
Introduction

Breast cancer remains a signifi cant cause of morbidity 

and mortality in women internationally [1]. Proton mag-

netic resonance spectroscopy (1H-MRS) represents a 

non-invasive and non-ionising method of characterising 

a user-selected volume of tissue on the basis of the meta-

bolic (chemical) content. 1H-MRS has been evaluated as 

an adjunct modality to breast MRI for increasing the 

specifi city in diff erentiating malignant from benign 

tumours, in addition to its potential in monitoring 

responsive ness to chemotherapy.

Th is article aims to review choline related 1H-MRS in 

breast assessment, and to discuss the qualitative and 

quantitative approaches to 1H-MRS in breast cancer 

investigation. Both approaches to the technique will be 

described, along with a summary of the reported studies.

Methods

English language studies investigating single-voxel (SV) 

or multi-voxel evaluation of the total choline containing 

resonance using in vivo 1H-MRS assessment of pre-

operative local or advanced breast cancer in human adult 

females, with or without additional assessment of benign 

or normal breast tissues, were sought. MEDLINE and 

EMBASE were searched for the period January 1990 to 

February 2012 using English language restrictions. Th e 

reference lists of relevant prior reviews were examined. 

Authors were contacted to identify relevant additional 

studies. Only full peer-reviewed articles were included. 

Sensitivity and specifi city values in this review are 

expressed in terms of the percentage of correctly 

diagnosed malignant and benign lesions, respectively.

Breast cancer physiology and 1H-MRS
1H-MRS assessment of the human breast demonstrates a 

number of distinct resonances attributable to choline, 

glycerides (esters of fatty acids and glycerols), saturated 

and unsaturated fatty acid, and water [2]. Numerous 

breast 1H-MRS studies performed in vivo have reported 

the association of a resonance at approximately 3.2 parts 

per million (ppm) with malignancy [2-8]. High-resolution 

high-fi eld strength ex vivo analysis has revealed that a 

number of chemical compounds contribute to this single 

peak, including major contributions from free choline 

(3.19  ppm), phosphocholine (3.21  ppm), and glycero-

phos phocholine (3.22  ppm), as well as minor contribu-

tions from phosphoethanolamine (3.23  ppm), glucose 

(3.26 ppm), taurine (3.25 ppm), and myoinositol (3.27 ppm) 

[9]. With in vivo analysis these peaks undergo line-

broaden ing and superposition and are generally repre-

sented by a single combined resonance at clinical fi eld 

strengths as high as 4  Tesla (T). Due to the major 

contribution of choline-containing metabolites to the 

com posite signal at 3.2 ppm, it is commonly referred to 

as the total choline containing resonance (tCho). Figure 1 

demonstrates a breast cancer on MRI and the corres-

ponding SV 1H-MRS spectrum acquired.

Th e relative concentrations of certain cellular meta-

bolites change when cells transform from the normal 

state to a malignant form. Specifi cally, metabolic varia tions 
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in the cell membrane resulting from proliferation, 

principally involving phosphocholine, manifest as varia-

tions in the concentration of choline-containing mole-

cules. Th e tCho amplitude as determined by in vitro 1H-

MRS has shown positive correlation with the metabolic 

proliferative activity of malignant cells [10]. In vivo 

investigation has reported that at least an order of 

magnitude more phosphocholine is present in breast 

cancer cells than normal mammary epithelial cells [11]. 

However, two in vitro studies [12,13] show that choline-

containing metabolite concentrations remain low in 

cultured normal human mammary epithelial cells when 

they proliferate at a similar rate to tumour-derived lines. 

Th is suggests that proliferative changes alone cannot 

completely account for the elevated choline metabolic 

activity seen in tumours.

Single-voxel spectroscopy

SV 1H-MRS is considered the most suitable method for 

the assessment of distinct individual lesions. Adequate 

shimming has been shown to be more feasible with this 

approach. A major disadvantage with SV versus multi-

voxel spectroscopy is that SV acquisitions permit only a 

single lesion to be evaluated at a time. In addition, there 

is the inherent inability of SV methods to demonstrate 

spatial variability in biochemistry over a large area of 

heterogeneous tissue [14]. SV spectroscopy also requires 

lesion location to be known for accurate voxel placement; 

therefore, spectroscopic sequences should follow 

contrast injection and require a radiologist or technician 

to decide on appropriate voxel placement before 1H-MRS 

sequences.

Multi-voxel spectroscopy

Known either as chemical shift imaging or magnetic 

resonance spectroscopic imaging (MRSI), this technique 

enables the simultaneous acquisition of a grid of multiple 

spectroscopic voxels using gradient encoding. A major 

benefi t of this method is the capacity to acquire a matrix 

of multiple spectra within a slice of anatomical structure 

such as the brain or breast, thereby enabling ‘mapping’ of 

spatial variations of in vivo metabolites. Th is may be 

advantageous in demonstrating cancer infi ltration or 

margins. Th e capability to evaluate multiple lesions 

simul taneously is signifi cant given that dynamic contrast 

enhanced MRI (DCE-MRI), which is generally performed 

immediately prior to 1H-MRS, can demonstrate pre-

viously unknown additional lesions. Th e greater spatial 

coverage volume aff orded by MRSI, as well as the ability 

to retrospectively shift the voxel grid to better align with 

a lesion of interest, makes it a more amenable technique 

for pre-contrast 1H-MRS acquisitions where the lesion 

location is uncertain. MRSI also makes it possible to 

simultaneously assess normal breast parenchymal tissue 

(perhaps with the potential for referencing). In practice, 

however, several issues present signifi cant challenges to 

the installation of MRSI. One of the most important such 

factors is the diffi  culty associated with achieving 

adequate shimming over such a large volume of tissue, to 

the extent required for robust simultaneous spectro-

scopic acquisitions from each voxel within the matrix 

[14]. Th e spatial localisation is typically not as precise as 

in SV, which increases partial volume errors. Further-

more, the quantitative analysis approaches (described 

below) are more diffi  cult to implement for MRSI than SV 

Figure 1. (a) A post-contrast gradient echo (TR/TE = 4.4/1.1 ms) 1.5 T MRI from a 51-year-old woman with invasive ductal carcinoma demonstrating 

single-voxel 1H magnetic resonance spectroscopy (1H-MRS) voxel positioning. (b) The corresponding water and lipid suppressed single-voxel 
1H-MRS spectrum acquired from the voxel, indicating the resonances present. Spectroscopy parameters: PRESS single voxel 15 × 17 × 20 mm, TR/

TE = 3,000/125 ms, 128 averages, CHESS water suppression, MEGA/BASING lipid suppression. ppm, parts per million; tCho, total choline-containing 

resonance.
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due to greater receive coil variation and the time needed 

to acquire an internal water reference spectrum.

Several breast MRSI studies have been conducted to 

date [15-22]. Potential implementations of the technique 

are highlighted with the following two publications. A 

2008 1.5  T MRSI study by Hu et al. [15] involving ten 

women with known or suspected breast cancer reported 

the use of a tCho signal-based colour-coded map of a 

breast lesion to detect an intra-lesion choline ‘hot spot’. 

Such a demonstration highlights the potential for MRSI 

to be used as a method for selecting the optimal site for 

breast biopsy.

A 2006 1.5 T MRSI study by Su et al. [16] involving 14 

breast cancer patients investigated the correlation between 

tCho signal-to-noise ratio (SNR) and DCE-MRI vascular 

attributes. Th ey reported a signifi cant linear correlation 

of tCho SNR with the percentage of enhancement two 

minutes following contrast administration (P = 0.002), as 

well as with the pharmacokinetic properties Ktrans 

(dynamic contrast enhanced derived transfer coeffi  cient; 

P  =  0.003) and K
ep

 (exchange rate constant; P  =  0.002). 

Th ese results suggest that there is a relationship between 

choline metabolic activity and angiogenic activity. As 

choline is involved in cellular proliferation, it is logical 

that angiogenesis increases to support tumour metabolic 

requirements.

Qualitative approach to tCho

Roebuck et al. [3] suggested the potential of utilising 

tCho as a biomarker of breast malignancy in 1998. Th e 

qualitative approach to tCho, fi rst reported for use in in 

vivo breast assessment by this team, involves the 

subjective determination by an observer as to whether a 

distinct resonance at approximately 3.2  ppm is present. 

No objective statistical analysis of the spectrum, in terms 

of SNR or tCho signal amplitude, is performed within the 

studies using this method. To date, 13 studies [3-5,18, 

23-31] using this approach to breast lesion evaluation 

have been published. All of these investigations were per-

formed using 1.5 T machines. A summary of the reported 

qualitative literature is documented in Table 1.

Analysis by Katz-Brull et al. [11] of three of the 

qualitative studies [3,24,25] examined the sensitivity of 

cancer diagnosis with regard to lesion size. Th e study 

data were stratifi ed into three groups by the size of the 

examined lesion (<2.5, 2.5 to 4.9, and ≥5  cm). It was 

noted that the sensitivity of qualitative tCho detection, 

and hence cancer diagnosis, signifi cantly increased with 

increasing lesion size from 72% to 90% to 100% 

(P  =  0.025). Hence, smaller cancers have a greater 

tendency to be diagnosed as benign due to insuffi  cient 

tCho signal for detection.

In order to improve the sensitivity for qualitatively 

detecting smaller cancers, and likewise with the utility of 

the quantitative methods discussed later, it is necessary 

to increase the SNR. In order to increase the tCho signal, 

the use of clinical MR machines with fi eld strengths
 
of 

greater than 1.5 T, which have increasing installation in 

centres worldwide, could be used. Th e 2003 4 T study by 

Bolan et al. [32] was the fi rst to report the technique at 

higher fi eld strength. In terms of additional hardware 

factors, innovations in specialised MR breast coil design 

and sensitivity might also improve the detectability of 

tCho. With regard to 1H-MRS parameters, the signals 

within the chemical shift range of tCho can be detected 

with greater sensitivity using optimised MR pulse 

sequences.

Quantitative approaches to tCho

Several diff erent quantitative approaches to tCho 

processing have been reported. Compared to qualitative 

approaches, quantitative results can be more objectively 

compared between diff erent sites and systems, allow for 

stronger statistical analyses, and can be used to measure 

change in longitudinal studies, such as response to 

chemotherapy. Th ere is only one study investigating tCho 

amplitudinal scan-rescan reproducibility, reporting non-

signifi cant variability, though no publications to date 

have reported multi-site consistency for any of the 

qualitative or quantitative approaches [27]. Th ere is a 

great need to assess the reproducibility of the modality, 

especially with regard to the absolute values of choline 

concentration obtained using the quantitative approaches. 

Quantitative approaches using the tCho peak integral, 

SNR and referencing methods are discussed below.

tCho peak integral

A 2009 1.5 T SV study by Sardanelli et al. [33] reported 

the use of the tCho peak integral for discriminating 

malignancy from benign tissue. Using spectra from 45 

lesions, 89.5% sensitivity and 92.3% specifi city were 

attained for the diff erentiation of malignant from benign 

breast lesions. Whilst this approach demonstrates an 

impressive level of diagnostic accuracy, the authors note 

that, due to the expression of the tCho peak interval in 

terms of arbitrary units, it may not be possible to use the 

reported thresholds in diff ering technical and clinical 

situations.

tCho signal-to-noise ratio approach

Th is methodology involves the determination of the SNR 

of the spectral region about which the tCho peak would 

be expected (approximately 3.2 ppm). Th is entails fi rstly 

quantifying the tCho peak signal amplitude, then 

sampling a region of the spectrum at which no signal 

would be expected (for example, >6 or <0  ppm) to 

determine noise intensity. If the resulting SNR is higher 

than a study defi ned cutoff  value (for example, SNR ≥2), 
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then the resonance at approximately 3.2 ppm is assumed 

to correspond to tCho.

Th e qualitative and SNR techniques are both based upon 

the premise that if suffi  ciently large concentrations of 

choline-containing metabolites are present within a given 

voxel of interest (VOI), then a tCho peak is more likely to 

be observed/detectable. However, several impor tant issues 

confound this assumption, since the sensitivity to detect 

tCho signals vary, depending on the following factors. Th e 

sensitivity of MR signal detection is directly proportional 

to the volume of the VOI and approximately proportional 

to increasing magnetic fi eld strength (B
0
). SNR also 

depends upon the specifi c breast coil design used (widely 

variable according to model), the VOI position ing in 

relation to the breast coil elements, and the variable coil 

loading resulting from diverse patient habitus [34].

Distinct from the sensitivity of detection, several other 

factors also infl uence the acquired signal intensity of a 

tCho resonance, including the intrinsic T1 and T2 relaxa-

tion times of the various chemical components contri-

buting to the resonance, the sequence repetition time 

(TR) and echo time (TE) values, the capability of shim-

ming to optimise the homogeneity of B
0
 over the VOI, as 

well as acquisition parameters such as spectral width and 

receiver gain.

Nine studies investigating the SNR method in breast 

cancer assessment have been published to date. All of 

these investigations were performed using 1.5 T machines. 

Table 2 summarises the reported SNR method literature.

Externally phantom referenced tCho approach

Th e external phantom reference method (EPRM) involves 

the quantifi cation of tCho, to produce a molar concentration 

value, based upon the ratio of the tCho signal amplitude 

acquired from an in vivo VOI to that from a solution of 

known phosphocholine concentration within a ‘phantom’ 

container positioned outside the patient’s body. Th e 

advantages of this method compared to the use of an 

internal reference such as endogenous water or lipid are 

with regard to it being a more reliable referencing 

method with less of the operator dependence (VOI 

positioning to avoid inclusion of adipose tissue) and 

physiologic dependence (tissue water content can vary 

with the menstrual cycle) [35] inherent to internal water 

referencing. One disadvantage of this approach is the 

additional time required to perform 1H-MRS separ ately 

on the external standard phantom (eight minutes in the 

Bakken study) [36] with clear reper cussions on patient 

throughput and cost-eff ectiveness. Additionally, this 

method may require the acquisition of a sensitivity map, 

which also increases the time required.

To date, two studies have reported use of the EPRM in 

the evaluation of breast cancer in vivo. Th e fi rst study to 

look at the quantifi cation of tCho in breast cancer in this 

manner was performed in 1998 at 1.5 T by Roebuck et al. 

[3]. Th is group used an external phantom quantifi cation 

strategy, which involved performing 1H-MRS on a 

phantom solution of known choline concentration 

(1 mmol/L) following the in vivo spectroscopic evaluation 

of the lesion of interest. Th e tCho SNR was then 

calculated both in vivo and in the phantom solution. Th e 

concentration of choline in each VOI was determined 

after voxel volume and full width at half maximum 

(FWHM) values were adjusted for. A quantifi able tCho 

peak was detected in 7 out of 10 malignancies, with the 

in vivo choline concentration ([Cho]) ranging from 0.7 to 

Table 1. Summary of qualitative 1H-MRS literature published to date

Study n Technique Sensitivity Specifi city PPV

Roebuck et al. 1998 [3] 17 SV 70% 86% 88%

Gribbestad et al. 1998 [23] 22 SV 50% 100% 100%

Kvistad et al. 1999 [4] 40 SV 82% 61% 82%

Cecil et al. 2001 [24] 38 SV 83% 87% 90%

Yeung et al. 2001 [25] 30 SV 92% 83% 97%

Jagannathan et al. 2001 [5] 46 SV 81% 86% 93%

Kim et al. 2003 [26] 35 SV 100% 100% 100%

Joe et al. 2005 [27] 15 SV 100% NA NA

Stanwell et al. 2005 [28] 64 SV 80% 86% 84%

Jacobs et al. 2005 [18] 9 MRSI 80% 100% 100%

Geraghty et al. 2008 [29] 16 SV 88% NA NA

Baltzer et al. 2011 [30] 62 SV 62% 86% 90%

Chen et al. 2011 [31] 62 SV 73% NA NA

n = number of participants. 1H-MRS, magnetic resonance spectroscopy; MRSI, magnetic resonance spectroscopic imaging; NA, not applicable; PPV, positive predictive 
value; SV, single-voxel.
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2.1 mM using VOI volumes ranging from 1 to 1.8 ml in 

the cancerous lesions. However, a tCho resonance was 

also detected in a patient with a rare benign lesion, 

tubular adenoma. Th is particular lesion demonstrated a 

[Cho] of 5.8 mM from a 9.8 ml VOI.

A second group employed the EPRM at 1.5 T in a single 

patient with known breast carcinoma [36]. Table  3 

summarises the reported EPRM literature.

Internal water referenced tCho approach

A recent approach in quantitative breast 1H-MRS fi rst 

reported by Bolan et al. [32] involves the use of the non-

suppressed water resonance from the same in vivo VOI 

used for the suppressed tCho detection acquisition. Th is 

technique shall further be referred to as the internal 

water reference method (IWRM). Variations of this 

internal referencing approach are performed routinely in 

the United States for brain 1H-MRS studies. When 

implementing the IWRM, the [Cho] is calculated by 

means of a ratio of the tCho amplitude to the un-

suppressed water amplitude. Th is ratio can be interpreted 

directly as a molal quantity (moles per mass of water), or 

can be converted to a molar concentration (moles per 

volume) by assuming a water density. Adjustments are 

made for diff erences in receiver gain settings, the number 

of signal averages (NSA), and MR signal relaxation rates. 

A large NSA is required for the water and lipid 

suppressed 1H-MRS sequence acquiring the tCho 

resonance due to the need to resolve the relatively low 

amplitude tCho resonance from the baseline noise 

amplitude. A low NSA is required for the 1H-MRS 

sequence acquiring the unsuppressed water spectrum 

due to the dominating signal amplitude of water, which is 

normally resolvable from the baseline noise with a single 

excitation.

Th e IWRM gives slightly higher but relatively similar 

[Cho] results compared with the EPRM. One of the 

benefi ts of the IWRM is that it is more straightforward to 

implement, with no VOI repositioning required and all 
1H-MRS acquisitions being carried out during the patient 

examination protocol. It also intrinsically adjusts for 

radiofrequency transmission effi  ciency and radio-

frequency receive sensitivity, in addition to VOI size, B
0
 

shim eff ects, and the partial volume eff ect resulting from 

the inclusion of adipose tissue [37].

Th e IWRM has been used to investigate cancerous 

breast lesions in seven studies at a range of clinical grade 

fi eld strengths. A summary of the IWRM literature is 

detailed in Table 4.

Breast lesion diagnosis when combining MRI and 

SV 1H-MRS

In 2005 Meisamy et al. [38] reported a four reader 

blinded observer performance study (n = 55) performed 

at 4 T evaluating the addition of the IWRM to DCE-MRI 

for breast lesion assessment. Th e sensitivity and speci-

fi city of diagnosis using tCho concentration alone, with a 

cutoff  threshold of 1.05  mmol/kg (as determined by 

receiver operating characteristic (ROC) curve analysis) 

were 69% and 90%, respectively. When the DCE-MRI and 
1H-MRS fi ndings were used in conjunction, the sensitivity 

and specifi city were reported to be 94% and 57%, 

respectively. Th e sensitivity and specifi city of DCE-MRI 

increased from 87% to 94% and 51% to 57%, respectively, 

once 1H-MRS results were accounted for.

Table 2. Signal-to-noise ratio approach results published to date

Study n Type tCho SNR method Sensitivity Specifi city

Tse et al. 2003 [50]  40 SV ≥2 malignant 89% 100%

Huang et al. 2004 [6]  50 SV ≥2 malignant 100% 67%

Jacobs et al. 2004 [17] 15 MRSI ≥5 malignant 87% 85%

Bartella et al. 2006 [51]  57 SV ≥2 malignant 100% 88%

Bartella et al. 2007 [52] 32 SV ≥2 malignant 100% 85%

Baek et al. 2008 [8] 36 MRSI >3.2 malignant 81% 78%

Hu et al. 2008 [15] 9 MRSI >3 malignant 100% 100%

Tozaki et al. 2009 [53] 171 SV ≥2 malignant 44% 85%

Danishad et al. 2010 [20] 25 MRSI ≥2 malignant 100% NA

Bathen et al. 2011 [54]  40 SV ≥2 malignant 60% NA

n = number of participants. MRSI, magnetic resonance spectroscopic imaging; NA, not applicable; SV, single-voxel; tCho, total choline-containing resonance.

Table 3. In vivo external phantom reference method breast 

cancer literature published to date

Study n Breast cancer [Cho] range

Roebuck et al. 1998 [3] 7 0.4-2.1 mmol/Kg

Bakken et al. 2001 [36]  1 2.0 mmol/Kg

n = number of participants with breast cancer contributing to reported choline 
concentration ([Cho]) range.
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Th e 2004 SNR paper by Huang et al. [6] also reported 

the sensitivity and specifi city of breast cancer detection 

when DCE-MRI, SNR method SV 1H-MRS and T
2
* 

weighted perfusion MR imaging results were combined 

within the examination. DCE-MRI alone demonstrated 

100% sensitivity and 62.5% specifi city. Specifi city improved 

to 87.5% when 1H-MRS fi ndings were integrated and 

increased further to 100% once perfusion MR results 

were considered. Th is clearly highlights the benefi t of 

incorporating secondary MR modalities into the routine 

breast MR examination with regard to increasing 

specifi city in breast lesion diagnosis.

1H-MRS in assessing tumour responsiveness to 

chemotherapy

Neoadjuvant chemotherapy (NACT), consisting of 

systemic agents provided preoperatively, increases the 

likeli hood of breast conserving surgery in lieu of 

mastectomy when used in a patient with a chemo res-

ponsive tumour. A therapeutic response associated with 

a reduction in tumour size may permit downstaging of 

the disease and consequently enable excision of what 

previously were inoperable lesions. In addition, this 

mode of treatment enables the tumour response to be 

monitored in vivo. Th e total disappearance of tumour at 

the time of resection is associated with the most 

favourable overall survival [39].

Given the wide range of response to chemotherapeutic 

agents indicated for breast cancer, it is useful to identify 

the eff ectiveness of a particular regimen at an early stage 

in the treatment. Th e methods used to determine breast 

cancer responsiveness to NACT can give variable results 

and, at present, the traditional methods of clinical exami-

nation, mammography and ultrasound, are used routinely 

in the clinic. Clinical MRI is playing an increasing role in 

the evaluation of invasive breast cancer, particularly in 

the trial setting.

With respect to NACT monitoring, there is a 

correlation between clinical response and changes in 

MRI-derived characteristics such as lesion size and 

dynamic contrast enhancement [40,41]. Unfortunately, 

how ever, such alterations cannot be identifi ed until 

several weeks into a regimen, thus inhibiting the ability to 

optimally tailor treatment to patients on the basis of 

demonstrable antitumour activity [42,43].

As alluded to, the capability to determine tumour 

responsiveness to a particular chemotherapeutic regimen 

in a timely manner would be highly preferable, enabling 

superior tailoring of a NACT regimen with the objective 

of achieving a full pathological response. Th e use of 1H-

MRS for this purpose has been the subject of relatively 

small-scale investigation to date.

Th e fi rst study to report a change of the tCho signal in 

breast cancer in response to NACT was conducted in 

1999 by Kvistad et al. [4] at 1.5  T. Th e qualitative SV 

methodology used demonstrated that a single patient 

with an observable tCho resonance from their invasive 

ductal carcinoma at pre-treatment baseline 1H-MRS 

examination no longer had a detectable tCho signal 

following that regimen. Th is fi nding was accompanied by 

a clinical response marked by a signifi cant reduction in 

tumour diameter (5.7 to 3.7  cm) as determined using 

DCE-MRI.

Th e next study, by Jagannathan et al. [5] at 1.5  T in 

2001, reported sequential qualitative SV 1H-MRS fi ndings 

both at pre-treatment baseline and within the fi rst NACT 

regimen. Ten patients demonstrated an observable tCho 

at pre-treatment baseline, but subsequently had either 

absent or signifi cantly reduced tCho one week into the 

regimen. Th ese spectral fi ndings correlated with both a 

clinical and histopathological response in seven of these 

ten cases. Both of these initial studies suggest that the 

qualitative assessment of tCho may have a role in 

monitoring the chemoresponsiveness of a tumour to a 

NACT regimen.

Th e fi rst SV 1H-MRS study to investigate the 

quantifi cation of tCho as a biomarker of therapeutic 

response to NACT was performed using the IWRM at 

4  T in 2004 by Meisamy et al. [44]. Th e small cohort 

involved, comprising 13 participants, consisted of women 

Table 4. In vivo internal water reference method breast cancer literature published to date

Study B
0
 n Method Breast cancer [Cho] range Sensitivity Specifi city

Bolan et al. 2003 [32]  4 T 28 SV 0.5-8.6 mmol/kg 46% 94%

Baik et al. 2006 [55]  1.5 T 32 SV 0.76-21.20 mmol/kg NA NA

Baek et al. 2008 [56]  1.5 T 32 SV 0.32-10.47 mmol/kg NA NA

Sijens et al. 2010 [21] 1.5 T 2 MRSI 4.1 and 4.6 mmol/kg NA NA

Chen et al. 2011 [31] 1.5 T 45 SV 0.08-9.99 mmol/kg NA NA

Dorrius et al. 2011 [22] 1.5 T 24 MRSI 1.7-11.8 mmol/kg 100% 100%

Thakur et al. 2011 [57] 1.5 T 57 SV 0-47.1 mmol/kg 75-96%a 93-100%a

aDepending upon choline concentration ([Cho]) cutoff  value. n = number of participants with breast cancer contributing to reported [Cho] range. B0, fi eld strength. 
MRSI, magnetic resonance spectroscopic imaging; NA, not applicable; SV, single-voxel; T, Tesla.
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with breast cancer scheduled to undergo a doxorubicin 

(anthracycline)-based NACT regimen. Th e diff erence in 

[Cho] from pre-treatment baseline to one day following 

the initial doxorubicin administration demonstrated a 

statistically signifi cant (P  =  0.001) positive correlation 

with the diff erence in tumour size after four treatment 

cycles compared to baseline.

A 2009 1.5  T SV IWRM study by Baek et al. [45] 

assessed 35 breast cancer patients from pre-NACT 

baseline to the fi rst follow-up assessment following one 

to two cycles of doxorubicin and cyclophosphamide (DC) 

and a second assessment following either two further 

cycles of DC or a taxane-based regimen. Th ey reported 

that, at second follow-up, patients who went on to have a 

pathologically complete response were more likely to 

demonstrate a signifi cantly greater reduction in tCho 

concentration relative to the change in tumour size than 

those who had an incomplete response.

A small-scale 2010 1.5 T SV EPRM study by Tozaki et 

al. [46] assessing the response of 16 patients with breast 

cancer after two cycles of anthracycline-based NACT 

reported that there was a statistically signifi cant diff er-

ence (P  =  0.004) in normalised choline signal between 

pathological responders and non-responders. A 2008 in 

vivo EPRM study by the same group [47] compared the 

ability of the integral tCho signal to evaluate early res-

ponsive ness of breast cancer to NACT compared with 

use of the standardised uptake value with 18F-fl uoro-

deoxyglucose positron emission tomography (PET). Th ey 

reported that 1H-MRS is signifi cantly correlated with the 

peak standardised uptake value both during and follow-

ing NACT cycles (P = 0.03 and P < 0.001, respectively), 

demonstrating that 1H-MRS may represent a viable 

alternative modality to sequential PET examinations for 

this purpose.

Th e fi rst study to investigate the use of MRSI in 

assessing chemoresponsiveness was reported in 2010 by 

Danishad et al. [20]. Th e SNR approach was implemented 

in 25 patients at 1.5 T. Using ROC analysis, they reported 

that a baseline to post-third NACT cycle reduction in 

tCho SNR threshold of 53% showed a sensitivity and 

specifi city of 85.7% and 91%, respectively, for diff eren-

tiating clinical responders from non-responders. Clinical 

response was represented by a 50% reduction in tumour 

volume (baseline to post-third NACT cycle), as assessed 

by lesion size on palpation. Th e mean reduction in tCho 

SNR following one cycle of NACT was 27.8   7.8% for 

clinical responders and 8.6  3.9% for non-responders.

Such preliminary results highlight a promising method 

by which to approximate the eventual clinical response of 

a tumour to NACT. Larger-scale trials are necessary in 

order to further evaluate the utility of 1H-MRS for this 

purpose. Results from the recently completed North 

American multicentre ACRIN 6657 trial, which used 

1H-MRS and DCE-MRI to assess NACT response, are 

still pending.

Impact of gadolinium-based contrast agents on 
1H-MRS

Th e majority of previous in vivo 1H-MRS studies involved 

the identifi cation and localisation of one or more 

enhancing lesions based upon post-contrast imaging. 

However, this approach assumes the impact of gado-

linium-based contrast agents on spectroscopic results is 

negligible.

A 2009 study performed at 3 T by Lenkinski et al. [48] 

investigated the spectroscopic eff ect of six commercial 

gadolinium-based contrast agents (Dotarem®, Magnevist®, 

MultiHance®, Omniscan®, OptiMark® and ProHance®), all 

of which are currently approved for intravenous human 

use during MR examinations in the UK. Th is study 

examined the impact each of these agents had on the 

tCho peak using both phantom and rat cancer models.

Th ree of these agents (Omniscan®, OptiMark® and 

ProHance®) possess an overall neutral charge under 

physiological pH conditions, whilst the other three 

(Magnevist®, MultiHance® and Dotarem®) have a net 

negative (ionic) charge. Only the three ionic agents were 

found to bind, in an ionic manner, with choline. Th e 

interaction of these three particular agents with choline 

resulted in a mean reduction in the in vivo spectral tCho 

peak area of 40%, whilst the neutral agents showed 

minimal or no eff ect. Th ere was a statistically signifi cant 

diff erence in the average decrease in tCho peak area 

between the two agent groups in vivo (P < 0.001). Th e use 

of the aforementioned negatively charged agents might 

therefore result in underestimated choline levels in 

patients with underlying breast cancer. On this basis, the 

authors went on to recommend only the administration 

of neutral agents for breast MR examinations involving 

post-contrast image localised 1H-MRS protocols.

A 2011 in vivo study by Baltzer et al. [30] compared 

ionic (Gd-DTPA; Magnevist®) and neutral (Gd DTPA-

BMA; Omniscan®) contrasts, each at a concentration of 

0.1 mmol/kg of bodyweight. All 1H-MRS sequences were 

performed 10 to 12  minutes post-administration. Signi-

fi cantly (45%) lower tCho signal intensity was reported in 

women who were administered ionic contrast, refl ecting 

an agreement with the Lenkinski et al. breast cancer-

bearing rat results reporting a 40% decrease in tCho 

signal. No increase in false negative rates with qualitative 
1H-MRS was reported; however, it is important to 

emphasise the signifi cance of this contrast agent charge 

related bias with regard to the implementation of quanti-

tative lesion assessment and inter-study comparisons.

A 2005 in vivo study by Joe et al. [27] reported 

disadvantageous eff ects of the neutral charge Omniscan® 

on breast cancer lesion tCho resonance when 1H-MRS 
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was performed pre- and post-contrast. Th ere was a signi-

fi cant (P < 0.0001) decrease in tCho amplitude 15 minutes 

following a 20  ml bolus of Omniscan®, with an average 

decrease of 20% (range 3.3 to 52%). Th is study also 

reported non-signifi cant variations in tCho amplitude 

from examinations performed on separate days over a 

seven-day period, suggesting a greater impact of contrast 

on tCho amplitude compared to the variability of 

repeated measurements.

Given that usage of certain gadolinium-based contrast 

agents can be associated with a reduced tCho peak, there 

could be the potential for failing to detect malignancy or 

overestimating tumour responsiveness to NACT. A 2011 

3 T study by Kawai et al. [49] investigated whether the SV 
1H-MRS VOI could be positioned accurately on breast 

lesions before gadolinium-based contrast agent adminis-

tration, using a combination of diff usion weighted 

imaging (DWI) and fat suppressed T2 weighted imaging 

(T2WI). Using DCE-MRI performed later in the same 

MR session as the reference, the VOI was positioned 

entirely within the target lesion using DWI/T2WI in 64 

(65%) of 98 lesions. Th is group also compared the tCho 

resonances from the breast cancer lesions both before 

and after administration of Magnevist® (gadopentetate 

dimeglumine) in 44 of the patients with good pre-

contrast VOI positioning. Th ey reported that the integral 

of the tCho peak was signifi cantly greater in the pre-

contrast versus post-contrast 1H-MRS acquisitions 

(P < 0.001).

Conclusion
1H-MRS using the tCho biomarker can provide clinically 

benefi cial additional information in the context of breast 

lesion diagnosis and remains an area under active 

research. Th is adjunct modality involves the appending of 

at least an additional 10 minutes to the existing breast 

MR examination duration, with obvious repercussions on 

patient comfort and suitability. A growing number of 

higher fi eld strength commercial clinical MR systems 

featuring 1H-MRS capabilities are being implemented. 

Further large-scale multi-centre and model-based 

research geared towards examining reproducibility is 

imperative. Once robustly established, the technique has 

the potential to increase the clinical value of the breast 

MR examination.
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