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ABSTRACT 

Magnetic Resonance Imaging has gained popularity 
in breast cancer diagnosis since the introduction of 
contrast media, and recent developments in MRI 
have demonstrated a new potential use in diagnosis. 
Indeed, the application of in vivo spectroscopy to 
mammary tissue has revealed that the spectral ap- 
pearance of choline could be a marker of malignancy, 
but early diagnosis and unambiguous breast cancer 
characterization could benefit by a standardized 
protocol for the simultaneous use of Dynamic Con- 
trast Enhancement MRI and Magnetic Resonance 
Spectroscopy and combined interpretation of associ- 
ated markers. A total of 29 female patients took part 
in the study. The combined protocol was performed 
on a General Electric Signa HDtx 1.5 Tesla, and the 
DCE data analysis was performed through an evalua- 
tion of the ROI signal intensity over time. The MRS 
data analysis evaluated choline concentration and the 
signal to noise ratio of the choline peak. Sensitivity, 
specificity and accuracy were assessed by the Re- 
ceiver Operating Characteristic methodology for 
Dynamic Contrast Enhancement, Magnetic Reso- 
nance Spectroscopy and their linear combination. We 
performed a linear combination of Dynamic Contrast 
Enhancement MRI and 1H-Magnetic Resonance 
Spectroscopy by distribution free approach to obtain a 
high level diagnostic index. Combining the results of 
the two diagnostic tests has resulted in a new, very 
effective, diagnostic index able to discriminate be- 
tween patients with and without malignant disease. 
 
Keywords: Image Enhancement; Magnetic Resonance 
Spectroscopy; Receiver Operating Characteristic;  

Breast Cancer 

1. INTRODUCTION 

Accurate breast cancer diagnosis is essential to imple- 
ment successful treatments and to improve the patient’s 
quality of life. Magnetic resonance imaging began to 
spread as a tool for breast cancer diagnosis after the in- 
troduction of contrast media. In terms of Bi-Rads lexicon, 
Magnetic Resonance Imaging (MRI) sensitivity varies 
over a very wide range (from 20% to 100%) [1,2], while 
the specificity is around 88% [3].  

Recent developments in the MRI technique have 
demonstrated new potential diagnostic use in breast. Re- 
sults of the last ten years of applying in vivo Magnetic 
Resonance Spectroscopy (MRS) to mammary tissues 
have shown that the spectral appearance of Choline com- 
pounds could be considered a marker of malignancy. 
Sensitivity varies from 70% to 90% and specificity is 
around 86% [4-8].  

For early diagnosis and unambiguous breast cancer 
characterization, it is desirable to have a standardized 
protocol which provides for the simultaneous use of 
more than one technique. In general, when multiple di- 
agnostic tests are performed on the same patient it is 
theoretically possible to combine the individual informa- 
tion in order to optimize the diagnostic performance. 
Several statistical-medical authors have approached this 
problem by considering the linear combination of the 
markers which maximises, under specific assumptions, 
the area under the composite Receiver Operating Char- 
acteristic (ROC) curve [9-11]. In this paper, to obtain an 
optimized combination of Dynamic Contrast Enhance- 
ment-MRI (DCE-MRI) and MRS, we have applied the 
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“Distribution Free” approach, first introduced by Pepe 
[10] and further refined by Esteban [9]. We consider as 
biomarkers to combine just the wash-out curve type and 
the Choline presence (see next paragraph). The new di- 
agnostic index so obtained was able to discriminate be- 
tween diseased and non diseased patients better than the 
components generating it. At the best of our knowledge, 
it is the first attempt to produce a new marker by an ana- 
lytical combination of 1H-MRS and Dynamic Contrast 
Enhancement imaging in breast cancer MRI diagnosis. In 
a recent past, the combination of 1H-MRS and Dynamic 
Contrast Enhancement imaging has been tested by some 
Authors [12-16] the main goal of these works being a 
comparison between the ROC curves associated to indi- 
vidual exams and improving accuracy in diagnosis by a 
qualitative simultaneous evaluation of individual infor- 
mation.  

2. MATERIAL AND METHODS 

2.1. Subjects and Study Design 

In this retrospective study, a total number of 29 female 
patients were included. Clinically suspicious finding and/ 
or abnormalities detected with mammography and/or 
ultrasonography were consecutively referred for MR 
imaging from Division of Senology (Operative Unit of 
Radiology) at our institution. Histologic Type was as- 
sessed by surgery in 22 patients: 17 Invasive Ductal Car- 
cinoma (IDC), 3 Invasive Lobular Carcinoma (ILC), 1 
Intraductal Carcinoma and 1 Apocrine Carcinoma were 
found; 1 biopsy verification gave a cytological results 
negative for Malignant Tumor Cells (MTC); for the re- 
maining 5 patients a benign lesion has been assessed by 
clinical evaluation, imaging examination (MRI and/or 
mammography and/or ultrasound) and follow up. Results 
are summarized in Table 1. 

2.2. Data Acquisition 

The MRI/MRS protocol has been performed on a Gen- 
eral Electric Signa HDtx 1.5 Tesla clinical magnetic 
resonance. Patients have been introduced inside the gan- 
try in prone position and the breasts have been positioned 
between two plastic plates to ensure immobility. After 
the localizer scan, axial T2-weighted images have been 
acquired, using a Fast Recovery Fast Spin Echo sequence 
with TR/TE 5450/120 ms, field of view 40 cm, and slice 
thickness 4 mm. Following this sequence, axial T2- 
weighted Fat Sat pre-contrast images have been acquired, 
using a Fast Recovery Fast Spin Echo sequence, with 
TR/TE 5620/85 ms, field of view 40 cm, and 4 mm slice 
thickness. An axial 3D dynamic pulse sequence has been 
used for contrast imaging. The imaging parameters were: 
TR/TE 10 ms/3.6 ms, flip angle 10˚, and FOV 36 cm. A 

pre-contrast volume followed by six equally temporal 
spaced (60 seconds) contrast volumes, have been ac- 
quired. In this study, to ensure a correct localization of 
the MRS region, images were isotropically 3D resampled. 
By using a PRESS sequence (TE 144 ms, TR 1800 ms and 
number of acquisition 128) localized single-voxel 1H 
MR spectra have been acquired [17,18]. To increase the 
homogeneity of the signal over the whole breast volume 
an automatic shimming of the water resonance peak has 
been performed.  

2.3. Analysis of DCE Data 

Data analysis of DCE has been performed through the 
evaluation of the ROI signal intensity over the time. In 
accordance to Figure 1, the curve of wash-in and wash- 
out has been classified as type I, II and III [19].  

A type I curve shows a continuous signal increasing 
over the whole time and it is suggestive of benignity. A 
type II curve, after an initial signal increase, flattens out 
and is related to an intermediate probability for malig- 
nancy. A type III curve, after a sharp increase, shows a 
rapid fallout and it is indicative of malignancy. 

2.4. Analysis of Spectroscopic Data 

After Fourier transformation, manual phasing was used 
to correct each signal by using the zero-order phase of its 
water peak. Maximum peak value of the water signal 
was assigned to 4.7 ppm. We selected the frequency 
ranges (i.e., water = 4.2 - 5.2 ppm, lipides = 0 - 1.8 ppm) 
of the spectrum for pre-processing and quantisation. In 
order to measure the Choline peak, we performed a pre- 
processing including: zero-filling of 2084 points on the 
originally acquired 1024, Gaussian apodization filter of 5 
Hz bandwidth, and phase correction of the transformed 
spectrum. To quantify the amplitude of the Choline peak,  
 

 

F  igure 1. Time-signal DCE intensity curve for breast lesions. 
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Table 1. Summary of patients, lesions and markers (SNR = Signal to Noise Ratio; MTC = Malignant Tumor Cells; IDC = Invasive 
Ductal Carcinoma; ILC = Invasive Lobular Carcinoma; FU = Follow UP; FN = False Negative; FP = False Positive). 

Patient No. Histologic Type Verification DCE Type Choline SNR T 

1 IDC Surgery 3 0.73 3.12 2.092 

2 IDC Surgery 2 13.875 2.66 6.75 

3 IDC Surgery 3 4.6 1.59 3.64 

4 IDC Surgery 3 2.73 1 2.892 

5 IDC Surgery 2 2.77 1.4 2.308 

6 IDC Surgery 3 0 FN 0 FN 1.8 

7 IDC Surgery 3 8.73 3 5.292 

8 IDC Surgery 3 20 24.4 1.8008 

9 IDC Surgery 2 5.02 2.5 3.208 

10 IDC Surgery 3 2.81 2.63 2.924 

11 IDC Surgery 2 10.19 3 5.276 

12 IDC Surgery 1 FN 3.43 2.98 1.972 

13 Benign FU 1 0 0 0.6 

14 ILC Surgery 1 FN 0 FN 0 FN 0.6 FN 

15 Intraductal carcinoma Surgery 3 0 FN 0 FN 1.8 

16 Cytologic negative for MTC Biopsy 2 FP 0.8 FP 1 FP 1.52 

17 ILC Surgery 2 0 FN 0 FN 1.2 FN 

18 Benign FU 2 FP 0 0 1.2 

19 IDC Surgery 3 11.82 2.62 6.528 

20 ILC Surgery 2 0 FN 0 FN 1.2 FN 

21 Benign FU 1 0 0 0.6 

22 Benign FU 2 FP 0 0 1.2 

23 Benign FU 2 FP 0 0 1.2 

24 IDC Surgery 2 33 5.03 14.4 

25 Benign FU 1 0 0 0.6 

26 Carcinoma apocrino Surgery 3 3.38 1.7 3.152 

27 IDC Surgery 3 0 FN 0 FN 1.8 

28 IDC Surgery 3 10.34 3.78 5.936 

29 IDC Surgery 3 0 FN 0 FN 1.8 

 
a narrow frequency range (i.e., 2.92 - 3.52 ppm) was 
selected [12,20].  

To evaluate the Choline content of a selected region, 
two different approaches have been used: a semi-quan- 
titative method consisting in the image SNR evaluation 
and an absolute, “first-principles”, quantification. SNR 
has been defined as the ratio between the baseline-cor- 
rected Choline signal amplitude and the noise, evaluated 
as the standard deviation of the baseline in the 7.8 - 8.8 

ppm interval. 
For the absolute quantification of the Choline level, 

the internal reference method has been used [20]. 
The absolute quantisation of MRS data consists of the 

following steps: determination of the total signal inten- 
sity (integral of the signal), correction for relaxation ef- 
fects and then conversion of the corrected signal inten- 
sity into a concentration value. In the adopted internal 
water referencing method, the water peak of the unsup- 
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pressed spectra coming from the same voxel is used as 
an internal reference. The advantage of the internal ref- 
erencing is that it is simpler and more accurate than the 
external referencing method. It automatically accounts 
for several experimental uncertainties, like coil transmit 
and receive efficiency, voxel size, and water compart- 
mentalization with adipose tissue [21].  

The most widely used formula to calculate the abso-
lute tCho concentration with the internal referencing 
method is [20]: 
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and  2 tChoT  are the decay times of water and tCho in 
breast. 

The integral of signals amplitude have been calculated 
through AMARES algorithm (Advanced Method for 
Accurate, Robust and Efficient Spectral fitting) [22] 
supported by JMRUI software [23]). 

The quantification method was tested in a preliminary 
phantom study. Home-built phantoms were prepared for 
1H-MRS evaluation of the included metabolites by using 
the fully relaxed water peak as an internal reference. 
Four Choline chloride (ABX-Advance Biochemical com- 
pounds, Radeberg, Germany) phantoms with known 
concentrations of Choline chloride in pure water were 
used; the concentrations of Choline chloride were, in 
decreasing order: 5.57 mmol/kg, 2.79 mmol/kg, 1.39 
mmol/kg and 0.70 mmol/kg. Both signal linearity versus 
concentration and the absolute concentration perform- 
ance, at the different levels, were tested. Discrepancy 
between theoretical and experimental values was lower 
than 5%.  

2.5. Statistical Analysis 

ROC curve analysis is the most widely methodology 
used to measure accuracy, sensitivity and specificity of 

diagnostic tests based on continuous or ordinal data [24, 
25]. 

This kind of analysis was first applied to DCE curve 
type and Choline concentration data to evaluate sensitiv- 
ity, specificity and accuracy of the two single markers. 

Then we generated a new diagnostic index by linearly 
combining DCE and Choline data. In a general sense, 
this problem has been assessed by the pioneering work of 
Su and Liu [11]. The Authors found the best linear com- 
bination of two indexes under the hypothesis that the two 
markers follow a normal distribution both for diseased 
and non-diseased patients. As the results of medical tests 
include continuous, ordinal or dichotomous variables, 
normal assumption can be too restrictive. More recently 
Pepe and Esteban [9,10] have extended the method 
without making assumption on the distribution of the 
variables (distribution free approach). Following the 
spirit of these works, we adopted a linear combination of 
the two tests of the form: 1 2 , where 1T aI bI  I  and 

2I  are the Choline content and DCE type curve tests 
respectively, while and a and b are the positive normal- 
ized weights of their linear combination, satisfying the 
condition 1a b  . In the cited papers, the best linear 
combination is the one able to maximize the Area Under 
the Curve (AUC) of the composite test. This latter is 
calculated by the trapezoidal rule or, equivalently, the 
Wicoxon-Mann-Whitney (WMW) U statistic. If we as- 
sume that we have Dn  observations truly classified as 
diseased patients, D = 1, and Dn  observations corre- 
sponding to non-diseased patients, D = 0, we can write 
the results of the tests for diseased study as 1

D
iI , 2

D
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Since  AUC ,a b  is not a derivable function of 
 ,a b , a search rather than a derivative-based method 
has been suggested for its maximization [9,10].  

ROC analysis of the best empirical linear combination 
of the two markers has been compared to the individual 
ones.  

Tests have been classified as excellent if 0.90 < AUC 
≤ 1, as good if 0.80 < AUC ≤ 0.90, as fair if 0.70 < AUC 
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≤ 0.80, as poor if 0.60 < AUC ≤ 0.70 and fail if AUC ≤ 
0.6.  

3. RESULTS 

3.1. In Vivo MRS 

Baik et al. [20] determined water and Choline decay 
times T1 and T2 at 1.5 T in breast:  = 750 ms, 

2 2  = 97 ms,  = 1500 ms and 
1 2H OT 

H OT 1 tChoT  2 tChoT  
= 270 ms. Using this values in Equation (1) absolute 
Choline concentration in our study vary in the range [0 - 
33 Mm/Kg] (Table 1) that is in accordance with values 
reported in literature [4,20,26,27].  

Sensitivity and specificity associated with MRS Cho- 
line level of the breast have been estimated by ROC 
curve evaluation. The corresponding ROC curve is de- 
picted in Figure 2.  

Using a Choline cut-off value of 0.73 mM/Kg, the 
specificity of the test is 85.7% (95% confidence interval: 
59.8%, 100%) and sensitivity is 68.2% (95% confidence 
interval: 48.7%, 87.6%). The accuracy of the test as 
given by the Area Under the ROC curve (AUC)-WMW 
U statistic—is 0.812. The test can then be classified as 
good. In the last quoted figure, we reported both the 
Choline absolute quantization and Choline SNR curves. 
The two graphs are almost identical. For a cut-off value 
of SNR Choline of 1.4, specificity, sensitivity, true posi- 
tive and false positive cases are the same as quantitative 
Choline (Table 1). AUC is 0.815. The test can be classi- 
fied as good. A study of correlation (see Figure 3), by 
Pearson Test, among the two indexes shows a high de- 
gree of correlation (rho value = 0.7; p value = 4.3 × 10−4). 
The absolute Ch concentration method is characterized 
by a low variability of the cut-off value reported in pre- 
vious works [13,20,26,28] and this statement has been 
confirmed by a multi-centre study [29]. The SNR method 
[26,30] is easier to apply. In our work the two methods 
give almost identical results and the diagnostic power of 
the two indices, in our patient group, is not statistically  
 

 

Figure 2. Receiver operating characteristic curve for the two 
choline markers (absolute concentration and SNR). 

different (p > 0.05) More work seems required for a 
comparative evaluation of the two methods. 

3.2. DCE 

As shown in Figure 1 specific patterns of enhancement 
have been defined as persistent (type I), plateau (type II), 
and washout (type III) (values for patient are reported in 
Table 1). Sensitivity and Specificity associated with 
DCE curve classification have been estimated by ROC 
curve evaluation whose plot is depicted in Figure 4. 
Type II and type III curves are indices of disease with a 
sensitivity of 90.9% and a specificity of 42.8%. Accu- 
racy of the test as given by AUC is 0.84. The test can be 
classified as good.  

3.3. Statistical Combination 

The best linear combination T maximizing AUC for the 
composite test is obtained with the couple (a = 0.4, b = 
0.6). The obtained T values for patient are reported in 
Table 1. The corresponding ROC curve is plotted in Fig- 
ure 5 (blue line) together with the ones relative to the 
individual test (red line for Choline concentration and 
green line for DCE). As expected, the composite test 
gives a better performance that the two individually. 
 

 

Figure 3. Correlation study between Choline concentration and 
SNR. 
 

 

Figure 4. Receiver operating characteristic curve for DCE 
curve type. 
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Figure 5. Comparison of Receiver operating characteristic 
curves among the linear combination T of the two tests and the 
individual ones (Choline and DCE). 
 
Moreover the obtained values of a and b parameter is in 
accordance with the fact that DCE curve type accuracy is 
better than Choline one in discriminating between dis- 
ease and not-disease cases. For a cut-off value of 1.8 of 
the composite test, sensitivity is 86.4% and specificity is 
100%. The AUC is 0.96. The statistical combination of 
the two tests can be classified as excellent. In particular, 
at the cut-off value, the number of false positive is zero 
so that biopsies become unnecessary.  

4. DISCUSSION 

DCE-MRI has been widely used to improve the specific- 
ity of MRI in characterizing breast lesions [1-3]. The 
most widely used form of DCE-MRI analysis is the as- 
sessment of the type of time-signal intensity curve (i.e., 
kinetic curve) by categorizing the washout pattern of a 
gadolinium contrast agent. Despite the good results 
reached within this technique, in our study, the number 
of false positive cases going through unnecessary biopsy 
approaches the 14% of total population. The results here 
reported are in good accordance with literature [19] 
where a positive washout phenomenon (type III) is asso- 
ciated with a likelihood of breast cancer of 87% (100% 
in our study); whereas a progressive signal intensity in- 
crease (type I) is associated with a likelihood of breast 
cancer of only 6% (6.8% in our study), irrespective of 
other imaging findings that are used for the diagnosis; 
and, finally, a plateau signal intensity time course (type 
II) is seen both in malignant and benign lesions but with 
a distribution of three to two (as in our study). Therefore, 
a type II time course is generally used to support the sus- 
picion of breast cancer. 

By contrast, MRS study of the Choline peak as marker 
of malignancy manifests a higher precision in classifying 
false positive, but the true positive score is worse than in 
DCE classification. The cut-off value is a little bit lower 
than reported in literature. Sensitivity and specificity are 
in full accordance with previous works [13,20,26,28]. 

The composite test (DCE + MRS) here described, per- 
formed in an excellent way (AUC = 0.96) in discrimi- 
nating between disease and not disease cases, showing a 
significantly better performance than the two individual 
components, here classified as good (AUC = 0.82 for 
Choline and AUC = 0.84 for DCE). Sensitivity and 
specificity of the best linear combination are 86.4% and 
100%, respectively.  

Moreover, for the composite test, the rate of false posi- 
tive is zero so overcoming the problem of unnecessary 
biopsy characterizing the two components individually. 
The 19 true positive cases have been classified as Inva- 
sive Ductal Carcinoma (IDC) in 16 cases, Intraductal 
carcinoma in one case and apocrine carcinoma in one 
case. The 3 false negative have been classified as Inva- 
sive Lobular Carcinoma (ILC). From our data, it seems 
that the joint use of DCE and MRS does not encompass 
the problem of misdiagnose of ILC characterizing MRS 
and DCE indexes and ascribable to the weak or absent 
angiogenic activity associated with this kind of cancer 
[3,19].  

The most of previous works analyzing spectroscopic 
metabolites as potential markers of malignancy limit to 
calculate sensitivity and specificity associated to choline 
and/or other metabolite (water/fat ratio, ...) without quan- 
tify the added values of spectroscopy on DCE-MRI [4, 
7,8,20,21,24,26,28,31-34]. To the best of our knowledge 
only five works try to assess benefits deriving by the 
joint use of the two techniques [12-16]. Jacobs et al. 
(2004) analyze 9 patients regarding morphology, en- 
hancement curve and Choline SNR. Their analysis is 
qualitative and concludes that a combination of DCE and 
MRS may improve specificity. In 2005 Meisamy et al. 
conducted an analysis on 55 patients. Four radiologists 
assessed the percentage probability of malignancy based 
on morphologic features, time-signal intensity curve and 
choline concentration. On the basis of this percentage 
ROC curves have been generated showing a mean sensi- 
tivity, specificity and accuracy (94%, 57% and 90%) 
greater than DCE-MRI (87%, 51% and 73%) and MRS 
(69%, 90% and 83%). Dorrius et al. (2012) analyze in 24 
patients the Birads index and Choline concentration 
showing that MRI alone manifests a sensitivity of 100%, 
specificity of 45.5% and accuracy of 96% while accuracy 
of MRS is 100%. A qualitative analysis of the joint use 
of the two techniques brings them to conclude that MRS 
can improve the accuracy of DCE-MRI. Lipnick et al. 
(2010) analyze in 18 patients the enhancement curve and 
some metabolites ratio. As in our works they calculate 
sensitivity and specificity associated to dynamic curve 
type obtaining 100% and 70%, respectively. Finally, they 
show that two malignant lesion having plateau curve 
enhancement show a choline SNR greater than cutoff 
value while one malignant lesion having Choline SNR      
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Table 2. Sensitivity (Se), specificity (Sp) and accuracy (Ac) of DCE, MRS and their combination. 

DCE MRS Combination 
 N patients 

Se% Sp% Ac% Se% Sp% Ac% Se% Sp% Ac% 

Our work 29 91 43 84 68 86 82 86 100 96 

Meysamy (2005) 55 87 51 73 69 90 83 94 57 90 

Lipnick (2010) 18 100 70 - - - - 100 100 - 

Dorrius (2012) 24 100 45 96 - - 100 - - - 

 
lower than cutoff manifests a washout pattern. They con- 
clude that the joint use of the two techniques brings to 
the correct diagnosis of all subjects in their study (sensi- 
tivity and specificity both equal to 100%). Even if the 
previously reported results go in the same direction of 
ours (see Table 2) they have to be considered as indica- 
tive of a predictable behaviour able to find an initial de- 
monstration in our work. In contrast to the described 
papers ours represents a first attempt to introduce a for-
mal mathematical treatment of combined DCE-MRI and 
1H-MRS spectroscopy resulting in the definition of a 
new marker whose accuracy is superior to the compo- 
nents generating it. Our pilot findings from a total of 29 
subjects needs to be supported by other exams in order to 
assess statistically believable performance data of the 
new diagnostic index.  

 OPEN ACCESS 

Moreover, it would be very interesting to evaluate if a 
more refined analysis of DCE curves enhancement (with 
the dynamical parameter ktrans evaluation [35]) and/or the 
joint use of MRS, DCE and morphological properties 
could encompass the problem of false negative findings. 
The removal of these limitations is in progress in our 
institutions. 

5. CONCLUSION 

The new composite index (DCE + MRS) manifest a 
higher performance than the two single tests in discrimi- 
nating between disease and not-disease cases. This result 
is in full accordance with previous qualitative analysis 
[12-16]. Despite the small number of the subjects inves- 
tigated, the obtained results are an encouraging factor to 
prosecute the research of MR composite indices. 
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