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A B S T R A C T

Purpose: Dynamic contrast enhanced MRI (DCEMRI), diffusion weighted imaging (DWI) and in vivo proton (1H)
magnetic resonance spectroscopy (MRS) provides functional and molecular nature of breast cancer. This study
evaluates the potential of the combination of three MR parameters [curve kinetics, apparent diffusion coefficient
(ADC) and total choline (tCho) concentration] determined from these techniques in increasing the sensitivity of
breast cancer detection.
Methods: MR investigations were carried out at 1.5 T on 56 patients with cytologically/histologically confirmed
breast carcinoma. Single-voxel MRS was used to determine the tCho concentration. 3D FLASH was used for
DCEMRI while single shot EPI based DWI was used for ADC determination.
Results: On DCEMRI, one patient showed type I curve, while 8 showed type II and 47 showed type III curve thus
giving a sensitivity of 83.9% as detection rate of malignancy. tCho concentration was above cut-off value
(2.54mmol/kg) for 50/56 cases giving a sensitivity of 89.3%. Among 9 indeterminate DCEMRI cases, tCho
showed malignancy in 6 cases with type II curve. DWI detected malignancy in 54/56 cases that included 9 cases
that were false negative on DCEMRI, yielding a sensitivity of 96.4%. A total of 54 cases showed malignancy
when any two of the three MR parameters was positive for malignancy yielding a sensitivity of 96.4% while it
increased to 100% when any one parameters showed positive result.
Conclusion: DWI showed highest sensitivity of detection compared to DCEMRI and MRS. Multi-parametric ap-
proach yielded 96.4% and 100% sensitivity when any two or one of the three parameters was taken as positive
for malignancy, respectively. Also the results demonstrated that addition of DWI and MRS play a significant role
in establishing the final diagnosis of malignancy, especially in cases where DCEMRI is indeterminate.

1. Introduction

Breast cancer is a significant healthcare concern due to high mor-
tality and morbidity associated with it, worldwide [1]. Early diagnosis
of the disease is an essential step towards successful treatment and for
increasing the survival rate of breast cancer patients. Dynamic contrast

enhanced magnetic resonance imaging (DCEMRI) of breast has become
a standard technique for diagnosis of breast lesions [2]. It has found
important applications in the detection of mammographically occult
lesions and in providing detailed morphological extent and kinetics of
breast lesions. Combined use of both architectural and contrast en-
hanced kinetics features has significantly improved the diagnostic
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ability of DCEMRI [2]. However, there are limitations in its specificity
due to overlap between morphological features and kinetics patterns of
benign and malignant lesions [2,3].

Diffusion weighted imaging (DWI) is one of the recent additions in
clinical MR workup. It provides information on diffusion of water
molecules in the tissues, quantified as apparent diffusion coefficient
(ADC) and has shown potential in characterizing breast lesions [4–6].
Several studies have documented that malignant lesions were char-
acterized by lower ADC values in comparison to benign lesions [4–6]
which was attributed to high cellularity of malignant tumors [7,8].
Studies have demonstrated that addition of DWI increased the specifi-
city of DCEMRI [4,9–11] and the T2-weighted imaging [4,6]. However,
the major limitation of DWI is that the small cancer foci may not clearly
be seen on ADC maps [4,6,10,12].

Another MR technique, in-vivo magnetic resonance spectroscopy
(MRS), offers unique information on the biochemical characteristics
associated with the malignant transformation in a non-invasive manner
[13–26]. The diagnostic ability of MRS is essentially based on the de-
tection of increased levels of choline containing compounds (tCho) in
malignant breast lesions which have been shown to differentiate them
from benign lesions and augment the specificity of MRI [13–26]. Cho-
line containing compounds such as phosphocholine and glyceropho-
sphocholine serve as precursors of membrane phospholipids. Increased
levels are attributed to increased membrane biosynthesis reflecting
proliferation of tumors [15,27]. Quantitative estimate of the con-
centration of tCho using in vivo MRS and the cut-off values of tCho
concentration in the differentiation of malignant from benign breast
lesions have also been reported [19,20].

Though the role of various MR techniques has been evaluated in
breast lesions, there are no well-defined guidelines for the use of var-
ious MR parameters (as standalone or in combination) for the diagnosis
of breast lesions in a clinical setting. Recently, several studies docu-
mented that combination of two or three MR parameters like ADC,
contrast kinetics features and tCho have exhibited potential of enhan-
cing the diagnostic ability of MR based approach [25,26,28,29]. We
have earlier briefly reported the role of ADC in characterizing the
malignant breast lesions with indeterminate DCE findings [5]. In the
present study, we included the results of 1H MRS in these patients and
retrospectively evaluated the role of multi-parametric approach of
combining the data from DCEMRI, DWI and MRS in increasing the
sensitivity of detection of breast lesions.

2. Material and methods

2.1. Patients and controls

A total of 56 women with cytologically/histopathologically proven
locally advanced breast cancer [with stages IIB and III (A, B, & C)]
attending the breast cancer clinic of our Institute were enrolled for this
study during the period 2012–2016. All patients underwent all three
MR examinations, DCEMRI, DWI and 1H MRS and the data was retro-
spectively evaluated. The study was approved by the institute ethics
committee and written informed consent was obtained from all pa-
tients. Patients were evaluated based on triple assessment criteria that
comprised of physical examination, radiological examination (ultra-
sound/mammography) followed by pathological evaluation [fine
needle aspiration cytology/core biopsy]. An experienced radiologist
(SH) evaluated the mammography images and reported Breast imaging
Reporting and Data System (BI-RADS) classification of lesions prior to
MRI and histopathological evaluation. Malignancy was confirmed using
histopathological evaluation of ultrasound guided/core needle biopsied
tissue. Diagnosis of lesions was based on histopathology of core biopsy
in 54 patients while in two patients cytology of fine needle aspirate was
performed. Clinical staging of all lesions was in accordance with
American Joint Committee on cancer (AJCC) tumor, node, and metas-
tasis (TNM) staging criteria. Immuno-histochemical (IHC) examination

of biopsied tissue was performed to determine the expression status of
hormonal receptors like estrogen receptor (ER), progesterone receptor
(PR) and human epidermal growth factor (HER2/neu). Metastatic
workup included liver function tests, chest roentgenograms, ultrasound
of the abdomen and pelvis and bone scan.

2.2. Inclusion and exclusion criteria

The inclusion criteria include patients with cytologically/histo-
pathologically proven malignant lesions (with stage IIA, IIB and IIIA,
IIIB+C). Patients with metastasis, atypia, claustrophobic, on prior
treatment, radial scar, pregnant, using contraceptive pills, metallic
implants, pacemaker, etc., and also those not willing to take part in the
study, were excluded.

2.3. Magnetic resonance imaging (MRI) and dynamic contrast enhanced
imaging (DCEMRI)

MR investigations were performed using a four channel phased
array breast matrix receiver coil at 1.5 T (Magnetom AVANTO, Siemens
Healthcare Sector, Germany). Patients were positioned in a head first
prone position with both the breasts fitting into the cups of the double
breast coil. Following the scout images, short tau inversion recovery
coronal images were acquired with a TR and a TE of 6940ms and
58ms, respectively with a slice thickness of 3mm and a matrix size of
320× 256. Also, fat suppressed MR images were acquired in transverse
and sagittal planes (TR and TE of 6270 and 102ms; slice thick-
ness= 3mm with no gap; matrix size= 512×440). DCEMRI in the
axial plane was carried out using a fat-saturated 3D FLASH sequence
with the following parameters: TR and TE of 5.46 and 2.53ms, re-
spectively; flip angle= 12o; matrix size= 305×448; slice thick-
ness= 1.4mm with no gap. Gadolinium-diethylene triamine penta
acetic acid (Gd-DTPA) contrast agent (0.1 mmol/kg) was injected using
automatic injector at a rate of 2ml/s followed by saline flush. One pre-
followed by 5 post‑gadolinium image series were acquired with a total
acquisition time of 5.5min (6×55 s).

2.3.1. Tumor volume calculation
The subtracted axial dynamic MR images (pre-contrast subtracted

from post-contrast) were used for the measurement of tumor volumes.
Tumor area was segmented manually slice-by-slice using free hand ROIs
in all slices (no inter slice gap) in which the tumor was visualized by
one of the authors (KA) under the guidance of an experienced radi-
ologist (SH). Perimeter method was used for calculating the tumor
volume: volume= ST (A1+A2…An) here ST refer to the slice thickness
and An the area of the tumor in nth slice.

2.4. Diffusion weighted imaging (DWI)

DWI sequence was calibrated at 25 °C using single compartment
phantoms of water and acetone. The mean ADC for water and acetone
were 2.25 ± 0.03×10−3 mm2/s and 4.1 ± 0.17×10−3 mm2/s re-
spectively and is in agreement with the earlier literature report [8].
Reproducibility of ADC measurements were checked with repeated
measurements and the coefficient of variance calculated were within
1% and 4% of error limit for water and acetone, respectively. Diffusion
weighted imaging was performed prior to DCEMRI. Multi-slice single
shot echo planar imaging (SS-EPI) sequence was used to acquire DW
images in the transverse plane covering both the breasts. The diffusion
gradients were applied along the orthogonal direction concurrently to
reduce motion artifacts. The parameters used for DWI were: b= 0, 500
and 1000mm2/s; TR= 5000ms; TE= 87ms; field of view
(FOV)=250–350mm; number of averages= 1; EPI factor= 128; ac-
quisition matrix= 128×128; and slice thickness= 4 to 5mm without
any inter slice gap. The total acquisition time was 42 s.
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2.4.1. ADC measurements
ADC maps were constructed using the standard software provided

by the manufacturer. Tumor region of interest (ROI) were manually
delineated on a single slice with largest diameter on ADC map by one of
the authors (KA) under the supervision of an experienced radiologist
(SH). Care was taken to select areas that were hyperintense on DCEMR
subtracted images (pre-contrast subtracted from post-contrast), and on
DWMRI while hypointense on ADC maps. Multiple non-overlapping
contiguous circular ROIs of five pixels each (size= 0.49 cm2) were
drawn manually on the hypointense areas covering the entire tumor
region visualized on a single slice. However, care was taken to exclude
areas of necrosis or fibrosis and parenchyma based on enhancement
seen on DCEMRI. The average value of these ROIs is reported as ADC of
the lesion. The mean number of ROIs used for malignant cases was 20
(range 2–137).

2.5. In vivo 1H magnetic resonance spectroscopy (MRS) and tCho
calculation

Localized single voxel in vivo 1H MRS was performed after DCEMRI
using point resolved spectroscopy (PRESS) pulse sequence. A voxel was
positioned within the tumor region avoiding the necrotic areas using
reference MR images in three planes i.e., axial, sagittal and coronal. The
voxel size was dependent on the tumor volume and it ranged from
10×10×10mm3 to 10×35×45mm3. The parameters used with
PRESS pulse sequence were: TR=1500ms; TE=100ms; dummy
averages= 8; averages= 128; spectral width=1000 Hz; vector
size= 1024; with a total acquisition time of 3.18min. Dummy averages
were included to obtain steady state magnetization. At long TE though
the signal intensity for tCho is less, but enhances its detection by re-
ducing the intense contribution from lipid signals [13,14]. Thus, long
echo times (≥100ms) have been recommended for improved visibility
of tCho signal in breast MRS [13–15]. Voxel level manual shimming
was carried out for each patient and the line-width of the water re-
sonance ranged from 8 to 20 Hz. A frequency-selective pre-saturation
pulse for water suppression was used with water bandwidth of 50 Hz.
Spectral lipid suppression was achieved using a bandwidth of 1.8 ppm
with the start and end frequencies for the fat region are at 2.2 ppm and
0.4 ppm, respectively.

A spectrum without water and lipid suppression from the same
voxel was acquired with a TR of 2000ms, an echo time of 100ms with
the dummy average= 1 and number of average=1. For tCho con-
centration calculation, the internal water signal was used as reference
using the formula of Bolan et al. at 4.0 T [16] which was later modified
for 1.5 T by Baik et al. [18]. Correction factors were applied to account
for T1 and T2 values of water and tCho signal. Baik et al. [18] calcu-
lated the T1 and T2 values for Cho and water at 1.5 T (T1 of
Cho=1500ms, T1 of water= 750ms,T2 of Cho=270ms, and T2 of
water= 97ms). Substituting these values, the tCho concentration can
be calculated as described by us earlier [20] using the equation given
below:

= × ×
−[Cho] (I 10 ) 8792.78 mmol/kgCho

5

where (ICho) is the integral of tCho peak.
Post-processing of spectra was carried out using Syngo GRACE

software provided by the manufacturer. The unsuppressed water spec-
trum was used for both phase and eddy current corrections. For base
line correction, a 2.0-Hz line broadening was used with a polynomial
order 5.

2.6. Data analyses

The interpretation of DCEMRI data of cytologically/histopatholo-
gically proven malignant breast lesions included in this study was
carried out based on the types of contrast enhancement curves by an
experienced radiologist (SH). The types of curves were defined

according to delayed-phase enhancement as persistent, continuing
steady increase in signal intensity as type I; plateau, wherein signal
intensity does not change in the delayed phase as type II; and type III as
washout curves [2,30,31]. According to kinetic analysis, malignant
breast lesions with type I and II curves were designated as in-
determinate DCE findings. A cut-off value of ADC [5] and tCho con-
centration [20] for the differentiation of malignant and benign lesions
reported using receiver operating characteristics (ROC) analysis was
used to define the malignancy in the present study. Accordingly, breast
lesions that had an ADC value of ≤1.23×10−3 mm2/s [5] were con-
sidered as positive for malignancy. The tCho peak was observed in all
patients investigated in water+ lipid suppressed spectrum and its
concentration was calculated as stated earlier [20]. No spectrum was
discarded due to poor quality. The lesions that had tCho concentration
value ≥2.54mmol/kg were categorized as positive for malignancy by
MRS [20].

Sensitivity of detection of malignancy by individual parameters
(DCEMR curve type, ADC and tCho levels) was calculated using curve
analysis and cut-off values given above. The combined analysis of
DCEMRI, DWI and 1MRS was carried out using the following criteria:
breast lesion was considered positive for malignancy (i) if all 3 para-
meters are positive, (ii) if any two of the three parameters were posi-
tive, and (iii) if any one of the parameters was positive [25].

3. Results

Table 1 summarizes the clinical characteristics, AJCC stage, DCE
curve type, histopathological sub-types, BI-RADS categories and the
receptor status of patients included in this study. Tumor volume was in
the range of 2.21 to 341.2 cm3 (Mean ± SD: 73.7 ± 77.04 cm3;
Median 51.2 cm3). Breast lesions were classified in BI-RADS categories

Table 1
The clinical characteristics of patients.

Characteristic Number of patients (n=56)

Age in years [Mean ± SD; (range)] 42.8 ± 10.6; (19–70)
Tumor volume (range in cm3) 2.21–341.2
Menopausal status
Premenopausal 29
Postmenopausal 27

AJCC stage
IIA 12
IIB 11
IIIA 9
III (B+C) 22

Hormone receptor status
ER positive 30
ER negative 23
PR positive 26
PR negative 26
Her2neu positive 20
Her2neu negative 31

DCE curve type
I 1
II 8
III 47

Histology
IDC 50
IDC+DCIS 3
Papillary carcinoma 1
DCIS+Cribriform 2

BIRADS
III 1
IV 11
IVb 2
IVc 2
V 28
VI 11

Note. AJJC staging for 2 patients, BIRADS for 1, ER status for 3, PR status for 4,
and Her2 neu status for 5 patients was not available.
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based on the evaluation of mammography prior to histopathology and
MR imaging as shown in Table 1. The 56 breast lesions were classified
as follows: 11 lesions as BI-RADS VI, 28 lesions as BI-RADS V, 11 lesions
as BI-RADS IV, 2 lesions as BI-RADS IVb, 2 lesions as BI-RADS IVc and
one lesion as BI-RADS III, as shown in Table 1. BI-RADS classification
was not available for one lesion. All lesions were proven malignant on
cytologically/histopathologically evaluation and the details are as
presented in Table 1.

Fig. 1a shows the axial DCEMR image of a 56-year-old patient suf-
fering from infiltrating ductal carcinoma (IDC). The DCEMRI demon-
strated a washout pattern of type III as shown in Fig. 1b. The lesion is
seen as hypointense area on the ADC map (Fig. 1c) while MRS showed
an intense peak due to tCho (Fig. 1d).

Table 2 presents the individual data of histology, AJCC stage,
BIRADS, tumor volume, DCE curve type, ADC and tCho for the 14 cases
that showed false negative results using either one or two of the

parameters. DCEMRI indicated type III curve in 47/56 patients giving a
sensitivity of 83.9% for the detection of malignancy. 9/56 patients
showed indeterminate DCEMRI findings. Of these, 8 showed type II
curve, while one patient had type I curve (Table 3). Histology results
revealed 6 cases as IDC and one each as ductal carcinoma in situ, ductal
carcinoma in situ+ cribriform and papillary carcinoma, respectively.

ADC was below cut-off value (1.23× 10−3 mm2/s) for 54/56 cases
indicating malignancy thus yielding a sensitivity of 96.4%. DWI was
positive for malignancy in all the 9 cases that showed negative findings
on DCEMRI [5] (Table 2). However two patients that were positive on
DCEMRI with type III curve demonstrated false negative findings on
DWI. The histology of these 2 lesions characterized them as IDC.

The tCho concentration was above cut-off value in 50/56 cases,
indicating malignancy with a sensitivity of 89.3%. Of the 9 false ne-
gative DCEMRI cases, tCho was able to detect malignancy in 6 cases
with type II curve. Also, 3 cases that were positive on DCEMRI with

Fig. 1. (a) Representative DCEMR image of a 56-year-old locally advanced breast cancer patient suffering from IDC, and (b) the corresponding type III curve obtained
from the ROI positioned on the lesion. (c) shows the ADC map while (d) is the in vivo 1H MR spectrum of the same patient.
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type III curve demonstrated false negative findings on MRS (Table 2).
Further, the sensitivity to detect malignancy was calculated using

the multi-parametric approach (Table 3). If all 3 MR parameters were
considered positive for malignancy then the sensitivity was 75%. While
if any two MR parameters were taken as positive, the sensitivity
reached to 96.4%. But 100% sensitivity was achieved when anyone of
the three parameters was taken as positive for malignancy.

4. Discussion

Multi-parametric MR of using DCEMRI, DWI and MRS provides both
functional and molecular information of breast lesions. Several studies
have assessed the potential of combining data from DCEMRI and DWI in
characterizing breast malignancy [25,26,28,29]. However, only two
studies have reported the utility of a combination of multi-parametric
approach based on DCEMRI, ADC and MRS in the diagnosis of breast
lesions [25,26]. We have earlier documented the potential of ADC in
detecting malignancy in indeterminate DCE findings [5]. In the present
study, the results of MRS were included into the above data set [5] and
evaluated the potential of combination of using DCEMRI, DWI and MRS
data in detecting the malignancy in cytologically/histopathologically
proven breast cancer cases.

Our results indicated that the sensitivity of detection of malignancy
based on DCEMRI was 83.9%, while MRS showed an increased sensi-
tivity of 89.3%. Among the 9 indeterminate DCEMRI cases, MRS de-
tected malignancy in 6 cases. Increased diagnostic accuracy of DCEMRI
in combination with 1H MRS have been reported [32,33]. The

sensitivity and specificity of 1H MRS for breast malignancy was re-
ported to be in the range of 46 to 100% and between 75 and 100%,
respectively [13–25,32–36]. Tozaki et al. [34] showed an increase in
the sensitivity of 1H MRS from 44% to 82% after exclusion of lesions of
smaller size than 1.5 cm and non-mass lesions with BI-RADS IV and V
suggesting that the lesion size was important in detecting tCho using
MRS [15,34].

Comparing data from DCEMRI and DWI, of the 56 lesions, 9 were
false negative on DCEMRI, however, DWI showed all of them as positive
for malignancy when an ADC cutoff of 1.23× 10−3 mm2/s was used
[5,37,38] This finding demonstrated that the addition of DWI increases
the sensitivity (96.4%) and the diagnostic accuracy of breast cancer
[25,26,29].

The sensitivity of detection of malignancy was evaluated using
multiparametric approach. When all three or any two or any one of the
3 MR parameters were taken as positive for malignancy, then the sen-
sitivities for detecting malignancy were 75%, 96.4% and 100%, re-
spectively. Pinker et al. [26] reported a sensitivity of 100% with an
increase in specificity from 64.1 to 87.2% when at least two out of the
three techniques yielded positive findings. On the contrary Aribal et al.
reported decreased sensitivity and specificity of DCEMRI, DWI and MRS
when used in combination than DCEMRI alone [25]. Additionally,
Pinker et al. also reported that the accuracy of BI-RADS reading com-
bined with DWI was better than DCEMRI alone [39].

1H MRS can be used as an adjunct modality in clinical practice for
cases classified as BI-RADS III and IV [32]. In the present study, MRS
and DWI were able to detect malignancy correctly in 4 cases with BI-
RADS IV that were false negative on DCEMRI. MRS failed to detect
malignancy in a false negative case on DCEMRI with BI-RADS III,
however, it was positive on DWI. Thus our study indicated that multi-
parametric MR approach may be useful in accurate diagnosis of lesions
with BI-RADS III and IV.

In this study we used quantitative estimate of absolute concentra-
tion of tCho and classified the malignancy based on tCho cut-off value
obtained from our earlier study [20] compared to other literature stu-
dies [25,26]. Both Aribal et al. [25] and Pinker et al. [26] used only
semi-quantitative estimate of tCho for classifying malignancy. In our
study, tCho was seen in all 56 lesions. However in 4 false negative
findings of MRS, the tCho concentration was in the range of 2.27 to
2.51mmol/kg, which was marginally lower (1.2 to 10.6%) than the
cut-off value used (2.54 mmol/kg). In an earlier study, a tCho cut-off

Table 2
Histology, curve type, ADC (×10−3 mm2/s), tCho (mmol/kg), AJCC stage and BIRADS of 14 breast cancer patients that had false negative findings either on one or
two MR parameters.

S. No. Patient no Histology Curve Type ADC tCho AJCC stage BIRADS

False negative DCE, true positive ADC and true positive MRS
1. 7 IDC II 1.16 3.64 IIB V
2. 30 IDC II 0.95 6.78 IIIA IVb
3. 32 IDC II 0.98 7.84 IIB IV
4. 39 Papillary carcinoma II 1.02 3.62 IIB V
5. 42 IDC II 0.97 5.71 IIIB+C IV
6. 43 IDC II 0.92 4.3 IIIA IV

False negative DCE, true positive ADC, false negative MRS
7. 33 DCIS I 1.09 1.03 IIB V
8. 22 DCIS+Cribriform II 0.97 2.37 IIB V
9. 41 IDC II 0.98 2.27 IIA III

True positive DCE, true positive ADC, false negative MRS
10. 3 IDC+mucinous carcinoma III 0.87 2.46 IIB IV
11. 37 IDC III 0.98 2.51 IIA IV
12. 51 IDC III 1.01 1.35 IIIB+C VI

True positive DCE, false negative ADC, true positive MRS
13. 21 IDC III 1.31 3.45 IIIA V
14. 49 IDC III 1.28 4.08 IIIA V

Note. IDC; infiltrative ductal carcinoma, DCE; dynamic contrast enhanced, ADC; apparent diffusion coefficient, MRS; magnetic resonance spectroscopy; BIRADS;
Breast Imaging Reporting and Data System, AJCC; American Joint Committee on Cancer.

Table 3
Sensitivity of DCEMRI, DWI, MRS and multiparametric MRI and number of
malignant lesions detected positive by individual and combination of para-
meters.

Parameter Sensitivity (%) True positive False negative

DCEMRI (curve type) 83.9 47 9
DWI (ADC) 96.4 54 2
MRS (tCho) 89.3 50 6
All 3 of DCEMRI, DWI and MRS 75 42 14
Any 2 of DCEMRI, DWI and

MRS
96.4 54 2

Any 1 of DCEMRI, DWI and
MRS

100 56 0
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value of 1.45mmol/kg was reported for distinguishing benign from
malignant lesions [9]. Using this cut-off value, in our cohort 54/56
patients could be categorized as malignant, which yielded a sensitivity
of 96.4% for MRS alone.

Further, the 2 false negative cases on DWI had values of ADC in the
range of 1.28× 10−3 mm2/s to 1.31× 10−3 mm2/s which was also
only marginally higher (0.8 to 5.0%) than the cut-off value of
1.23×10−3 mm2/s used by us [5,37,38]. A metaanalysis of 13 DWI
studies reported that ADC cut-off values for distinguishing malignant
and benign lesions was dependent on ‘b’ values used and it ranged from
1.01× 10−3 mm2/s to 1.43×10−3 mm2/s when a ‘b’ value of 1000
was used [10]. A recent study reported that using an ADC cut-off value
of 1.48× 10−3 mm2/s, DWI had 88.6% sensitivity and 95.3% specifi-
city for focal lesions of at least 7 mm or above in diameter [12]. Further
it was reported that using a cut-off of 1.53× 10−3 mm2/s lowered the
biopsy rate by 20.9% without affecting the sensitivity [40]. The use of
this higher cut-off value categorized all lesions in our patient popula-
tion as malignant thus increasing the sensitivity of DWI as 100%.

The ROI placement has been reported to significantly influence the
measurement of ADC values, also the minimum and the mean ADC
values showed better intra- and inter-reader reproducibility [41]. In the
present study, the mean ADC was calculated by drawing small circular
ROI's encompassing the entire visible tumor on a slice with the largest
diameter and avoiding necrotic portions [5]. This approach adopted by
us was supported by a recent study wherein it was demonstrated that
ADC measurements using small ROI were more accurate than whole
region ROI [42]. Thus it may be possible that if DWI and MRS are
carried out in a much larger cohort with the use of same methodology
of measurements, further refinement in cut-off values can be obtained.

The results of the present study indicated that DCEMRI, DWI and
MRS are complementary in the diagnosis of various breast tumor sub-
types. The two DCIS lesions which were negative on both DCEMRI [2]
and MRS [14] were detected as positive for malignancy by DWI. One
papillary carcinoma which was false negative on DCEMRI was detected
as positive for malignancy by both DWI and MRS. The IDC lesion with
mucinous component was negative on MRS; however it was positive on
both DWI and DCEMRI. There are reports in literature that the sensi-
tivity of detection for malignancy was less for MRS in various histolo-
gical types of breast cancers like DCIS [34], medullary carcinoma [14],
mucinous carcinoma [34] and apocrine carcinoma [34]. Kuhl et al. also
have reported DCE kinetics to be inconsistent for diagnosis of DCIS
lesions [2].

This study has few limitations. Firstly, the inclusion of other types of
breast cancers (other than IDC) like DCIS lesions and other histological
types are limited. Secondly, the assessment of small lesions by MRS is
required. Third is the use of manual ROI for the calculation of ADC,
which is subjective and the operator was not blinded to the clinical
findings. Also the tumors included in the study were quite large, which
reduces its generalizability. For such large lesions, sensitivity is not as
important as specificity.

Till date, the various studies presented the diagnostic utility of
DCEMRI, DWI, MRS and BIRADS; however, the number of MR para-
meters that can improve the breast cancer diagnosis is still not clear.
Additionally, there is scarcity of inclusion of different histological types
of malignant lesions in large numbers and also the benign lesions with
different histological types. Therefore, it is important to characterize
various histological types of malignant and benign lesions using all the
three MR parameters to arrive at a protocol that could be included in a
clinical setting for increasing the sensitivity and specificity of non-in-
vasive MR methods. Also there is a need to investigate the lesions with
smaller size with an aim to establish the clinical utility of these para-
meters for better patient care.

5. Conclusion

To summarize, the present study demonstrated the capability of

increased detection of malignancy using DCEMRI, DWI and MRS in
cytopathologically/histopathologically proven breast cancer. With the
use of multi-parametric approach based on the combination of three
parameters namely, DCE curve analysis, ADC and tCho, an increase in
the sensitivity (100%) was observed. The sensitivity to detect malig-
nancy was highest for DWI compared to MRS and DCEMRI. DWI was
able to detect malignancy in all indeterminate DCEMRI cases. Thus the
results of the present study suggested that DCEMRI, DWI and MRS may
complement each other and may play a significant role in establishing
the final diagnosis of malignancy. The utility of these parameters in a
large cohort of patients, needs to be demonstrated to make the inclusion
of these approaches in a clinical setting.
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