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    Modern NMR spectroscopy continues to contribute in many disciplines of scientific research, including chemical and biochemical sciences, structural biology, food and nutrition, metabolomics, analytical sciences, and in various other fields. In addition, NMR provides unique information about intra- and inter-molecular interactions, conformational changes and stereochemistry of molecules. This information is critical in the understanding of the structure-activity relationships of chemical compounds, as well as the molecular behaviors in diverse conditions.




    Volume 3 of the book series entitled Applications of NMR Spectroscopy is aimed to update the readers about emerging, diverse and exotic applications of NMR spectroscopy in various disciplines. The book is based on six well written reviews, each focussing on an important area of application of NMR spectroscopy. In each of these articles, the optimum use of this powerful technique with reference to the particular field is introduced in an easy-to -understand manner. The real strength of the book is its highly practical approach in describing both the concepts and applications of NMR spectroscopy for a specific purpose.




    The chapter contributed by Serrai et al. provides a critical commentary of the literature published on the use of NMR spectroscopy and NMR imaging in breast cancer diagnosis. Breast cancer is a major killer of women in both developed and developing worlds, with increasing prevalence. The high mortality is largely associated with late diagnosis, and the absence of breast cancer screening programs. Much attention is being given to develop techniques which help in precise and early diagnosis and prognosis of breast cancer. NMR techniques have been used successfully in identifying various biomarkers associated with different stages of breast cancer progression. The current capabilities of NMR techniques, including the use of HR MAS-NMR (high resolution magic angle spinning), in breast cancer research are comprehensively discussed in this chapter




    Xu et al. review the use of NMR spectroscopy in characterization and measurement of polyphenols in various foods and dietary agents, such as cocoa, grape, tea, and wine. Polyphenols belong to a large class of plant secondary metabolites, associated with numerous health benefits including anti-oxidant, anti-ageing, and anti-inflammatory properties. Anthocyanins, proanthocyanins, xanthones and flavonoids are members of the polyphenol class. NMR spectroscopy has been extensively used to elucidate the structures of polyphenolic compounds. Various NMR techniques have also been extensively used for the detection of polyphonic compounds in complex food matrices as well as in metabolomic studies. Thus NMR spectroscopy has emerged as a key tool for quality control and assurance in food and nutrition industries.




    The chapter by Lane et al. describes various key developments in NMR spectroscopy with reference to its applications in natural product-based drug discovery and development. Natural products despite their pivotal role in drug discovery, are often associated with numerous practical challenges, including complex chemical structures, very low quantities, existence in complex mixtures, etc. Recent developments in NMR hardware (such as various types of probeheads, capillary-probe, cryogenically cooled probes, LC-NMR, GC-NMR, etc) and innovative pulse sequences (HMQC, HSQC, HMBC, NOE, ROESY,DOSY, etc) are capable of addressing most of these problems.




    Fluorine (19F) is an important substituent in medicinal chemistry as it increases the bioavailability and pharmacokinetic profile of drugs. 19F-NMR spectroscopy is extensively used in various fields of biomedical research, including structure determination of fluorinated proteins. Dorai has reviewed the recent literature about the applications of novel 19F-NMR techniques in the determination of conformation, folding, and molecular dynamics of 19F-labeled proteins, including membrane proteins.




    Jackson-Ayotunde et al. critically review various NMR spectroscopic methods used in structure determination of enaminone class of organic compounds. Enaminones are important pharmacophores, known for various biological activities including anti-convulsant properties. The authors have demonstrated the combined use of molecular docking methods and NMR techniques in the determination of structures and inter-molecular interactions in various derivatives of the enaminone class of compounds.




    Inter- and intra-molecular interactions play key roles in defining the molecular architecture, stability, molecular recognition, and physical and biological properties of organic and bio-organic molecules. NMR spectroscopy, with its ability to detect micro-electronic changes, is an ideal technique for the study of inter- and intra-molecular interactions in small organic and large biomolecules. Tasic et al. have contributed a well referenced article about the use of various NMR techniques in the study of molecular environments. They have presented various examples of such applications in ligand-receptor interactions in drug discovery, metabolomic studies, drug formulations, etc.




    We would like to express our gratitude to all the eminent contributors for their excellent contributions and for timely completion of the writing assignments. The entire team of the Bentham Science Publishers, particularly Ms. Fariya Zulfiqar (Assistant Manager Publication), Mr. Shehzad Naqvi (Senior Manager Publication) and team leader Mr. Mahmood Alam (Director Publications) deserves our deepest appreciation for putting together an excellent treatise of well written articles in an efficient manner. We are confident that the book will receive wide appreciation both from students as well as from professionals.
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      Abstract




      Breast cancer (BC) has the highest occurrence and mortality of all cancers that affect women with more than one million new cases each year across the globe. BC accounts for about one-quarter of all cancer-related deaths. Even though breast cancer is an aggressive and fatal disease, early detection and treatment can result in increased survival in more than three-quarters of diagnosed patients. In general, traditional diagnostic methods, such as ultrasonography and mammography, considerably increase t survival rates due to early disease detection. Although these traditional methods are useful, new strategies for early detection of breast cancer would likely reduce breast cancer mortality rates. Additional diagnostic imaging modalities, such as Computer Tomography (CT), Positron Emission Tomography (PET), and other types of scintigraphy techniques, have been used to identify the primary source of the cancer in metastatic cases, but none of these techniques is yet in routine clinical use. Among other imaging methodologies, Magnetic Resonance Imaging, Magnetic Resonance Spectroscopy (MRS) and Nuclear Magnetic Resonance (NMR) approaches are powerful tools for uncovering cancer biomarkers. In this review, we consider the current capabilities of magnetic resonance techniques in breast cancer research and highlight some milestones that are necessary to move early detection of breast cancer using such approaches into mainstream health care modalities.
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      Introduction




      Breast cancer accounts for almost one-quarter of all cancer-related deaths [1]. Although breast cancer is very difficult to treat, the chances of survival are very high if the disease is detected in its early stages. Breast cancer continues to be one of the most common cancers in both developing and developed countries, however, the World Health Organization’s (WHO) statistics for 2008 of selected countries Table 1 show that there is a significant discrepancy in the incidence of breast cancer between developed and developing countries (Fig. 1). Although, The data in Table 1 indicate that there is a higher mortality rate among developing countries, with an concomitant increasing incidence of the breast cancer (BC) rate in those countries, possibly due to adoption of the western lifestyle, increased life expectancy and increased urbanization. Although the number of BC cases has increased across the globe, the mortality rate has decreased significantly over the past 20 years. This improvement is mainly due to early detection using various imaging modalities. Traditional diagnostic methods, such as mammography and ultrasonography, notably increase the patient’s survival rate due to early detection and timely treatment intervention. Other diagnostic modalities, such as Position Emission Tomography (PET), Computerized Tomography (CT) and other types of scintigraphy, have also been used to identify the primary source in metastatic cases, but none of these techniques is applied routinely in clinical practice and evidence for their routine use in breast cancer treatment remains insufficient.




      

        Table 1 Breast cancer incidence in several countries worldwide with mortality rate.



        

          

            

              	Country



              	Incident



              	Mortality



              	Mortality Rate

            


          



          

            

              	Belgium



              	109.4



              	21



              	19.2

            




            

              	France



              	99.7



              	17.6



              	17.7

            




            

              	Ireland



              	93.9



              	19.2



              	20.4

            




            

              	New Zealand



              	89.4



              	19



              	21.3

            




            

              	Switzerland



              	89.4



              	15.8



              	17.7

            




            

              	Denmark



              	89.1



              	20.8



              	23.3

            




            

              	U. K.



              	87.9



              	18.6



              	21.1

            




            

              	Finland



              	86.6



              	14.7



              	17

            




            

              	Canada



              	83.2



              	15.6



              	18.8

            




            

              	Iceland



              	86.2



              	19.2



              	22.2

            




            

              	Sweden



              	82.7



              	14.7



              	17.8

            




            

              	Germany



              	81.8



              	16.9



              	20.7

            




            

              	USA



              	76



              	14.7



              	19.3

            




            

              	Bahamas



              	61



              	24.1



              	39.5

            




            

              	Russia



              	43.2



              	17.1



              	39.6

            




            

              	Brazil



              	42.3



              	12.3



              	29.1

            




            

              	Venezela



              	42.5



              	13.7



              	32.2

            




            

              	Egypt



              	37.3



              	20.1



              	37.7

            




            

              	U. A. E.



              	36.7



              	10.9



              	29.7

            




            

              	Morocco



              	36.5



              	19.7



              	54

            




            

              	Togo



              	30.7



              	18.5



              	60.2

            




            

              	Chad



              	30.6



              	18.5



              	60.5

            




            

              	Tunisia



              	30.3



              	14.6



              	48.2

            




            

              	Turkey



              	28.3



              	12.4



              	43.8

            




            

              	Bangladesh



              	27.2



              	13.6



              	50

            




            

              	Ghana



              	25.8



              	15.2



              	58.9

            




            

              	Sudan



              	24.6



              	14.5



              	58.9

            




            

              	Nepal



              	23.5



              	11.9



              	52

            




            

              	India



              	22.9



              	11.1



              	48.5

            




            

              	Saudi Arabia



              	22.4



              	10.4



              	46.3

            




            

              	Yemen



              	20.9



              	12.1



              	57.9

            




            

              	Zambia



              	20.5



              	12.2



              	59.5

            




            

              	Liberia



              	19.6



              	11.8



              	60.2

            




            

              	Rwanda



              	12.3



              	7.7



              	62.6

            




            

              	Swaziland *



              	9.9



              	5.3



              	53.6
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Fig. (1))


      The World Health Organization (WHO) statistics of breast cancer incidences for 2008.



      Mammography has long been considered the main imaging modality in breast imaging. It is a low-cost procedure that is widely available worldwide. However, its specificity is low. Thus, there is a need for additional imaging techniques to increase cancer detection sensitivity and improve patient outcomes. Magnetic Resonance (MR)-based techniques, including Nuclear Magnetic Resonance (NMR), Magnetic Resonance Spectroscopy (MRS), and Magnetic Resonance Imaging (MRI), have been employed in a wide range of breast cancer studies and in clinical settings to improve the detection process for a rapid and efficient diagnosis and treatment plan. This chapter presents an extensive review of current capabilities of magnetic resonance techniques used in breast cancer with details on some key elements that are necessary to move early detection of breast cancer using such approaches into routine clinical use.




      

        NMR-based Metabolomics Approaches




        Nuclear Magnetic Resonance (NMR) spectroscopy is a potent analytical tool that has been widely used by chemists for the identification of the chemical composition of given liquid samples. However, the application of NMR is not limited to liquid samples [2-5], It can also be used to investigate solid [6-10], gas phase [11-14] and tissue samples [8, 9, 15-27]. NMR can also be used to study the chemical and physical properties of molecules, including their electron density and molecular dynamics [28-38]. These capabilities make NMR useful in a wide range of research areas, including biology, polymer science, drug discovery, organic chemistry, inorganic chemistry, biochemistry and physics [19, 39-54].




        Metabolomics can be defined as the study of metabolite profiles in a biological system, facilitating the full understanding of biological systems by mapping metabolic activity. An NMR-based metabolomics approach has been proposed for disease prognosis and diagnosis. It is a fast and cost-effective approach to developing accurate diagnostics and to understanding disease states for the ultimate goal of redesigning treatment modalities. Substantial developments, including using cryogenic probes [55], micro probes [56] and increasing the magnetic field strength [57], as well as employing dynamic nuclear polarization (DNP) have enhanced the sensitivity of NMR approaches [58-61].




        The NMR-based metabolomics approach has been employed in a wide range of cancer research, including the development of new chemotherapies and the evaluation of toxic responses to drug therapy. The fact that several metabolites serve as biomarkers for certain types of cancer means that researchers have a new and powerful screening tool for cancer detection through the study of metabolomics [62, 63]. For instance, an increase in lactate concentration is a biomarker for many cancers, particularly certain types of neoplasm [64]. An increase in taurine concentration is associated with prostate cancer and liver metastasis [65]. Recently, the metabolite sarcosine was found to play a possible role in the progression of prostate cancer [63].




        High-resolution magic angle spinning magnetic resonance spectroscopy (HR MAS MRS) is another technique that provides an efficient way to monitor metabolic disorders in intact tumor samples without preliminary preparation steps [66]. Sitter et al. used high-resolution HR MAS MRS to study breast cancer tissue from 85 patients and adjacent non-involved tissue from 18 of these patients. Their results confirmed that tumor samples could be distinguished from non-involved samples based on the observed relative signal intensities of glycero-phosphocholine (GPC), phosphocholine (PC) and choline in 1H HR MAS spectra [67]. Moreover, choline and glycine can be used to distinguish between large and small tumor sizes because their concentrations are found in higher concentrations in tumors larger than 2 cm in length compared with smaller tumors [67]. Furthermore, HR-MAS proton (1H) NMR metabolomics was used to investigate the tumor size, hormonal status and histology of breast cancers and adjacent normal tissue specimens after surgical resection. Another study showed that a malignant phenotype could be distinguished from normal tissue with sensitivity and specificity of 83% and 100%, respectively [68].


      




      

        Magnetic Resonance Spectroscopy (MRS)




        MRS has been used to study in vivo metabolic changes in different cancer types including brain tumors [69, 70], lung cancer [71-73], liver cancer [74-76] and breast cancer [77-82]. The concentration of some metabolites like phosphocholine and choline are significantly increased in tumor tissues compared with healthy tissues. MRS is thus used to detect choline and phosphorcholine as biomarkers of tumors by recoding Phosphorus (31P) or 1H spectra. The main difference between NMR and MRS is the number of metabolites and the spectral resolution. MRS is an in vivo technique, with the number of metabolites much smaller than the number that can be detected by in vitro NMR spectroscopy. Moreover, the resolution of NMR spectra is significantly higher than is the resolution of MRS spectra. However, the main advantage of MRS is the detection of metabolite concentrations directly in patients without any sample extraction or sample preparation, suggesting MRS’s superiority in medical applications.


      




      

        Magnetic Resonance Imaging (MRI)




        MRI has emerged as a significant screening and diagnostic tool for breast cancer, and it has been widely adopted in clinical practice. Indeed, according to the American Cancer Society (ACS), the use of MRI for early breast tumor detection is highly recommended [83] because it can capture breast tumor lesions in their early stages. It is also useful in assessing the extent of the development of tumors and the response of tumors to medical treatment. It also surpasses mammography and ultrasound in the evaluation of high-risk women with dense breast tissue and assessment of disease extent for mammographically subtle cancers. In addition, MRI holds promise as a non-invasive tool for monitoring responses to neo-adjuvant chemotherapy, evaluating residual disease for surgical planning and measuring in vivo tumor response to new treatment agents. Zakhireh et al. [84] reported that contrast-MRI has sensitivity in the range of 88-100% for the detection of breast cancers as small as a few millimeters in size [84-88]. MRI currently has the greatest sensitivity of all breast-imaging modalities. However, an acknowledged disadvantage of the breast MRI approach is the low specificity (37-70%) and cost. MRI studies are generally complemented by the use of the low-cost NMR-based metabolomics approach [89-95]. NMR-based metabolomics has been proposed for early detection of several cancer types, including epithelial ovarian cancer [95-97], pancreatic cancer [98-100], lung cancer [101-103], biliary tract cancer [104], colorectal cancer [104], hepato-cellular carcinoma [105] and oral cancer [106].


      


    




    

      Applications of Magnetic Resonance Techniques to Breast Cancer Research




      

        Applications of NMR-Based Metabolomics to Breast Cancer Research




        Several research groups have used an NMR-based metabolomics approach in BC research for early detection of breast cancer [107-110]. The results demonstrate that 1H-NMR is a promising approach for diagnosis and for determining the prognosis of breast cancer. Gribbestad et al. studied solution 1H NMR spectra of perchloric acid extracts from tumor tissues samples collected from eleven BC patients and seven normal tissue samples from the same patients. Their results showed that glucose and myo-inositol are more concentrated in normal breast tissue compared with tumor tissue, while tumor tissues contain elevated levels of phosphocholine, succinate and lactate [111]. This work suggests that choline compounds are good indicators for malignant BC tissues [111, 112]. In addition, the relationship between choline peak intensities and tumor malignancy has been investigated by studying biopsy samples from 191 patients undergoing surgery [113]. The results showed that the peak intensities of the choline compounds led to the identification of invasive carcinoma in 82 patients, benign lesions in 106 patients and in situ carcinoma in 17 patients [113]. Sharma et al. [114] employed 1D and 2D proton NMR methods to analyze the metabolites of perchloric acid extracted from involved and noninvolved axillary lymph nodes (ALN) of breast cancer patients. The results showed that patients with involved ALN had higher levels of glycerophosphocholine (GPC), phosphocoline (PC) and lactate (Lac) than did patients with noninvolved ALN. This study demonstrated the potential of in vitro proton NMR to detect malignant cells in ALN and the possibility of using metabolomics NMR in the diagnosis of breast cancer [114]. High concentrations of lactate indicated the presence of malignant cells that obtained energy through the anaerobic glycolytic pathway [114].




        Beckonert et al. developed a self-organizing map (SOM) based on a study of extracts from 49 breast tumor samples and 39 healthy control samples to investigate various tumor grades. The SOM allowed the assignment of each NMR spectrum to one of three different malignancy grades based on observed metabolites, where the concentrations of metabolites, such as phosphocholine (PCho) and phosphoethanolamine (PE), are directly correlated with the tumor grade [115]. In agreement with other published reports, the taurine concentration was found to be higher in extracts from the malignant tissues while the glucose and myo-inositol concentrations were reported to have higher concentrations in extracts from normal tissue. The authors suggested that metabolite concentrations and their position on the SOM could be used to determine the level of malignancy of a breast cancer tumor [115]. Because of the high rate of aerobic glycolysis that is known to exist in tumors, the glucose concentration is higher in healthy tissue compared with that in malignant tissue [116].




        The high sensitivity and the natural abundance of 13P NMR combined with the potential biomarkers of phosphor metabolites, including PCho and PE, make the application of 31P NMR possible in breast cancer studies. Merchant et al. conducted a 31P NMR study on various extracted phospholipid samples (12 normal, 18 malignant and 8 benign) from breast tissue using the PCA extraction method. They identified 24 phospholipid metabolites, with higher concentrations of PE in malignant tissue in comparison with that in either benign or normal tissues, while the a-glycerol phosphate concentration level was found to be higher in normal tissue [117]. In another study, Barzilai and colleagues used 31P NMR to analyze 31 extracts from tissue samples collected from 17 malignant and 14 benign samples using the PCA extraction method. Their results revealed that malignant tumors with high estrogen receptor (ER) concentrations were associated with low levels of the lipid-derived metabolite glycerophosphocholine (GPC) and high levels of the high-energy compound phosphocreatine (PCr). Moreover, the progesterone receptor (PgR) concentration was associated with high levels of PCr content [118]. Thus, the concentration level of PCr and GPC combined with the ER and PgR concentrations could be used as markers of hormonal receptor status of breast carcinomas to improve predictions of the usefulness of hormonal therapy [118].




        

          High-Resolution Magic Angle Spinning Magnetic Resonance Spectroscopy (HR-MAS MRS)




          Unlike solution NMR spectra, solid and semi-solid NMR spectra suffer from dramatic line broadening due to residual dipolar coupling and chemical shift anisotropy leading to overlapped NMR spectra. Fortunately, this broadening can be overcome or reduced by spinning the sample at a fixed angle (54.74o), called magic angle spinning (MAS). The HR-MAS MRS spectra of any tissue sample consist of NMR lines related to numerous metabolites that can be detected simultaneously, providing significant information about the biochemical composition of the tissue [54, 112, 119, 120]. In an attempt to probe the metabolic composition of breast cancer tissue, HR-MAS MRS was used to compare the metabolic profiles of breast cancer tissue collected from 85 breast cancer patients [121]. This study suggests that measuring the metabolite concentrations of BC tissues by HR-MAS MRS could be an efficient tool for BC diagnosis and prognosis. Indeed HR MAS MRS is employed in conjunction with partial least-squares discriminant analysis (PLS-DA) to study 160 biopsy samples collected from breast cancer patients during surgery. The results showed that the status of estrogen and progesterone can be predicted from the MR spectra, whereas samples from hormone-receptor-negative patients show higher levels of Gly, GPC and Cho metabolites than do hormone-receptor-positive patients. By comparing the 1H HR-MAS spectra with in vitro NMR spectra of a perchloric acid extract from the same type of tissue, Giskeodegard et al. [121] identified more than 30 metabolites, including several amino acids, fatty acids, acetate, lactate, formate, succinate, creatine, phosphocreatine, choline, phosphocholine, glycero-phosphocholine, α-glucose, β-glucose and phosphoethanolamine. In addition, the status of the lymph was also predicted in 34 of 50 samples, suggesting that HR-MAR MRS is a potent tool for diagnosis of breast cancer and a useful prognostic tool for treatment management [122].




          HR MAS MRS was recently employed to study breast tissue samples obtained by percutaneous core needle biopsy from 13 patients with cancer and 18 without cancer [122]. The results showed that HR MAS MRS in conjunction with Orthogonal Projections to Latent Structure-Discriminant Analysis (OPLS-DA) clearly distinguished the cancer samples from the non-cancer ones with 69% sensitivity and 94% specificity in prediction of tumor status. In comparison with normal breast cancer tissue, the proton NMR spectra of cancer samples show higher levels of taurine and choline-containing metabolites. Even though these studies showed the potential of HR-MAS MRAS as a prognostic and diagnostic technique for breast cancer evaluation, the tissues samples were collected during surgical operations as part of the patients’ treatment protocols. Thus, the samples were collected from individuals who had already been diagnosed through Breast Conserving Surgery (BCS) and the results of such studies are not applicable to surgical decision making and could not be a decisive method for early detection of BC. Comparing the biochemical composition of samples collected from healthy individuals with samples collected from BC patients would be necessary to validate the diagnostic power of HR MAS MRS for early detection of breast cancer.


        


      




      

        In vivo Magnetic Resonance Spectroscopy (MRS)




        MRS is a non-invasive technique that is mainly employed for in vivo assessment of tissue metabolism by measuring the peak intensities of certain metabolites that have been found to be cancer biomarkers. For example, the combination of the resonances from choline (3.19 ppm), phoshpocholine (3.21 ppm) and glycerol-phosphocholine (3.22 ppm) in proton (1H) MRS spectra are combined to create a total choline containing resonance (tCho), which is a well-known biomarker for different types of cancer [123-127].
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Fig. (2))


        (a) A 1.5 T MRI image of invasive ductal carcinoma. (b) The corresponding water, lipid suppressed single and total choline-containing MRS signals.



        In vivo proton studies have shown that the level of phosphocholine present in breast cancer cells is at least an order of magnitude higher than that in normal mammary epithelial cells [128]. Thus, in vivo MR spectroscopy has been used extensively to detect cancer by monitoring the metabolic content of breast cancer tissue [126, 127]. (Fig. 2) shows the proton MRS spectrum of the tCho signal corresponding to breast cancer imaged by MRI [129]. After detecting the lesion, it is crucial to determine whether this lesion is benign (mild and non-progressive) or malignant (becoming progressively worse and potentially resulting in death). Repeated in vivo MRS studies have demonstrated the correlation between high levels of total choline at 3.2 ppm and malignancy [130]. Proton MR Spectroscopy was also used to differentiate between carcinoma and benign lesions [131]. 1H MRS revealed that higher concentrations of choline, phosphocholine, glycerophosphocholine and taurine were detected in malignant tissues compared with the same concentrations in normal tissues [132, 133]. Unfortunately, proton MRS reports did not have strong sensitivity and specificity results, where specificity is defined as distinguishing between malignant from benign breast tumors and sensitivity is defined as the percentage of malignant lesions diagnosed correctly [134]. Nevertheless, in patients who were older than 40 compared with those who were younger, proton MRS was able to distinguish between the two groups with 100% sensitivity and 89%-100% specificity [134]. In vivo 31P MRS studies have shown that distinct variations in metabolite levels have been obtained in malignant breast cancer but these variations have not observed in benign lesions in the breast [131, 135-138]. The reports show that the levels of phosphomonoesters (predominantly phosphocholine and phosphoethanolamine) and phosphodiesters (predominantly glycerophosphocholine and glycero-phosphoethanolamine) are increased in malignant lesions but not in benign lesions [131, 135-138].


      




      

        Magnetic Resonance Imaging




        The NMR-based spectroscopic techniques described above are generally used as research tools to study and explore the metabolism of tumor cells/tissues for better understanding of the disease and therefore for development of more efficient treatments. On the other hand, magnetic resonance imaging is used more as a diagnostic and screening tool in clinical settings. This is due to the nature of each technique. NMR spectroscopy generally runs at a higher magnetic field with a small magnet bore, which permits high-resolution, time-consuming in vitro studies, whereas MRI usually operates at a lower magnetic field with a wide horizontal bore that is convenient for human studies. Nevertheless, MRI presents one major advantage as compared with other conventional techniques: its ability to determine the size and extent of a breast cancer tumor with an acceptable accuracy that is sometimes higher than the other imaging methods [139-142]. Such a capability is important in determining the stage of the disease and the consequent treatment plan. However, the advantage of MRI in breast cancer is not clearly and definitely confirmed due to technical limitations, making it difficult to use in high-performance guided biopsies at low cost. As our understanding of MRI’s benefits and limitations improves, so will our ability to discern when its application is beneficial or harmful. Improvements in techniques and standardization will allow a broader implementation and better define its clinical utility. The application of MRI in clinical practice should be guided by the general principle that MRI is beneficial in high-risk patients where increased sensitivity for detection and characterization is needed. It has little or negative value when the risk is low and the increased sensitivity would largely generate false positives. In this context, the impact of breast MRI on subsequent surgical management and eventually disease-free survival has been questioned by Johnson et al. [143]. Evidence on how MRI affects mastectomy rates and comparisons with surgical outcomes for breast conserving surgery in the presence of multiple invasive foci have been considered. In this scope, MRI-guided biopsy prior to surgery has been proposed to be considered for MRI-detected lesions, which, if combined with other imaging findings, such as ultrasound, may help in appropriately selecting breast-conserving surgery patients. Although there is a strong correlation between MRI use and increases in finding multiple invasive foci of breast cancer, the impact of breast MRI on surgery is not well established. The data suggest that BCS is a good marker for patient selection with multiple invasive foci of breast cancer. When BCS is feasible, post-operative radiotherapy is almost always required. However, the patient should be advised and guided prior to surgery. Mastectomy is one among several suitable surgical treatments for patients with multiple foci invasive cancer.




        Since MRI sensitivity is low with high false positives, Johnson et al. [143] proposed that women with MRI-detected lesions require biopsies to validate the MRI finding. In addition, they suggested that contra lateral mastectomy should be validated with a histological procedure to explore the nature of the MRI finding, which leads to the need for image-guided biopsy and ultrasound techniques. In the same scope,McCaffery et al. [144] expressed uncertainty on the benefit of the utilizing of pre-operative MRI in women with newly diagnosed breast cancer. Patients may feel reassured by further testing and the use of new diagnostic approaches. However, they may also in the long term experience greater anxiety and distress from further frustrating tests and related follow-up procedures such as biopsy. To make pre-operative MRI useful to breast cancer care, patients need to be made aware of the uncertain evidence surrounding MRI results. However such awareness has its own drawbacks since the information provided might push for a decision to be considered in a moment of fretfulness and emotional distress. One possible solution, as suggested by McGaffery [144], is to obtain the opinion of a number of educated patients and healthy women about the necessity of the pre-operative MRI. Currently, women are not well informed about such a procedure and perhaps believe that MRI results will improve the final outcome. The limits of MRI in breast cancer have to be clearly described so that patients are fully informed.




        De Bresser et al. suggested the use of MRI routinely in patients with occult breast cancer. Occult breast cancer was defined as isolated metastatic axillary lymphadenopathy with no palpable mass in the breast and no signs of primary cancer on mammography and no detected primary tumor outside the breast. Because of early detection of breast lesions using MRI [145], a decrease in occult breast cancer incidence has been observed. Breast MRI is capable of identifying the primary tumor in approximately two-thirds of this population, but due to the low specificity, lesions need to be histologically confirmed. Furthermore, a breast MRI may alter loco-regional treatment of occult breast cancer resulting in breast conserving surgery in one-third of patients. Marrow et al. [146] studied patient outcomes after MRI use. This study did not fully demonstrate that MRI sensitivity is better than mammography in breast cancer detection. In women with genetic and familial risk, MRI screening has shown its usefulness; in other breast cancer types, its advantage remains uncertain.




        Ultimately, the true value of MRI might lie in its ability to predict biological behavior, rather than to quantify low-volume disease. This is demonstrated by the MRI identification of primary tumors in a large number of women with auxiliary metastases. However, the extent of post neo-adjuvant chemotherapy residual cancer is still difficult to accurately evaluate with MRI. This is confirmed by the results provided by the National Surgical Adjuvant Breast and Bowel Project (NSABP), where the addition of taxane to doxorubicin and cytoxan increases the rate of pCR from 14% to 26%, although the number of patients who underwent breast-conserving surgery remains the same. The high resolution of MRI in detecting small-size lesions offers the possibility to re-evaluate the surgical need for radiographic detection. Therefore, guidelines on breast imaging and pathological assessment along with systematic therapy for breast cancer have to be reconsidered as suggested by De Bresser et al. [145].




        Anatomical changes, in lesion size and position can be measured using a routine MRI exam similar to what is performed in traditional radiology. Functional alterations, such as vascular, cellular and metabolic changes can also be detected using Diffusion Contrast Enhanced (DCE) MRI, Diffusion Weighted (DW) MRI and MRS [147]. These functional imaging techniques permit quick follow-up early in neo-adjuvant treatment. As a consequence, treatment response at the early stages may be used to customize therapies, which may lead to the ultimate goal of personalized medicine. No studies have been conducted to confirm the utility of the use of breast MRI as a screening method for high-risk women as a diagnostic tool as an adjunct to mammography and ultrasound and for the staging of disease extent prior to treatment.




        

          Magnetic Resonance Detection Limit in Breast Cancer




          The MRI detection limit is a very important parameter to assess because it allows for early breast lesion detection and creates a variety of treatment paths. In this scope, Liberman et al. [148] performed an extensive breast cancer study to verify the role of lesion size as detected using MRI in predicting tumor malignancy. They found that the probability of malignancy in breast lesions is directly proportional to lesion size. Therefore, biopsy is not recommended for lesions smaller than 5 mm. In addition, malignancy is more common in postmenopausal women than in premenopausal women the lesions are smaller than 1 cm. In addition to the lesion size, the decision on biopsy should include other lesion parameters such as morphology, kinetics and patient history. In a comparative study, Brennan et al. [149, 150] reported that in addition to tumor size, MRI is able to provide lesion information such as shape and mass heterogeneity, which helped in better staging the lesion according to the Breast Imaging-Reporting and Data System (BI-RADS). Correlations between histological findings and MRI results as well as MRI performance compared to other imaging modalities such as mammography and ultrasound were reported. They arrived at a similar conclusion as Liberman et al. had earlier that MRI is strongly recommended in breast cancer screening especially for those who have not had a preoperative MRI at the time of the initial cancer diagnosis and those who had not taken hormonal therapy [149, 150].


        


      


    




    

      Discussion and Conclusion




      In conclusion, although magnetic resonance-based techniques are non-destructive and non-invasive and although these techniques demonstrate high sensitivity to breast cancer detection, their specificity remains unsatisfactory. Nuclear Magnetic Resonance can be used for both in vivo and in vitro studies and can collect MR signals belonging to spin labels like 13C and 15N to follow a biological system’s response to these spin labeled compounds. These techniques provide useful information on a wide range of metabolic pathways [151-153]. Patterns within groups of spectra capturing metabolic behaviors could be easily collected [153, 154], identifying hundreds of small metabolites to provide a comprehensive picture of an organism’s metabolic status at a given period of time [155]. On the other hand, MRS can provide significant supplementary information, such as the proton tCho signal, that can be used for clinical breast lesion diagnosis. However, the extra duration of this adjunct modality of “at least 10 minutes to the existing MR examination period” has caused many patients discomfort. New generations of instruments with higher magnetic field strengths will continue to empower proton MRS capabilities for clinical applications.




      MRI with its high sensitivity is clinically recommended by most cancer and breast imaging societies to detect invasive breast cancers. This advantage makes MRI a powerful imaging tool as compared with other imaging modalities. Furthermore, MRI holds promise as a non-invasive tool for measuring anatomical changes in lesion size as performed by traditional radiology, tracking small micro-environmental changes, evaluating residual disease for surgical planning, measuring in vivo tumor response to new agents, and monitoring responses to neo-adjuvant chemotherapy. Moreover, early treatment response predictors could allow therapy to be tailored to individual patients, which may lead to personalized medicine [156]. However, its low specificity makes MRI use questionable in some breast imaging situations. MRI cannot distinguish cancer from various other causes of vascular conditions, such as inflammation, sclerosing adenosis, or papilloma. As a consequence, this leads to unnecessary interventions to evaluate lesions that are often found to be benign. Furthermore, there is modest evidence that MRI improves short-term or long-term outcomes of breast conserving surgery or leads to any decrease in surgical procedures [146]. In addition, the lack of a standard imaging protocol and the large number of variables that can be modified in an MRI examination can lead to inconsistencies between MRI studies performed at different institutions as well as between serial examinations performed at the same institution. Several protocols with a variety of MR sequences have been tested in addition to the basic sequences, such as anatomical T1 and T2 imaging methods for tumor size determination and contrast-enhanced techniques for tumor differentiation. Imaging approaches, like diffusion tensor imaging and localized MR spectroscopy, have been employed for quantification and extraction of markers relevant to breast cancer.




      However, as our understanding of the benefits and limitations of MRI improves, our ability to identify the most beneficial application time of MRI will improve. One way to achieve this is to perform more randomized trials even if they are expensive and time consuming. Also, it will be very important for protocols to be normalized and standardized. Any new stand-alone MRI/MRS technique or any technique combined with other imaging modalities able to increase our knowledge of breast cancer is recommended.
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