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Abstract

OBJECTIVE—The purposes of this review are to describe the principles and method of MR 

spectroscopy, summarize current published data on musculoskeletal lesions, and report additional 

cases that have been analyzed with recently developed quantitative methods.

CONCLUSION—Proton MR spectroscopy can be used to identify key tissue metabolites and 

may serve as a useful adjunct to radiographic evaluation of musculoskeletal lesions. A pooled 

analysis of 122 musculoskeletal tumors revealed that a discrete choline peak has a sensitivity of 

88% and specificity of 68% in the detection of malignancy. Modest improvements in diagnostic 

accuracy in 22 of 122 cases when absolute choline quantification was used encourage the pursuit 

of development of choline quantification methods.
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Although MRI plays a central role in the assessment of musculoskeletal lesions, it lacks 

specificity for accurate differentiation of malignant from benign disease processes, 

particularly when fully determinate lesions such as lipomas and cysts are excluded [1–3]. 

MR spectroscopy (MRS) is a means of metabolic imaging with MRI that shows promise as a 

noninvasive method for molecular identification of malignant tumor markers. Such markers 

are potentially useful for a variety of applications, particularly characterization of 

musculoskeletal abnormalities to help guide treatment decisions [4–12]. Because benign 

lesions are encountered much more commonly than are malignant masses in a typical 

orthopedic clinic [13], an improved means of discriminating benign and malignant masses 

may obviate biopsy [14] and improve targeting of the most suspicious portion of a lesion 

being biopsied [4]. Although MRS is still primarily a research tool, improvements in spatial 

resolution, data acquisition, and data analysis techniques have allowed integration of MRS 

into clinical MRI examinations for preoperative lesion characterization and, potentially, 

posttreatment assessment [5, 6]. The purposes of this review are to elucidate the principles 
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and method of MRS, summarize current published data on musculoskeletal lesions, and 

report additional cases in which analysis was performed with recently developed quantitative 

methods. The overall accuracy of MRS in the characterization of musculoskeletal lesions is 

described.

Proton (1H) MR Spectroscopic Technique

Unlike the head, the almost uniform shape of which facilitates MRS of the brain, the body 

parts of the musculoskeletal system vary in size and shape, mandating flexibility in the use 

of coils. MRS is optimally performed with a surface coil because its sensitivity is three to 

five times that of a body coil. However, use of the body coil obviates use of an array of 

tailored surface coils, simplifies preimaging preparation, and increases anatomic coverage. 

Because of the inherently higher signal-to-noise ratio (SNR) at 3 T than at 1.5 T, further 

study is needed to determine whether a body coil can be used at 3 T to take advantage of 

these features without an unacceptable loss in SNR [5]. In either case, both the size of the 

region of interest and the tissue composition within it influence coil loading, making proper 

electrical calibration of coil efficiency an essential preimaging routine.

Shimming the local magnetic field is the most critical step in ensuring acquisition of high-

quality spectra. For the musculoskeletal system, a manual shim is most effective because of 

the differences in extremity geometry and tissue heterogeneity compared with the brain. For 

example, musculoskeletal regions are composed of heterogeneous tissues with variable 

water and lipid content, magnetic homogeneity, susceptibility, and diffusion effects that 

affect resonance peak identification [15]. Although lipids are essentially absent from MR 

spectra in the brain, their abundance in the musculoskeletal system demands a longer TE, 

typically in the range of 130–150 ms (at 3 T), to avoid contamination of other metabolic 

peaks [7, 16]. The full width at half-maximum spectral line width is a good indicator of 

shimming. At our institution, this value varies considerably for different parts of the body (3-

T MRI system, Verio, Siemens Healthcare). For example, 20–30 Hz of full width at half-

maximum for thigh muscle, 30–40 Hz for trunk muscle, and 40–50 Hz for pelvic muscles 

indicate good shimming. A good symmetric water spectral profile after shimming should be 

used as a criterion in judging the adequacy of B0 field homogeneity.

After appropriate shimming of the local magnetic field, the radiologist can choose either 

single-voxel or multivoxel spectroscopic imaging techniques for radiofrequency excitation in 

a volume of interest. Each approach has its advantages and disadvantages, which must be 

weighed in the context of the clinical situation. The benefits of the single-voxel technique 

are simplicity, shorter acquisition time, and easier maintenance of magnetic field 

homogeneity in the volume of interest. This volume can be defined by tuning the transmitter 

frequency and gradient pulse using sequences such as stimulated echo acquisition mode [17] 

and point-resolved spectroscopy [18]. In the multivoxel technique, phase-encoding gradients 

are applied in two or three directions, creating an array of voxel columns (2D chemical shift 

imaging) or volumes (3D chemical shift imaging). The multivoxel technique enables 

simultaneous acquisition of signals over a large FOV, providing information about the 

surrounding tissue, the possibility of analyzing multiple lesions at the same time, and 

improved sampling of heterogeneous tumors [19]. The last factor is particularly 
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advantageous in the management of tumors containing variable mixes of stroma, fat, and 

necrosis.

Volume selection is critical to proton (1H) MRS of the musculoskeletal system because 

inclusion of too much subcutaneous fat can obscure the more subtle metabolic peaks of 

interest, and inclusion of vascular structures or cortical bone contaminates the 1H spectra 

owing to signal dropout [20]. In our experience, skeletal tumors frequently replace the 

normal marrow, and although there is a danger of contamination from outer tissue voxels, 

good spectral quality is often obtained from skeletal lesions. In addition, contrast-enhanced 

sequences can be used to directly position the voxel of interest over well-vascularized and 

viable areas of tumor [21]. Findings by Lenkinski et al. [22] are evidence of exclusive use of 

neutral chelates of gadolinium in choline MRS to avoid underestimation of the choline peak 

if MRS is performed after contrast administration.

Proton MRS of musculoskeletal tumors in vivo has been performed at 1.5 T and 3 T but not 

at 7 T, to our knowledge. Theoretically, SNR and spectral resolution (chemical shift, 

measured in Hertz) increase linearly with B0 magnetic field strength. However, decreases in 

T2 relaxation times and increased field inhomogeneity lead to increased metabolite line 

widths that significantly reduce the theoretically achievable gains in SNR at 3 T [23]. Losses 

in T2 relaxation time are exacerbated when a longer TE is used. A shorter TE, however, 

results in unacceptably large water and lipid peaks. Because of these considerations, an 

intermediate TE of 130–150 ms is an acceptable compromise between good sensitivity and 

shorter TE in the musculoskeletal system [5, 7]. The parameters of a representative protocol 

for MRS evaluation of a musculoskeletal tumor at our institution are summarized in Table 1.

Limitations

Although proton MRS is a promising technique that has been used successfully in the 

musculoskeletal system, a number of factors contribute to technical failure. Compared with 

the brain, musculoskeletal tissues are heterogeneous, causing greater variation in the local 

magnetic field inhomogeneity in the region of signal collection. Spectra from poorly 

shimmed examinations are marked by an increase in the coefficient of variation of measured 

metabolite concentrations [15]. To ensure consistency in spectral quality, shimming of the 

local magnetic field should optimally be performed for each patient. At our institution, 

active shimming is performed by an MR physicist and generally takes approximately 5–10 

minutes for each examination.

In the musculoskeletal system, the use of different radiofrequency coils for different body 

parts results in a differential in gain in collected signal, which complicates the comparison of 

quantified results. Second, water, lipid, and tissue compartmentation is more heterogeneous 

in musculoskeletal tissues than in the brain. In the musculoskeletal system, not only water 

but also muscle and intramyocellular and extramyocellular lipids are the major 

compartments [20, 24–26]. Pathologic states can influence the water content of tissues in the 

voxel of interest and invalidate a priori assumptions about water concentration in 

quantitative models that entail a base set of metabolites (such as LCModel, Inverse 

Problems). Although some investigators have acquired spectra with water-suppressed 
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sequences only [8], we favor a strategy of water-suppressed and non–water-suppressed 

sequences to improve quantification of metabolite concentration.

Finally, the reproducibility of metabolite quantification has not been rigorously defined for 

musculoskeletal tissues. For metabolites in the brain, low-end estimates of coefficients of 

variation are in the range of 3–8%, allowing detection of differences in metabolite 

concentration as low as 12% in an individual over time [27], although higher estimates of 

coefficients of variation range from 8% to 20%, and are regionally dependent [28]. A 

preliminary study [7] showed coefficients of variation in the range of 5–17% for choline in 

the thigh, but additional work is needed to better define reproducibility for metabolite 

concentrations in musculoskeletal tissues.

Data Analysis

As in evaluation of the CNS, the main purpose of MRS in musculoskeletal applications is 

analysis of the metabolic profile of a lesion. Although qualitative [5, 19] and relative 

quantitative [4, 6, 9] techniques have been used to study certain metabolite changes, absolute 

quantification [8] in musculoskeletal tissues is needed. For quantification of any kind, data 

processing can be performed either in the time domain by direct processing of free induction 

decay signal or in the frequency domain after a Fourier transform. Although the approaches 

are mathematically equivalent, data are generally presented in the frequency domain to 

facilitate visual interpretation. Before quantification methods can be applied, preprocessing 

of the raw data generally is required. For example, low-pass filtering can reduce high-

frequency background noise in the signal; apodizing in the time domain with digital filters 

can enhance features of the corresponding spectral model function (lorentzian, gaussian, or 

Voigt model) of the signal; and zero filling, or adding zeros at the end of the free induction 

delay signal, can improve the digital resolution and spectral appearance [29]. After a Fourier 

transform, convolution filtering can eliminate unwanted peaks due to noise in the spectra. 

Performance of spectral baseline correction reduces contamination from unwanted 

macromolecule signals. Time and frequency domain quantifications both fit the processed 

data into the corresponding mathematic model functions [30, 31]. Popular examples of 

quantitation software include Java Magnetic Resonance User Interface [32, 33], the Linear 

Combination of Model spectra (LCModel) [34], and MRI equipment vendor software, but 

discussion of the technical differences among these quantification algorithms is beyond the 

scope of this review.

Interpreting the results of quantification is closely correlated with the collection scheme. The 

area under the spectral resonance peak of a metabolite depends on the T1 and T2 relaxation 

properties of the metabolite. Thus, accurate quantification of the concentration of a 

metabolite necessitates correction of the particular influence of these relaxation properties 

on the strength of the resonance peak [7]. Initial quantification schemes involved comparing 

the area under the peak of a metabolite of unknown concentration to the area under the peak 

of a reference of known concentration after the T1 and T2 relaxation properties had been 

taken into account. Studies of musculoskeletal spectroscopy have included those with no 

concentration reference [8] and those incorporating an internal in vivo reference, such as 

water [7, 10].
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Applications of MR Spectroscopy in the Musculoskeletal System

Although 31P MRS has been used to characterize musculoskeletal tumors and their response 

to therapy [35], its spatial resolution and the need for special MRI hardware have limited its 

clinical utility. Proton (1H) MRS does not have the problems of low abundance and low 

sensitivity that hinder the use of other nuclei, although it was initially hampered by large 

water and fat peaks that obscured the resonances of tissue metabolites [36]. Enhanced 

gradient performance and improved techniques of spectral analysis have allowed proton 

MRS to emerge as the method of choice for MRS of the musculoskeletal system because of 

its superior signal, superior spatial resolution, and technical simplicity for integrating MRS 

into clinical MRI examinations [20].

Proton MRS has been used to investigate numerous organ systems and disease processes. 

Although the intrinsic properties of the brain make this organ particularly amenable to MRS 

investigation of neoplastic, metabolic, and demyelinating diseases [37], MRS has also been 

used to probe the molecular characteristics in a variety of other tissues, such as breast [38], 

prostate [39], and liver [40]. With regard to the musculoskeletal system, proton MRS has 

been used to elucidate biochemical features of intramuscular lipid metabolism [41, 42] and 

intramuscular fat content in patients with rotator cuff tears [43] and chronic low back pain 

[44]. Only recently, however, has the utility of MRS in musculoskeletal tumor 

characterization been explored [4, 11, 12, 19, 45].

The underlying genetic aberrations acquired by neoplasms result in alterations of normal 

cellular biochemistry and metabolism [46]. Several methods have evolved for analysis of 

MRS results. These methods include qualitative (detection of metabolite peaks) and 

quantitative (measurement of metabolite ratios relative to noise or to other metabolites, 

measurement of metabolite concentration) approaches. An elevation in the rate of glycolysis, 

known as the Warburg effect, along with changes in lipid synthesis and oxidation, contribute 

to abnormal levels of lipids and other metabolites, such as choline and creatine, in tumors 

compared with normal tissue [47]. Spectroscopic analysis of lipid-to-water ratios in the bone 

marrow of leukemia patients has shown a higher relative water content than that in healthy 

subjects, reflective of an increase in the amount of hematopoietic tissue [48]. Oriol, et al. 

[49] examined 21 patients with multiple myeloma and found that only patients responding to 

treatment had a significant increase in bone marrow lipid-to-water ratio after therapy. 

However, it is the presence and quantitation of metabolites other than water or lipids that 

have served as the basis for spectroscopic analysis of brain tumors, in which more 

experience in MRS characterization has been gained than in analysis of the musculoskeletal 

system [37]. An early report by Oya et al. [45] showed that a peak in the region of N-acetyl 

aspartate increased in malignant tumors of neuroectodermal origin (such as clear cell 

sarcoma, Ewing sarcoma, and malignant schwannoma). More recent studies, however, have 

shown that the metabolite choline serves as a general marker of malignancy of 

musculoskeletal tumors [5, 9, 11]. Although proton MRS has shown intramuscular choline 

concentration altered in cases of myopathy and radiation injury [50], this review focuses on 

its role in characterization of musculoskeletal mass lesions.
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Choline: A Metabolic Marker of Disease

Most MRS studies of musculoskeletal tumors have been focused on increased levels of 

choline in malignant bone and soft-tissue tumors [4–6, 9–12], an observation in agreement 

with evidence that choline is a useful marker of malignancy in several organ systems, 

including brain [37], breast [38], prostate [40], and liver [51]. For soft tissues, the biologic 

basis of these empiric observations has been found in in vitro studies showing that disorders 

that influence cell membrane turnover, such as uncontrolled proliferation in malignant 

transformation, result in changes in the concentration of choline-containing compounds [46]. 

These compounds are detectable with MRS as a discrete total choline peak at 3.2 ppm [52] 

(Fig. 1). This peak contains contributions from glycerophosphocholine, phosphocholine, and 

free choline, all of which are involved in the phospholipid metabolism of cell membranes 

(Fig. 2).

More specifically, gene microarray and in vitro MRS studies have shown that elevated 

choline concentration in tumors is primarily attributable to the accumulation of 

phosphocholine resulting from increases in choline kinase (choline → phosphocholine) and 

phospholipase (phosphatidylcholine → choline) expression and activity [53]. In addition to 

malignant transformation, hypoxia and pH changes in the tumor microenvironment can 

activate cell signaling pathways that result in increases in choline concentration detectable 

with MRS [54]. The choline peak at 3.2 ppm lies close to the creatine peak at 3.0 ppm. Both 

metabolites are abundant in normal muscle, requiring vigilance in ensuring appropriate 

voxel placement only within the tumor to avoid introducing contaminant signals from the 

surrounding tissue [5, 11].

Application 1: De Novo Tumor Characterization

Qualitative Assessment of Choline Content

In one of the first in vivo studies of proton MRS focusing on choline in musculoskeletal 

tumors, Wang et al. [11] examined with 1.5-T MRI 36 consecutively registered patients with 

tumors larger than 1.5 cm in diameter. In that study, choline was detected in 18 of 19 

patients with malignant tumors and in 3 of 17 patients with benign lesions. These results 

yielded a sensitivity of 95%, specificity of 82%, and accuracy of 89% (p < 0.001).

Relative Quantification of Choline

Since the publication by Wang et al. [11], additional studies have shown false-positive 

choline peaks in benign giant cell tumors of bone [12] and a variety of other inflammatory or 

benign neoplastic processes [5, 6, 8, 9, 11, 12]. Because a subset of benign lesions is known 

to contain choline, there has been a focus on improving quantitative assessment of the 

choline level within musculoskeletal lesions with the aim of enhancing specificity [10]. 

Relative quantification methods include measurement of peak ratios between metabolites 

and between a metabolite and the background noise level (SNR). Initial strategies entailing 

SNR showed that good discrimination between malignant and benign lesions can be 

achieved. In a study of 13 ex vivo skeletal sarcoma specimens imaged at 1.5 T, Fayad et al. 

[4] found that the choline SNR was significantly different for histologically proven areas of 
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malignancy compared with nonmalignant tissue (9.8 ± 5.1 vs 2.7 ± 1.4, p < 0.002). These 

results suggest that MRS can be used to direct a biopsy to the most suspicious regions of a 

tumor. The preliminary data from this study revealed that choline content may correlate with 

histologic grade. Subsequently, an in vivo study [5] involving 18 patients (four with 

histologically proven malignant tumors, 14 with benign tumors histologically proven or 

confirmed at clinical follow-up) who underwent 3-T MRI with both single-voxel and 

multivoxel techniques also showed that the SNRs of malignant and benign lesions differed 

from each other (11.7 vs 2.3, p = 0.04). An example of a patient who underwent single-voxel 

MRS and relative choline quantitation with choline SNR is shown in Figure 3.

Despite the apparent success in use of the choline SNR for characterization of 

musculoskeletal lesions, a number of limitations are associated with use of SNR 

measurements. Choline signal intensity can vary with numerous factors, including pulse 

sequence, magnetic field strength, differences in coil type, distance between the region of 

interest and the coil, and the size of the lesion being analyzed. Although a relative 

comparison of peak ratios of different metabolites requires less acquisition time and less 

postprocessing than absolute quantitative methods, such a ratio does not indicate which 

metabolite concentration is abnormal. Moreover, systemic conditions in which there are 

global changes in metabolite concentrations can yield proportions that appear normal. In 

addition to this ambiguity, metabolite ratios can exhibit higher variation than absolute 

quantification [55, 56]. Finally, spectroscopic results expressed only as metabolite ratios 

may be of limited utility in comparisons with results of studies in which absolute 

concentrations are derived biochemically [57].

Absolute Quantification of Choline

The limitations of relative quantitation have prompted a search for alternative and more 

robust quantitative methods for measuring metabolite content in vivo, namely determination 

of metabolite concentration. Again, most experience with MRS quantitation techniques has 

been gained in study of the brain [37, 57]. These techniques generally involve comparison of 

in vivo metabolite signals from a region of interest with an external or internal reference of 

known concentration. For the external reference, a voxel is placed in a phantom solution 

containing a known concentration of a given metabolite, which must be situated near the in 

vivo region of interest [56]. In clinical use, however, this technique is suboptimal because it 

is time-consuming, labor intensive, and subject to variations in coil geometry and field 

inhomogeneity that adversely affect measurements. Alternatively, the use of an internal 

reference compound, such as water or fat, allows determination of chemical concentrations 

by comparison with a known endogenous compound with a defined concentration [7].

Reports on imaging of the musculoskeletal system describe absolute quantification of 

choline performed at 2 T and 3 T [58] and of creatine and lipids at 1.5 T [16, 59, 60]. With 

modification of previously described methods of choline quantification for evaluation of 

lesions in the brain and breast [61, 62], a robust method of measuring absolute choline 

concentration within the musculoskeletal system can be achieved with water as an internal 

reference compound [7]. In this water-referencing technique, both water-suppressed and 

non–water-suppressed images are acquired with a phased-array coil (Fig. 4). From these 
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data, the area under the choline and water peaks is used to generate the choline 

concentration, after correction for the variability of lipid content. By using this approach in a 

small sample of patients, Fayad et al. [10] found good discrimination between benign and 

malignant lesions (0.5 vs 2.7 mmol/ kg, p = 0.01) (Figs. 5–7).

A key assumption underlying this quantification method is that the water content is constant 

between voxels, lesions, and patients. Unfortunately, total water content in various 

musculoskeletal pathologic conditions is unlikely to be constant and even in normal muscle 

has been found to change slightly after exercise [63, 64]. Consequently, alternative 

quantitative techniques that surmount such limitations are needed.

Systematic Review of MR Spectroscopic Studies for Tumor Characterization

We searched the peer-reviewed literature via PubMed for articles in English published since 

January 2004 that described the use of 1H MRS of the musculoskeletal system. The search 

terms and keywords used in our computerized search strategy were: MR spectroscopy, 

musculoskeletal, and tumor. Seven relevant articles were identified, but a study by Qi et al. 

[9] provided insufficient detail about individual cases for inclusion in numeric analysis 

(Table 2). The other studies comprised 122 musculoskeletal tumors or masslike lesions, 

some of which had been subjected to neoadjuvant therapy before spectroscopy. The results 

of the studies in which semiquantitative findings (SNR) or absolute metabolite 

concentrations were reported were dichotomized to facilitate overall comparison with 

qualitative data (reported as presence or absence of a choline peak). Although Lee et al. [8] 

did use absolute metabolite concentrations, only qualitative characterization could be 

extracted for each histologic diagnosis. We believe that because of variations in coil loading, 

shimming, and other collection conditions, absolute metabolite concentrations from that 

study cannot be rigorously compared with results in other publications.

A pooled analysis of MRS studies of de novo musculoskeletal lesions (Table 3) shows a 

strong association between the presence of a choline peak and malignancy (p < 0.0001, 

Fisher exact test) with a sensitivity of 88% and a specificity of 68%. The corresponding 

positive (PPV) and negative (NPV) predictive values for malignancy in the presence of a 

discrete choline peak are 73% and 86%. In particular, a summary of the cases to date shows 

that two tumors (giant cell tumor and peripheral nerve sheath tumor) accounted for 15 of 20 

benign lesions with discrete choline peaks. Caution should be exercised in the interpretation 

of such entities to avoid overcalling malignancy on the basis of qualitative MRS data alone 

[5, 8, 11, 12].

Improved quantitative methods have been pursued with the aim of increasing the specificity 

of MRS. A subanalysis of results of the 25 published cases in which choline SNR was 

provided [4, 5] showed 81% sensitivity and 78% specificity when a theoretic cutoff of 5 was 

used to suggest malignancy; the PPV was 87% and the NPV 70% (Table 4). The area under 

the curve for receiver operating characteristic analysis of SNR as a marker for malignancy 

was 0.93 (Fig. 8A). (As discussed earlier, however, using choline SNR as a quantitative tool 

is limited because of the variety of factors that influence SNR.) With absolute choline 

concentration as a quantitative discriminator of benign and malignant disease, we analyzed 

15 published [10] and seven unpublished cases from our institution. A threshold choline 
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concentration of 0.3 mmol/kg to define malignancy resulted in a sensitivity of 100%, 

specificity of 81%, PPV of 73%, and NPV of 100%. A threshold choline concentration of 

0.8 mmol/ kg to define malignancy resulted in a sensitivity of 88%, specificity of 88%, PPV 

of 78%, and NPV of 93% (Table 4). For this small series of cases, the area under the ROC 

curve for absolute choline concentration remained high at 0.95 (Fig. 8B).

With regard to characterizing tumor grade, although Fayad et al. [4] found correlation 

between choline SNR measurements and tumor grade [4], Lee et al. [8] found that absolute 

choline concentration does not correlate well with the histologic grade of malignant lesions, 

although the small number and heterogeneity of tumor types in this analysis warrant further 

study.

Although technologic advances may lead to improvement in the accuracy of MRS in 

discriminating benign and malignant lesions, the observed reasonable specificity and high 

NPV of extant data already are promising evidence that lack of detection of an elevated 

choline concentration in a lesion may allow a carefully selected subset of patients to forgo 

biopsy in favor of close observation when a benign cause is suspected. Quantitative MRS 

may prove especially useful in specific populations of patients with tumors that occasionally 

present diagnostic dilemmas.

Application 2: Treatment Response

Limited preliminary experience has been gained in using choline concentration to monitor 

treatment response in musculoskeletal disease. Hsieh et al. [6] reported that declining 

choline concentration correlated with a decrease in tumor size and dynamic contrast 

enhancement after chemotherapy in two patients with aggressive musculoskeletal tumors. 

Because percentage of tumor necrosis is known to be the strongest predictor of treatment 

response for soft-tissue sarcoma and primary malignant tumors of bone [65, 66], these 

observations raise the possibility that through early detection of changes in choline content, 

MRS may play a role in assessing prognosis through quantification of the degree of tumor 

necrosis. To this end, our group’s preliminary data include detection of choline (0.6 

mmol/kg) in one poorly responsive osteosarcoma (only 10% histologic necrosis) and lack of 

a discrete choline peak in three chemotherapy-responsive malignant tumors (two Ewing 

sarcomas and one malignant fibrous histiocytoma, each with 100% histologic necrosis). 

However, the pretreatment choline concentration of these lesions was not ascertained.

Application 3: Postsurgical Evaluation

Conventional MRI plays a pivotal role in the postoperative assessment of resected tumors for 

determination of the presence of residual or recurrent disease [67]. It can be challenging, 

however, to identify recurrent tumor in the postoperative milieu of changes in the surgical 

bed. Only when the patient has a mature postsurgical scar can one confidently exclude 

recurrent disease by noting the absence of T2 signal intensity [68]. Unfortunately, 

reconstructive myocutaneous flaps have T2 hyperintensity for 6–12 months or more, 

increasing the complexity of detection of recurrent and residual tumor in the resection bed. 

To address these difficulties, research has been conducted on the utility of postoperative 
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proton MRS. Fayad, et al. [5] found that in six postoperative patients without evidence of 

recurrent or residual tumor at clinical follow-up and conventional MRI, proton MRS showed 

two spectral patterns. When myocutaneous flap reconstruction had been performed, MRS of 

the surgical bed revealed the typical spectrum of muscle. In surgical cases in which 

myocutaneous flap reconstruction had not been performed, only lipid and water signals were 

found in patients without recurrent disease, and a discrete choline signal was lacking. 

Subsequent study of absolute quantitative methods to assess choline postoperative 

concentration [12] has shown negligible to very low amounts of choline (up to 0.4 mmol/kg) 

in disease-free patients, but no myocutaneous flap reconstructions were included in that 

study.

Conclusion

The increased clinical use of high-field-strength magnets coupled with improvements in 

pulse sequence design and quantitative methods promises to move MRS from the realm of 

research to clinical practice in the field of musculoskeletal imaging. The versatility of the 

technique allows a range of metabolites to be assessed in a variety of disorders, although this 

review has focused on neoplastic conditions. Absolute quantification of choline 

concentration shows early promise as an adjunct to conventional imaging in differentiating 

benign from malignant musculoskeletal abnormalities in de novo lesions and may play a role 

in prediction of therapeutic response in the postoperative setting. Further studies are needed 

to elucidate how the variability in relative water content and choline concentration in 

different disease states and among individuals influences determination of metabolite 

concentration and how these factors affect the utility of MRS in discriminating malignant 

changes both before and after treatment.
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Figure 1. 
Graph shows protons in different molecules resonate at different frequencies, which are 

mapped to specific location in parts per million (ppm). Typical 1H MR spectrum of normal 

muscle shows following metabolites: water (H2O), choline creatine, and intramyocellular 

(IMCL) and extramyocellular (EMCL) lipids. Choline (metabolite marker for malignancy) 

has peak at approximately 3.2 ppm. Relative measure of choline signal intensity with respect 

to noise (between 7 and 9 ppm, not shown) has been used to quantify choline content but has 

limitations.
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Figure 2. 
Diagram shows major pathways in cellular choline metabolism listing only major 

metabolites (enzymes, precursors, cofactors, and byproducts omitted). Bold type indicates 

metabolites that contribute to total choline peak during proton MR spectroscopy. Elevated 

choline concentration in tumors is believed to be primarily due to accumulation of 

phosphocholine resulting from increases in activity of choline kinase (choline → 

phosphocholine) and phospholipase (phosphatidylcholine → choline).

Subhawong et al. Page 15

AJR Am J Roentgenol. Author manuscript; available in PMC 2016 May 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
31-year-old man with high-grade osteosarcoma of right thigh.

A, Axial STIR fast spin-echo MR image (TR/TE, 4650/47) shows large heterogeneous mass 

in anterolateral right thigh with surrounding soft-tissue edema.

B, Coronal T1-weighted spin-echo MR image (TR/TE, 550/11) shows low-signal-intensity 

mass.

C, Coronal fat-saturated dynamic contrast-enhanced fast spin-echo MR image (TR/TE, 

600/10) acquired 40 seconds after contrast injection shows heterogeneous enhancement with 

central areas of necrosis.

D, Single-voxel MR spectroscopic map shows discrete choline (Cho) peak at 3.2 ppm. 

Signal-to-noise ratio is 5.4.
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Figure 4. 
Water referencing technique for absolute quantification of choline (Cho).

A and B, Graphs of non–water-suppressed (A) and water-suppressed (B) MR acquisitions 

show water suppression allows discrimination of choline signal intensity. From these data, 

areas under choline and water peaks are determined and used to calculate choline 

concentration based on T1 and T2 relaxation times of choline and water, number of protons 

attached to choline and water, and correction factors for lipid in voxel and water content of 

tissue [7].
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Figure 5. 
25-year-old woman with Ewing sarcoma of left sacrum.

A, Axial T1-weighted spin-echo MR image (TR/TE, 690/15) shows left sacral mass as low-

signal-intensity lesion at sacroiliac joint.

B, Axial fat-suppressed fast spin-echo T2-weighted MR image (TR/TE, 2886/100) shows 

involvement of neural foramina, crossing of sacroiliac joint, and associated soft-tissue 

component in anterior aspect. Although conventional MRI findings suggested malignant 
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features, diagnosis of giant cell tumor was entertained in light of some characteristic 

features.

C, Single-voxel proton MR spectroscopic map obtained within sacral mass with weak water 

suppression (top left) shows discrete choline peak (arrow). Relative signal-to-noise ratio is 

3.6. Absolute choline concentration was calculated to be 2.9 mmol/kg, suggesting 

malignancy in this pathologically proven Ewing sarcoma. Upper right image is not water 

suppressed.
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Figure 6. 
81-year-old woman with high-grade soft-tissue sarcoma in lateral aspect of left thigh.

A, Axial fat-suppressed T2-weighted fast spin-echo MR image (TR/TE, 3030/64) shows 

circumscribed hyperintense mass centered on vastus lateralis muscle.

B, Single-voxel proton MR spectroscopic map obtained within mass with weak water 

suppression shows discrete choline peak (inset) with absolute choline concentration of 2.1 

mmol/kg (reference, −4.6499E0).
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Figure 7. 
11-year-old boy with neurofibromatosis type 1 and marked enlargement of right sciatic 

nerve caused by benign neurofibroma.

A, Axial fat-suppressed T2-weighted fast spin-echo MR image (TR/TE, 3600/71) shows 

mass.

B, Single-voxel proton MR spectroscopic map obtained within benign neurofibroma with 

weak water suppression shows no discernable choline peak at 3.2 ppm (reference, 

−4.7106E0).
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Figure 8. 
Results of receiver operating characteristic analysis of characterization of musculoskeletal 

lesions as malignant on basis of semiquantitative and absolute quantitative metrics.

A and B, Graphs show receiver operating characteristic curves generated in 26 cases with 

choline signal-to-noise ratio (A) and in 24 cases with absolute choline concentration derived 

from proton MR spectroscopic data (B). Areas under each curve are large (A, 0.9281; B, 

0.9492), allowing threshold choices of 5 for choline signal-to-noise ratio and 0.3 or 0.8 

mmol/kg for absolute choline concentration, which are highly sensitive and relatively 

specific for malignancy (Table 4). Curves generated with Stata 11 software (StataCorp).
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TABLE 1

Sample MR Spectroscopic Scan Protocol

Parameter Water Suppression No Water Suppression

Sequence Point-resolved spectroscopy (single voxel) Point-resolved spectroscopy (single voxel)

Lipid suppression Not applied Not applied

TR/TE 2000/135 2000/135

No. of signals acquired 128 16

Voxel sizea Variable Variable

Acquisition time (min) 4 1

Note—Typical protocol for MR spectroscopic examination of masslike musculoskeletal lesion at our institution includes preliminary coronal STIR 
sequence with isotropic data resolution. The images are reconstructed into the axial and sagittal planes for localization. For calculation of choline 
concentration, both water-suppressed and nonsuppressed scans are necessary.

a
Voxel size is prescribed according to size of the lesion. The smallest size used is 1 × 1 × 1 cm3, but the voxel is adjusted to encompass as much of 

the lesion as possible with careful exclusion of surrounding normal tissues.
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TABLE 3

Summary of Qualitative Analysis of 122 Musculoskeletal Tumors Analyzed With Proton MR Spectroscopy

No. of Cases

Lesion Total Discrete Choline Peak Present

Benign

  Abscess 1 1

  Baker cyst 1 0

  Bone cyst 3 0

  Bursitis 1 0

  Desmoid 2 0

  Elastofbroma 1 0

  Enchondroma 2 2

  Fibrous dysplasia 2 1

  Ganglion 2 0

  Giant cell tumor 16 6

  Giant cell tumor of tendon sheath 1 0

  Granuloma 1 0

  Hemangioma 3 0

  Hematoma 3 0

  Heterotopic ossifcation 1 0

  Lipoma 5 0

  Lipogranuloma 1 0

  Nodular fasciitis 1 0

  Pilomatricoma 1 0

  Benign peripheral nerve sheath tumor 9 9

  Stress reaction 1 0

  Trichilemmal cyst 1 0

  Tuberculous arthritis 1 0

  Unknowna 2 1

Total 62 20

Malignant

  Chondrosarcoma 4 3

  Epithelioid sarcoma 1 1

  Ewing sarcoma 4 4

  Fibrosarcoma 1 1

  Fibromyxoid sarcoma 1 0

  Hemangiopericytoma 1 0

  Leiomyosarcoma 2 2

  Liposarcoma 4 2

  Lymphoma 2 2

AJR Am J Roentgenol. Author manuscript; available in PMC 2016 May 16.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Subhawong et al. Page 26

No. of Cases

Lesion Total Discrete Choline Peak Present

  Malignant fbrous histiocytomab 3 3

  Metastasis 18 18

  Malignant peripheral nerve sheath tumor 3 3

  Myofbroblastic sarcoma 1 1

  Osteosarcoma 14 12

  Synovial sarcoma 1 1

Total 60 53

Note—Seven cases have not been reported in the literature. Otherwise, only peer-reviewed studies that included a detailed list of tumor types and 
corresponding choline signal analysis were included [4, 5, 8, 10–12]. Imaging was performed at 1.5 and 3 T, with both single-voxel and multivoxel 
spectroscopic techniques, and varied in method of choline content analysis (qualitative analysis, relative quantification, or absolute quantification). 
The results of the studies in which quantitative results were reported were reclassified as categoric data (qualitative data reported as presence or 
absence of choline peak) to facilitate overall comparison.

a
Two lesions reported as unknown but thought to be benign on basis of clinical and radiographic findings [5].

b
For brevity the term malignant fibrous histiocytoma is used. This term has been changed to high-grade undifferentiated pleomorphic sarcoma in 

the World Health Organization classification.
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TABLE 4

Summary of Performance of MR Spectroscopy of Musculoskeletal Lesions

Characteristic

Presence vs 
Absence of

Discrete Choline 
Peak

Choline Threshold

Signal-to-Noise Ratio 5 Concentration 0.3 mmol/kg Concentration 0.8 mmol/kg

No. of cases 122 25 24 24

Reference 4, 5, 8, 11, 12 4, 5 10 and unpublished data 10 and unpublished data

Sensitivity 0.88 0.81 1.00 0.88

Specificity 0.68 0.78 0.81 0.88

Positive predictive value 0.73 0.87 0.73 0.78

Negative predictive value 0.86 0.70 1.00 0.93

Note—Modest improvements in diagnostic performance of MRS for musculoskeletal lesions can be achieved with semiquantitative or absolute 
quantitative techniques, particularly with respect to specificity and negative predictive value. Although choline signal-to-noise ratio threshold 
performed well in this small sample size, as reported in the literature, the use of signal-to-noise ratio has well-known limitations and is sensitive to 
variations in the electrical conductivity of the receiver coil, microscopic field homogeneity in the voxel of interest, and the quality of shimming. 
Absolute choline concentration may be a more robust method of quantification.
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