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Purpose: To investigate the effects of radiofrequency transmit field 
(B1

+) correction on (a) the measured T1 relaxation times 
of normal breast tissue and malignant lesions and (b) 
the pharmacokinetically derived parameters of malignant 
breast lesions at 3 T.

Materials and 
Methods:

Ethics approval and informed consent were obtained. Be-
tween May 2013 and January 2014, 30 women (median 
age, 58 years; range, 32–83 years) with invasive ductal 
carcinoma of at least 10 mm were recruited to undergo 
dynamic contrast material–enhanced magnetic resonance 
(MR) imaging before surgery. B1

+ and T1 mapping se-
quences were performed to determine the effect of B1

+ 
correction on the native tissue relaxation time (T10) of fat, 
parenchyma, and malignant lesions in both breasts. Phar-
macokinetic parameters were calculated before and after 
correction for B1

+ variations. Results were correlated with 
histologic grade by using the Kruskal-Wallis test.

Results: Measurements showed a mean 37% flip angle difference 
between the right and left breast, which resulted in a 
61% T10 difference in fat and a 41.5% difference in pa-
renchyma between the two breasts. The T1 of lesions in 
the right breast increased by 58%, whereas that of lesions 
in the left breast decreased by 30% after B1

+ correction. 
The whole-tumor transendothelial permeability across the 
vascular compartment(Ktrans) of lesions in the right breast 
decreased by 41%, and that of lesions in the left breast 
increased by 46% after correction. A systematic increase 
in Ktrans was observed, with significant differences found 
across the histologic grades (P , .001). The effect size of 
B1

+ correction on Ktrans calculation was large for lesions in 
the right breast and moderate for lesions in the left breast 
(Cohen effect size, d = 0.86 and d = 0.59, respectively).

Conclusion: B1
+ correction demonstrates a substantial effect on the 

results of quantitative dynamic contrast-enhanced analysis 
of breast tissue at 3 T, which propagates into the pharma-
cokinetic analysis of tumors that is dependent on whether 
the tumor is located in the right or left breast.
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which results in regional signal intensity 
increase and/or decrease. To date, only 
a few investigators have addressed the 
effect of B1

+ variation in DCE MR im-
aging of the breast. Kuhl et al reported 
a right-left signal intensity difference in 
breast lesions by a factor of two at 3 T 
(16). This effect has been reported at 
1.5 T, although to a lesser extent (17).

Numerous approaches have been 
proposed to mitigate the B1

+ nonuni-
formity effect. These include specially 
designed volume coils (18) and the use 
of B1

+-insensitive adiabatic pulses (19). 
In a recent study, investigators also de-
scribed the application of active radio-
frequency shimming technologies by 
using multichannel transmission that 
can reduce the signal intensity vari-
ability of the tissues across the breasts 
(20). However, these approaches re-
quire special hardware and can be 
vendor specific.

Alternatively, B1
+ mapping methods 

have been used to measure the spatial 
variation in flip angle across the field 
of view. This becomes particularly rel-
evant to PK analysis when calculating 
the native T1 values of tissues on con-
version of signal intensity to gadolinium 

PK analysis has been reported 
to yield higher Ktrans and kep values in 
breast tumors when compared with be-
nign and normal breast tissues (6,7). 
Koo et al found that tumors with higher 
Ktrans and kep values together with lower 
ve values at 1.5 T were associated with 
poor prognosis and often represented 
the “triple-negative” cancers (estro-
gen receptor negative, progesterone 
receptor negative, and human epider-
mal growth factor receptor 2 negative) 
(8). El Khouli et al also investigated 
the incremental value of PK modeling 
in characterizing breast lesions at 3 T. 
They showed a similar improvement in 
diagnostic performance when used in 
conjunction with the morphologic as-
sessment of breast lesions (3).

In other studies, investigators ap-
plied quantitative DCE MR imaging in 
monitoring the therapeutic response of 
patients undergoing neoadjuvant chemo-
therapy. Changes in Ktrans have been in-
vestigated as early predictive markers of 
outcome at 1.5- and 3-T field strengths 
(9–12). Li et al (13) found that early 
changes in PK parameters could be used 
to predict the final treatment response, 
whereas Manton et al found that the 
change in lesion size was a better indi-
cator of response (14). Given the variety 
of breast tumors studied and the range 
of acquisition protocols used, these con-
tradictory results are not surprising.

One major challenge in the use of 
quantitative DCE MR imaging at 3 T 
is the nonuniformity of the radiofre-
quency transmit field (B1

+) observed 
across the breasts (15). This causes 
right-to-left variation in the flip angle, 
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Advances in Knowledge

 n Significant differences were 
observed in the native tissue relax-
ation time (T10) of right breast fat, 
right parenchyma, left breast fat, 
and left parenchyma before and 
after radiofrequency transmit field 
(B1

+) correction (P , .001 for all).

 n The estimated difference in T10 
between lesions in the left and 
right breasts was reduced from 
57% to 2.5% after correction.

 n A significant increase in tumor 
vascular permeability and/or per-
fusion was observed with in-
creasing tumor aggressiveness 
after B1

+ correction (P , .001), 
as lesions in the right breast 
exhibited lower transendothelial 
permeability across the vascular 
compartment (Ktrans) for all 
grades, while lesions in the left 
breast exhibited higher Ktrans.

 n The effect size of B1
+ correction 

on Ktrans was large to moderate 
(Cohen effect size, d = 0.86 and 
d = 0.59 for lesions in the right 
and left breasts, respectively).

Implications for Patient Care

 n Because of its substantial effect, 
it is imperative to account for B1

+ 
inhomogeneity when moving 
toward a standardized diagnostic 
MR imaging protocol at 3 T.

 n Changes in Ktrans can provide inde-
pendent information regarding 
tumor perfusion; however, pa-
rameters should be corrected for 
B1

+ nonuniformity when used as 
a quantitative biomarker for pre-
diction of treatment response.

Recent developments in dynamic 
contrast material–enhanced (DCE) 
magnetic resonance (MR) imag-

ing have allowed the functional prop-
erties of tumor vascularity to be studied 
in vivo (1). Several studies have been 
conducted to investigate the diagnostic 
capability of DCE MR imaging in the 
characterization of breast lesions at 
3.0 T, as the increased signal-to-noise 
ratio can be translated into improved 
spatial resolution (2,3). The application 
of parallel imaging techniques, together 
with k-space data-sharing methods, al-
lows for improved temporal resolution, 
which enables quantitative pharmacoki-
netic (PK) modeling of contrast agent 
uptake (4). On implementation of PK 
modeling, parametric information re-
lating to the transendothelial perme-
ability across the vascular compartment 
(Ktrans), the fractional tissue volume of 
interstitial space (ve), and the rate of 
exchange back to the vasculature, or 
kep, can be derived (5).
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volumes were acquired, followed by 43 
phases of contrast-enhanced images,  
with a nominal temporal resolution of 
10 seconds. The dynamic data were col-
lected in 8 minutes 7 seconds.

Postacquisition Processing and Image 
Analysis
MR images were reviewed on the diag-
nostic workstation by two radiologists 
(R.B. and F.J.G., with 3 and 20 years 
of experience in MR breast imaging, re-
spectively). The two reviewers identified 
the lesions of interest in consensus. The 
quantitative analysis was subsequently 
performed by one radiologist (R.B).

B1
+ correction maps were calculated 

from the Bloch-Siegert images by using 
in-house code written in Matlab (Math-
works, Natick, Mass), which included 
smoothing by using a 3 3 3 median fil-
ter. The resultant correction maps were 
saved as Digital Imaging and Commu-
nications in Medicine images. The VFA 
images, B1

+ maps, and DCE series were 
processed in OsiriX (version 5.9; www.
osirix-viewer.com), an open-source im-
age viewer and software application. By 
using the DCETool plug-in (version 2.3; 
http://kyungs.bol.ucla.edu/software/
DCE_tool/DCE_tool.html) (24), we cal-
culated the native T10 maps first without 

T10 mapping.—To enable the cal-
culation of T10 values, an axial three-
dimensional fast spoiled gradient-echo 
sequence was performed by using a 
variable flip angle (VFA) method at 2°, 
3°, 5°, 10°, and 15°.

B1
+ mapping.—Prior to the DCE 

MR imaging acquisition, the B1
+ vari-

ation was determined by using a two-
dimensional Bloch-Siegert–based gradi-
ent-echo sequence (22).

DCE MR imaging acquisition.—A 
three-dimensional fast spoiled gradi-
ent-echo technique with k-space data 
sharing (volume image breast assess-
ment–time-resolved imaging of contrast 
kinetics, or VIBRANT-TRICKS) (23) 
was used. In this acquisition, k-space 
is segmented into four concentric re-
gions, with the central region sampling 
interleaved with the three peripheral 
segments. By incorporating view shar-
ing, images with 0.68 3 0.68 3 1.4-mm 
spatial resolution were reconstructed.

A catheter was placed within the an-
tecubital vein, and a dose of 0.1 mmol of 
gadopentetate dimeglumine (Magnevist; 
Bayer Schering, Berlin, Germany) per 
kilogram of body weight was adminis-
tered at a rate of 3.0 mL/sec by using 
an automated injector, followed by a 
25-mL saline flush. In total, five baseline 

concentration. Sung et al reported a 
substantial reduction in the difference 
between the right and left fat T1 values 
in the breast by using a double-angle 
B1

+ mapping method (21).
In this work, we investigated the 

effects of B1
+ correction on (a) the mea-

sured T1 relaxation times of normal 
breast tissue and malignant lesions and 
(b) the PK-derived parameters of ma-
lignant breast lesions at 3 T.

Materials and Methods

Patient Population
This prospective study was approved by 
our institutional review and ethics com-
mittees, and informed written consent 
was obtained from all patients prior to 
the MR imaging examination. Between 
May 2013 and January 2014, 35 women 
met the eligibility criterion of biopsy-
confirmed invasive ductal breast carci-
noma at least 10 mm in diameter. All 
tumors were managed surgically, and 
no patients had received any treatment 
prior to the MR examination. In pre-
menopausal women, care was taken to 
schedule the MR examination within 
day 6 to day 16 of their menstrual cy-
cle. Five cases were excluded because 
of gross visual misregistration between 
the DCE series and the respective native 
tissue relaxation time (T10) maps due to 
patient motion. A total of 30 patients 
were included in the final analysis.

Imaging Protocol
The industrial coauthor (S.R.) from 
GE Healthcare, Waukesha, Wis, pro-
vided pulse sequence development 
support only. The first and last au-
thors (R.B., F.J.G.) had sole control 
of the data and the material submit-
ted for publication.

All MR examinations were per-
formed on a 3.0-T system (MR 750; GE 
Healthcare) by using an eight-channel 
phased-array receive-only breast coil, 
with subjects lying in the prone position. 
Three-plane localizer images, followed 
by axial T1- and T2-weighted fast spin-
echo images, were obtained (Table 1). 
The total examination time was approxi-
mately 20 minutes.

Table 1

MR Image Acquisition Parameters

Parameter VFA T1 Mapping
Bloch-Siegert  
Sequence

VIBRANT-TRICKS  
Technique

Field of view (mm) 350 350 350
Image matrix 256 3 256 128 3 128 512 3 512
Section thickness (mm) 1.4 (interpolated) 7.0 1.4 (interpolated)
Voxel or pixel size 0.6 3 0.6 3 1.4 2.7 3 2.7 0.6 3 0.6 3 1.4
Fat suppression No No Spatial-spectral water  

 excitation
Array spatial sensitivity encoding  

technique factor
2 (phase direction) … 2.5 (phase direction)

Repetition time (msec) 5.3 29 7.1
Echo time (msec) 2.1 13.5 3.8
Radiofrequency excitation (degrees) 2, 3, 5, 10, 15 20 12
Bandwidth (kHz) 662.50 615.63 6125
No. of sections 112 44 112
Acquisition time 41 sec for each  

 prescribed flip angle
2 min 55 sec 8 min 7 sec

Note.— VIBRANT-TRICKS = volume image breast assessment–time-resolved imaging of contrast kinetics.
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of the T1-weighted DCE MR imaging 
data into gadolinium concentration. 
The two-compartmental model of Tofts 
et al (26) was used with a pooled arte-
rial input function based on the modi-
fied model of Fritz-Hansen et al (27).

Both native T1 maps (uncorrected 
and corrected T10 maps) were used 
separately in the quantitative analysis. 
The correction maps were also applied 
to the DCE series to compensate for the 
B1

+ variation in the dynamic sequence 
and were compared with that without 
correction. The enhancement from 
each voxel was measured throughout 
the time course of data acquisition, and 
the parametric color maps of Ktrans and 
ve were derived accordingly to assess 

both breasts before and after B1
+ cor-

rection. For malignant lesions, repre-
sentative ROIs from the central section 
were drawn on the maximally enhanc-
ing DCE images and copied to both the 
uncorrected and corrected T10 maps to 
estimate T10 tumor values before and 
after B1

+ correction.

Quantitative Analysis
ROIs were manually drawn on all con-
secutive contrast-enhanced sections of 
the tumor in the axial plane on the 
DCE MR images. Care was taken to 
avoid normal breast parenchyma, fat, 
and necrotic areas. The DCETool plug-
in (source) was used to perform PK 
analysis by converting signal intensities 

B1
+ correction and then after B1

+ correc-
tion. Both T10 maps and B1

+ maps were 
resampled to a matrix of 512 3 512 to 
match the dynamic data for the subse-
quent PK analysis.

As described by Azlan et al, a re-
gion of interest (ROI) that covered two-
thirds of the breast was drawn on the 
corresponding B1

+ map to calculate the 
mean flip angle variation across our 
cohort (25). The radiologists manually 
defined ROIs by encompassing the fat 
and parenchyma in the right and left 
breasts of each patient on the uncor-
rected and corrected T10 maps. ROIs 
were kept constant and were placed 
on matched portions of each breast 
to quantitatively compare T1 values in 

Figure 1

Figure 1: Diagram of the method of PK analysis at 3 T. The VFA images at 2°, 3°, 5°, 10°, and 15° are computed to generate a T1
0
 map 

uncorrected for B
1
+ variation (T

10
uncorrected map). This is subsequently incorporated into the PK analysis to generate parametric maps 

uncorrected for B
1
+.The B

1
+ map is applied to the VFA images, and a T1

0
 corrected map (T

10
corrected map) is produced. The correction is also 

applied to the dynamic series to generate parametric maps corrected for B
1
+.
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right breast. The uncorrected T10 maps 
show a T1 difference between the left 
and right breasts; however, a more uni-
form distribution across the breasts is 
observed after B1

+ correction.

The Effect of B1
+ Correction on T10 Values 

of Breast Fat, Parenchyma, and Malignant 
Lesions
A significant change was found between 
the mean T10 values of right breast fat 
with and without B1

+ correction (P , 
.001). Similar significance was found 
between T10 of the right breast paren-
chyma (P , .001), left breast fat (P , 
.001), and left breast parenchyma (P , 
.001), as shown in Table 3 and Figure 3.  
The T10 difference between left and 
right breast fat was 61%, and this was 
reduced to 7% after correcting for B1

+ 
nonuniformity. Similarly, the difference 
in parenchymal values between left and 
right breasts was 41.5% and was re-
duced to 13% after correction.

The estimated difference in T10 be-
tween malignant lesions in the left and 
right breasts was reduced from 57% to 
2.5% after B1

+ correction (Fig 4).

The Effect of B1
+ Correction on PK 

Parameters
Given the inverse relationship between 
the relaxation rate and Ktrans, lesions in 
the right breast demonstrated a 41% 
decrease in Ktrans after correcting for 
B1

+ (P , .01), whereas a 46% increase 
in Ktrans was observed in lesions in the 
left breast (P , .01). Similarly, a signif-
icant decrease (P , .001) was noted in 
ve of lesions in the right breast, while 
that of lesions in the left breast signifi-
cantly increased after B1

+ correction (P 
, .001, Table 4). Only a slight differ-
ence was observed in the spread of the 
distribution of PK parameters before 
and after correction of lesions in both 
breasts, as shown in Figure 5.

A systematic increase in Ktrans was 
found with increasing histologic grade, 
with significant differences found be-
fore and after B1

+ correction (P , .001, 
Fig 6).

The effect size of B1
+ correction on 

Ktrans was large to moderate (Cohen 
effect size, d = 0.86 and d = 0.59 for 
lesions in the right and left breasts, 

Histopathologic Analysis
All patients underwent surgery within a 
mean of 10 days after the MR examina-
tion (range, 3–17 days). Histopathologic 
information, including tumor size, his-
tologic subtype, grade, and expressional 
status of estrogen receptors and human 
epidermal growth factor receptor 2 
staining, were obtained from the histo-
pathologic reports. The distribution of 
patients according to these prognostic 
factors is given in Table 2.

Statistical Analysis
The nonparametric Wilcoxon signed 
rank test was used for comparing the 
right and left breast B1

+-corrected and 
uncorrected maps for fat and paren-
chyma. The malignant lesions in the 
right and left breasts were also com-
pared before and after B1

+ correction. 
All results were reported as means 6 
standard deviations. Cohen d effect 
sizes, computed as the mean difference 
between the corrected and uncorrected 
groups divided by the pooled standard 
deviations, were calculated to estimate 
the effect size of B1

+ correction. Simi-
larly, the effect of B1

+ correction on the 
PK parameters according to whether 
the tumor was located in the left or right 
breast was compared. Medians, 25th 
and 75th percentiles, and percentages 
were reported, as appropriate. Group 
comparisons for the change in Ktrans ac-
cording to histologic tumor grade were 
also made by using the nonparametric 
Kruskal-Wallis test. Statistical signifi-
cance was defined as a P value of up to 
.05. Analyses were performed by using 
the statistical software platform (SPSS 
version 21; SPSS, Chicago, Ill).

Results

Thirty women (median age, 58 years; 
age range, 32–83 years) with 30 histo-
logically proven invasive ductal breast 
carcinomas constituted the final study 
population.

Figure 2 shows a contrast-enhanced 
image and B1

+ and T10 maps of a breast 
cancer in the right breast. The mean 
flip angle variation 6 standard devia-
tion across our cohort was 122% 6 4.2 
in the left breast and 85% 6 5.3 in the 

the effect of B1
+ correction (Fig 1).  

Analysis was performed on Ktrans 
maps with a threshold that ranged 
from 0.001 to 5.0 min21. Pixels with 
values lower than 0.001 were as-
sumed to represent necrotic areas, 
while values above 5.0 min21 were 
considered to be uncertain physiolog-
ical correlates (12). An upper limit of 
1.0 was imposed on ve (5,26). For ev-
ery case, the mean Ktrans of each ROI 
was derived and averaged across the 
whole tumor to calculate whole-tumor 
Ktrans values. Similarly, whole-tumor ve 
values were also derived.

Table 2

Baseline Characteristics of the 30 
Patients

Characteristic

Lesions in  
the Right  
Breast

Lesions in  
the Left  
Breast

Lesion
 Breast side 16 14
Menopausal status
 Pre- or  

 perimenopausal
5 3

 Postmenopausal 11 11
Clinical T stage
 T1 5 6
 T2 9 6
 T3 2 2
Tumor size at MR  

 imaging (cm)
 ,2 9 8
 2–5 7 5
 .5 0 1
Histologic grade
 Grade I 2 3
 Grade II 7 2
 Grade III 7 9
Clinical N stage
 Positive 2 2
 Negative 14 12
Estrogen receptor  

 status
 Positive 14 12
 Negative 2 2
Human epidermal  

  growth factor  
receptor status

 Positive 1 1
 Negative 15 13
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respectively), while the effect on ve was 
moderate (Cohen effect size, d = 0.53 
and d = 0.51 for lesions in the right and 
left breasts, respectively).

Discussion

Our results demonstrate a right-to-left 
variation in the actual flip angle used to 
acquire images, which has proven to be 
a large source of discrepancy for mea-
surement of the T10 values of tissues. Al-
though we used a phase-based method 
of B1

+ measurement different from that 
used by Sung et al, we show similar T10 
measurements of fat (21). Our work also 
demonstrates the effect of B1

+ correction 
on the T10 of parenchyma and malignant 

Figure 2

Figure 2: Representative images in a 53-year-old woman with breast cancer in the right breast. (a) Axial T1-weighted contrast-enhanced image of a breast cancer 
in the right breast (arrow) with (b) postprocessed B

1
+ map are shown. ROIs that cover two-thirds of the breast were drawn to estimate the flip angle variation on each 

side. A higher range of values is indicated in the left breast than in the right. (c, d) Comparison of T1
0
 estimation before (c) and after (d) correction for B

1
+ nonunifor-

mity. Red ROIs encompass the breast fat. Black ROIs encompass the breast parenchyma. Arrows indicate the effect of B
1
+ on the T1

0
 of tumor.

Table 3

B1
+ Correction Effect on T10 of Breast Tissue

Parameter Before Correction (msec) After Correction (msec) Percentage Change

Fat
 Right breast 296 6 29 464 6 32 57% increase
 Left breast 753 6 44 435 6 24 42% decrease
Parenchyma
 Right breast 1055 6 194 1399 6 272 33% increase
 Left breast 1804 6 332 1236 6 233 31% decrease
Tumors
 Right breast 1206.2 6 231 1902.8 6 352 58% increase
 Left breast 2797.4 6 626 1951 6 401 30% decrease

Note.—Unless indicated otherwise, data are means 6 standard deviations. 
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parameters that are dependent on 
whether the tumor is located in the 
right or the left breast.

Although our results demonstrate 
a smaller difference in the native T10 
between the two breasts after B1

+ cor-
rection, the difference in the lesion PK 
parameters may have increased after 
correction. This indicates that the B1

+ 
field is not the sole factor that influ-
ences the disparity in Ktrans values of 
lesions on both sides. We further ex-
plored the influence of histologic tumor 
grade on Ktrans values. A significant in-
crease in tumor vascular permeability 
and/or perfusion was observed with 
increasing tumor aggressiveness be-
fore and after B1

+ correction. However, 
after correction, lesions in the right 
breast exhibited lower Ktrans values in 
the range of 0.12–1.00 min21 across all 
grades, while lesions in the left breast 
exhibited higher Ktrans in the range of 
0.06–2.20 min21. Further inherent tu-
mor characteristics (eg, hormonal re-
ceptors, hypoxic status) should be in-
vestigated with regard to influence on 
the PK parameters, taking into consid-
eration the B1

+ nonuniformity.

by 57.7% in lesions in the right breast, 
whereas the T10 of lesions in the left 
breast decreased by 30.2% after cor-
rection. After B1

+ correction, the T10 
difference between lesions in the right 
and left breast was reduced to 2.5%.

The standardization of acquisition 
protocols for quantitative breast im-
aging has been proposed to enable 
comparison between studies (30). 
In our study, we explored the effect 
of B1

+ variation in the range of Ktrans 
reported in the literature for breast 
cancer (0.05–2.20 min21) (12,31,32). 
Our study showed a significant de-
crease in PK parameters in lesions in 
the right breast after correction (P , 
.01). Similarly, a significant increase 
in values was observed for lesions in 
the left breast (P , .01). Although 
studies in which quantitative PK 
modeling was performed at 3 T had 
no mention of a B1

+ correction tech-
nique for either the T10 map or the 
dynamic series (10,13), we found that 
this significantly affects the derived 

lesions. The technique, first described 
by Sacolick et al and improved by Turk 
et al, is popular, as it is robust and rela-
tively accurate over a wide range of flip 
angles (22,28).

Our results demonstrate a signif-
icant change in the T10 values of fat 
and parenchyma when calculated for 
each breast separately. In the right 
breast, a 57% increase in the T10 
value of fat and a 33% increase in the 
T10 value of parenchyma were found 
after correction. In contrast, a 42% 
and 31% decrease in the T10 values 
of fat and parenchyma, respectively, 
were observed in the left breast. In 
line with Sung et al, the T1 difference 
between the right and left breasts 
was reduced to 7% in fat and 13% in 
parenchyma by compensating for B1

+ 
variation (21). Our resultant B1

+-cor-
rected T10 values are consistent with 
other measurements reported in the 
literature (29).

A similar effect was found in malig-
nant lesions. The T10 value increased 

Figure 3

Figure 3: Box plots show the effect of B
1
+ correction on the T1

0
 values of (a) fat and (b) parenchyma in 

both breasts. A significant increase is noted in the T1
0
 of right breast fat and parenchyma after correction. 

The mean corrected T1
0
 of fat for both breasts is indicated by the solid line (449 msec 6 28). Similarly, a 

significant decrease in the T1
0
 of left breast fat and parenchyma is observed. The mean corrected T1

0
 of 

parenchyma for both breasts is indicated by the solid line (1317.5 msec 6 252).

Figure 4

Figure 4: Box plot shows the effect of B
1
+ correc-

tion on the T1
0
 value of lesions in the right and left 

breast. The estimated mean T1
0
 across the whole 

population after correction was 1925 msec 6 375.
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could affect the measurement of the 
parameters, since one observer placed 
the ROIs.

In this study, we implemented the 
VFA approach, as it is the most widely 
used quantitative method for T1 map-
ping, involving the use of a three-di-
mensional fast spoiled gradient-echo 
sequence, which provides volume cov-
erage with appropriate section resolu-
tion for subsequent pharmacokinetic 
analysis. At higher field strengths, how-
ever, the accuracy of the quantitative 
maps will be affected by inhomogene-
ities of the transmit field, regardless of 
the T1 mapping method (33). A fast B1

+ 
mapping technique was used to correct 
the spatial variations in the nominal flip 
angle and minimize the systematic er-
rors in T1 estimates.

Nonetheless, this approach con-
tinues to have a few issues. Incomplete 
spoiling has been identified as a poten-
tial source of error in the VFA calcula-
tion, which may in turn lead to slight 
overestimation of tissue relaxation (34).

There is currently no consensus 
on the choice of placement of the ROI 
within malignant lesions. In most stud-
ies, investigators have calculated Ktrans 
by using the largest, most enhancing 
section of the lesion (8,35,36). Veltman 
et al and Liney et al described a hot-
spot method for placing the ROI within 
an area with the highest PK parame-
ter values, as guided by color overlays 
(6,37). In our study, we implemented a 
whole-tumor parametric method, calcu-
lated as the multisection mean across 
the entire lesion. The sample size in our 
study is small; however, our results dem-
onstrate a moderate to large effect size 
of B1

+ correction on the PK parameters.
Our cohort included invasive ductal 

carcinomas only, which does not rep-
resent the range of breast neoplasms. 
However, invasive ductal breast carci-
noma was selected to be able to study 
the most common type of breast can-
cer encountered in breast imaging 
clinics. Furthermore, a larger study is 
necessary to validate these results and 
study the change in Ktrans in relation to 
other prognostic factors.

The variability in the results of quan-
titative studies has been largely attributed 

Limitations of our study include in-
herent misalignment between the T10 
maps and the images obtained with 
the dynamic sequence, owing to sub-
tle patient movement. In an attempt to 
minimize errors, we excluded cases of 
gross misregistration between the T10 

Table 4

B1
+ Correction Effect on PK Parameters

Parameter

Before Correction After Correction Percentage  
Change (%)Mean Median Mean Median

Whole-tumor K trans 
(min21)

 Lesions in the right  
 breast

0.83 6 0.78 0.46 (0.6–1.2) 0.49 6 0.41 0.31 (0.2–0.7) 41% decrease

 Lesions in the left  
 breast

0.62 6 0.69 0.39 (0.2–1.0) 0.91 6 0.97 0.91 (0.3–1.3) 46% increase

Whole-tumor ve

 Lesions in the right  
 breast

0.65 6 0.25 0.63 (0.5–0.8) 0.54 6 0.26 0.46 (0.4–0.7) 16% decrease

 Lesions in the left  
 breast

0.50 6 0.28 0.50 (0.4–0.6) 0.62 6 0.26 0.63 (0.5–0.7) 23% increase

Note.—Unless indicated otherwise, values are means 6 standard deviations. Numbers in parentheses are 25th–75th 
percentiles.

Figure 5

Figure 5: Box plots show the B
1
+ effect on the (a) K trans and (b) v

e
 values of lesions in the right and left 

breast obtained by using whole-tumor analysis methods. Substantial decrease in lesions in the right breast 
is observed after correction. Conversely, a significant increase in mean K trans and v

e
 is observed in lesions in 

the left breast.

maps and DCE series. Further work 
is needed to produce optimal nonrigid 
image registration between the T10 and 
DCE series and to mitigate residual mo-
tion within the DCE series.

In our study, we did not account 
for the interobserver variability that 
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