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 Introduction 

1.1 Brain tumours 

1.1.1 Epidemiology and classification 
From all the cancer cases diagnosed each year in the world, less than 2% correspond to Central 

Nervous System (CNS) tumours, which are responsible for a mortality rate of 2.3% of all cancer 

patients [1]. However, this scenario changes when considering children or young adults, for 

whom higher mortality values can be observed [2]. 

Incidence rates of CNS tumours in 2012 (GLOBOCAN-IARC data available online [1]) were lower 

in less developed countries (3 per 100,000) than in more developed countries (5.1 per 100,000) 

(Figure 1.1). This lower incidence in less developed countries is probably related to the limited 

access to diagnostic techniques currently used to identify and follow up these tumours, with low 

availability in these countries. 

 

Figure 1.1: Incidence age-standardised rate (ASR) of brain and central nervous system tumours per 100,000 

inhabitants in both sexes worldwide estimated by the GLOBOCAN report [1]. 

Brain tumours are a designation for CNS tumours emerging in intracranial regions: in brain itself, 

cranial nerves, meninges, skull, pituitary and pineal gland. Primary brain tumours originate in 

the brain, whereas secondary brain tumours have a metastatic origin, resulting from cancers 

which origin is located in other organs. Tumours that can metastasize to the brain are mainly 

from lung (40-50%), breast (15-25%) and melanoma (5-20%), with a median survival from 2  to 

16 months [3].  
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1.1.2 Grading and Incidence 
Brain tumours are categorized according to the World Health Organization (WHO) Classification 

of Tumours of the Central Nervous System [4, 5] which classifies them based on the type and 

location of originating cells, and a grade is assigned (grade I - grade IV) based on predicted clinical 

behaviour [4]. However, new updates are changing the paradigm of classification, introducing 

new entities that are defined by both histology and molecular features [5]. 

The degree of malignancy is based on histopathological criteria: nuclear atypia, mitotic activity, 

endothelial hyperplasia and necrosis, which indicate tumour growth and spreading, and 

predicting patient survival. Combining all these characteristics, a scale of four grades of 

malignancy of tumours was stablished [4]: 

Grade I: Low proliferative potential, diffused nature. The tumour may be cured by 

surgery (e.g. pilocytic astrocytoma, meningioma). 

Grade II: Infiltrating tumours with low proliferative activity and potential of recurrence 

after surgery. Most of them tend to progress to high grade lesions (e.g. diffuse 

astrocytomas and oligodendrogliomas). 

Grade III: Histological evidence of malignancy:  nuclear atypia, elevated mitotic activity, 

clearly expressed infiltrative capabilities and anaplasia (e.g. anaplastic 

oligodendroglioma). 

Grade IV: Mitotically active with vascular proliferation, necrosis and generally associated 

with a rapid preoperative and postoperative progression of disease and fatal outcome 

(e.g. glioblastoma (GB), medulloblastoma). 

According to the Central Brain Tumour Registry of the United States (CBTRUS) Statistical Report 

(Primary Brain and Central Nervous System Tumours Diagnosed in the United States) [6], non-

malignant brain tumours (grade I) represent a 67.2% of incidence whereas malignant brain 

tumours (grades II to IV) represent 32.8% (Figure 1.2.A). 
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Figure 1.2: Distribution of A. Primary Brain and CNS Tumours by behaviour (malignant vs benign). B. 

Distribution of malignant primary brain and CNS tumours by histology subtypes (Adapted from [6]). 

The most common primary malignant brain tumours are gliomas, mostly GB and other 

astrocytoma types (Figure 1.2.B). Gliomas are tumours which originate from glial cells or their 

less differentiated precursors that infiltrate the surrounding brain tissue. They are classified in 

different groups taking into account the cell type they originate from (Figure 1.3) [7], their 

location (supra/infratentorial) and their grade.  
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Figure 1.3: Common progenitor cells are thought to produce neuronal and glial progenitors that eventually 

differentiate into mature neurons, astrocytes and oligodendrocytes. A selection of likely candidates for 

each tumour type (dashed arrows) is indicated (figure adapted from [7]). 

 

1.1.3 Glioblastoma (GB) 
Glioblastomas account for 46.1% from all malignant primary brain tumours (Figure 1.2.B) [6]. 

The survival rates for glioblastoma are low, with a median survival of 14.6 months even when 

aggressive therapy is applied [8], and only 5.1% of patients survive 5 years post diagnosis [6, 9]. 

In addition, malignant brain tumours such as GB present one of the highest average of years of 

potential life lost (YPLL) reaching 19.93 years [10], which inevitably implies a problem with high 

social impact.  Due to the poor prognosis and such high social impact, there is an urgent need of 

methods to improve patient management. Improving aspects of detection, diagnosis, treatment 

and especially the therapy response follow-up enlarging the corresponding decision-making 

frame would be useful in this context.  

Glioblastomas are heterogeneous tumours. This heterogeneity can be observed inter-tumour 

by identification of different somatic mutations and copy number alterations, differences in the 

expression profiling, differences in epigenetics and in histopathological studies, the number of 

mitosis and the distributions of cell density, calcification, vascularization and necrosis, 

heterogeneity of cancer stem cells (CSC) and in the microenvironment [11]. However, tumour 

heterogeneity is also observed within each tumour. Intra-tumour heterogeneity in molecular 

profiles have been observed, such as described in [11] revealing that a single tumour mass 
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analysed by transcriptomics can be classified into at least two different GB subgroups. Still, 

different subclones of CSC of the same tumour mass could develop different phenotypes and 

proliferative potentials when implanted in NOD-SCID mice [12, 13]. This intra-tumour 

heterogeneity in glioblastoma could explain the difficulties observed in the validation of 

oncologic biomarkers, the selection of patients for single target therapies, treatment failure or 

drug resistance [14, 15]. The other important point related to treatment failure is the 

immunosuppressive environments which have long been recognized for GB [16], which is also 

able to reprogram glioma-associated microglia/macrophages, evading drug effects [17]. As it 

has been mentioned, CSC are highly related with the intra-tumour heterogeneity. The CSC 

hypothesis proposes that neoplastic processes are heavily dependent on a small CSC population 

which are characterized for having self-renewal and multipotency properties and for being 

resistant to conventional therapy [18]. Related to this hypothesis, there is some evidence that 

also the specialized microenvironment (niches) of this CSCs is crucial for maintaining their 

cellular characteristics, especially the vascular area of the subventricular zone (SVZ) where 

normal neural stem cells are located [19]. 

1.1.4 Brain tumour diagnosis  
Until evident clinical symptoms occur in patients, brain tumours are not usually diagnosed and 

that is why their detection corresponds to a late stage. This late detection occurs mainly because 

the absence of pain receptors in the brain allowing the tumour to grow “silently”. Common 

symptoms of brain tumours are: headache, nausea, vomiting, seizures, memory loss and altered 

mental functions (personality changes, respiratory arrest or even coma episodes). These are 

common signs that can manifest when intracranial pressure rises due to mass effect of the lesion 

[20]. For a confident diagnostic, appropriate brain imaging is needed. Computed Tomography 

(CT), Positron Emission Tomography (PET), Magnetic Resonance Imaging (MRI) could be used, 

although the technique of choice is usually MRI due to the high level of anatomical detail 

provided. In addition, acquisitions with exogenous contrast administration can be performed to 

assess contrast uptake by tumours and estimate the grade of the lesion (see section 1.2.1.1). 

Magnetic Resonance Spectroscopy (MRS) can provide metabolic information of tumour 

environment but it is not included in the diagnostic pipeline of most clinical centres, as most 

radiologists are not properly trained to process/interpret MRS data (see section 1.2.1.2 for a 

more comprehensive description of NMR and its biomedical applications as MRS/MRSI).  

However, apart from the non-invasive diagnostic, a histopathological analysis from a tumour 

biopsy or surgical sample (the gold standard method yet) is needed to evaluate the tumour 

grade and classification. 
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1.1.5 Therapy for Glioblastoma 
The standard clinical treatment for GB is surgical resection followed by combined radiotherapy/ 

temozolomide (TMZ) chemotherapy, plus several adjuvant TMZ chemotherapy cycles, as 

described by [8] and which provides the best survival rate in clinical patients.  Unfortunately, 

tumours become rapidly resistant to the applied therapy [12] and relapse is the norm. 

1.1.5.1 Surgical resection 

The current standard of care for newly diagnosed GB is surgical resection to the extent feasible. 

Its principal objective is to remove as much tumour mass as possible to get a better survival [21]. 

In addition, a complete removal of the tumour mass without compromising neurological 

functions would be the ideal situation. In case of high grade gliomas, surgery may be insufficient, 

mainly due to tumour infiltration. Advances in neurosurgery such as minimally invasive 

neurosurgery [22], brain mapping [23], intraoperative MRI [24] and labelling tumour cells with 

special agents as 5-aminolevulinic acid [25] have helped to improve tumour resection 

effectiveness and safety. However, despite these achievements, complete resection in a high 

grade glioma is almost impossible due to its highly infiltrative pattern.  For this reason, after 

surgery, adjuvant radiotherapy and/or chemotherapy must be administered. 

1.1.5.2 Radiotherapy 

Radiotherapy is an important tool in the treatment for survival improvement of patients. The 

effects of the irradiation of the cells structures, especially DNA, are cell death, chromosomal 

aberration and DNA damage, which could result either from the direct ionization, or indirectly, 

through the generation of reactive oxygen species produced by radiolysis of water, breaking the 

DNA covalent bonds. In addition, its effects over the immune system and impact in therapy 

response are also being studied nowadays [26]. The handicap of radiotherapy is that apart from 

damaging tumour cells, also healthy cells are affected [27]. Healthy cells can repair themselves 

efficiently, keeping their normal function, whereas tumour cells in general are not as efficient as 

normal cells repairing the damage caused by radiation, and this results in a differential cell killing 

[28]. The delineation of the irradiation zone, avoiding the normal brain tissue is an important 

aim that has been improved with the help of stereotactic radiosurgery and computerized 

systems [29]. Apart from MRI, other non-invasive techniques as MRS, MRSI, perfusion or 

diffusion MRI are useful to help discriminating between tumour and healthy brain and can also 

help in delineation [30, 31]. However, GBs often reappear after radiotherapy treatment as focal 

masses [32] probably due to a subset of resistant CSC leading to regrowth and relapse. In this 

sense, it has been reported that some CSC of GBs develop radio-resistance by activation of DNA 
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damage response [14] and also by hypoxia and inflammatory processes generated when the 

tumour microenvironment is irradiated, also leading to radiotherapy resistance [28].  

1.1.5.3 Chemotherapy 

The objective of the chemotherapeutic agents is to eliminate the tumour or at least to stabilize 

the disease controlling the tumour growth and improving patients’ quality of life. Nevertheless, 

the major problem with chemotherapy for brain tumours is reaching an effective dose within 

the tumour due, for example, to bad perfusion or collapsed and aberrant blood vessels [33], as 

well as the challenge of crossing the blood-brain barrier (BBB). 

Temozolomide 

Standard chemotherapy for brain tumours is based mainly on alkylating agents, such as 

temozolomide (TMZ), which is at present the most effective drug for the treatment of human 

GB [8, 34]. Other authors have also reported its effectiveness in preclinical models [35] being 

usually dissolved in dimethyl sulfoxide (DMSO), before being administered intragastrically [36], 

as opposed to patients in which capsules or powdered form for dissolution are available. This 

group of medications is also one of the few with the ability to penetrate the BBB, achieving 

therapeutic concentrations in cerebrospinal fluid and brain parenchyma, although in case of GB 

the BBB is disrupted [37].  

The TMZ itself is not responsible for the therapeutic effect. After oral uptake, TMZ is 

spontaneously hydrolysed to its active form, 5-(3-methyl-triazen-1-yl)imidazole-4-carboxamide 

(MTIC). In turn, MTIC is rapidly converted to the inactive 5-aminoimidazole-4-carboxamide (AIC) 

and to the electrophilic alkylating methyldiazonium cation that may transfer a methyl group to 

DNA and these DNA-methyl adducts are responsible for its therapeutic effect. The primary 

responsible for the therapeutic effect of TMZ is the O6-methyl-guanine (O6-meG), although it 

only accounts for 5% of DNA adducts [38]. The O6-meG  lesion may lead to DNA double strand 

breaks (DSBs) and subsequent cell death via apoptosis and/or autophagy [38], although 

unpublished data from our group and recent data regarding calreticulin exposure [39] (see also 

section 1.1.6) would point to that other effects apart from direct cell killing are responsible for 

TMZ effects over tumour response.  

The resistance to alkylating agents such as TMZ observed in some GBs could be at least partially 

due to MGMT (O6-meG-DNA methyltransferase) overexpression. MGMT repairs the O6-meG 

lesion by transferring the methyl group from the adduct to its own cysteine residue and then, 

methylated MGMT is degraded and new MGMT protein must be synthesized in order to 

continue repairing DNA. In the same line, better response to therapy with TMZ has been 
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reported in patients who presented the MGMT promoter silenced by methylation [40]. If not 

repaired, alkylated bases cause replication interruption and collapsing of the replication fork, 

generating single-strand breaks (SSBs), which ultimately would induce double-strand breaks 

(DSBs) (see scheme in Figure 1.4). It is possible that the activation of SSB and DSB repair 

pathways also decrease the cytotoxic effect of TMZ  [41]. 

 

Figure 1.4: TMZ activation and resistance pathways scheme. O6-meG DNA adducts account for only 5 of 

TMZ-induced DNA lesions, but they are thought to be responsible for its cytotoxic effect. MGMT repairs 

the lesions, resulting in resistance to TMZ. If MGMT is depleted or suppressed by methylation of its gene 

promoter, cytotoxicity of TMZ is enhanced. MMR recognizes the abnormal base pairs containing O6-meG, 

eventually leading to DNA DSB and cell death. N3-meA and N7-meG adducts are also cytotoxic, but are 

usually repaired by the BER system. It is possible that SSB and DSB repair pathways are activated and 

diminish the cytotoxic effects of TMZ. BER: base excision repair, DSB: double-strand break, MGMT: O6-

methylguanine-DNA-methyltransferase, MMR: mismatch repair, N3-meA:N3-methyl-adenine, N7-

meG:N7-methyl-guanine, O6-meG:O6-methyl-guanine and SSB: single-strand break. Adapted from [41]. 

Other chemotherapeutic approaches 

Besides TMZ therapy, there are other therapeutic strategies that target intracellular signalling 

pathways determining the key functions of tumour biology, such as proliferation and apoptosis 

or angiogenesis. Those are considered after failure of standard treatment. Two main pathways 

that are targeted are the vascular endothelial growth factor (VEGF) or the endothelial growth 

factor (EGF) and its receptor (EGFR), which is a promoter of numerous effects at cell 

proliferation, invasion and angiogenesis levels [42]. Among the developed drugs to act on these 

signalling pathways, Bevacizumab (monoclonal antibody against VEGF, that targets 
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angiogenesis) added to chemo-radiotherapy with temozolomide is under study in first-line 

glioblastoma treatment. Results demonstrated an increase in progression-free survival, but not 

in overall survival with the addition of Bevacizumab [43, 44]. 

Alternative treatment with BCNU (bis-chloroethylnitrosourea, o carmustine), which is also a 

DNA alkylating agent [45] is applied in some cases, although inconclusive trials give it a lower 

level of evidence, which in addition to considerable toxicity described, discourage the massive 

application of this treatment [46].  

1.1.6 Role of the immune system in brain tumours 
Research over the past decades have  demonstrated that immune system not only interacts with 

developing neoplasms, but it is also able to eliminate damaged cells which are more prone to 

become malignant (which is known as anticancer immunosurveillance) [47] and it has been 

observed that the immune system also plays an important role in the response to treatment in 

several malignancies [48]. The development of effective antitumour immune response relies on 

coordinated interactions of host immunocompetent cells and generation of tumour antigen-

specific cytotoxic T lymphocytes (CTLs), which play a relevant role in the defence against cancer 

recognising specific antigens presented on the surface of transformed cells. To become 

competent killer cells, naïve lymphocytes require priming by dendritic cells (DCs), which are 

antigen-presenting cells (APCs), as well as support from CD4+ T-cells (helper). 

Malignant cells express pathogen-associated molecular patterns (PAMPs) that can be 

recognized by DCs precursors, triggering the local release of cytokines and chemokines which 

result in the recruitment and activation of innate immunity effector cells. On the other hand, 

DCs engulf dying tumour cells and develop a maturation process, then they migrate to regional 

lymph nodes (LN) where they present the processed tumour-derived peptides to naïve T and B 

lymphocites, which are activated in case of antigen match (CD4+ helper T lymphocytes or CD8+ 

T lymphocytes). Then, activated clones of T lymphocytes expand and leave LNs infiltrating 

tumour tissues and eventually getting activated to mediate effector functions (scheme in Figure 

1.5) [49].  

Still regarding immune system in response to therapy, it should not be neglected that the 

percentage of tumour-associated macrophages can be as high as 30% of the abnormal mass 

[50], constituting a cell population with high plasticity. In response to various signals, 

macrophages undergo M1 (anti-tumour) or M2 (pro-tumour) polarisation, which in fact 

represents extreme situations of a continuum of activation states having relevant roles in 

response to therapy.  
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Finally, it is worth remembering that the process called “immunogenic death” could be also 

relevant in the recruitment of immunological response against the tumour [51, 52]. TMZ has 

been suggested as one of the chemotherapeutic agents which trigger immunogenic death after 

its administration [39].  

 

 

Figure 1.5: Scheme of the cycle for immune response against a tumour. The malignant cells may express 

pathogen-associated molecular patterns (PAMPs) that can be recognized by pattern recognition receptors 

(PRRs) on dendritic cells (DCs) precursors, triggering the local release of cytokines and chemokines. Then, 

DCs migrate to local lymph nodes (LN) and present processed tumour-derived peptides to naïve T and B-

lymphocytes, which are then activated in case of Antigen (Ag) match to become plasma cells producing 

antibodies and CD4+ helper T lymphocytes or CD8+ T lymphocytes. CD8+ T lymphocytes leave LN to 

infiltrate tumour tissues and exert effector functions once activated to cytotoxic T lymphocytes (CTLs) by 

encounter with target cells. Immunotolerance may be induced by downregulation of cluster of 

differentiation 5 (CD5) in CTLs infiltrating the tumour causing activation-induced cell death (AICD). FASL: 

FAS ligand, MHC: Major histocompatibility complex, Mφ: macrophages, NK: natural killer, NKT: natural killer 

T, TCR: T-cell receptor, and Treg: Lymphocyte T regulatory. Taken from [49]. 
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Nevertheless, multiple immune suppressive mechanisms which may inhibit T cell function in 

cancer have been described [53]. For instance, GB tumours secrete immunosuppressive factors 

which accumulate in the tumour microenvironment [54], as transforming growth factor beta 

(TGF-β) and VEGF (which suppress T cell proliferation and cytotoxic function) [55]. In addition, it 

is known that T cell unresponsiveness occurs during the growth of hematologic and solid 

tumours in complex microenvironments which can strongly influence the growth and 

progression of the tumour cells and can act as a barrier, limiting the efficacy of cancer 

immunotherapy [56]. Moreover, most of the antigens expressed by tumour cells are also 

expressed in normal cells resulting in immunotolerance and failure of the immune system, 

allowing the development of solid tumours [56] and various immune escape mechanisms have 

been described for some tumour types [57].  

Accordingly, efforts have been made to use the immune system as therapy against cancer, 

improving the patient immune response to a tumour. In the case of GB, immunotherapy 

approaches are being tested in early-stage clinical trials using different strategies such as cancer 

vaccines, oncolytic virus therapy, adoptive cell therapy, monoclonal antibodies, amongst others 

[58–63]. Another approach is the “metronomic therapy” based on equally spaced, low, 

minimally toxic doses of chemotherapeutic drugs without extended rest periods which 

effectivity is related with the immune system activation that enhance tumour regression and 

prevent tumour regrowth [64, 65].  

Studies carried out in preclinical GL261 GB tumours growing subcutaneously in 

immunocompetent mice, showed that metronomic therapy with cyclophosphamide (CPA) was 

able not only to activate antitumour CD8+ T cell response, but also to induce long-term, specific 

T-cell tumour memory [66]. Regarding clinical patients, CPA and also TMZ metronomic low dose 

schedules have demonstrated satisfactory results [67–69].This complex interplay between 

immune system recruitment and modulation should not be neglected during treatment, and it 

would be useful to develop a tool for therapy response monitoring that could provide 

information about proper immune system elicitation and action. 

 

1.1.7 Brain tumour follow-up 
Radiological and clinical guidelines are used to evaluate brain tumours response to therapy, 

especially through the application of the Response Assessment in Neuro-oncology (RANO) 

criteria [70] and Response Evaluation Criteria in Solid Tumours (RECIST) criteria [71].  

In the case of GB, follow-up is usually performed through MRI (see section 1.2.1 for biomedical 

applications of MR) exploration after the first round of therapy is applied (Figure 1.6). Normally, 
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the first follow-up study is carried out around 21-28 days after finishing the radiotherapy and 

then, every three months [72]. Therefore, large frames of time are needed to assess patient 

response to therapy, with the consequent delay in clinical decisions related to patient 

management, e.g. application of a second line therapy.  In addition, MRI information is not 

always precise enough and sometimes it could lead to misunderstandings due to 

pseudoresponse and pseudoprogression appearance [73]. In this case, further periods of time 

are needed for confirmation. However, it is widely accepted that changes in metabolite pattern 

(MRSI-detectable) should precede morphological changes (MRI-detectable). Accordingly, 

integrating the metabolite pattern information in the GB assessment pipeline could produce 

early warning of therapy response related changes relevant for patient management. Early 

detection of surrogate biomarker/s of therapy response should allow a proper evaluation of 

therapy response and, in some cases, lead to a change in the therapeutic strategy in order to 

combat regrowth/relapse. Improving such techniques for patient management would be of 

great interest for the clinical practice and probably would improve patient outcome. 

 

Figure 1.6:  Human GB therapy and follow-up current scheme [8]. Fractionated focal irradiation in daily 

fractions of 2 Gy given 5 days per week for 6 weeks, for a total of 60 Gy plus continuous daily temozolomide 

(75 mg/mm2) per day, 7 days per week from the first to the last day of radiotherapy), followed by six cycles 

of adjuvant temozolomide (150 to 200 mg/mm2 for 5 days during each 28-day cycle). MRI studies are 

indicated by red arrows, a first MRI study is carried out after tumour surgical resection and before starting 

further treatment. Then, the follow-up studies are performed first, around 21 to 28 days after the 

completion of radiotherapy and every 3 months thereafter. (Adapted from [74]). 
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1.1.8 Preclinical models of human glioma 
Due to evident ethical restrictions, it is not possible to perform repeated exams in patients with 

a brain tumour or to repeatedly collect biopsy samples at given time points of tumour growth/ 

progression for research purposes, especially if surgical resections or chemotherapy are feasible. 

For this reason, animal models of human brain tumours have been developed to facilitate the 

studies of tumour characterization, progression and response to therapy. There are several 

types of preclinical models of brain tumours (Figure 1.7) but the utility of any preclinical model 

depends on how closely it replicates the original human disease. Animal models of human 

glioma should be ideally orthotopic and reproduce characteristics such as infiltration in the 

cerebral parenchyma that characterizes their aggressiveness. Subcutaneous models are known 

to provide over-optimistic therapy response results with respect to intracerebral models [75] 

due to different micro-environment and are not always able to recapitulate the originating 

phenotype. In this sense, the use of ortothopic models should provide more realistic results.   

 

Figure 1.7: Preclinical cancer model scheme (obtained from [76]). The model studied in this thesis belongs 

to an implanted, orthotopic model from glioblastoma murine cells in C57BL/6J mice.  

For GB, the most widely used preclinical murine models are those induced by stereotactic 

injection of glioma cells into the brain parenchyma (orthotopic), either with cell lines from the 

same species (syngeneic or isogeneic in some cases)  or samples obtained from human tumour 

biopsies (xenogeneic, implanted in immune-deprived mice models). These immune-deprived 

mice models are used to evade immune response effects against the human implanted cells (as 

for example in [77]). However, the use of these models prevents the correct evaluation of the 

role of the immune system in either tumour progression or response to therapy. For example, 
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Nude mice are unable to generate T lymphocytes [78], whereas severe combined 

immunodeficient (SCID) mice possess a completely intact innate immune system but lack 

functional adaptive immunity (T and B cells) [79], and T cells have proven to be relevant in 

tumour therapy response [51] (see also section 1.1.6). Thus, it becomes clear that the use of 

immunologically intact mice is needed for a correct evaluation of the immune system 

participation in tumour response [80, 81]. Moreover, an increased understanding of genomic 

alterations in primary brain tumours has led to the development of highly characterized 

genetically engineered mouse (GEM) models based on specific genetic alterations observed in 

human tumours and preclinical models of GB have been reported to reflect the histology and 

biology of human GB. These models arise spontaneously along animal’s life, but the lack of 

standardization in these tumours (especially in relation to the time point of tumour initiation), 

make it difficult to achieve a homogeneous group of tumour-bearing mice to control therapy 

response effects [82].  

1.1.9 The GL261 murine model 
The immunocompetent GL261 mouse glioma line is one of the most widely used to study GB 

and is usually inoculated into the C57BL/6 strain, resulting in tumours with invasive and 

infiltrative characteristics similar to those of human GB [83]. The C57BL/6J sub-strain is the 

“original’’ Jax mouse strain [84], which was initially derived as C57BL in 1921 by Dr. CC Little, 

although it first appeared described in literature around 1935 [85].  

The GL261 model is one of the best characterised orthotopic allograft mouse models of human 

malignant glioma: it was generated first in the early 40’s [86, 87] and it would probably belong 

to the “venerable” (i.e. any long-transplanted tumour) tumour classes [88] where no or few 

immunological effects are expected against the tumour when inoculating these cells in 

immunocompetent mice. These tumours grow exponentially for about three/four weeks, killing 

the animals due to mass effect at the end on this period [83, 89]. Studies on gene alterations, 

immunological characteristics and radiation sensitivity demonstrate the utility of the GL261 

model to investigate the anti-tumour effect of various treatment strategies: immunotherapy, 

gene therapy, chemotherapy, radiotherapy or antiangiogenic therapy [83, 89, 90]. 
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1.2 Nuclear Magnetic Resonance (NMR) 

NMR was first described in 1946 by Edward Purcell and Felix Bloch, but it was in the middle of 

the decade of 1970’s when NMR started to be used in vivo, after gradient introduction into the 

magnetic field experiment, allowing to determine the location of the emitted signal and to 

reproduce it in an image.  During the decade of 1980’s, the first MR medical scanners became 

available for clinical use and since then, extensive MR-based applications have been developed 

(the word “nuclear” is usually omitted in clinical environments due to its negative and erroneous 

association with nuclear medicine and, therefore, ionizing radiation).  An extensive description 

of the physics behind the NMR phenomena is beyond the scope of this thesis and can be found 

in different sources such as [91]. 

1.2.1 Biomedical applications of MR: Magnetic Resonance Imaging (MRI) and 

Magnetic Resonance Spectroscopy /Spectroscopic Imaging (MRS/MRSI) 

1.2.1.1 Magnetic Resonance Imaging (MRI) 

The signal from the nuclei of hydrogen atoms (1H), which is abundant in the human body and 

has a single proton with a large magnetic moment, is used for image generation. In this sense, 

images are obtained from the body 1H signal present in the tissue (mostly water and in a lesser 

extent, fat). 

Three intrinsic features of a biological tissue, which contribute to signal contrast in MRI, are: 

A) The proton density, i.e. the number of excitable spins per unit volume in a given tissue, 

determines the maximum signal that can be obtained from a tissue.  

B) The T1 relaxation time constant of a given tissue, which is related to how fast the excited 

spins recover the original state and are available for the following excitation (related to 

spin-lattice relaxation, see next subsection).  

C) The T2 relaxation time constant of a given tissue, which mostly determines how quickly 

an MR signal fades after excitation (related to spin-spin relaxation, see next subsection). 

Proton density, T1 and T2 times are intrinsic features of biological tissues and may vary widely 

from one tissue to the next. Depending on which of these parameters is emphasized in an MR 

sequence, the resulting images differ in their tissues contrasts. This fact provides the basis of 

soft tissue discrimination in MR imaging (see examples in the subsection Repetition time (TR) 

and echo time (TE) in image acquisition). 
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Relaxation times 

T1 relaxation  

As transverse magnetization decays after an excitation, the longitudinal magnetization, Mz, is 

slowly restored. This process is known as longitudinal relaxation or T1 recovery (Figure 1.8). The 

nuclei can return to the equilibrium state only by dissipating their excess energy to their 

surroundings (“lattice”). The time constant for this recovery is T1 and it is dependent on the 

strength of the external magnetic field, β0, and the internal motion of the molecules (Brownian 

motion). Biological tissues have T1 values ranging from half a second to several seconds at 1.5 T.  

 

Figure 1.8: T1 relaxation time constant is defined as the time it takes for the longitudinal magnetization (Mz) 

to recover 63 % of the original magnetization after an excitation pulse. (Taken from [92]). 

T2 relaxation 

The T2 relaxation is the decay of transverse magnetization due to spin loss of coherence 

(dephasing). “Phase” refers to the position of a magnetic moment on its circular precessional 

path and it is expressed as an angle. Immediately after the excitation, the spins precess 

synchronously and are said to “be in phase”. This phase is gradually lost because some spins 

advance while others fall behind on their precessional paths. The individual magnetization 

vectors begin to cancel each other out instead of adding together, the resulting vector sum (the 

transverse magnetization) becomes smaller and finally disappears, and with it, the MR signal 

(Figure 1.9). Transverse relaxation differs from longitudinal relaxation in that the spins do not 

dissipate energy to their surroundings but instead, exchange energy with each other (interaction 

spin-spin). The coherence of spins is lost in two ways: 

A) Due to energy transfer between spins as a result of local fluctuations in the magnetic 

field. These fluctuations happen because spins randomly interact with each other 

(spin-spin interaction) and they precess faster or slower according to these magnetic 

field fluctuations. The final result is the loss of phase. 
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B) Due to inhomogeneities of the external magnetic field β0. These are intrinsic 

inhomogeneities that are caused by the magnetic field generator itself and by the 

sample being studied. These contributions induce to dephasing, resulting in a signal 

decay that is even faster than described by T2. This type of decay occurs with the 

time constant T2*, which is typically shorter than T2. Most of the inhomogeneities 

that produce the T2* effect occur at tissue borders, particularly at air/tissue 

interferences or are induced by local magnetic field inhomogeneities. 

 

Figure 1.9: T2 relaxation time constant is defined as the time that takes for the spins to de-phase to 37% of 

the original value (Mxy for time=0). Taken from [92]. 

The T1 and T2 relaxation times are completely independent of each other but occur more or less 

simultaneously, being T2 values always shorter than T1 (about a tenth of T1) in biological samples. 

Repetition time (TR) and echo time (TE) in image acquisition  

Choosing the correct parameters in the MRI acquisition is fundamental to interpret the intrinsic 

contrast produced. The parameter that influences most the contrast in T1 weighted MRI is the 

repetition time (TR), which is the length of the period between two excitation pulses. On the 

other hand, the parameter that determines the influence of T2 on image contrast is the echo 

time (TE) that is the interval between application of the excitation pulse and collection of the 

MR signal (Figure 1.10). 
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Figure 1.10: Scheme of the parameters TR and TE. TR is the period of time between two excitation pulses 

(in the figure, between two pulses of 90°) and TR is the period of time between a pulse application and the 

collection of the MR signal. (Adapted from [93]). 

Accordingly, different types of images can be obtained, depending on the predominant 

weighting given by different parameters in the acquisition sequence: e.g. proton density 

weighted images, T1-weighted (T1w) images, and T2-weighted (T2w) images, although a mixed 

contribution is always expected to the final signal as shown in Equation 1.1, where S is the signal 

and N is the Proton density. 

Equation 1.1 

In summary, the proper selection of acquisition parameters can emphasize one of the effects 

and diminish the others, as it can be seen in Figure 1.11. For example, a short TR will highlight 

differences between tissues with different T1 (tissues with short T1 would recover most of their 

signal appearing as hyperintense components in the image, and the other way round) in T1w 

images.  Regarding TE, a large value will highlight differences between tissues with different T2 

in T2w images: tissues with a large T2 will have spins still on phase after TE, and will appear 

hyperintense in the corresponding image, while tissues with short T2 will appear as hypointense 

zones.  Examples of different tissues’ appearance in T1w and T2w images (hyperintense or 

hypointense) are shown in Table 1.1. 
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Figure 1.11: Different image contrast obtained with combination of short or long TR and short or long TE 

values. A. T1w images use short TR and TE values. B. Proton density images use long TR and short TE values. 

C. Poor contrast is observed using short TR and long TE values. D. T2w images use long TR and long TE values. 

(Adapted from [93]). 

Table 1.1: Signal intensities of different tissues on T1 and T2-weighted images (adapted from [94]). 

Tissue T1- weighted image T2- weighted image 

Fat Hyperintense Hyperintense 

Aqueous liquid Hypointense Hyperintense 

Tumour Hypointense Hyperintense 

Inflammatory tissue Hypointense Hyperintense 

Muscle Hypointense Hypointense 

Connective tissue Hypointense Hypointense 

Hematoma, acute Hypointense Hypointense 

Hematoma, subacute Hyperintense Hyperintense 

Compact bone Hypointense Hypointense 
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Exogenous contrast agents  

The contrast observed in MRI is the result of the differences in the signal intensity between 

tissues and it is determined basically by intrinsic and extrinsic factors. These are, respectively, 

properties of the different tissues and properties of the MR scanner and acquisition parameters 

chosen. Nevertheless, sometimes the intrinsic tissue contrast is not enough to detect different 

pathological situations (e.g. tumours). For this, exogenous contrast agents (CA) can be 

administered in MR imaging to further enhance the natural contrast and additionally to obtain 

dynamic (pharmacokinetic) information. CAs basically interact with the surrounding hydrogen 

nuclei of the water or fat molecules in the tissue and alter their relaxation properties by 

shortening T1 and T2.  

A CA that accelerates the relaxation of nearby protons by withdrawing the excess of energy 

previously absorbed lead to a faster recovery of longitudinal magnetization. Accordingly, a 

hyperintense signal in seen in T1w images and it is called “positive CA”. Gadolinium-based CAs 

are examples of positive CAs [95] (Figure 1.12).  

 

Figure 1.12: A. T2w image and B. T1w image after Gadovist (Gadolinium based contrast agent) administration 

of a human GB (obtained from [96]). In T2w image, the hyperintensity area defines tumour and oedema. 

Meanwhile in T1w image after CA administration, the tumour area is better delimited. 

Contrast agents having high magnetic moment can lead to local field inhomogeneities and fast 

dephasing of the protons thus shortening T2. This phenomenon is known as magnetic 

susceptibility and becomes manifest as a pronounced signal loss that is best appreciated on T2w 

images. The CAs mostly producing signal loss are named negative CAs, such as iron oxide (SPIO) 

nanoparticles [97, 98] (see section 1.4). 
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Most of the clinically available CAs are not able to cross the intact blood brain barrier (BBB) but 

they can reach a lesion if BBB is disrupted as in GB tumours [37]. Gadolinium (Gd3+) is a trivalent 

lanthanide with paramagnetic properties and is one of the examples of CA that is widely used in 

the clinical practice. Most CAs used in patients are based on this metal, which is a CA used at 

small concentrations (0.1- 0.2 mmol Gd3+/kg). However, due to its elevated toxicity in free form 

[99], it is normally administered during MRI exams in the form of chelated compounds [95, 100, 

101], although even the chelated forms can lead to problems in renal failure patients [102]. For 

this reason, the use of non-toxic CAs is necessary and recently, this constitutes an important 

research field [103]. In addition, there are several studies about potentially non-toxic 

nanoparticles which can behave as dual CAs (i.e. positive and negative contrast behaviour) [104–

107] (see section 1.4). 

Finally, some approaches describe CAs which are able to target some tissue or cell 

receptors/structures apart from increasing the contrast. This could be useful for the 

simultaneous delivery of therapeutic agents to the tumour area and real-time tracking of their 

in vivo biodistribution [108–110] (see section 1.4). 

 

1.2.1.2 Magnetic Resonance Spectroscopy (MRS) 

MRS is an analytical method that enables the identification and quantification of metabolites 

and macromolecules and allows the biochemical characterization of tissues in vivo.  It differs 

from conventional MRI in that the MR spectra provides information of the biochemical 

environment, instead of anatomical information. 

Chemical shift 

When a tissue is exposed to an external magnetic field, its nuclei will resonate at a given 

frequency called Larmor frequency. This frequency can be affected by the chemical environment 

of the nuclei, resulting in a “shift” (slightly different resonance frequencies) expressed in parts 

per million (ppm) in comparison with a known reference. The expression of chemical shift 

position in ppm is independent of the field strength, making it easier for comparisons between 

different magnetic fields and it is expressed by the Equation 1.2: 
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   Equation 1.2 

 

Where δ is the chemical shift, ν sample is the resonant frequency of the unknown sample and ν 

reference is the reference frequency of a standard compound, measured in the same applied 
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field (B0). Conventionally, tetramethylsilane (TMS) dissolved in organic sample is used as a 

standard signal for this reference, which will have a chemical shift of zero.  

 

The MR spectrum is represented by the x-axis that corresponds to the frequency in ppm of a 

certain proton containing chemical group of a metabolite according to its chemical shift and the 

y-axis that corresponds to the peak amplitude (Figure 1.13). 

 

Figure 1.13: Example of a single voxel spectrum of a healthy human brain, y-axis correspond to amplitude 

and-x axis to the metabolites frequency. Major labelled resonances are indicated: Cr, total creatine (3.03 

ppm); Cho, choline (3.21 ppm); NAA, N-acetyl aspartate (2.01 ppm); Lac, lactate (1.31 ppm). Adapted from 

[111]. 

For in vivo 1H MRS acquisition, a volume of interest (VOI, named voxel), from which the spectrum 

will be acquired, is selected in the MRI acquisition. MRS can be acquired either in a single voxel 

format, or multivoxel format in which several voxels are selected allowing both metabolic and 

spatial distribution analysis.  Acquisition parameters such as TR and TE can also modify spectral 

appearance.  Short TEs (20-40 ms) present in general higher SNR in comparison with long TE, 

due to less signal losses in short T2 metabolites (e.g. lipids, macromolecules). On the other hand, 

some signals overlap at lower magnetic fields, which can make it difficult metabolite assignment 

and quantification. The use of long TEs would produce simpler spectra due to the filtering of 

short T2 signals, but with a lower SNR. The use of long TEs (135-144ms) will also modify the 

appearance of some signals, as for example lactate which would be inverted (allowing distinction 

of lactate and lipid signals which otherwise would overlap in the magnetic field used of in vivo 

acquisitions).  See examples of short and long TE spectra in Figure 1.14.  
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Figure 1.14: Spectral patterns and SD (grey shading) of GL261 tumours at two TEs (12 ms, left, and 136 ms, 

right) obtained from MRS explorations of C57BL/6J tumour bearing mice (n = 6). Major labelled resonances 

originate in Ala, alanine (1.45 ppm); Cr, total creatine (3.93 and 3.03 ppm); Cho, choline (3.21 ppm); Glx, 

glutamine and glutamate (3.77/3.75 ppm); Lac, lactate (1.31 ppm); Lac/ML, lactate and methylene group 

of fatty acyl chains in ML (1.31 ppm) ; mI+Gly, myo-inositol and glycine (3.55 ppm); NAc, N-acetyl-containing 

compounds (2.01 ppm); Tau, taurine (3.42 ppm). Modified from [112], (see original work for more detailed 

assignments).  

 

1.2.1.3 Magnetic Resonance Spectroscopic Imaging (MRSI) 

The MRSI acquires simultaneously multiple signals from a grid of voxels, being able to provide 

metabolic analysis from different regions of the studied tissue and adding spatial information  

[113] (Figure 1.15) Usually this technique is applied using 2D sequences in clinical [114, 115] and 

preclinical studies [116, 117].  The 3D-MRSI is also possible but these sequences are not yet 

implemented in most clinical scanners and their processing pipeline is not so straightforward. 

Also, the cubic shape of the VOI makes difficult the coverage of the edges of the brain [118], as 

well as it makes difficult to avoid the interface area among tissues which may decrease the 

spectral quality due to subcutaneous fat contamination [119]. Despite of these issues, 3D-MRSI 

clinical studies have been carried out in patients with GB in order to study the tumour or the 

treatment planning [30, 120–123].  
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Figure 1.15: MRSI acquisition from a mouse bearing a GL261 tumour in vivo at 7T. On the left, MRSI grid 

superimposed to the correspondent T2w image. On the right, magnification of the grid in which individual 

spectra can be seen. (Taken from [124]). 

MRS and MRSI are important tools for studying brain tumours [125, 126]. It has been also shown 

that the basal changes observed with MRS or MRSI can be enhanced through perturbation of 

the basal pattern (perturbation enhanced MRSI, PE-MRSI) with metabolic challenges which 

could be relevant in pattern recognition studies for improving mouse brain tumour 

discrimination using acute hyperglycemia [127]. Apart from hyperglycemia PE-MRSI studies, our 

group has also suggested that DMSO (used to dissolve TMZ in preclinical studies and detected 

in MRS and MRSI in the brain of treated mice) could also have a potential interest in PE-MRSI 

studies. It has been proven to present differential retention in untreated GB, GB responding to 

treatment or relapsing [90] and this could be of great interest for non-invasive assessment of 

therapy response, although it has not been fully exploited in pattern recognition studies.  Also, 

our group has employed the MRSI technique to acquire MRSI temperature maps of the mouse 

brain [116, 128] (see also chapter 7). 

Brain tumour metabolites and their biological significance 

The main brain tumour metabolites and their most detectable NMR signals are described below 

and Table 1.2 describes the major and minor resonance assignments of these metabolites. 

N-acetylaspartate (NAA)  

NAA peak is observed at 2.01 ppm, it is one of the most abundant aminoacids in human brain 

and it is often referred to as a “neuronal marker” related to neural health. NAA concentration is 

markedly reduced or even absent in pathologies causing axonal loss including malignant or 

benign tumours, [118, 129]. NAA also serves as a source of metabolic acetate for 

oligodendrocyte myelination. 
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Creatine (Cr)  

Cr peak is observed at 3.03 ppm with a second signal at 3.9 ppm. Actually, it represents a group 

of molecules containing both creatine and phosphocreatine and it is involved in cellular 

metabolism and energy. Cr concentration is relatively constant and it is considered a stable 

cerebral metabolite, for this reason it is often used as an internal reference for calculating 

metabolite ratios [130]. However, decreased Cr levels have been reported in hypoxic tumours 

and stroke [131, 132]. 

Choline (Cho) 

Cho peak is seen at 3.21 ppm, but it represents a set of choline and choline-containing 

compounds (e.g. phosphocholine, glycerophosphocoline). Cho is a cell membrane turnover 

marker  which reflects cellular proliferation [118]. In tumours, high Cho levels are related to 

malignancy degree [133].  

Lactate (Lac)  

Lac peak is a doublet which can be found at 1.33 ppm (also having a signal at ca. 4.1 ppm) which 

projects above the baseline on short TE acquisitions and inverts below the baseline at long TE. 

It is a product of anaerobic glycolysis, so its concentration increases under anaerobic 

metabolism, as hypoxia, ischemia or necrotic tissue. Increased rates of lactate production are 

associated with a range of tumours and usually points to higher tumour grade but also correlates 

with tumour metabolic activity [129]. Nevertheless, it has been also described that increased 

levels of lactate could have important role as neuroprotector in cerebral ischemia [134, 135]. 

Myoinositol (mI)  

Myo-inositol (mI), with a major signal around 3.56 ppm and other signals at 3.26, 3.61 and 4.04 

ppm, is considered a glial marker and mI levels have been shown to inversely correlate with 

astrocytic grade in vivo, being lower in high grade tumours [136]. On the other hand, high levels 

of mI have been reported in gliosis, astrocytosis and in Alzheimer’s disease [137]. 

Glutamate and Glutamine (Glx) 

Glutamate (Glu) with major resonance signals in the region 2.04-2.35 ppm acts as the major 

excitatory neurotransmitter in the brain. Glutamine (Gln) with major signals in the region 2.11-

2.46, is a precursor and storage form of Glu located in astrocytes. Glu and Gln play a role in 

detoxification and regulation of neurotransmitters [137]. 

Glycine (Gly) 

Gly resonates as a single signal at 3.55 ppm, found in elevated concentration in high grade 

gliomas [138]. It overlaps with MI signal in vivo and they cannot be distinguished unless specific 
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acquisition strategies are used (e.g. acquisition with two different echo times as described in 

[136]). 

Mobile Lipids (ML) and Macromolecules (MM) 

ML and MM resonances occur at various regions of the spectrum: around 0.9, 1.3 - 1.4 and 2.0 

-2.6 ppm. ML peaks are not observed in normal brain, although artifactual presence, resulting 

from voxel contamination of lipids from subcutaneous tissue close to the scalp, is not 

uncommon [119]. Furthermore, they are components of cell membranes, and they are observed 

when there is cellular membrane breakdown [139]. Therefore, they are all known to be 

significant markers of tumour malignancy and high lipid signals correlate with necrosis which is 

a histopathological characteristic of high grade gliomas, caused by hypoxic stress [140]. 

Polyunsaturated fatty acids (PUFA) 

The PUFA, with a peak at 2.8 ppm, are primarily constituents of cellular membranes and in 

normal brain conditions, its NMR-detectable content is very low. However, it has been observed 

by MRS that PUFA levels increase in brain tumours after therapy with ganciclovir in BT4C gliomas 

is administered, which is related to cell apoptosis [141, 142]. Moreover, it has been described 

by our group that an increase in PUFA levels are observed in spectra of GL261 tumour-bearing 

mice after the treatment with TMZ [90, 117] in comparison with spectral patterns of non-

responding to therapy mice  (Figure 1.16). 

 

 
 

Figure 1.16: Main differences between the responsive (green) and unresponsive (red) spectral patterns of 

GL261 GB and their peak assignments: higher lactate (4.1 ppm) intensity, combined with lower saturated 

fatty acid MLs (1.3 ppm), higher total ML (0.9 ppm) and PUFA (2.8 ppm) resonances and a lower myo-

inositol/glycine signal (3.55 ppm) are characteristic of cases responding to TMZ.  Adapted from [117]. 
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Different metabolites can be seen in spectra from normal-appearing parenchyma or brain 

tumour masses. The brief description shown above was focused on metabolites presenting 

special interest for this work. However, it is worth noting that other minority metabolites such 

as 2 hydroxyglutarate or fumarate (also known as oncometabolites, [143, 144]) are currently 

being studied and should not be neglected.  

The information contained in MRS/MRSI can be analysed using different strategies. Most studies 

rely on single metabolite study (Cho, 2HG) or particular metabolite ratios (NAA/Cho, NAA/Cr, 

[145]) or indexes such as the Choline-NAA index (CNI) [146]. However, these type of approaches 

neglect the rest of the information contained in the whole spectral vector, which can improve 

or refine MRS/MRSI based studies, either for diagnosis or for tumour follow-up during therapy. 

Pattern recognition studies can embrace the rich information contained in spectral patterns and 

integrate it in a supervised or semi-supervised way (see section 1.3 below). 

Table 1.2: Resonance assignments corresponding to each metabolite resonances that can be found in 

human brain in vivo 1H spectra at 1.5T in human brain (adapted from [147]).  

Metabolite ppm 

N-acetylaspartate (NAA) 2.01, 2.49, 2.67, 4.38 and 6.13 

Creatine (Cr) 3.03 and 3.91 

Choline (Cho) 3.19, 3.50 and 4.05 

Lactate (Lac) 1.31 and 4.10 

Myoinositol (mI) 3.26, 3.52, 3.61 and 4.05 

Glutamate (Glu) 2.04, 2.12, 2.34, 2.35 and 3.74 

Glutamine (Gln) 2.11, 2.13, 2.43, 2.45 and 3.75 

Glycine (Gly) 3.55 

Mobile Lipids (ML) and/or  

macromolecules (MM) 
0.9, 1.3-1.4 and 2.0-2.9 

 

1.3 Pattern recognition (PR) analysis  
MRS allows obtaining information about the biochemical environment of a given tissue, and 

different situations (e.g. grading, treated vs untreated tumour) can produce metabolic changes 

of variable magnitude. However, the richness of information contained in the spectra could 

represent a challenge for its interpretation, especially when changes are observed in several 

metabolites at once. Combining MRS techniques with reliable algorithms of pattern recognition 

(PR) analysis has the potential to identify relationships between the quantitative changes of 

different metabolites simultaneously and detect subtle differences in metabolic profiles. The PR 

is defined as the process of the classification from a given collection of measurements (input 
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data, e.g. spectral vectors) into different categories based on key features contained in it (e.g. 

treated vs untreated tumour) using automated decision-making processes. There are three 

major classification strategies used in PR: supervised, unsupervised and semi-supervised 

classification. 

1.3.1 Supervised PR analysis 
In the supervised PR methods, a mathematical model is developed using a given collection of 

cases named “training set”. Data vectors are assigned to different classes based on a previous 

classification – normally histopathological analysis in case of  brain tumours [148]. Once the 

system is trained, the classifier and mathematical algorithms extracted can be applied to a 

different set of cases (“test set”). Thus, the robustness of the classifier is assessed by comparing 

the assignment of the input data to the appropriate class labels  [149]. 

Supervised classification basically consists in three steps:   

1. Dimensionality reduction of the data, allowing the detection of the relevant 

characteristics of spectra that may better represent one class. 

2. Learning phase on training set and classification of the spectra in different classes based 

on the differential descriptive characteristics. 

3. Predictive (allowing to assign a new spectrum to one of the previously established 

classes) and evaluation of the robustness of the classification in terms of their 

descriptive characteristics (which allows discrimination of differences between groups) 

[127].  

There are several types of supervised techniques that can be applied to MR data, but the most 

classical one is Linear Discriminant Analysis (LDA) [150]. 

1.3.2 Unsupervised PR analysis 
As opposed to the supervised methodology, in the unsupervised classification, the user does not 

assign the initial cases to a particular class. Unsupervised techniques try to group cases based 

on their similarities, without a previous knowledge of the exact grouping. The similarity 

measurement is based on the distance of the samples in the multi-dimensional feature space 

constructed by the observed data features. Clustering technique, Principal Component Analysis 

(PCA) or non-negative matrix factorization (NMF) [151, 152] are examples of common 

unsupervised techniques.  

Such techniques have the advantage that each class is represented by a spectroscopic 

characteristic pattern of a given “metabolic state”, also called source, instead of being 
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represented by a given number of features. From the biochemical point of view, the source 

extraction technique for MRS data classification assumes that in each voxel there is a mixture of 

heterogeneous tissues pattern and contribution of each source can be presented [153]. The 

obvious advantage of this approach lies in the fact that the labelling procedure becomes 

independent of the availability of labelled MRSI datasets and the negative effect of mislabelled 

cases on the generalization capabilities of the model will be prevented. 

1.3.2.1 NMF (& Convex-NMF) methods 

NMF methods are a group of multivariate data analysis techniques aimed to estimate 

meaningful latent components, also known as sources, from non-negative data. In standard 

NMF methods [152], the data matrix V (of dimensions d x n, where d is the data dimensionality 

and n is the number of observations) is approximately factorized into two non-negative 

matrices, the matrix of sources W (of dimensions d x k, where k is the number of sources, and 

k< d) and the mixing matrix H (of dimensions k x n, each of whose columns provides the encoding 

of a data point from the spectrum of a voxel). The product of these two matrices provides a good 

approximation to the original data matrix (Figure 1.17). 

 

Figure 1.17: Data matrix V could be decomposed in two matrix components, the matrix of sources (2 in this 

example) or data basis W and the mixing matrix H. The product of the matrix W and H provides a good 

approximation to the original data matrix (V). 

A variant of NMF is Convex-NMF [153, 154],  unlike the other variants of NMF methods, this one 

applies to both nonnegative and mixed-sign data matrices. It allows also the sources in W to be 

of mixed-sign, while the mixing coefficients in H are non-negative.  

In [153], robust delimitation between tumour and normal brain in individual cases was achieved 

applying an unsupervised methodology using Convex-NMF source extraction in preclinical MRSI 

data.  

1.3.3 Semi-supervised PR analysis 
The semi-supervised PR methodology is based on the fact that Convex-NMF is able to generate 

sparse mixing matrices H, which are practical as cluster indicators. Therefore, the sources 

obtained by Convex-NMF are likely to be interpretable and similar to data group centroids [153]. 
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The semi-supervised system described in [155] makes use of both labelled and unlabelled data 

for training and proposes to take benefit from the use of prior knowledge derived from class 

membership of the spectra to guide the source extraction. The first stage is the definition of a 

Fisher Information (FI) metric [156] to model pairwise similarities and dissimilarities between 

data points, using a Multi-Layer Perceptron (MLP) classifier to estimate the conditional 

probabilities of class membership. The second part consists on the approximation of the 

empirical data distribution in a Euclidean projective space in which NMF-based techniques can 

be applied (this was done in [155] with Multidimensional Scaling methods, specifically with the 

iterative majorization algorithm). The last part involves the application of Convex-NMF for the 

source decomposition of the data.  

1.3.1.2 Nosological imaging of the response to therapy 

The potential of classifying different tissue types in brain tumours applying PR recognition 

techniques to MRSI datasets leads to the possibility of representing the different output classes 

(tissues) as nosological images [90]. This approach is not new and was first proposed several 

years ago by researchers from Grenoble [114]. The representation of the MRSI data classification 

as images may help radiologists in the clinical management of brain tumours, for instance in the 

appropriate delimitation of the pathological area. The PR analysis of different spectra of treated 

and untreated animals can be used to classify which voxels from MRSI matrices correspond to 

each class, namely normal brain tissue, treated/responding and untreated/unresponsive 

tumour as described in [117], in which each individual voxel in the MRSI grid is referred to as 

spectral vector (spv) and considered as an individual case. Then, after the PR studies, the 

classification result obtained for each voxel is colour-coded being assigned the colour 

corresponding to the source most contributing to each voxel, either responding or 

untreated/unresponsive/relapsing or normal brain. An example of therapy follow-up study 

obtained during this thesis work using this approach is shown in Figure 1.18.   
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Figure 1.18: Examples of nosological semi-supervised maps corresponding to mice C971 (GL261 GB 

responding to TMZ, top) and C1111 (control GL261 GB, bottom). The Cxxx notation corresponds to the 

internal GABRMN research group unique mouse identifier code. The boundaries of the T2w abnormal 

masses are marked with a white discontinuous line. On the left of each map, the high resolution T2w images 

used as references for MRSI studies are shown. For each map, colour coding is as follows: blue represents 

normal tissue, red is actively proliferating tumour and green is tumour responding to therapy. 

1.4 Nanoparticles and its potential to improve GB diagnosis and 

therapy 
Nanoparticles (NPs) are defined as particulate dispersions or solid “nanoscale” particles with a 

size usually in the range of 10-1000 nm which show properties than can be exploited for the 

design of therapeutic effects and diagnostics [157]. NPs can be made from a variety of materials 

such as polymers, lipids, proteins, metals, or semiconductors.  They can be synthesized with a 

variety of shapes as solid spheres, rods, tubes, and other complex shapes.  

In general, NPs have larger surface to volume ratios when compared to the same volume of 

material made up of bigger particles, and this feature contributes to their high loading capacity. 

As drug delivery systems, nanoparticles have been shown to improve drug solubility, prolong 

blood circulation half-life, and control drug release [158]. Many nanoparticle delivery systems 

are designed to respond to various environmental stimuli such as pH, allowing a controlled 

therapeutic release [159]. Regarding NPs in brain tumour research, they can be classified into 

three categories: organic- based (liposomes, polymeric nanoparticles, micelles, dendrimers, and 

solid lipid nanoparticles), inorganic-based (such as iron oxide nanoparticles, gold nanoparticles, 

carbon nanotubes) and hybrid nanoparticles (synthesized from two or more types of 

nanomaterials [160]). The ability of crossing the BBB and acting as CA or drug-carriers, and also 
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the possibility of generating local hyperthermia, makes them an interesting field to be studied, 

which also opens the possibility of creating multifunctional NPs.  

1.4.1 Nanoparticle characterization  
Proper characterization of nanoparticles is crucial because aspects such as particle size, shape 

or charge can determine the in vivo distribution, biological fate, toxicity and the targeting ability 

of nanoparticle systems. In addition, they can also influence the drug loading, drug release and 

stability of nanoparticles [161]. Indeed, particle size and surface charge are the two most 

commonly mentioned factors that are responsible for a range of biological effects of NPs 

including cellular uptake, toxicity and solubility properties [162]. 

Particle size can be determined by Dynamic light scattering (DLS), Nanoparticle Tracking Analysis 

(NTA) or electron microscopy (SEM or TEM). The hydrodynamic radius (Rh) is defined as the 

radius of the hypothetical hard sphere that diffuses with the same speed as the particles 

assayed. Often the dispersed particles are hydrated/solvated and surrounded by a corona which 

composition depends on the ionic strength, molecules present in the environment and nature 

of solvents [163]. 

Particle charge (zeta potential, ZP) reflects its surface electrical potential, and it is influenced by 

the composition of the particle and the medium in which it is dispersed.  When a charged particle 

is dispersed, an electric double layer (EDL) develops on its surface [164] (Figure 1.19). When an 

electric field is applied to the dispersion, the charged particles move towards the opposite 

electrode and there is a hypothetical plane acting as the interface between moving particles and 

the dispersant. This plane is the Slipping/Shear plane and ZP reflects the potential difference 

between the electrophoretically mobile particles and the layer of dispersant around them at the 

slipping plane. Some factors can influence ZP [162], such as pH changes, ionic strength, 

concentration of NPs or the of cell culture medium.  

Zeta potential is related to the colloidal stability prediction. Orientative guidelines were 

established in order to classify the stability of a dispersion of NPs according to the ZP, as it shown 

in Table 1.3: 
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Table 1.3: NPs stability according to ZP values [162]: 

ZP value Stability 

± 0 – 10 mV Highly unstable 

± 10 – 20 mV Relatively stable 

± 20 – 30 mV Moderately stable 

± 30 mV Highly stable 

 

Those are only indicative values, being real situations more complex because ZP does not 

provide any insight on the attractive van der Walls forces. Therefore, is not uncommon to find 

stable NPs dispersions with low ZP and viceversa. Also, it should be noted that steric interactions 

and addition of polyethylene glycol (PEG, see also section 1.4.5) to nanoparticles can stabilize 

NPs while decreasing ZP value [165]. 

 

Figure 1.19: Figure showing the EDL on a 

negatively charged particle. Immediately on top 

of the particle surface there is a strongly 

adhered layer (Stern layer) comprising of ions of 

opposite charge i.e. positive ions in this case. 

Beyond Stern layer a diffuse layer develops 

consisting of both negative and positive 

charges. During electrophoresis the particle 

with adsorbed EDL moves towards the 

electrodes (positive electrode in this case) with 

the slipping plane becoming the interface 

between the mobile particles and dispersant. 

The ZP is the electrokinetic potential at this 

slipping plane. Obtained from [162]. 
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1.4.2 Types of Nanoparticles  

Some of the most representative types of nanoparticles studied for glioma diagnosis and therapy 

applications are shown in Figure 1.20.  

Figure 1.20: Representative examples 

of nanoparticles frequently used for 

diagnosis and therapy of gliomas and 

their relative sizes. (A, B, C and D 

adapted from [166]; E adapted from 

[104]; F adapted from [167] and 

[168]). 

 

 

 

 

 

Although there is a high number of studies involving nanoparticles, very few of them reach 

clinical trials and in fact most of the currently approved nanoparticles for cancer treatment such 

as Abraxane® and Doxil®, are based in liposomes. Liposomes are self-assembled spherical 

phospholipid bilayers with easy surface modification, encapsulation capacity and good 

biocompatibility. Major advantages of liposomes include selective accumulation in brain 

tumours by passive and active targeting and improved pharmacokinectic effect [110]. Some 

examples of liposome-based drugs delivery systems to target gliomas are described in [169–

171]. 

Other nanoparticle types currently being studies are dendrimers, polymer-based structures 

which are highly branched, giving rise to multigenerational nanoparticles with external end 

groups that can be functionalized. Dendrimers have been proven to be successful carriers for 

drugs and contrast agents in preclinical studies [172–174]. 

Nanotubes, which are self-assembling sheets of graphite-like carbon atoms arranged in tube 

forms, have been studied in combination with TMZ metronomic therapy with good results in 

GL261 tumour-bearing mice [175].  

Regarding Inorganic Nanoparticles, they consist of a solid core material that can be either a 

semiconductor framework, metal or magnetic and some of them have  been developed as 
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therapeutic agents for light-mediated glioma treatment [176]. Particularly, within metal 

nanoparticles, Gold NPs have been of high interest because of their relative low toxicity, dynamic 

surface chemistry, size, and shape. Nanorod or Nanoshell nanoparticles can strongly absorb light 

in the near-infrared (NIR) range due to surface plasmon resonance (SPR) properties and to 

efficiently convert this energy into heat for photothermal therapy or hyperthermia [177–180] 

(see section 1.4.3).  Still, novel developments such as gold nanoprisms are also being evaluated 

[181]. On the other hand, regarding magnetic nanoparticles, iron oxide-based nanoparticles as 

SPIO (small iron oxide particles) can be used as contrast agents to produce hypointense regions 

on T2/T2*-weighted MR images (see section 1.2.1.1 and section 1.4.4). They can be also used as 

therapeutic agents by drug conjugation or for hyperthermia treatment through application of 

magnetic fields [182–185].  

Finally, a novel and promising group of nanoparticles are the nanostructured coordination 

particles (NCP) which consists of a family of metal-organic nanoparticles formed by the assembly 

of metal ions and organic polymers [186] showing relevant potential applications in the 

Biomedicine field as contrast agents or drug-delivery systems [104, 187, 188]. 

An exhaustive description of all nanoparticle types and applications is beyond the scope of this 

thesis. Studies described here will be focused into preclinical glioblastoma therapy and diagnosis 

using respectively Gold and NCP nanoparticles (sections 1.4.3 and 1.4.4).  

1.4.3 Hyperthermia for cancer therapy using Gold Nanoparticles 

In cancer therapy, hyperthermia consists in heating a chosen tumour area in order to eradicate 

tumour cells or make them more sensitive to the effects of radiation and chemotherapeutic 

drugs. For humans, temperatures between 40 and 44 °C are enough to act as cytotoxic death-

inducers for cells in an environment with a low pO2 and low pH, conditions that are found 

specifically in tumour tissue [189]. In this sense, the progress in nanomedical research offers the 

potential to specifically target metal NPs into tumour cells, with a special interest in gold NPs. 

Then, when an energy source such NIR laser is applied, local heating is produced, leading to  

tumour cell death [177]. It is worth mentioning that hyperthermia was also described to elicit 

immunogenic cell death/damage [190] which could offer a potential added interest for therapy.  

Furthermore, lasers can be specifically tuned to the SPR frequency of nanoparticles, which varies 

with their size, shape and composition. Gold nanoshells and nanorods were proven useful in 

several preclinical model applications [191]. Regarding hyperthermia, gold nanoshell potential 

has been previously described in breast tumour xenografts [178, 192], subcutaneous models of 
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both murine colon carcinoma and brain tumours [193, 194] and intracranial tumours [195]. The 

use of hyperthermia as an alternative therapeutic strategy for preclinical glioblastoma would be 

of great interest, given that these tumours only present a transient response to TMZ therapy in 

the classical described schedule, and hyperthermia could be a possible “second line” treatment 

whenever a tumour becomes resistant.  

1.4.4 Nanoparticles as brain tumour contrast agents 
Nanoparticles have been used in brain tumours with different applications in clinical studies and 

in preclinical models, including tumour diagnosis improvement and therapy [168, 180, 196, 197].  

Nevertheless, most NPs are unable to cross the BBB [198, 199] unless specific peptides for 

barrier crossing are attached to NPs [200], and this is relevant in case of early brain tumour 

stages, or low grade tumours. In the case of GB, the BBB is compromised, being permeable to 

different molecules. This BBB disruption in GB is due to disorganisation of vessel structures 

produced by migration of endothelial cells to participate in new angiogenic processes closely 

associated with the tumour. Moreover, as the tumour secretes different molecules that alter 

the normal microenvironment, cell migration is not controlled and it is reflected in resulting 

abnormal vascular architecture [37]. For this reason, contrast agents are able to cross the 

disrupted BBB and whenever this takes place, contrast enhancement is observed in affected 

regions. 

Different NP systems are able to behave as T1 or T2 contrast agents (reviewed in [166]). However, 

regarding T2 contrast agents, only ultra-small superparamagnetic iron oxide (USPIO) reached the 

clinic, mostly for imaging liver, spleen and lymph nodes, but not brain tumours [98, 166]. At 

present, no T2 agent is used in clinics in Europe (e.g.  Sinerem, withdrawn since 2007 [166, 201] 

or Endorem which had its synthesis discontinued by manufacturers since 2008). It is worth 

noting that preclinical research is still carried out in order to search for improvement in this type 

of contrasts agents [202]. 

More recently, synthesis of dual contrast agents (able to produce contrast in both T1 and T2 

weighted images) is being explored by several groups [104, 107, 203, 204]. This dual modality 

would allow obtaining information of T1w and T2w images in the same exploration with the same 

contrast agent. Some of the dual agents developed are gadolinium-based [106, 204, 205] but 

others are exploring less toxic or non-toxic approaches such as iron [104] which could represent 

an advantage over gadolinium-based systems. In case of brain tumours, the information 

provided by a T2 (or dual) contrast agent in diagnosis or follow-up is not fully evaluated yet. 
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Whether this information could offer an added value in addition to evaluation with RECIST [71] 

or RANO [70] MRI criteria or metabolomic information is still to be investigated.  

1.4.5 Nanoparticle distribution – EPR and other effects 

The size of a NP is a fundamental parameter which determines its passive targeting and 

biodistribution in brain tumours. NPs with a size range between 10 and 100 nm are able to go 

through the leaky vessels of tumours to passively enter the intratumoural space, but not 

accumulating in healthy brain tissue. This phenomenon of accumulation in the tumour due to 

the permeability of the vessels is named enhanced permeability and retention (EPR) effect [206]. 

Nevertheless, despite the EPR effect seems to be an advantage for the GB evaluation with NPs, 

care should be taken to avoid NP removal by cells of the reticuloendothelial system (RES) once 

injected. When NPs are intravenously injected, opsonisation and removal by RES can take place 

and NPs found trapped in the liver, spleen, lung, kidney and bone marrow [207]. In order to 

achieve an optimal EPR effect, NPs size should present a diameter smaller than 100 nm and 

present biocompatible surfaces (neutral electric charge). 

This means that, in addition to the size, the functionalization of NP surface is an important factor 

which can determine their behaviour and applications [208]. One of the most used methods of 

functionalization is the use of hydrophilic polymers such as PEG for surface coating which would 

make NPs more resistant to protein adsorption [209] and RES uptake [210]). The 

functionalization with PEG extends the circulating half-life of NPs, which in turn increases the 

chance of reaching the tumour. However, a number of limitations and challenges still hamper 

complete deployment of PEG-coated NPs. Although its toxicity is low (inversely proportional to 

molecular weight, especially after oral ingestion), PEG immunogenicity has been reported, but 

generally less than the immunogenicity of the naked NPs [211]. A final challenge of PEG-coating 

is its degradation by light, heat or sheer stress, which can result in fragmentation of the PEG 

cover and diminish cloaking ability [212]. Last, but not least, the PEG signal could be detected by 

MRS and could work as a “reporter” of the NP presence inside the tumour, provided a minimum 

concentration which reaches the tumoural tissue.  

Targeting the receptors normally expressed on the brain capillary endothelial cells, such as 

transferrin transporters, is another way of directing NPs to tumours and enhance their delivery 

[172, 183, 213]. As more glioma-specific receptors are identified, nanoparticles may be able to 

integrate multiple moieties providing a dynamic platform for targeting heterogeneous brain 

tumours. Figure 1.21 summarizes the variety of mechanisms nanoparticles can use to reach a 



Introduction 

38 

brain tumour including the EPR effect, carrier-mediated transportation, receptor-mediated 

endocytosis, and adsorptive-mediated endocytosis. However, even in most favourable 

conditions, the overall percentage of systemically injected nanoparticles found in a solid tumour 

is only 0.7% of the total injected [214]. 

 

Figure 1.21: Mechanisms of transportation of multifunctional nanoparticles into a brain tumour. A. 

Transport of multifunctional nanoparticles across the BBB: 1) receptor-mediated transcytosis, 2) receptor-

mediated endocytosis, 3) adsorptive-mediated transcytosis of nanoparticles. B. Mechanisms of 

transportation across the disrupted BBB and selective targeting of brain tumour cells: 1) passive targeting 

via the EPR effect, 2) adsorptive-mediated endocytosis or 3) receptor-mediated endocytosis. Obtained 

from [110]. 

1.4.6 Nanoparticle toxicology 

Investigating the potential toxicity of nanoparticles and their impact in health is essential before 

the use of these nanomaterials reaches preclinical or clinical applications. Long-term effects of 

nanomaterials are not enough studied and still have to be addressed. 

Although inorganic NPs are being used in research approaches, their safety is not clear in some 

cases. While several studies with metallic particles have shown no apparent toxicity at short 

term time frames, there is still concern about potential adverse side effects in vivo, particularly 

due to non-specific accumulation in non-target tissues [215–217] or generation of reactive 

oxygen species (ROS) due to exposition to magnetic iron oxide NP as described in [218]. 

Regarding gold nanoparticles, toxicity could arise from any of the components of the NPs, as 

well as from residual surfactants such as Cetyltrimethylammonium Bromide (CTAB) or other 

synthesis adjuvants which could contribute to the potential toxicity [219]. More insight in the 

toxicological aspects of NPs will be described in chapter 7.  
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Although there are several toxicological studies to assess the safety of nanoparticles [220], there 

is still room for improvement, taking into account that a whole organism is far more complex 

than a cell culture. More comprehensive toxicological studies should include assessment of 

abnormality in animal behaviour, weight loss, mortality percentage and life span which cannot 

be properly addressed in short term studies. In addition, specific studies at tissue-level are 

needed to assess hepatotoxicity, nephrotoxicity, haematological toxicity and immunogenicity 

and inflammatory responses due to nanoparticles [207, 215, 221].  

Nanoparticle size can also be determinant in its toxicity in preclinical models and it should be 

taken into account when using NP for diagnosis or therapy. Sizes ranging 5-50nm seem to 

produce more evident toxicological effects in comparison with larger sizes [222, 223]. This 

should not be neglected in studies with whole organisms, although some of the toxicological 

effects related to accumulation in non-target organs could be simulated in vitro [224]. 

1.4.6.1 Endotoxin contamination 

Endotoxin or LPS (lipopolysaccharide) is a large molecule (200–1000 kDa) found on the outer 

membrane of Gram-negative bacteria and can be a relevant factor in NP toxicology, if the 

synthesis is not properly done. It consists of a polysaccharide region and a lipid region (lipid A), 

which is the responsible for inducing toxicity. In humans, endotoxin could cause various life-

threatening diseases, such as respiratory symptoms, pulmonary inflammation and asthma, and 

high levels of endotoxin in blood circulation (called endotoxemia) can occur in some systemic 

infections or severe trauma, causing a systemic response such as fever, hypotensive shock, 

impaired organ function and eventually multiple organ failure and death [225]. Mice also 

present acute inflammatory responses due to endotoxin [226]. In addition, authors from [227] 

described some additional symptoms for C57BL/6 mice inoculated with LPS, such as hind leg 

weakness or paralysis, rigidity, jerky rhythmic motions, intention tremor, ataxia, spastic 

paralysis, convulsions, coma, lethargy, anorexia, dehydration, anuria, body swelling with 

oedematous pouches, ruffled fur, loss of fur, shivering, tachypnea, restlessness and death. 

Endotoxin can attach to nanomaterials, adhering to hydrophobic surfaces through its lipid 

moiety, while its phosphate group allows it to bind to positively charged surfaces [228]. The 

biological effects generated by endotoxin contamination of nanoparticles could mask or 

interfere with the true biological effects of nanomaterials. Hence, reliably discriminating the 

endotoxin activity from the nanomaterials’ intrinsic inflammatory activity is important for nano-

safety studies. The Limulus amoebocyte lysate (LAL) assay is one endotoxin detection method 

that is approved by FDA (US Food and Drug Administration). In the LAL assay, an enzyme in the 
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blood cells (amoebocytes) of the horseshoe crab Limulus polyphemus causes protein clotting 

when activated by endotoxin [229] and it is commonly used for assessment of endotoxin content 

in NP batches [225, 229]. 
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 General Objectives 

The general objective of this thesis was to improve and refine preclinical glioblastoma detection, 

treatment and response follow-up using MR-based methods, through the following specific sub-

objectives:  

A. Detection and diagnosis: characterization of novel nanostructured coordination 

particles with potential dual T1/T2 MRI contrast enhancement in a preclinical GL261 

GB model (chapter 4). 

B. Non-invasive therapy response assessment: 

B.1 Development of a multi-slice MRSI approach for non-invasive therapy response 

monitoring in a volumetric approach (chapter 5). 

B.2 Longitudinal evaluation of the developed multi-slice MRSI method in preclinical 

GL261 GB under TMZ treatment using semi-supervised source analysis and its 

correlation with histopathology analysis (chapter 6). 

C. Preliminary unfinished work: 

Set-up and development of a gold nanoparticle-based hyperthermia therapeutic 

strategy for preclinical GL261 GB treatment (chapter 7). 
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 General materials and methods 

3.1 Cell culture 
Glioma GL261 mouse cells were obtained from the Tumour Bank Repository in the National 

Cancer Institute (Frederick/MD, USA) in a passage 8, and cultured as described in [112]. 

Essentially, cells were cultured in 75 cm2 flasks (Nunc, LabClinics SA, Barcelona), using culture 

medium RPMI-1640 (Roswell Park Memorial Institute, Sigma-Aldrich, Madrid), supplemented 

with 2.0 g/L sodium bicarbonate, 0.285 g/L glutamine, 1% penicillin-streptomycin (Sigma-

Aldrich, Madrid) and 10% of foetal bovine serum (Gibco, Invitrogen, UK). Flasks were maintained 

at 37 ˚C, 5% CO2 and 95% humidity in a sterile cell-incubator (HERAcell 150i, Thermo Scientific).  

Cells were subcultured when 75-85% of confluence was reached (ca. at day 7 post-cell culture) 

and culture medium change was performed at days 3 and 5 post-cell culture. For subculturing, 

the culture medium was aspirated using a vacuum pump and the flask washed with 10 ml of 

sterile PBS. The PBS was removed and 2 ml of trypsin-EDTA (0.5 g/L and 0.2 g/L respectively, 

Sigma-Aldrich, Madrid) were added in order to detach the cells. RPMI medium (8 ml) was added 

until 10 ml of total volume and cells were resuspended. New flasks with 25 ml of culture medium 

were seeded with ~7x105 cells from this suspension. Cells were maintained in culture up to 

passage 30-35, when the cells were discarded to avoid genetic drift or unexpected mutations.  

3.1.2 Cell counting 
The cellular resuspension obtained in section 3.1 was centrifuged at 1,400 x g during 1.5 

minutes. The obtained supernatant was aspirated and the pellet was resuspended in 10 ml of 

culture medium. From this cell resuspension, an aliquot of 10 µl was added to 10 µl of Trypan 

Blue (0.4 % solution prepared in 0.81% of sodium chloride and 0.06% of potassium phosphate, 

Sigma Aldrich). Trypan Blue exclusion test differentially stains living and dead cells, as the latter 

are unable to extrude the dye. Cell counting was performed in duplicate with the TC20TM 

automated cell counter system (BioRad, Madrid)1. 

3.2 Animal model 
All animals studied in this thesis were assigned an alphanumeric individual identifier 

corresponding to CXXX or wtXXX (depending on whether they were tumour-bearing animals or 

                                                           
1 The counting mechanism of this equipment is based on a microscope with an automatic focus mode that 

analyses multiple focal planes to identify alive and dead cells (stained with Trypan Blue). The output is the 

number of total cells per mL of initial cellular resuspension, number of total living cells per mL of cellular 

resuspension and the percentage of viability (which in our case ranged 95-100%). 
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wt animals), being “XXX” a correlative increasing number. Animals were housed in Servei 

d’Estabulari of Universidad Autònoma de Barcelona2. The supervision protocol for these animals 

is shown in Annex I and was followed by veterinary staff from Servei d’Estabulari to assess the 

animals’ health state and decide about mitigating actions or euthanization. The experiments 

were conducted according to experimental protocols, previously approved by the local ethics 

committee (Comissió d’Ètica en l’Experimentació Animal i Humana3, protocol CEEAH 

2785/DMAH 8333). 

3.2.1 Wild type C57BL/6J mice  
Female C57BL/6J mice of 18-23g in weight and 14-16 weeks of age were obtained from Charles 

River Laboratories (Charles River Laboratories International, L’Arbresle, France). These mice 

were used either to generate the stereoactically induced GL261 tumour as described in Section 

3.2.2, or as control animals in therapy studies. In order to distinguish animals housed in the same 

cage, unique ear notches were made by an ear punch device; 1, 2 or 3 notches and their 

combinations in both ears, as shown in Figure 3.1.  

 

Figure 3.1: Scheme for marking mice by ear punching. 

 

3.2.2 Generation of GL261 tumours by stereotactic injection of cells 

The generation of GL261 tumours was performed following protocols previously established in 

our group [112]. After cell counting (Section 3.1.2), the cell suspension was transferred into a 15 

ml Falcon tube (Deltalab SLU, Barcelona, Spain) and centrifuged 1.5 minutes at 1,400 x g 

(Centrifuge Selecta S-240, ALCO, Suministres per a Laboratori, Terrassa, Spain). The supernatant 

was removed and the pellet resuspended in the RPMI medium, so that each 4 µl contained 105 

cells, according to the Equation 3.1:  

                                                           
2 (https://estabulari.uab.cat/#!/home) 
3 http://www.uab.cat/web/comissio-d-etica-en-l-experimentacio-animal-i-humana-

1345713724512.html, 
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� !                        Equation 3.1 

Where �� is the final volume of the medium for cells resuspension (in µl) and Cf is the total 

number of cells in the pellet. 

Analgesia was administered subcutaneously to each animal 15 minutes prior to anaesthesia and 

also 24 and 48 hours after surgery (Meloxicam, 1.0 mg/kg, Boehringer Ingelheim, Barcelona).  

Animals were anesthetized with a mixture of ketamine (Parke-Davis SL, Madrid) and xylazine 

(Carlier, Barcelona) with doses of 80 mg/kg and 10 mg/kg respectively. This mixture was 

administered intraperitoneally and the animal was immobilized in a stereotaxic holder (Kopf 

Instruments, Tujunga/ CA, USA), as shown in Figure 3.2. After shaving the hair of the head area, 

the incision site was sterilized and 1 cm incision was made exposing the skull, and a 1mm hole 

was drilled using a microdrill (Fine Science Tools, Heidelberg, Germany) in a precise area using 

these coordinates: 0.1 mm posterior to the Bregma and 2.32 mm lateral (right) to the midline. 

A 26 G Hamilton syringe (Reno/NV, USA), positioned on a digital push-pull microinjector 

(Harvard Apparatus, Holliston/MA, USA) was then used for injection of 4 µl RPMI medium 

containing 105 GL261 cells at a depth of 3.35 mm from the skull surface at a rate of 2 µl/min. 

Once the injection was completed, the syringe was left for two minutes before the removal to 

allow the cells to settle and to prevent them from leaking outside the skull. Then the Hamilton 

syringe was gently taken out, the scission site closed with suture silk 5.0 (Braun, Barcelona) and 

the animal was allowed to recover form anaesthesia in cage racks in the animal facility in a warm 

environment (~25°C). 

 

Figure 3.2: An anaesthetized C57BL/6J mouse immobilized in a stereotactic holder. 
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3.2.3 Stereotactic injection of nanoparticles in mice 
The stereotactical injection of nanoparticles performed in chapters 4 and 7 used the same 

protocol described in the section 3.2.2, replacing tumour cell suspension by NP solution. 

3.3 Tissue preservation for post-mortem procedures  
Whole brains were excised and fixed (preserved in 4% paraformaldehyde) for histopathological 

analysis or stored frozen in liquid nitrogen for further analysis with inductively coupled plasma 

mass spectrometry (ICP-MS) studies. Animal euthanization was performed either for validation 

purposes or due to endpoint criteria. The criteria used to decide about animal euthanization due 

to welfare parameters are shown in Annex I. 

3.4 Temozolomide therapy 
TMZ (Sigma-Aldrich, Madrid, Spain) was dissolved in 10% DMSO in saline solution (0.9% NaCl) 

for in vivo experiments and it was administered using an oral gavage at a dose of 60 mg/kg as in 

[90].  The standard administration consisted in 3 therapy cycles with a 3-day interleave, the 

duration of each cycle  is 5 days for the first cycle and 2 days for second and third cycle. A scheme 

of standard TMZ administration is shown in Figure 3.3.  

 

Figure 3.3: TMZ administration schema with 3 therapy cycles with a 3-day interleave, as described 

previously by us [90]. The starting day of each cycle is marked with green arrows. 

 

3.5 In vivo MRI/MRSI   
MR studies were carried out at the joint NMR facility of the Universitat Autònoma de Barcelona 

and CIBER-BBN (Cerdanyola del Vallès, Spain), unit 25 of NANBIOSIS ICTS 

(http://www.nanbiosis.es/portfolio/u25-nmr-biomedical-application-i/) with a 7T horizontal 

magnet (Biospec 70/30, Bruker BioSpin, Ettlingen, Germany) equipped with actively shielded 

gradients (B-GA12 gradient coil inserted into a B-GA20S gradient system) and a quadrature 

receive surface coil, actively decoupled from a volume resonator with 72 mm inner diameter. 
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Mice were placed in the scanner bed and anaesthesia was maintained with 0.5-2.0% isoflurane 

in O2, keeping the breathing frequency at 60-80 breaths/min. The body temperature was 

controlled using a recirculating water system incorporated to the animal bed and measured by 

a rectal probe and maintained at ~37°C. Both temperature and breathing rhythm were 

monitored by a control/gating module from SA Instruments Inc. (Stone Brook, NY, USA). Data 

gathered by the module was transferred to a personal PC (Dell Inspiron 510m) and monitored 

with the PCSAM 32 software (version 6.26, Small Animal Instruments, Incorporated).  Only the 

general procedures which are common to several chapters will be described in this section. 

Specific MRI/MRS/MRSI acquisitions or optimizations will be detailed in the corresponding 

chapters.  

3.5.1 MRI acquisition for tumour volume calculations  
Animals were screened by acquiring high resolution coronal T2w images (TR/TEeff= 4200/36 ms) 

using a Rapid Acquisition with Relaxation Enhancement (RARE) sequence to detect brain tumour 

presence and monitor its evolution stage. The acquisition parameters were as following: turbo 

factor, 8; field of view (FOV), 19.2x19.2 mm; matrix size, 256x256 (75x75 µm/pixel); number of 

slices, 10; slice thickness (ST), 0.5 mm; inter-slice thickness (inter-ST), 0.1 mm; number of 

averages (NA), 4; total acquisition time (TAT), 6 min and 43 s. 

3.5.2 MRSI acquisitions  
Mice were studied by MRSI in order to obtain metabolomic information from different parts of 

a tumour, revealing its heterogeneity, and also from the surrounding tissue. Healthy brain was 

explored in control animals in order to set-up the 3D-like MRSI protocol.  Standard MRSI 

experiments were performed using a 2D CSI sequence with PRESS localization, where: FOV, 

17.6x17.6 mm; ST, 1 mm; volume of interest (VOI), 5.5x5.5x1.0 mm. TE, 14 ms; TR, 2500 ms; 

sweep width (SW), 4006.41 Hz; NA, 512; TAT, 21 m 30 s. 

Water suppression was performed with variable power and optimized relaxation delays 

(VAPOR), using 300 Hz bandwidth. Linear and second order shims were automatically adjusted 

with Fast Automatic Shimming Technique by Mapping Along Projections (FASTMAP) in a 

5.8x5.8x5.8 mm volume which contained the VOI region. Six saturation slices (ST, 10 mm; sech-

shaped pulses: 1.0 ms/20250 Hz) were positioned around the VOI to minimize outer volume 

contamination in the signals obtained. Spatial resolution was defined by a 8x8 voxel matrix over 

the FOV (4.84 µl nominal resolution) reconstructed after Fourier interpolation to a 32x32 matrix, 

as described in [116]. The selected VOI (10x10 voxels) was interpolated in this matrix. Any 

variations in matrix size for MRSI will be explained in the respective sections of this thesis. 
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3.6 MR data processing and post-processing 

3.6.1 Tumour volume calculation from MRI acquisitions 
Tumour volumes in evaluated mice were calculated from T2w HR coronal images using the 

Equation 3.2: 

"� �##�$ �  %�&'� ( '"� ) *�&'+ ) �… � ) &'� �( �'" ) -"�./( 0.075+      Equation 3.2 

Where "� is the tumour volume, &' is the number of pixels contained in the region of interest 

(ROI) delimited by the tumour boundaries in each slice of the MRI sequence, '" is 0.5 mm, -" is 

0.1 mm, and 0.0752 mm2 the individual pixel surface area. 

The tumour area was calculated in pixels in each slice, using an automated system for generating 

ROIs available in the Paravision 5.0 software (Bruker BioSpin, Ettlingen, Germany). The inter-

slice volume was not registered and it was estimated adding the inter-ST to the corresponding 

ST in Equation 3.2 (Figure 3.4). 

 

Figure 3.4: Scheme of the volume measurement carried out in mice. High-resolution coronal T2w images 

were acquired for this purpose (image on the right). The surface area &' of the tumour (white dashed line 

contour) was measured in each slice of the axial sequence, and the '" and the inter-ST (represented by 

horizontal slices over a coronal image on the left) were taken into account for final volume calculation. 

3.6.2 MRSI data processing and postprocessing 
MRSI data processing and postprocessing steps were performed essentially as described in 

[116]. In summary, data was initially processed with Paravision 5.0 (Bruker BioSpin, Ettlingen, 

Germany). Then, post-processing with 3D Interactive Chemical Shift Imaging v1.9.10 (3DiCSI) 

software package (courtesy of Truman Brown, Ph.D., Columbia University) was performed for 

line broadening adjustment with a Lorentzian filter of 4 Hz, zero-order phase correction and 

exporting the data from individual voxels in ASCII format.   
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The dynamic MRSI processing module (DMPM) [230]) running over Matlab (The MathWorks Inc., 

Natick, MA, USA) and developed by the GABRMN group was used to align all spectra within each 

MRSI matrix using the choline peak as reference, 3.21 ppm. Then, depending on the objective 

of the study, spectra were used to Signal to noise Ratio (SNR) calculation or UL normalized and 

used for PR: 

- For SNR calculation purposes,  SNR values  were obtained for each voxel of the MRSI 

grid (calculated as in [126], see also Equation 3.3) and coloured maps were generated.  

                    '45 � ��67��� �
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                            Equation 3.3 

- For pattern recognition purposes, the 0 – 4.5 ppm region of each spectrum in the MRSI 

matrix was individually normalized to UL2 and the normalized matrix was exported in 

ASCII format. These ASCII files were the input for pattern recognition analysis described 

in section 3.7. 

3.7 Pattern recognition with source analysis and nosological 

imaging generation 
Pattern recognition (PR) analysis of different spectra in MRSI grids was applied in order to 

classify voxels from MRSI matrices in an automated, user-independent way. Two approaches 

based in Non-negative Matrix Factorization (NMF) were used in this thesis: unsupervised and 

semi-supervised source analysis.  

3.7.1 Unsupervised source analysis 
This analysis was implemented in Matlab using a script developed by Dr Sandra Ortega-Martorell 

and further modified by Dr Victor Mociou, in order to accept as input MRSI grids with different 

matrixes size (10x10, 12x12). A defined number of sources were extracted from different grids 

and individual maps were generated to reflect the contribution of each source for every voxel.  

Finally, a nosological image was obtained where the colour assigned to each voxel is the colour 

assigned to the source most contributing to it.  An additional script was developed by Dr. Victor 

Mocioiu, allowing generation of nosological images in RGB code (see chapter 8).  

3.7.2 Semi-supervised source analysis 
The semi-supervised system using NMF methods for source analysis was performed applying 

sources which were extracted from a training set of a labelled set of cases (control/untreated 

and TMZ-treated cases), as described in [117].  

From the biochemical viewpoint, the source extraction technique to classify MRS data assumes 

that in each voxel there is a mixture of heterogeneous tissues, from which the contribution of 
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each source can be obtained. The fixed sources used for this study corresponded to a) normal 

brain parenchyma pattern, b) non-treated/unresponsive tumour pattern and c) responding 

tumour pattern. MRSI grids of new cases were thus analysed using this system and colour-coded 

nosological images were generated reflecting, for each voxel, the source with the highest 

contribution to it. For this semisupervised analysis, voxels which had major correlation with the 

normal brain source were coloured in blue, non-treated/non-response tumour coloured in red, 

and responding tumour coloured in green. Finally, undetermined tissue voxels were coloured in 

black (when the correlation between the spectrum of a voxel and each of the sources was below 

a threshold of 50% [117]). 

3.8 Statistical analysis 
The statistical analysis was carried out using IBM SPSS Statistics v.20 software. Data was 

evaluated for compliance with the normal distribution using the Shapiro–Wilk and Kolmogorov–

Smirnov tests. Variance homogeneity was evaluated with the Levene's test. A two-tailed 

Student’s t-test for independent measurements was used for comparisons in case of samples 

following a normal distribution. For non-normal distribution samples, non-parametric Mann-

Whitney’s U-test was applied. The global evolution of measurements along time was evaluated 

with the UNIANOVA test. The significance level for all tests was p<0.05
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 Study of Nanostructured coordination polymers with 

potential dual T1/T2 contrast enhancement properties: 

novel MR contrast agents 

4.1 Specific objectives 
Most clinically available MRI contrast agents are T1 contrast agents using paramagnetic 

gadolinium complexes, but due to the complication related to Gd-CAs administration to patients 

with renal failure, CA complexation with other metals such as manganese or iron is being 

studied. Accordingly, the aim of this section was to apply MR techniques for evaluating the 

potential of a group of nanostructured coordination polymers (NCPs) as dual mode T1/T2 MRI 

contrast agents, following a strategy previously developed by our group [231] in which candidate 

nanoparticles are evaluated in a stepwise ex vivo procedure. The NCPs have emerged as an 

alternative platform to provide new opportunities for engineering multifunctional systems. The 

flexibility of their coordination chemistry allows the use of metal ions which are active in MRI 

pointing to their potential as contrast agents for biomedical imaging. Our final objective was to 

select the best nanoparticle which would be tested in a preclinical in vivo study and compare its 

performance with commercially available CAs.  Most of the work described in this chapter was 

published in ACS Applied Materials & Interfaces (Suárez-García S, Arias-Ramos N et al, 2018 

[232]). 

4.2 Results originating from preliminary characterization of the 

nanoparticles performed by the NanoSFun group 
The candidate nanoparticles have been synthesized and characterized by the research group of 

Nanostructured Functional Materials (NanoSFun), from the Institut Català de Nanociència i 

Nanotecnologia (http://nanosfun.icn2.cat/), and this chapter is the result of the collaboration 

with Dr Daniel Ruiz-Molina, Dr Fernando Novio and Salvio Suárez from this group.  

4.2.1 Structure and synthesis 
The general structure of the NCPs used in this chapter is shown in Figure 4.1. Briefly, two co-

ligands were used, mostly the 1,4-bis(imidazol-1-ylmethyl)benzene (Bix) and the 3,4-

dihydroxycinnamic acid (caffeic acid). Then, different metals were added through the use of the 

corresponding acetate salt. In addition, in the first part of this study two nanoparticles which 

present a variation in the aforementioned structure were analysed (MnPtha-NCP and Dopa-NCP, 

see Table 4.1). The nanoparticles were functionalized with BSA (bovine serum albumin) for in 

vitro and ex vivo studies, and with MSA (mouse serum albumin) for in vivo studies, in order to 
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obtain better dispersion in biological dissolvent. The use of serum albumin also brings some 

benefits such as increased solubility, stability in solution, long circulation half-life, 

biocompatibility and biodegradability [233, 234]. 

This synthesis was essentially performed as described in [104, 187] and is currently patented 

under the registry number ES2541501 A14. 

 

Figure 4.1: Basic structure of the nanoparticles studied in this section (reproduced with permission of 

providers). See [235] for further details.  

4.2.2 Particle size, stability, biocompatibility and in vitro MR properties 
Under scanning electron microscope (SEM), all nanoparticles showed spherical shape, which 

variable diameter depending on the nanoparticle being studied, ranging from 45±5 nm (Fe-NCP) 

to 161±13 nm (Mn-Phthalocyanine-NCP (MnPtha-NCP)), see table 4.1 for a complete list of the 

studied nanoparticles.  Particle size was also measured using DLS and dissolving the NPs in 

PBS+BSA at pH 7.4, which is close to biological environment values. Slightly higher values were 

obtained with DLS: the average measured size was 56± 21 mm for Fe-NCP, 73±18 mm for Gd-

NCP, 151± 23 mm for Mn-NCP, 80 ±15 nm for GdDTPA-NCP, 142±37 nm for MnPtha-NCP and 

112±8 nm for Dopa-NCP, in comparison with SEM measurements for the same NCPs: 45±5 nm, 

70±3nm and 130±7nm, 75±8 nm, 130±27 nm and 92±17 nm, respectively. 

Colloidal stability was also assessed through zeta-potential measurements in the same 

environment. Results showed that at pH 7.4, zeta-potential was -19.1 mV for Fe-NCP, -14.7 mV 

for Gd-NCP, -2.2 mV for Mn-NCP, -11.9 mV for GdDTPA-NCP, -7 mV for MnPhta-NCP and -18 mV 

for Dopa-NCP. These data suggested that Mn-NCP would probably be more unstable in solution 

than the other ones.  

Satisfactory results have been reported with Fe-NCP regarding cell viability effects over HeLa 

cultured cells at 24h and 72h after incubation and also for in vitro T1 and T2 relaxivity 

measurements in agarose phantoms [104], reinforcing the compatibility of the NCP system with 

                                                           
4 http://www.oepm.es/pdf/ES/0000/000/02/54/15/ES-2541501_A1.pdf 
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biological systems. The dual T1-T2 contrast enhancement potential is suggested by the r2/r1 

measured ratio of 2.06 for Fe-NCP in comparison with 1.05 for the commercial gadoterate 

meglumine (Gd-DTPA), whereas Mn-NCP exhibits a r2/r1 ratio of 0.6. Taken together, in vitro 

results suggested that NCPs could have potential interest as contrast agents to be tested in vivo. 

However, in vitro approaches cannot accurately reproduce the in vivo environment [236]. 

Factors such as the interaction with extracellular macromolecules may change the overall NCP 

mobility, leading to changes in its relaxivity. In this sense, ex vivo experiments such as the ones 

described by our group [231] are an intermediate step which could provide more reliable results. 

4.3 Specific materials and methods  
The list of the nanoparticles and contrast agents tested in this experiment is shown in Table 4.1 

Table 4.1:  List of CAs studied in this chapter. Apart from nanoparticles, commercial agents were included 

for comparisons: gadopentetate dimeglumine (from Guerbet, Roissy, France) and mangafodipir trisodium 

(from Bayer Healthcare). 

 

 

4.3.1 Ex vivo postmortem contrast enhancement assessment 

4.3.1.1 Animals and contrast injection procedures 

A total of 18 C57BL/6J wt female mice of 12 weeks of age, weighing 21.3±1.3 g were used in this 

ex vivo study. Experiments were performed essentially as described in [231]. The CAs (Table 4.1) 

were dissolved in Phosphate buffered saline (PBS)-BSA solution (10mM PBS with 0.5mM  BSA) 

taking into account the estimation of Gd, Mn or Fe content measured from providers in order 

Experimental CA 

 

 

NCP  

Fe-NCP: NCP containing Fe3+ ions 

Gd-NCP:  NCP containing Gd3+ ions 

Mn-NCP:  NCP containing Mn2+ ions 

GdDTPA-NCP:  NCP containing Gd3 ions and DTPA 

MnPhta-NCP:  NCP containing  Mn2+ ions and Phthalocyanine 

+ Ligand L2 [237] (instead of Bix) 

Dopa-NCP: NCP containing  Fe3+ ions, Bix and Dopamine 

(instead of caffeic acid) 

Commercial CA 

Mangafodipir trisodium, 

MnDPDP (based in Mn) 
Teslascan  

Gadopentetate dimeglumine, 

Gd-DTPA (based in Gd) 
Magnevist  

Vehicle 
Phosphate buffered saline (PBS) and Bovine Serum Albumin 

(BSA) 
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to achieve solutions of comparable concentration of the desired metal. The amount of NCP used 

for each animal was 5 nmol of metal dissolved in 4 μl of PBS-BSA. A total of n=2 animals for NCP 

were explored to ensure sufficient measurements for statistical signification, however not all 

slices were suitable for measurements (see sub-section 4.3.1.2). The whole process of NCP ex 

vivo injection took ca. 20 minutes. Animals were euthanized with an overdose of intraperitoneal 

sodium pentobarbital (200 mg/kg, Vetoquinol, Madrid, Spain) and then immobilized in a 

stereotactic holder. The contrast administration was carried out as described for tumour 

generation (see materials and methods, section 3.2.3) except that the cell suspension was 

replaced with the contrast agent solution. Three different locations were used for NCP injection, 

which coordinates were (distance in mm from Bregma): 

a) X: -2.32 mm; Y: -0.1 mm; Z: -3.35 mm 

 b) X: -2.32mm; Y: -1.50 mm; Z: -3.35 mm 

 c) X: -2.00 mm; Y: -3.9 mm; Z: -3.35 mm 

4.3.1.2 MRI acquisitions 

T1 and T2 weighted MRI 

High-resolution axial T2-weighted images (TR/TE =4200/12ms) were acquired using a RARE 

sequence for a morphological characterization of the investigated tissue. The parameters were: 

RARE factor=8; FOV 19.2×19.2 mm; MTX, 256×256 matrix (75×75 μm/pixel); NA, 4; number of 

repetitions (NR), 1; TAT, 6 min 43 sec. After this, a T1-weighted image (TR/TE, 350/10 ms) was 

acquired with a Multi-Slice Multiecho (MSME) sequence with: FOV 19.2 x 19.2 mm; MTX, 

256×256 matrix (75×75 μm/pixel); NA, 8; number of repetitions (NR), 1; TAT, 11 min 56 sec.  

T1 and T2 maps 

For T1 maps acquisition, a RARE-VTR sequence was chosen with RARE factor, 2; FOV, 17.6 x 19.2 

mm; MTX, 128×128 (138×151 μm/pixel); NS, 3; ST, 1 mm; TEeff, 7.5 ms; TRs were according to 

the following list: 100, 400, 700, 1000, 1300, 1700, 2000, 2600, 3500 and 5000 ms; NA, 1; TAT, 

19 min 31 sec. For T2 maps acquisition, a Multi-Slice-Multi-Echo (MSME) sequence was used; 

FOV, 17.6 x 19.2 mm; MTX, 128×128 (138×151 μm/pixel); NS, 3; ST, 1 mm; TR, 3000 ms; TEs 

were according to the following list: 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120, 130, 140, 

150, 160, 170, 180, 190 and 200 ms; NA, 4; TAT, 6 min 24 sec. 

4.3.1.3 Ex vivo data processing and postprocessing 

T1w and T2w images were analyzed with ImageJ 1.49V (National Institutes of Health, USA). 

Acquired T1 and T2 maps were analysed using Bruker software Paravision 5.1 by using the image 

sequence analysis (ISA) tool package.  
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Signal intensity was measured in regions of interest (ROIs) from each coordinate (n=3) which 

were manually delimited after visual inspection both in the area of maximum enhancement and 

in the equivalent area of the contralateral parenchyma (Figure 4.2). The relative contrast 

enhancement (RCE) (injection site ROI vs. contralateral parenchyma) was then calculated using 

Equation 5.1 (see also [231]). Only the slice with the best defined contrast-enhanced region was 

used for measurements. Similar slices were used for T1 and T2 RCE measures. 

 100
)(

)(
(%) ×








=

cS

iS
RCE exvivo           Equation 5.1 

Where S(i) is the signal obtained from ROIs from any of the 3 coordinates injected with contrast 

agent and S(c) is the signal obtained from the ROI in the contralateral area (defined as the 100% 

of the signal). 

T1 and T2 values were estimated through different adjustments to map parameters: 

 

( )( )1/exp1* TtCAy −−+=                               Equation 5.2 

Where y is the image signal intensity after t, A is the absolute bias, C is the estimated image 

signal intensity at t = 0 sec, and t stands for the different TR used in the sequence. 

 

    
( )2/exp TtCAy −∗+=                                       Equation 5.3 

 

Where y is the image signal intensity after t, A is the absolute bias, C is the estimated image 

signal intensity at t = 0 sec, and t stands for the different TE used in the sequence. 

 

Finally, dual images reflecting both T1 and T2 RCE changes were generated with a postprocessing 

algorithm of imaging division (T1w image / T2w image) producing a coloured image highlighting 

dual RCE, as shown in Figure 4.2.  
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Figure 4.2: A. T1 weighted MRI and B. T2 weighted MRI after stereotactic injection of CA Fe-NCP and 

examples of ROIs drawn for ex vivo postmortem RCE studies. C. Postprocessing of T1w and T2w MRI with an 

algebra algorithm of imaging division (T1wMRI/T2wMRI), to highlight double enhancement potential in the 

studied region (dual enhancement image). Scale indicates colour intensity. 

4.3.2 In vivo experiments 

4.3.2.1 Tolerability studies 

The tolerability protocol was based in the approach described in [238]. A total of 6 female 

C57BL/6J wt mice of 12 weeks of age weighing 21.3±1.3 g were i.v. injected with different doses 

of Fe-NCP nanoparticles (calculated as the equivalent of metal/kg) in order to estimate the 

maximum tolerated dose to be used in a future MRI in vivo study.  

Increasing amounts of Fe-NCP were i.v. administered to n=3 mice (Table 4.2) with a 2-day rest 

period between injections in order to permit tail vein regeneration. An additional group of 3 

mice was injected with the vehicle (10mM PBS with 0.5 mM Mouse Serum Albumin (MSA)). The 

maximum dose (0.4 mmol Fe/kg) is in the range of doses that have been proved safe for Fe- 

based nanoparticles, which can be up to 0.6 mmol/kg [239, 240]. 

Table 4.2: Increasing doses of NCP injected in mice in different days 

Day of injection 1 4 7 10 13 16 19 22 

Dose 

 (mmol Fe/kg) 
0.003 0.006 0.0125 0.025 0.05 0.1 0.2 0.4 

  

During the following hour after NCP injection, animals were observed in order to check for 

immediate symptoms of suffering or acute toxicity such as described in [241] (weight loss up to 

20%, piloerection, convulsions, tremors, ataxia). Mice body weight was followed up during 30 

days after the last administration. In case of toxicity symptoms detection or animal death, the 

whole body was preserved in paraformaldehyde 4% for further necropsy studies. In case a dose 
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tested was consider as toxic, 3 new animals would be injected with a dose concentration 

immediately lower to the dose that caused the toxic symptoms.  

4.3.2.2 MRI in vivo contrast enhancement studies 

A total of 12 female C57BL/6J mice weighing 21.4±1.2 g were used for tumour generation as 

described in materials and methods section 3.2.2. Tumour generation took place in 2 rounds of 

6 animals. Then, 3 animals with the most similar tumour volumes were chosen for each 

experimental condition (vehicle or CAs). The average volume i.v. injected was 107.1±6.4 µl and 

CAs were finally administered with a dose of 0.4 mmol metal/kg. 

DCE-T1w MRI study using vehicle (PBS+MSA) 

T1w Dynamic contrast enhancement (DCE) studies were performed in 3 GL261 tumour-bearing 

animals. After acquiring three pre-contrast standard T1w images, vehicle was injected 

intravenously and a series of 70 dynamic images was acquired with temporal resolution of 51.2 

s per frame to account for any contrast enhancement produced for vehicle injection. For this, a 

MSME sequence was used with: FOV; 17.6×17.6 mm2; matrix, 128x128 (138×138μm/pixel); 

TR/TE, 200/8.5 ms; NA, 2; ST, 1 mm; TAT, 59 min 44 sec. 

DCE-T1w and T2w MRI study with Gd-DTPA and Fe-NCP  

The DCE-T1w MRI experiments were designed to use both CA in the same experimental mice. For 

this, a first experiment with i.v. administration of Gd-DTPA was carried out in 3 GL261 tumour-

bearing mice at day 13 p.i. Then, 24 hours after the first administration and after complete 

washout of Gd-DTPA, a second experiment with administration of Fe-NCP was performed in the 

same 3 mice. For this experiment, T1- and T2-weighted images (TR/TE = 200/8.5 ms and 4200/12 

ms) were acquired before and immediately after i.v. injection of CA. The acquisition parameters 

for T1w images were: MSME sequence, FOV: 17.6x17.6 mm3, Matrix: 128x128 (138x138 

µm/pixel), NA: 2, ST: 1 mm, IST: 0.1 mm, Time resolution: 51.2 s/ frame. For T2w images, a RARE 

sequence was used with RARE factor=8; FOV: 17.6x17.6 mm3, Matrix: 128x128 (138x138 

µm/pixel), NA: 1mm, ST: 1 mm, IST: 0.1 mm, Time resolution: 1 min 7s 200 ms/ frame. In this 

experiment, alternating T1w and T2w MRI were acquired continuously during 30 minutes after CA 

administration, resulting in a total of 15 frames each, with a temporal resolution of 2 minutes. 

In addition, T1w and T2w additional acquisitions were also performed at 2 hours and 24 hours 

after administration (Figure 4.3). 
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Figure 4.3: MRI acquisition scheme used in the experiment with i.v. injection of 0.4 mmol/kg of Gd-DTPA 

and 0.4 mmol/kg of Fe-NCP. Three T1w images and 3 T2w basal images were acquired before i.v. injection. 

Then, alternated T1w and T2w images were acquired after i.v. injection.  

4.3.2.3 Data processing and postprocessing 

DCE-MRI was acquired in axial orientation with 3 slices and two ROIs were selected in each slice 

(tumour and contralateral brain). RCE in each slice was calculated as in ex vivo studies, and 

averaged. The mean basal RCE calculated in pre-CA injection images was referred as 100% and 

post-CA RCE values were estimated accordingly, with respect to basal.  

4.3.3. Animal euthanasia and organ storage 
After finishing the last MRI experiment, animals were euthanized by cervical dislocation and 

organs were resected and preserved in liquid nitrogen for further inductive coupled plasma mass 

spectrometry (ICP-MS) analysis5. The preserved organs were brain tumour, contralateral brain, 

heart, lungs, liver, kidneys, spleen and bladder.  

 

4.4 Results and discussion  

4.4.1 Ex vivo experiments 
The RCE (positive for T1w MRI, or negative for T2w MRI) was measured for all CAs studied in the 

injection site (Table 4.3) and T1 and T2 values variations in brain parenchyma were also estimated 

(Table 4.4). The fact that not all experimental CA produced similar spots of RCE to be measured, 

being some of them slightly more dispersed in tissue than commercial CA, made it more difficult 

to assign measurement ROIs. Also, the ROI drawn to perform RCE measurements in T2w MRI 

were smaller than ROIs used in T1w measurements due to different effects observed in each 

image modality (see Figure 4.2).  

 

                                                           
5 ICP analysis was performed by NanoSFun and was not part of the experimental work carried out in this 

thesis. 
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Table 4.3: RCE% calculated (mean±SD) in T1w and T2w ex vivo postmortem MRI, as well as RCE%T1w/RCE%T2w 

ratio.  

CA RCE% (T1w) RCE% (T2w) [decrease] Ratio RCE%T1w/RCE%T2w 

Gd-DTPA (n=3) 253.1±32.8 74.9±17.6  [-25.1] 
3.6±1.4 

MnDPDP (n=3) 300.9±47.7 97.4±14.5  [-2.6] 3.2±1.1 

Fe-NCP (n=3) 269.0±28.0 
44.9±26.0  [-55.1]** 

7.7±4.5 

Gd-NCP (n=3) 278.6±56.0 70.1±25.4  [-29.9] 4.2±1.1 

GdDTPA-NCP (n=3) 180.0±64.3 78.6±2.8    [-21.4] 2.3±0.8 

Mn-NCP (n=3) 177.3±64.4 61.6±33.8  [-38.4] 3.9±3.0 

MnPhta-NCP (n=3) 109.3±8.8* 102.8±12.3 [2.8]*** 

(no decrease) 

1.1±0.1¥ 

Dopa-NCP (n=3) 250.3±6.5 79.7±14.5 [-20.3] 3.2±0.7 

Vehicle (PBS-BSA) (n=3) 118.6±8.8* 122.9±11.5 [22.9]£ 

(no decrease) 

0.97±0.07¥ 

*= p<0.05 in comparison with Gd-DTPA, MnDPDP, Fe-NCP, Gd-NCP and Dopa-NCP. 

**= p<0.05 in comparison with MnDPDP. 

***= p<0.05 in comparison with Fe-NCP and GdDTPA-NCP. 

£= p<0.05 in comparison with Gd-DTPA, MnDPDP, Fe-NCP, Gd-NCP, GdDTPA-NCP, MnPhta-NCP and 

Dopa-NCP. 

¥= p<0.05 in comparison with Gd-DTPA, MnDPDP, Fe-NCP, Gd-NCP, Gd-DTPA-NCP, Mn-NCP, and Dopa-

NCP. 

 

 

The considerable dispersion of the values obtained in this set of ex vivo experiments prevented 

us to reach statistical signification in most cases, although the mean values allowed us to make 

some considerations about the CAs studied: 

The Fe-NCP, Gd-NCP and Dopa-NCP presented a mean T1w RCE comparable with the commercial 

CA Gd-DTPA or MnDPDP. The slight improvement in comparison with Gd-DTPA was not 

significant (p>0.05). Nevertheless, the RCE obtained was not significantly worse than the one 

obtained with the commercial agents, and in this sense, they could be equally valuable for 

preclinical or even clinical studies, in case of a translational approach. In case of T2w RCE (which 

means signal decrease), the Fe-NCP presented the best result, although not significantly, in 

comparison with other experimental or commercial CAs, except in case of MnDPDP.  

It is worth mentioning that it is the combination of T1w and T2w RCE what makes Fe-NCP an 

interesting CA to be further evaluated, because none of the other agents presented such good 

combination (e.g. MnDPDP presented a very good T1w RCE but poor T2w RCE, and Mn-NCP 
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presented a satisfactory T2w RCE but poor T1w RCE). This can be seen in the last column of Table 

4.3, where the Ratio RCE T1w/RCE T2w is also stated. Ideally, a double CA (with positive-negative 

enhancement) should present high values for T1w RCE and low values for T2w RCE, resulting in a 

Ratio RCE T1w/RCE T2w as high as possible. For the list of evaluated CA, average values ranged 

from 1.1 for MnPhta-NCP presenting worst performance, to 7.7 for Fe-NCP with the best dual 

enhancement performance. This could be visually observed in Figure 4.4 with the 

postprocessing using a division algebra algorithm. The vehicle solution PBS-BSA did not show 

either T1 or T2 contrast enhancement as expected, with a ratio RCE T1w/ RCE T2w of 0.97.  

In previous ex vivo work of our group [231], the highest T1w RCE obtained was 201.9±9.3% for 

gold glyconanoparticles with gadolinium. Values found for Fe-NCP, Gd-NCP and Dopa-NCP in this 

study were clearly higher (269.0±28.0%, 278.6±56.0% and 250.3±6.5% respectively).   

Regarding T2w RCE, it was calculated for SPION-nanoparticles in [231] and the highest RCE T2w 

value found was -39.3±11.0%, and Fe-NCP performed better in studies performed during this 

thesis (-55.6±26.0%).  

 

Figure 4.4: Postprocessing of T1w and T2w MRI with an algebra algorithm of imaging division 

(T1wMRI/T2wMRI), to highlight double enhancement potential in the studied CA. A. Fe-NCP, with the higher 

RCE%T1w/RCE%T2w ratio (Table 4.3), presents high intensity hotspots. B. MnDPDP, with good RCE T1w but 

poor RCE T2w produces less intense hotspots. C. MnPhta-NCP, with poor RCE T1w and RCE T2w, produces no 

noticeable hotspots. D. Vehicle, with very poor both RCE T1w and RCE T2w, produces no noticeable hotspots. 

Images are shown in red-gold colour scale to highlight hotspots. Scale indicates colour intensity. 

The calculated T1 and T2 water values (1600.0±351.4 ms and 45.7±5.0 ms respectively) in the 

non-injected parenchyma of all the studied cases is in agreement with values obtained by other 

authors for the same magnetic field (1939.0±149.0 ms for T1) in [242] or similar magnetic fields 

(1927.0±54.7 ms for T1 and 43.5±2.4 ms for T2 at 9.4T)  [243]. Regarding T1 and T2 fold change, it 

was measured taking into account contralateral and ipsilateral parenchyma (CA injection side). 

The CA injection area presented lower T1 and T2 than the contralateral parenchyma, as expected, 

except for MnPhta-NCP and vehicle, which is in agreement with RCE values stated in Table 4.3. 

Taking into account values shown in Table 4.3 and 4.4, MnPhta-NCP was clearly the worst CA of 

the series. However, the dispersion of the values could also indicate that this agent simply does 
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not have any relevant effect over T1 or T2 when injected in the mouse brain parenchyma. On the 

other hand, considering changes in T1 and T2 shown in Table 4.4, we should expect a similar 

performance for CPP-Fe and CPP-Gd, which is not confirmed in Table 4.3 for RCE measurements. 

This could be both due to the dispersion of the values and to the fact that T1 and T2 

measurements are carried out by mathematical adjustments made through the MRI signal 

obtained from different brain zones, and this could entail some inaccuracy (especially in tissue 

measurements, as opposed to in vitro studies, performed in a more homogeneous 

environment). Indeed, the ability of producing a satisfactory RCE would be the final performance 

measured in the preclinical and clinical practice, and in this sense, the CA with the best overall 

performance (Fe-NCP) would be the one proposed to proceed with the possible in vivo studies. 

Table 4.4: Relaxation times calculated from T1 and T2 map acquisitions and “fold change” values. The 

estimated T1 and T2 values of the ipsilateral (ipsi) parenchyma were compared with the T1 and T2 values 

from contralateral (contra), non-injected parenchyma in an equal sized ROI. Values are shown as mean ± 

SD.  

CA T1 ipsi T1 contra 
T1 fold 

change 
T2 ipsi T2 contra 

T2 fold 

change 

GdDTPA (n=3) 
463.42± 

109.35 

1859.31± 

111.57 
0.25±0.06 

40.46± 

4.78 

46.01± 

2.82 
0.88±0.05 

MnDPDP (n=3) 
554.18± 

155.70 

1840.57± 

66.03 
0.30±0.08 

40.87± 

3.46 

45.58± 

1.61 
0.90±0.04 

Fe-NCP (n=3) 
378.10± 

161.62 

1678.17± 

129.59 
0.23±0.11 

37.95± 

8.95 

50.33± 

5.12 
0.75±0.11 

Gd-NCP (n=3) 
322.34± 

112.76 

1389.47± 

580.20 
0.26±0.14 

30.56± 

6.10 

45.16± 

2.47 
0.68±0.16 

GdDTPA-NCP 

(n=3) 

406.83± 

112.13 

1317.53± 

454.49 
0.32±0.07 

33.51± 

2.49 

42.29± 

0.85 
0.79±0.07 

Mn-NCP (n=3) 
502.20± 

386.01 

1253.50± 

446.59 
0.37±0.16 

32.62± 

7.23 

37.06± 

8.07 
0.88±0.00 

MnPhta-NCP 

(n=3) 

1843.90± 

116.75 

1987.67± 

78.58 
0.93±0.08* 

53.86± 

1.80 

45.93± 

1.54 
1.17±0.00* 

Dopa-NCP (n=3) 
610.65± 

157.29 

1579.43± 

62.63 
0.39±0.11 

40.55± 

14.29 

50.60± 

2.79 
0.80±0.27 

Vehicle 

(PBS+BSA) (n=3) 

1652.48± 

46.44 

1609.67± 

66.33 
1.03±0.02* 

54.17± 

2.66 

48.89± 

0.46 
1.11±0.05** 

*= p<0.05 in comparison with Gd-DTPA, MnDPDP, Fe-NCP, Gd-NCP, GdDTPA-NCP, Mn-NCP and Dopa-

NCP. 

**= p<0.05 in comparison with Gd-DTPA, MnDPDP, Fe-NCP, Gd-NCP, GdDTPA-NCP and Mn-NCP. 
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4.4.2 In vivo experiments 

4.4.2.1 Tolerability experiments 

The nanoparticle with the best performance in the ex vivo experiment was selected to proceed 

to the in vivo experiments. Therefore, Fe-NCP was chosen due to its clear potential for dual-

mode T1-T2 contrast and tolerability studies were performed to investigate whether this NP 

would produce harmful effects following injection in mice.  

Animals injected with Fe-NCP at different doses did no present any toxicity symptoms, neither 

during the injections, nor during the rest of the follow-up period (30 days). Animals injected with 

the vehicle received the same concentration (0.5mM of MSA in 10mM PBS) every injection day, 

and no toxicity symptoms were observed. Figure 4.5 shows the variation of weight along time, 

in which no decrease beyond the 20% cut-off set for severe affectation. In fact, an increase in 

body weight was observed in all studied animals. This is the expected evolution for healthy mice 

according to The Jackson laboratory body weight chart for C57BL/6J mice [244]. According to 

this database, C57BL/6J wt mice show an increase in body weight from 12 until 20 weeks (also 

shown in Figure 4.5). 

 

Figure 4.5: Percentage of body weight variation (mean ± SD) of animals injected with Fe-NCP (blue), animals 

injected with vehicle (red) and body weight variation data from The Jackson laboratory body weight chart 

for C57BL/6J mice (green). Initial mice weight measured the first day of Fe-NCP or vehicle i.v. injection was 

considered as 100% for injected mice and for The Jackson laboratory weight data, the initial measure was 

considered the weight corresponding to mice of 12 weeks of age. The horizontal red line at the bottom 

indicates the 20% weight reduction point, not reached by any mice in this preliminary study. Red arrows 

point to the different days of injection for mice injected with Fe-NCP or vehicle (injection doses were 

explained in methods section, Table 4.2). 
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The last value registered for body weight was compared along both groups with Student’s t-test 

and no significant differences (p>0.05) were observed. Still, no significant differences (p>0.05) 

using UNIANOVA test were found in the global evolution of body weight measurements 

between groups of animals injected with Fe-NCP or vehicle. According to these results, the 

estimated maximum tolerated dose (MTD) for Fe-NCP was equal or higher than 0.4mmol Fe/kg, 

because no higher doses were tested at this point. Since no harmful effects were detected, this 

dose could be safely used in in vivo studies. However, additional information with higher doses 

would be needed for estimating the actual MTD in the future.   

4.4.2.2 MRI experiments 

Alternated T1-T2w images with Gd-DTPA (0.4 mmol Gd/kg) and Fe-NCP (0.4mmol Fe/kg) studies 

As described in section 4.3.2.2, the same tumour bearing mice (C1209, C1210 and C1217) were 

explored after Gd-DTPA administration and Fe-NCP administration, with an interval of 24h to 

ensure proper washout. Mean tumour volume at the experiment day (12.6±0.6 p.i.) was 

50.3±0.7 mm3. Mice were first i.v. administered with a dose of 0.4 mmol Gd/kg of Gd-DTPA and 

alternating T1w and T2w images were acquired. The maximum RCE value found was 250.9±3.1% 

at 6.1±1.1 minutes (T1max). Then, 2 hours after the injection, the mean RCE value was 111.8±2.7% 

and 24 hours later, the mean RCE value was 101.0±4.0%, recovering the RCE observed before 

injection, indicating complete Gd-DTPA washout. A summary of RCE values of the different 

experiments can be found in Table 4.5. Figures 4.6 and 4.7 show the evolution of mean RCE% 

T1w and T2w values of both Gd-DTPA and Fe-NCP studies.  

Analysis of RCE T1w results 

Regarding Gd-DTPA results, Student’s t-test was performed in order to compare different RCE 

values at different time points: pre-injection, T1max, 2 hours and 24 hours post injection. 

Significant differences (p<0.05) were found for RCE between pre injection, T1max (6.1±1.1 min) 

and 2 hours post-injection. On the other hand, no significant differences were found between 

pre injection and 24 hours post injection RCE values.  

Studies with Fe-NCP 0.4 mmol Fe/kg injection were performed 24 hours later with the same 3 

mice and MRI was acquired in the same conditions. The tumour volume was 66.2± 2.5 mm3 at 

this time point. As expected, the injection of Fe-NCP showed T1w positive contrast (Figure 4.6). 

The maximum RCE% value registered was 317.4±14.4% at 9.4±1.1 minutes (T1w max). Then, 2 

hours after the injection, the mean RCE% value was 123.5±4.6% and 24 hours after the injection, 

the mean RCE value was 88.3±6.7%, even below RCE measured before injection, suggesting the 

wash out of the nanoparticle from the tumours (Figure 4.6 B; summary of RCE values in table 
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4.5). Student’s t-test was performed as described before, for RCE comparison at different time 

points: pre-injection, T1w max, 2 hours and 24 hours post injection. Significant differences (p<0.05) 

were found for RCE between pre-injection and RCE measured at all time points studied.  

 

 

Figure 4.6: A. Mean kinetics ± SD of RCE T1w images in 3 GL261 mice, during 30 minutes after intravenous 

injection of a dose of 0.4 mmol/kg of Gd-DTPA (in blue); and after intravenous injection of a dose of 0.4 

mmol/kg of Fe-NCP (in red). B. Mean kinetics ± SD of RCE T1w images in the same mice, during 30 minutes, 

2 hours and 24 hours after intravenous injection of a dose of 0.4 mmol/kg of Gd-DTPA (in blue) and after 

intravenous injection of a dose of 0.4 mmol/kg of Fe-NCP (in red). Higher T1w RCE was observed with Fe-

NCP at T1max and signal recovery was observed 24 hours after injection, for Gd-DTPA and Fe-NCP.  
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Comparing the evolution of RCE% T1w during the first 30 minutes after injection of Gd-DTPA, Fe-

NCP and vehicle, significant differences (p<0.05) were observed between the 3 groups using a 

UNIANOVA test. RCE at T1max also presented significant differences (p<0.05) between groups. 

Regarding 2h and 24h time points, significant differences were found in RCE T1w values of Gd-

DTPA and Fe-NCP. Vehicle had no RCE measurements performed at this time point.  

Table 4.5: Mean ± SD for RCE calculated in T1w and T2w in vivo MRI studies for Gd-DTPA, Fe-NCP and vehicle. 

For vehicle, no short-term RCE T2w was measured, and no measurements of RCE T1w 2 hours and 24 hours 

post-injection were acquired. 

CA 
RCE% 

(T1w max ) 

RCE% 

(T1w 2 h) 
RCE% (T1w 24 h) 

RCE% 

(T2w min) 

[decrease] 

RCE% 

(T2w 2 h) 

[decrease] 

RCE% 

(T2w 24 h) 

[decrease] 

Gd-DTPA (n=3•) 
250.9±3.1

* 

111.8±2.7

* 

101.0±4.0 

111.5±2.1  

[11.5] 

(no 

decrease)** 

102.1±7.0 

[2.1] 

(no 

decrease) 

102.3±7.3 

[2.3] 

(no decrease) 

Fe-NCP (n=3•) 
317.4±9.4 

*** 

123.5±4.6 

*** 

88.3±6.7 

*** 

73.7±14.4 

[-26.3] **** 

103.1±9.9 

[3.1] (no 

decrease) 

79.4±4.2 

[-20.6] **** 

Vehicle PBS-

MSA (n=3) 
101.2±1.8 

     

• The same animals were used for these experiments 

*= p<0.05 in comparison with Gd-DTPA RCE T1w pre injection 

**= p<0.05 in comparison with Gd-DTPA RCE T2w pre injection 

***= p<0.05 in comparison with Fe-NCP T1w pre injection 
****= p<0.05 in comparison with Fe-NCP T2w pre injection 

 

Analysis of RCE T2w results 

No negative enhancement in T2w MRI was observed after Gd-DTPA injections, as expected for 

the dose administered (Figure 4.7.A, blue line). Gd-DTPA has effects in both T1 and T2, but these 

effects are not enough for it to perform as a T2 contrast agent [95]. During the first 30 minutes 

after injection, in fact a slight and significant increase in T2wMRI was observed at the T2w min 

(111.5±2.1%). After 2 and 24 hours after Gd-DTPA injection, measured RCE values were 

102.1±7.0% and 102.3±7.3% respectively. No significant differences (p>0.05) were observed for 

measured RCE at 2 and 24 hours post-injection in comparison with pre-injection values.  

On the other hand, the administration of Fe-NCP 0.4 mmol Fe/kg showed clear T2w enhancement 

(i.e., signal decrease, red line in Figure 4.7). The minimum RCE T2w measured value for Fe-NCP 

was 73.6±14.4% (-26.3% of RCE decrease), reached at T2w min (5.3±1.1% minutes). Then, 2 hours 

after the injection, RCE was of 103.1±9.9% recovering the signal level found before the injection. 

However, 24 hours after the injection, a further signal decrease was observed with an RCE value 

of 79.4±4.2%, when a signal recovery was expected. Significant differences were found (p<0.05) 

between pre-injection RCE T2w values in comparison with RCE at T2w min and 24h post injection. 
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One of the hypothesis for explaining the signal decrease observed in T2w MRI 24 hours after Fe-

NCP injection (Figure 4.8) could be presence of haemorrhagic zones inside the tumour as 

suggested in [245], although this was not observed in the first time points. These hypointense 

areas in the central part of the tumour can affect RCE calculation and care should be taken while 

interpreting data. Indeed, one of the advantages of a dual mode contrast agent is the inspection 

of both T1w and T2w images and account for possible situations leading to misinterpretation as 

the described one.  When tumours were resected at the end of the experiment, haemorrhagic 

zones inside tumours could be visually confirmed. Nevertheless, an additional interpretation of 

this effect could be the increased Fe-NCP degradation in the tumour, releasing Fe3+, which by 

itself may produce T2w contrast effect. 

The UNIANOVA test was performed for comparison of the evolution of RCE T2w during the first 

30 minutes after injection in the Gd-DTPA and Fe-NCP experiments. Significant differences 

(p<0.05) were found between groups. In addition, significant differences (p<0.05) were also 

found in the minimum RCE value in both groups using the Student’s t-test. Regarding the last 

time points measured, the 2h time point did not present significant differences, whereas the 

24h time point did, possibly due to interference of haemorrhagic zones in RCE calculation, as 

previously explained.  
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Figure 4.7: A. Mean kinetics ± SD 

of RCE T2w images in 3 GL261 

mice, during 30 minutes after 

intravenous injection of a dose 

of 0.4 mmol/kg of Gd-DTPA (in 

blue) and after intravenous 

injection of a dose of 0.4 

mmol/kg of Fe-NCP (in red). B. 

Mean kinetics ± SD of RCE T1w 

images in the same mice, during 

30 minutes 2 hours and 24 hours 

after intravenous injection of a 

dose of 0.4 mmol/kg of Gd-DTPA 

(in blue) and after intravenous 

injection of a dose of 0.4 

mmol/kg of CPP-Fe (in red). No 

T2w contrast decrease was 

observed with Gd-DTPA.  Lower 

T2w RCE was observed with Fe-

NCP and T2 signal recovery was 

observed at 2 hours after 

injection. However, 24 hours 

after injection a new decrease in 

T2w RCE signal was  detected.  

 

 

Figure 4.8: T1w and T2w images acquired before Fe-NCP injection and 24 hours after injection in the 3 studied 

animals. Images acquired 24 hours after injection showed hypointense areas in the tumours suggesting 

possible haemorrhage presence and/or free Fe3+ accumulation in the tissue.  
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Postprocessing algorithms were applied for generating subtraction images (T1w pre-injection 

image minus T1w post injection image) and for dual enhancement images (T1w image divided by  

T2w image) results are shown in Figure 4.9 for case C1209. In the subtraction images, T1 contrast 

enhancement could be observed as a low signal zone for both Gd-DTPA and Fe-NCP. For the dual 

enhancement images, the hotspot produced was clearly more intense with Fe-NCP, confirming 

its dual enhancement potential, as opposed to Gd-DTPA, which showed high T1 contrast but 

poor T2 contrast, producing a weaker hotspot. 

 

Figure 4.9: Example of a case (C1209) studied with i.v. injection of 0.4 mmol/kg of Gd-DTPA (A) and 24 hours 

later, with i.v. injection of Fe-NCP (B) for T1 and T2 contrast. A. T1w, T2w images acquired before Gd-DTPA 

injection (pre-injection) and at T1 max (6.1±1.1 min). Processed images:  T1w/T2w pre-injection, T1w/T2w at T1max 

and T1w (pre-injection) - T1w (T1max). B. T1w, T2w images acquired before Fe-NCP injection (pre-injection) 

and at T1max (9.4±1.1 min).  Processed images:  T1w/T2w pre-injection, T1w/T2w at T1max and T1w (pre-injection) 

- T1w (T1max). Higher T1 and T2 (negative) contrast was observed after Fe-NCP injection. Scale indicates colour 

intensity. 

T1w DCE-MRI with vehicle injection 

The three GL261 tumour bearing mice injected with vehicle (C1195, C1197 and C1199) showed 

a tumour volume of 50.2± 40.7 mm3 at the day of the experiment (day 20 p.i.). Results are shown 

in Figure 4.10, in which no T1w enhancement was observed (less than 5% variation respect to 

pre-injection and they were considered as “no change” respect to preinjection). The maximum 

average RCE value was 101.2±1.8% at 12.8 min post injection. 

Significant differences were found with UNIANOVA test between vehicle, GdDTPA and Fe-NCP 

evolution along the first 30 min (see data in the section below). 
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Figure 4.10: Mean ± SD of T1 RCE from T1w images in 3 GL261 mice, during 60 minutes after intravenous 

injection of vehicle (PBS+MSA). 

 

4.5 Discussion 
The most common contrast agents used in clinics for brain tumour diagnosis and follow-up are 

based on gadolinium and have effects mostly over T1 [95] and producing brighter images 

(“positive contrast agents”). The main disadvantage of Gd-based contrast agents is the toxicity 

of the metal in its free form, being safe only when administered in a chelated form. Even so, 

they have been described to be linked to complications in patients with nephrogenic systemic 

fibrosis [102, 246, 247] and nowadays it is still a problem for patients with renal failure [102]. 

New approaches have been described for attempting to reduce these harmful effects [95, 100, 

101], but there is great interest in developing contrast agents free of Gd and based in other 

metals, equally able to produce contrast in MRI images, and with less unwanted effects. In the 

case of T2 contrast agents, one of the main challenges to be solved is the possible interference 

of MRI features derived from haemorrhage or air interfaces which could also produce a decrease 

in T2w RCE and lead to misinterpretation when using this type of CA [248].  

In this chapter, NCPs that behave as dual contrast agents for MRI and showed low toxicity in 

vitro were studied, suggesting potential for in vivo applications. However, performing an in vivo 

study with every synthesized NCP would demand high amount of NCPs and great efforts in terms 

of time, animals and resources. Prior selection of the most promising NCP with an ex vivo 

approach acts as a selection filter between in vitro and in vivo experiments and could be 

performed with reduced amounts of NCP and animals, mimicking better the “tissue-like” 

environment to be found in vivo.  In this case, the ex vivo studies confirmed the tendency 
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described in vitro [104, 187] and Fe-NCP was selected to be tested in vivo with the well 

characterized GL261 GB murine model.  

The Fe-NCP size described by providers had an average of 56±21 nm, which is comparable with 

other dual nanoparticle contrast agents described in the literature such as 93 nm in [204] and 

73.8±7.6 nm in [205]. Size is a relevant parameter when assessing nanoparticle biodistribution, 

and it is accepted that sizes between 30-100 nm are small enough to avoid reticuloendotelial 

opsonisation and clearance, achieving large enough circulatory residence times can be achieved 

[249]. Biodistribution studies performed by NanoSFun showed that after 24 h of Fe-NCP 

administration, only spleen showed iron accumulation while lungs, liver and kidneys had 

negligible amounts of accumulated iron. This suggests minimal tissue accumulation and gradual 

excretion. The uptake of Fe-NCP observed in spleen suggests their rapid clearance by the 

mononuclear phagocytic system. 

In vivo studies showed double contrast enhancement in T1w and T2w MRI after Fe-NCP injection. 

Nevertheless, we expected a longer time to maximum RCE detection, as described in [250] for 

nanoparticles with  similar size. In work described by authors in [250], metal-organic 

nanoparticles of 70 nm of diameter achieved  maximum signal in T1w MRI after 24 hours post-

i.v. injection in mice with subcutaneous 4T1 tumours. A faster time-to-maximum was observed 

in our experiments, after only 9.4±1.1 minutes post-injection, with full MR-detectable washout 

after 24 hours. Authors in [106] described ultra-small dual Gd and Dy-based  nanoparticles with 

a size of 4.1±0.2 nm which were i.v. injected at a dose of 0.05 mmol Gd+Dy/kg. Although DCE-

MRI acquisitions were not carried out in [106], T1w enhancement was observed in liver and aorta 

5 minutes post-injection and negative T2w enhancement was observed in the liver 32 minutes 

post-injection. However, it was not clearly indicated by these authors if the previously 

mentioned times correspond to the maximum detection. In previous work of our group with the 

same GL261 GB model [231], small size  gold nanoparticles ranging 1.8-4.5 nm showed a similar 

time-to-maximum MRI signal (ca. 8 minutes) as for Fe-NCP (9.4±1.1 minutes) in T1w 

enhancement. This would suggest that Fe-NCPs could behave as a small size nanomaterial and 

one hypothesis for explaining this behaviour could be related to deformability, which was also 

mentioned by authors in [251] for chitosan nanoparticles. In any case, it is remarkable that Fe-

NCP nanoparticles are able to produce T1w and T2w enhancement at reasonably short times, 

being the maximum T1w/T2w effect achieved between 3.95 and 10.72 min after administration. 

This would allow obtaining both T1w and T2w information in the same exploration, instead of 

performing two explorations separated in time. 
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Fe-CNP were also proven to be non-toxic in in vivo studies, at least in the time frame studied, 

i.e., no toxic effects were observed 30 days after finishing the tolerability experiment. The 

administered dose of iron (0.4 mmol Fe/kg) is considered safe according to authors in [239] who 

reported that doses between 30 and 90 mg Fe/kg (0.54 and 1.6 mmol Fe/kg respectively), were 

non-toxic in rats, which may be probably valid for mice, in agreement with the lack of toxic 

symptoms. Authors in [240] administered higher Fe (33.3 mg Fe/kg, equivalent to 0.6 mmol 

Fe/kg) to mice and concluded that it was safe in mice, although the study was centered in joint 

inflammation and a more extensive follow-up would be needed for reliable conclusions. Other 

authors described administration of lower doses for mice, such as 5 mg Fe/kg (corresponding to 

0.09 mmol Fe/kg) [252, 253], no toxic effects were found with this dose in [252]. However, 

authors in [253] reported some safety concerns while working in a cirrhosis mouse model and 

care should be taken whenever dealing with different pathological conditions.  

Considering a translational potential for Fe-NCP, we should consider the feasibility of the Fe-

administered doses in humans. According to what is described in [254] and due to differences 

in the body surface between the two species, doses are not calculated by direct extrapolation 

for the corporal weight. Instead, a factor of 1/12 is applied when calculating doses, and for a 70 

kg human patient, the final administered dose would be around 130 mg of Fe (equivalent to 1.8 

mg Fe/kg), far below the maximum Fe concentration for i.v injection in humans (15 mg/kg) 

described by authors in [255].  

Results in this chapter suggest that Fe-NCPs are safe, biocompatible and well tolerated for mice 

in the period of time studied, with no harmful effects detected. In addition, dual enhancement 

in T1 and T2w MRI is seen in a reasonable time frame, allowing acquisition of both informations 

in the same exploration, which is a clear advantage over other described dual agents, with 

interesting translational potential for replacing Gd-based agents in the future. Further 

improvement of Fe-NCPs could also result in nanocarriers that could be of interest for tumour-

drug release and therapy, apart from diagnosis [188, 235]. 
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4.6 Conclusions  

1. Ex vivo studies performed with a set of NCPs confirmed information provided by in vitro 

relaxivity studies and suggested that Fe-NCP was the best candidate to be tested in the 

GL261 GB murine model. Dual enhancement ex vivo images were generated with 

algebra algorithms and hotspots indicated the dual T1-T2 contrast potential, with a ratio 

RCE%T1w/RCE%T2w clearly higher than other CA (7.7±4.5 vs 3.6±1.4 for Gd-DTPA) 

2. Fe-NCPs were well tolerated by administered mice in doses up to 0.4mmol Fe/kg, in 

agreement with data described for murine species [239, 240]. Follow-up was performed 

during 30 days after the tolerability experiment and no harmful or toxic effects were 

detected. No higher concentrations were studied in this chapter, and a final MTD was 

not calculated.  

3. Experiments in vivo confirmed the dual T1-T2 enhancement for Fe-NCP after i.v. injection 

in mice with 0.4 mmol Fe/kg dose. Both T1w and T2w enhancement produced by Fe-NCP 

were significantly better than the commercial agent Gd-DTPA.  

4. The maximum T1w enhancement was observed at 9.4±1.1 min post injection, whereas 

the T2w enhancement reached its maximum effect at 5.3 ±1.1 min post injection. These 

times were shorter than it was expected for nanoparticles with similar size, indicating 

that Fe-NCPs could behave as small CA, possibly due to their deformability properties. 

This provides a reasonable time frame for maximum T1/T2 effect (between 3.95 and 

10.72 min after administration) allowing to gather T1 and T2 data in the same 

exploration, which certainly is a positive aspect of Fe-NCP. 

5. Results obtained with the GL261 GB preclinical model suggest a translational potential 

for Fe-NCPs. The translated iron dose that would be needed for human patients is within 

the allowed doses for i.v. administration of iron. Accordingly, such nanoparticles could 

be a future alternative for Gd-based CAs.
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 Optimization of a MRSI multi-slice protocol for 

volumetric analysis of mouse brain tumour 

5.1 Specific objectives 
The main purpose of this chapter was to improve the single slice MRSI protocol established in 

our group [90, 116, 117, 256]. By their nature, GBs are heterogeneous tumours and TMZ 

treatment has proven to trigger heterogeneous response patterns in previously evaluated 

GL261 GB [117]. The use of a single slice MRSI protocol could probably hinder proper assessment 

of tumour response in such circumstances. Furthermore, there is a great interest in full 3D MRSI 

implementation [121, 257]. In this chapter an intermediate approach between full 3D and single-

slice acquisition was optimized: a 2D multi-slice approach which would allow to gather 

information of most of the tumour volume.   

5.2 Specific material and methods 

5.2.1 Initial set up of MRSI grid size and position with wt mice 
Two female wt mice (17 weeks of age) were used for this optimization. Combinations of two grid 

sizes were tested in different positions along the mouse brain. The MRSI acquisition parameters 

were essentially the same as in section 3.5.2, with exception of matrix size and VOI (see Table 

5.1). Each MRSI grid was acquired individually for each position and shimming was performed 

individually in each grid using the FASTMAP method which is especially relevant for grids 

positioned away from the surface coil.  

Table 5.1: Acquisition parameters of different MRSI grids used in the set-up experiments for the multi-slice 

protocol. 

Grid size Voxel dimension Field of view Pixel size Acquisition time 

10 x 10  5.5 x 5.5 x 1 mm 17.6 x 17.6 mm 0.55 mm 21 min 30 sec 

12 x 12 6.6 x 6.6 x 1 mm 17.6 x 17.6 mm 0.55 mm 21 min 30 sec 

 

Two different multi-slice combinations were performed: 

5.2.1.1 MRSI grid size: 10 x10 vs 12 x 12 

In a first approach, three MRSI grids with the same matrix size (10x10 voxels) were consecutively 

allocated along the mouse brain (Figure 5.1, top row).  A second approach was done in a similar 

way except that the central grid (Grid 2) was increased to 12x12 voxels (Figure 5.1, bottom row). 

The total acquisition time for each approach was about 3 hours.  
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Figure 5.1: Different views of T2w images from a wt mouse with consecutive MRSI grid positions. Top, 3 Grids 

of 10x10 voxels in A) sagittal plane and B) coronal plane. Bottom, middle Grid with 12x12 voxels. in C) 

sagittal plane and D) coronal plane. 

 

5.2.2 Combination of MRSI grid size and position in tumour-bearing mice  
Three mice of 17 weeks of age harbouring GL261 tumours were studied in the experiments 

described in this section. MRSI experiments were carried out at days 15-16 p.i and tumour 

volume at day of the experiment was 23.9±5.8 mm3. A total of 4 consecutive MRSI grids were 

placed in order to cover the whole tumour extension. Different matrixes sizes were used: Grid 1 

and Grid 4 with 10x10 voxels, Grid 2 and Grid 3 with 12x12 voxels (Figure 5.2). In addition, Grid 

2 was acquired in triplicate in order to assess the reproducibility of the spectral pattern in this 

central slice (which is the position similar to the MRSI grids acquired previously in our group in 

single slice experiments [90, 116, 117, 127].  
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Figure 5.2: T2w MRI of mouse C894 brain, with the position of the four MRSI slices in A) sagittal plane and 

B) coronal plane. 

5.2.3 Spectral quality assessment of MRSI grids 

Signal to noise ratio 

Signal to noise ratio (SNR) was calculated as described in section 3.6.2 and coloured maps 

related to SNR values were generated for each grid. Spectra with SNR<10 were considered poor 

quality spectra (as indicated in [258]), and the percentage of voxels with SNR<10 was calculated 

for each grid). Spectral quality from the voxels placed in edges or centre of MRSI grids (Figure 

5.3) were assessed for differences. However, voxels from the edge were avoided whenever 

possible in order to ensure comparable quality. 

 

Figure 5.3: Schemes of MRSI grids of 10x10 voxels dimension (left) and 12x12 voxels dimension (right). The 

blue area was considered the edge and the orange area was considered the centre of the grids. The yellow 

area corresponds to the tumour injection point and the green area indicates the normal brain parenchyma 

region in a GL261 tumour-bearing animal. 
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Spectral pattern inspection and presence of artefacts 

Mean spectra from the striatum area corresponding to the injection point in tumour-bearing 

animals (n=9 voxels, yellow area in Figure 5.3) and the area corresponding to non-affected brain 

parenchyma (n=9 voxels, green area in Figure 5.3) were calculated using 3DiCSI for a visual 

inspection of the average spectral pattern. Unsupervised sources (n=3 sources) were obtained 

as described in section 3.7.1, allowing us to inspect main paradigmatic patterns and also detect 

artifacts due to insufficient water suppression, poor homogeneity or lipid scalp contamination. 

Finally, semi-supervised source analysis was performed as described in section 3.7.2 to check 

about possible misclassification or incoherence due to different grid positioning. 

 

5.3 Results and discussion 

5.3.1 Assessment of Spectral Quality in MRSI grids of wt mice.  

5.3.1.1 Consecutive grids with the same matrix size (10x10) 

SNR, mean spectra and artifact analysis 

The SNR maps generated from the three MRSI grids are shown in Figure 5.4, and numerical 

values are shown in Table 5.2. The percentage of voxels with SNR below the threshold of 10 

increased for larger distances grid-coil, and this was indeed expected because being in the 

vicinity to the coil produces more intense signals. Significant differences (p<0.05) were found 

between SNR of the edges and center voxels of each grid, being SNR 1.6 to 1.8-fold higher in 

center voxels. 

The SNR values of center voxels in different grids were compared and, as expected, Grid 1 (closer 

to the coil) presented the highest value, significantly better than Grids 2 and 3, although all 

values were within acceptable quality ranges.  The same result was found for edge voxels, in 

which the highest SNR value was found in Grid 1. No significant differences were found between 

Grids 2 and 3.  
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Figure 5.4: SNR maps calculated for each MRSI grid tested in this multi-slice experiment, superimposed to 

the T2w images. The grid dimension was 10x10. The coloured scale indicates the SNR range. Highest SNR 

values were observed in the centre of the grids and lowest SNR values were observed in the edges. 

 

Table 5.2: SNR data from the grids of the multi-slice combination of 10x10 voxels: Percentage of voxels with 

SNR<10, SNR of the edges and centre of the grids. Values are shown as mean ± SD 

 Grid 1 (10x10) Grid 2 (10x10) Grid 3 (10x10) 

% Voxels SNR<10 1.0  3.0 4.0 

SNR Edge voxels 17.9±4.3 (n=36) *£ 15.5±4.2 (n=36) * 15.4±4.8 (n=36) * 

SNR Centre voxels 31.9±8.0 (n=64) £ 25.8±6.2 (n=64) 28.2±7.3 (n=64) 

* = p<0.05 in comparison with SNR of centre voxels of the same grid 

 £ = p<0.05 in comparison with Grid 2 and Grid 3. 

 

Mean spectra was calculated for two different areas schematized in Figure 5.3. The area 

corresponding to future tumour cells-injection point (n=9 voxels) and to normal brain 

parenchyma (n=9 voxels). Figure 5.5 shows the spectral patterns obtained for these areas in 

each studied grid. No significant differences (p>0.05) were observed with Student’s t-test in SNR 

neither between yellow and green areas within each grid, nor between corresponding areas 

(yellow or green) from different grid positions 
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Figure 5.5: Mean spectra calculated in area corresponding to usual tumour injection point (yellow) and 

normal brain (green) areas selected in MRSI grids for this multi-slice experiment. From top to bottom: Grid 

1, Grid 2 and Grid 3. The presence of a possible artifact is marked in red in mean spectrum 1b. SNR of each 

mean spectra is indicated. 

The six mean spectra calculated presented a spectral pattern consistent with normal brain 

parenchyma as expected, showing sensible Cho/Cr and NAA/Cr ratios of 0.95±0.17 and 

1.09±0.14, respectively. These values are in agreement with Cho/Cr and NAA/Cr ratios 

calculated previously in our group in [259] for normal brain (Cho/Cr= 0.98±0.03 and 

NAA/Cr=1.01±0.06). We can also appreciate a possible artefact at 1.53±0.01 ppm in mean 

spectra 1b, which after careful inspection was seen in 3 out of 9 voxels used for calculation, 

although it does not compromise the overall spectral quality. SNR was also calculated from 

yellow and green areas of each grid and significant differences (p<0.05) were observed between 

these areas in the 3 studied grids, SNR of green areas were 1.46 fold higher than SNR of yellow 

areas. No differences (p>0.05) were found between the same areas of different grids (see SNR 

values in Figure 5.5). 
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Unsupervised source analysis 

In order to check for major artefacts in whole grids, unsupervised sources (n=3) were extracted 

from each individual grid. Figure 5.6 shows the 3 sources obtained for each grid, the maps 

associated to each source and these maps superimposed to the correspondent T2w axial image. 

As it can be appreciated, some possible artefacts were detected with this approach, namely: 

poor water suppression and low SNR in Grid 1 (source 2) in the upper-right corner; inversion 

artefacts at ca. 1.49 – 1.52 ppm were observed in Grids 1 and Grid 3 (sources 3 and 1 

respectively) 0.9-1.32 ppm) usually near the edges of the grid.  Another inversion artefact was 

observed in Grid 2 (source 3) at ca. 0.9-1.32 ppm.  The inversion artefact detected in Grid 1 is 

coherent with mean spectra shown in Figure 5.5, spectra 1b. Such artefacts could be at least 

partially due to out-of-volume lipid artefact [260] even with the use of saturation bands. This 

slice is close to the scalp and this should be taken into account. However, at this point, due to 

the coherence of the rest of the spectral pattern, spectra would be useful and correctly classified 

in an adequate trained semi-supervised analysis. 
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Figure 5.6: Results of the 

unsupervised analysis of 

the three grids of              

the 10x10-combination 

matrix. For each grid, 3 

sources were obtained, 

the corresponding maps 

associated to each source 

were calculated and 

superimposed to the T2w 

axial MRI. Red squares 

indicate the possible 

artefacts observed in 

those sources 
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5.3.1.2 Consecutive grids with different matrix size (10x10 and 12x12) 

SNR, mean spectra and artefact analysis 

Most results obtained with this matrix size combination were essentially similar to results 

obtained with the 10x10 grid combination. SNR maps generated from the three MRSI grids are 

shown in Figure 5.7 and numerical values are stated in Table 5.3. Similarly, as described in 

section 7.3.1.1, lower grids presented a higher percentage of low quality spectra (SNR<10) in 

comparison with upper grids and Grid 1 did not show any spectra with SNR below 10. Spectra 

from edge voxels presented significantly worst quality in comparison with center voxels which 

had higher SNR value (1.7 to 1.8 fold higher). However, all of them were within acceptable values 

with average SNR ranging from 13.3 to 30.5.  

 

Figure 5.7: SNR maps calculated for each MRSI grid tested in this multi-slice experiment using different 

dimensions, superimposed to the T2w images. From left to right: Grid 1 with 10x10 voxels, Grid 2 with 12x12 

voxels and Grid 3 with 10x10 voxels. The coloured scale indicates the SNR range. Highest SNR values were 

observed in the centre of the grids and lowest SNR values were observed in the edges of the grids. 

As performed in the previous subsection, mean spectra was calculated for the area 

corresponding to tumour injection point (n=9 voxels) and to normal brain parenchyma (n=9 

voxels). Figure 5.8 shows the spectral pattern obtained for these areas in each studied grid. 

Table 5.3: SNR data from the grids of the multi-slice combination of 10x10 and 12x12 voxels: Percentage of 

voxels with SNR<10, SNR of the edges and centre of the grids. Values are shown as mean ± SD 

 Grid 1 (10x10) Grid 2 (12x12) Grid 3 (10x10) 

% Voxels SNR<10 0.0 5.0 9.0 

SNR Edge voxels  17.9±4.2 (n=36)*£ 15.4±5.2 (n=44)* 13.3±3.8 (n=36)* 

SNR Centre voxels  30.5±8.0 (n=64)  29.2±8.1 (n=100) 24.3±6.3 (n=64)** 

* = p<0.05 in comparison with SNR of centre voxels of the same grid.  

£ = p<0.05 in comparison with Grid 2 and Grid 3.  

** = p<0.05 in comparison with Grid 1 and Grid 2. 
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The six mean spectra calculated presented a spectral pattern consistent with normal brain 

parenchyma as expected, showing the expected Cho/Cr and NAA/Cr ratios as in the 10x10 grid 

combination. For Cho/Cr the ratio obtained was 0.79±0.12 and 1.01±0.15 for NAA/Cr. As in the 

previous grid combination, the mean spectrum 1.b showed a similar inversion artefact at 

1.60±0.02 ppm which was detected in 6 out of 9 voxels. Although its chemical shift was slightly 

different (1.53 ppm in previous combination), the artefact probably has the same origin and 

would not compromise the overall spectra quality. 

SNR calculated from yellow and green areas presented significant differences (p<0.05) in the 

same grids. In the case of Grids 1 and 2, SNR of green areas was 1.35 fold higher than SNR of 

yellow areas. However, in Grid 3 it was the other way round: the SNR of the yellow area which 

was 1.33 fold higher than SNR of the green area. In the case of the same areas in different grids, 

significant differences were found between the green areas of Grids 3 and Grids 1 and between 

green areas of Grid 3 and Grid 2 (see SNR values in Figure 5.8). 

 

Figure 5.8: Mean spectra calculated in the area corresponding to tumour injection point (yellow) and 

normal brain (green) area selected in MRSI grids for this multi-slice experiment. From top to bottom: Grid 

1, Grid 2 and Grid 3. The presence of a possible artefact is marked in red in mean spectrum 1b. SNR of each 

mean spectra is indicated. 
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Unsupervised source analysis 

Unsupervised sources (n=3) were extracted from each individual grid. Figure 5.9 shows the 3 

sources obtained for each grid, the maps associated to each source and these maps 

superimposed to the correspondent T2w axial image. Inversion artefacts were detected at ca. 

1.52-1.53 ppm, mostly at the bottom part of the Grid 1 (sources 1 and 3) and Grid 3 (source 2). 

Artefact is more prominent at Grid 3 and this source also has a poor SNR profile in comparison 

with the other ones, which is probably related to grid location and vicinity to heterogeneous 

zones and structures. Still, an inversion artefact seems to appear in Grid 2 (source 2) at ca. 2.76-

2.89 ppm. None of the artefacts seems to distort the rest of the spectral pattern and those would 

be probably still useful in a basic semisupervised source analysis study such as tumour vs normal.  
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Figure 5.9: Results of the 

unsupervised analysis of 

the three grids of the 

10x10 and 12x12 

combination matrixes. For 

each grid, 3 sources were 

obtained, the 

corresponding maps 

associated to each source 

were calculated and 

superimposed to the T2w 

axial MRI. Red squares 

indicate the possible 

artefacts observed in 

those sources. 
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5.3.2 Preliminary experiments with GL261 tumour-bearing mice. 

Assessment of Spectral Quality 
The multi-slice MRSI scheme of 10x10 and 12x12 combination was tested in 3 GL261 tumour-

bearing mice to check for the robustness of the results. For complete coverage of the whole 

tumour, a 4th slice was added, in a lower position, with a matrix size of 10x10 voxels. In addition, 

Grid 2 was acquired by triplicate in order to ensure reproducibility of the observed pattern. The 

same analyses described in the previous subsection were performed, regarding SNR, mean 

spectra and unsupervised source analysis. In addition, a semi-supervised source analysis was 

carried out as in section 3.7.2 of the general materials and methods. Figures from one 

representative case (C894) are shown, whereas data from the remaining cases can be found in 

Annex II.  

5.3.2.1 SNR, mean spectra and artifact analysis 

The SNR maps of the representative mouse C894 are shown in Figure 5.10 and the mean values 

of the 3 studied animals are listed in Table 5.4, which also shows the SNR calculated values for 

tumour and normal brain parenchyma areas. SNR data from Grid 2 is shown as mean±SD of the 

3 acquisitions performed for each of the 3 cases. As it was already seen with wt animal studies, 

the positioning of the grid is directly related with the amount of insufficient quality spectra 

(SNR<10) going from 3.0±2.0% in the first grid to 13.3±6.0% in the lower grid. These differences 

were statistically significant when comparing Grid 1 to Grids 3 and 4: the SNR of the edge voxels 

was lower than SNR in centre voxels which were 1.73-1.98-fold higher. This difference was even  

more evident in the central grids, in which it was almost two-fold (1.97±0.17).  Regarding SNR in 

centre voxels, a decreasing trend was found as expected, which was related to grid positioning 

decreasing from 36.2±10.2 in Grid 1 to 23.3±7.3 in Grid 4. SNR of the centre voxels of Grid 4 was 

significantly lower (p<0.05, Mann-Whitney’s U test) compared to the rest of the grid positions. 

Still, average SNR values obtained in multi-slice MRSI acquisitions were lower than values 

obtained in single-slice MRSI when considering the grid with equivalent positioning (see section 

5.4 for more details in this comparison). Finally, as it was expected, SNR obtained in the triplicate 

acquisition of Grid 2 was consistent and values were not significantly different neither from edge 

nor from centre voxels (p>0.05).  
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Figure 5.10: SNR maps calculated for each MRSI grid tested in this multi-slice experiment, superimposed to 

the T2w images in the representative case C894. Tumour borders are marked with dashed white lines in 

each grid. The yellow and green squares indicate the voxels selected to calculate SNR of the tumour and 

normal parenchyma area, respectively. SNR maps from repeated acquisitions of Grid 2 are shown as 

acquisition 2.1, 2.2 and 2.3, for reproducibility issues. The coloured scale indicates the SNR range. Note the 

different coloured scale for SNR range in grids 1 and 4, suggesting an overall lower SNR in Grid 4. 
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Table 5.4: SNR data from edges and centre voxels of the grids of tumour-bearing mice, as well as SNR from 

tumour and normal brain parenchyma zones. The second grid that was acquired 3 times is represented by 

the average value of the 3 acquisitions. Values are shown as mean ± SD. 

GL261 mice (n=3) Grid 1 Grid 2 Grid 3 Grid 4 

% Voxels SNR<10 3.0±2.0 4.9±2.0 7.6±0.7* 13.3±6.0* 

SNR Edge voxels 

(mean±SD) 
20.9±8.1 £ 17.2±7.9 ££ 15.4±7.8 13.3±5.2 

SNR Centre 

voxels (mean±SD) 
36.2±10.2£ 33.1±12.0££ 30.5±10.8$ 23.3±7.3 

SNR Tumour 

voxels (mean±SD) 
46.5±11.5** 45.7±15.2 ** 26.1±8.3$ 16.2±3.4 

SNR Normal 

parenchyma 

voxels (mean±SD) 

30.5±7.7$ 33.2±6.1$ 32.8±10.4$ 23.9±4.9$ 

 

*= p<0.05 in comparison with Grid 1 

£= p<0.05 in comparison with SNR of edges voxels of Grid 2, 3 and 4. 

££= p<0.05 in comparison with SNR of edges voxels of Grid 3 and Grid 4. 

$= p<0.05 in comparison with SNR of centre voxels of Grid 4 

** p<0.05 in comparison with SNR of centre voxels of Grids 3 and 4. 

 

SNR was calculated in voxels of tumour area (n=2-9 depending on the tumour area in each grid) 

and normal parenchyma area (n=9) for each case, indicated by yellow and green squares 

respectively in Figure 5.10,  and mean SNR data of both areas of all mice are shown in Table 5.4. 

We have not observed a clear pattern (i.e. tumour zone SNR being always higher or always lower 

than normal brain parenchyma zones). SNR calculated from tumour voxels was 1.5-fold higher 

than normal zone in Grid 1, while a decrease in a 0.67 factor was seen in Grid 4 in comparison 

with the normal brain parenchyma zone. It is interesting to observe that in Grids 2 and 3, located 

in ‘less extreme’ positions in comparison with Grids 1 and 4, there were clearly less difference 

in SNR of tumour and normal zones. In Grid 2, SNR was only 1.37-fold higher in tumour and, on 

the other hand, Grid 3 showed a decrease on 0.8-fold comparing tumour area with normal brain 

parenchyma. The overall tendency to higher SNR values in upper grids was maintained in this 

study, as expected. 

The spectral quality in tumour and normal parenchyma areas was assessed in the same voxels 

used for SNR studies. Figure 5.11 shows mean spectra from tumour (yellow-frame area) and 

normal brain parenchyma (green-frame area) for case C894 while remaining cases are shown in 

Annex II.  For all cases, the mean spectra in both tumour and contralateral area presented the 

typical spectrum pattern expected for these areas i.e. ratio Cho/Cr of 1.65±0.37 and intense 

mobile lipids signals in case of tumours and ratios Cho/Cr and NAA/Cr of 0.91±0.13 and 

1.17±0.19 respectively, in normal brain parenchyma zones. These values are in agreement with 

previous data from our group [259] showing that there is consistence across different grid 
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positions.  Moreover, mean spectra from the three consecutive acquisitions from Grid 2 were 

reproducible in the three mice explored.  

No noticeable artifacts were seen in mean spectra from Grids 1, 2 and 3. A small artifact was 

visible at 1.55±0.0 ppm (in 6 out of 9 spectra selected to calculate mean spectrum) in the normal 

appearing brain parenchyma zone in Grid 4, similarly to wt studies described in previous 

sections. However, it does not compromise the overall quality of the spectra, which were 

satisfactory in all grid positions.  



Set-up of a multi-slice MRSI protocol  

88 

 

Figure 5.11: Mean spectra calculated for case C894 from tumour area (yellow) and contralateral area 

(green) in the four grids. Tumour borders are marked with dashed white lines in each grid. Most spectra 

were of excellent quality and free from artifacts. Triplicate acquisitions for Grid 2 were proven reproducible. 

The red square marked a possible small inversion artifact detected in Grid 4.  
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5.3.2.2 Unsupervised source analysis 

Unsupervised source analysis (n=3 sources) was carried out with the three GL261 tumour-

bearing animals in order to check for artefact presence in the whole grid and gone unnoticed in 

mean spectra analyses. It also allowed to visually evaluate whether a consistent segmentation 

between tumour and normal zones was achieved. It is worth noting that in the unsupervised 

analysis, the sources are not fixed and for this reason the colour of the sources could change in 

each analysis. 

In the three studied cases, good segmentation was observed in Grids 1, 2 and 3 but not in Grid 

4 as seen in Figure 5.12.  Both the grid position and the small fraction of tumour occupying the 

grid could explain the obtained results. For the remaining grids, apart from the expected tumour 

and normal spectral pattern, a third source appeared related to spectral quality (this was more 

evident in Grids 2 and 3 with poor water suppression and/or SNR, but less evident in Grid 1). In 

Grid 2, acquired 3 consecutive times, high reproducibility was observed in this unsupervised 

analysis.  See Table 5.5 for source identification. 

In the representative case C894 illustrated in Figure 5.12, most of the artifactual patterns were 

found in the edges of the grids located at either upper or bottom corners and were also noticed 

in cases C891 and C895 (Annex II). In all cases, Grid 4 presented sources characteristic of poor 

SNR patterns.  
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Figure 5.12: Calculated sources, intensity maps of each source and nosological images obtained from an 

unsupervised analysis for case C894, superimposed to the corresponding T2w image. Tumour borders are 

marked with dashed white lines in each grid.  In the three acquisitions of grid 2, one source corresponded 

to tumour pattern, another source corresponded to normal brain pattern and another source represented 

a poor water suppression pattern, confirming the reproducibility in the repeated acquisitions. 
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Table 5.5:  Assignment of the predominant tissue pattern contributing to each source calculated in the 

unsupervised analysis of case C894. Sources identified as artifactual could provide less confident analysis 

in semi-supervised studies with fixed, good-quality sources. 

 Predominant pattern of the source 

Grid 1 2 3 

1 
Normal brain 

parenchyma 
Tumour 

Normal brain 

parenchyma 

2.1 Tumour 
Normal brain 

parenchyma 

Artefact (bad water 

suppression) 

2.2 Tumour 
Normal brain 

parenchyma 

Artefact (bad water 

suppression) 

2.3 Tumour 
Normal brain 

parenchyma 

Artefact (bad water 

suppression) 

3 
Artefact at 1.58 ppm, 

bad SNR 

Normal brain 

parenchyma 
Tumour 

4 
Artefact at 1.6 ppm, 

bad SNR 

Artefact at 1.5 ppm, 

bad SNR 

Normal brain 

parenchyma 

 

5.3.2.3 Semi-supervised source analysis 

After checking for SNR, spectral quality, spectral features and presence of artefacts, the semi-

supervised analysis developed in our group [117] was applied to all acquired grids in order to 

visually confirm that tumour regions were properly segmented. In this type of analysis, the 

pattern of each voxel is compared with patterns of fixed sources previously extracted as 

explained in section 3.7.2. Nosological images are generated and the colour coding is as follows: 

unresponsive/untreated patterns are shown in red, tumour responding pattern in green, normal 

brain parenchyma pattern in blue, and black is the colour assigned to spectra considered as 

“unclassifiable” by the system.  This protocol was applied to all grids and the results for the 

representative case C894 are shown in Figure 5.13, whereas cases C891 and C895 are shown in 

Annex II. Results show that most tumour voxels were correctly classified as 

unresponsive/untreated pattern, as expected (85% voxels correctly classified) and the 

peritumoural/non-affected zone was correctly identified, leading to proper tumour 

segmentation. Exceptions were seen in Grid 4, in which the tumour tissue was not properly 

identified, probably due to the small amount of tumour tissue included in the grid, and poor 

overall spectral quality. Undefined (black) pixels seen in cases C891 and C894 match the zones 

of the artefactual spectra identified in the top-left edge of the Grid 2 matrix. The case C895 was 

the only one in which an untreated tumour was classified as containing partially responding 

pattern in an increasing trend, i.e. each consecutive slice acquisition seems to show more pixels 

classified as responding even when the spectral quality in the unsupervised source extraction 

for this zone is similar. In previous studies from GABRMN [117] there were non-treated cases 
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which also presented responding pixels, but the problem with this case was the lack of 

reproducibility for unknown causes. To measure this lack of reproducibility in the case C895, the 

average spectra of the green coded pixels from the acquisition 2.3 and the average spectra of 

the same pixels position for acquisitions 2.1 and 2.2 were calculated. The superposition of those 

three average spectra is shown in Annex II. A difference among the three spectra was observed 

around the 3.93 ppm position, where a peak was observed in the average spectra from 

acquisition 2.1 and 2.2 but it was not observed in acquisition 2.3. The absence of this peak in 

acquisition 2.3, could be the reason why these pixels were displayed in green and not in red. 

Moreover, in order to check whether this spectral difference was detected in cases C891 and 

C894, the average spectra of tumour red pixels from the acquisitions 2.1, 2.2 and 2.3 were 

calculated and superimposed (Annex II).  Similar patterns were observed in both cases and no 

visual differences were detected in the 3.93 ppm position, indicating that possibly the 

differences detected in the case C895 could be artefactual.  
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Figure 5.13: Nosological images obtained from semisupervised source analysis for case C894, superimposed 

to the correspondent T2w images. Tumour borders are marked with dashed white lines in each grid. Red 

pixels corresponded to non-treated/unresponsive tumour spectral pattern, blue pixels to normal brain 

spectra pattern, green pixels to spectral pattern displayed by tumours responding to therapy and black 

pixels to voxels with ‘undecided’ classification. 
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5.4 General discussion for this section 

5.4.1 Acquisition of MRSI multi-slice grids in wt and GL261 tumour-bearing 

mice 
A multi-slice, 3D-like MRSI acquisition scheme was developed in order to obtain metabolomic 

information from preclinical glioblastoma in a volumetric approach. Glioblastomas are known 

to be heterogeneous [11, 12] and the use of a single-slice MRSI approach could hinder us to 

properly assess such heterogeneity. The existing 3D MRSI sequences [122, 257] were based in 

whole cubic VOI shapes and this lack of flexibility could limit the coverage of the whole tumour 

due to shimming problems and vicinity of lipid scalp to VOI edges. As opposed to this, a multi-

slice with variable grid size may allow for a still acceptable tumour mass coverage while 

improving spectral quality by adjusting grid size and position according to tumour shape and 

volume. Two grid sizes were studied in combination: 10x10 grids as described in previous work 

from our group  [90, 116, 117, 127] and larger grids of 12x12 in the central zones of the tumour, 

where diameters are usually higher in advanced stages, allowing for a good tumour mass 

coverage.  

5.4.1.1 SNR results 

SNR from edges and centre of the grids 

Voxels from the edges of the grids presented lower SNR than voxels from the centre of the grids 

in both wt (Tables 5.2 and 5.3) and GL261 mice (Table 5.4). These results are in agreement with 

previous investigations [127, 153, 261], where it was described that SNR from voxels at the edge 

of MRSI grids tends to be lower than the rest. However, it is worth noting that even having a 

borderline SNR in some cases does not compromise the overall pattern and spectra may still be 

useful for further pattern recognition analysis.    

In addition, both in wt and GL261 tumour-bearing mice a decreasing trend for SNR was observed 

from grids allocated at dorsal positions (Grid 1) to grids allocated in ventral positions (Grid 4). 

This decrease in SNR could be explained due to the proximity to the surface coil, where better 

signal is sampled, all of this added perhaps to a worse shimming for grids placed in a lower 

position in the brain anatomy, in a more heterogeneous zone [130, 262]. This tendency was also 

observed taking into account the percentage of low quality spectra, which higher percentage of 

voxels presenting SNR<10 in ventral grids.   

Studies with wt mice  

Combinations including only 10x10 and a mix of 10x10 and 12x12 voxels were tested in wt mice. 

No significant differences (p>0.05) using Student’s t-test were observed comparing SNR from 

the edges of equivalent grids from both combinations. Regarding SNR from centre voxels, 
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significant differences (p<0.05) were observed in Grid 2 and in Grid 3 between the two 

combinations. One would expect that the use of a 12x12 matrix could imply an approximation 

to interface tissues which in turn could lead to poor quality spectra and lower SNR in those larger 

grids as already suggested [118], but the result obtained in our hands was the opposite, with 

higher SNR in the 12x12 matrix (29.2±8.1 vs 25.8±6.2). However, it is worth noting that although 

the difference is statistically significant, this only means a 13% variation in the overall SNR and 

both were within acceptable ranges. As these acquisitions were performed in different animals, 

these small differences can be attributed to inter-subject variability. From this preliminary set-

up, we could deduce that a multi-slice MRSI acquisition was feasible as well as the MRSI 

acquisition matrix enlargement, and acquisitions could be obtained within an acceptable 

experimental time (~1.5-2h for a 3-slice acquisition).  

Studies with GL261 tumour-bearing animals 

Considering the satisfactory results obtained with wt animals, we proceeded to studies with 

GL261 tumour-bearing mice. However, to ensure whole tumour coverage, 4 grids were placed 

instead of 3 (Figure 5.2). In addition, Grid 2 (equivalent to the position of previous single-slice 

MRSI studies from our group) was acquired in triplicate for reproducibility assessment. The 

addition of a 4th grid was a differential parameter and although the SNR obtained is significantly 

lower (p>0.05) than the rest of the grids, due to its position from the surface coil, still it proved 

feasible with only 13.3±6.0% of voxels with SNR<10. The expected tendency of lower SNR in 

edges in comparison to centre voxel position was maintained in all grids and SNR was in average 

1.85±0.12-fold higher in centre than in edges and was not significantly different from wt grids in 

equivalent positions.   

Regarding SNR of the borders of equivalent grids were compared and no significant differences 

(p>0.05) were observed between wt and GL261 tumour-bearing MRSI acquisitions. However, 

higher SNR values (p<0.05) were found in the centre of the Grids 1 and 2 of GL261 tumour-

bearing mice in comparison with the equivalent grids from wt mice. 

Regarding the triplicate acquisition of Grid 2, the three studied cases presented slight variations. 

Case C894 presented highest reproducibility (<10% variability in all measurements) and case 

C895 the lowest (up to 15.9% variation for SNR in voxels from the tumour area). However, all 

acquisitions resulted in acceptable SNR and no drift was detected (i.e. a trend in getting worst 

SNR values with consecutive acquisitions, or subtle unexpected variations).  
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As expected, the grid positioning (dorsal-ventral) was a determinant factor for changes in 

measured parameters and it was closely related with SNR values in all mice. Average SNR values 

of centre voxels showed decreases of ca. 8% between Grids 1-2 and 2-3, and a drop of 23% in 

SNR values for Grid 4 (Grid 1: 36.2±10.2, n=192; Grid 2: 33.1±12.0, n=900; Grid 3: 30.5±10.8, 

n=300; Grid 4: 23.3±7.3, n=192). Significant differences were found in comparisons between all 

grids. In addition, a similar trend was found in edge voxels with an average decrease of 17% in 

SNR in each grid position. Regarding SNR calculated for the specific tumour areas in tumour 

bearing mice, values ranged from 46.5±11.5 in Grid 1 (n=27) to 16.2±3.4 in Grid 4 (n=12). For 

normal parenchyma areas, values presented lower variability and ranged from 33.2±6.1 in Grid 

2 with the highest value (n=81) to 23.9±4.9 in Grid 4 (n=27) which was found to be significantly 

different from other grids. The SNR for the tumour areas in GL261 tumour bearing mice showed 

to be consistently higher in comparison with similar brain areas chosen in wt studies for 

calculation (1.9 fold higher in average comparing equivalent zones and grids), whereas normal 

brain parenchyma areas presented less punctual variability, and in general of lower magnitude. 

From these studies, it became clear that a multi-slice MRSI study with 4 different grids was 

possible within an acceptable experimental time (~3.5h hours) and with adequate SNR even in 

larger matrixes (12x12). However, we wondered whether these results were compared with the 

single-slice MRSI acquisitions and with 10x10 voxel matrixes performed previously in our group.   

Comparisons between multi-slice and single-slice MRSI results from previous studies 

Data obtained from grids acquired by the MRSI multi-slice approach was compared with data 

obtained from previous cases using single-slice MRSI acquisitions in order to check for 

consistency. Specifically, 6 untreated GL261 tumour-bearing mice from [117] were chosen for 

comparison purposes (C255, C288, C351, C520, C529 and C583). The SNR (mean±SD) calculated 

from these acquisitions was compared to data gathered from tumour-bearing mice studied by 

multi-slice approach (Table 5.6). It is worth noting that the equivalent grid to be directly 

compared with the single-slice acquisition would be essentially Grid 2.  
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Table 5.6: SNR data (mean±SD) from edges, centre, tumour and normal parenchyma voxels and percentage 

of voxels with SNR<10 of 6 previous cases studied with MRSI single-slice from GABRMN compared to the 3 

mice studied using the MRSI multi-slice approach in this thesis.  

 GABRMN 

Single-slice 

MRSI (n=6) 

Grid 1 

Multi-slice 

(n=3) 

Grid 2 

Multi-slice 

(n=9) 

Grid 3 

Multi-slice 

(n=3) 

Grid 4 

Multi-slice 

(n=3) 

% Voxels SNR<10 1.3±1.0 3.0±2.0 4.9±2.0* 7.6±0.7* 13.3±6.0* 

Edge voxels 23.2±9.7 20.9±8.1 17.2±7.9 * 15.4±7.8* 13.3±5.2* 

SNR Centre 45.6±17.4 36.2±10.2* 33.1±12.0* 30.5±10.8* 23.3±7.3* 

SNR Tumour 54.6±13.4 46.5±11.5* 45.7±15.2 * 26.1±8.3* 16.2±3.4* 

Normal parenchyma 30.9±10.5 30.5±7.7 33.2±6.1 32.8±10.4 23.9±4.9* 

*= p<0.05 in comparison with single-slice MRSI cases 

It can be readily seen that the calculated SNR was somewhat higher in single-slice MRSI 

acquisitions, being this difference significant in several instances. Still, the percentage of voxels 

with insufficient SNR was lower for single-slice aquisitions. Direct comparison with Grid 2 

resulted in fold changes from 0.72 to 1.07 but still, resulting in more than 95% spectra having 

enough SNR to be used. Of course, comparison with other grid positions should take into 

account the influence of coil vicinity and comparisons are not straightforward. Further 

adjustments in coil positioning may be undertaken in the future, in order to improve SNR 

obtained in multi-slice MRSI acquisitions.  

5.4.1.2 Presence of artefacts 

The presence of artefacts was inspected with the help of unsupervised source analysis. Most 

artefacts were found in upper and lower corners of the grids, and were more evident in GL261 

tumour-bearing mice acquisitions (Figure 5.12 and Annex II). In wt mice, the enlargement of the 

central matrix from 10x10 to 12x12 voxels did not produce additional artefacts and the distance 

from matrix to scalp ranged from 0.4 mm to 2.5 mm (from the right corner of the grid to the 

scalp), resulting in a determinant factor in their appearance. The most common artefacts in wt 

acquisitions were inversions observed at 1.58±0.05 ppm, probably due to vicinity of lipids, which 

could distort the registered signal. Those were also seen in multi-slice acquisitions from tumour-

bearing mice, but were not noticed in single-slice MRSI acquisitions. Prominent artefacts due to 

poor water suppression were observed in Grid 2 of the multi-slice acquisition and were 

consistent in triplicate acquisitions. It is worth mentioning that the presence of artefacts related 

to matrix corners and insufficient water suppression was also observed in some individuals from 

single-slice acquisitions studied by our group (see Figure 5.14) even though in these cases the 
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distance from grid to the scalp did not seem to be a determinant factor. However, in future 

studies the meticulous positioning of grids should decrease the appearance of this type of 

artefacts, for example, avoiding grid placement near to tissue interfaces. 

 

Figure 5.14: Calculated sources, intensity maps of the sources and nosological images obtained from an 

unsupervised analysis superimposed to the corresponding T2w image in the case C583 (untreated tumour-

bearing mice studied with single-slice MRSI  approach) from [117]. Tumour borders are marked with dashed 

white lines in each grid. Poor water suppression artefact was observed in source 1 (red square). 

The identification of possible artefactual voxels in a given case could be useful to explain possible 

erroneous classifications in the semi-supervised system. Future optimizations of the semi-

supervised classification software would be useful for automatic tagging and removal of 

artefactual voxels with unsuitable quality for classification purposes, a work still in progress 

within our group. 

5.4.1.3 Semi-supervised analysis 

In the semi-supervised source analysis carried out in GL261 tumour-bearing mice explored with 

the multi-slice MRSI approach, a good discrimination between proliferating tumour and normal 

parenchyma area with the expected classification was found in 87.2 % of the voxels. Some cases 

presented pixels classified with the “tumour responding” pattern (i.e. green), up to 17.7% of 

tumour pixels in case C895, which was unexpected as these cases were all untreated mice. 

However, this was already seen in some isolated cases explored by single-slice MRSI described 

in [117]. One possible hypothesis to explain this classification is that some tumours present 
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specific metabolic changes that are shared with tumours responding to therapy and these 

changes are sampled by the classification system. We should also take into account that the 

semi-supervised system works with fixed sources, forcing the analysed data to fit in one of them 

or in the undecided “black” category. We cannot discard that the system is sampling tumour 

heterogeneity and some zones could metabolically resemble more a responding tumour than 

an actively proliferating zone. Moreover, results obtained in Grid 4 showed unclear 

segmentation and lead us to consider whether the acquisition of this zone would be useful in 

tumour follow-up depending on tumour size. These results reinforce the interest in applying a 

multi-slice MRSI protocol in longitudinal studies of noninvasive assessment of therapy response, 

possibly improving results obtained with the single-slice MRSI methodology and potentially 

giving more insight into tumour heterogeneity and evolution of response to therapy.  

 

5.5 Conclusions  
1. A multi-slice MRSI protocol was developed and proven feasible in wt mice using a 

combination of 3 MRSI grids with the same or different dimensions. Enlargement of 

matrix from 10x10 to 12x12 resulted in spectra with acceptable quality, either regarding 

SNR, presence of artifacts and consistency of the spectral features.  

2. The developed protocol was applied successfully to GL261 tumour-bearing mice 

acquisitions, even adding a 4th grid to ensure whole tumour coverage. Good quality 

spectra were obtained, although the calculated SNR was slightly lower than for single-

slice MRSI acquisitions. Artifacts, mainly related to poor water suppression, were seen 

in grid corners of 12x12 grids. This could be related to the proximity of the grid borders 

to the scalp, but it did not affect directly the tumour core zone.  

3. SNR varied with position of a voxel inside the grid (central voxels having SNR in average 

1.85-fold higher than edge voxels) and also with grid positioning, having dorsal grids 

higher values in comparison with ventral grids (average SNR in Grid 1 was 1.55-fold 

higher than SNR in Grid 4). These results were expected and in general they did not 

compromise the overall spectral quality. 

4. The spectral features observed both in wt and GL261 tumour-bearing mice in chosen 

grid zones were consistent with normal brain parenchyma and GL261 tumour spectra in 

all grids, showing that even lower grids can produce acceptable spectra that can be used 

for classification purposes.  
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5. The semi-supervised source analysis applied to acquisitions from GL261 tumour-bearing 

mice visually resulted in proper segmentation between tumour and normal parenchyma 

area in which most voxels were correctly classified either as tumour or normal brain 

parenchyma pattern. The appearance of a “responding tumour” pattern in some voxels 

from untreated cases should be investigated, but it suggests that the system is sampling 

tumour heterogeneity or local changes that can be mislabelled as “responding” due to 

the use of fixed sources. Still, small tumour volumes could not be adequately sampled 

in nosological images, which suggests that depending on the tumour volume, the 

inclusion of a 4th grid would not be informative.  

6. Due to the enlargement of the matrixes and the vicinity of some grids to tissue-interface 

regions, care should be intensified regarding grid positioning and coil placement 

adjustment, in order to minimize the appearance of artifacts. 

7. The overall results obtained in this chapter indicate that this multi-slice MRSI approach 

is ready to be applied in longitudinal studies of therapy response follow-up for tumour 

heterogeneity sampling and further histopathological validation.
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 Unraveling therapy response heterogeneity in 

preclinical GL261 tumour-bearing mice with a multi-slice 

MRSI approach 

6.1 Specific objectives 
The main purpose of this chapter was to apply the multi-slice MRSI method developed in chapter 

5 to a cohort of GL261 tumour-bearing mice (either control/untreated or under TMZ treatment). 

This should allow checking whether consistent results with the already described for single-slice 

MRSI studies [117] were obtained, and also to gain more insight into the histopathological 

validation of the MRSI-derived information from the different tumour regions corresponding to 

each sampled  slice. Considering the intrinsic heterogeneity of glioblastomas and their response 

to therapy, the use of a single slice protocol could hinder us from obtaining relevant information 

while this can be tackled by a multi-slice approach, producing more representative results. Most 

of the work described in this chapter was published in the scientific journal Metabolites (Arias-

Ramos N et al, 2017 [263]). 

6.2 Specific material and methods 

6.2.1 Animals 
Tumours were induced in a total of 39 C57BL/6J female wt mice (weighing 21.1±1.3 g), although 

not all of them were selected for therapy administration (final n=26). In addition, not all animals 

receiving therapy met criteria for inclusion in classes described in section 6.2.4, resulting in a 

final number of studied animals being lower than the initial number of generated GL261 animals.  

Two different groups of animals were produced: 

Group A: Tumours were generated in different series of animals separately in time for proper 

schedule allocation in the NMR facility. In the first part of the study, 5- 7 animals were injected 

in each cell-injection series. Mice were weighed every day and tumour volumes were followed 

twice or three times a week using T2w MRI acquisitions.  Welfare parameters were followed up 

as explained in Annex I. From the animals injected in each series, the three mice with the most 

homogeneous weights and tumour sizes were chosen for the multi-slice MRSI experiment 

before starting therapy.  

Group B: In the second part of the study, tumours were induced in 19 mice. Four of them were 

discarded because no tumour was detected after 10 days p.i. Regarding the remaining 15 mice, 

they were weighed every day and tumour volumes were followed twice or three times a week 
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using T2w MRI acquisitions. However, an inclusion criterion was established: only TMZ-treated 

mice showing tumour volume decrease in comparison with the previous measurement were 

selected for multi-slice MRSI experiments.  

Finally, four control (non-treated) tumour-bearing mice were also explored with the multi-slice 

MRSI approach. 

6.2.2 Animal treatment with Temozolomide 
Therapy administration followed slightly different schemes in groups A and B. In the first part of 

the study (group A), therapy administration started at day 11 p.i. with 3 cycles of therapy 

administration as previously described by our group [90] (see also section 3.4). In the second 

part of the study (group B), the therapy starting day was not always the same: it was adapted to 

start when the tumour volume was between 2.5 and 5.5 mm3.  

6.2.3 In vivo MRI and MRSI studies and nosological images generation 
In the first part of the study, MRSI experiments were acquired every 2-3 days, from the day 

before starting therapy until animal euthanization, using the approach described in chapter 5. 

Briefly, Consecutive MRSI grids were acquired individually across the tumour, using as  reference 

T2w high resolution images, as shown in Figure 6.1. The final number of acquired slices depended 

on the tumour coverage (3 or 4 slices). The total acquisition time for MRI/MRSI 4 grids full 

protocol was ca. 3.5 hours per animal. 

 

Figure 6.1: Coronal T2w MRI of mouse C971 brain, with the position of the four MRSI slices. 
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However, in the second part of the study (Group B), MRSI experiments were not acquired from 

the beginning of therapy administration. Tumour volume was followed up by MRI and when a 

reduction in the tumour volume was detected (in comparison to previous measurement), MRSI 

studies started every 2-3 days until animal euthanization. For control GL261 tumour-bearing 

animals, only one MRSI was performed at day 13±2 p.i. MRSI data was processed and 

postprocessed as described in section 3.6. For all groups, nosological images were obtained from 

each MRSI grid using a semi-supervised source extraction methodology (see materials and 

methods section 3.7.2). Colour coding was as follows: red (unresponsive/untreated), green 

(tumour responding to therapy), blue (normal brain parenchyma) and black (“unclassifiable” 

voxels).  

6.2.4 Tumour Responding Index (TRI) calculations 
In order to measure the level of response to treatment using the obtained nosological images, 

an arbitrary parameter named Tumour Responding Index (TRI) was estimated (Equation 6.1).  
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 ( 100                              Equation 6.1 

 

TRI is stated as the percentage of green responding tumour pixels of all grids over the total 

tumour pixels taking into account all recorded grids. Then, arbitrary ranges of TRI categories 

were established to classify the different response to treatment levels observed in the studied 

animals, taking into account both TRI percentage and volumetric data from MRI measurements 

according to adapted RECIST criteria (i.e. comparing tumour size respect to tumour volume 

observed in the previous MRI measurement, see also Annex III for details).  

 

-High response cases (HR): TRI>65%, and also tumour size should be reduced with respect to 

tumour volume observed in the previous MRI measurement (meeting response or stable disease 

according to adapted RECIST criteria). Green pixels should be observed in at least two 

consecutive MRSI grids  

-Intermediate response cases (IR): TRI range 35-65%, also tumour size should be unchanged, 

reduced or increased (in case of increase, no more than 20%) with respect to tumour volume 

observed in the previous measurement, meeting response or stable disease stage by the 

adapted RECIST. Green pixels should be observed in at least two consecutive MRSI grids 

-Low response cases (LR): TRI<35% and also tumour size more than 20% larger in comparison 

with the previous measurement, meeting progressive disease criteria. 
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In addition, selected mice from a previous longitudinal single-slice MRSI study from GABRMN in 

[117] were analysed retrospectively and TRI calculated. The chosen cases C817 and C819, were 

considered as “partial response” cases, while C821 was considered as “stable disease” following 

the adapted RECIST criteria. 

6.2.5 Animal euthanasia and sample storage 
Animals were followed up by MRI-MRSI and when one animal met the requirements to be 

included in one of the TRI categories, this animal was euthanized by cervical dislocation and its 

brain was resected and stored in paraformaldehyde 4% for histopathological analysis. 

6.2.6 Histopathology studies 
Fixed brains were embedded in paraffin and serial horizontal sections were performed to 

correlate the histological preparations with the reference nosological images from the MRSI 

acquisition. The upper half of the brain was cut in horizontal sections of 5 µm at different heights 

for correlating the histological preparations with the reference images of Grid 1 and Grid 2 

positions. The lower half of the brain was processed in the same way for correlating the 

histological preparations with the reference images of Grid 3 and Grid 4 positions.  

These sections were analysed by Hematoxylin-Eosin (HE) staining in order to identify the 

different cells from normal brain and tumour tissue. Then, one section corresponding to each 

MRSI grid position was selected for Ki67 (BD Biosciences, Madrid, Spain) immunohistochemical 

staining for detecting cell proliferation. After immunostaining, the preparations were digitized 

for quantification using a Nanozoomer 2.0HT (Hamamatsu Photonics France, Massy, France). 

Then, Ki67 positive cells were counted in each section in areas that corresponded to green or 

red tumour areas observed in the nosological images. From each area (either green or red), 5 

fields of 0.0635 mm2 were selected to count Ki67 positive cells at 40x magnification, using 

NDPview 1.2.53 software (Hamamatsu Photonics France, Massy, France). In all tumours, the five 

fields were placed in the more highly cellular areas, avoiding poor or acellular areas. 

Exceptionally, in some samples, fewer fields were counted if the corresponding green or red 

area of the nosological image was not large enough to count 5 fields (the average number of 

fields counted considering all samples was 6.3±2.1 fields per grid) 

This counting was carried out by 2 independent researchers:  a) Nuria Arias-Ramos who 

established the areas (green or red) to be counted, placing fields in areas where a suitable 

number of cells was observed, and b) Dr. Martí Pumarola, who did not know if the animal was 

treated or not, or whether the field corresponded to a green or red area. Both observers have 
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analysed the same magnification and fields, also taking into account the area occupied by cells 

or acellular spaces.  

For Ki67 estimation, different approaches of counting were attempted, namely: 

- Ki67% for each field as described in Equation 6.2: 
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- Global Ki67% for each case was calculated as the average Ki67% of all analyzed fields of 

a given case. 

 

- Ki67/mm2, calculated for each field as described in Equation 6.3: 
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Where ‘field area’ was 0.0635 mm2 in the studied fields  

Finally, the volume of Ki67 positive cells was also calculated taking into account the 

average cell diameter of cells in chosen fields, which was used with the sphere volume 

formula, assuming cells with a spherical form. 

6.2.7 Volumetric representation of the multi-slice nosological images  
A preliminary volumetric representation of tumour volume of the nosological images of all MRSI 

slices obtained at day 32 p.i. of the case C971 was attempted using the software Autocad 2007 

(Autodesk Inc., San Rafael, California (USA)) running in a personal PC. For this representation, 

each grid was manually drawn and coloured as the corresponding nosological image.  

6.3 Results 

6.3.1 MRSI Multi-slice protocol applied to TMZ-treated GL261 tumour-

bearing mice  
Summary of studied cases and basic data. Table 6.1 shows relevant parameters for all studied 

cases: tumour volume pre-treatment, tumour volume at euthanasia, and classification of 

response to therapy according to RECIST criteria and TRI criteria. 
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Table 6.1: Data summary of tumour volume the day before starting therapy administration and the day in 

which euthanasia was carried out. Classification with RECIST and TRI criteria the day of euthanasia. 

Case 

Tumour volume  

(mm3) (pre 

therapy) 

 
Tumour volume (mm3) 

(day of euthanasia) 

Classification by 

adapted RECIST criteria 

Classification by 

TRI criteria 

C971     5.0  80.7 (34 p.i.) Stable disease Intermediate  

C974 7.3  220.5 (40 p.i.) Stable disease Intermediate 

C975 7.2  100.7 (26 p.i.) Stable disease Intermediate 

C1022 3.1  35.7 (23 p.i.) Stable disease Intermediate 

C1023 4.3  64.7 (23 p.i.) Stable disease Intermediate 

C1026 4.4  64.0 (23 p.i.) Stable disease Intermediate 

C979 8.4  146.7 (19 p.i.) Progressive disease Low 

C981 8.1  143.5 (19 p.i.) Progressive disease Low 

C1100 2.9  27.3 (26 p.i.) Stable disease High 

C1108 3.0  25.7 (29 p.i.) Stable disease High 

C1109 Control  47.5 (11 p.i.) Progressive disease Control 

C1110 Control  81.7 (13 p.i.) Progressive disease Control 

C1111 Control  88.9 (16 p.i.) Progressive disease Control 

C1112 Control  88.7 (13 p.i.) Progressive disease Control 

-Although mean values of tumour volumes pre-therapy were indeed different between groups (HR 

2.95±0.07 mm3, IR 5.21±1.69 mm3, LR 8.25±0.21mm3), there were not enough cases to perform statistical 

tests. The same was observed for tumour volume at the euthanization day (HR 26.50±1.13 mm3, IR 

94.38±65.39 mm3, LR 145.1±2.26 mm3) 

-Control mice were euthanized when tumour volume was between 45-90 mm3, in order to avoid reaching 

necrotic stage in tumours, when higher heterogeneity in MRI and MRSI would be expected, which could 

complicate the interpretation of the results.   

6.3.1.1 Group A: Cases starting therapy at day 11 p.i.: inclusion into different groups of 

response level 

Twelve animals out of 19, with the most homogeneous tumour volumes at therapy start 

(average 7.5±5.0 mm3) were chosen for longitudinal multi-slice MRSI studies: from those, 6 mice 

(C971, C974, C975, C1022, C1023 and C1026) were classified as intermediate response (IR) cases 

and 2 mice (C979 and C981) were classified as low response (LR) cases. All but one case (C974) 

were euthanized at the time point they accomplished criteria for inclusion into IR or LR groups. 

Regarding case C974 (IR), it was maintained alive until the endpoint in order to follow-up the 

possible TRI changes along time. No high response (HR) cases were found in this first part of the 
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experiment, being the maximum calculated TRI of 46.5% (see also section 6.2.4 for TRI 

calculation and 6.3.1.2 for analysis of Group B and appearance of HR cases). In addition, four 

control cases (C1109, C1110, C1111 and C1112) were also analysed with multi-slice MRSI 

studies, although only one measurement was carried out at days 11 p.i., 13 p.i., 16 p.i. and 13 

p.i. respectively and they were euthanized when tumour volumes were about 70.2±18.7mm3. 

The evolution of tumour volume was assessed in all cases until the euthanization point.  It is 

worth mentioning that in addition to the 4 control cases explored in this work, 28 additional 

cases from previous work from our group were added to confirm consistent evolution of the  

pattern by MRI follow-up, reaching a total of n=32 control cases (Figure 6.2). 

 

Figure 6.2: Mean tumour volume evolution ± SD of different cases studied in this thesis and previous work 

from the GABRMN group. IR cases until euthanization day (n=5, case C974 was not included because it was 

followed up until endpoint) are represented with black line; LR cases (n=2) with red line; HR cases (n=2) 

with green line and control cases (n=32, in addition to the 4 control cases explored in this work, 28 

additional cases from previous work from our group were added to confirm consistent evolution pattern 

by MRI follow-up) with purple line. Significant differences (p<0.05) were observed for tumour volume 

evolution between IR cases and HR cases, and LR cases and control cases. The TMZ administration period 

is not represented in the graph due to different schedules used in HR cases. This graph is not representative 

of the overall survival of mice because mice were euthanized at specific time points to perform 

histopathological validation (i.e. it was not an endpoint study). 

Body weight evolution of all treated groups (Figure 6.3), confirmed the maintenance of an 

acceptable body weigh range for longer times in IR and HR cases (mean body weight loss <20%), 

in comparison with LR cases, which presented poor response to therapy and worsening of their 

health status (mean body weight loss >20%). 
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Figure 6.3: Mean ±SD evolution of body weight of mice studied by multi-slice MRSI (mouse weight at day 

of cell injection (day 0 p.i.) was considered 100%). IR cases are represented in black. C974 was not included 

in this graph because it was followed up until endpoint, and at that point it could be no longer classified as 

an IR case. LR cases are represented in red and HR cases are represented in green. The dashed blue line 

indicates the 20% weight reduction point.  

TRI and nosological images evolution vs tumour volume evolution  

IR cases: the relationship between TRI and tumour volume evolution of IR cases is shown in 

Figures 6.4 and 6.5. Euthanasia was performed when TRI values met the inclusion criteria for IR 

class, namely: TRI ranging between 35-65% and tumour volume meeting criteria for ‘stable 

disease’ according to adapted RECIST (see section 6.2.4). These criteria were met in 5 out of 6 

IR cases at the euthanization time. The mean TRI value of these 5 cases (C971, C975, C1022, 

C1023 and C1026) was 44.1±4.2 %. The remaining case (C974) met IR conditions during part of 

the evolution period, and was not euthanized but followed-up until endpoint, and it will be 

described in a separate subsection. In IR cases, TRI values increased after the second therapy 

cycle, concurring with tumour growth arrest (stable disease stage according to adapted RECIST 

criteria). The maximum variation in tumour volume in the stable disease period of IR cases was 

of 17.6%. Figure 6.4 shows two chosen examples of IR cases: C971 and C1022 (Figure 6.4.A and 

6.4.B respectively). In case 1022, TRI increase (46.5%) was found 4 days after the second therapy 

cycle during tumour growth arrest. Still, in case C971, we can observe that TRI also increased its 

value during the ‘stable disease’ stage (31.2% at day 26 p.i., 6 days after the second therapy 

cycle), but it did not follow a continuous increasing trend during the whole tumour 

development. In fact, it experienced a decrease during days 28-31 p.i. (TRI 11.7% and 13.9% 

respectively) and a further increase (44.1% at day 34 p.i., 9 days after the third therapy cycle), 
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when the mouse was euthanized for histopathological validation.  The interval between the two 

TRI peak values was of 8 days. 

Other examples of IR cases, as well as their nosological images and TRI evolution can be found 

in Annex III. For example, in case C975, TRI increase was first observed at day 20 p.i. just after 

the second therapy cycle, with a further increase at day 26 p.i. (TRI= 40.3%), 6 days after the 

second therapy cycle. In cases C1023 and C1026 (Annex III), TRI started increasing at day 18 p.i., 

after the first therapy cycle with further increases (35.8% and 38.9% respectively) at day 23 p.i., 

4 days after the second therapy cycle and 8 days after the first cycle. These TRI increases were 

in the same time frame as in case C1022. Regarding nosological images for these cases, in 

general, green responding pixels started to be observed in Grid 1 (a pattern shared by IR cases) 

and then “spread” to the remaining grids with a predominance in the upper grids. Accordingly, 

there was a variation in the response level in different grids being TRI values higher in the upper 

grids.  

LR cases: (C979 and C981) did not respond to therapy with TMZ and they had to be euthanized 

due to welfare parameters at day 19 p.i. (their body weight loss was higher than 20% compared 

to the day pre GL261 cell injection, C979: 51.55 % loss and C981: 54.22% loss, before starting 

the second therapy cycle). The mean TRI value of these 2 cases was 13.4±14.3%. Figures 6.4.C 

and 6.4.D show the relationship between tumour volume and TRI evolution as well as 

nosological images for cases C979 and C981. Very few green responding pixels were observed 

in the nosological images of case C979 and only in the first grid (TRI= 3.3 % at the euthanasia 

day). In case C981, green pixels were observed first in Grid 1 and at the euthanasia day in Grids 

1 and 2, being its TRI value higher than case C979, reaching a value of 21.5 %. 
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Figure 6.4: Graphical representation of the tumour volume evolution (in mm3 , black line, left axis), and the 

percentage of responding “green” pixels obtained after the application of source analysis to MRSI data 

acquired in the multi-slice set as in [117] (in %, green line, right axis). The green shaded columns indicate 

TMZ administration periods. For chosen time points, the evolution of the nosological images obtained with 

the semisupervised source extraction system is shown in four columns of colour coded grids, superimposed 

to the T2w-MRI for each slice (colour coding as follows: blue pixels: normal parenchyma, red pixels: non 

responding, green pixels: responding). Green brackets indicate TMZ administration periods. A. Corresponds 

to the IR case C971, green pixels were observed first at day 23 p.i., increasing until 32.2% at day 26 p.i., 

when tumour growth arrest was observed. Then, TRI decreased: 11.7% at day 28 p.i. and 13.9% at 31 day 

p.i., followed by a new increase up to 44.1% at day 34 p.i. B. Corresponds to the IR case C1022, only red 

tumour pixels were observed in MRSI measurements until day 23 p.i., tumour volume decrease was 

observed and green pixels were observed in grids 1 and 2 (TRI= 46.5%). C. Corresponds to the LR case C979, 

green pixels were observed only in grid 1 at days 13 p.i., 16 p.i. and 19 p.i. (TRI= 6.3%, 5.2%, 3.3%, 

respectively), tumour growth arrest was not observed. D. Corresponds to the LR case C981, green pixels 

were observed only in grid 1 at days 13 and 16 p.i. At day 23 p.i., green pixels were observed in Grids 1 and 

2 (TRI= 21.5%).  
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Case C974: tracking the evolution of an IR case along time 

This was a case for which euthanasia was not performed at an intermediate tumour evolution 

point for histopathological validation. Indeed, the tumour was allowed to evolve until endpoint 

in order to assess TRI changes all along the tumour growth curve. The tumour volume evolution 

and its relationship with TRI, as well as the corresponding nosological images obtained are 

shown in Figure 6.5. The TRI started increasing at day 18 p.i., three days after finishing the first 

therapy cycle, reaching a value of 41.4% at day 20 p.i. (just after finishing the second cycle). At 

this particular moment, although TRI values would meet criteria for classification as IR, the 21% 

increase in tumour volume would not agree with ‘stable disease’ according to the adapted 

RECIST criteria. Then, from day 20 to day 31 p.i., volume growth arrest was observed (‘stable 

disease’ stage by the adapted RECIST criteria), with maximum volume variation of 11.2% 

regarding previous measurements. During this period of growth arrest, an oscillating pattern in 

TRI values was observed, as follows: TRI value decreased to 11% at day 22 p.i. (between cycles 

2 and 3), then increased again reaching a value of 36.8% at day 26 p.i. (one day after finishing 

the third therapy cycle), moment at which criteria for IR would be accomplished for this case. 

Further TRI decreases to 11.7% and 0% were seen at days 28 and 31 p.i. respectively.  

Finally, progressive disease stage by the adapted RECIST criteria was observed between days 34 

and 37 p.i. (tumour volume increased 29.9% and 73.9% regarding the previous measurements), 

and TRI during this period also increased to 21.1% and 52.1% values respectively. This mouse 

died during MRI acquisition at day 40 p.i. During this period, body weight loss (as compared to 

the body weight observed at the day of cell injection) was of 7.3% at day 34 p.i. and 33% at day 

40 p.i., in agreement with frank disease progression.  

Regarding the nosological images, green pixels were observed first in the upper grid, as in other 

IR cases. It is worth noting that the TRI high peaks were observed 5-6 days after the first and 

second therapy cycle. 
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Figure 6.5: Graphical representation of the tumour volume evolution (in mm3 , black line, left axis), and the 

percentage of responding “green” pixels obtained after source analysis of MRSI data acquired in the multi-

slice set as in [117] (in %, green line, right axis) for case C974 (IR case). The green shaded columns indicate 

TMZ administration periods. For chosen time points, the evolution of the nosological images obtained with 

the semi-supervised source extraction system is shown in four columns of colour coded grids, 

superimposed to the T2w-MRI for each slice (colour coding as follows: blue pixels: normal parenchyma, red 

pixels: non responding, green pixels: responding). Green brackets indicate TMZ administration periods. A 

cyclical pattern of response (6-7days days) was observed, marked by the black arrows in the graphical 

representation. Red arrows indicate the maximum values observed of TRI during tumour volume growth 

arrest. 

Control cases: tumour volumes of 4 control mice (C1109, C1110, C1111 and C1112) are shown 

in Figure 6.6.  These mice were studied with multi-slice MRSI acquisition but in a single time 

point, carried out at the same day these animals were euthanized. TRI was also calculated and 

average TRI value for these control cases was of 6.2±2.8%. In case C1109, no green pixels were 

observed. However, green responding pixels were found in the other control cases: in case 

C1110, a total of 6 green pixels were observed after analysing all grids (TRI= 3.5%); in case C1111 

only 3 pixels were observed (TRI= 1.9%), whereas in case C1112 green pixels were observed in 

Grid 1 and 2 (TRI= 19.3%).  
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Figure 6.6: Tumour volume evolution (in mm3, black line) of untreated, control cases (C1109, C1110, C1111 

and C1112). Only one multi-slice MRSI measurement was carried out in these cases. Red arrows point to 

the nosological images obtained with the source analysis system (four columns of colour coded grids, 

superimposed to the T2w-MRI for each slice). Colour coding as follows: blue pixels: normal parenchyma, red 

pixels: non responding, green pixels: responding. TRI values obtained for each case were: 0% (C1109), 3.5% 

(C1110), 1.9% (C1111) and 19.3% (C1112). 

6.3.1.2 Group B: Therapy response in cases starting therapy with tumour volume 2.5-5.5 

mm3: Finding high response (HR) cases  

Since no HR cases were found in the first part of the experiment, the objective of this second 

part of the study was to introduce modifications in the therapy protocol in order to increase the 

probability of finding HR cases. For this, therapy administration started when tumour size was 

between 2.5-5.5 mm3, disregarding the day p.i. of the tumours.  

From 15 GL261 tumour-bearing mice which were followed up by MRI, 11 of them started 

therapy administration at day 7 p.i., whereas the other four mice started therapy at days 9, 11, 

13 and 15 p.i., respectively. The mean tumour size of these cases at the starting therapy day was 
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of 3.7±0.8 mm3. From these 15 mice, only 2 (C1100 and C1108) presented measurable decrease 

in tumour volume (5.9% and 12.0% respectively) compared to the previous day of measurement, 

which was a criterion set by us to start the multi-slice MRSI acquisitions. During follow up, these 

two cases met the requirements for being classified as HR cases (TRI>65% and volume decrease 

with respect to the previous day of measurement). TRI and other parameters of these cases are 

shown in Table 6.1. Significant differences (p<0.05) were observed for tumour volume at starting 

therapy day and for tumour volume at the euthanasia day for HR mice in comparison with IR 

and LR cases (see Table 6.1).  The mean TRI value found in HR cases was 68.2±2.8%. Evolution 

of tumour volume and nosological images of C1100 and C1108 are shown in Figure 6.7.  

For case C1100, therapy administration started at day 7 p.i., when tumour volume was 3.0 mm3. 

This mouse was explored by MRI until day 17 p.i. (6 days after finishing the first therapy cycle), 

when a 7.1% decrease in volume was observed compared to the previous measurement. From 

days 17 p.i. to 21 p.i., tumour growth arrest was observed in MRI measurement. At day 21 p.i., 

a 0.6% of tumour volume decrease was detected and a multi-slice MRSI measurement was 

performed, being the calculated TRI of 36.8%. The next measurement took place at day 26 p.i. 

when a TRI of 61.6 % was detected and a most clear decrease in volume was observed with 

respect to the previous measurement (5.9% decrease). The mouse was then euthanized for 

histopathological validation. In the nosological images (Figure 6.7.A), green pixels were observed 

in the 2 upper grids at the first day of MRSI acquisition, and in grids 1, 2 and 3 in the last day of 

acquisition. In the fourth grid, the tumour could not be properly segmented with our analysis, 

probably due to the small tumour area found in this grid, composed mostly by 

normal/peritumoural tissue.  

Regarding case C1108, therapy administration started at day 15 p.i., when tumour volume was 

2.9 mm3. This mouse was explored by MRI until day 29 p.i. (5 days after finishing the second 

therapy cycle, when a 12% decrease in volume was observed compared to the previous 

measurement). The value found for TRI that day was 70.3% and the mouse was euthanized for 

histopathological validation. In nosological images (Figure 6.7.B), green pixels were observed in 

Grid 1 and Grid 2. In Grid 3, the tumour could not be segmented, as previously mentioned for 

case C1100. 
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Figure 6.7: Graphical representation of the tumour volume evolution (in mm3 , black line, left axis), and the 

percentage of responding “green” pixels obtained after source analysis of MRSI data acquired in the multi-

slice set as in [117] (in %, green dots, right axis) of HR cases. The green shaded columns indicate TMZ 

administration periods. For chosen time points, the evolution of the nosological images obtained with the 

semi-supervised source extraction system is shown, superimposed to the T2w-MRI for each slice (colour 

coding as follows: blue pixels: normal parenchyma, red pixels: non responding, green pixels: responding). 

The number of grids (3 or 4) depended of the coverage of the tumour: if tumour was totally covered with 

3 grids, no additional grids were acquired. A. Corresponds to the case C1100: green pixels were observed 

in grids 1 and 2 with a TRI= 36.8% at day 21 p.i. during tumour growth arrest. Then at day 26 p.i., tumour 

volume decreased and a TRI of 61.8 % was observed. B. Corresponds to the case C1108: green pixels were 

observed in grids 1 and 2 with a TRI= 70.3% when tumour volume decrease was observed. 

 

6.3.2 Metabolic Pattern Contributing to Responding and Non-Responding 

(Red and Green) Areas Detected in MRSI Studies of the Investigated Mice 
Different metabolites have been described to contribute to the spectral pattern of preclinical 

glioblastoma [90, 112, 116, 117, 264–269] and some of them are listed in Table 6.2, being also 

observed in cases analyzed in this study. Figure 6.8 shows examples of average spectra extracted 

from blue, red and green zones of a HR case (C971), whereas in the figure shown in Annex III.III 

examples of average spectra from red and green zones can be seen, in comparison with the 

sources extracted from treated and untreated cases reported in [117]. It is worth mentioning 

that the changes observed in the whole metabolic pattern, rather than isolated changes in few 

metabolites, is what allows the semi-supervised source extraction system to classify MRSI voxels 

in different classes (normal brain, responding tumour and non-responding tumour) [117]. 
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Table 6.2: List of the main metabolites contributing to the spectral pattern recorded in 

tumour/peritumoural MRSI of responding and non-responding mice, with the corresponding approximate 

ppm position. Metabolite assignments according to [90, 112, 116, 141, 264–269]. 

Metabolite ppm 

Mobile Lipids + Macromolecules 0.90 

Mobile Lipids+Lactate 1.33 

Alanine 1.47 

N-acetyl-aspartate + N-acetyl containing compounds + Mobile lipids 2.02 

Glutamate + glutamine 2.10- 2.40 + 3.80 

PUFA (Mobile Lipids) 2.80 

GABA 3.00 

Total Creatine 3.03 

Choline-containing compounds 3.21 

Scyllo-inositol 3.34 

Taurine 3.42 

Myo-inositol + glycine 3.55 

Lactate 4.10 

 

The main differences between normal brain parenchyma and tumour areas (blue vs. green/red 

areas) were: higher choline/creatine (Cho, 3.21/Cr, 3.03 ppm) ratios, higher mobile lipids (ML, 

0.9 and 1.3 ppm) and lactate (Lac, 1.3 ppm and 4.1 ppm) peak intensities in tumour areas, as 

well as lower N-acetyl-aspartate (NAA/NAc, 2.02 ppm) signal, already described by us in [90]. 

The zones classified as “normal brain parenchyma” by the source extraction approach presented 

the expected features, such as lower ML and ML/Lac signals in comparison with tumours, and a 

ca. 1:1 ratio for Cho and Cr. See [112] for more examples of control spectra in mice brain. 

Although the responding and non-responding spectra (which are present in green and red areas 

respectively) could seem quite similar, relevant differences between them are sampled by the 

source analysis especially related to polyunsaturated fatty acids in ML (PUFA, 2.8 ppm), as 

already described by [90, 141]. Other minor contributions are Lac (4.1 ppm), glutamine plus 

glutamate and alanine (Glx + Ala, 3.8 ppm) and myo-inositol and glycine (Ins + Gly, both seen at 

3.55 ppm). See also Figure 6.8 for further details. 
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Figure 6.8: Example of mean spectra extracted from the MRSI grid of a treated case (IR case C971: Grid 1, 

Day 34 pi): (A) mean spectra of responding area (n = 26); (B) mean spectra of non-responding area (n = 35); 

and (C) mean spectra of normal brain parenchyma area (n = 39). Some of the main metabolites contributing 

to different patterns of response to therapy are shown: mobile lipids 0.9 + macromolecules (ML, MM, 0.9 

ppm), mobile lipids 1.3 + lactate (ML/Lac, 1.3 ppm), N-acetyl-aspartate and N-acetyl group containing 

compounds (NAA and NAc, 2.02 ppm) (see also [270]), glutamate + glutamine (Glx, 2.1–2.4 ppm) 

polyunsaturated fatty acids in mobile lipids (PUFA, 2.8 ppm), total creatine (Cr, 3.03 ppm), choline-

containing compounds (Cho, 3.21 ppm), myo-inositol + glycine (Ins + Gly, 3.55 ppm), glutamine + glutamate 

(Glx, 3.8 ppm, which is also partially contributed by alanine), and lactate (Lac, 1.3 and 4.1 ppm). 
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6.3.3 Histopathology validation  
Cases used for histopathological validation were, according to TRI response: 2 HR cases (C1100 

and C1108), 3 IR cases (C971, C1022 and C1026), 1 LR case (C979) and 2 Control cases (C1110 

and C1111).  

6.3.3.1 Haematoxylin/Eosin morphology analysis 

Different cell morphology (namely, aberrant large and giant cells and multinucleated cells) and 

presence of large acellular spaces were observed in samples of treated mice, in comparison to 

non-treated mice, for which those characteristics were not found. In Figure 6.9, examples of 

histopathological preparations with Ki67 immunostaining, corresponding to green pixels and red 

pixels areas in tumours, are shown for representative examples of each class (C1110, C979, C971 

and C1108). Ki67 immunostainings and nosological images of remaining cases evaluated by 

histopathology, C1111, C1022, C1026 and C1100, are shown in Annex III.  
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Figure 6.9: Ki67 immunostainings (40x magnification, the scale bar corresponds to 50 µm) in histological 

areas corresponding to red or green regions in nosological images, from different grids of chosen cases. 

The yellow rectangles in the nosological image identify the approximate origin of the histopathological 

preparations shown. The nuclei of Ki67 positive cells are stained in brown. A. Control case C1110, with a 

global Ki67 of 63.9±13.0% and a highly dense cellular population showing a typical tumoural morphology 

with small to medium-sized polygonal or irregular cells with rounded nuclei and scanty cytoplasm without 

any giant cells visible. B. LR case, C979: in this case, Ki67 positive cells were also observed (64.8±7.3%) but 

with less cellular density due to presence of large acellular spaces in comparison with the control case. C. 

IR case C971, presented lower Ki67 immunostaining (22.0±17.2%) than control and LR cases, with presence 

of giant cells with several nuclei (black arrows), and also acellular spaces.  No significant differences were 

observed for Ki67 between red and green areas from nosological images of this case, although the trend 

to higher Ki67 in red areas is maintained (Ki67 for red areas 25.7±17.0% and Ki67 for green areas 

17.2±16.8%) D. HR case C1108, with an average Ki67 of 79.3±10.1%, although it is worth noting that HR 

cases present lower number of total tumoural cells per field in comparison with IR cases (57.1±16.9 and 

86.7±63.9 cells/field respectively), which could have an influence in the final result of Ki67% calculation. 

Still, acellular areas and giant cells (black arrows) were also observed. See Discussion section (section 6.4.3) 

for a possible explanation with respect to apparently high Ki67 values in green nosological image regions.  
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6.3.3.2 Ki67 analysis 

Comparison of responding and non-responding zones 

Green and red areas of the nosological images, disregarding the case categorization, showed a 

trend, with green zones having lower Ki67 values (42.9±32.6%, n=50 fields) than red zones 

(59.9±25.1%, n=121 fields) (see Figure 6.10). Significant differences were found with Mann-

Whitney’s U test (p<0.05), although there is considerable dispersion within the data. The Ki67% 

value found for red zones of treated cases was not significantly different from values obtained 

in red zones of control untreated cases. Analysing green and red zones in a case-by-case study 

(i.e. comparing Ki67 for red and green zones within the same case), the obtained results varied 

depending on the case: IR cases presented either statistical significance (p<0.05, C1022) (Figure 

6.11) or a trend towards significance (0.1>p>0.05, 1026, C971), whereas HR cases did not 

present statistical significance.  

Taking into account these results, we wondered whether green and red zones could have 

significantly different Ki67 values depending on the classification of the case according to TRI 

level (e.g. all green zones of IR cases vs. all green zones of HR cases). For IR cases, we found Ki67 

values of 52.0% for red zones and 21.1% for green zones, whereas cases classified as HR 

presented values of 84.1% for red zones and 77.7% for green zones. This would suggest that 

although there is indeed a correlation between a responding/non-responding pattern and its 

Ki67 immunostaining, the absolute values could be quite different between intermediate 

response and high response cases, which could be at least partially explained due to different 

cellularity between these cases.   

 

Figure 6.10: Graph bar of mean ± SD of Ki67% values found in green and red areas from nosological images 

of all studied cases. Significant differences (p<0.05 with Mann-Whitney’s U test) were found between them, 

with higher values in red (59.9±25.1 %) areas in comparison with green areas (42.9±32.6 %). 
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Figure 6.11: Example of the histopathological validation of a nosological image of Grid 2 of the case C1022 

(IR case). A. Nosological image obtained from Grid 2 of the case C1022 superimposed to the T2w-MRI. Both 

green and red zones could be distinguished within the tumour, showing a heterogeneous pattern of 

response. B. Ki67 immunostaining colocalized with the grid 2, in which the red and green areas from the 

nososological image have been manually drawn over the tumour (shown in red and green dashed lines).  

One representative field has been selected in each area (yellow rectangles have the same area). C. 40 x 

magnification of the yellow field from the green area, with an average Ki67% value of 23.9%, and black 

arrows pointing to Ki67 positive cells. D. 40 x magnification of the yellow field from the red area, with a 

Ki67% value of 85%, and black arrows pointing to Ki67 positive cells.  

 

The global Ki67% for each case was also analysed taking into account the Ki67 values found for 

all slices of a given case, which would reflect an average proliferative state of the whole tumour. 

Global Ki67 values are shown in Table 6.3. Still, higher global values were observed in control 

cases than in treated cases as a whole (Figure 6.12.A, 68.6%, n=40 fields vs 52.6%, n=139 fields 

respectively). Significant differences were found with Mann-Whitney’s U test (p<0.05). 

Regarding treated cases, higher global Ki67 values were observed in LR cases (64.8±7.3%) than 

in IR cases (41.9±32.2%), as expected (Figure 6.12.B). However, surprisingly, HR cases presented 

a value higher than expected and a possible explanation, which will be further elaborated in the 

Discussion Section, can be related to the lower cellularity observed in these cases and the 

different cell volume observed in treated cases with intermediate or high response, as 

mentioned before.  
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Table 6.3: Results of Ki67 percentage ±SD of fields corresponding to green and red pixels in nosological 

images, as well as the global percentage of Ki67 for the studied cases. Percentage of TRI and its classification 

by TRI criteria are also shown. 

 

Case 
Ki67%±SD 

(Green fields) 

Ki67%±SD 

(Red fields) 
 

Ki67%±SD 

(Global) 
TRI% 

Classification by 

TRI criteria 

C971     17.2±16.8 25.7±17.0  22.0±17.2 44.1 Intermediate  

C1022 19.0±20.9 54.9±32.6*  42.5±33.5 46.5 Intermediate 

C1026 53.5±30.3 73.0±26.8  66.0±39.1 38.9 Intermediate 

C979 n.a. 64.8±7.3  64.8±7.3 3.3 Low 

C1100 82.9±4.6 92.5±0.6  82.2±7.7 66.3 High 

C1108 75.1±9.5 75.8±0.2  79.3±10.1 70.3 High 

C1110 n.a. 63.9±13.0  63.9±13.0 0 Control 

C1111 n.a. 73.3±6.4  73.3±6.4 0 Control 

 

 

n.a. = not available (the low number of green pixels observed in the case C979 (7 in Grid 1 and 4 in Grid 

2), did not allow to confidently establish a field for corresponding histopathology evaluation in that 

tumour region). * = significant differences in Ki67% between red and green areas for this case.    

 

 

Figure 6.12: Graph bars representing global Ki67% values (mean ± SD). A. Global Ki67% was higher in control 

cases than in treated cases. B. Global Ki67% in different cases classified by TRI criteria. A descending trend 

was observed between control, LR and IR cases, as expected. An unexpectedly high Ki67% value was found 

in HR cases. * = p<0.05 with Mann-Whitney’s U test.   
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Significant differences were observed for Ki67 (p<0.05) between groups of cases classified by 

their TRI response level (LR cases, IR cases, IR cases) (Figure 6.12.B).  The Ki67% of the different 

groups classified by TRI and their TRI values are also summarized in Figure 6.13.   

 

Figure 6.13: Boxplot of global percentage of Ki67 (white boxes) and percentage of TRI values (striped boxes) 

of each MRSI grid of different groups of cases classified by TRI response and analyzed by histopathology.  

Control and LR cases with low values of TRI (2.7±1.1% for control cases and 3.3±0% for LR cases) showed 

higher Ki67 values (71.6±10.9% for control cases and 64.8±0% for LR cases). IR cases showed similar mean 

values of TRI 42.1±5.6% and Ki67: 43.5±22.0%, presenting also a very high dispersion as well. HR cases 

showed higher values of TRI (as expected, 68.3±2.8%) but unexpectedly high Ki67 values (77.8±6.3%). 

Boxplot: the limits of the box represent quartiles 1 (Q1) and 3 (Q3) of the distribution, the central line 

corresponds to the median (quartile 2). The whiskers symbolize the maximum and minimum values in each 

distribution. Outliers (values higher than 1.5 X IQR, interquartile range, obtained by difference of Q3 and 

Q1) are represented with round symbols.  

 

6.3.4 TRI calculation in retrospective TMZ-treated mice: 
TRI was calculated in the nosological images obtained from 3 mice (C817, C819 and C821) in 

which therapy response was assessed by single-slice MRSI acquisitions in a previous study of the 

GABRMN group and the three cases responded transiently to therapy [117, 124]. In this re-

analysis, the three cases also showed an oscillatory pattern of response when TRI was calculated. 

A representative case (C817) is shown in this section (Figure 6.14) and the other two cases C819 

and C821 are shown in Annex III. It is worth mentioning that cases C817 and C821 had an extra 

cycle of therapy administration at days 44 and 45 p.i.  

C817: This case showed tumour growth arrest after the second therapy cycle (Figure 6.14). The 

tumour volume variation (compared to the previous measurement) from day 20 to 32 p.i. 

showed a decreasing trend in tumour volume of in average 4.06±10.46%, in agreement with 
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stable disease according to the adapted RECIST criteria. Then, partial response was observed 

from day 34 to 36 p.i., with tumour volume presenting a decrease of 30.29%. From day 38 to 61 

p.i., an increase in tumour volume of 10.77±25.26% was observed (stable disease, according to 

the adapted RECIST criteria). Finally, from day 61 p.i., tumour relapsed, growing fast until the 

day 70 p.i. when the animal was euthanized due to animal welfare conditions. The mean tumour 

volume increase was 37.27±20.05% during the relapse stage 

TRI was calculated using nosological images obtained from the single MRSI grids acquired at 

different time points along the longitudinal study. The evolution of TRI suggested a cyclical 

oscillation when tumour growth arrest was observed after the second therapy cycle, with values 

of 50% at day 28 p.i. and 44.44% at day 32 p.i. Between these 2 days, tumour volume decreased 

in average 15.60±7.71%, in agreement with partial response according to adapted RECIST 

criteria. The first TRI peak was observed at day 20 p.i. (TRI= 18.8%) and appeared 7 days after 

the middle point of the first therapy cycle (day 13 p.i.). A second TRI peak of 26.7% was observed 

at day 24 p.i., 5 days after the beginning of the second therapy cycle. Then, further TRI increase 

(50%) was observed at day 28 p.i., 8 days after finishing the second therapy cycle. Finally, 

another TRI peak of 44.44% was seen at day 32 p.i., 8 days after the beginning of the third 

therapy cycle. The oscillation frequency in this case seems to be about 7 days. TRI could not be 

calculated between days 35 p.i. and 58 p.i., because the small tumour volume prevented the 

segmentation with the semi-supervised system. When tumour relapsed at day 61 p.i., 

responding pixels appeared again and TRI increased until 60%. It is worth mentioning that an 

extra therapy cycle of 2 days was administered to this case in days 44 p.i. and 45 p.i.  
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Figure 6.14: The first graph shows a representation of evolution of tumour volume (black line) and evolution 

of TRI (green line) along time in the retrospective case C817. Green bars show therapy administration cycles 

(this case had an extra therapy cycle on days 44 - 45 p.i.). Then, nosological images obtained from semi-

supervised source analysis from longitudinal studies using only one MRSI grid, are shown. Therapy cycles 

are indicated by green brackets. A cyclical pattern of response (5-8 days) was observed, marked by the 

black arrows in the graphical representation. Red arrows indicate the maximum values observed of TRI 

during tumour volume growth arrest. 

C819: This case showed tumour growth arrest after the second therapy cycle between days 22 

and 24 p.i. (stable disease according to RECIST criteria). Then, it was classified as partial response 

case according to adapted RECIST from day 24 p.i. to 26 p.i since tumour volume decrease was 

of 31.20%. Finally, this case met stable disease criteria again from day 26 to 39 p.i. (tumour 

volume decrease of 8.14±13.04%). Finally, tumour relapsed until the day 45 p.i. when the animal 

was euthanized due to animal welfare conditions. 

TRI oscillations were observed at days 18 (TRI= 60%) and 22 p.i., (TRI=100%) period which 

matched with tumour growth arrest period. Then, a decrease in TRI was observed during the 
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partial response stage (from day 22 p.i. to 39 p.i.) until reaching a TRI value of 32%. In the final 

stage of tumour relapse, another TRI peak was observed at day 41 p.i. with a TRI value of 82.1%.  

C821: This case also showed tumour growth arrest (stable disease according to the adapted 

RECIST criteria) after the second therapy cycle from day 20 to 30 p.i (the mean tumour volume 

increase was of 10.93±8.36%).  However, no partial response was observed, tumour relapsed 

from day 30 to 34 p.i and the animal was euthanized.  

TRI oscillations were observed at days 24 and 28 p.i. (during stable disease stage) with TRI values 

of 69.74% and 80.81%. Then, TRI increasing was observed at day 32 p.i. (TRI= 96.34%) during 

tumour relapse stage. 

Although the example shown in Figure 6.14 (C817) presented a maximum TRI of 50%, cases in 

this retrospective set presented values ranging from 4.23% to 100%. A 100% TRI case means a 

fully “green”, responding tumour, which was not seen in the multi-slice approach. This 

reinforces the idea that the analysis of a single slice MRSI is not able to adequately represent 

the changes taking place in a heterogeneous tumour as GB. The first detection of green pixels 

was seen at days 18 to 24 p.i., depending on the case, which was similar to the first detection of 

green pixels in the multi-slice acquisitions (from 18 to 23 p.i.).  For these 3 retrospective cases, 

the average frequency of TRI oscillations was 6.3±2.0 days.  

6.3.5 Preliminary volumetric-rendering of nosological data 
The four nosological images obtained from case C971 at day 32 p.i were reconstructed voxel by 

voxel (1:50 scale), and the position of each grid followed the real coordinates of the multi-slice 

experiment MRSI. 

In Figure 6.15, several views of this reconstruction are shown; superimposition with MRI was 

not feasible with this software and, accordingly, only MRSI data is shown. With this example, we 

wanted to show that a volumetric reconstruction is possible, although there is still much work 

to be done towards an improvement of this type of representation. Ideally, superimposition with 

the T2w image, taking into account the difference in resolution of both techniques, and the use 

of transparencies could give 3D information about therapy response and show possible foci of 

no response/relapse within a given tumour. The fact that the 3D MRSI grid is not a perfect 

aligned cubic shape is challenging and better rendering attempts are being currently performed 

in collaboration with the group of Prof. Andrés Santos from Universidad Politécnica de Madrid 

(Biomedical Image Technologies Group).  
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Figure 6.15: Volumetric 3D representation of nosological images obtained from case C971 at day 34 p.i. 

before animal euthanization. The four images are different rotation views from the volumetric map. The 

scale bar is indicated in black. Colour coding as in Figure 6.4. 

 

6.4 General discussion for this section 

6.4.1 Multi-slice MRSI and TRI for therapy response level evaluation 
MRSI acquisitions allowed us to obtain differential metabolomic patterns from treated and 

control tumours. Although it is true that other authors have also applied MRSI techniques in 

order to assess the effect of therapy in brain tumours [115, 271–273], they were mainly focused 

in some particular signals or ratios (such as quantitation of NAA, Cho, Cr or ratios between 

them). These ratios have proved useful in our model [90] only when using single voxel MRS data, 

but did not succeed to produce robust discrimination when individual spectra from MRSI grids 

classified as responding and non-responding were used for the calculation (data not shown). 

This probably suggests that the distinction of responding from non-responding zones cannot be 

explained by a single change or a set of few changes/ratios. In this sense, the source-based 

approach applied to MRSI data takes into account the whole set of metabolic changes in the 

spectral pattern and can handle the information in a way that may not be straightforward to 
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perform after standard quantification, for example with LCModel [274]. Table 6.2 lists the main 

metabolites thought to contribute to the spectral patterns recorded, and their meanings are 

also described in Introduction, section 1.2.1.3. The detection of signals at 2.8 ppm, compatible 

with presence of PUFA is in agreement with authors in [141], who reported similar signals in 

their preclinical model, as early as 2 days after therapy with ganciclovir, being indicative of 

apoptosis in their case.  

After acquiring MRSI data from our mice, nosological images were then generated to follow-up 

the evolution of tumour response to treatment. Previous studies from our group using MRSI-

based source analysis from a single slice acquisition allowed us to distinguish between 

responding and non-responding cases [117], with metabolomics pattern-derived changes 

preceding the anatomical derived information provided by MRI in several instances. However, 

the use of a single slice, ignoring the response level taking place in other tumour areas, could 

prevent us to gather relevant information, as GB is widely accepted to be highly heterogeneous 

[275]. The multi-slice MRSI technique used in this study has allowed us to obtain nosological 

images from different areas of the investigated tumours, unraveling heterogeneous response 

levels that we were unable to see with the single slice examination. In work presented in [117], 

several treated cases presented a response level (when recalculated for the presently proposed 

TRI index) close to 100% (mean TRI= 92.9±8.2%, n=8) whereas in the present work with whole 

tumour examination, the maximum value achieved was of 70.3% and the mean±SD TRI of all 

treated mice was 40.8±20.5%. Still, we observed that not all MRSI slices had the same response 

level after treating mice bearing GL21 GB tumours with TMZ, with upper, dorsal slices presenting 

higher levels of TRI (53.0±28.4%) than lower, ventral ones (8.6±20.0%) (p<0.05). Once TRI was 

calculated, it allowed us to quantify the evolution of response to treatment and also to classify 

cases in different arbitrary categories. It is worth noting that the generation of nosological 

images poses some limitations, namely: highly heterogeneous or haemorrhagic zones could 

result in poor quality MRSI spectra, preventing the system to classify them correctly. In addition, 

the smallest tumour correctly segmented had a volume of 18.4 mm3, which should be taken into 

account when interpreting data of apparently non-responding or normal parenchyma regions.  

6.4.2 Classification of TMZ-treated mice after TRI calculation and evolution 

of TRI values 
Treated mice were classified into different categories regarding response level, as explained in 

section 6.3.1.1 and this study was divided into two different parts in order to ensure that all 

categories were represented. The first part of the study only produced LR and IR cases, and a 

modification of the initial protocol was needed in order to obtain cases fulfilling proposed 



Unraveling therapy response heterogeneity in GB with a multi-slice MRSI approach 

 

 

129 

criteria for HR cases. The fact that some cases presented only partial response to therapy had 

already been found in our previous work [117] with one single MRSI slice in cases C418, C527 

and C584 (with TRI response calculated for those single-slice acquisitions of 21.3%, 60.6% and 

49.0%, respectively). However, the detailed subdivision in “response groups” and heterogeneity 

observation was only possible after performing a multi-slice MRSI acquisition, confirming the 

heterogeneous pattern of response usually seen in GB. This heterogeneous pattern of response 

has also been reported in other preclinical studies using diffusion-weighted MRI techniques 

[276] and using PET-MRI techniques in humans [277]. 

The evolution of TRI in the different cases studied with longitudinal measurements indicated 

that increases in TRI corresponded essentially to periods of growth arrest (stable disease stage 

according to the adapted RECIST criteria) and were related to therapy cycles. Regarding IR cases, 

the TRI increase was seen around 6.5±1.0 days after the first therapy cycle (n=4), except in n=2 

cases in which the highest increase was seen 6 days after the second therapy cycle. It is worth 

mentioning that in IR cases (see Figure 6.4.A and B), the first appearance of the responding pixels 

preceded the growth arrest observed in MRI acquisitions. On the other hand, LR cases presented 

a slightly different evolution: these cases did not show tumour growth arrest and TRI pixels were 

observed during the first therapy cycle (earlier than in IR cases, see Figure 6.4.C and D). Still, 

some cases, i.e.  C971, seemed to show an oscillating pattern for TRI (see Figure 6.4.A) in which 

2 peaks of increased TRI (31.2% and 44.1%) were separated by 8 days.  

The protocol designed for this study was focused in allowing the histopathological validation of 

nosological images recorded at certain time points, meaning that mice fulfilling criteria for 

inclusion in a response group were euthanized after MRSI acquisition to allow for in vivo / in 

vitro correlation. Accordingly, we could not observe the evolution of TRI along the whole 

treatment period for the investigated mice. To overcome this restriction, one of those mice 

(C974, Figure 6.5) was saved to be followed up until end-point. In this mouse we could clearly 

observe an oscillatory pattern in TRI values, as opposed to tumour volume, which remained 

stable during 6 days (maximum variation of 11.20%, corresponding to stable disease according 

to the adapted RECIST criteria). The TRI values varied along tumour evolution, with the first 

maximum peak of TRI (41.4%) being observed at day 20 p.i., 5 days after finishing the first 

therapy cycle. The second maximum peak of TRI (36.8%) was observed at day 26 p.i., 6 days after 

finishing the second therapy cycle. This oscillatory behavior of TRI peaks (5-6 days after therapy 

cycles) was taking place at the same time that tumour volume measurements indicated “stable 

disease” according to the adapted RECIST criteria. Then, a last peak of TRI was observed at day 
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37 p.i., when tumour relapsed (at progressive disease stage). This was 12 days after finishing the 

last therapy cycle and the animal died due to tumour mass effect with a final volume of 140.5 

mm3. Since this case was not intended to be used for histopathological validation, no samples 

of C974 were saved for such analysis. 

This cyclical pattern of response was not obvious in other IR cases (C975, C1022, C1023 and 

C1026), in which TRI increases were observed during tumour growth arrest, or when tumour 

growth arrest started to be observed. However, it is possible that the prompt animal 

euthanization, when these TRI increases were observed, could have prevented us to observe 

further TRI oscillations.  

The HR cases were only observed when the protocol was adjusted to start therapy with smaller 

tumour volumes (3.7±0.8 mm3). In these cases, TRI increase was observed 5 days after the 

second therapy cycle, although we should also consider that MRSI acquisition was conditioned 

to tumour volume decrease and no previous MRSI data was acquired – accordingly, we do not 

have enough data for frequency estimation. Finally, LR cases did not respond to therapy and no 

TRI oscillations were observed. The reason why these cases were not responding could be due, 

among other reasons, to individual tumour resistance to alkylating agents through 

overexpression of the MGMT protein [41], although preliminary data from GABRMN does not 

seem to point to a relevant role of MGMT in tumour relapse in GL261 GB. Another possible 

reason for tumour resistance could be related to overexpression of PD-L1 as described by 

authors in [278] and also supported by GABRMN preliminary results, not described in this thesis. 

Still, different glioma-initiating cells (GIC) clones from the same GB tumour may have variable 

levels of therapy resistance to different therapies, resulting in a heterogeneous pattern of 

response to therapy within the same tumour [275]. It was beyond the scope of our present study 

to establish whether a correlation between TRI level and overall survival exists or not. However, 

from the data gathered, it was clear that the behaviour of TRI, as opposed to the relatively 

unchanged tumour volume during growth arrest, presented an oscillating pattern with an 

approximated frequency around 6.3±1.3 days (n=4). See possible explanations for this in section 

6.4.4.  

Intuitive cyclical changes in TRI at stable disease stages could be observed in 3 longitudinal cases 

included in previous work from our group [117]. These cases (C817, C819 and C821) were 

followed up until endpoint by single slice MRSI acquisitions. The average frequency of these TRI 

oscillations now recalculated (6.3±2.0 days, n=3) was very similar to the one calculated using the 

multi-slice approach in this work (6.3±1.3 days). Nonetheless, the representation of TRI 
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evolution is more clear and confident in cases studied by the multi-slice approach than in single 

slice MRSI cases.  

6.4.3 Histopathology results  
Histopathology analysis was conducted for all acquired grids in chosen animals (see section 

6.2.6) in order to confirm the results previously described in [117], in which significant 

correlation between the responding pattern and the proliferation marker Ki67 was found, with 

green, responding zones presenting significantly lower Ki67% value than red, unresponsive 

zones. This histopathological biomarker was also chosen by other authors in order to estimate 

therapy response in preclinical brain tumours [279, 280] and in human GB [281, 282]. 

As it can be seen in Figure 6.10, this trend has been confirmed in our work with multi-slice MRSI 

acquisition, although the fold change when comparing green and red zones was slightly different 

(1.4 fold change in this study, compared to 2.4 fold change obtained in previous studies single 

slice MRSI [117]). Although the dispersion of values was really large, especially within green 

zones, we have been able to confirm that lower mean values of Ki67 immunostaining were found 

in green zones, whereas higher values were seen in red zones, either from controls or treated 

tumours.  

One of the unexpected findings in this work was that HR cases had the highest calculated Ki67% 

values, in disagreement with tumour volume behaviour, which was showing signs of volume 

decrease. The lower cellularity in investigated fields from those cases, with large acellular spaces 

between abnormal giant cells (in agreement with the morphology described by other authors in 

human glioma treated with radiotherapy [283] and in human treated sarcoma [284]) could be 

partially responsible for that. We wondered whether analyzing the number of Ki67 positive cells 

by mm2 instead of % tumour cells would be helpful for clarification, and the results can be seen 

in Figure 6.16, in which the number of Ki67 positive cells/mm2 is illustrated. A descending trend 

is clearly seen between control (2,912.4± 692.7 cells/mm2, n=40 fields), LR (1,799.2± 369.7 

cells/mm2, n=20 fields) and IR (372.7± 264.7 cells/mm2, n=92 fields) cases. Regarding HR cases, 

values found (713.6± 211.5 cells/mm2, n=27 fields) were slightly higher than IR cases, but lower 

than LR and control cases. Also, significant differences (p<0.05) were found between the groups. 

This would probably suggest that the absolute number of Ki67 positive cells for mm2 would not 

be quite different in IR and HR cases, but the overall abnormal morphology of the cells as well 

as tumour behaviour and the metabolomics pattern from MRSI acquisitions are indicating that 

the response level is higher in HR cases. 
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Figure 6.16: Boxplot of global number of Ki67 positive cells/mm2 of different groups of cases classified by 

TRI response. Outliers (values higher than 1.5 X IQR, interquartile range, obtained by difference of Q3 and 

Q1) are represented with round symbols. 

* = p<0.05 in comparison with LR, IR and HR cases 

&=p<0.05 in comparison with control, IR and HR cases.  

$= p<0.05 in comparison with control, LR and HR cases. 

£=p<0-05 in comparison with control, LR and IR cases 

Having in mind the different morphology observed in cases under treatment and the effect that 

it seemed to produce in Ki67% calculation, we measured the average cell volume in each group 

of cases, as well as the amount of acellular space observed in histopathological slides in order 

to better understand which type of elements would be essentially contributing to the observed 

MRSI pattern.  For this, we calculated the average volume of Ki67 positive cells present in a 

representative field of different cases (n=8 cases, 2 HR, 1 LR, 3 IR and 2 control, Figure 6.17.A), 

and also the percentage of acellular space observed (Figure 6.17.B). In Figure 6.17.A, a trend of 

increasing cell volume is observed: volumes were 372.1±178.8 µm3 (control cases, n=50 cells 

counted), 1,867.3±1,698.9 µm3 (LR cases, n=25 cells), 6,179.9±9,855.5 µm3 (IR cases, n=54 cells) 

and 8,180.6±7,608.3 µm3 (HR cases n=45 cells). Significant differences were found with Mann-

Whitney’s U test (p<0.05) between the groups. This could probably distort the Ki67% estimation 

value if the calculations are done in the same way for control and responding tumours, because 

the average cell volume could be 22 fold higher in an HR case than in a control case, and a given 

field, accordingly, will be represented by a lower number of cells. Furthermore, a high number 

of histological fields with plenty of acellular space was observed in treated cases, which cannot 

be neglected either. Regarding them, in Figure 6.17.B an increasing trend in the percentage of 
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acellular space is observed: control cases presented only 19.1±6.9%, whereas ascending values 

were observed in treated cases: LR cases with 27.5±8.2%, IR cases with 37.4±11.0 % and HR 

cases 44.±15.3 % which is almost half of the field. Significant differences were found with Mann-

Whitney’s U test (p<0.05) between groups.  

 

Figure 6.17: A. Boxplot of volume of Ki67 positive cells in each TRI group (cells were analyzed in one 

representative field of each of the following cases: 2 HR, 1 LR, 3 IR and 2 control, and the volumes found 

were represented in boxplot format). Ki67 positive cells showed a smaller volume in control than in treated 

cases; and in treated cases, bigger cells were observed as increase in TRI response was observed. Outliers 

(values higher than 1.5 X IQR, interquartile range, obtained by difference of Q3 and Q1) are represented 

with round symbols and * represent extreme outliers. B. Representation of percentage of acellular spaces 

observed in different TRI groups, an increase in such acellular spaces was observed in treated cases, the 

more TRI response classification, the more acellular spaces were observed. stars = p<0.05 with Mann-

Whitney’s U test. 

These acellular spaces are large, irregular and they are usually observed in the central part of 

treated tumours which indicates that they were caused by therapy with temozolomide and not 

by tissue fixation and processing. In case of acellular spaces due to tissue fixation, those spaces 

are usually observed in the tumour periphery at the border zone between tumour and normal 

brain parenchyma.  

Therefore, control (untreated) cases showed smaller cell volumes of Ki67 positive stained cells, 

and also much less acellular space than treated cases, resulting in fields with high average 

cellularity. On the other hand, in treated cases, the increase in response level (TRI values) was 

accompanied by an increase in cell volume (with presence of giant cells) and a higher presence 

of acellular space in histological fields. Accordingly, the difference in cell volume and percentage 

of acellular space in the evaluated histopathological fields could partially explain why an 

apparently high Ki67 value is found in HR cases if a standard percent counting is performed. It 
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may be more adequate to analyse results the way shown in Figure 6.16, for which the number 

of Ki67 stained cells is seen to significantly decrease between control, LR and IR+HR cases.  

To illustrate the cellular elements used to calculate data shown in Figure 6.17, representative 

fields of control, LR, IR and HR cases are depicted in Figure 6.18. In control cases, uniform smaller 

cells and fewer acellular spaces were observed in comparison with treated cases. In those 

treated cases, with higher TRI response levels, cell morphology changed with presence of giant 

cells and an increase in acellular space (white spaces shown in Figure 6.18).  

An interesting additional finding was that in IR and HR cases, small lymphocyte-like cells were 

observed (red arrows in Figure 6.18), which would be compatible with tumour infiltration by 

lymphocytes, and a full validation procedure for immune system population characterization is 

being currently performed in the group, with preliminary results supporting this hypothesis. 

These lymphocyte-like cells were not observed in LR and control cases. 

 

Figure 6.18: Histopathological regions (20x magnification) from representative fields of control, LR, IR and 

HR cases. A higher number of uniform and small tumoural cells were observed in the control case in 

comparison to LR, IR and HR cases. A low number of large tumoural cells were observed in treated cases 

(with many of them possibly converting to giant cells in IR and HR cases). Regarding acellular spaces, in 

control cases, cells were more densely organized and few such spaces were observed. On the other hand, 

in treated cases, especially HR cases, the percentage of acellular space was significantly higher (see also 

Figure 6.17). In IR and HR cases, numerous lymphocyte-like cells (red arrows) and giant cells (black stars) 

were also observed.  
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It is worth stressing that obtaining HR cases was not straightforward and required modifications 

of the initially designed protocol. Even when modifications were introduced, and this is one of 

the relevant findings in this study, the metabolomics-based analysis of multi-slice MRSI showed 

that there were no 100% responding tumours in our hands, reinforcing the idea that GBs present 

high heterogeneity, probably with clonal selection of resistant cells after therapy administration. 

The use of combined therapeutic agents, as well as modified administration schedules such as 

metronomic administration, could be of help, since promising results have been recently 

obtained in our group with the same preclinical GB model [285], and these studies are currently 

in progress. 

In this multi-slice study, in which a tridimensional-like reconstruction approach was attempted, 

it was possible to establish a relationship between groups of cases with different TRI levels and 

Ki67 values. The global analysis case by case of multi-slice acquisitions can provide a good 

estimation of the response level of the whole tumour probably better than using the single slice 

approach, which could provide an overoptimistic outcome. The reason for this being that the 

slice used for single slice protocol usually corresponded to the Grid 2 in the multi-slice protocol, 

and as previously stated, most of the pixels identified as ‘responding pattern’ were located in 

Grids 1 and 2. In this sense, the multi-slice approach provided a more realistic analysis while the 

inverse correlation found between TRI and the Ki67 “global” value (see for example Figures 6.12 

and 6.16) confirmed the findings from previous work of our group [117]. 

6.4.4 A possible explanation for the oscillatory TRI behaviour: TMZ therapy 

triggering immune response in host 
From previous and present data from our group, TRI has been proven to follow a non-linear 

behaviour, with an oscillating pattern, which was intuitive in single-slice cases from [117] but 

became clear in the multi-slice recordings of mice in this work. This is suggesting that the 

metabolomic pattern changes are dynamic and vary along time. They not only vary among 

different cases, but they vary inside the same tumour as well, indicating a differential behaviour 

which seems to display an apparent frequency of ca. 5-7 days. One of the possible explanations 

for that lies in the mechanism of cell damage triggered by TMZ. Some authors have described 

that after alkylating agents (e.g. TMZ) treatment a recruitment of the host immune system takes 

place [67, 286] which is relevant in the response to therapy, eventually triggering tumour cell 

death. Still, it is described in [52] that the whole immune cycle (see Figure 6.19) in mice brain 

usually requires around 6 days, which agrees with the oscillation period recorded in this work 

(see Figure 6.5). The process includes recognition of local antigens by antigen presenting cells 

(APCs), migration to regional lymph nodes, where they present processed tumour-derived 
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peptides to naïve CD8+ and CD4+ T cells, which leave afterwards lymphoid organs to infiltrate 

tumour tissues and exert effector functions, killing tumour cells direct or indirectly.  

 

Figure 6.19: Scheme of the cycle for immune response against a brain tumour. The whole cycle in mouse 

brain is assumed to take around 6-7 days [52]. The malignant cells may release immunogenic signals, after 

the chemotherapeutic agent (TMZ) effect on them. These signals attract antigen presenting cells (APCs) 

precursors to the tumour, were they are activated by compromised tumour cells. Then, activated APCs 

migrate to local lymph nodes (LN), like dorsal cervical lymph node for brain, and present processed tumour-

derived peptides to naïve T and B-lymphocytes. In case of antigen match, they are then activated to become 

plasma cells producing antibodies, CD4+ helper T lymphocytes or CD8+ T lymphocytes. Those CD8+ 

lymphocytes leave LN to infiltrate brain tumour tissues become activated cytotoxic T lymphocytes (CTLs) 

and exert effector functions, killing tumour cells either direct or indirectly [49, 287]. 

All this taken into account suggests that the metabolomics responding pattern could act as a 

surrogate biomarker of these immune cell “waves” killing sensitive tumour cells. Preliminary 

findings of infiltrative cells compatible with lymphocytes (Figure 6.18), seen in IR and HR cases, 

would agree with this interpretation. Nevertheless, further histopathological validation is being 

currently performed to fully confirm the identity of these cells and their possible contribution to 

the recorded metabolic pattern. In case of some immunostainings for microglia/macrophages, 

these  could represent up to 30-40% of tumour zone ([50] and preliminary GABRMN results not 

shown in this thesis), suggesting that their contribution to the metabolomic pattern could not 

be neglected. The rich information contained in these oscillatory metabolomics pattern changes 
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is discrepant with the lack of tumour volume changes during the growth arrest phase. New 

“repopulation” of the tumour mass with actively proliferating GL261 cells with new clonal 

characteristics may cause the oscillating peaks of non-responding tumour (red pixels). The 

initially activated CD8+ T cells would not be effective against those new sub-clones of GL261 cells 

and another cycle of cell priming and new CTL clones activation would be required.  

The participation of the immune system in the response to therapy has been widely described 

by different authors [288, 289] and GBs are known to exhibit varying degrees of infiltration with 

mononuclear cells, consisting primarily of T-lymphocytes, reinforcing the idea of a cell-mediated 

immune response [290] although these tumours are also known to secrete a number of 

immunosuppressive factors. This intratumoural infiltration with CD4+ and CD8+ T cells was also 

seen in preclinical glioblastoma (GL26 glioma- bearing C57BL/6J mice) after immunomodulatory 

treatment [291]. The described GB infiltration with T-lymphocytes and other immune system 

elements and changes in macrophage polarization, on the other hand, could be a likely 

explanation for the appearance of green, responding pixels even in nosological images of mice 

which did not receive treatment.   

Other evidences also support the hypothesis of the immune system participation in response to 

therapy. For example, the use of a metronomic scheme of therapy administration, optimized in 

order to activate host immune responses, has been used with excellent results in ectopic GL261 

preclinical models [286] even producing the cure of animals, as well as inducing long-term 

immune memory against the tumour. Authors in [286] used a 6-day interleave period for therapy 

administration (cyclophosphamide), demostrating that this interval was optimal in their case for 

improving the immune system participation. Metronomic administration, usually referring to 

administrations of low and equally spaced doses of chemotherapeutics without long rest periods 

in between [67, 286] has been used to improve immune responses to potentiate tumour 

regression and avoid regrowth [286]. Our group has also used this scheme in work reported in 

[285], obtaining a survival time slightly higher (38.7±2.7 days, n=6) than the traditional scheme 

with 3 cycles [90] used in the present work (5-2-2 days with a 3 day interleave between them 

(33.9±11.7 days, n=38). Still, work reported in [285] highlighted the relevance of the metronomic 

strategy in comparison with traditional administration schemes in which results suggested an 

impairment of the immune system related response due to continuous therapy administration, 

probably interfering with T-cell amplification.  

It is important to remark that the 5-2-2 cycle therapy does not follow a metronomic schedule, 

although data in Figure 6.5 clearly show a close to 6-day oscillation of “responding pixels” 
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percentage. On the other hand, data gathered in [90] showed that a single cycle of TMZ during 

5 days did not produce any improvement in animal survival (20.6 ± 6.8 days for 1 TMZ cycle vs 

20.5 ± 4.1 days for control animals). It was only when the 2 additional cycles were introduced 

with a 3-day interleave between them that the survival rate increased significantly to 33.8 ± 8.7 

days. The interleave between the middle time point of each cycle is of 6 days between the first 

and second cycle, and 5 days between the second and third cycle, which could have contributed 

to configure a “metronomic-like” therapeutic scheme, favouring the host immune system 

participation in response to therapy in our present study. Nevertheless, it is also possible that 

the duration of the first TMZ cycle (5 days) partially prevented the full immune cycle recruiting, 

with a balance between favourable and unfavourable conditions. The sub-optimal length of TMZ 

administration could trigger cell damage in tumour cells but also in proliferating primed CD8+ 

lymphocytes in the lymph nodes, which should later infiltrate the tumour. Accordingly, the 

second “response” peak (seen after the second therapy cycle in Figure 6.5) would be a mixture 

of new immune system attraction through immunogenic signalling caused by the previous TMZ 

treatment, and a wave of the remaining CD8+ lymphocytes not compromised by TMZ 

administration. Further work will be needed in this sense: if the 6-7-day cycle for immune system 

activation is proven correct in our GB preclinical system, an adjustment of cycles should be done 

and the interleave between the first and second cycles should be 6-7 days for future work, as 

well as a shortening of the first cycle to a single administration to avoid interfering with T-cell 

amplification.  This is currently being studied in our group. 

In addition, in order to fully characterize the immune system cells differentially present in 

responding and non-responding zones (red and green patterns in nosological imaging), 

additional immunostaining methods may be attempted, such as CD8a and FoxP3 as described in 

[51] and also CD3 [292] and Iba-1 immunostainings [293], as well as extensive profiling of the 

infiltrating immune system cells as suggested by [294]. This would be of help to better 

understand potential contributors to the metabolomics pattern of responding and non-

responding tumour zones. Last, but not least, the nosological images here described could be of 

relevance to design personalized therapeutic schemes, being able to detect when a tumour 

starts failing to respond to a first line therapy, providing a time frame for considering a second 

line or a combination therapy approach.  

 



Unraveling therapy response heterogeneity in GB with a multi-slice MRSI approach 

 

 

139 

6.5 Conclusions 
1. A volumetric, 3D-like MRSI analysis has been applied to a cohort of GL261 GB tumour-

bearing mice either control GL261-bearing GB or under TMZ treatment. In addition, 

pattern recognition using semisupervised source analysis could be successfully applied 

to the whole set of MRSI grids and nosological images could be generated with the 

standard protocol previously developed in our group. This allowed us to gain more 

insight into the GB heterogeneity during response to TMZ therapy. 

2. We have established the parameter TRI, Tumour Responding Index, which allowed an 

estimation of the response level in the whole tumour taking into account the percentage 

of responding pixels detected. This parameter was calculated in the studied mice and 

those were categorized within arbitrary cut-off values: low response, intermediate 

response and high response. 

3. Only low response cases (TRI<35%) and partial response cases (TRI=35-65%) were 

obtained with the standard GABRMN therapy cycle. A further modification of the 

protocol consisting in starting therapy with smaller tumours (2.5-5.5mm3) was needed 

in order to obtain “high response” cases. 

4. Histopathological studies with global Ki67 confirmed results from previous work from 

our group in which an inverse correlation was seen between the responding level (TRI) 

and Ki67 proliferation rate. Still, we could break down responding cases in different 

response levels calculated from nosological imaging which, accordingly, were related to 

global Ki67 for each of those cases. However, a word of caution should be raised when 

interpreting Ki67 data from cases with widely different cell morphology and cellular 

volume, as this could cause an apparent mismatch between Ki67 and metabolomics data 

producing nosological images. In this sense, we showed that measuring the number of 

Ki67 cells/mm2 is a more adequate parameter to use instead of the percentage of Ki67. 

5. TRI presented an oscillatory pattern with peak maxima every 6-7 days, as opposed to 

tumour volume changes, which were maintained essentially stable or slightly decreased 

during the response therapy period. There are evidences that suggested an oscillating 

pattern with single slice MRSI cases, analysed retrospectively.  This 6-7 day oscillation 

would be in agreement with host immune system recruitment for therapy response in 

our experimental GB model. This is also supported by histopathological findings of 

lymphocyte-like cells infiltrating IR and HR cases but not observed in LR and control 

cases. Further work on infiltrating immune cells characterization is currently in progress 

and will allow to confirm or discard this hypothesis. 
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6. TRI analysis would be a robust method to gather information about response to therapy, 

due to the heterogeneity of GB tumours. The analysis of a single slice would hinder us 

to obtain relevant information of the whole tumour. Still, if histopathological analysis 

confirms that the green voxels are related to the immune system cells presence/action 

in tumours, this would be of great interest to take into account in the planification of 

chemotherapeutic treatment cycles, i.e.  to optimize administration of therapeutic 

agent whenever signs of productive immune system attack disappear, pointing to the 

appearance of now, resisting clones.  

7. Volumetric-nosological maps could be drawn to represent whole tumour information 

regarding therapy response. However, it is clear that further and more detailed work is 

needed in order to reach a more intuitive representation which could have fast 

translational potential. 
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 Development of a system for Hyperthermia with Gold 

nanoparticles for preclinical GB therapy  

Glioblastomas are highly heterogeneous and invasive tumours, with a poor prognosis. The 

survival rates for glioblastoma are low, with a median survival of 14.6 months even when 

aggressive therapy is applied [8], and second line therapies do not really improve patient overall 

survival [43, 44]). Even after best available therapy, relapse is the norm, probably arising from 

resistant clones which can repopulate the tumour. Having this in mind, there is an urgent need 

of new therapies which could be applied once glioblastoma resistance to initial treatment is 

detected. Hyperthermia has been described in preclinical studies with different tumour types 

[178, 191–193] and the collaboration with Instituto de Nanociencia de Aragón (INA) at 

Universidad de Zaragoza allowed us to design an experimental path for choosing and testing 

gold-based nanoparticles for hyperthermia therapy in our preclinical GB model. It is worth 

mentioning that part of the results reported in this chapter were produced by other GABRMN 

members before the starting of this thesis and this will be properly indicated in the 

corresponding sections. However, they were not described in previous theses and will be 

summarized here in order to provide proper context for the additional hyperthermia-related 

work.   

7.1 Specific objectives 
The main goal of this chapter was to set up a hyperthermia protocol for preclinical GB therapy 

with gold nanoparticles (Gold NPs) administration, to be used as an alternative therapy or 

superimposed to the standard treatment. In preliminary studies, different types of gold 

nanoparticles were investigated in vitro in order to select the best nanoparticle to be used in the 

in vivo hyperthermia studies. Simultaneously, a NIR laser set-up for irradiation inside the MR 

scanner was developed for mouse brain irradiation, in which tissue temperature changes were 

monitored by MRS. 

7.2 Specific materials and methods  

7.2.1 Preliminary studies: performed before the starting of this thesis 

7.2.1.1 Nanoparticles studied 

The Gold NPs investigated in this chapter were synthesized by the Nanostructured Films and 

Particles group (IP Dr. Jesús Santamaría), from Instituto de Nanociencia de Aragón (INA) at 

Universidad de Zaragoza. Two types of NPs were studied: Hollow Gold Nanospheres (HGNPs) 

(non-PEGylated and PEGylated) and PEGylated Gold Nanorods (NRs). The basic initial 



Gold nanoparticles for hyperthermia GB treatment  

142 

characterization was performed by providers and consisted of Transmission Electron 

Microscopy and NIR absorbance spectrum, among other parameters (see below). 

The HGNPs are composed by a thin gold shell with a hollow interior and display a strong 

resonance absorption peak tuneable in the NIR region. Two types of HGNPs were used: 

- Non-PEGylated HGNPs (Batch 1) synthesized following the protocol described in [295]. 

The average described diameter of these HGNPs was 36 nm and the gold thickness 8 

nm, as described in [296]. 

- PEGylated HGNPs (PEG-HGNPs) (Batch 2 and Batch 4) synthesized following the protocol 

described in [297]. They showed an average diameter of 40.5 nm and a gold thickness 

of 4.9 nm as described also in [297]. These HGNPs were coated with poly(ethylene 

glycol)methyl-ether- thiol (PEG), with a molecular weight (Mw) of 5,000 Da. 

Regarding PEGylated Gold NRs (Batch 3), they are rod-shaped NPs which were synthetized as 

described in [298] and coated with PEG with a Mw of 10,000 Da. The dimensions of the long and 

short diameters of these NRs were ~60 nm and ~25 nm, respectively (measured by TEM).  

Both HGNPs and NRs show a Surface Plasmon Resonance (SPR) around 800 nm, which means 

that are able to absorb Near Infrared Radiation (NIR) [296–298]. In the case of NRs, due to their 

anisotropy, they show  two SPR peaks corresponding to the longitudinal (~800 nm) and 

transverse (~570 nm) plasmon bands [298] (please refer to Annex IV for data and figures from 

this preliminary characterization of the supplied nanoparticles).  

7.2.1.2 Set up of NIR (808 nm) laser device for irradiation inside the MR scanner 

The NIR Laser System employed in the hyperthermia studies consisted of an 808 nm wavelength 

laser diode coupled to a power controller (Model PD300- 3W, Ophir Laser Measurement Group, 

Logan, UT, USA) and an optical fibre of 400 μm in diameter (Optilas model MDL-III-808-2W, 

Changchun New Industries Optoelectronics Technology Co., Ltd., Changchun, China) shown in 

Figure 7.1.A (green square). The optical fibre was extended (length of 6 m) allowing to conduct 

light from the diode to the MR scanner (Figure 7.1.B) in order to irradiate the mouse brain inside 

such scanner. The distance between the optical fiber tip and the animal brain was ca. 0.5 cm. 

This system could be used in a “continuous” or “pulsed” laser mode. In case of the pulsed laser, 

an extra device (home built) was needed in order to generate the laser pulses controlling the 

duty cycle6 (Figure 7.1.A, black arrow). 

                                                           
6 Duty cycle is the time fraction in which the laser signal is active (10% duty cycle means that in one 

second interval, the laser is on during 100 ms and off during 900 ms). 
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Figure 7.1: Hyperthermia laser set-up (continuous and pulsed modes). A: Green square: continuous laser 

system devices: laser diode coupled to a power controller and an optical fiber (indicated by red arrows).  

Blue square: continuous laser system plus a home built duty cycle control device (black arrow) for pulsed 

laser experiments. B: Animal position for hyperthermia laser irradiation inside the MR scanner. In the upper 

image, the optical fiber position is indicated by a red arrow (the laser is off). The bottom image shows the 

same animal when is being irradiated (the laser is on).  

7.2.1.3 In vitro and in vivo temperature measurement by MRS (I) 

The temperature evolution during the hyperthermia experiments was calculated using either 

Single Voxel (SV) MRS or MRSI, and was performed both in phantoms (in vitro experiments) and 

mice brain (ex vivo/in vivo experiments).  

MRS experiments were performed using long TE (136 ms) SV spectra using PRESS localization 

and VAPOR water attenuation sequences. The voxel size was 2- 3 mm3 and the parameters were: 

SW, 4006.41 Hz; TR, 2500 ms. The NA and TAT were variable according to the experiment 

(ranging 8 - 128 for NA and 0.5 min - 5 min 30 s for TAT).   

In vivo SV MRS spectra were processed with TopSpin v1.3 software (Bruker Daltonik, GmbH): 

Lorentzian filter with 4 Hz of line broadening was applied before Fourier transformation, 

followed by manual zero- and first-order phase correction and chemical shift referencing to total 

creatine (3.03 ppm). 

In order to calculate the temperature in the voxel, the distance (in ppm) between water and Cho 

peaks was measured. Then, the temperature was calculated using Equation 7.1. as described in 
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[116], where Dist water-Cho indicates the distance in ppm between the water and choline 

signals: 

"E#FEGHIJGE �°L� � M82.33 ( ��QRSI THIEG M LℎV� ) 1.21� ) 255.94           Equation 7.1 

Regarding MRSI, long TE (136 ms) acquisitions were performed in order to obtain temperature 

maps of the whole mouse brain pre- and post-laser irradiation. Acquisition parameters were 

essentially the same as described for the standard MRSI in material and methods section 3.5.2 , 

except by the following: TE, 136 ms; VOI, 8.8 x 8.8 x 1.0 mm, matrix size of 16 x16 and TAT, 21 

min 20 s. 

MRSI acquisitions were processed using DMPM module described in material and methods 

section 3.6.2. This module contains a temperature maps sub-routine which allows to calculate 

the temperature in each voxel of the MRSI grids using the Equation 7.1 and displays the result 

as colour-coded maps.  

7.2.1.4 Hyperthermia experiments in vitro 

In vitro hyperthermia experiments were performed using phantoms of PBS-dissolved NPs. 

Phantoms consisted of glass high resolution NMR tubes of 10 mm of diameter filled with 5 ml of 

the NP solution. Moreover, an insert was placed inside the tubes in order to avoid the formation 

of air bubbles and allow horizontal placement inside the MR scanner (similar orientation to 

mouse body in Figure 7.1). 

The NPs concentrations used in the experiment were as indicated by providers: 

• HGNPs (non-PEGylated) (Batch 1): 0.056 mg Au/ml.  

• NRs (Batch 3): 0.51 mg Au/ml.  

 

A phantom containing only PBS was used as a control without NPs. PEG-HGNPs were not 

available when the in vitro experiments started and, accordingly, were not assayed in vitro.  

Laser irradiation protocol and temperature control 

Phantom irradiation (preliminary studies) 

The phantom tubes were irradiated inside the MR scanner using continuous laser with a power 

of 1.3 W. To perform temperature measurements, SV MRS spectra were acquired at different 

time frames, with and without laser irradiation as indicated in Figure 7.2. The total laser 

irradiation time was 3 min and 30 s. The SV parameters used for in vitro experiments were: VOI, 

2 mm3; NA, 8 and TAT, 30 s. 
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Figure 7.2: Design of a continuous NIR laser irradiation protocol for NP-phantom studies. See section 7.3.1.1 

and Table 7.2 for further details. 

Temperature evolution of a HGNPs phantom along an irradiation experiment 

The phantom containing non-PEGylated HGNPs was also used to measure the temperature 

evolution under laser irradiation. One SV was acquired before irradiation and then SV spectra 

were consecutively acquired during 30 minutes of irradiation with the same power (1.3W). The 

SV parameters used for in vitro experiments were: VOI, 2 mm3; NA, 8 and TAT of each SV, 30 s. 

7.2.1.5 Hyperthermia experiments ex vivo 

C57BL/6J wt female mice (n=11) of 14 weeks of age were euthanized with an overdose of 

intraperitoneal sodium pentobarbital (200 mg/kg, Vetoquinol, Madrid, Spain). Then, animals 

were stereotactically injected with non-PEGylated HGNPs dissolved in 4 µl of PBS at different 

concentrations in the striatum of mice brain (as described in material and methods section 3.2.3, 

and relying on values described in the literature [193]). Table 7.1 lists the NPs concentration as 

well as number of animals in each group. 

Table 7.1: Different groups of animals injected with non-PEGylated HGNPs ex vivo. 

Non-pegylated 

HGNPs 

Number of animals 
NPs dose 

 (mg Au/kg of mouse) 

n= 3 0.00056 

n= 3 0.0056 

n= 3 0.56 

PBS (Control) n= 2 - 

 

 

Laser irradiation protocol and temperature follow-up during the ex vivo experiment 

Each euthanized mouse was irradiated using a continuous laser protocol with a power of 1.3 W.  

The SV MRS spectra were acquired in the ipsilateral and contralateral areas (see Figure 7.3), 
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starting with one SV in each area before laser irradiation and then, proceeding to alternating 

ipsilateral and contralateral  acquisition of SV MRS during 30 minutes of laser irradiation. The 

parameters used for ex vivo SV were: VOI, 2.5 mm3; NA, 128 and TAT, 5 min and 30 s.  

 

Figure 7.3: Example of voxel position in SV MRS hyperthermia experiments. A: T2w image of a GL261 bearing 

mouse. B: T2w image of a wt mouse. Yellow squares represent a voxel placed in the tumour area in A and in 

the equivalent area in a wt mouse (ipsilateral) in B. Green squares represent a voxel placed in the 

contralateral area in A and B images. Since there is no tumour in B, in this context “contralateral” is used 

to indicate the similar brain area in tumour-bearing mice.  

7.2.1.6 Hyperthermia experiments in vivo 

Several experiments were performed in order to properly assess the effects of laser power/laser 

protocol and starting body temperature (normothermia or hypothermia) over the temperature 

changes observed. Normothermia was defined as a body temperature of 36-38°C and 

hypothermia as 30-32°C. Both wt and GL261 tumour-bearing mice were used in different 

protocol combinations as follows: 

7.2.1.6.1 Continuous laser irradiation – single laser power 

wt mice - normothermia 

The wt mice (n=2, 14 weeks of age) were irradiated using a continuous laser protocol with a 

power of 0.7 W during 15 minutes7. Consecutive SV MRS were acquired in the area equivalent 

to GL261 cell injection in the preclinical model of GB, and also in the contralateral area. Three 

SV spectra were acquired before starting the laser irradiation and another three SV MRS were 

acquired during laser irradiation in each area. The specific SV parameters used for this 

experiment were: VOI, 2.5 mm3; NA, 128 and TAT, 5 min and 30 s. 

                                                           
7 It is worth noting that in vivo, the maximum laser power output achieved was 0.7 W, possibly because 

of power losses due to optic fibre deterioration.  
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7.2.1.6.2 Continuous laser irradiation – varying laser powers 

wt mice - mild hypothermia  

The wt mice (n=2, 14 weeks of age) were irradiated in 3 consecutive days using a continuous 

laser protocol. In each day, a different laser power was tested. The first day of irradiation, the 

power used was 0.07 W, the second day it was 0.28 W and the last day it was 0.49 W. Four SV 

MRS spectra were acquired before starting the laser irradiation and then, consecutive SV were 

acquired during 30-35 minutes of irradiation. The SV MRS spectra were acquired only in the area 

equivalent to GL261 cell injection in our preclinical GB model. The specific SV parameters used 

for this experiment were: VOI, 2.5 mm3; NA, 32 and TAT, 1 min and 30 s. 

GL261 tumour-bearing mice - mild hypothermia - HGNP injection  

A continuous laser irradiation protocol similar to the one previously described for wt mice was 

applied in a first approach to GL261 tumour-bearing mice (n= 4), using 0.07W and 0.28 W laser 

powers during 20-30 minutes. In this case, SV MRS data were acquired in tumour and 

contralateral areas. GL261 tumours were generated as explained in section 3.2.2 and non-

PEGylated HGNPs (Batch 1) were i.v. injected (100 µl) at a dose of 2.8mg Au/kg kg of mouse. The 

experimental design is summarized in Figure 7.4:  

 

Figure 7.4: Scheme of a preliminary experiment with GL261 tumour-bearing mice using continuous NIR 

laser irradiation with different laser powers. 

wt and GL261 tumour-bearing mice - normothermia - stepwise power increase approach  

Mice wt (n=3) and GL261 tumour-bearing (n=3, day 11 p.i.) with no NP injection were irradiated 

using a continuous laser protocol of stepwise power increase approach (0.07, 0.14 and 0.21 W) 

during 85 minutes. In GL261 tumour-bearing mice, the voxel was placed in tumour area whereas 
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in wt mice, the area equivalent to the GL261 cell injection point in tumour-bearing mice was 

explored (see Figure 7.3).  Four SV MRS spectra were acquired before starting the laser 

irradiation and 56 SV MRS were acquired during laser irradiation.  The specific SV parameters 

used for each MRS acquisition were: VOI, 2.5 mm3; NA, 32 and TAT, 1 min and 30 s. 

In addition, wt mice (n=2) stereotactically injected with PEG-HGNPs (Batch 2) (as explained in 

section 3.2.3) with a dose of 20 mg Au/kg of mouse (the same dose used by authors in [178]) 

were also irradiated using the same protocol of stepwise power increase approach described in 

this subsection for wt and GL261 tumour-bearing mice.  

7.2.1.6.3 Pulsed laser protocol 

wt mice -normothermia  

To investigate the effect of a pulsed laser protocol in brain temperature, wt mice (n=3) were 

irradiated during 75 minutes with the protocol shown in Figure 7.5. Four SV MRS were acquired 

before laser irradiation. Then, 7 to 12 SV MRS spectra were acquired in each step of irrradiation 

power/duty cycle combination, which resulted in 10-15 minutes of irradiation in each step. Voxel 

was placed in the area equivalent to GL261 cell injection in the GB model. The specific SV MRS 

parameters used for each MRS in this experiment were: VOI, 2.5 mm3; NA, 32 and TAT, 1 min 

and 30 s. 

 

Figure 7.5: Design of pulsed protocol for laser increasing power applied to wt mice. Percentages indicate 

the percentage of duty cycle used in each step. 

7.2.1.6.4 Specific hyperthermia studies using Nanorods (Batch 3) 

The PEGylated Nanorods (NRs) (Batch 3) were used in a reduced set of experiments in which 

one of the questions to address was whether it was possible using the PEG MRS signal as an 

approach for tracking NR presence in mice brain, in addition to its potential for producing local 

heating.   
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wt mice – stereotactic injection 

Mice (n=3) were stereotactically injected with NRs (as explained section 3.2.3) with a dose of 20 

mg Au/kg of mouse. These animals were explored by SV MRS with the same parameters 

described in subsection 7.2.1.6.3 but without any laser irradiation.  

Preliminary studies with GL261 tumour-bearing mice – i.v. injection  

GL261 mice (n= 3) were i.v. injected (100 µl) at day 8 p.i. with NR doses equivalent to 20 mg 

Au/kg of mouse. One of these mice was reinjected at day 9 p.i. with a dose of 40 mg Au/kg of 

NRs. 

Tolerability assessment in wt mice 

Mice (n=6) were i.v. injected (100 µl) with a single administration of NRs. Two doses were tested: 

10 mg Au/kg (n=3) and 20 mg Au/kg of mouse (n=3). All animals were followed up for 2 weeks 

for toxicity symptoms and their body weight was measured every 2 days. An additional 

observation was carried out 103 days after the first injection. 

Hyperthermia experiment after i.v. injection  

One GL261 tumour-bearing mouse was i.v. injected (100 µl) with a single dose of 20 mg Au/kg 

of mouse of NRs and irradiated using the same pulsed laser system protocol described in 

subsection 7.2.1.6.3. 

MRSI temperature maps and temperature control during pulsed laser protocol  

The same GL261 tumour-bearing mouse described in the previous sub-section was used for 

producing MRSI temperature maps for testing differential heating (MR parameters described in 

section 7.2.1.3). One MRSI was acquired before the irradiation (the irradiation protocol is shown 

in Figure 7.5). Then, SV MRS were acquired during 18 minutes using the pulsed laser protocol of 

irradiation. Finally, the second MRSI was acquired when the pulsed laser protocol was finished, 

but with the laser still on (power: 0.7W, duty cycle: 20%).   

7.2.2 Studies performed in this thesis 
The basic set of analyses for HGNPs characterization (particle size, UV-vis-NIR 

spectrophotometry, zeta potential) had already been performed by providers and hence, it was 

not repeated at this point. 

7.2.2.1 Endotoxin assay of PEGylated HGNPs (Batch 4) 

Detection of potential endotoxin contamination was carried out with an Endotoxins kit assay 

(Lonza, Switzerland) which follows the principles described in section 1.4.6.1. This analysis was 

performed by the INA group for the PEG-HGNP batch used for in vivo studies. 
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7.2.2.2 Confocal microscopy studies: nanoparticle internalization 

Confocal microscopy studies were carried out with a Leica SP5 microscope (Leica, Germany) at 

the Servei de Microscòpia of the Universitat Autònoma de Barcelona.  All experiments were 

performed using 35 mm Mat Tek dishes (Mat Tek, United States). 3D stacks of images were 

acquired along 10 µm in depth using a magnification of 63x. Image size was 164.02 µm x 164.02 

µm with 0.3 µm of thickness. The number of pixels per image was 1024x1024 and the pixel size 

was 160.3x160.3 nm. Image processing and analysis was carried out using IMARIS software 

(BITPLANE, Switzerland). Confocal microscopy studies were performed for GL261 cells exposed 

to PEG-HGNPs. 

GL261 cells exposed to PEG-HGNPs 

In order to check whether the PEG-HNPs could be internalized by GL261 cells, a total of 8x103 

GL261 cells were cultured in RPMI medium in Mat Tek dishes (n=6). PEG-HGNPs (0.01 mg Au/ml) 

were added to 3 culture dishes whereas the remaining three were used as control. Confocal 

microscopy studies were carried out at 24, 48 and 72 hours after cell culturing. In each time 

point, one control and one PEG-HGNP incubated plates were observed in order to check if the 

cell-culturing time affected the PEG-HGNPs internalization.  

Previous to the confocal microscopy study, the cell medium was replace with fresh RPMI 

medium  and cells were stained with 2 dyes: Cell Mask (1 µl/ml), which is a cell membrane 

marker producing red colour, and Hoechst (0.5 µl/ml) which is a nuclear marker producing blue 

colour. In order to observe the blue-dyed nuclei, 405 nm wavelength was used for the excitation 

channel and 420-475 nm for the emission channel. For red-dyed cell membranes observation, 

633 nm wavelength was used for the excitation channel and 650-775 nm for the emission 

channel. Finally, the reflection channel at 633 nm was used for PEG-HGNPs observation. Then, 

the number of HGNPs internalized by cells at different time points of study was estimated using 

the IMARIS software. 

7.2.2.3 Influence of PEG-HGNPs in GL261 cell viability  

The effect of the PEG-HGNPs in the viability of GL261 cells was studied by seeding 8x103 GL261 

cells in Mat Tek dishes (n=6) with RPMI medium. The PEG-HGNPs (0.01 mg Au/ml diluted in 

deionized water) were added to 3 dishes whereas the remaining 3 were used as control. Living 

and dead cells were counted 72 hours after NPs addition in control and in GL261 with PEG-

HGNPs dishes, as described in section 3.1.2. Cell viability was calculated following Equation 7.2: 

LEYY ZRH[RYRI\ �72 ℎ��%� �  ?��8
� � 	7;7�9 ^_+A� �
		�

?��8
� � 	7;7�9 ^_+A� �
		�`?��8
� � :
�: ^_+A� �
		� 
 ( 100        Equation 7.2 



Gold nanoparticles for hyperthermia GB treatment  

 

 

151 

7.2.2.4 PEG-HGNPs in vivo tolerability studies 

7.2.2.4.1 Dose calculation 

Taking into account the PEG signal observed by SV-MRS in sterotactically injected mice (see 

results section 7.3.1.3.4: Stereotactic injection in wt mice), we have calculated the dose of PEG-

HGNPs needed for i.v. injection in GL261 tumour-bearing mice allowing PEG MRS signal to be 

used as a marker of PEG-HGNPs presence.  For this, different parameters were taken into 

account as the total blood volume, percentage of haematocrit [299, 300] and estimation of 

extracellular tumour matrix volume (50%, [301]). Having all these factors taken into account, a 

total amount of  8.12 mg of Au should be i.v. injected in order to be able to detect the MRS PEG 

(signal with SNR>10 [126]). This was equivalent to a dose of 406 mg Au/kg (considering a mouse 

of 20 g of weight). In order to assess whether this dose would be well tolerated by mice, a 

tolerability experiment was set.  

7.2.2.4.2 Dose fractioning and protocol design 

Since the dissolution of the calculated dose (406 mg Au/kg) was not feasible in 100 µl of 

physiological serum (0.9 % NaCl), a sequential approach with dose fractioning was designed in 

order to reach the final dose through administration along several consecutive days. For this, 

different doses of PEG-HGNPs ranging from 33.8 to 135.3 mg Au/kg were i.v. injected in wt mice 

in order to find the maximum tolerated dose (MTD). This would allow the estimation of the 

minimum fractioning suitable to achieve the cumulative dose of 406 mg Au/kg needed for PEG 

detection. Necropsy studies were performed at the Department of Medicine and Surgery at the 

Veterinary Faculty of the Universitat Autònoma de Barcelona. 

7.3 Results and discussion 
For a comprehensive understanding of the whole hyperthermia chapter, results and discussion 

will be divided in two major sections: the first one (section 7.3.1) regarding the set-up of the 

desired protocols and choosing of the most suitable NP, and the second one about the extensive 

studies related to the chosen NP (section 7.3.2).  

7.3.1 Preliminary set-up of protocols and choosing the best NP 

7.3.1.1 In vitro studies: which was the most promising NP for in vivo use? 

The temperatures measured in the hyperthermia experiments using NP and control phantoms 

are shown in Table 7.2. The highest temperature value was obtained with the Gold Nanorods 

(Batch 3) phantom, reaching 34.9°C at the end of the experiment with a maximum increase of 

9.2°C. In the case of non-PEGylated Hollow Gold Nanospheres (Batch 1), an increase of 6.8°C 

was observed. PBS also showed temperature increase (2.7°C) but it was always lower than the 
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temperature increase observed in NPs phantoms. Statistical significance was not evaluated due 

to the number of measurements (n=1 for each condition).   

Table 7.2: Temperatures obtained with the different NP phantoms in in vitro hyperthermia studies. Post 1 

is the temperature calculated 3 minutes after irradiation and turning the laser off; Post 2 is the temperature 

in the same study but irradiating while MRS was being acquired (30 s) after Post 1, resulting in a total time 

of irradiation of 3 minutes and 30 s. See Figure 7.2 for more details. 

 
Temperature (°C) 

 Pre-irradiation Post-irradiation 1 Post-irradiation 2 

Hollow Gold 

Nanospheres 
24.7 28.6 31.4 

Gold Nanorods 25.7 31.5 34.9 

PBS (control) 25.5 26.8 28.2 

 

The best nominal results were observed with gold NRs, but the required dissolution was difficult 

to achieve in PBS. Taking this into account, non-PEGylated Hollow Gold Nanospheres were 

selected to proceed with the in vitro verification. Figure 7.6 shows the temperature curve 

obtained using the non-PEGylated HGNPs phantom (n=1) after continuous laser irradiation at 

1.3 W. The temperature increased from 22.7 °C (before turning on laser) to 37.3 °C after 30 

minutes of continuous irradiation. A plateau in the temperature evolution was observed after 

18 minutes of irradiation (purple ellipse). This temperature stabilization could be explained by 

convection currents present in the solution that may produce a refrigeration process through 

the walls of the phantom-tube due to the recirculating air at 20 °C inside the NMR scanner. 

Therefore, refrigerating mechanisms in the sample may have a strong effect in these 

experiments that may not have a direct equivalence in an in vivo environment. 
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Figure 7.6: Temperature curve increase (measured by SV MRS) obtained with a 5 ml phantom with non-

PEGylated HGNPs (0.056 mg Au/ml) after continuous laser exposition at 1.3 W. Temperature increased 

14.6°C, from 22.7 °C (before turning on the laser, not shown in graph) to 37.3 °C in 30 minutes. However, 

the temperature reached a plateau after 18 minutes of irradiation (purple ellipse).   

7.3.1.2 Ex vivo studies with non-PEGylated HGNPs (Batch 1) 

In ex vivo studies performed with mice stereoactically injected with non-PEGylated HGNPs, 

significant differences (p<0.05) were found between the pre-irradiation temperature and the 

temperature at the end of the irradiation in the brain regions of all studied groups. No significant 

differences (p>0.05) were observed in temperature evolution between the injection area and 

the contralateral area of animals injected with the same dose of non-PEGylated HGNPs (Figure 

7.7). Also, the temperature stabilization plateau was observed after 17.8±3.0 minutes of laser 

irradiation for contralateral and injection areas for all groups injected with either HGNPs or PBS. 

In the case of the group injected with 0.00056 mg Au/kg of mouse (Figure 7.7.A), the mean 

temperature variation was 19.2±6.7°C and 21.4±8.9°C for contralateral and injection areas 

respectively. For mice injected with 0.0056 mg Au/kg of mouse (Figure 7.7.B), the mean 

temperature variation was of 22.0±2.1°C and 25.5±2.5°C and finally, in the case of mice injected 

with 0.56 mg Au/kg of mouse (Figure 7.7.C), the mean variation was of 21.7±1.7°C and 

22.5±2.1°C for contralateral and injection areas, respectively.  The animals injected with PBS 

(Figure 7.7.D), showed a mean temperature variation of 17.7±2.9°C both for contralateral and 

injection areas.  

This could suggest that the basal effect of the laser heating hides any additional contribution of 

the injected NPs. However, in this case a word of caution is needed while interpreting the ex 

vivo studies, since euthanized animals were used for checking the performance of non-

PEGylated HGNPs in an in vivo-like environment. Ex vivo experiments imply that the cooling 



Gold nanoparticles for hyperthermia GB treatment  

154 

effect produced by continuous blood flow in living mice is not observed in this case [302], which 

could lead to a misinterpretation of the obtained results, perhaps preventing the detection of a 

potential differential heating between two chosen brain zones due to the presence of NPs. 

 

Figure 7.7: Temperature curves evolution (measured by SV MRS) (mean±SD) of injection area (blue) and 

contralateral area (red) in ex vivo brain HGNPs or PBS injections. A: Mice injected with a dose of 0.00056 

mg Au/kg (n=3). B: Mice injected with a dose of 0.0056mg Au/kg (n=3). C: Mice injected with a dose of   

0.56 mg Au/kg (n=3). D: Mice injected with PBS (n=2).  Dotted lines represent the maximum value of 

temperature achieved in the injection area (blue) and contralateral area (red).  

7.3.1.3 In vivo experiments: choosing laser protocol and power; checking for differential 

heating 

As previously stated, the maximum laser power reached in vivo was 0.7W, possibly because of 

power-loss due to optic fibre wear. Accordingly, this was the highest power used for in vivo 

experiments. The main questions addressed in this subsection were the most suitable laser 

power to be used in the available range, and the better starting conditions for mice 

(normothermia or hypothermia). Finally, the potential differential heating due to nanoparticles 

in tumour-bearing animals was addressed.   

Several conditions were tested in these set-up experiments. Continuous laser irradiation of wt 

mice with 0.7W laser power in normothermia resulted in temperature increases of 5.8°C and 

3.7°C for ipsilateral and contralateral brain. However, mice (n=2) died during the experiment 

when the body temperature was 38.8°C and 39.7°C , while the measured brain temperature was 
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41.1°C and 42.7°C, respectively, in their ipsilateral laser-irradiated areas. It became clear that 

this protocol was not suitable for these experiments due to abrupt temperature increase 

followed by animal death whenever the brain temperature approaches 42-43°C. We wondered 

whether the use of a lower laser power and/or initial hypothermia conditions would be of 

interest in these protocols, due to the neuroprotective effect of hypothermia that has been 

described in other CNS diseases, such as traumatic brain injury, intracranial pressure elevation, 

stroke, subarachnoid haemorrhage and spinal cord injury [303]. 

The use of different laser powers in mild hypothermia in mice without HGNPs injection with wt 

mice (n=2) showed more encouraging results:  maximum mean brain temperature achieved was 

39.0±1.8°C, using a laser power of 0.28 W after 30 min of irradiation. This variation of laser 

power proved to work better than the previous protocol with 0.7W power and the next question 

to be addressed was whether this protocol could produce differential heating in case of tumour-

bearing animals administered with non-PEGylated HGNPs.   

7.3.1.3.1 Studies with continuous laser irradiation using different laser powers in mild 

hypothermia 

Tumour-bearing mice with i.v. injection of non-pegylated HGNPs (Batch 1) 

In order to better understand this subsection, please refer to Figure 7.4 for the experimental 

design. A group of animals was injected with non-PEGylated HGNPs, either one or two injections, 

followed by laser irradiation and MRS acquisition for temperature measurement to check for 

differential heating in tumour and contralateral brain.  

One injection of non-PEGylated HGNPs 

Two GL261 tumour-bearing mice (C742 and C743) were i.v. injected with one dose of 2.8 mg 

Au/kg of non-PEGylated HGNPs at day 13 p.i. and the following day they were irradiated with 

0.07W and 0.28W (Figure 7.8). Temperature stabilization was observed in normal brain 

parenchyma 12 minutes after irradiation in both cases. Regarding the temperature observed in 

the tumours, only 3 temperature measurements inside the tumour were performed at the time 

points of 0, 9 and 18 minutes.   

Even though the mice cohort was small for statistics robustness, it is worth noting that there 

was a difference of 4°C in the final normal parenchyma temperature between mice irradiated 

with 0.07W (33.2°C) and 0.28W (37.4°C). The slope was calculated in each graph from the 

beginning of the irradiation to the stabilization time point (12 minutes): a value of 0.16 was 
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found for mice irradiated with 0.07W, lower than values found for mice irradiated with 0.28W, 

which was  0.37. 

 

Figure 7.8: Mean temperature increase curves measured by SV MRS  for two GL261 tumour-bearing mice 

(C742 and C743) irradiated after one injection of non-PEGylated HGNPs. Laser power was 0.07W and 0.28W 

in continuous laser protocol. The red arrow represents the starting of laser irradiation.   

At this point, data suggested that a) 0.28W laser power produced slightly better heating results 

than 0.07W and b) at least at this HGNPs concentration and administration protocol used, no 

differential heating between tumour and contralateral brain was achieved. Moreover, the 

maximum temperature achieved inside the tumour did not reach the expected values that could 

lead to cell death, usually described to range between 42-47°C [304]. 

Two injections of HGNPs 

Tumour-bearing mice C744 and C745 were i.v. injected with two doses of 2.8 mg Au/kg at days 

13 and 15 p.i. (one injection each day) and laser-irradiated at day 16 p.i with 0.07 and 0.28W 

laser power (Figure 7.9). As for mice with single HGNPs injection, 3 temperature measurements 

inside the tumour were performed during the irradiation. There was a difference of 6°C between 

final temperature achieved in normal brain parenchyma with the irradiation using 0.07W 

(32.4°C) or 0.28W (38.2°C) laser power. Nevertheless, as opposed to animals receiving only one 

HGNPs dose, the temperature did not seem to stabilize in this experiment. The slope of 

temperature variations was calculated  from the start of the irradiation until 12 minutes, in order 

to be comparable with the one-injection experiment.  In this case, values were 0.13 for mice 

irradiated with 0.07W, and 0.30 for mice irradiated with 0.28W, 0.30 (similar to values obtained 

in mice injected with one injection of non-PEGylated HGNPs). 
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Figure 7.9: Mean temperature increase curves (measured by SV MRS) for two GL261 tumour-bearing mice 

(C744 and C745) irradiated after 2 injections of HGNPs; 0.07W and 0.28W laser irradiation in continuous 

laser protocol. The red arrow represents the starting of laser irradiation.   

All the GL261 tumour-bearing animals studied survived to the laser irradiation experiments and 

did not show short-term toxic effects after the HGPNs injection. Nevertheless, temperature 

stabilization was not achieved using a power of 0.28W and differential heating was not observed 

between the normal brain parenchyma and the tumour. It was wondered whether this lack of 

differential heating between the tumour and normal brain tissue could be explained by the 

retention of the non-PEGylated HGNPs by EPR effect in the liver which has a portal vascular 

system including endothelial cells with vascular fenestration, reducing their blood circulation 

and accordingly, their arrival to the tumour [305]. This could be at least partially addressed with 

addition of PEG covering to nanoparticles (such as PEG-HGNPs which were synthesized by INA, 

or the use of PEGylated NR) [210]. However, the evolution of the contralateral brain 

temperature under laser irradiation was still a factor to be optimized.  

7.3.1.3.2 Sequential increase of laser powers in normothermia 

wt and GL261 tumour-bearing animals without HGNPs injection 

The lack of temperature stabilization in experiments using a single laser power with hypothermia 

conditions lead us to wonder whether the difference between inputs of body and brain 

temperature could be relevant. If so, the use of initial normothermia conditions would be more 

suitable for additional experiments and, on the other hand, perhaps the use of increasing laser 

powers could lead to a more gradual brain temperature increase. For this, continuous laser 

irradiation was used in this first approach with 3 different laser powers: 0.07W, 0.14W and 

0.21W being sequentially used. This new laser irradiation approach was tested in GL261 tumour-

bearing animals (n=3), in which the temperature was measured by SV MRS in the tumour mass 

and in wt animals (n=3), in which the temperature was measured in the brain parenchyma 

equivalent to the injection area in a GL261 tumour-bearing mouse (Figure 7.10). No significant 

differences (p>0.05) were observed using UNIANOVA test in the temperature evolution between 
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wt brain temperature and tumour temperature in GL261 tumour-bearing mice. Moreover, no 

differences were obtained between the two groups (p>0.05, Student’s t-test) for the 

temperature reached at the end of the study (41.6±2.1 °C for wt and 40.2±0.8 °C for GL261 

tumour-bearing animals). All animals survived the laser irradiation experiment. 

 

Figure 7.10: Evolution of brain temperature increase (mean ± SD) in animals irradiated by continuous laser 

irradiation combining 3 laser powers in the same irradiation: 0.07; 0.14 and 0.21W. A. control wt mice 

(n=3). B. GL261 mice (n=3). Slopes for temperature increase were 0.06 in A) and 0.08 in B). 

The sequential increase of laser power seemed to produce a gradual increase in brain 

temperature in both wt and tumour-bearing mice, at least in non-injected animals, although   

temperature stabilization in lower values would be desirable. The next step was to attempt the 

injection of PEGylated nanoparticles (HGNPs and NRs) in an attempt to improve local 

accumulation in the tumour with differential heating with respect to contralateral and, if 

possible, exploit PEG MRS signal as a marker of nanoparticle presence within the tumour.  

7.3.1.3.3 Hyperthermia experiments using PEGylated NPs with stepwise power increase approach  

Stereotactic injection of PEG-HGNPs (Batch 2) in wt mice  

Mice (n=2) were stereotactically injected with a dose of PEG-HGNPs equivalent to 20 mg Au/kg.  

They were then irradiated with the stepwise power increase approach previously described with 

0.07, 0.14 and 0.21 W laser power. The temperature evolution of these 2 mice is shown in Figure 

7.11 (A and B), as well as the obtained slopes (C and D) and an increasing trend was observed in 

the 2 injected mice. The mouse wt 35 showed a temperature slope of 0.24, which was clearly 

higher than slopes calculated for the non-injected mice in section 7.3.1.3.2: 3-fold higher than 

the slope of non-injected GL261 mice and 4-fold higher than the slope calculated for non-

injected wt mice. The other injected case, wt 36, showed a lower temperature slope 0.12 (still 

higher than slopes obtained in non-injected subjects, showing a potential improvement in local 
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heating) – reaching a maximum temperature value of 41.1°C in wt35 and  43.5°C in wt36. The 2 

animals survived to the irradiation experiment. 

 

 

Figure 7.11:  Evolution of brain temperature increase in the mice brain of two wt animals after stereotactical 

injection of PEG-HGNPs in the brain with a dose of 20 mg Au/kg. A and B show the evolution of brain 

temperature of wt35 and 36 respectively. C and D show the calculated temperature slopes for wt 35 and 

wt36 respectively. The red arrow represents the starting of laser irradiation.   

 

This experiment also confirmed that the PEG signal could detected with excellent SNR at 3.71 

ppm in SV MRS spectra of the brain parenchyma of wt mice stereotactically injected with the 

PEGylated nanoparticles (Figure 7.12). This information reinforces the potential of PEG signal as 

a potential marker of PEGylated-nanoparticles accumulation in the tumour. 
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Figure 7.12: Example of SV spectra (TE=136 ms) acquired in vivo from the brain parenchyma of control mice 

injected stereotactically with 20 mg Au/Kg of  PEG-HGNPs (A: wt 35. B: wt 36). PEG resonance peak at 3.71 

ppm was observed (red arrow) in both spectra. Red arrows also point water and another observed 

metabolite peaks of Cho, Cr and NAA.  

Additionally, the higher accumulation of nanoparticles in wt35, indicated by the higher apparent 

PEG/NAA ratio, would also agree with the higher heating slope for wt35 (0.24) vs wt36 (0.12).  

7.3.1.3.4 Pulsed laser protocol in normothermia: pursuing better temperature stabilization  

In this subsection, an optimization of a pulsed laser system instead of continuous irradiation is 

described. This was evaluated in order to produce a better stabilization of the brain temperature 

during the hyperthermia experiments. The pulsed laser protocol was applied to wt mice (n=3) 

without NP administration and results are shown in Figure 7.13. The combination of power and 

duty cycle parameters allowed a more progressive increase of brain temperature. A stabilization 

of brain temperature was observed between 60 and 80 minutes after irradiation and all 

irradiated mice survived the experiment. The average temperature obtained at the end of the 

experiment was 39.4±1.7°C. 

Despite this apparently improved result, no significant differences were found neither in the 

temperature evolution, nor for temperatures reached at the end of the study or temperature 

slopes in comparison with mice irradiated with a continuous laser protocol (See Figure 7.14 for 

overall comparison). However, more gradual temperature increase was achieved, reinforcing 

the suitability of this protocol for application in future experiments with NP administration. See 

Annex IV for non-lethal temperature slopes data obtained in this chapter. 



Gold nanoparticles for hyperthermia GB treatment  

 

 

161 

 

Figure 7.13: Temperature evolution (mean±SD) in 3 wt animals irradiated with a pulsed laser protocol. The 

combination of laser power and duty cycle (DC) made it possible to achieve a progressive increase in brain 

temperature. Red lines indicate the possible regions of temperature stabilization.  

 

 

Figure 7.14: Temperature evolution (mean±SD) in the animals studied by continuous laser protocol 

irradiation: 3 wt animals (in red), 3 GL261 tumour-bearing mice (in orange) and in the 3 wt animals studied 

by pulsed laser irradiation protocol (in black). Non-significant differences were observed among the three 

studied groups (p>0.05). 

 



Gold nanoparticles for hyperthermia GB treatment  

162 

7.3.1.3.5 Application of pulsed laser protocol to wt mice injected with PEGylated Nanorods 

(Batch 3) 

Stereotactic injection and PEG signal detection  

Although PEGylated Nanorods were initially discarded due to solubility issues, they were 

considered a reasonable option for the in vivo use of another type of PEGylated nanoparticle for 

evaluating differential heating between tumour and normal brain tissue in comparison with 

HGNPs. 

Three wt mice were stereoactically injected with PEGylated Nanorods (PEG 5,000; 20mg Au/kg). 

In this first experiment, no irradiation took place: only SV MRS acquisitions to ensure that PEG 

signal peak was detected as in mice injected with PEG-HGNPs (see Figure 7.12 for PEG-HGNPs 

and 7.15 for NRs).  

 

Figure 7.15: SV MRS (TE=136 ms) spectra acquired in vivo from brain parenchyma in control wt mice 

injected stereotactically with 20 mg Au/Kg of Nanorods. PEG resonance signal at 3.71 ppm was clearly 

observed (red arrow) in the three recorded spectra. Red arrows also point water and another observed 

metabolite peaks of Cho, Cr and NAA. 

Intravenous injection of NRs in GL261 mice 

Three GL261 tumour-bearing animals were injected with 20 mg Au/kg of NRs at day 8 p.i with 

devastating results. Two out of three animals died after this first injection: one immediately after 

being injected (C786) and the other one 24 hours after the injection (C788). The third animal 

(C785) was injected with a second dose of 40 mg Au/kg at day 9 p.i. and it was found dead in the 

cage few minutes after injection. It became clear that a more detailed tolerability test with low 

doses was needed before proceeding with NR administration.  
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Tolerability experiment using Nanorods 

A tolerability experiment in wt mice using a single dose of 10 mg Au/kg (n=3) or 20 mg Au/kg 

(n=3) of NRs was performed. Figure 7.16 shows the evolution of the body weight variation of 

the animals injected during 14 days. The blue line corresponds to animals injected with a dose 

of 10 mg Au/Kg and the black line to animals injected with 20 mg Au/Kg. Body weight decrease 

did not reach the 20% point in any mice, indicating that no evident toxic symptoms took place 

in this period. In addition, no significant differences (p>0.05) with UNIANOVA test were observed 

between the two groups of animals. Mice were observed again at day 104 after the injection 

and all of them were alive and showed weight gain (Figure 7.16). These results suggest that, 

despite the results obtained with GL261 mice, a dose of 20mg Au/kg could be safely 

administered to mice and this was the dose chosen to proceed with hyperthermia experiments.  

 

Figure 7.16: Evolution of percentage weight variation (mean±SD) of animals i.v.  injected with a single dose 

of Nanorods, 10 mg Au/kg (in blue) and animals injected with a single dose of 20 mg Au/kg (in black).The 

green arrow indicates the day of NRs injection. The red line indicates the 20% weight reduction point.  

Hyperthermia experiment with NRs in a GL261 tumour-bearing mouse 

One GL261 tumour-bearing mouse (C787) was injected intravenously with a dose of 20 mg Au/kg 

of NR, at day 8 p.i. and it was irradiated after injection with the pulsed laser protocol. 

Temperature evolution is shown in Figure 7.17. At the experiment starting point, the body 

temperature was higher than the brain temperature (body: 37.1°C, brain: 33.7°C), which is a 

characteristic of small animals under anaesthesia [306]. After 25.5 minutes of irradiation, the 

brain temperature became higher than the body (body: 37.9 °C, brain: 40.2 °C). At the end of 

the experiment, similar brain/body temperatures were observed, 39.4°C and 40.0°C, 

respectively. The temperature slope of C787 was 0.17, comparable to wt mice stereotactically 

injected with the same dose of PEGylated HGNPs (Figure 7.11). Although stereotactic and i.v. 
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doses are not comparable (i.e. only a fraction of the administered dose reaches the tumour), 

probably the blood dilution was compensated with a better heating potential of NRs. On the 

other hand, only a small PEG signal was observed in the SV-MRS acquisitions of mouse C787. 

Figure 7.18 summarizes a comparison of SV MRS spectra between the two aforementioned mice 

and one non-administered mouse. Mouse C787 died 24 hours after the Nanorods 

administration, again suggesting harmful effects triggered by these NP, even after satisfactory 

results with wt mice in tolerability studies. A further experiment with sequential doses of 10 mg 

Au/kg was planned in order to check for safety and heating effects.  

Figure 7.17: Temperature 

evolution of the brain (in black) 

and body temperature (in red) 

of the animal C787 after i.v 

injection of 20 mg Au/kg of 

Nanorods followed by head 

pulsed laser irradiation. Results 

were comparable with 

stereotactically injection of 

PEG-HGNPs (wt35 mouse). The 

red arrow indicates the 

irradiation starting point. 

 

 

Figure 7.18:  A. SV spectrum (TE= 136 ms) of 

the animal wt35, injected sterotactically 

with a dose of 20 mg Au/kg of PEG-HGNPs. 

B. Mean spectra of all the SV acquisitions 

(TE= 136 ms, n= 28) during the 

hyperthermia experiment of the mouse 

C787, injected i.v. with a dose of 20 mg 

Au/kg of NRs, the red circle indicates the 

signal attributed to PEG. C. Mean spectra of 

all the SV acquisitions (TE= 136 ms, n= 59) 

during the hyperthermia experiment of the 

mouse C749 which was not injected with 

nanoparticles. The dashed red line points at 

the PEG chemical shift in all spectra. 
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MRSI temperature maps in a GL261 mouse administered with NRs: 

The GL261 tumour-bearing mouse C789 was i.v. injected with a dose of 10 mg Au/kg of Nanorods 

at day 8 p.i. and another dose of 10 mg Au/kg was injected at day 9 p.i. Then, 72 hours after the 

last injection (time frame reported for NRs blood clearance [178]), at day 12 p.i., the mice was 

irradiated with the pulsed laser protocol. MRSI-based temperature maps were acquired before 

the irradiation and after the pulsed laser protocol with the laser still on. In the meanwhile, brain 

temperature was monitored by SV MRS. Brain and body temperature evolution during the 

pulsed laser protocol are shown in Figure 7.19. The body temperature was higher than the brain 

temperature during the whole experiment (39.6°C and 38.6°C respectively). The animal died 

several minutes after the end of the experiment.  

 

Figure 7.19: Temperature evolution registered during the pulsed laser protocol in mouse C789, 72 hours 

after being injected with 2 sequential doses of 10 mg Au/Kg of NRs. The black line represents the 

temperature of the brain measured with SV-MRS and the red line, the evolution of the body temperature 

measured with the rectal probe. The red arrow indicates the irradiation starting point. 

The temperature maps obtained before and at the end of the irradiation protocol are shown in 

Figure 7.20. No significant differences were found (p>0.05) between the temperature measured 

within the tumour (35.9±1.4°C, n=52 voxels) and normal brain parenchyma (35.8±0.8°C, n=35 

voxels) before the laser irradiation. After the pulsed laser irradiation, temperature was 

measured in the same voxels, and unfortunately no significant differences were found 

(37.4±2.5°C in tumour and 37.0±1.3°C in normal brain parenchyma), showing no differential 

heating between these 2 zones.  When comparing temperatures pre- and post-irradiation in the 

same zones, significant differences (p<0.05) were obtained for tumour (35.9±1.4°C and 

37.4±2.5°C respectively), and normal brain parenchyma (35.8±0.8°C and 37.0±1.3°C 

respectively). These differences are probably a consequence of laser irradiation rather than NRs 
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accumulation, since no differential heating was observed and, in addition, no PEG signal was 

detected in MRSI individual spectra.  

 

 

Figure 7.20: GL261 tumour-bearing mouse C789 administered with 2 sequential doses of 10mg Au/kg of 

NRs. A. T2w image for MRSI with the MRSI-grid selected in yellow is shown, and tumour area is indicated 

by white dashed lines. B. Temperature maps acquired in normothermia (left) and post-laser irradiation 

(right) with the temperature colour scale shown in the right. The tumour area is indicated by blackdashed 

lines. Blue rectangle indicates normal brain parenchyma voxels selected to measure temperature for 

statistical comparisons. 

All attempts of using NRs with GL261 animals resulted in disappointing results. All mice died 

after being injected or right after the hyperthermia experiments. The fact that a cohort of wt 

mice survived after a similar NR dose without irradiation lead us to hypothesize that the harmful 

effect of NRs could be potentiated by laser irradiation, at some level. Checking with providers 

about possible residual chemicals or contaminants from synthesis, we were informed that 

Cetyltrimethylammonium bromide (CTAB) was currently used for NRs synthesis and although a 

process for elimination was performed, they could not ensure that NRs were free of CTAB and 

the residual amount was unclear. This could perfectly explain the toxic effects observed after 

NR i.v. injection as described by other authors [215] and the irradiation possibly helped to 

release the entrapped CTAB, increasing the harmful effects. Taking into account these results, 

and the no- availability of a CTAB-free batch of NRs, it was clear that NR were not suitable for 



Gold nanoparticles for hyperthermia GB treatment  

 

 

167 

further experiments in this thesis. The continuation of the hyperthermia experiments was 

planned with a new batch of PEG-HGNPs (Batch B) taking into account that a tolerability test 

would be needed prior to administration and, depending on the results, a sequential 

administration protocol applied and irradiation should be performed with the optimized pulsed 

laser protocol. 

7.3.2 Experiments performed during this thesis: PEG-HGNPs 
The results described in section 7.3.1, which took place mostly before or just along the first 

period of this thesis, helped to pave the way for the continuation of the hyperthermia protocol, 

taking into account the valuable experience gained: use of pulsed laser system, improvement of 

PEG-HGNPs loading in the tumour in order to improve differential heating, and need to  control 

variables related to synthesis that could lead to incompatibility with the administration to mice, 

such as CTAB presence in NRs. The whole remaining work was focused into PEG-HGNPs and its 

characterization in order to use it as an alternative treatment strategy in GL261 preclinical GB.  

7.3.2.1 Studies with the new batch of HGNPs (PEG-HGNPs) (Batch 4) 

 Since the basic characterization of PEG-HGNPs was already performed by providers, more 

detailed studies involving the interaction of these nanoparticles with GL261 cells were 

performed. 

7.3.2.1.1 Confocal microscopy results 

Assessment of PEG-HGNPs internalization by GL261 cells at different cell-culture time points 

In order to evaluate whether GL261 cells were able to internalize PEG-HGNPs, confocal 

microscopy studies were performed. Figure 7.21 shows examples of different fields observed 

either with control GL261 cells or cells with PEG-HGNPs at 0.01mg Au/ml added to culture 

media. Internalized PEG-HGNPs are marked with white arrows and non-internalized NPs with 

yellow arrows. Time points analysed were 24h, 48h and 72h after cell seeding. Intracellular 

aggregates of PEG-HGNPs were detected infrequently. This could be partially explained by the 

fact that the reflection observed is due to the gold thickness of the NP (8 nm in the case of PEG-

HGNPs) rather than the whole nanoparticle. In order to be properly observed in these 

experiments, aggregates should present a size above the resolution limit of the technique being 

used (in this case, 200 nm). In other words, aggregates showing sizes smaller than 200 nm would 

not be visible by confocal microscopy and underestimation of the total amount of internalized 

of PEG-HGNPs would take place. Nevertheless, Gold NPs have been observed in confocal 

microscopy studies using reflexion mode, such as the visualization of non-pegylated HGNPs 

aggregates [296], Gold Nanospheres aggregates visualization [307] or Gold Nanords visualization 

[308]. 
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Figure 7.21: Selected regions from the different studied fields by confocal microscopy: First row 

corresponds to GL261 cells without nanoparticles and the second row corresponds to GL261 cells with prior 

nanoparticles addition. First column indicates fields acquired 24 hours after cell seeding and/or 

nanoparticle addition, while the second and third columns correspond to 48 and 72 hours after cell seeding 

and/or nanoparticle addition, respectively. Cell nuclei are dyed in blue, cell membranes in red, and 

nanoparticle reflection is detected in green. White arrows indicate the internalized NPs whereas white stars 

indicate example of non-internalized NPs. Red arrows indicate the presence of distortions in the reflection 

mode due to the plastic of the Mat-Tek dish (also seen in green).  

The internalization of PEG-HGNPs by GL261 cells was observed in the three studied time points, 

and a cell was considered to have internalized NPs if at least one NPs aggregate was observed 

in such cell.  The percentage of cells with internalized PEG-HGNPs after 24h of incubation was 

of 33±8% (n=3 fields, average cell counting per field= 4.0±1.0). Then, this value increased to 

39±12% at 48h and 40±14% at 72h (n=6 fields, average cell counting per field = 11.3±3.8 and 

11.7±3.1 at 48h and 72h, respectively). Average cell counting includes both cells with and 

without PEG-HGNPs internalization. 

No significant differences (p>0.05) were found in the number of cells with internalized NPs, 

between the three analysed time points. It is reasonable to assume that these percentages of 

cells with internalized NPs are reflecting only the detectable aggregates, but there may be a non-

negligible percentage of aggregates below the detection limit of the method used. Nevertheless, 

results in this subsection point to the fact that PEG-HGNPs would be indeed internalized by the 

GL261 cells provided suitable amounts arrive to the tumours.  
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It must be mentioned that a reduced number of fields was analysed after 24h of incubation (n=3) 

due to the low number of cells observed at this time point, which in other hand is the expected 

situation for this time period. A similar situation was observed in the control dishes. The mean 

of total cells per field in control dishes were 3.7±1.5 at 24h, 15.4±4.4 at 48h and 15.7±6.8 at 72h. 

No significant differences (p>0.05) were observed in the mean number of cells per field when 

comparing control cells and cells with added HGNPs at any of the studied time points. 

7.3.2.1.2 Effects of PEG-HGNPs over GL261 viability after addition 

The results acquired in this subsection refer to control GL261 cells (n=3 Mat-Tek dishes) and 

GL261 cells with PEG-HGNPs addition (n=3 Mat Tek dishes) after 72h of cell-culturing. This 

experiment was done in order to check if the PEG-HGNPs could affect the GL261 cells viability 

regardless of laser irradiation. The average of total cell counting/ml (counting of living and dead 

cells), the number of viable cells/ml (counting of living cells only) and the average of percentage 

of cell viability (calculated as described in Equation 7.2, see subsection 7.2.2.3) are shown in 

Table 7.3. No significant differences were found for any of the aforementioned parameters (p> 

0.05).  

Table 7.3: Results obtained with cell counting and viability assessment of GL261 cells with and without PEG-

HGNPs.  

 
Total number of cells/ 

ml (mean±SD) 

Number of viable (live) 

cells/ ml (mean±SD) 

% Cell viability 

(mean±SD) 

GL261 (Control) 491,000 ± 63,872 398,833 ± 70,924 81.7±7.1 

GL261 + HGNPs 402,167 ± 97,860 293,167 ± 49,568 74.9±9.0 

 

The percentages of cell viability obtained for control GL261 and GL261 cells with PEG-HGNPs 

were 81.7±7.1% and 74.9±9.0 respectively, which are clearly lower (although no statistically 

different (p>0.05)) than GL261 cell viability observed before injection for GL261 tumour 

generation (94.3±1.7 % of viable cells, n=3 countings). These differences could be explained by 

the non-optimum environment for cell culture provided by Mat-Tek dishes, as opposed to an 

optimal surface in cell culturing flasks. Still, these results suggested that the PEG-HGNPs, without 

NIR irradiation, were not harmful for GL261 cells. Having this in mind, a tolerability experiment 

was planned with wt C57BL/6J mice in order to estimate the maximum tolerated dose that could 

be administered to tumour-bearing mice to produce the maximal loading of heat-generating 

NPs into GL261 tumours.  
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7.3.2.2 Tolerability studies of PEG-HGNPs in C57BL/6J mice  

As explained in section 7.2.2.4, a dose of PEG-HGNPs equivalent to 406mg Au/kg should be 

administered to mice in order to produce a clear MRS PEG signal. However, it was not feasible 

to perform this administration in a single injection due to dissolution limitations. The maximum 

volume to be i.v. injected in a mouse should not be higher than 100 µl, which in turn limits the 

amount of nanoparticles to be dissolved for tail vein injection. The starting point was ⅓ of the 

desired dose, i.e.  135 mg Au/kg which was i.v. administered to n=3 wt mice aged 17 weeks.  Two 

out of three injected mice showed unusual signs and symptoms after PEG-HGNP administration: 

a) Enlargement of the required period for anaesthesia recovery after vein cannulation (~1h 

vs ~2 minutes as usual). 

b) Uncoordinated movements, especially from hind legs, after anaesthesia recovery.  

These two mice were found dead in their cage the day after PEG-HGNPs injection and the 

corpses were preserved in paraformaldehyde in order to perform a necropsy study in the 

Histopathology Unit of the Unitat de Patologia Murina i Comparada, Veterinary Faculty from 

UAB. The findings reported in the necropsy study can be found in Annex IV. The main findings 

were related to brain congestion with haemorrhage, nonspecific cardiopathy, hepatopathology 

and lung oedema collapse.  

These results indicated that 135 mg Au/kg was not a safe dose for mice and, accordingly, a dose 

lowering was planned for the next step, using 67.5 mg Au/kg (⅙ of the desired final dose of 

406mg Au/kg). Only one mouse was injected, and it showed similar symptoms as described for 

the mice injected with 135 mg Au/kg. This mouse was also found dead the day after PEG-HGNPs 

injection and necropsy study was performed (Annex IV). Taking into account that 67.5 mg Au/kg 

did not prove to be safe in mice, a new dose lowering was performed and the dose used was 

33.8 mg Au/kg, corresponding to 1/12 of the desired cumulative dose. This also meant that 12 

consecutive i.v. injections would be needed in order to reach the final dose of 406 mg Au/kg, a 

challenging procedure due to the small calibre of mouse veins.  

In this experiment, C57BL/6J mice of 16 weeks age (n=3) were i.v. injected with a dose of 33.8 

mg Au/kg of PEG-HGNPs during 12 consecutive days. All animals survived the PEG-HGNPs 

injection period. Body weight control and animal welfare supervision were carried out during 2 

months after the last PEG-HGNPs administration, and no toxic symptoms/signs were observed. 

Figure 7.22 shows average percentage of body weight variation for control and PEG-HGNPs 

injected mice. UNIANOVA test was carried out to evaluate differences between the two curves 
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of weight variation from day 1 to day 85 post first-injection and no significant differences were 

observed (p>0.05). 

 

Figure 7.22: Percentage of body weight variation (mean±SD) of mice injected with PEG-HGNPs: 33.8 mg 

Au/kg repeated along 12 injections (green symbols) compared to control mice (black symbols). The red line 

indicates the 20% weight reduction point, not reached by any animal investigated within this protocol. 

Although all animals survived the administration period, two mice (wt69, wt70) presented 

unexpected symptoms just after PEG-HGNPs injection, showing respiratory distress after 

injections corresponding to cumulative doses of 135 and 236.6 mg Au/Kg respectively. The next 

day, no evident symptoms were observed in these animals and the protocol continued. The 

symptoms described here are similar to the ones described in [225, 227], that could be at least 

partially due to endotoxin contamination [226]. Having this in mind, providers were contacted 

and tests for endotoxin detection performed in the batch of interest.    

7.3.2.2.1 Endotoxin assay 

The toxicity symptoms observed in mice wt69 and wt70 after PEG-HGNPs injection, although 

non-mortal, lead us to suspect that the last PEG-HGNPs batch used in this thesis could present 

endotoxin contamination above the allowed/recommended values. In order to corroborate or 

discard this hypothesis, a sample of the PEG-HGNPs used was sent back to NFP-INA for analysis. 

Results showed that the chosen dose of 33.8mg Au/kg- which corresponded to 2.7 mg of PEG-

HGNPs in 100 µl injected- would be equivalent to the injection of 72.46 EU (endotoxin units) to 

each mouse (or, in other words, each mg of administered PEG-HGNPs had 26.8 EU of endotoxin). 

To check for the safe limits in a given preclinical model, the endotoxin limit (K/M) was calculated 

as described by others in [309].  In this formula, K is 5 EU/kg, which is assumed the threshold 
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pyrogenic dose for individual preclinical species, and M means the maximum dose of product 

per hour and the body weight of the mouse model. The endotoxin limit calculated for our model 

assuming an average body weight of 20 g was of 0.037 EU for each mg of nanoparticulated 

material administered, indicating that the administered nanoparticles had endotoxin amounts 

well above the safe limit (more than 700-fold higher). It became clear that future developments 

should include either improvements in synthesis to ensure endotoxin-free materials or the 

application of decontamination procedures [310]. Unfortunately, at this point, the only solution 

to this problem was to proceed with the synthesis of an endotoxin-free batch of PEG-HGNPs, 

which was not feasible during this thesis, and the potential of these nanoparticles for preclinical 

GB treatment and nanoparticle tracking through PEG MRS signal could not be properly assessed.  

7.3.2.3 Security issues in hyperthermia studies: lessons learned 

During the final set-up steps of the pulsed laser irradiation protocol inside the MR scanner, a 

firebreak took place inside the scanner during the laser power change from 0.07W to 0.7W.  This 

unfortunate incident lead to an undefined delay of hyperthermia protocols while repairing tasks 

took place and efforts were directed towards elucidation of possible causes triggering the 

firebreak incident.  

After some confirmatory checks, we concluded that a combination of factors was the 

responsible for triggering the firebreak: 

• Sparks can be produced due to the ignition of the C57BL/6J mouse dark hair under the 

focus of the laser optical fibre  

• The vicinity of flammable materials such as the mouse blanket (see Figure 7.1.B), which 

is made from paper tissue and can burn if sparks are produced 

•  The use of 100 % O2 as anaesthesia gas carrier. Oxygen is a flame accelerator and the 

risk of a fire becoming large quickly increases in environments with high oxygen levels. 

In this sense, actions for improving safety in hyperthermia studies were proposed as follows, 

while some of them could be implemented and tested during this thesis.  

1. To eliminate the “hair” factor. This could be achieved using hairless mice or shaved 

C57BL/6J mice. 

2. To improve the control of local temperature increase. For this, installation of extra 

temperature sensors (apart from the rectal probe) near the irradiation zones was 

planned. 
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3. To decrease the oxygen accelerator factor. To achieve this, the use of air as gas 

conductor of anaesthesia instead of oxygen should be implemented. It also implies to 

control the blood oxygenation level (pO2) in mice to prevent hypoxia (see subsection 

7.3.2.3.1 below: Use of air-anaesthesia system in wt mice during MR experiments). 

7.3.2.3.1 Implementation of safety measures for hyperthermia studies 

Use of extra temperature sensors 

A strict control of temperature oscillation inside the MR scanner was set-up with the inclusion 

of four extra temperature sensors. In order to automate action in case of abrupt temperature 

increase, sensors were connected to a device able to halt the laser irradiation immediately in 

case of temperature increase above pre-established safety thresholds, in addition to sounding 

an acoustic alarm. This set-up was tested with satisfactory results: the threshold was set to 40°C 

and once sensors detected a temperature increase up to this limit, which was simulated through 

placement of sensors in a glass of water at 40°C, the laser power was automatically 

disconnected.  

Use of air as anaesthesia carrier instead of oxygen during MR experiments 

Some of the relevant biological effects of anaesthesia are the depression of respiratory and 

cardiac rates and a decrease in body temperature. Accordingly, during a long-term anaesthesia 

period such as in MR studies, there is an increasing risk of developing hypoxia if oxygen 

supplementation is not provided, which in turn could lead to hypercapnia and acidosis [311]. 

This is the reason why oxygen is the most commonly used gas for carrying anaesthesia with 

inhalatory anaesthetic agents, such as isoflurane. This also explains why the pO2 control with 

the use of pulse oximeters is relevant, especially if air is employed as carrier gas [311].  

The pulseoximeter is a device that measures arterial oxygenation, useful for detection of arterial 

hypoxemia that may be related to hypoventilation and airway obstruction, before the animal 

becomes cyanotic. The pulse oximeter device consists of a probe with a light-emitting diode and 

a photo-detector, which can be placed over the animal skin, and the light is transmitted across 

the tissues. The emitted light alternately transmits red light at two different wavelengths (visible 

and infrared) which are absorbed to different degrees by oxyhaemoglobin and 

deoxyhaemoglobin present in the blood vessels close to the surface. The intensity of transmitted 

light reaching the photodetector is converted to an electrical signal. This information is 

processed, and the absorption due to the tissues and venous blood, which is static, is subtracted 

from the best-to-beat variation to display the peripheral oxygen saturation as both a waveform 

(the interval between peaks corresponds to a cardiac cycle) and a digital reading. The system 

provides real-time continuous measurements of arterial O2, saturation, pulse strength, breath 
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rate, blood flow and effort to breathe. The absolute accuracy of pulse oximeters seems to be 

slightly lower for animals than for humans [312], but the information provided has acceptable 

reliability. In general, a saturation higher than 95% is considered as good, whereas for values 

below 90% user must be cautious, although corrective action may not be necessary. 

Nevertheless, when the saturation falls below 80%, corrective actions should be taken to 

improve animal oxygenation.  

In order to gain experience with the use of air as anaesthesia-carrier gas in murine models and 

pO2 control with the use of the pulseoximeter in mice, a fruitful three-month research stage was 

performed at the UT Southwestern Medical Centre, in Dallas (Texas, USA) in Dr. Ralph Mason’s 

laboratory.  This group has a long track in tumour hypoxia studies (especially breast and 

prostate) using MRI techniques [313, 314]. They are also experts in physiological monitorization 

of murine models during MRI explorations in order to control the animal health status. The 

techniques learnt in this stage were set-up in our group and are currently ready to be applied. A 

system dedicated to alternate delivery of sterile air or oxygen for anaesthesia into the MR 

scanner was installed (see Annex IV.V) and a preliminary test using tumour-bearing mice was 

performed. A brief description of the procedures is given below.  

First of all, before placing mice inside the MR scanner and to ensure proper pO2 measurement 

with the pulseoximeter, the animal should be “naired” (depilated) 24 hours before the 

experiment (Figure 7.23, left). Then, the mouse should be placed inside the scanner (while 

breathing oxygen) and the pulseoximeter placed in a leg, paw, or tail until a good signal is 

achieved (blue waveform in Figure 7.23, right). In our case, the best signal was obtained with 

the pulseoximeter placed in the leg.  
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Figure 7.23: Left, C57BL/6J mouse after hair depilation in legs and abdomen. The red ellipse points to the 

place where the pulse oximeter is usually placed. Right (red rectangle), the plethysmogram from 

pulseoximeter measurements: pO2 display while breathing oxygen (100%) and the waveform signal (in 

blue) which indicates the cardiac cycle (interval between peaks). 

 

Once the optimal recording conditions were achieved (100% pO2 and regular oscillations 

observed in the pulseoximeter measurements), a simulated hyperthermia experiment was 

performed using the recirculating water bath of the scanner to change the body temperature of 

the mouse.  The experiment started in hypothermia conditions (28-30°C) after getting a good 

pulse oximeter signal breathing oxygen during the first 10 minutes (100% pO2). After that, the 

anaesthesia gas carrier was changed to air, with the corresponding drop of the pO2 level to 95% 

and an MRSI temperature map was acquired in hypothermia conditions. Once MRSI acquisition 

was finished, the bath temperature was increased until normothermia temperature (36°C) was 

reached and animal continued breathing air with the pO2 registered values oscillating between 

90-95%. Finally, another MRSI-based temperature map was acquired and after that the 

anaesthesia gas carried was changed to oxygen during the last 10 minutes with the 

corresponding increase in pO2 (up to 98%) (See Figure 7.24). Significant differences (p<0.05, 

Student’s t-test) were observed in tumour temperature between hypothermia (25.8±0.9°C, n=6 

voxels) and normothermia (38.4±0.8°C, n=6 voxels) in the example shown.  

The studied animal survived 21 days (the expected survival rate for untreated GL261 mice) and 

no harmful symptoms/signs were observed after this preliminary experiment with different 

anaesthesia carriers.  
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Figure 7.24: A. Evolution of pO2 (blue 

line) and temperature (red line) of a 

GL261-bearing mouse along 

experimental time and while 

breathing oxygen or air. Colour 

columns indicate the MRSI 

acquisition points: blue column 

(hypothermia acquisition) and red 

column (normothermia acquisition). 

Green rectangles indicate the period 

while the animal was breathing pure 

oxygen. In the second row, 

temperature maps (as described in 

subsection 7.2.1.3) overlaid to the 

corresponding T2w image, obtained 

in B. Hypothermia conditions and C. 

Normothermia conditions. Maps are 

shown with the temperature colour 

scale at right. The white-line circles 

indicate the tumour borders in T2w 

MRI . 

The safety system was then properly implemented and satisfactory results were obtained, being 

ready to be tested with in a real irradiation experiment inside MR scanner. Unfortunately, this 

stage was not achieved during this thesis but the experimental set-up developed will be available 

for future work in this respect.  

7.4 General discussion for this section 

7.4.1 NIR hyperthermia inside the MR scanner: Real time temperature 

monitoring and animal irradiation conditions 
Hyperthermia using gold nanoparticles for cancer treatment has been described in preclinical 

murine models. However, most of the described work has focused on subcutaneous tumours 

[178, 192–194], with satisfactory results within the follow-up period (e.g. 90 days for GB 

subcutaneous model in [194]). It is worth remembering that the lack of blood brain barrier in GB 

subcutaneous tumours and, in addition, the feasibility of a more direct NIR irradiation without 

absorption or scattering of NIR laser by other brain structures surrounding the tumour, can also 

play a role in their favourable outcome (e.g. as described by [315, 316]). In addition, several 

approaches for the temperature control during irradiation (which is a main issue found in the 

hyperthermia studies) are described for these subcutaneous tumour models. For instance, a 

thermographic camera was used in [178, 316] and an infrared-based thermometer in [193]. 

These methods are useful for subcutaneous tumours, but not for othotopic brain tumours, 

which are located in deep brain tissue. Thermal image thermometer and intracranial 
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thermocouple thermometer were used in orthotopic  GB tumours in [317], which permits real 

time temperature measurements, but with an invasive component in the case of the 

thermocouple. Also, there are some studies without in vivo temperature measurements in 

subcutaneous tumours [194] and in orthotopic tumours [318], reflecting a lack of common 

accepted procedures in this point.  

One of the main advantages of performing NIR irradiation inside the MR scanner was the “real 

time” and non-invasive brain temperature monitoring through MRS(I) approaches [127], 

especially for orthotopic brain tumours. An MRI approach based in temperature-sensitive 

interleaved gradient-echo images was used in [195, 319]. This MRI method is much faster than 

MRSI, obtaining real time temperature MRI maps each  ~6 seconds [195, 320, 321], in 

comparison with MRS(I)-based temperature measurements used in this thesis, in which the time 

needed for acquisition is 1.5 minutes for MRS and 21 minutes for MRSI. However, one possible 

drawback for MRI temperature method is the presence of certain artefacts caused by water 

imaging alone. Thus, if properly calibrated, MRI-based temperature imaging should be superior 

to MRSI-based, if fast response time is required. 

Another challenging point of this study was to test the influence of laser irradiation itself into 

brain temperature of wt mice and to investigate the best irradiation protocol in order to ensure 

gradual and acceptable temperature increases without harm to the life of the animals. Several 

laser powers with a continuous protocol irradiation were tested, but finally a pulsed laser 

protocol produced the best results. The brain temperature stabilized after 60-80 min of pulsed 

irradiation at 39.4±1.7°C. This point was especially relevant because the brain has a high thermal 

sensitivity. The brain can handle relatively low temperatures, as in mild hypothermia, which 

were proven to be neuroprotective in some conditions [306]. However, the increase in brain 

temperature above a certain threshold can lead to irreversible neuronal damage, and some 

authors point to temperatures higher than 40°C as a cut point leading to harmful effects when 

exceeded [302].   

Still, it is also true that irradiation times described in this thesis were usually longer (30-80 min) 

than most of the described work in the literature, which used irradiation periods ranging 3-5 

minutes and  with higher laser powers, 2-6 W [178, 180, 195]. A larger irradiation period could 

produce differences in the accumulated heating of peritumoural brain parenchyma and in this 

sense, a strict real-time control of brain temperature should be always accessible.  
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Therefore, in order to properly assess the actual potential of hyperthermia in intracranial 

tumours such as GB, the use of orthotopic brain tumour models should be considered. Also, in 

order to use MR approaches for real time non-invasive measurement of the achieved 

temperature during NIR irradiation following nanoparticle administration, a set-up for 

irradiation inside the MR scanner should be designed and implemented, and this was one of the 

relevant achievements of this thesis. As far as we are concerned, this is the first in vivo study of 

hyperthermia with gold nanoparticles monitoring the temperature of the brain by MRS(I) in real 

time in living animals. 

7.4.2 Effect of the studied Nanoparticles in brain and tumour heating 
At the same time that safe conditions of NIR irradiation and non-invasive and feasible MRS(I) 

temperature measurement in brain were investigated, the possible differential heating 

produced in the tumour after gold nanoparticle administration was also studied. This was 

checked either through stereotactical or i.v. administration with different results. The 

stereoactically injected mice presented temperature slopes upon NIR irradiation which were 2 

to 4 fold higher than non-injected animals (see Figure 7.10 and Figure 7.11) with the same 

irradiation protocol.  

Then, for mice which were i.v. injected with gold nanoparticles, none or very poor differential 

heating was observed between tumour and contralateral areas (see Figures 7.8 and 7.9). These 

results suggested that the accumulation of gold nanoparticles inside the tumours was not 

enough to produce the desired results. In animals injected with non-PEGylated HGNPs (Batch 1), 

this could be explained due to “naked” NPs being more prone to be retained by the RES system 

[210, 212] and not accumulating enough in the tumour.  Still, the lack of differential heating 

observed using PEGylated HGNPs, cannot discard that the penetration depth of the laser could 

also play a role, as described by von Maltzahn et al. [178], which showed that the temperature 

achieved after irradiation was inversely proportional to the depth of the tissue studied. Another 

factor that should be considered is the time elapsed between nanoparticle administration and 

NIR irradiation, which could influence in the final accumulation of nanoparticles and the 

temperature achieved after irradiation. This would be related in turn to nanoparticle 

administration route and biodistribution profile: in this thesis, this period ranged from 24 to 72h 

after nanoparticle i.v. injection whereas values reported in literature varied from 5.30 min [192], 

6h [193], 24h [194] to 72h [178].   

It must be emphasized that the temperature values achieved in the studies described in this 

thesis (40-43°C), even being safe temperature values,  were below values described by others in 
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the literature, as in the intracranial canine model described by [195] using i.v. injected gold 

nanoshells (65.8±4.1°C in brain tumour and 48.6±1.1°C in contralateral brain parenchyma). Or 

in the case of [319], where a maximum temperature of 57.8±0.5°C was measured in orthotopic 

brain tumours in nude mice i.v. injected with PEG-HGNPs targeted to integrins (overexpressed 

in glioma and angiogenic blood vessels). In this same study, animals injected with non-targeted 

NPs presented a tumour temperature of 48.1±0.1°C. On the other hand, the temperature values 

obtained in these studies disagree with other authors who showed that adverse effects are 

observed in the brain when temperature exceeds 40°C [302]. 

However, the results found in this thesis are in agreement with [317], where rats injected 

orthotopically with C6 glioma cells where irradiated without NPs injection and the maximum 

temperature achieved in the tumours was ~42°C. Our measurements also agree with authors in 

[319], where tumours injected with saline showed a maximum temperature of 41.7±0.1°C. 

Taken together, results suggest that either the NPs studied in this thesis showed a low calorific 

power compared with other NPs from the literature or NPs were not accumulating in the brain 

tumour tissue or the laser was not reaching the tumour properly. 

In the case of PEGylated NRs, the lack of differential heating for tumour-contralateral was 

probably due to the insufficient amount of NPs reaching the tumour, in part due to the low dose 

that could be injected due to tolerability issues in mice. The PEGylated Nanorods were 

withdrawn from the study due to the toxic effects observed after its administration, probably 

due to residual amounts of CTAB used in its synthesis [215]. It has been reported that CTAB is 

toxic in vitro and in vivo [219, 322] and although it can be removed in the synthesis procedure 

during the PEGylating process [323], free CTAB molecules may remain due to an inadequate 

purification or desorption of the surfactant from the surface of the Nanorods [215]. This issue 

should be addressed in future syntheses by the providing groups if Nanorods are expected to be 

used in preclinical (or clinical) applications.  

Having all this in mind, efforts must be made in synthetizing well tolerated PEG-coated 

nanoparticles with higher specific heating capacity that would circulate long enough in blood to 

accumulate passively in tumours by EPR or using specific tumour-targeted nanoparticles [324] 

to achieve a larger accumulation of NPs inside the tumour mass in order to produce differential 

heating effects in vivo.  
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7.4.3 Characterization of a new batch of PEG-HGNPs (batch 3): NP stability, 

cell uptake and in vivo tolerability studies 
Detailed studies were performed with a new batch of PEG-HGNPs (batch B) for evaluating cell 

uptake, effects over cell viability and in vivo toxicity in our preclinical GB model.  

The in vitro cell studies revealed that the viability of GL261 cultured cells with PEG-HGNPs 

(74.9±9.0%) and control GL261 cells (81.7±7.1%) in Mat Tek plates were lower in comparison 

with the viability observed in standard GL261 cultured in flasks (94.3±1.7%). These results show 

that slight, although non-significant decrease in cell viability is observed when cells are cultured 

in Mat Tek plates even when no PEG-HGNPs are added. Nanoparticle aggregates were seen by 

confocal microscopy inside and outside the GL261 cells, as described for other Gold NPs with 

other cell-types [296, 307, 308]. The percentage of PEG-HGNPs internalization by GL261 cells 

ranged from 33 to 40% of monitored cells depending on the incubation time. However, a word 

of caution should be expressed because of the resolution limit of the technique used, which only 

allow the detection of aggregates larger than 200 nm.  

As mentioned before, an interesting result found in this work was the clear PEG MRS signal 

which could be seen at 3.71 ppm in the results obtained with stereotactic injection of the Batch 

2 of PEG-HGNPs.  Our results suggest that whenever a dose equivalent to 20mg Au/kg arrives to 

the tumour, local heating can be higher than in non-injected animals with the same irradiation 

protocol, when a clear PEG MRS signal is visible.  In this sense, the possibility of PEG signal 

tracking would be an advantage allowing to perform NIR irradiation only when suitable amounts 

of PEG-HGNPs accumulate into the tumour. Having this in mind, the equivalent i.v. dose to the 

one injected stereotactically was estimated in this thesis to be 406 mg Au/kg. 

Taking into account this calculation, an in vivo tolerability study was planned in order to test if 

the 406 mg Au/kg dose would be well tolerated in wt mice. For that, a dose fraction study was 

designed, since it was not feasible to dissolve and administer the desired amount in a single 

dose. The first attempt was done with 1/3 of the desired final dose (135 mg Au/kg i.v. during 

three consecutive days) in order to get a cumulative dose of 406 mg Au/Kg. A second attempt 

was done with 1/6 of the target dose, i.e. 67.5 mg Au/kg i.v. during six consecutive days in order 

to get the desired cumulative dose. Nevertheless, in the first day of testing these dose fractions, 

toxic symptoms were detected followed by mice death. This led us to investigate the possible 

reason for animal death after nanoparticle administration, in conjunction with the providers. 

The symptomatology pointed to possible endotoxin contamination: lengthening of the required 

period for anaesthesia recovery after vein cannulation and uncoordinated movements, 
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especially from hind legs, after anaesthesia recovery, which were in agreement with the toxic 

symptoms derived by endotoxin exposition described by other authors [225–227]. 

Despite the observed toxic symptoms, the tolerability experiment continued with 1/12 of the 

desired dose, injecting i.v. 33.8 mg Au/kg during twelve consecutive days in 3 wt mice to achieve 

the cumulative dose of 406 mg Au/Kg. The three animals survived to the 12 injections and no 

toxic symptoms were observed after 3 months of follow-up after the first injection. Therefore, 

33.8 mg Au/kg was considered the daily maximum tolerated dose (MTD) for the batch B of PEG-

HPNPs. 

Finally, the endotoxin test was carried out by the providers using the MTD found in the 

tolerability study (33.8 mg Au/kg). The test confirmed the presence of endotoxin, showing a 

value more than 700-fold higher than the safe limit established for mouse animal models.  

However, in the tolerability study carried out with this dose, no evident toxic symptoms were 

observed such the ones observed in the animals tested with higher doses (67.5 and 135 mg 

Au/kg), which could be explained by the high presence of endotoxin in this batch of PEG-HGNPs 

being more evident and toxic-related when higher PEG-HGNPs doses are administered. 

In addition, there are other relevant variabilities, apart from endotoxin contamination, that can 

influence the toxicity caused by Gold NPs. For instance, NP size may also play a role in their 

toxicity, and NPs with small hydrodynamic diameters (10-20 nm, TEM measurements) have been 

described to induce harmful effects when compared with NPs with larger sizes (40-60 nm, TEM 

measurements) [223, 325, 326]. Thus, the characterized PEG-HGNPs (Batch 3) should not cause 

toxic effects due to their hydrodynamic diameter (40.5 nm, measured by TEM). Other relevant 

variabilities can be NP coating [327, 328], the administration route [329] and possible residual 

contaminants [330].  

This suggests that MTD may need to be evaluated for each individual nanoparticle batch 

targeted for in vivo studies. In addition, efforts should be directed to produce safe, non-

contaminated, endotoxin-free samples to be used in those in vivo experiments [229] even if mice 

can tolerate samples which are above the safe recommended limit.  

7.4.4 Safety actions for future hyperthermia studies 
Finally, main lessons learned with the set-up of the laser NIR irradiation inside the MR scanner 

are related to safety measures that should be taken into account for future studies. The main 

actions that could avoid future accidents as the one described in this thesis are: 
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I) Strict control of temperature increases inside the scanner around the laser/animal 

cradle set-up with an automatic laser power shutdown device. 

II) Avoid using haired (or dark haired) mice. 

III) Elimination of as much flammable materials as possible (e.g. hair). 

IV) Replacement of pure oxygen as anaesthesia gas carrier by air.  

 

7.5 Conclusions  
1. A set-up for laser NIR irradiation inside the MR scanner was implemented for 

hyperthermia in vivo experiments with mice, using gold nanoparticles. The MR and laser 

instruments were compatible and did not presented mutual interference. 

2. A pulsed laser protocol for NIR irradiation was optimized in order to ensure that brain 

temperature did not increase beyond acceptable limits during hyperthermia procedures 

in C57BL/6J mice. This pulsed protocol produced more suitable results than the 

continuous laser irradiation and was the chosen irradiation scheme for further studies 

3. The measurement of brain temperature using in vivo MRS(I) approaches proved 

feasible, either right after laser irradiation or during laser irradiation, allowing a real-

time assessment of brain temperature translated in temperature maps in case of MRSI. 

This is relevant because orthotopic preclinical models are needed in case of brain 

tumour studies and the brain temperature measurement is not possible using external 

probes as in subcutaneous models. 

4. A group of PEGylated and non-PEGylated gold nanoparticles were evaluated in 

preliminary studies in order to assess their differential heating potential of normal 

parenchyma brain after stereotactic injection of HGNPs or Nanorods (20 mg Au/ kg). For 

PEG-coated nanoparticles, it was possible to detect PEG signal in MRS spectra with good 

SNR. This could allow in vivo monitoring of nanoparticle accumulation inside tumours 

and, accordingly, proceed to NIR irradiation with the knowledge of actual nanoparticle 

accumulation in tissue.  

5. The highest temperatures using NPs in these experiments were achieved with the 

stereotactical injection of PEG-HGNPs in wt mice, the heating produced, ca. 42°C after 

50 minutes of NIR irradiation, was below common values described in literature (~50°C).  

6. PEGylated Nanorods had to be discarded from the in vivo study due to toxic effects 

attributed to residual CTAB from synthesis. Improvement of removal protocols or 

replacement by other similar compounds with less toxicity should be investigated in the 

future if in vivo studies with this type of Nanorods are foreseen. 
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7. A specific batch of PEG-HGNPs was synthesized for the final in vivo study. No deleterious 

effects over the cultured GL261 cells were observed. Moreover, confocal microscopy 

results showed that 33-40% of GL261 cultured cells internalized PEG-HGNPs. 

8. Toxic symptoms followed by animal death while testing PEG-HGNPs doses for the in vivo 

study lead to an investigation of possible endotoxin contamination.  Positive results 

were found, 700 fold above the recommended safe limit in preclinical mouse models. 

However, animals survived an administration of 33.8mg Au/kg which proved safe for 

sequential administration during 12 days. Unfortunately, the fire break inside the MR 

scanner during laser NIR irradiation prevented us to further assess PEG-HGNPs 

accumulation inside the tumour through PEG MRS signal quantitation, which would 

guide NIR irradiation timing. This may be the next step towards the use of this 

therapeutic strategy, although it will be also essential to have access to endotoxin-free 

nanoparticle batches for in vivo studies, to ensure that all observed effects are due to 

hyperthermia rather than effects produced  by contaminants.  

9. A complete safety assembly was installed in the MR scanner to prevent future accidents 

like the one described in this chapter. It includes additional temperature sensors 

connected to a device for automatic shutdown triggering in case of temperature 

increase above pre-chosen thresholds and the use of air as anaesthesia gas carrier. The 

system was tested with satisfactory result in a simulated experiment with temperature 

increase and animals could be anesthetized with the use of air, with a strict control of 

blood oxygenation performed with a pulse oximeter. This system is ready for use in 

future studies of our group.  
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 General Discussion  

Glioblastoma is the most common and aggressive primary brain tumour with poor prognosis and 

survival, and nowadays there is no cure for it [6]. Even after the application of the most 

aggressive therapeutic schemes, only a slight improvement in overall survival is achieved [331] 

and relapse usually takes place in a short time. There is urgent need of new and effective 

therapies, as well as an improvement in therapy follow-up for an early and reliable assessment 

of changes in response, allowing informed clinical decision for patient management. Due to 

obvious ethical restrictions, studies requiring a control-untreated group, as well as repeated 

explorations or tissue sampling cannot be performed in clinical patients and, in this sense, the 

use of preclinical models which mimic the human pathology is needed to explore new paths in 

glioblastoma diagnosis, treatment and follow-up.  For example, A PUBMED search with the 

keywords “glioblastoma”, “therapy” and “preclinical murine”, covering the period of this thesis 

show the amount of efforts being made towards new breakthroughs in this field with more than 

40 published papers/year in average. However, there is still much room for improvement: some 

studies are performed with orthotopic tumours generated in immunocompromised mice in 

which the immune component of the response to therapy is total or partially lost [332, 333] or 

subcutaneous models [286, 334] in which the brain environment is not faithfully reproduced as 

in orthotopic models. In addition, due to accelerated validation purposes, in many protocols 

animals are euthanized before overall survival can be assessed, and relevant information about 

the actual efficacy of new therapeutic agents may be compromised or overoptimistic.  Magnetic 

resonance is one of the most suitable approaches for tumour diagnosis and follow-up in 

orthotopic glioblastoma models either with MRI alone [335, 336] or combined with MRS(I) 

information [117, 337], with some authors even using hyperpolarization approaches for their 

work [338, 339]. Other authors have used interesting approaches such as optical imaging [340, 

341] but it is worth noting that this last type of imaging does not have application in human 

clinical practice for brain tumours. Accordingly, in this thesis MRI/MRS/MRSI approaches have 

been applied in order to embrace different aspects of GB management as follows:  

1. The study of novel, dual contrast agents (T1/T2) based in iron instead of gadolinium, 

which could have direct application in preclinical and clinical GB diagnosis. 

2. Investigation of the potential of gold nanoparticles for hyperthermia to be used as an 

alternative treatment in preclinical GB. 
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3. Improvement of therapy response follow-up in preclinical GB under TMZ treatment, 

through the use of metabolomic information from MRSI and application of pattern 

recognition techniques, followed by histopathological validation. 

8.1 Studies with novel dual contrast agents  
A brain tumour with enough size can be easily spotted by radiologists in a standard MRI 

exploration, even without the use of a contrast agent. However, several clinical decisions are 

usually based in tumour features/behaviour which are assessed through administration of 

contrast agents. Examples are evaluation of tumour grade based on contrast uptake, estimation 

of tumour perfusion or evaluation of response to therapy, mostly based in MRI characteristics, 

including quantitation of the total enhancing area [342]. Most contrast agents currently used in 

clinical practice for brain tumour diagnosis and follow-up are based in gadolinium such as 

Omniscan (gadodiamide), Dotarem (gadoterate meglumine), Eovist (gadoxetate disodium), 

Clariscan (gadoteric acid), Gadovist (gadobutrol), Vasovist (gadofosveset trisodium), ProHance 

(gadoteridol) (source: Spanish vademecum8). Although the chelated gadolinium should not be 

toxic itself, the use of these agents could be problematic in patients with kidney perfusion 

problems, leading to nephrogenic systemic fibrosis [102, 246, 247] and a recent review has 

reported a possible neurotoxic effect after repeated administrations of gadolinium-based agents 

[343]. Some new synthetic strategies have been attempted in order to reduce such harmful 

effects [344, 345], but the conventional approaches are still predominating in the clinical setting. 

In this sense, there is an increasing interest in developing contrast agents non-gadolinium based 

such as manganese or iron-based contrast agents. Moreover, the applicability of dual T1/T2 

contrast agents is relevant to solve MRI artifacts or imaging ambiguities, as described by [346]. 

Accordingly, novel nanoparticle contrast agents with dual T1/T2 contrast enhancement 

properties have been evaluated in this thesis. Preliminary in vitro data from providers and ex 

vivo studies performed in our group following a protocol developed by us [231] allowed to 

confirm dual enhancement properties and to select the best agent to proceed with in vivo 

studies, which was an Fe-based NCP, a platform that offers new opportunities for engineering 

multifunctional systems. The outstanding results obtained showed that Fe-NCP was well 

tolerated by animals and safe at the dose of 0.4 mmol Fe/kg, although the real MTD was not 

calculated during this work, being considered as equal as or higher than 0.4 mmol Fe/kg. The 

biodistribution profile performed by providers showed that with the exception of the spleen, 

there was no worrying accumulation of iron in organs such as lungs, bladder, kidneys or liver. A 
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residual amount of iron could be detected in GL261 tumours after 24h of its administration, 

although no T1 contrast was measured at this time point, which could point to gradual 

disassembly and degradation of the NCP. Taking into account that it is a Fe-based nanomaterial, 

the release of Fe within the tumour, or other organs, would probably lead to scavenging through 

macrophage processing, as suggested by [347]. This lack of toxicity would be a clear advantage 

in comparison with Gd-based contrast agents and ensure that repeated administration could be 

performed in preclinical subjects or even patients. The dual enhancement produced was 

significantly better than commercially available contrast agents and, more importantly, in a 

comparable and acceptable time frame post-administration (between 4 and 11 min after 

administration for maximum T1/T2 effect) avoiding the need of performing two different 

explorations with large intervals between them. This Fe-NCP could be proposed in the future as 

a reasonable alternative to Gd-based contrast agents, with favorable biodistribution and 

toxicological profile and excellent contrast enhancement results.  

 

8.2 Non-invasive assessment of therapy response: what are we 

sampling? 
One of the key questions to be addressed in this thesis was to evaluate whether the GABRMN 

approach for MRSI-based non-invasive therapy response assessment could be improved. For 

this, we decided to improve and extend the previously developed, single-slice MRSI method 

[117] and explore the well described GB heterogeneity [12, 15, 348] under TMZ therapy in a 3D-

like volumetric application of our method, which is based in semi-supervised source analysis of 

MRSI data.  

Our main goal was to improve and extend the system previously developed by our group for  

non-invasive assessment of therapy response, based in pattern recognition analysis of single-

slice MRSI data obtained from GL261 tumour bearing tumours, either untreated or TMZ-treated. 

Semi-supervised source analysis was the PR approach applied and three ‘sources’ or 

paradigmatic spectra were extracted: normal brain parenchyma, actively proliferating tumour 

and responding tumour [117]) with the generation of coloured nosological images for each 

analysed grid showing the colour of the prevailing source in each voxel. Several options were 

considered  for data acquisition, such as the cubic 3D acquisition which is being implemented in 

some scanners [121]. However, and due to the homogeneity problems that can appear when 

the MRSI grid is placed near from scalp or other interface areas, this would not ensure proper 

tumour coverage. In this sense, a 2D multi-slice acquisition would possibly provide more 

flexibility in this regard, allowing adjusting matrix size, position and shim adjustments for each 
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slice, and providing good region of interest coverage.  Then, an optimized 3D-like 2D multi-slice 

protocol was set up with a set of wt and GL261 tumour-bearing mice (detailed in chapter 5), in 

order to ensure that adequate spectral quality and SNR were obtained in all slices, even at 

increasing distances from the surface coil used for signal acquisition. In addition, the semi-

supervised source analysis was applied to all slices and consistent results were obtained, 

suggesting that we could proceed to a longitudinal study with treated and untreated animals. 

The overall acquisition time for a 2D multi-slice sequence, (3.5h) is indeed larger than a 3D cubic 

acquisition (45 min) but it is still within acceptable range. 

The main advantage of the multi-slice acquisition protocol developed is the collection of 

information from most of the tumour volume instead of sampling only the central slice. Relevant 

questions addressed were: how much heterogeneity would be observed in control and treated 

tumours, and whether the correlation of the non-response/response detected regions with the 

Ki67% reported in [117] was maintained if we analysed the whole tumour. In order to assess the 

“response level” in each tumour and transform it into a numerical parameter, we calculated 

what we named TRI or tumour responding index, based in the percentage of responding (green) 

pixels over the total tumour pixels. Arbitrary thresholds were established to categorize tumours 

according to their “response” level (TRI value): control (average ca. 6%), low response (<35%), 

intermediate response (range 35-65%) and high response (>65%). 

Regarding tumour heterogeneity, the answer became clear soon: control/untreated tumours 

were essentially red in nosological images (i.e. actively proliferating tumour spectral pattern) at 

the studied point (15.2±3.4 days postimplantation), with few exceptions. On the other hand, 

large heterogeneity was observed in responding tumours, with different response levels. The 

first important message from the volumetric assessment of therapy response was that, 

according to our system, there were no “fully green” (fully responding) tumours. The maximum 

TRI value observed in a high response case was of 70.3%. Histopathological studies were 

performed in chosen cases, corroborating the correlation between the spectral pattern (“red” 

vs “green” zones) and Ki67% values. However, when considering the global Ki67% value from all 

studied slices, unexpectedly high values were found for high response cases when the opposite 

was expected. A detailed analysis of the histopathological slides showed that morphological 

local changes (presence of giant multinucleated cells, acellular spaces) in responding cases could 

be responsible for this inconsistent result, and the calculation of Ki67 positive cells per mm2 of 

evaluated field reconciled in vivo and in vitro information. Namely, ‘green’ regions in nosological 
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images in vivo display low number of Ki67 positive cells when corresponding regions are 

analyzed in vitro, while the opposite happens for ‘red’ regions. 

Preliminary work from our group [117] with single-slice MRSI and nosological imaging 

generation from cases in longitudinal studies until endpoint, suggested that the response level 

was not ‘static’ along the response time evaluated through volumetric tumour data. On the 

contrary, TRI seemed to oscillate between high and low values with an average period of 6.3 

days. This was corroborated with our 3D-like multi-slice approach with one case being followed 

until endpoint, and a cyclical behaviour observed in TRI with maximum values ca. 6-day apart, 

whereas tumour volume remained essentially unchanged, being compatible with stable disease 

according to endpoint RECIST criteria. This is a clear case in which MRI is “blind” to local 

metabolomic changes, which are tackled by MRSI and can provide relevant response-related 

information even before any anatomical changes are observed.  

A possible explanation for this TRI cyclical pattern could be the presence/action of the immune 

system participating in therapy response, which is widely recognized for different tumour types, 

including brain (e.g. [286]).  The whole length of the immune cycle described in mice is of 6-7 

days [52], which is in agreement with the period found in TRI oscillations. The cell damage 

triggered by TMZ administration would lead to the recruitment of the immune cells (see Figure 

6.19 for a representation of the proposed hypothesis) which in turn would be able to recognize 

and kill tumour cells. Our hypothesis is that our MRSI-based method is sampling these local 

changes due to effects of immune system cells over tumour cells, and those spectral pattern 

changes would be different enough to be recognized as “responding”, i.e. green in nosological 

images. This wave of immune cells and tumour attack would be effective until a resistant clone 

appears and immune cells would not be able to recognize and kill tumour cells anymore. At this 

moment, the proliferating pattern would reappear and the responding pattern would decrease 

or disappear, configuring the TRI cycle. For a new productive attack, new TMZ cycles should 

produce further damage and new recruiting of immune cells [67]. This is also supported by two 

findings in this study: first, the PUFA signal at 2.8 ppm which was one of the main spectral 

differences between the responding and unresponsive sources described in [117]. This 

metabolite was also described by other authors [141, 142] in preclinical gliomas after ganciclovir 

therapy, being related to tumour cell apoptosis. This spectral change is probably one of the 

spectral biomarkers for our method to recognize the response to therapy. The second finding 

that could support this hypothesis is the presence of lymphocyte-like cells in histopathological 

slides of responding tumours (see Figure 6.18). Altogether, these data suggest that our system 

could be sampling the waves of productive attack of immune system to tumour cells and could 
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be used to monitor therapeutic efficacy, not only from TMZ but also from other therapeutic 

approaches, such as hyperthermia. 

Indeed, there is still room for improvement, because immune-respectful therapeutic cycles such 

as the ones described by authors in [51, 286] can help and improve this immune cycle activation. 

Indeed, satisfactory results were already obtained by our group with immune-enhancing 

metronomic administration of TMZ [337] and preliminary unpublished histopathological studies 

corroborate this hypothesis (work in progress). 

 

8.3 Hyperthermia generation for GB: lessons learned 
Nanoparticle-based hyperthermia treatment has a great potential for GB treatment. As opposed 

to radiotherapy, it does not imply the use of ionizing radiations, heating effects should 

theoretically be restricted to the region of accumulation of nanoparticles, and it may also be 

able to produce immunogenic cell death [190]. Challenging points are the arrival of large amount 

of nanoparticles to tumours and the distance between skin surface and tumours, leading to 

possible laser scattering when irradiating tumour-bearing mice. This, in addition to minor 

movements from the anesthetized mice could cause changes in placement and irradiation of a 

slightly different zone than the target one. Additionally, the real-time measurement of 

temperature in brain is not straightforward, but it may be achieved through the MRS/I signal, as 

explained in chapter 7. However, to achieve this in an acceptable time frame, a set-up needs to 

be assembled for laser NIR irradiation inside the MR scanner, which was fully accomplished in 

this thesis, as well as the optimization of an irradiation protocol in mice. This is not the first on-

site irradiation in a MR scanner, but other approaches have used percutaneous- invasive laser 

[195] which was not our case. Detailed studies have been performed to establish the best 

irradiation protocol to avoid excessive and abrupt increases in brain temperature which could 

affect tumour surrounding tissues. Ideally, only the area with maximum accumulation of gold 

nanoparticles should experiment heating and the influence of laser NIR irradiation over global 

brain temperature should be minimal and within narrow physiological limits. It is also worth 

noting that the brain is the responsible for body temperature homeostasis, and a conflictive 

input (i.e. extremely different temperatures in body and brain) could lead to mice cardio-

respiratory arrest and death [349, 350].   

Unfortunately, results obtained with the tested nanoparticles, disregarding the administration 

route, were discrete or undetectable in comparison with other results described in literature 

[178, 193, 195] which could be at least partially due to not insufficient nanoparticle 

accumulation inside the tumour. Regarding PEG-Nanorods, although they displayed a good 
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heating potential, severe toxic effects took place after their administration to mice, which was 

attributed to residual CTAB from the synthesis process, a problem that needs to be solved in 

future work if these nanoparticles should be used in in vivo experiments. In this sense, and taking 

into account that the PEG-coating in these nanoparticles provided an excellent marker for 

monitoring their accumulation inside the tumour, a detailed characterization and in vivo 

experiments were planned with PEG-HGNPs. Additionally, its MRS signal could be also used for 

temperature calculation as described by authors in [351]. The PEG-HGNPs did not present 

significant deleterious effects over GL261 cultured cells viability and were internalized by these 

cells during the observation period evaluated (24 to 72h). An in vivo experiment was designed 

in order to monitor the nanoparticle tumour loading using the PEG signal as a marker.  

Despite PEG-HGNPs were not harmful for cultured GL261 cells, toxic effects followed by animal 

death were seen after injection of doses corresponding to 135mg Au/kg and 67.5mg Au/kg, 

pointing that this toxic effect was specific to in vivo administration but not to cultured cells. On 

the other hand, animals survived without toxic symptoms or signs to a dose of 33.8mg Au/kg 

repeated during 12 days, followed-up during ca. 3 months. 

One possible explanation for the toxic symptoms observed with the higher doses, was the 

presence of endotoxin which has a role in the activation of the immune system and release of 

pro-inflammatory mediators, leading to endotoxin shock, tissue injury and sometimes death 

[352]. The absence of immune cells in culture would explain the absence of deleterious effects 

which appeared later in vivo. Indeed, the endotoxin test detected its presence with amounts 

above the limits estimated as indicated in [309]. For future work, ideally a new endotoxin-free 

batch from the providers would be needed for in vivo studies, with an acceptable toxicological 

profile, such as the one obtained for Fe-NCPs.  

A proof-of-concept experiment with hyperthermia therapy in overall survival of GL261 tumour-

bearing mice was not finished during this thesis, due to the firebreak, which revealed important 

safety failures that had to be addressed before performing any additional experiment. Those 

were related either to mice (with dark fur) and lack of temperature control near to the 

irradiation point and the use of oxygen (accelerator in case of firebreak) as anaesthesia carrier 

gas. Corrective measures were taken and tested, basically consisting of two aspects: first, 

additional temperature sensors connected to a device with capability for automated shutdown 

in case the local temperature exceeded the threshold set by user. Second, the replacement of 

oxygen by air as anaesthesia carrier, which also requires strict control of mice blood 

oxygenation. One possibility that could be also helpful in the future is the use of higher laser 
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powers during short periods of time as described by authors in [178, 180, 195] which would help 

to reduce the overall anaesthesia period and accordingly, reducing the risk of hypoxia in studied 

mice. The system for safe hyperthermia irradiation inside the MR scanner is presently ready for 

its use in future studies.  

It is worth noting that although the use of nanoparticles has been proposed as a revolutionary 

way to treat cancer, in most cases the results have not been as good as initially expected. For 

example authors in [214] stated that one of the possible reasons for disappointing results could 

be low efficiency in tumour targeting (0.7% of the total dose of injected NPs) whereas authors 

in [209] reported that the plasma protein binding could have a decisive role in biodistribution, 

although PEG coating would have a favourable effect in reducing this binding. The nanoparticle 

specificity should be improved in future synthesis and combined platforms for 

targeting/therapy/contrast or monitoring would be probably of great relevance. Additional 

relevant issues should be taken into account while scaling up nanoparticle production for a 

possible translational use (provided preclinical results were promising), most of them related to 

lack of standardisation leading to differences between batches. Parameters such as aggregate 

size, charge, coating should be reproducible and constant in order to ensure consistent results. 

Sill, pharmacokinetic studies in order to estimate this amount of bound nanoparticle could help 

to understand biodistribution-related results.  

8.4 Interweaving of different issues studied in this thesis 
This thesis was focused on the improvement of GB management, including detection, therapy 

and follow-up. The information provided by MRI and refined by contrast uptake is essential for 

tumour detection grading and response assessment following clinical criteria. However, and 

even considering that most agents currently used in clinical practice are based in Gd, the 

limitations for repeated use in some patients are not negligible. The development of new 

contrast agents, with comparable (or better) potential enhancement and less risk for patients is 

a new and promising field. If proven useful, the information provided by the simultaneous use 

of positive and negative contrast enhancement could be incorporated in the pipeline for tumour 

response follow-up through MRI criteria. In addition, recent studies are using combinations of 

MRS and MRI information for tumour delineation [353] and although this work only 

incorporated T2 weighted regular MRI with no contrast, the inclusion of contrast uptake and 

enhancement could be of interest in future applications. 

The GL261 GB treatment with hyperthermia could not be properly assessed with a proof-of- 

concept experiment due to the already stated handicaps, but it has still potential, provided 
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suitable nanoparticles are made available. It could be an excellent alternative treatment 

whenever GL261 tumours become resistant to standard therapy or after an initial tumour 

reduction, which could be promptly monitored with our non-invasive system of therapy 

response assessment. Superimposition of therapy-loaded nanoparticles and TMZ such as 

described in [175], in which the enhanced efficacy of the combination is attributed to immune-

mediated factors, could also be tested. Whatever the treatment used, if no waves of productive 

attack by the immune system are detected, a second line treatment should be considered. On 

the other hand, whenever signals of efficient immune system attack are seen (i.e. green in 

nosological images), metronomic therapeutic administrations may be continued until tumour 

mass disappears or remains stable. This approach would contribute to the personalization of 

GBs therapeutics administration in preclinical models and could have strong translational 

potential. 
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 General Conclusions 

Individual conclusions have already been listed at the end of each chapters, and this section will 

just outline the most relevant general conclusions from this thesis: 

1. Non Gd-based contrast agents can have great translational potential, and the Fe-NCP 

characterized in chapter 4 is a clear example of this. A dual enhancement performance was 

corroborated in in vivo studies with GL261 GB (T1 and T2 concurrent enhancement at a short 

period after administration), and satisfactory toxicological profiles were observed. It is still 

unclear whether the additional information provided by T2 enhancement will be relevant for 

tumour diagnosis and follow-up, but the possibility of contrast administration to patients in 

which Gd used is discouraged is a clear advantage of this agent. 

 

2. A volumetric, non-invasive approach for therapy response assessment was developed, 

based on MRSI single-slice previous studies from our group, and the application of the 

developed semi-supervised source analysis PR methodology.  

a. The expected GB tumour heterogeneity was confirmed by the obtained nosological 

imaging patterns with regions corresponding to actively proliferating, responding 

and normal tissue. In addition, we were able to categorize tumours into different 

response levels under TMZ therapy through the calculation of the TRI, tumour 

responding index, taking into account the percentage of responding pixels in 

images.  

b. The sources obtained and their location in nosological images correlated with Ki67% 

measurements, when displayed as number of Ki67+cells/mm2.  

c. An oscillating behaviour (ca. 6 day period) of TRI was seen in a GL261 GB case 

evaluated until endpoint, although no apparent volumetric changes took place 

according to T2w MRI, which would be in agreement with the adaptive immune cycle 

length in mice. This suggests that local changes in spectral MRSI pattern could be 

sampling the immune system presence and attack to the tumour, which is also 

supported by the presence of lymphocyte-like cells in the histopathological slides of 

responding GL261 GB.   

If proven correct, this approach for therapy response assessment may be viable for 

assessing the efficiency of any therapeutic agent able to elicit immune system 

participation in response and could also be used for personalization of therapy 

cycles. This would allow to maintain or change therapy according to nosological 
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imaging information about immune system waves, with an evident translational 

interest.  

 

3. Nanoparticle-based hyperthermia studies with laser NIR irradiation inside the MR scanner 

proved to be highly challenging and safety issues should be considered for future 

experiments.  

a. Special care should be taken with the preclinical model chosen and experimental 

conditions of irradiation with a tight temperature control of the system inside the 

scanner.  

b. Regarding nanoparticles, their synthesis should be improved to exclude presence of 

interfering substances which could result in confusing and harmful effects for mice 

viability.  

c. In addition, before embarking in hyperthermia proof-of-concept in preclinical brain 

tumours, it would be important to monitor adequate tumour loading with 

nanoparticles through PEG MRS signal in PEG-coating nanoparticles, as well as to 

check for differential heating with contralateral brain. Real-time brain temperature 

could be readily measured with the help of MRSI-based approaches.
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 ANNEXES 
 

ANNEX I:  

LABORATORY ANIMALS SUPERVISION 

Procedure: CEEAH 530, DMA 2449 

MONITORING PARAMETERS (scale: 0-3 points): 

Wight loss 

0) Normal weight 

1) Less than 10% loss 

2) Between 10 and 15% loss 

3) Consistent or rapid, exceeding 20% loss maintained for 72 h. 

Physical appearance 

0) Normal 

1) More than 10% dehydration, body condition 2 (BC; see further for details), tenting of 

the skin 

2) Piloerection. Cyanosis 

3) Hunched back. Loss of muscle mass 

Clinical signs 

0) None 

1) Circular motion of the animal 

2) Mucous secretions and/or bleeding from any orifice. Detectable hypertrophy of organs 

(lymph nodes, spleen, liver). 

3) Shortness of breath (particularly if accompanied by nasal discharge and/or cyanosis). 

Cachexia 

Changes in behaviour 

0) No 

1) Inability to move normally 

2) Inability to get food/ drink, isolation from the rest of the animals in the cage 

3) Unconsciousness or coma. Lack of response (dying) 
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Wounds 

0) No 

1) Scratches 

2) Nonhealing wounds. Infection at surgical site 

3) Ulcerating, festering wounds. Ulcerating necrotic tumours 

 

The animal condition according to the parameters and overall score: 

a) 0 points: Healthy animal 

b) 1-2 points: Minor signs, follow stablished protocol 

c) 3-11 points: Daily supervision of the animal. Analgesics* or animal euthanization** 

d) 12-30 points: euthanization** 

 

*Analgesic: Meloxicam (subcutaneously: 1 mg/kg) 

**The Servei d’Estabulari veterinary staff will report to a group member as soon as possible to 

consider halting of the protocol/ experiment. 

NOTE: As the tumour grows, it could affect in the motor function of the brain. Animals may 

suffer from: paresis, decreased strength, plegia, paralysis. In these cases, food and water (i.e. 

hydrogel or water-soaked food) should be placed inside the cage to facilitate access by the 

animal. 

Body Condition (BC): 
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ANNEX II:  

Annex II.I:  

A. SNR maps for the case C891 (the coloured scale indicates the SNR range). The tumour area is 

marked by white dashed line. 

 

In the case C891, significant differences (p<0.05) were observed in the SNR of the voxels from the central 

part of the grids between Grid 4 (23.0±7.8) and Grids 1 (33.3±8.4), Grid 2 (29.1±8.9) and Grid 3 (30.8±11.7) 

and also between Grid 1 and Grid 2. No significant differences were observed in this case between Grid 1 

and Grid 3 or between Grid 2 and Grid 3. Regarding the SNR from the edges of the grids, significant 

differences (p<0.05) were observed between Grid 1 (19.3±7.7) and Grids 2 (16.0±7.2), Grid 3 (14.6±7.1) 

and Grid 4 (13.6±6.4) and between Grid 2 and Grid 4. No significant differences were observed between 

Grids 2 and Grid 3 or between Grid 3 and Grid 4.  

 

 



Annexes 

 

 

221 

B. SNR maps from the case C895 (the coloured scale indicates the SNR range). The tumour area is 

marked by white dashed line. 

 

In the case C895, significant differences (p<0.05) were observed in the SNR of the voxels from the central 

part among all grids except between Grid 1 (39.3±11.8) and Grid 2(38.1±15.2), where no significant 

differences were observed (p>0.05). Regarding the SNR from the edges of the grids, significant differences 

(p<0.05) were observed between Grid 1 (22.7±9.9) and Grids 2 (19.8±10.6), Grid 3 (18.5±9.9) and Grid 4 

(13.3±3.4) and between Grid 2 and Grid 4. No significant differences (p>0.05) were observed between 

Grids 2 and Grid 3 or between Grid 3 and Grid 4.  
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Annex II.II:  

Mean spectra from tumour and contralateral areas of GL261 tumour-bearing animals. The tumour 

area is marked by white dashed line. 

A: C891 
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B: C895 
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Annex II.III:  

Unsupervised sources obtained from GL261 tumour-bearing animals. The tumour area is marked 

by white dashed line and artefacts are pointed by red rectangles. 

A: C891 
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B: C895 
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Annex II.IV:  

Semi-supervised sources obtained from GL261 tumour-bearing animals, the tumour area is marked 

by white dashed line.  
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Annex II.V:  

Superimposed average spectra of acquisitions 2.1, 2.2 and 2.3 from A. C891,  B. C894 (average 

spectra from red-tumour pixels in both cases) and C. C895 (in this case, image shows average 

spectra from green-tumour pixels in acquisition 2.3 and pixels from equivalent positions in 

acquisitions 2.1 and 2.2). Different acquisitions are indicated by different line colours: 

acquisition 2.1 (green), acquisition 2.2 (red) and acquisition 2.3 (black). The blue rectangle shows 

a slight difference observed in the spectral pattern of C895 case along the acquisitions. 
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ANNEX III: 

Annex III.I:  

Adapted RECIST criteria from [124]. In [124], the volume is compared to the baseline volume on 

day 20 p.i., whereas in this study the tumour volume is compared to the tumour volume 

measured in the previous MRI exploration. 

Response category Criteria 

Complete response  Total tumour disappearance  

Partial response  At least 30% decrease in tumour volume *  

Stable disease  Neither sufficient shrinkage nor sufficient increase 

to qualify for partial response or progressive 

disease, respectively  

Progressive disease  At least 20% increase in tumour volume *  

* Response compared to tumour volume measured in the previous MRI exploration 
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Annex III.II:  

Graphical representation of the tumour volume evolution and the percentage of TRI variation in IR 

cases and the obtained nosological images in the longitudinal study. 

 

Graphical representation of the tumour volume evolution (in mm3, black line, left axis), and the percentage of 

TRI (in %, green line, right axis). For chosen time points, the evolution of the nosological images obtained with 

the semisupervised source extraction system is shown overlaid over T2w-MRI for each slice. The green shaded 

columns and the keys on top of the nosological images columns indicate TMZ administration periods. A. 

Corresponds to the IR case C975, green pixels were observed first in grid 1 and a few in grid 2 at day 20 p.i. At 

day 23 p.i., green pixels were observed only in grid 2 and at day 26 p.i., green pixels were observed in grids 1  

and 2 with a TRI = 40.3%. Tumour volume variation meeting criteria for ‘stable disease’ according to adapted 

RECIST was observed from day 23 to 26 p.i. B. Corresponds to the IR case C1023, green pixels were observed 

in grid 1 at days 18 and 21 p.i., at day 23 p.i. green pixels were observed in grids 1 and 2 (TRI = 35.8%), this TRI 

increase coincides with the possible beginning of a stable disease stage (volume increase with respect to 

preceding observation of 15.1%). C. Corresponds to the IR case C1026, with an evolution similar to the C1023 

case, green pixels were observed only in grid 1 at day 18 p.i. while green pixels were observed in grids 1 and 2 

at days 21 and 23 p.i. (TRI = 38.9%, at day 23 p.i.). From day 21 to 23 p.i., the beginning of a stable disease 

stage was also observed. 
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Annex III.III:  

Comparison of responding/non responding spectral patterns with expansions in some 

differential zones with tentative metabolite assignment as in Figure 6.8 and Table 6.2: 

 

A. Prototypical patterns (sources) extracted from TMZ treated (green) and untreated (read) tumour-

bearing mice as described in [116]. B. Superimposition of average spectra from an untreated case (n = 44, 

red voxels, C1112 day 13 p.i., grid 2) and a treated case (n = 32, green voxels, C1108 day 29 p.i., grid 1). C. 

Superimposition of average spectra from the zones classified either as non-responding (n = 35, red) or 

responding (n=26) from mouse C971, an IR case. ML, MM: mobile lipids + macromolecules; Ala, ML: alanine 

+ mobile lipids; NAc/ML: N-acetyl containing compounds + mobile lipids; PUFA: polyunsaturated fatty acids 

in mobile lipids; Glx, glutamine + glutamate; Gly: glycine (glycine signal is also contributed by myoinositol, 

Ins); Lac: lactate. Tentative resonance assignment according to [89, 111, 267, 347, 115, 140, 261–266]. 
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Annex III.IV:  

Ki67 immunostainings in histological areas corresponding to red or green regions in nosological 

images, from different grids of chosen cases. 

 

Ki67 immunostainings (40× magnification, the scale bar corresponds to 50 µm) in histological areas 

corresponding to red or green regions in nosological images, from different grids of chosen cases. The 

nuclei of Ki67 positive cells are stained in brown. A. Control case C1111, with a global Ki67 of 73.3 ± 6.4% 

and a typical tumour morphology, with small to medium-sized polygonal or irregular cells with rounded 

nuclei and scanty cytoplasm without any giant cells. B. IR case C1022, presented lower Ki67 immunostaining 

(42.5 ± 33.5%) than control and LR cases, with presence of giant cells with several nuclei (black arrows), 

and acellular spaces. C. IR case C1026, presented as well as in case C1022 with lower Ki67 immunostaining 

(66.0 ± 39.1%) than control and LR cases, and presence of giant cells (black arrows), and acellular spaces. 

D. HR case C1100, with a higher value of Ki67 (82.2 ± 7.7%) compared to control, LR and IR cases, although 

large acellular spaces among cells and giant cells (black arrows) were observed. In this case, no 

histopathological evaluation could be performed from the first grid. 
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Annex III.V:  

Graphical representation of the tumour volume evolution and the percentage of TRI variation of a 

retrospective longitudinal study of response to TMZ therapy by single-slice MRSI approach. 

Nosological images obtained in the study are also shown. See Figure 6.5 legend for further details. 

A: C819 

 

 

B: C821 
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ANNEX IV: 

Annex IV.I: 

Transmission electron microscopy (TEM) photographs of Gold NPs used in this section. A: Non-

PEGylated Hollow Gold Nanospheres (Adapted from [296]). B: PEGylated Hollow Gold 

Nanospheres (Adapted from [297]). C: PEGylated Gold Nanorods (Adapted from [298]). 

 

 

Annex IV.II: 

NIR absorbance spectrum of NPs used in the range of interest, around 800 nm. A: Non-PEGylated 

Hollow Gold Nanospheres (Adapted from [296]). B: PEGylated Hollow Gold Nanospheres 

(Adapted from [297]). C: PEGylated Gold Nanorods, an additional absorbance peak due to the 

transverse plasmon band, is observed around 570 nm (Adapted from [298]). 
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Annex IV.III: 

Summary of non-lethal mean temperature slopes calculated in the hyperthermia (in vivo) 

experiments. 

Conditions 

studied 

Irradiation 

Protocol 

Nanoparticle 

administering/ 

route/ dose 

Administration 

schedule 

Mean 

Temperature 

slope value 

Continuous laser 

irradiation: 
    

1 injection with 

non-PEG HGNPs 

GL261 (n=2) 

Continuous laser 

irradiation 0.07W 

(Described in Figure 

7.4) 

Yes/i.v./ 2.8 mg 

Au/kg 

24h before 

irradiation 
0.16 

1 injection with 

non-PEG HGNPs  

GL261 (n=2) 

Continuous laser 

irradiation 0.28W 

(Described in Figure 

7.4) 

Yes/i.v./ 2.8 mg 

Au/kg 

24h before 

irradiation 
0.37 

2 injections with 

non-PEG HGNPs 

GL261 (n=2) 

Continuous laser 

irradiation 0.07W 

(Described in Figure 

7.4) 

Yes/i.v./ 2.8 mg 

Au/kg 

72h and 24h 

before 

irradiation 

0.13 

2 injections with 

non-PEG HGNPs 

GL261 (n=2) 

Continuous laser 

irradiation 0.28W 

(Described in Figure 

7.4 in section 

7.2.16.2) 

Yes/i.v./ 2.8 mg 

Au/kg 

72h and 24h 

before 

irradiation 

0.30 

GL261 (n=3) 

Stepwise power 

increase approach 

(Described in 

section 7.2.16.2) 

No NA 0.08±0.02 

wt (n=3) 

Stepwise power 

increase approach 

(Described in 

section 7.2.16.2) 

No NA 0.06±0.02 

1 injection of 

PEG-HGNPs, 

wt35 (n=1) 

Stepwise power 

increase approach 

(Described in 

section 7.2.16.2) 

Yes/stereotactical/ 

20 mg Au/kg 

Immediately 

prior to 

irradiation 

0.24 

1 injection of 

PEG-HGNPs, 

wt36 (n=1) 

Stepwise power 

increase approach 

(Described in 

section 7.2.16.2) 

Yes/stereotactical/ 

20 mg Au/kg 

Immediately 

prior to 

irradiation 

0.12 

Pulsed laser 

irradiation: 
    

(wt n=3) 

Pulsed laser 

irradiation, 

protocol described 

in section 7.2.16.3 

No NA 0.05±0.02 
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Annex IV.IV: 

Histopathology report summary from necropsy of mice found dead during the PEG-HGNPs 

tolerability study of section 7.3.2.2. 

Macroscopic injuries: 

In general, the organs of the studied animals showed dark coloration and soft consistency. 

- Animals injected with a dose of 135 mg Au/kg (n=2): the brain of one mouse showed  

dark parenchyma alternating with pale areas. Transversal sections showed a multifocal 

dark dotted pattern in the white matter. The other mouse did not show macroscopic 

changes. 

- Animal injected with a dose of 67.5 mg Au/kg (n=1): the chest cavity showed 

accumulation of a white coloured liquid. No further macroscopic alterations were 

observed. 

Microscopic injuries: 

- Animals injected with a dose of 135 mg Au/kg: in one of the animals, the medium sized 

vessels and capillaries of the brain were enlarged and multifocal extravasation of 

erythrocytes was observed. This mouse showed dilated sinusoids in the liver 

parenchyma which were filled with blood cells. Some hepatocytes presented 

intracytoplasmic brown pigment. The kidneys of the second animal showed interstitial 

bacterial colonies and intratubular amorphous eosinophilic material.  Both animals 

showed a granular, non-aggregated, brown material inside the sarcoplasm of the 

cardiocytes (myocytes), and coccoid bacteria were also observed among these fibres. 

- The animal injected with a dose of 67.5 mg/Au showed a collapse of most alveolar 

spaces. The remaining alveolar spaces either presented an acellular amorphous 

eosinophilic material or were widely dilated.  

- The remaining studied organs did not show significant microscopic alterations. 

Diagnosis: 

A diffuse brain congestion with multifocal haemorrhage. Unspecific cardiopathy and 

hepatopathy with accumulation of amorphous material. Alveolar collapse, lung oedema with 

compensatory alveolar emphysema. 

The material observed at the cardiocytes may suggest an accumulation of substances associated 

to PEG-HGNPs due to absence of inflammatory reaction.  Nevertheless, it was not possible to 

identify this accumulated material.  

The presence of bacteria in different organs is probably due to post-mortem autolysis. 
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Annex IV.V: 

Oxygen and air anaesthesia system for safe hyperthermia experiments using laser irradiation 

inside the MR scanner: 

The new devices incorporated to perform anaesthesia with sterile air instead of oxygen are 

marked in red squares. A. Air conduct. B. Double flowmeter for oxygen and air. C. Filtration 

system from the air conduct to the MR magnet. 
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