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Abstract

Original Article

IntroductIon

Breast cancer is currently the most commonly diagnosed 
cancer in women and accounts for approximately 22.9% of 
all cancers worldwide.[1] Dynamic contrast-enhanced (DCE) 
magnetic resonance imaging (MRI) has emerged as a novel 
modality for early breast cancer evaluation and surveillance 
and to assess response to various treatment options. However, 
the characterization of a lesion detected in MRI still remains a 
challenge with specificities in clinical studies reported between 
20% and 100%.[2-8]

Fast dynamic MRI through pharmacokinetic (PK) modeling 
indirectly measures neovascularity and is related to computation 
of volume transfer constant (Ktrans), rate constant (kep), and 
extravascular extracellular volume fraction (ve).

[9-12] With PK 
modeling, the alterations in contrast agent concentration in 

tissue are translated to changes in signal intensity denoted 
by the alterations in the relaxation time of native T1 value. 
The accuracy of native T1 calculation is thus pivotal for PK 
parameter estimation but itself is known to be influenced by 
a number of factors such as B1 inhomogeneity, optimization 
of flip angle, RF inhomogeneity, nonlinear RF amplifier, and 
distortions in slice profile. B1 inhomogeneity in variable flip 
angle (VFA) measurement also leads to substantial (around 
52%) deviation in the T1 value of fat.[13,14] In the event of 
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tumors, a 1% increase in T10 could result in a 1% decrease 
in Ktrans because the measured Ktrans value is very sensitive to 
the T10 value.[15]

Among the various methods employed to measure native T1, 
VFA and dual flip angle (DFA) are the most common ones used 
to measure native T1 for PK calculations. The VFA technique 
uses several short-repetitive-time radiofrequency acquisitions 
with different flip angles. The inhomogeneity observed across 
the breasts affects the flip angle at different locations finally 
leading to substantial variations in the value of T1.[2,13,16-19]

Several studies have reported multiple methods to 
homogenize the magnetic field by adapting specialized coils, 
shimming-based technologies, or correction of B1 map 
to address the inhomogeneities. Yuan et al. in their study 
used DFA and multiple flip angle for the assessment of PK 
parameters and reported DFA 2° and 15° to return comparable 
results.[11] Tsai et al. too reported employment of VFA (with 
or without computed B1 correction) to correct native T1 
values on observation of asymmetry of the average flip angle 
of 119% (left breast) and 97% (right breast) with an overall 
difference of 22% between the two sides.[16]

Further attempts were also made to adopt methods to normalize 
native T1 values directly instead of limiting various influential 
factors to improve T1 measurements, wherein a prefilled 
phantom with known T1 value was placed within the field of 
view (FOV) of breast coil cuffs. However, such a method to 
correct inhomogeneity has inherent limitations to normalize 
global inhomogeneity (bilateral breast coil cuff). Thus, it is 
prudent to hypothesize that correction factor for each spatial 
location could enhance global homogeneity. In the said context, 
the proposed study attempts to homogenize the physical space 
of the breast coil cuff by applying a number of correction 
factors derived for each spatial location using multiple-tube 
phantom placed in each coil cuff (as external standards). Thus, 
the current work was designed first to note the pattern of T1 
inhomogeneity that existed in our experiment and second to 
see the influence of the spatial correction at multiple locations 
to achieve global homogeneity.

MaterIals and Methods

In the present study, we used a prototype-designed 19-tube 
phantom for each side of breast coil cuff, placed in the field 
of breast coil to measure the deviation of T1 value at each 
spatial location. This corrects the inhomogeneity present in 
the calculated T1 value at various planes in the space of the 
breast coil.

Phantom creation
Two 19-tube phantoms were created for both cuffs of the 
dedicated receiving molecular magnetic resonance (mMR) 
breast coil filled with known contrast (3.75 g NiSO4 × 6 H2O + 5 
g NaCl per 1000 g H2O distilled water). Each tube of phantom 
measured 16 cm in length and 4 cm diameter and fixed at 2 cm 
gap. The phantoms were placed such that each cuff space was 

maximally covered by the tubes. Prototype phantom design has 
been reported in many formats: circle and square with 5, 16, 19, 
and 20 tubes. As breast coil cuffs are circular, 20 and 16 tubes 
in a square format did not fit well in breast coil with the medial 
and lateral aspect of the cuff remained unfilled with tubes and 
hence were not used. Thus, 19-tube phantom circular format 
with tubes arranged in 3, 4, 5, 4, and 3 rows was used in this 
study and was found to be best fitted in breast coil [Figure 1].

Data acquisition and imaging protocol
Phantoms were examined using simultaneous positron 
emission tomography/MRI biograph mMR (Siemens, 
Erlangen, Germany) in the four-channel mMR breast coil. 
The manually designed phantom placed in the coil cuffs was 
placed at the isocenter of the magnet. MRI acquisition was 
performed in a fix mode. After localization obtained in three 
orientations, 2° flip angle proton density and 15° flip angle 
nonfat-suppressed T1-weighted three-dimensional (3D) 
images (volume-interpolated body examination [VIBE]) 
sequence: echo time 1.8 ms, repetition time 5.2 ms, FOV 360 
mm, slices 36, accusation time 20.7s, resolution 256 × 256, 
and voxel size (4.4 mm × 1.4 mm × 4.0 mm) were used for 
native T1 calculation, acquired in coronal planes covering both 
breast coil cuffs completely.[10,20]

Region of interest creation and data compilation
The region of interest (ROI) on corresponding images to derive 
image intensity in 2° and 15° flip angle images was used in 
T1 calculation. ROI was manually drawn over each tube on 
both sides of the breast coil phantom on the 15° flip angle 
images (number of pixels and area: 44, 0.222/cm) and copy 
pasted on 2° flip angle images in all 36 slices. Corresponding 
ROI intensity values of 2° and 15° flip angle images of all the 
ROIs were manually entered in an Excel sheet and the native 
T1 values were calculated. Out of 36 slices that were acquired 
in 3D VIBE sequence, one slice at each terminus was excluded. 
Total 646 ROIs (19 ROIs in each slice x 34 slices) in each coil 
cuff was used for data analysis.

Image processing
For evaluation of native T1 in a phantom study, the 
nonfat-suppressed T1-weighted precontrast 2° and 15° flip 
angle VIBE series were manually evaluated separately for 
native T1 calculation. The native T1 was calculated with the 
help of equations 1 and 2 manually in an Excel sheet.[20,21]

Equation 1 T
TR
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Equation 2 1
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2

SS
S
∝

∝

=

Sα1 = Intensity value at α1 (2° flip angle), Sα2 = Intensity value 
at α2 (15° flip angle), TR = Repetition time, and In = Natural 
Log

Inhomogeneity in a phantom study
The inhomogeneity of the breast coil was noted by 
comparing the deviation in T1 value of ROI at each location 
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in 19-tube phantoms from vendor-provided known native 
T1 (280 ± 10 ms) value of the phantom. Variation in T1 
values was documented for each side of the breast coil and 
from lateral to medial, anterior to posterior, and head to 
feet on each side.

Statistical analysis
Two-tailed t-test was performed between corrected and 
noncorrected native T1 values on every spatial location 
of the breast coil at each side. The statistical analysis was 
performed using SPSS software package (version 19.0; SPSS 
for windows, 2009), IBM, Chicago, U.S.A.

results

A significant difference in native T1 values was observed 
for ROIs from the anterior to the posterior part of the breast 
coil (anterior right 234 ± 19, anterior left 257 ± 32 [P = 0.0095], 
mid right 275 ± 23, mid left 297 ± 24 [P = 0.0081], posterior 
right 218 ± 8, and posterior left 240 ± 22 [P = 0.0004]). We 
also noted that there was a significant difference in T1 values 
of both sides of coil cuffs (P = 0.0004) [Table 1].

Correction factor in phantom
Inhomogeneity in T1 distribution was noted on both sides of the 
breast coil, and each part in the phantom study was corrected 
with the help of correction factor for each ROI location using 
the following equation (3,4).

Equation 3 1Kc tCf
Kc
−

=

t1` = Measured T1 value phantom, Kc = T1 Value of known 
contrast medium (280 ± 10 ms), and Cf = Correction factor.

The formula was used for correcting the T1 value

Equation 4 Ct nCt nCt Cf1 1 1� � �� �
1Ct  = Corrected T1, Cf  = Correction factor, and 

1nCt  = Noncorrected T1

Phantom T1 value after correction
Difference in native T1 values within individual parts of the 
breast coil was noted with dispersion of values in the right 
breast coil from 187 to 282 (anterior part), 223–314 (middle 
part), and 207–283 (posterior part) and dispersed T1 values of 
212–360; 253–345, and195–229 in the corresponding parts of 
the contralateral left breast coil. The T1 value at center area 
of the coil is more homogeneous as compared with peripheral 
region and matched with true T1 phantom value provided by 
the vendor (280 ± 10 ms).

The mean T1 value for the right breast coil was found to 
be 218 ± 8 (posterior part), 234 ± 19 (anterior part), and 
275 ± 23 (middle part) and was changed to 270 ± 4, 272 ± 7, and 
278 ± 2, respectively, in the corresponding part of the breast coil 
after applying correction factor. Similarly, the mean T1 value 
for the left breast coil that was found to be 240 ± 22 (posterior 
part), 257 ± 32 (anterior part), and 297 ± 24 (middle part) and 
was changed to 272 ± 6, 274 ± 6, and 276 ± 4, respectively, 
after applying correction factor [Figure 2 and Table 1]. No 
significant difference was observed in the corrected T1 values 
in the anterior (P = 0.402), posterior (P = 0.349), and middle 
parts (P = 0.305) of the right and left breast coil. There was 
no significant difference in corrected T1 values of both sides 
of coil cuffs (P = 0.438).

dIscussIon

Reliable estimation of native T1 of tissue under investigation is 
a prerequisite to accurate measurement of PK parameters. This 
assumes importance because of increasing application of PK 
parameters to assess the neoangiogenesis property of cancer and 
in particular its application in breast cancer diagnosis.[2,13,14,16-18]

Nonuniformity of the radiofrequency transmit field (B1+) 
observed across the breast coils reported to cause variation in 
the flip angle which results in a 61% T10 difference in fat and 
a 41.5% difference in parenchyma between the two breasts.[2] 

Figure 1: (a) Nineteen tubes in each phantom (right and left) filled with known contrast (280 ± 10 ms) were arranged as 3, 4, 5, 4, and 3 in the 
first, second, third, fourth, and fifth rows, respectively; (b) phantoms placed in breast coil. (c) The anterior, middle, and posterior parts of the coil 
and phantom tube and (d) placement of 19‑tube phantom with contrast in breast coil in Siemens Biograph molecular magnetic resonance system

dcba
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B1 inhomogeneity at 1.5 T was once considered negligible and 
B1 correction has not been a recommended feature in routine 
practices.[13] However, further work by Tsai et al. (2017) 
suggested the B1 inhomogeneity in VFA measurement can lead 
to substantial deviation (around 52%) in the T1 value of fat.[16] 
In the event of tumors, a 1% increase in T1 could result in a 
1% decrease in Ktrans because the measured Ktrans value is very 
sensitive to the T1 value and in favor of B1 correction even at 
1.5 T for more accurate T1 values for quantitative MR imaging. 
Quantitative DCE MR imaging at 3T is a challenge due to 
nonuniformity of the radiofrequency transmit field (B1+) 
observed across the breast coils.[15,22] Kuhl et al. reported a 
right-left signal intensity difference in breast lesions by a factor 
of two at 3 T due to B1 inhomogeneity.[23] This effect has also 
been reported at 1.5 T, although to a lesser extent.[24] Hence, 
B1 inhomogeneity correction has been a field of research to 
bring forth required accuracy in the measurement of native T1.

Several methods have been proposed to reduce the B1 
nonuniformity effect on native T1 estimation. These methods 
include specially designed volume coils and the use of 
B1+-insensitive adiabatic pulses.[25,26] The B1 inhomogeneity 
correction exhibited a substantial effect on the quantitative 
estimation of PK parameters of the tumor.[17]

Pineda et al. used VFA and multi-inversion recovery method 
with reference tissue method and showed accurate B1 map 
in phantom data.[18] The PK modeling techniques were used 
to calculate native T1 of the phantom at voxel-based spatial 
positions. Before correction, the average absolute difference 
between VFA and IR values was 58% ± 21% (P < 0.05); that 
reduced to 8.1% ± 7.8% (P > 0.05) postcorrection. In the voxels 
with the top 10% of differences, the average values estimated 
to be 170% ± 53% without B1 correction that significantly 
decreased to 28% ± 13% after correction.

Attempts have been made to normalize measured T1 value 
by applying correction factor using external standards.[10,20] 

However, the adopted method has inherent limitations for 
global homogeneity correction (bilateral breast coil cuff) 
with the help of a single phantom. Moreover, our study also 
witnessed different correction factors for each spatial location 
across the coil cuffs. We, therefore, tried to correct the physical 
space of the breast coil cuffs by applying a number of correction 
factors derived for each spatial location using a multiple-tube 
phantom placed in each coil cuff as external standards. The 
current approach primarily attempts to normalize the calculated 
T1 value from signal intensity-generated DFA images that 
otherwise would have been influenced by various factors such 
as B1 field, RF coil uniformity/sensitivity.

The circular tube phantom and the format of arrangement of 
the tubes adopted in this study were found to be best fitted into 
the breast coil cuffs. Phantom design like honeycomb pattern 
or methods like nearest-neighbor interpolation for correction of 
remaining blank spaces between each tube may further improve 
the extent of spatial correction of coil cuffs.[27,28]

By adopting the multiple-tube phantom-based spatial T1 
estimation, we observed inhomogeneity in T1 distribution in 
each breast coil cuff. T10 values in the left breast coil cuff were 
higher compared to the right breast cuff with the average mean 
difference estimated to be 22.46 ms between both sides, which 
postcorrection decreased to 0.86 ms. Similar observation was 
reported by Tsai et al. at 1.5 T MR imaging using B1 field 
correction.[16]

The current study shows significant inhomogeneity that 
exists across breast coil cuffs observed in the phantom study. 
Multiple-tube phantoms are able to provide extrinsic correction 
factor for spatial locations across the breast coil that achieve 
greater homogeneity of T1 distribution. The results derived 
using multi-tube phantom study for global homogenization 
of native T1 across breast coil cuffs are encouraging and need 
validation on human studies for clinical application.
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