliable, trans-diagnostic marker of 

neuroinflammation. 

3.7 Limitations  

Some limitations have to be considered regarding our results. Manual CP segmentation 

is operator dependent but reanalysis of the CP volume with a second operator (JS) lead to an 

intraclass correlation coefficient ICC = 82% indicating robustness in our estimation. Automatic 

methods to measures CP volume exists but do not match well with manual extraction (Lizano 

et al., 2019) especially when applied to structural T1-weighted MRI data. The sample size in 

this study was small compared to recent big-data structural MRI studies in depression 

(N>1,000) (Schmaal et al., 2020). However, this is one of the largest samples ever published in 

depression that combines MRI with TSPO PET imaging. Future studies should investigate the 

use of automatic methods for CP segmentation in order to scale up these analyses to a larger 

sample size. Moreover, the collection of TSPO PET data with arterial input function to quantify 

tracer kinetic exchange though BCSFB would be more accurate than static SUVR and AUC 

parameters (Schubert et al., 2019) for measuring CSF dynamics.  
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3.8 Conclusion   

This study has identified for the first time in vivo a relationship between CP volumetric 

and brain inflammatory alterations in depression. The change on the CP morphology has been 

found in different neuroinflammation disorders, with no clear interpretation of CP enlargement. 

This study also provides further evidence to the model that reduced permeability of the BBB 

and BCSFB could alter brain homeostasis, becoming harmful if protracted by chronic 

inflammatory states. These findings do not seem to be specific to depression, but rather explain 

a more general mechanism of brain immune defence, in which CP plays a fundamental role.    



   91  

3.9 Contributions to Study 2  

The manual segmentation and the choroid plexus volume techniques were conducted by Noha 

Althubaity. All data collection was conducted for a previous study and the data were reanalysed 

for this work. All data analysis and the reporting of these results were conducted by Noha 

Althubaity.   
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4 Chapter 4  

Study 3: An investigation of brain free-water MRI in depression: the relevance for 

neuroinflammation   

This study is currently under review among co-authors.  

4.1  Introduction  

Depression is a common neuropsychiatric disorder and a leading cause of disability 

worldwide (Iancu et al., 2020). It is characterised by different psychophysiological features, 

including reduced appetite and slowness in speech, as well as mood swings, anhedonia, 

tearfulness, psychomotor problems, sleep issues and suicidal thoughts (Fried and Nesse, 2015).   

Much of the evidence in the literature suggests that inflammation is an important 

process in the aetiology of depression (Green et al., 2021). Depressed patients show a consistent 

elevation in innate immune response cytokines, including interleukin 6 (IL-6), tumour necrosis 

factor-alpha (TNF-𝛼) and acute phase C-reactive protein (CRP), a systemic inflammation 

marker produced by the liver in response to high levels of IL-6 (Strawbridge et al., 2015, Osimo 

et al., 2019, Osimo et al., 2020). Importantly, patients who show resistance to antidepressant 

treatments have high peripheral inflammatory markers such as cytokines, acute phase proteins, 

chemokines, adhesion molecules, and inflammatory mediators in the plasma and cerebrospinal 

fluid (CSF) (Miller et al., 2009, Dantzer et al., 2008, Enache et al., 2019). The observed 

increased levels of cytokines in the CSF are also suggestive of the activation of microglia, the 

immune cells of the central nervous system (CNS). In relation to depression, microglia 

activation has been investigated in several neuroimaging studies targeting the 18k Dalton 

translocator protein (TSPO) with Positron Emission Tomography (PET) (Richards et al., 2018, 

Enache et al., 2019). A consistent but modest increase in the TSPO radioligand PET signal has 

been detected in the anterior cingulate cortex (ACC) across a number of cohorts, including 

medicated and unmedicated major depressive disorder (MDD) patients (Schubert et al., 2021b). 



   93  

Unmedicated depressed patients have also shown increases in TSPO in the prefrontal cortex 

(PFC) and the insular cortex (INS) when compared to healthy controls (Setiawan et al., 2015, 

Richards et al., 2018). Unfortunately, the cost and the methodological and logistical 

complexities of TSPO PET imaging (Turkheimer et al., 2015) have impeded the use of this 

biomarker beyond small-sized experimental medical studies, driving the need to discover 

alternative methods to quantify brain immune response.    

Magnetic Resonance Imaging (MRI) is a non-invasive, less expensive technique 

comparing to the PET, and easily accessible procedure that has been proposed as an alternative 

to PET for characterising biophysical changes in the brain tissue which are related to 

neuroinflammation (Oestreich and O’Sullivan, 2022). Among the different MRI modalities, 

free water (FW) imaging taken from single shell diffusion MRI has been used to investigate 

microstructural changes in the presence of brain immune activation (Oestreich and O’Sullivan, 

2022). Among the different MRI modalities, fraction anisotropy (FA) taken from a single shell 

diffusion MRI and corrected for the free water (FW) has been used to investigate 

microstructural changes in depression patients (Bergamino et al., 2017, Bergamino et al., 2016). 

So far, evidence relating to the alteration of FW in depression has been mixed. A study in 

unmedicated MDD patients revealed no difference in FW levels compared to healthy controls 

(Bergamino et al., 2016). In contrast, post-stroke depression patients have been identified as 

showing increases in the FW in the reward system, including the nucleus accumbens, the 

prefrontal cortex, the amygdala, and the hippocampus (Oestreich et al., 2020). Interestingly, 

these regions have also shown an association between a reduction in cortical volume and 

systemic inflammation in depressed patients (Zhang et al., 2018b, Green et al., 2021).   

One significant limitation of the FW imaging process is its inability to distinguish 

between increased FW due to neuroinflammation and increased FW due to brain atrophy 

(Oestreich and O’Sullivan, 2022). As an alternative to FW imaging, there is a growing body of 
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literature investigating neuroinflammation using multi shell diffusion MRI by running Neurite 

Orientation Dispersion and Density Imaging (NODDI). NODDI is a two-shell high-angular 

resolution diffusion MRI process that can be applied to model diffusion signals in three tissue 

compartments (Zhang et al., 2012). The three compartmental model provides specific estimates 

for the extracellular space that corresponds to the FW signal, the orientation of axons and 

dendrites represented by the orientation dispersion index, and the densities of the cell bodies 

and glial cells represented by the neurite density index (Yi et al., 2019, Kraguljac et al., 2019).   

There is little published information about FW levels in comorbid depression (Kallaur 

et al., 2016, Oestreich et al., 2020), and no previous study has investigated FW in depression 

using NODDI. This paper aims to explore the use of NODDI FW as an alternative 

neuroimaging biomarker to TSPO PET for detecting neuroinflammation. Specifically, we 

hypothesised that the FW signals measured in the ACC, PFC, and the INS, would be 

significantly increased in depressed patients because of the relationship of these regions with 

neuroinflammation (Schubert et al., 2021b). We also tested the link between FW-NODDI with 

biomarkers of peripheral inflammation and CSF-mediated brain clearance measurements 

which have been demonstrated as being impaired in patients with clinical depression. We 

further examined the association of FW-NODDI with structural choroid plexus volume 

alterations, which have been demonstrated in depressed patients as well as in relation to clinical 

measures of depression.   
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4.2 Methods and Materials  

4.2.1 Participants   

Data from 79 depressed patients (27 men and 52 women; mean age: 37 + 7.2 years) and 

45 age-matched healthy controls (HCs) (19 men and 26 women; mean age: 35 + 7.7 years)  

 from  the  BIODEP  (Biomarkers  in  Depression)  study  (NIMA  Consortium;  

https://www.neuroimmunology.org.uk/biodep/) were analysed for this study. All the subjects 

were recruited from a network of clinical research sites in the UK as part of the NIMA 

consortium, and were tested for symptoms of depression using the Structured Clinical 

Interview for DSM-5 (SCID) screening questionnaire (Shankman et al., 2018). The full details 

of the subjects’ recruitment were reported by Kitzbichler et al (Kitzbichler et al., 2021). Each 

depressed patient had a total Hamilton Depression Rating Scale (HDRS) score of greater than  

13 (Hamilton, 1960). Participants were categorised into high and low CRP groups based on the 

CRP concentrations in the blood using 3mg/L as a threshold. This threshold was defined prior 

to the study recruitment, and has been shown to identify differential inflammatory loads and 

treatment responses in depression (Nettis et al., 2020). The depression cohort was divided into 

two groups, 47 low-CRP and 32 high-CRP subjects. Depressed patients were tested using the 

Beck Depression Inventory, the State-Trait Anxiety Inventory questionnaires, the Chalder  

Fatigue Scale, the Snaith-Hamilton Pleasure Scale, the Perceived Stress Scale (PSS), and the 

Childhood Trauma Questionnaire (CTQ).  

All HCs and depressed patients who were recruited to the study conformed to the 

following inclusion criteria: no history of depression for the HCs, no history of other 

neurological disorders, no history of drug or alcohol abuse, no previous participation in any 

clinical drug trials, no previous or ongoing medication history or medical conditions that could 

affect the interpretation of the study results, and no current pregnancy or breastfeeding regime.  



   96  

The ethical approval for the BIODEP study was confirmed by the Cambridge Central NRES 

Committee for the East of England (REC reference: 15/EE/0092) and the UK Administration 

of Radioactive Substances Advisory Committee. All participants gave their written and 

informed consent before participation in the study.   

4.2.2 Neuroimaging and blood data acquisition  

4.2.2.1 MRI data acquisition    

As part of the study imaging protocol, each subject had a 90-minute MRI scan 

comprised of both structural and functional imaging (Kitzbichler et al., 2021).The data was  

obtained from 3T MRI scanners (SEIMENS Prisma and GE MEDICAL SYSTEMS  

DISCOVERY MR750) at three different MRI imaging centres (University of Cambridge  

Central; King’s College Hospital Clinical Research Facility, London; the John Radcliffe,  

Oxford). Individual neuroimaging data included a multi-parameter structural MRI using a 3D 

T1-weighted sequence (parameters: repetition time (TR) = 1900ms, echo time (TE) = 4ms, 

field of view (FOV) 174x192mm2, and voxel size 1x1x1mm3), and a multi-shell diffusion 

weighted imaging sequence, in which diffusion-weighted images were acquired using an 

echoplanar sequence (parameters: repetition time, 8200ms; echo time, 95ms; flip angle, 90°; 

bvalues, 0, 800, and 2000 s/mm2; 30 and 60 non-colinear diffusion-weighted directions; field 

of view, 768 × 768 mm; resolution 2.5 × 2.5 × 2.5 mm3). The latter method was used to create 

single subject FW maps (Bouyagoub et al., 2021).  

4.2.2.2 Image analysis   

All multiband diffusion images were corrected for susceptibility and eddy currents 

using the FMRIB software library (FSL, version 5.0.7, Oxford, UK). The FSL top-up corrected 

the susceptibility, while the eddy current distortion was corrected by the FSL Eddy command 

(Andersson et al., 2003). The corrected images were fitted into the NODDI model using the 

toolbox (http://www.nitrc.org/projects/noddi_toolbox) run in MATLAB 2012b (MathWorks, 
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Inc., Natick, MA). The NODDI parameters used to obtain the free-water (FW) fraction were 

generated as voxel-wise whole brain maps for free-water isotropic volume fractions (ISOVF)  

(Kamagata et al., 2017). The ISOVF maps were normalised to the Montreal Neurological Institute 

(MNI152) space and mean FW values and in regions of interest (ROI) analyses were then extracted 

for further analysis (Kamagata et al., 2017). The ROIs were ACC, PFC, and the INS, and these 

were chosen based on their role in modes and emotional demands, as well as their previously 

demonstrated changes in depression (Stuhrmann et al., 2011, Goldin et al., 2008) as well as links 

to neuroinflammation (Holmes et al., 2018, Harrison et al., 2009). ROI masks were created using 

the Harvard-Oxford Cortical Structural Atlas in the MNI space, and the mean values for each of 

the ROI volumes were extracted for all subjects (Pantangco et al., 2016).  

As well as free water analysis, the lateral ventricle choroid plexus (CP) was 

automatically segmented from T1 weighted images using Free Surfer software (v.6.0, 

http://surfer.nmr.mgh.harvard.edu/). CP segmentation was improved further using the 

Gaussian Mixture Model (GMM) (Tadayon et al., 2020) to evaluate the CP volume. For 

validation purposes, a subset of 70 individual automated CP volume estimates was compared 

with those obtained by manual segmentation (Althubaity et al., 2022). Meanwhile, the Free 

Surfer analysis was used to estimate total intracranial volumes (TIV), which were then 

included as a covariate of interest in the statistical analysis.   

4.2.2.3 PET data acquisition and image analysis   

A subset of 70 subjects (22 HC and 48 MDD) also received 60 minutes of dynamic PET 

imaging using [11C]PK11195, a TSPO radioligand that was used as a putative marker of glia 

activation. All the data was collected from the simultaneous PET/MR scanner (GE  

Healthcare, Waukesha, WI) using the same experimental protocol, and processed using a 

common analytical function (Schubert et al., 2021b). More details of the PET acquisition can 

be found in the original reports on this data (Schubert et al., 2021b, Turkheimer et al., 2020).  
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The quantification of the TSPO distribution in the brain parenchyma was used as a 

proxy for neuroinflammation, using a supervised clustering approach for the extraction of a 

pseudo-reference region (Turkheimer et al., 2006). The distribution of the TSPO in the brain 

was assessed using the simplified reference tissue model, and the distribution volume ratio 

(DVR) was used as the primary parameter of interest. The [11C]PK11195 radioactive uptake in 

the lateral ventricles was calculated and used as an indirect CSF-blood exchange marker (De 

Leon et al., 2017, Schubert et al., 2019). The lateral ventricles were manually segmented using 

a T1-weighted structural MRI and ITK-SNAP software (Schubert et al., 2019, Turkheimer et 

al., 2020, Acabchuk et al., 2015). To reduce the partial volume effect, the lateral ventricles were 

eroded by 2mm (corresponding to two voxels) in the native space, and the [11C]PK11195 PET 

activity was extracted from the eroded ventricles. The tracer uptake in the eroded lateral 

ventricles was then normalised to the same reference region used for the quantification of the 

brain PET TSPO, and the standardised uptake value ratio (SUVR) at 60 minutes and the area-

under-curve (AUC) at between 30 to 60 minutes were computed from the PET images using 

the eroded lateral ventricle activity (Schubert et al., 2019) which were used as the main 

parameter of interest to express the CSF-brain tracer exchange (Turkheimer et al., 2020).  

4.2.2.4 Peripheral inflammatory markers   

A venous blood sample was collected from all participants at the time of the MRI scan 

to calculate the concentration of the peripheral inflammation markers, including interleukin-6  

(IL-6), interleukin-10 (IL-10), tumour necrosis factor-alpha (TNF-α), interferon-gamma (IFN- 

γ), interferon gamma-induced protein 10 (IP-10), lymphocytes, monocytes, total and absolute 

neutrophil, albumin, cholesterol, vascular endothelial growth factor (VEGF), and C-reactive 

protein (CRP) (Schubert et al., 2021b). The CRP was considered to be the primary peripheral 

inflammation marker in this study (Chamberlain et al., 2019) . 
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4.3 Statistical Analysis  

The statistical analysis was performed using SPSS (Version 27, IBM). To answer the 

primary research question, a comparison between the ISOVF and TSPO PET was undertaken 

using the mean values extracted from the ACC, PFC, and INS ROIs. The Shapiro-Wilk W test 

was used to examine the normality of the data. The differences between the HC and MDD in 

these dependent variables were tested using an analysis of the variance by running a general 

linear model analysis to explore case-control differences, while covarying for subjects’ ages, 

total intracranial volume (TIV), and scan sites. Exploratory secondary analysis investigating 

possible links between FW measures with clinical scores, peripheral inflammatory markers, 

and CSF-blood exchange parameters was carried out using Pearson’s and partial correlation  

tests.  

4.4 Results   

4.4.1 Demographic and clinical characteristics  

The demographic and clinical details of the depressive patients and HCs are shown in  

Table 1.4. The groups were matched in terms of age (p = 0.1), sex (p = 0.7), and TIV (p = 

0.1). Significant differences were detected in terms of the BMI (p< 0.001), IL-6 (p< 0.001) 

and CRP levels (p< 0.001) between depressive subjects and HCs. All clinical scales were 

significantly higher for the group with depression (p< 0.001). When comparing high CRP 

patients to low CRP patients, the groups were matched for age (p = 0.5), TIV (p = 0.1), 

HDRS (p = 0.3) and PSS (p = 0.9), but differentiated by BMI (p = 0.02), sex (p = 0.003),  

CRP (p< 0.001), and CTQ (p = 0.03).  
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Table 4.1 The Demographic and Clinical Characteristics of the Depressed and Healthy  

Control Subjects  

 

Variable  Healthy  Depressed  P value  Depressed  Depressed  P Value  

 Control  Subjects  HC vs.  Subjects,  Subjects,  Low CRP  

 Subjects  (n=79)  MDD  Low CRP   High CRP   vs. High  

 (n = 45)  (n = 47)  (n = 32)  CRP  

 

Age, Year, Mean 

(SD)  

35 (7.5)  37 (7.2)  0.11  36 (6.9)  37 (7.7)  0.54   

Sex  

(Male/Female)  

19/26  28/52  0.79  23/25  5/27  0.003  

BMI, Kg/m2, 

Mean (SD)  

24 (4.8)  27 (3.9)  <0.001  25.9 (3.3)  28.7 (4.1)  0.001  

CRP, mg/L, 

Mean (SD)  

0.9 (0.7)  3 (2.9)  <0.001  1.0 (0.7)  5.9 (2.6)  < 0.001  

IL-6, n, Mean 

(SD)  

41, 0.57  

(0.29)  

76, 0.78  

(0.50)  

0.01  45, 0.61  

(0.38)  

31, 1.02  

(0.50)  

< 0.001  

VEGF, n, Mean 

(SD)  

42, 103,3  

(61.9)  

77, 95 (61.1)  0.5  45, 94.3  

(64.1)  

32, 95.1  

(57.6)  

0.9  

TIV, cm3, Mean 

(SD)  

1400 (200)  1438.7 (183)  0.14  1,464 (180)  1,401(185)  0.14  

HDRS, Mean 

(SD)  

0.49 (0.87)  19   

(4.5)  

<0.001  18.6 (4.6)  19.7 (4.5)  0.33  

CTQ, Mean (SD)  38.3 (5.2)  53.5   

(16)  

<0.001  56.7 (17.5)  48.7 (12.3)  0.03  

PSS, Mean, (SD)  11.87 (5.4)  26.2   

(6)  

<0.001  26.1 (6.7)  26.3 (5.2)  0.89  

  

Abbreviations: BMI = body mass index; CRP = C-reactive protein; TIV = total intracranial 

volume; HDRS = Hamilton Depression Rating Scale; CTQ = childhood trauma questionnaire; 

PSS = perceived stress score; ns = not significant.  
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4.4.1 NODDI FW in depression  

  

No difference was found in the FW fractions between HCs and depressed patients in 

any of the primary ROIs: ACC (F = 2.69, p = 0.09), PFC (F = 0.67, p = 0.8), and INS (F = 0.25, 

p = 0.6). Age and TIV were significant covariates (p< 0.001 and p< 0.05, respectively), while 

sex and scan sites were not significantly associated with FW in any ROIs.   

When the depressed patients were split into high and low CRP subgroups, statistical 

differences in the FW were found in the ACC (F = 3.36, p = 0.04) between the three groups 

(HC, low, and high CRP). In contrast, no differences were found in the PFC (F = 1.91, p = 0.15) 

and INS (F = 1.10, p = 0.33) (Figure 4.1). In the post hoc analysis, depressed patients with low 

CRP showed a significant reduction in the FW of the ACC (F= 5.88, p=0.02), but not in the 

PFC (F= 1,12, p=0.3), or INS (F= 1.3, p=0.3), compared to the HC after controlling for 

covariates. This result may be affected by the collinearity or controlled variables that correlated 

with the FW. However, no significant difference was found in the FW of the ACC between HC 

and depressive patients with high CRP (F = 0.08, p = 0.8).  

When considering only the depressed cohort (high CRP vs. low CRP), a significant 

difference in the FW was found in the ACC (F = 4.46, p = 0.04), but not in the PFC (F = 0.06, 

p = 0.08) or INS (F = 0.50, p = 0.48). These results were obtained after controlling for age, TIV, 

sex, and scan site.   

In terms of the correlation with depression clinical scores, FW was not associated with any of 

the clinical scales, including HRDS, childhood trauma scores (CTQ), and preserved stress 

score (PSS), in any of the ROIs.  
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Figure 4.1The estimated mean of the free-water fraction in the anterior cingulate cortex (ACC), 

prefrontal cortex (PFC), and insula (INS) regions  

  

 

(A) Comparison between the healthy control (white bars) and the depression groups (grey 

bars). (B) Comparison between the healthy controls (white bars) and depressed patients with 

low CRP (< 3 mg/L, light grey bar) and high CRP (> 3 mg/L, dark grey). Error bars represent 

SE, and analyses have been corrected for age, TIV, and different scan sites. Asterisks indicate 

significant differences (p< 0.05).  

  

  

4.4.2 Links between NODDI FW and inflammation measures  

When considering peripheral inflammation, no significant correlations between FW 

fraction, CRP, and blood inflammatory markers (IL6, or TNF-⍺) were found in any of the main 

ROIs.  

The subset of participants with both TSPO PET and FW MRI data consisted of 22 

healthy controls and 48 depressed patients (28 low CRP, 20 high CRP). No significant links 

were observed between the FW estimates and the TSPO PET DVR estimates in any of the main 

ROIs: the ACC (r = -0.14, p = 0.3), the PFC (r = -0.19, p = 0.1), and the INS (r = 0.16, p= 0.2).  

The results remained unaltered after controlling for covariates.    
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4.4.3 Relationships between NODDI FW and CSF-blood exchange parameters   

At the regional level, no significant associations were found between the CP volume 

and FW in the ACC (r = 0.14, p = 0.1), the PFC (r = 0.18, p = 0.05), or the INS (r = 0.13, p =  

0.2). The results remained the same after controlling for age, TIV, and scan sites.    

In terms of the CSF-mediated clearance markers, a significant inverse association was 

observed between the lateral ventricular SUVR and FW fraction in the INS (r = -0.31, p = 0.01,  

Figure 2). However, no associations were found between the lateral ventricular SUVR and the 

FW fraction in the ACC (r = -0.12, p = 0.3) or the PFC (r = -0.18, p = 0.1). After controlling 

for age, TIV, and scan site, no associations were detected between the lateral ventricular SUVR 

and the FW fraction in any of the ROIs. No significant association was found between the CSF 

dynamic measured by the AUC (30-60) in the lateral ventricles and the FW in any ROIs.  

Figure 4.2Association between the free water fraction in insula and lateral ventricles SUVR  

  

 
Scatterplot of the free-water fraction (y-axis) for the insula (INS) regions vs. 11C-PK11195 

lateral ventricles SUVR for 60 minutes in depression patients and healthy controls with no 

covariates (r = -0.31, p = 0.01).  
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4.5 Supplementary Results  

4.5.1 S1: The results of the free water differences between the healthy control and depression groups 

in grey matter and white matter   

There was a significant reduction in the FW levels in the GM of the depression patients 

compared to the healthy control subjects after controlling for covariates (F = 4.05, p = 0.046). 

When the depression sufferers were divided into high and low CRP categories, the trend's 

difference was significant (F = 3.08, p = 0.05). See Supplementary Figure 4.3.  

There was also no significant difference in the FW in the GM in the depression patients 

only (F = 1.92, p = 0.2). No significant difference was observed between the groups in terms 

of the FW in the WM.   

Supplementary Figure 4.3 The estimated mean of the free-water fraction in the total grey matter  

 
The first comparison is between healthy control (white bars) and the depression groups (grey 

bars). The second comparison is between the healthy controls (white bars) and the depressed 

patients with low CRP (< 3 mg/L, light grey bar) and high CRP (> 3 mg/L, dark grey). Error 

bars represent SE, and analyses have been corrected for age, TIV, and different scan sites. 

Asterisks indicate significant differences (p< 0.05).  
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4.5.2 S2: The whole brain voxel-wise analysis for differences in the free water map between the healthy 

control and depression groups   

The whole brain analysis of FW maps and the differences between depressed patients 

and healthy controls showed no significant clusters. When the ANOVA analysis was repeated 

after the patients were divided into low and high CRP categories and the healthy control group, 

significant differences in the FW estimate clusters were found in multiple areas, including the 

right viso-motor coordination, the right primary motor, and the right dorsal posterior cingulate 

cortex. More differences between the clusters were found when a grey matter mask was applied 

to the free-water map, including the right frontal field and the right primary sensor association.  

When the analysis was restricted to the depression groups, the high CRP group showed 

significant increases in FW compared to the low CRP group in two brain regions, including the 

right frontal field (32, 27, 48, number of voxels = 26, T = 5.29, pFWE corrected  = 0.02) and in the 

right dorsal posterior cingulate cortex (12, -30, 40, number of voxels = 26, T= 4.5, pFWE corrected 

<0.03). See Supplementary Figure 4.4, Table 4.2.  

Supplementary Figure 4.4 

 

  

 

The voxel-wise difference analysis of the brain free-water MRI. The colour map represents 

significantly different clusters in the free water in depressed patients with high and low CRP in 

sagittal, coronal, and axial planes. The tow clusters show a significant increase in the free 
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water in the right frontal field and the right dorsal posterior cingulate cortex. The colour bar 

indicates the T value, and the corrected threshold is p<0.05. 

  

Supplementary Table 4.2 voxel-wise analysis of a brain free-water MRI in depression:  

different significant clusters in the depression group compared to the healthy control group.  

  

 Region  MNI coordinate  Number of  F values  PFWE (corrected)  

 voxels  values  
 

Right vis motor  14, -46, 56  191  18.7  p< 0.00  

Right dorsal 

posterior 

cingulate cortex  

12, -38, 48  53  12.8  p< 0.00  

Right sensor 

association   

12, -38, 66  51  12.6  p< 0.00  

Right primary 

motor  

24, -30, 64  30  11.6  p= 0.02  

Right frontal  

field   

32, 26, 48  19  14,1  p= 0.03  

4.5.3 S3: Voxel Based Morphometry (VBM) analysis for different free water cluster  

To control for the possible confounding of tissue loss, the brain tissue volume of the 

significantly different clusters was calculated using the VBM and tested using the General 

Linear Model. After controlling for age, TIV, and scan site, no significant difference in the 

cluster volume was detected between the HC and the high or low CRP groups (F = 2.37, p = 

0.10). When restricted to the subjects with depression, no significant difference was detected 

in the cluster volume (F = 0.55, p = 0.5) after correction for age, TIV, sex, and scan site.  
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4.5.4 S4: Association of free water in white matter and lateral ventricles SUVR, AUC 30-60  

In terms of the CSF-mediated clearance markers, significant inverse associations were 

observed between the lateral ventricular SUVR and the FW fraction in the WM (r = -0.34, p = 

0.004) and the FW in the WM and the AUC (30-60) (r = -0.29, p = 0.02). See Supplementary 

Figure 4.5. After controlling for age, TIV, and scan site, no associations were detected between 

the lateral ventricular SUVR and the FW fraction in the WM or with the AUC (30-60).  

Supplementary Figure 4.5 

 

  

  

 A B 

 

 

Scatterplot of the free-water fraction (y-axis) of the white matter vs the 11C-PK11195 lateral 

ventricles: (A) the free water in the white matter vs the lateral ventricles SUVR for 60 minutes 

in depression patients and the healthy controls; (B) the free water in the white matter vs. the 

lateral ventricles Area Under Curve (AUC) at 30 to 60 minutes in depression patients and the 

healthy controls.  

4.5.5 S5: A whole brain voxel-wise analysis of the association between the free water map and the 

choroid plexus volume  

  

A voxel-wise regression analysis was used to examine the association between the 

choroid plexus (CP) volume and free water (FW) maps in the whole brain. No significant 
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clusters were associated with the CP volume in the free water map after controlling for 

covariates. However, when the expletory analysis was performed without controlling for 

covariates, only the right primary motor was significantly associated with the CP volume (26, 

-24, 58, number of voxels = 31, T = 4.5, pFWE corrected = 0.001). Several clusters were significantly 

correlated when the expletory analysis was expanded to apply the GM mask. (Supplementary 

Figure 4.6, Table 4.3). No significant clusters were correlated with the CP volume in the free 

water maps when applied to the GM mask and controlled for covariates.  

Supplementary Figure 4.6 

 

 

The voxel-wise correlation of the brain free water map and the CP volume in the depressive 

and healthy control groups. The colour map represents the significant association clusters in 

the free water map and the CP volume of the sagittal, coronal, and axial MRI planes. The 

colour bar indicates the T values, and the corrected threshold is p<0.05.  
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Supplementary Table 4.3 Voxel-wise correlation of the brain free water map and the CP volume in 

depressive patients: significant clusters. 

  

 Region  MNI coordinate  Number of  T values  PFWE (corrected)  

 voxels  values  
 

Left visual 

association  

-12, -62, 8    28  5.4  p= 0.002  

Right 

supramarginal 

gyrus   

 38, -38, 52  85  4.8  p< 0.00  

Right primary 

motor   

42, -14, 54  66  4.6  p< 0.00  

Cerebellum   6, -80, -28  

36, -82, -40  

-26, -88, -36  

41  

87  

32  

4.6  

  

p< 0.01  

Right vis motor  

(Brodmann area  

7)  

24, -68, 50  54  5.1  p< 0.00  

Left primary 

sensory  

-48, -34, 48  48  4.5  p= 0.01  
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4.6 Discussion   

The primary aim of this study was to investigate whether NODDI FW measurements 

could be used as a marker of neuroinflammation in depression. Based on the free water studies 

in the literature and the association of FW with neuroinflammation, we hypothesised that we 

would see an increased FW signal in depressed patients in comparison to the healthy control 

group. However, we found an unexpected reduction in the FW in the anterior cingulate cortex 

in depressed patients with low peripheral inflammation, compared to both the healthy control 

group and compared to patients with high peripheral inflammation, while no differences were 

found in the prefrontal regions nor in the insular cortex. After extending the analysis to the 

whole brain, the level of FW was also found to be generally reduced in the grey matter (F =  

4.05, p = 0.046) of the depression group compared to the healthy control (Supplementary 1). 

Meanwhile, a voxel-wise analysis in our study showed differences in the free water map in 

some clusters involving the motor cortex of depressed patients compared to healthy controls 

(Supplementary 2). We tested whether this could be a result of brain atrophy, but structural 

brain analysis did not confirm this, as no volumetric differences were detected in these regions 

(Supplementary 3). Moreover, our results did not identify a significant difference in the FW in 

the white matter of depressed patients compared to the healthy control group.   

4.6.1 Relevance of FW for depression  

Although most of the studies in the literature did not attempt to measure FW directly, 

the integrity of microstructures in the white matter computed by the FA as a DTI index was 

used to measure the isotropic axis of the degree of diffusion for the white matter in the brain 

(Bergamino et al., 2017). The reduction shown in the FA was reported to reflect changes in the 

integrity of myelination (Lyall et al., 2018), and the FA has been found to be sensitive to various 

biological conditions including axonal degeneration, demyelination, and increases in 

extracellular water volume (Assaf and Pasternak, 2008). Some researchers have also discovered 



   111  

reductions in the FA of MDD patients compared to healthy control groups, which reflect 

abnormalities in the white matter (Guo et al., 2012a, Guo et al., 2012b, Kieseppä et al., 2010, 

Korgaonkar et al., 2011, Han et al., 2014, Li et al., 2007, Zhu et al., 2011, Bergamino et al., 

2016). Moreover, other studies have shown an increase in the microstructural abnormalities of 

the white matter in MDD patients when applying a FW correction, but not in the FW itself  

(Bergamino et al., 2016, Bergamino et al., 2017). We can conclude from these studies that the  

FA was influenced by tissue compartments, including the CSF and extracellular water 

(Bergamino et al., 2016, Bergamino et al., 2017). In contrast, no significant difference was 

detected between MDD patients and the healthy control group in terms of the FA in other 

studies (Olvet et al., 2016, Choi et al., 2014). As far as the microstructural studies of the ROIs 

is concerned, a reduction of the FA in the prefrontal white matter was found in young MDD 

patients compared to healthy controls (Li et al., 2007). However, a study by Olvet et al. (2016) 

showed no differences in the FA of depressed patients and the healthy control group in the 

white matter associated with the orbitofrontal and the ACC cortices in grey matter. The FA 

values were associated with the severity of depression and the age of depression onset, 

respectively (Olvet et al., 2016). Extending this analysis to other mental health conditions, there 

is strong evidence that an increase in the FW is possible with no attendant microstructural 

alterations in first-episode schizophrenia (Pasternak et al., 2012, Lyall et al., 2018), although 

other studies have shown high FW in the presence of microstructural alterations in chronic 

schizophrenia patients (Pasternak et al., 2015, Oestreich et al., 2017, Kraguljac et al., 2019). 

More importantly, the findings of the FA studies of white matter and its link to depression are 

inconsistent (Olvet et al., 2016), and the absence of any specific links necessitates the 

investigation of the FW in grey matter for depression patients.  

In terms of the FW in grey matter, a previous analysis of the same sample used in the current 

study quantified the tissue-free water content of the grey matter using proton density, and no 
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significant difference was found between the MDD group and the healthy control group (Kitzbichler 

et al., 2021). However, clinical studies of neuroinflammation in multiple sclerosis, strokes, glioma, 

and hepatic encephalopathy have reported increases in proton density (PD), which is considered a 

proxy for extracellular fluid volume in the lesion area (Kikinis et al., 1999, Warach et al., 1995, 

Raschke et al., 2019, Shah et al., 2008). The PD method has shown that the signal elevation in the 

inflamed regions of the brain has no clear link with peripheral inflammation (Nettis et al., 2021a). 

More recent studies of the FW in a preclinical model of neuroinflammation (Di Biase et al., 2020) 

and in schizophrenia patients (Di Biase et al., 2021), validated the idea that the elevation of FW 

levels can be used as an imaging proxy for neuroinflammation. So far, FW measurements through 

FA and microstructures have been inconsistent, as was the inability to differentiate between increases 

in the FW in the brain due to inflammation, brain atrophy, and lesions. This implies that another 

method needs to be developed with better specificity and sensitivity to FW (Oestreich and 

O’Sullivan, 2022). This would involve using the NODDI method to investigate cellular 

architectures, including the densities and orientations of axons, dendritic and nutrients, as well as 

the random movement of free water molecules in extracellular space (Kraguljac et al., 2022). The 

NODDI method will help researchers to address the limitations of FW studies in distinguishing 

between the alteration of microstructures in the grey and white matter and the development of free 

water (Yi et al., 2019), which may provide a better understanding of FW formation and its link with 

neuroinflammation (Dowell et al., 2019, Kraguljac et al., 2022). 

In the literature, no study has so far investigated the link between the free water fraction 

and depression using the NODDI metrics or tested its relationship with neuroinflammation. We 

found a reduction of the FW in the ACC of the low inflammation depression group compared 

to the high inflammation depression group and the healthy control group. Our findings are 

consistent with a study of patients with repeated traumatic brain injury (TBI), which showed a 

reduction in the FW in TBI subjects compared to the healthy control group (Reid et al., 2019). 
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However, another study of concussed athletes did not find any significant differences in the 

extracellular free water shown in the NODDI metrics, although it did show increases in the 

extra-neurite water volume with no corresponding alterations in the microstructures (Churchill 

et al., 2019). Depression has been the most prevalent prolonged response to TBI (Singh et al., 

2018).  TBI subjects, from months to years after the brain injury, have demonstrated microglial 

activation in addition to cognitive and behavioural impairments (Ramlackhansingh et al., 2011, 

Witcher et al., 2021, Coughlin et al., 2017). The activated microglia seem to be persistent for a 

period of time after TBI and have mediated the cognitive impairment (Muccigrosso et al., 

2016). The chronic inflammation during TBI remission seems to be prompted by single or 

repeated severe to moderate brain injuries (Ramlackhansingh et al., 2011). Another study by 

Dowell et al. did not investigate changes in the FW NODDI metrics following an IFN-α 

injection for patients with hepatitis-C, but did find increases in the level of intracellular water, 

measured by NODDI matrices, which may indicate glial swelling (Dowell et al., 2019). 

Neuroinflammation appears to increase microglial and astrocyte volumes (Streit et al., 2004) 

in response to chronic inflammation linked to the pathophysiology of depression (Leonard, 

2007), which may reduce the extracellular space.   

  A voxel wise analysis was also run on the free water maps in our study, and showed 

differences in the free water clusters in the motor cortices of depressed patients compared to the 

healthy controls. These clusters were no different in terms of voxel volume, in contrast to the results 

found in the literature, which showed links between the loss of brain tissue and increasing free water 

levels (Guo et al., 2012a, Guo et al., 2012b, Kieseppä et al., 2010, Korgaonkar et al., 2011, Han et 

al., 2014, Li et al., 2007, Zhu et al., 2011, Bergamino et al., 2016). Interestingly, newly medicated 

schizophrenia patients showed higher FW levels in the whole brain analysis as well as alterations to 

the white matter microstructures compared to the healthy controls, but no significant differences in 

the FW NODDI measurement were detected (Kraguljac et al., 2019). Systemic inflammation may 
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affect the water composition of the brain tissue (Kitzbichler et al., 2021, Dieleman et al., 2017). 

Finally, the sensitivity of NODDI in terms of detecting freely diffused water molecules in the 

extracellular space may explain the low free water levels in our sample, which was not seen in 

previous work on the same sample which investigated the tissue-free water component using MRI 

proton density (Kitzbichler et al., 2021). 

4.6.2 FW and inflammation (central and peripheral)   

  Increases in the free water measured through NODDI were found to be attributed to 

neuroinflammation markers, including high tau and amyloid plaques (Fick et al., 2016). A preclinical 

study on transgenic rats with Alzheimer’s disease (AD) showed increases in the FW in the 

hippocampus and the cingulate cortex (Fick et al., 2016). This increase in the FW was shown in 

brain tissue with high amyloid accumulation and strong neuroinflammation, although the FW 

decreased when the neuroinflammation was reduced in response to the remotion of the amyloid 

plaque (Fick et al., 2016). However, our results showed no association between FW, the 

neuroinflammation markers, and the TSPO PET signal. The lack of specificity of the TSPO in the 

microglia may contribute to the absence of any correlation with the FW (Betlazar et al., 2020, 

Vicente-Rodríguez et al., 2021).    

The lack of correlation between the FW and peripheral inflammatory markers is 

consistent with previous results when measuring the TSPO signal, which showed no association 

either with the CRP or with other peripheral cytokines (Schubert et al., 2021b). This result is 

also consistent with Metzler-Baddeley et al.’s study of AD patients, which did not identify any 

association between the FW NODDI and the CRP or any other peripheral inflammatory 

markers (Metzler-Baddeley et al., 2019). 
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4.6.3 FW and brain barriers   

One of our exploratory analyses showed an inverse association between the FW and 

CSF-blood barriers. The FW in the insula is associated with the low permeability of CSF-blood 

barriers, and the FW WM in our study was associated with the low permeability of the CSF 

blood barriers, as well as with the low signal levels in the lateral ventricles (Supplementary 4). 

The CSF-blood exchange marker is the only measured imaging that has been found to be 

associated with peripheral inflammatory markers (Turkheimer et al., 2020). Previous work has 

identified an association between the reduction of permeability in the CSF-blood barrier and 

increases in systemic inflammation (Turkheimer et al., 2020). Meanwhile, a different study of 

the MDD cohort showed a reduction in the water permeability measured by the recently 

developed Intrinsic Diffusivity Encoding of Arterial Labeled Spins (IDEALS) MRI technique 

(Wengler et al., 2019). These findings indicated a restriction on the permeability barrier in 

depressive patients (Wengler et al., 2019b), although the mechanism of transporting the water 

molecules and the TSPO PET signal (a small lipophilic molecule) are different (Hatty et al., 

2014). Our result is consistent with previous findings which showed that peripheral 

inflammation may reduce the permeability of the blood-CSF barriers, and consequently 

decrease the CSF-mediated brain clearance (Turkheimer et al., 2020). This result is interesting, 

as it suggests that the FW in the brain could be linked with the processes of brain clearance.  

No significant association was found between the FW fraction in any of the ROIs and 

the choroid plexus enlargement in our study. No other study has examined the association 

between FW and the choroid plexus. However, in one previous paper, the depression group 

showed enlargements in the choroid plexus volume, which were associated with microglial 

activation and with several pathways that were linked to neuroinflammatory response 

(Althubaity et al., 2022). A larger choroid plexus may reflect the impairment of the BCSFB, as 

this is associated with low CSF levels, as well as with a reduction in the CSF-blood exchange 

markers in response to peripheral inflammation (Althubaity et al., 2022). The current study 
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undertook a further investigation based on a whole brain analysis, which showed that some 

clusters in the free water maps are associated with CP enlargement (Supplementary 5).  

Interestingly, the CP plays a role in regulating ion levels and in balancing the FW in the brain 

(Wolburg and Paulus, 2010), as well as its involvement in the neuro-immune axis and its 

interaction with the peripheral immune and inflammatory systems (Lizano et al., 2019). 

Changes in the FW of the grey matter may indicate an alteration to the CSF circulation and 

production in response to mild inflammation, but these changes are not necessarily associated 

with the formation of oedemas, as systemic inflammation in severe neuroinflammation 

increases the likelihood of oedema formation (Dénes et al., 2011).   

Finally, changes in the FW fraction can be combined with central inflammation without 

any clear identification of the mechanism behind the inflammation. These alterations in the free 

water volume may not necessarily be associated with MDD.   

4.7 Limitations   

Some limitations should be considered. Firstly, the effect of sociodemographic factors, 

including age and sex, on the inflammation may affect the level of brain inflammation 

(Vogelzangs et al., 2012). Secondly, the exclusion of the treatment response group from the 

study and uncertainties in the classification between the MDD groups in terms of responses to 

antidepressant treatments, prevented us from testing the effects of antidepressants on the brain 

tissue and therefore on the FW measures. Some antidepressant medications decrease the 

systemic inflammatory markers (Miller et al., 2009), while others, such as tricyclic 

antidepressants, increase the systemic inflammation (Hamer et al., 2011). Future research could 

investigate the FW fraction in drug-free MDD patients and compare them with patients’ 

responses to different treatments. Thirdly, missing information regarding the medication status 

and the onset of illness of the MDD subjects meant that we were unable to specify the state of 

the inflammation or to determine whether it was acute or chronic.  
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Finally, the lack of standardisation in our multi-scanner MRI is a limitation of this study. 

Notably, between site differences can remain even after calibration and harmonisation of scanner 

(Clarke et al., 2018). In this study, the scan site was controlled statically in all analysis. 

 

4.8 Conclusion   

This study showed the presence of alterations in the free water fraction in the grey 

matter of the depressed cohort, although, contrary to our hypothesis, it was not possible to 

establish a clear link to the pathophysiology of depression or to the inflammatory processes. 

Future research should undertake an assessment of the free water in well-characterised acute 

and chronic inflammation groups regardless of a diagnosis of depression.  
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4.9 Contributions to Study 3  

All data collection was conducted for a previous study and the data were re-analysed for this 

work. The free water volume for the specific ROI and for the total brain was extracted and 

calculated by Noha Althubaity. All data analysis and the reporting of these results were 

conducted by Noha Althubaity.   
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5 Chapter 5: Discussion   

In this chapter, I will summarise and highlight the main findings of the three studies 

discussed above. This will be followed by a discussion of the results in terms of the aim and 

hypothesis of each study and their relationship with the literature. I will also discuss the 

research and clinical implications of the findings of this PhD project, as well as the relevance 

of my results for future research. Finally, I will summarise the limitations of the study and 

present the conclusion.  

5.1 Summary of findings   

The first study in this project (Chapter 2) was composed of two separate datasets. The 

first dataset included 51 depressive patients and 25 healthy control subjects (Schubert et al., 

2021b). The second dataset involved 7 healthy volunteers injected with immune challenge 

IFN⍺ (Nettis et al., 2020). Participants in both datasets were scanned via PET and MRI and the 

PET signal in the lateral ventricles was extracted. In Chapter 3, Study 2 combined the 

depression and healthy control groups used in Study 1. MRI was used to calculate the choroid 

plexus volume. Study 3 (Chapter 4) included a larger sample size composed of 79 depressed 

patients, whose age and sex matched those of 45 healthy control subjects. All the participants 

underwent 90 minutes of MRI scans involving structural and functional sequences to measure 

the free water volume.  

A summary of the findings of this thesis is that a significant association between the 

reduction of the lateral ventricles PET signal and an increase in the systemic inflammatory 

marker was found for the first time, which reveals some alteration in the CSF dynamic in the 

depression group. This association increased across the patient group, specifically among 

depressive patients with high peripheral inflammation, which may indicate a reduction in CSF 

clearance. No significant difference was found in the lateral ventricles PET signals between the 
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depression group and the healthy control subjects. Also, no significant association was found 

between the PET signal in lateral ventricles and depression symptoms.   

In contrast, the choroid plexus volume was significantly bigger in depressive patients 

compared to the healthy control group, and it was significantly associated with the central 

inflammation markers measured by the TSPO PET signal. The choroid plexus enlargement was 

also inversely associated with the PET signal perfusion in the lateral ventricles. This change in 

the choroid plexus structure may suggest a link with the alteration in the CSF clearance in 

depression, as well as the involvement of the choroid plexus in the model of the peripheral to 

the central immune axis.   

An unexpected reduction in the free water volume was detected in the anterior cingulate 

cortex in the low inflammation depression group compared to the group with high inflammation 

depression and the healthy control subjects. This decrease in the free water volume was found 

in the total grey matter of the depression group compared to the healthy control group, when 

the analysis was extended to the whole brain. The alteration of the free water volume in the low 

inflammation group may reveal the contribution of neuroinflammation to the change in the 

microstructures of the brain tissue. Additionally, the free water volume was inversely associated 

with the lateral ventricles PET signal, which may indicate a disturbance in the CSF clearance. 

Finally, no associations were detected between the free water volume and peripheral 

inflammation markers or central inflammation markers. Likewise, no significant associations 

were found between the free water volume and depression clinical scores (Table 5.1).  

Overall, these results indicate that CSF-mediated clearance alterations can be assessed using 

neuroimaging and exploring a modified model of the peripheral-to-central immune axis. The 

changes in the CSF clearance are associated with peripheral and central inflammation, but not 

necessarily with MDD. Also, these findings demonstrated the role of the brain barriers in 
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modulating neuroinflammation and mediating the communication between the peripheral and 

central immune system.   

Table 5.1 A summary of main results of the thesis.  

  
 

  Cohort  Biomarker  Type of study  Key findings  Interpretation  

Study  

1  

51 DEP  

(30 low  

CRP, 21 

high  

CRP)  

25 HC  

  

11C-PK11195  

PET in Lateral 

ventricles  

Structural  

MRI  

  

  

Cross-sectional  

No significant difference in the CSF clearance 

markers between the DEP and the HC  

↓ LV PET signal with ↑ CRP level  

Disrupted CSF 

dynamics by a reduction 

in permeability barriers 

in response to high 

peripheral inflammation 

markers in depression 

and HC.  

Reduced the barriers’ 

permeability in response 

to increase the peripheral 

inflammation after 

injecting immune 

challenge IFN-⍺ in 

healthy volunteer.  

7 HC  11C-PBR28  

PET in Lateral 

ventricles  

(Kinetic 

modelling)  

Structural  

MRI  

  

  

Within -subject 

open label  

(before and 

after  

Interferonalpha 

injection)  

↓ LV PET signal with ↑ CRP level  

  

Study  

2  

51 DEP  

(30 low  

CRP, 21 

high  

CRP)  

25 HC  

Structural MRI CP 

Volume  

11C-PK11195  

PET  

  

Crosssectional  

↑ CP volume in depression  

↑ CP volume with ↓ LV PET signal  

↑ CP volume ↑ DVR in ACC, PFC, INS  

↑ CP volume ↑ DVR CP  

  

CP structural changes 

associated with disrupted 

CSF clearance markers 

and with central 

inflammatory markers in 

depression and healthy 

control.  
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Study  

3  

79 DEP  

(47 low  

CRP, 32 

high  

CRP)  

45 HC  

Multiple sell  

Diffusion MRI  

(NODDI)  

FW volume  

11C-PK11195  

PET  

  

Cross-sectional  

↓ FW volume in ACC of depression with low  

CRP  

↓ FW volume in GM of depression  

↑ FW volume in INS with ↓ LV signal with  

  

FW volume associated 

with disrupted CSF 

dynamics  

  

Table 5.1: Summary of all the study results: DEP = depressed patients; CRP = C-reactive protein; CP 

= choroid plexus; CSF = cerebrospinal fluid; HC = healthy controls; LV = lateral ventricles; MRI = 

magnetic resonance imaging; PET = positron emission tomography; DVR = distributed volume ratio; 

ACC = anterior cingulate cortex; PFC = prefrontal cortex; INS = insula cortex; NODDI = Neurite 

Orientation Dispersion and Density Imaging; FW = free water volume.  

  

5.2 CSF clearance measured by TSPO PET perfusion in lateral ventricles  

The primary aim of Study 1 in Chapter 2 was to explore the clinical relevance of the 

[11C]PK11195 PET signal of the lateral ventricles as a proxy of the CSF dynamics and as an 

indirect measurement of the CSF clearance, by comparing the signal magnitudes in lateral 

ventricles (SUVR in 60 minutes and AUC 30 to 60) in MDD patients and healthy controls. The 

study also sets out to assess the link between the CSF clearance marker measured by the 

[11C]PK11195 TSPO signal in lateral ventricles to peripheral inflammatory markers and MDD 

symptoms. I hypothesised that the reduction of the lateral ventricle PET measure would be 

sensitive to the alterations of the CSF dynamic in depressed patients compared to healthy 

control subjects. Also, it was hypothesised that mild inflammation in depressive patients would 

reduce the CSF dynamic by closing the brain barriers in response to the peripheral 

inflammation. Finally, I hypothesised that the reduction of the CSF clearance would be 

associated with high depression symptoms.  
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The analysis did not show a significant difference in the PET signal perfused into the 

lateral ventricles in depressed patients compared to the control group. However, for the first 

time, a significant association between the reduction of the CSF dynamic and the increase of 

the systemic inflammatory marker in both depressed patients and healthy controls was found. 

Among depressed patients, the childhood trauma score was the only depression clinical score 

that was associated with the reduction of the CSF dynamic, although it did not survive multiple 

comparison corrections. In terms of the study of healthy volunteers injected with IFN-⍺, no 

significant difference in the PET signal in the lateral ventricles at the baseline and after the 

immune challenge injection was detected among the healthy volunteers. However, it was noted 

that the CRP level increased following the IFN-⍺ injection and was inversely associated with 

the CSF dynamic measured by the PET signal perfused in the lateral ventricles (SUVR). 

Interestingly, the tracer kinetic modelling demonstrated a significant decrease in the volume 

distribution (VT) of the tracer in the lateral ventricles and the grey matter following the 

inducement of the IFN-⍺. However, the difference in the blood to CSF tracer transportation 

kinetic parameter (K1) almost reached significant levels in the lateral ventricles, although a 

significant reduction of the VT was seen in the grey matter. The findings of this study support 

the hypothesis that a decrease in the permeability barrier may mediate the reduction of the CSF 

clearance in response to the increase of peripheral inflammation.  

In the literature, no previous study had investigated CSF clearance among depressed 

patients using the perfusion of the PET signal in the lateral ventricles as a proxy for CSF 

clearance. However, previous literature has demonstrated that patients with Alzheimer’s 

disease (AD) and mild cognitive impairment (MCI) showed a significant reduction in the CSF 

clearance measures, which is associated with Aβ deposition, a distinctive characteristic of AD 

(De Leon et al., 2017, Schubert et al., 2019). On the other hand, multiple sclerosis (MS) patients 

(i.e., those with a condition where there is no presence of Aβ accumulation) also exhibited a 
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reduction in the CSF clearance measured by PET perfusion in the lateral ventricles (Schubert 

et al., 2019). Depression has been known to be a risk factor for AD and has shown a significant 

association with AD (Sáiz-Vázquez et al., 2021, Sanmugam, 2015), as well as being a 

comorbidity condition with MS (Feinstein et al., 2014). The clearance mechanism in depression 

needs more elucidation via a larger sample size.  

Moreover, the methodological challenges of quantifying the PK11195 PET tracer may 

contribute to the lack of a significant difference between the patients and the healthy control 

(Turkheimer et al., 2015). As the PK11195 recorded high affinity to the alpha1-acid 

glycoprotein, an acute phase protein in plasma (Lockhart et al., 2003), PK11195 was found to 

be a carrier of lipophilic drugs (Fournier et al., 2000), chapter 2, the methodologic issue. The 

alpha1-acid glycoprotein synthesis in the liver is abundant in humans, and its concentration 

increases in response to systemic tissue injury, inflammation, and infection (Fournier et al., 

2000). This may suggest a small amount of the tracer crossing into the brain tissue and 

ultimately percolating into the lateral ventricles due to an increase in the free plasma fraction. 

Therefore, the SUVR may underestimate the PET signal perfused in the lateral ventricles. 

On the other hand, the study of the healthy volunteers who were injected with IFN-⍺ used the 

PBR28 PET tracer, and did not show a significant difference in the PET measures in the lateral 

ventricles between the baseline and after the immune challenge. However, its results showed a 

significant reduction in the tracer distribution following the immune challenge, which may 

indicate a reduction in the solutes crossing the brain tissue into the lateral ventricles. Interestingly, 

IFN type 1 plays a role in modulating BBB integrity and contributes to the anti-inflammatory 

process (Jana et al., 2022). The MS patients were shown to rise on the vascular cell adhesion 

protein 1 (VCAM-1) following the treatment of IFN type 1 and expressed a reduction in the 

barriers’ permeability as well as decreased lymphocyte infiltration (Billiau, 2006). On the other 

hand, IFN type 1 plays a role in the anti-inflammation process. The systemic induction of the IFN-
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β (type 1 IFN) in the ischemic stroke rat model identified a reduction in the brain infarction, 

preserved the BBB integrity and decreased the peripheral immune cells trafficking into brain 

tissue (Veldhuis et al., 2003). Moreover, the astrocytes of MS patients and experimental 

autoimmune encephalomyelitis (EAE) exhibited a transcriptional response to the IFN type 1, 

which is signalling contributed to the anti-inflammation in MS patients (Rothhammer et al., 2016). 

Thus, the findings of the IFN-⍺ study support the hypothesis that the decrease in solute clearance 

is a response to the high systemic inflammation. Further studies need to investigate the PET signal 

percolation in the lateral ventricles using the kinetic modelling method with different mild 

inflammation states and TSPO PET tracers.  

The second aim of Study 1 in Chapter 2 was to assess the link between the reduction of 

CSF clearance and inflammation. I hypothesised that inflammation would reduce the CSF 

dynamic by closing the BBB and BCSFB, ultimately downgrading the CSF clearance. The 

results showed an inverse association between high CRP levels and the CSF dynamic measures 

(SUVR and AUC 30-60), which suggests that inflammation decreases the permeability of the 

molecules across the BBB and BCSFB. In addition, the IFN-⍺ study exhibited an inverse 

association between the heightening of CRP following the IFN-⍺ injection and the reduction 

of the CSF dynamic measure (SUVR). Moreover, the IFN-⍺ study showed a reduction in the 

total volume of the tracer distribution in the lateral ventricles and in the grey matter after the 

immune challenge, which indicates a decrease in the blood-to-brain tracer transfer. These 

findings support the hypothesis that mild inflammation restricts the permeability of brain 

barriers, which may disrupt solute homeostasis.   

In this study, while there was no assessment of the BBB leakage marker in the 

depressive and healthy control subjects, the VEGF exhibited a reduction in the depressive group 

compared to the healthy control group. In the IFN-⍺ study, healthy volunteers demonstrated a 

decrease in S100𝞫 following the injection of the IFN-α, with a trend level of significance 
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following the induction of the immune challenge. These findings support the hypothesis that 

chronic inflammation reduces permeability barriers as a short-term protection mechanism 

which may alter the clearance process. Different methods were used in the literature to assess 

the permeability barriers in neuroinflammation states. One of them was the level of the quotient 

albumin in CSF, which originally synthesises in blood, and was found in high concentration in 

the CSF of septic meningitis patients (an acute inflammation state), suggesting an increased 

permeability barrier (Akaishi et al., 2015). This concentration decreased to the normal level in 

the chronic phase, which points to barriers to recovery (Akaishi et al., 2015). Also, the increase 

of S100𝞫 in the plasma (which originates in brain tissue) of cancer patients who used BBB 

disruption drugs before chemotherapy, indicated increased permeability barriers (Kapural et 

al., 2002). Mild inflammation seems to reduce the barriers integrity, as a vascular stiffness was 

associated with low-grade inflammation (Kusche-Vihrog et al., 2011b). 

A recent study showed that the permeability of the leaky barriers on the ependymal cell 

decreased in the depressive animal model and in MDD patients (Seo et al., 2021). The study 

demonstrated a reduction in p11, pointing to the role of lower barrier permeability and CSF 

flow in inducing depression and anxiety-like behaviour. The p11, also known as S100A, is 

produced by astrocytes and plays a role in the polarisation of the ependymal cells, as well as 

contributing to the aetiology of depression (Svenningsson et al., 2013). Interestingly, it has been 

found to be reduced in MDD plasma (Cattaneo et al., 2013), suggesting a reduction in the 

clearance process. Combined, this evidence supports my hypothesis that mild chronic 

inflammation in depressive patients reduces the barrier permeability. The dysregulation of the 

brain barriers’ permeability may support the different peripheral and central immune 

communication models in response to low-grade systemic inflammation. This model of the 

closure of brain permeability in response to increasing peripheral inflammatory cytokines, may 
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serve as a protective mechanism in the short-term, but may make the brain homeostasis unstable 

by altering solute clearance.   

5.3 Choroid plexus volume   

The aim of Study 2 in Chapter 3 was to investigate the choroid plexus volume and its 

relationship with peripheral and central inflammation using structural MRI in depressive 

patients and healthy controls. It was also anticipated that the CP enlargement would be 

associated with the reduction of the CSF clearance markers measured in Study 1 (Chapter 2), 

as well as the clinical scores relating to depression. I hypothesised that the CP volume would 

increase in depressed patients compared to healthy control subjects, and be associated with 

higher depressive symptoms. In addition, it was predicted that the CP volume would be 

associated with high peripheral inflammatory markers and a high TSPO PET uptake in the three 

ROIs: the anterior cingulate cortex, the prefrontal cortex, and the insula.  

   The results indicated that there is an increase in the CP volume in depressed patients 

when compared to healthy control subjects. The CP enlargement is associated with a reduction 

in CSF clearance, calculated by the PET signal prefusion in the lateral ventricles.  Also, the CP 

enlargement correlated with a high PET radioactive signal in the three ROIs and in the choroid 

plexus used as a central inflammation marker. No significant association was found between 

the CP volume and the peripheral inflammation markers, including CRP, IL6, and TNF-⍺. 

Similarly, no significant association was found between the CP volume and the clinical scores 

of the depressive group, except the perceived stress score which did not survive the multiple 

comparison correction tests. Finally, the additional analysis used a brain map to explore the 

association between the CP volume, TSPO, and post-mortem gene expression. The analysis of 

the image transcriptome showed that the enrichment genes in excitatory neurons were involved 

in the neuroinflammation pathways. My results support the hypothesis that the choroid plexus 

may mediate the reduction of CSF clearance and fit into the model of peripheral-to-central 
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immune interaction. Moreover, the alteration of the morphology of the choroid plexus may 

contribute to the reduction of the CSF mediated clearance.  

This is the first study that has investigated the CP morphology and its link to peripheral 

and central inflammation markers in a depression cohort, as well as its association with the 

reduction of CSF clearance markers. A significant increase in the CP volume in depressed 

patients compared to the healthy controls was detected in this analysis. This enlargement of the 

CP has been linked to CP dysfunction and neuroinflammation in a recent study of an animal 

model and MS patients (Fleischer et al., 2021). Moreover, CP enlargement correlated with a 

peripheral inflammatory marker in a study of a psychosis cohort (Lizano et al., 2019) and 

inflammation-mediated CSF hypersecretion (Zhang et al., 2020, Karimy et al., 2017). 

Therefore, the structural alteration of the CSF system may be linked to the inflammation and 

dysregulation of CSF composition and flow by reducing the BCSFB permeability, which may 

consequently impair the CSF clearance process. My finding is consistent with the literature, as 

an increase in CP volume was shown in different neuroinflammation conditions, including AD 

and Parkinson’s disease (PD) (Tadayon et al., 2020), MS (Ricigliano et al., 2021), complex 

regional pain syndrome (Zhou et al., 2015), and psychosis (Lizano et al., 2019, Zhou et al., 

2020). Interestingly, AD and MS patients also exhibited a reduction in the CSF clearance 

measured by the lateral ventricles PET signal (De Leon et al., 2017, Schubert et al., 2019). 

This outcome may support arguments for the importance of the choroid plexus in regulating 

CSF clearance. We could not specify in which part of the choroid plexus the volume increased 

due to the limitation of the structural imaging. However, there are possible explanations for the 

enlargement of the CP. The amplification of the CP volume may be the result of an increase in 

the epithelial cells, as seen in brain injury (Barkho and Monuki, 2015), or an increase in the 

non-choroidal immune cell infiltration into the CP where the peripheral and central immune 

systems interact (Schwartz and Baruch, 2014). It might also be the result of associated oedema 
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formation in infectious diseases (Cho et al., 1998). The increase in the CP volume has also been 

explained as a result of inflammation, as interpreted in the study of complex regional pain 

syndrome (Zhou et al., 2015) or its association with IL-6 in psychotic cohorts (Lizano et al., 

2019, Zhou et al., 2020). Inflammation plays an important role in the structural alteration of 

the choroid plexus and the BCSFB, and may translate this alteration into the changes in the 

CSF production and composition (Santos et al., 2019), as well as ultimately in the CSF 

clearance process.   

The second main finding of Study 2 is that there is an inverse association between CP 

enlargement and the CSF clearance marker measured by TSPO PET signal percolation in the 

lateral ventricles (SUVR and AUC 30-60). There was no previous study in the literature that 

investigated the association between the structures of the CP and the CSF dynamic in 

depressive cohorts. However, there is evidence that other neuroinflammation conditions, 

including AD and MS, showed a decrease in the CSF clearance (De Leon et al., 2017, Schubert 

et al., 2019) and an enlargement in CP volume (Tadayon et al., 2020, Ricigliano et al., 2021). 

Chronic inflammation may gradually increase the CP volume and reduce the BCSFB 

permeability in response to high peripheral inflammation cytokines. The CP volume in the 

current study is associated inversely with the albumin plasma level, which is used as a marker 

of chronic inflammation (Don and Kaysen, 2004). Interestingly, the CP volume in the IFN-⍺ 

study did not present a significant difference in the healthy volunteers at the baseline and 24 

hours after the immune challenge administration (t (6) = 0.11, p = 0.91), with the mean and the 

stander deviation as (951.2 + 260) and (967.46 + 242), respectively. Chronic inflammation 

seems to increase the choroid plexus volume gradually as an immune defensive response. On 

the other hand, the clearance process has been known to be enhanced during sleep (Benveniste 

et al., 2019), and disturbance of sleep was detected in patients with psychiatric disorders 

(Krystal et al., 2008). The choroid plexus also plays a role in the circadian clock by expressing 
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the rhythmic genes Per1 and Per2, which encode the period circadian protein homolog and play 

a major role in circadian rhythms (Quintela et al., 2018). The circadian rhythmicity generated 

by the choroid plexus is transported to the suprachiasmatic pacemaker in the hypothalamus, 

which is also involved in circadian rhythms (Quintela et al., 2018, Johanson and Johanson, 

2018. The increase in the CP volume which is associated with lower barrier permeability may 

be linked to the irregular sleep reported in depressed patients (Berk, 2009), and might mirror 

the reduction in CSF clearance.   

 In my study, the CP volume did not correlate with the CRP, which is consistent with 

the result of the CP enlargement in the psychosis cohort, which was not correlated with the 

CRP (Lizano et al., 2019). However, the CP enlargement is associated inversely with CSF 

clearance markers, which were the only central markers that were inversely associated with the 

high CRP. The choroid plexus may mediate the peripheral-to-central immune axis by restricting 

the transfer of molecules across barriers in an indirect response to inflammation. Further studies 

need to investigate the association between the alteration in CP volume and a high 

concentration of CRP in patients with a long chronic inflammation status.   

The depressive group in my study exhibited a significant reduction in the VEGF level. 

This observation is in line with the findings of previous studies of MDD sufferers, which 

showed a significant reduction in the VEGF level in plasma, with an inverse association with 

the peripheral TNF-⍺ (Dome et al., 2009). Moreover, a study by Maharaj et al. (2008) 

demonstrated an inhibition of the VEGF, which led to a decrease in the choroid plexus vascular 

permeability, and was associated with the accumulation of fibrin in the choroid plexus (Maharaj 

et al., 2008). Interestingly, the blocking of the VEGF and the TGF-𝞫 showed a reduction in 

different measures, including the permeability of the BCSFB and the periventricular ependymal 

barrier, the disappearance of the ependymal microvilli, and a thickening in the capillary 
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endothelial cells, which indicated an alteration in the CSF flow (Maharaj et al., 2008). 

Moreover, post-mortem depression studies showed a downgrading in the CP transcriptome 

which regulated the TGF-𝞫 permeability (Turner et al., 2014). The VEGF and the TGF-𝞫 

receptors were found in the CP and ependymal cells, and are involved in the regulation of 

endothelial and ependymal cell functions and periventricular permeability (Maharaj et al., 

2008). Furthermore, the TGF-𝞫 plays a role in the anti-inflammatory process, acting as an 

immune modulator to T-cell activation by inhibiting the self-reactive proliferation and 

differentiation of CD4+ and CD8+ T-cells (Sanjabi et al., 2009), and it is involved in the 

immune responses through its regulation of cytokine production (Oliveira et al., 2014). 

Therefore, the alteration of the CP morphology and the integrity of permeability barriers may 

be a defensive method in response to inflammation and an imbalance of the brain in 

homeostasis. The choroid plexus appears to be involved in the workings of the peripheral-to-

central immune mechanism, although no significant association was detected with the 

peripheral inflammation markers.    

My study also demonstrates, for the first time, significant associations between the CP 

volume and the central inflammation markers represented by the TSPO PET uptake in the brain 

parenchyma and in the CP in the depressive cohort. These findings corroborate the findings 

among remitting-relapse MS patients where the CP enlargement was associated with the TSPO 

PET signal in the CP (Ricigliano et al., 2021). Moreover, the MS patients and the two MS 

animal models studied by Ricigliano et al. (2021), confirmed the association between CP 

enlargement and glial activation, and used the CP volume as both a marker for disease 

progression and as a response to neuroinflammation (Fleischer et al., 2021). Hence, CP 

enlargement fits into the peripheral-to-central immune axis and can be used as a 

neuroinflammation marker.   
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   No significant association between the CP volume and depression clinical scores was 

found, except the perceived stress score which did not pass the multiple correction test. My 

finding is consistent with other studies that did not find significant associations between CP 

enlargement and psychotic clinical scores (Lizano et al., 2019), as well as with CP volumes and 

the score of relapse-remittent MS and disease duration (Ricigliano et al., 2021). 

  
5.4 Free water volume   

The aim of Study 3 in Chapter 4 was to assess the free water volume in three regions of 

interest calculated by the multiple shell diffusion weight image of the MRI (NODDI) in 

depressed/healthy control groups, and use it as an alternative neuroinflammation biomarker of 

the TSPO PET signal. The association of the free water volume with peripheral and central 

inflammation markers was also investigated. Lastly, the study set out to assess the associations 

between the free water volume and the markers of CSF-mediated clearance measured in Study 

1, the choroid plexus volume measured in Study 2, as well as with depression symptoms. I 

hypothesised an increase in the free water volume in the three regions of interest (the anterior 

cingulate cortex, the prefrontal cortex, and the insula), as well as in the total grey matter of 

depressed patients compared to healthy control subjects. It is believed that this alteration in the 

free water volume is linked to the marker of CSF clearance markers, including the TSPO PET 

signal perfused in the lateral ventricles and the CP enlargement.   

   The analysis revealed that there is an unexpected reduction in the free water volume 

in the anterior cingulate cortex (ACC) of the depressive cohort, with low inflammation 

compared to the depression group with high inflammation and the healthy control subjects. 

When I investigated the free water volume in the total grey and white matter, I found only a 

significant reduction in the free water volume of the total grey matter in depressive patients 

compared to the healthy control subjects. In terms of CSF clearance, I found that the free water 

volume in the insular cortex and in the white matter was inversely associated with low TSPO 
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PET perfusion in the lateral ventricles (the clearance marker). However, no significant 

associations were detected between the free water volume in the three ROIs and the CP 

enlargement. I extended the analysis to the whole brain, and found significant clusters in the 

free water map associated with the CP enlargement. Finally, I did not find any significant 

association between the free water volume, peripheral and central inflammation markers, or 

depression clinical scores.   

   The reduction of the free water volume NODDI measures in the low inflammation  

depression group in this study is a novel result, as no previous research has investigated free 

water volume using NODDI for depressive patients. The reduction in the volume of 

extracellular free water was seen in repeated traumatic brain injury (TBI) subjects who 

exhibited activated microglia and morphologic alteration detected by structural MRI (Reid et 

al., 2019). It is important to note that chronic inflammation activates microglia and astrocytes 

in the neuroinflammation by increasing their size and number (Streit, 2006). The excessive 

volume of glial cells in mild inflammation may explain the increase in the intracellular free 

water and therefore also explain the reduction of the extracellular space (Dowell et al., 2019). 

More detail found in Chapter 4, Discussion section.  

My findings did not demonstrate a significant association between the free water 

volume and the central inflammation markers measured by the TSPO PET signal in brain 

parenchyma. Similarly, the reduction of the free water volume in repetitive TBI did not show a 

significant association with the central inflammation marker (Reid et al., 2019). Both TBI and 

depression patients exhibited chronic inflammation and a heightening of the peripheral 

inflammatory cytokines (Risbrough et al., 2022), which may participate in a comparable 

mechanism of neuroinflammation (Bodnar et al., 2018, Speer et al., 2018) and reveal the same 

response to the mild inflammation by reducing the extracellular space and increasing the 

intracellular free water. The lack of association between the free water volume and the TSPO  
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PET signal may be because of the unspecified TSPO in the microglia, or, as assumed in Study 

1 in Chapter 2, the activation of the microglia is a secondary result of the brain solute 

imbalance. The free water volume in my study did not correlate with the peripheral 

inflammation marker. This finding is consistent with the literature, as no study has found any 

association between the free water volume and peripheral inflammation markers.   

One of the main findings of this study is the inverse association between the free water 

volume in the insula and the CSF clearance marker measured by TSPO PET perfusion in the 

lateral ventricles. Moreover, the free water volume of the total white matter showed an inverse 

association with the CSF clearance marker (Chapter 4, Discussion). The reduction of the 

barriers permeability in response to increased inflammation may support the hypothesis that 

mild inflammation closes the brain barriers and consequently alters the solute clearance.  

Additionally, the peripheral and central immune systems have been shown to interact 

with the infiltration of the peripheral cytokines from different pathways, which is an action that 

triggers neuroinflammation. Neuroinflammation promotes changes in the astrocytes, the glial 

cells that support the brain barriers and regulate water and ion transportations through the AQP4 

(Colombo and Farina, 2016). The astrocytes also control the exchange of extracellular 

components via the CSF clearance pathways in addition to their role in immune cell trafficking 

(Colombo and Farina, 2016). A change in the astrocytes due to neuroinflammation may reflect 

the dysregulation of the water movement across the brain parenchyma, which therefore 

contributes to the imbalance of the CSF flow and ultimately to the clearance process. Further 

studies using the NODDI compartmental methods to assess the microstructural alteration in 

neuroinflammation conditions are advisable.  

To extend the investigation of the association between the free water volume and the 

CP volume, the study did not find a significant correlation between the free water volume in 
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any of the ROIs and the CP volume. However, the CP volume was found to positively correlate 

with the free water volume in the total grey and white matter: (r = 0.25, p = 0.005) and (r =  

0.24, p = 0.008), respectively. The correlation remained when the study was restricted to the 

depression groups with high and low CRP in the grey matter (r = 0.32, p = 0.004) and white 

matter (r = 0.25, p = 0.03). The associations between the CP volume and the free water in the 

grey and white matter did not survive the multiple correction tests. Furthermore, the whole 

brain voxel-wise analysis demonstrated that some clusters in the free water map are associated 

with CP enlargement (Chapter 4, Discussion). No previous study has been found which has 

tested the association between CP enlargement and the increase of the free water volume. The 

choroid plexus is involved in water and ion regulation in the brain, which contains the 

aquaporin 1 water channel, as well as the vasopressin receptor (Wolburg and Paulus, 2010). 

Vasopressin is a hormone released by the pituitary gland that regulates the water/ion balance in 

the CNS (Kozniewska and Romaniuk, 2008). Its receptors are highly distributed throughout 

the different structures of the brain, including the choroid plexus (Kozniewska and Romaniuk, 

2008). Different studies confirm an increase in vasopressin and its receptors following strokes 

and subarachnoid haemorrhages which induce oedemas (Barreca et al., 2001, Kozniewska and 

Romaniuk, 2008). It is important to note that stroke patients demonstrated CP enlargement 

(Egorova et al., 2019), and post-stroke patients who showed depressive symptoms also revealed 

an increase in free water (Oestreich et al., 2020). The association between the free water 

clusters and the choroid plexus volume indicates that neuroinflammation is associated with 

changes in the CSF structural system and may therefore alter CSF clearance. Further research 

is needed to investigate the other compartments of NODDI in terms of different 

neuroinflammation conditions in order to assess how neuroinflammation may change the 

microstretches and consequently alter CSF clearance. More research is also needed to explore 
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NODDI measures and use them as an alternative biomarker for neuroinflammation. These 

findings showed a link to neuroinflammation, but not particularly to depression.   

  

6 Research implications  

The results from this project have highlighted several findings relating to CSF 

clearance, specifically in relation to assessing CSF dynamics through the PET signal in the 

lateral ventricles. Additional research on PET tracers combined with a kinetic compartmental 

method using blood sampling in depressed patients may provide an accurate magnitude for the 

solute measure, including a tracer rate across tissue and blood, ultimately percolating into the 

lateral ventricles. Although the PET quantification method based on reference regions 

simplifies the experimental procedure and avoids the need for arterial blood sampling, it is 

unable to return a full compartmental description of the system under investigation. The CSF 

clearance measures in this project were found to reduce when systemic inflammation increased. 

Future research also needs to investigate CSF clearance in chronic inflammation conditions, 

considering that the onset and duration of the disease may help to understand the mechanism 

of how mild neuroinflammation reduces CSF clearance. In terms of the choroid plexus volume 

measurement, developing an accurate automatic technique to segment the choroid plexus and 

extract the volume using structural MRI may provide an accessible and fast method to calculate 

the choroid plexus volume in a larger sample size. The findings from this project have 

confirmed the role of the choroid plexus in mediating neuroinflammation and the CSF 

clearance process. Further studies are needed to assess the choroid plexus in different 

neuroinflammation states and their individual relations with the peripheral and central 

inflammation markers. Indeed, using the NODDI technique to extract the microstructural and 

free water volume is a revolution in neuroimaging. NODDI is a fast and safe procedure that 

allows for the extraction of the structural and functional alterations linked to brain 

inflammation. Further research needs to design studies which analyse the NODDI 



   137  

compartments in different neuroinflammations in order to be used as an alternative biological 

marker for brain inflammation.  

7 Clinical implications  

Although the findings of this project did not find a link to depression, the greatest 

clinical implication of this study is the exploration of a new peripheral-to-central inflammation 

model. This model will help to enhance our knowledge about the mechanism of inflammation 

in depression, as well as develop therapeutic targets, and biomarkers particularly in depression 

patients with antidepressant resistance. Furthermore, as the results of this project support the 

contribution of inflammation in the aetiology of depression, this model suggests the possible 

use of anti-inflammatory medication alongside the standard antidepressant drugs, which may 

increase the efficacy of the standard antidepressant medication, especially for treatment 

resistant depression patients.     

8 Limitations  

Several limitations in this work need to be considered. This is a summary of all of the 

limitations of this project. Firstly, methodological challenges were found in the quantification 

of the [11C]PK11195 PET signal percolation in the lateral ventricles in Study 1 (Chapter 2).  

The lack of arterial blood sampling made it impossible to estimate the tracer kinetics in blood 

(e.g. plasma-to-blood ratio, free plasma fraction) and quantify the blood-to-brain transfer 

exchange kinetic rates. The simplified procedures used in the study, based on a reference region 

approach (i.e.  SUVR and DVR), may underestimate the signal magnitude in the lateral 

ventricles. This may explain the lack of significant difference between the groups, although the 

depression group showed a modest increase of the [11C]PK11195 PET signal compared to the 

healthy control group (Schubert et al., 2021b). We compensated for this limitation by using 

another dataset composed of 7 healthy volunteers challenged with IFN-⍺. The PET images of 
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the7 healthy volunteers who were injected with [11C] PBR28 were re-analysed to test the effect 

of an increase in the systemic inflammation marker in the tracer which percolates into the 

lateral ventricles from the brain tissue and blood, using arterial blood sampling. Both the 

compartmental modelling and the simplified metric SUVR demonstrated an inverse association 

with the PET signal in the lateral ventricles and a high CRP, although no increase in the TSPO 

PET in the brain was detected (Nettis et al., 2020). 

   TSPO expression in the brain showed individual variability (Notter et al., 2018), and 

it was involved in the synthesis and metabolism of the neuroactive steroid, which was affected 

by age and hormonal steroid function (Giatti et al., 2019). The TSPO is involved in cholesterol 

transportation across the mitochondrial membrane, which is essential for steroid production 

(Papadopoulos et al., 2006). A preclinical study of rat brains showed higher TSPO expression 

in some regions of male rat brains than female ones, while other brain regions demonstrated 

similar TSPO levels in both males and females (Giatti et al., 2019); another study showed 

differences in microglial cells between male and female mice, which indicated sex-specific 

gene expression (Villa et al., 2018). On the other hand, human studies had mixed results in the 

expression of the TSPO PET signal in terms of sex: no significant differences were found 

between males and females; however, a study with a small sample size found a higher signal 

in females compared to males (Notter et al., 2018, Paul et al., 2019, Collste et al., 2017). 

Similarly, there were significant differences between males and females in TSPO levels in 

all brain areas, and females had higher TSPO binding levels (Tuisku et al., 2019). In this 

project, the TSPO PET signal did not significantly differ between males and females in the 

whole group or independently in the healthy control or depressive group. The results were 

tested before and after controlling for the sex, and they were unchanged. Fewer males were 

studied than females in this project; however, the sex was matched and not significantly 

different between the healthy control subjects and depressive sufferers. It would be beneficial 
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to have an equal number of males and females for further assessment of the impact sex has on 

the TSPO PET signal.   

Another limitation of this study is related to incomplete information about the onset and 

duration of depression in the patients. This information may help to evaluate the structural 

changes in the brain tissue and measure the CSF clearance markers in both the early phase of 

the inflammation and throughout its lifetime in depressive patients. Also, the lack of CSF 

cytokines and CSF composition impeded us in terms of assessing the association between the 

central inflammatory cytokines and the blood-to-CSF exchanged marker. Moreover, a CSF 

composition may help to show whether the alteration of the permeability barriers may alter the 

CSF composition. In terms of the treatment response to the antidepressant medication, 

depressed patients who responded to the antidepressants were excluded from the study’s 

recruitment in line with the study design. The missing information regarding this group 

prevented us from assessing the effect of the medication on the CSF clearance. It should, 

however, be noted that some antidepressant medication plays an inflammatory role and has 

shown a reduction in some peripheral inflammatory cytokines in depressed patients  

(Więdłocha et al., 2018), in addition to reducing depressive symptoms (Hannestad et al., 2011). 

The depression cohort in this project was categorised into two groups based on CRP level, and 

the recruitment included only untreated and treatment-resistant patients, while the treatment 

responsive were excluded due to their low CRP level.   

An additional limitation is the potential introduction of bias due patient subgrouping 

based on continuous variable dichotomisation, as it is the case for low and high CRP MDD 

groups. This effect can be mitigated by increasing the number of categories, but information 

within each category is always ignored. Therefore, participants above or below a certain 

threshold are treated equally, despite the possibility of greatly differing outcomes (Naggara et 

al., 2011).  Indeed, the use of a hard CRP threshold for the analysis of inflammation in 
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depression has been the subject of much debate (Munkholm and Paludan-Müller, 2021, Nettis 

et al., 2021b). The likelihood of a subgroup effect being real depends upon a variety of factors, 

and may be considered as a continuum ranging from very unlikely to highly plausible 

(Munkholm and Paludan-Müller, 2021). In terms of the CRP cut-off point, previous research 

on depression has demonstrated some variability in the group stratification based on the CRP 

level, although the predefined limit used was originally suggested by the American Society of 

Heart Disease for the evaluation of systemic inflammation, and thus may have reduced 

relevance (Raison et al., 2010, Uher et al., 2014, Wysokiński et al., 2015, Wium-Andersen et 

al., 2013). Additionally, the suggested threshold aligns with the idea that CRP levels above 3 

mg/L indicate low-grade inflammation, which is linked to an increased risk of cardiovascular 

and depressive disorders, and has been associated with higher central inflammatory markers 

and treatment resistance in depression (Nettis et al., 2021b). in the BIODEP study, the 

researchers who participated in the study considered the CRP level threshold during data 

analysis before data collection was completed, following the method applied in a previous 

study (Nettis et al., 2021a). Since CRP levels are assessed in many local laboratories, group 

categorisation can be supported. CRP is produced by the hepatic cells and promoted by the 

elevation of cytokines, including IL-6 (Kimura and Kishimoto, 2010); therefore assessment of 

the relative immune cytokine was deemed relevant to this study. 

Another limitation was the use of manual segmentation for the choroid plexus (Study 2 

in Chapter 3). While this is still considered the gold standard for choroid plexus neuroimaging 

studies at the moment (Tadayon et al., 2020), it is time-consuming and difficult to apply to a 

larger sample size. Automated segmentation methods for the choroid plexus exist and allow 

one to investigate the choroid plexus volume in larger sample sizes (Lizano et al., 2019). 

However, they have repeatedly been found inaccurate for some brain regions with an undefined 

contrast, including the choroid plexus (Guenette et al., 2018). The improved auto-segmentation 
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methods which were developed using the Gaussian Mixture Model (GMM) performed better 

in terms of the choroid plexus segmentation and have a high similarity to the manual 

segmentation method (Tadayon et al., 2020). This was applied in Study 3 (Chapter 4) of this 

project in order to calculate the choroid plexus volume.   

 Finally, sociodemographic factors, including age, sex, and BMI, and the lack of  

standardisation in the multi-scanner MRI may contribute to collinearity in the third study of 

this work.   

9 Future research   

The findings of this work motivated me to continue investigating the CSF dynamic in 

other neurological and neuropsychiatric disorders which have shown an alteration in the 

choroid plexus and are linked to neuroinflammation. Further neuroimaging methods such as 

the use of a CSF contrast enhancement via MRI to assess the CSF clearance, or the use of non-

invasive methods such as applying multiple echo time (multi-TE) to arterial spin labelling 

(ASL) to measure the CSF flow (Ohene et al., 2019), may enrich our existing knowledge about 

therapeutic drug delivery in the CNS (Ringstad et al., 2018). The combined PET and MRI 

methods may provide strong evidence of the CSF clearance markers.   

CSF clearance pathways have been known to extend and increase the clearance process 

during natural sleeping periods and general anaesthesia. It would be beneficial to extend the 

investigation of the CSF clearance markers using the PET and MRI methods for subjects 

suffering from sleep disorders. The results of the free water volume studies should encourage 

further investigation into the NODDI compartment in acute and chronic neuroinflammation 

conditions in order to assess how inflammation changes the microstructures. Additionally, there 

should also be further research into how antidepressant drugs induce an alteration of the brain 

tissue (Korgaonkar et al., 2015) and manipulate the inflammation level in depressed patients. 

It would be useful to examine the NODDI compartments in drug-naive and clear treatment 
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responses in depression groups. Finally, as the choroid plexus seems to respond to chronic 

inflammation, it would be valuable to conduct a longitudinal study to assess the choroid plexus 

volume and its association with peripheral and central inflammation markers.  

10 Conclusion  

Overall, this study has explored, for the first time, the CSF-mediated clearance levels in 

depression by using neuroimaging. The results show a reduction in the blood-to-CSF exchange 

measured by the PET signal perfused in the lateral ventricles as the marker of CSF clearance, 

as previously proposed for different neuroinflammation conditions (De Leon et al., 2017, 

Schubert et al., 2019). The choroid plexus enlargement also suggests some structural changes 

linked to the lateral ventricles PET signal and neuroinflammation markers. The results also 

support the argument that changes in these measures can be associated with peripheral and 

central inflammation markers, but not necessarily with depression. Future research might focus 

on expanding the investigation of the lateral ventricles PET signal and its association with 

different parenchymal changes, including the choroid plexus and the permeability barriers in 

several neuroinflammation conditions. Such future research might help us to understand how 

inflammation might relate to solute clearance and ultimately to brain homeostasis, as well as 

potentially providing new insights into therapeutic targets in neuroinflammation conditions.  
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12 Appendix   

 

Appendix A:   

Increased serum peripheral C-reactive protein is associated with reduced 

brain barriers permeability of TSPO radioligands in healthy volunteers 

an depressed patients: implications for inflammation and depression  
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Appendix B:   

Choroid plexus enlargement is associated with neuroinflammation and reduction of blood brain barrier 

permeability in depression  
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