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Comparison of Tissue Diffusion Measurements Using
High-resolution and Standard Diffusion Tensor Imaging

in Patients with Locally Advanced Breast Cancer

Cheng-Liang Liu'

'UCSF Masters of Science in Biomedical Imaging Program, San Francisco, California

ABSTRACT

Objective: To evaluate fractional anisotropy (FA) in comparison to apparent diffusion
coefficient (ADC) for discriminating between cancer and normal breast tissue using
standard and high resolution diffusion tensor imaging (DTI).

Materials and Methods: Dynamic contrast enhanced MRI, standard DTI, and high-
resolution DTI data were collected in ten patients with locally advanced breast cancer
before the start of neoadjuvant treatment. Regions of interest were selected in tumor and
ipsilateral normal tissue. ADC and FA values from both DTI sequences were calculated
for tumor and normal tissue regions. Additional studies using an ice water phantom were
performed to investigate the effects of off iso-center imaging location on quantitative
diffusion measurements.

Results: ADC values computed from both standard and high-resolution DTI showed a
significant difference between normal and tumor tissue (p < 0.0001). A statistically
significant difference in FA value for normal and tumor tissue using high resolution DTI
was also measured (p = 0.02). Standard DTI measurements of FA did not show a
statistically significant difference. Estimates of ADC difference between normal and
tumor tissue derived from high-resolution DTI were more accurate than those derived
from standard DTI as reflected in narrower 95% confidence intervals. Phantom studies
showed deviations of up to 16% (standard DTI) and 19% (high-resolution DTI) in ADC
values and 44% (standard DTI) and 258% (high-resolution DTI) in FA values measured
in left or right breast coil as off-center locations, as compared to measurements made
using a head coil at the magnet iso-center.

Conclusions: Both standard and high-resolution DTI sequences found that tumor ADC is
significantly lower than ADC of normal tissue. High-resolution DTT also showed that the
FA value of tumor is significantly lower than normal tissue. High-resolution DTI
sequence might be more sensitive and appears to give superior differentiation between
normal tissue and cancer compared to standard DTI.

v



TABLE OF CONTENTS

INTRODUCTION ...ttt ettt tee et e e stve e estb e e eeveestbeesstaeesstaeesssaeesssaessnes 1
MATERIALS AND METHODS ...ttt e e vre e e eaaea e e enees 6
Patient EIGIDIlILY............ccccvoviuiiiiiieeieeeeie ettt e st e et e e s e e staeeensaeentbeeetaeees 6
Patient IMaGing ACGUISTIION ...............coeeueiieiiiiiii ettt et ee e e ete e e et eeeeenaraeee s 6
PRANLONE STUAY ...ttt ettt e e e taeeenbaeeetbeeetaea e 7
MRI DiffUSTON ANGLYSIS........ccvveeiieeciei ettt ettt et e eeaae e sseeesabeeenseeens 10
Diffusion ROI DelINEATION................c..cccoueeieeeeiiiieeiieeeieeeeieeeiee ettt e et e e sseeeseeen 12
SEALISECAT ATQLYSTS ...ttt ettt 14
RESULTS et e et e e e et e e e e e tb e e e e e ebaeeeesssbbeeeessssaeeeessssaaaeesssseeaeanes 15
Pationts CRAVACIETISTICS ............cccveevueeeiiiieeiee et ettt et e s e e eaa e e sbeeeaseeenseeens 15
PRANEOM DQEQU..........c.oiiiei ettt 15
POLIENE ARGLIYSIS ..ottt ettt et s e e st e e e aeeeabeeenbeeens 18
DISCUSSION ...ttt eeee e e sttt e e e e v e e e e e breae e s sbbeeeesssbaeeeessssaaesesssseeaeanes 21
CONCLUSIONS .ttt ettt e e et e e e e sar e e e e tba e e e e stbeeaesssbaeeeesssseeeesnssssaaeanes 23
REFERENCES ...ttt ettt e ettt e e e e av e e e s ba e e e eenabaeeeeensseeaeanns 24
LIST OF TABLES

Table 1. Apparent diffusion coefficient (ADC) and fractional anisotropy (FA) in the ice
water phantom from standard and high-resolution DTI sequences using the head and
DIEASE COTL. 1ottt 16

Table II. Apparent diffusion coefficient (ADC) values in patients from standard and high-

1€SOIUtION DTT SEQUENCES. ...ooueiieeiieiieeieee e 19



Table III. Fractional anisotropy (FA) values in patients from standard and high-resolution
DTT SEQUEINICES. ...vveeeiieeeiiieeeieeeeieeeiee et e ettt eetre e st e e s tteesbeesssbeeessseesssseesnseessseesnnes 20
Table IV. The statistical results of the two tailed paired Student’s t-test comparing
apparent diffusion coefficient (ADC) and fractional anisotropy (FA) values of tumor

versus ipsilateral normal appearing tissue from standard and high-resolution DTI. 20

LIST OF FIGURES
Figure 1. The images above illustrate the cellularity of normal tissue (left) and tumor
(right). The arrows represent the possible directionality and magnitude of water
movement in the extracellular space. Normal tissue cellularity has more extracellular
space for water molecule movement than tumor tissue, as indicated by the more
diverse pattern of arrows in the normal tissue (left) compared to the tumor tissue
(right). The densely packed cellularity of the tumor restricts the water diffusion
directionality and Magnitide. .........c.ccceeriiiciieiieeieeeeeee ettt see e e seveeraesae e 3
Figure 2. The phantom construction is shown above on the right. A representative T2-
weighted MRI slice (left) illustrates the location of water and ice within the
phantom. The central volume containing only water is seen as a uniform grey
volume, whereas the outer ring volume appears mottled due to the mix of water and
solid ice, which the MRI depicts as dark areas. The equilibrated ice and water in the
outer ring ensures that the water in the central volume is maintained at 0°C............. 8
Figure 3. Shown above is the T2-weighted image of the two phantoms filled with room
temperature water in the breast coil. The regions of interest (ROIs) are shown at

multiple locations covering left to right and top to bottom. ..........cccceeveeverierienenene 9

vi



Figure 4. The three axes of the diffusion tensor ellipsoid are illustrated above by arrows.
Three variables (A1, A2, A3) are assigned to the three axes to represent the magnitude
of diffusivity along those axes of the diffusion tensor ellipsoid. The magnitude of
diffusion along the longest axis is labeled A;, and the two remaining smaller axes are
assigned the diffusivity variables Ay and Az. .....cccveeeveeeiieiiieniicieecee e, 11

Figure 5. The image shows the tumor and fibroglandular ROIs on the standard DTT ADC
(top left) and FA (bottom left) maps, as well as the high-resolution DTT ADC (top
right) and FA (bottom right) maps. The tumor ROI is circled in yellow, and an area
of normal tissue is circled in bIUE. ........cceviririninnine 13

Figure 6. The graph shows the ADC values of room temperature water phantom at
different locations in the breast coil. For standard DTI, the ADC value at the center
was lower than at both lateral sides. For high-resolution DTI, the ADC values were
similar on the left side, but right side values increased as the location proceeded
TUTLRET TIZNL. ..ottt et 17

Figure 7. The graph shows the FA values of the room temperature water phantom at
different locations in the breast coil. For standard DTI, the FA value at the center
was lower than at both lateral sides. For high-resolution DTI, FA values were

similarly elevated on the far lateral sides compared to more central locations. ....... 18

vil



INTRODUCTION

Mammography, ultrasound, and magnetic resonance imaging (MRI) are the most
commonly used modalities for breast imaging. Owing to its high sensitivity and exquisite
spatial resolution, MRI has been recommended by the American College of Radiology
for breast cancer screening in high-risk patients(1). Clinical MRI exams are performed
using dynamic contrast enhanced (DCE) MRI techniques that acquire T1-weighted
images before, during, and after injection of a gadolinium-based contrast agent. Breast
cancer diagnosis is made on the basis of the degree and time course of signal intensity
(SI) change in the first 1-2 minutes following contrast injection. A rapid and marked
increase in SI, and the presence of signal washout after the initial phase, both increase the
suspicion for cancer(2). The high resolution, three-dimensional format of MRI allows
for accurate depiction of tumor extent. Indeed, MRI has been shown to be a better non-
invasive tool for disease staging than other standard clinical practices(3-7). However, low
specificity remains a limitation for breast MRI and prohibits its use as a routine
diagnostic tool for breast cancer.

Diffusion techniques could potentially improve the specificity of MRI. Diffusion-
weighted MR imaging (DWI) measures the apparent diffusion coefficient (ADC) of
water movement and can differentiate the cellularity and microstructures of tumor from
normal tissue. In fact, several studies have shown that low ADC values are linked to
malignant breast tumors(8-13). Diffusion tensor imaging (DTI), which measures both
ADC and fractional anisotropy (FA), also provides information for tissue

characterization(14). While ADC provides a scalar magnitude measurement of water



movement, FA measures the directionality of water movement. DWI allows for the
calculation of only ADC; whereas DTI can be used to measure both ADC and FA. Both
diffusion measurements have potential for breast cancer characterization; previous results
have shown that there are significantly lower ADC and FA values in breast cancers than
normal breast tissue(10-13, 15).

The measurement of water movement by diffusion MRI provides structural information
about tissue cellularity and microenvironment. Compared to normal tissue, tumors have
more densely packed cells caused by sustained proliferative signaling, evasion of growth
suppressors, resistance to cell death, and enabled replicative immortality(16). Lopez et al
showed that mammary tumor tissue is stiffer than normal breast tissue due in part to
increased tumor cellularity(17). As Figure 1 illustrates, the resulting lack of extracellular
space in tumors decreases the diffusion or random movement of water molecules. This
molecular diffusion is due to thermal energy, which causes molecules to propel

themselves around their surrounding environment.



Figure 1. The images above illustrate the cellularity of normal tissue (left) and tumor (right). The
arrows represent the possible directionality and magnitude of water movement in the extracellular
space. Normal tissue cellularity has more extracellular space for water molecule movement than
tumor tissue, as indicated by the more diverse pattern of arrows in the normal tissue (left)
compared to the tumor tissue (right). The densely packed cellularity of the tumor restricts the

water diffusion directionality and magnitude.

Consequently, tumor progression affects diffusivity of water molecules. Lopez et al also
found that as normal mammary glands transitioned to invasive carcinoma, the tissue
stiffened(17). This stiffening was partially caused by an increase in tumor epithelial cells,
which decreased the extracellular space within the tumor. Thus, tumor progression led to
decreased diffusivity of water molecules within the tumor.

In breast cancer diagnosis, an advantage of MRI is its high resolution compared to other
imaging techniques. This is particularly important for demonstrating small and multi-
centric disease. However, the voxel resolution of standard breast DTI is typically on the

order of 3 mm?>, which is well below the standard resolution of contrast-enhanced breast



MRI. Improved DTI resolution is likely to provide better characterization of the
microstructural properties of small and heterogeneous lesions. In addition, standard DTI
has a long acquisition time and thus is more prone to image degradation from patient
movement. Standard DWI has similar limitations as standard DTI. Thus, the goal of this
project was to modify a high-resolution DWI sequence for high-resolution DTI and to
apply this technique to the characterization of breast tumors(18). The high-resolution
DWI sequence uses a two-dimensional (2D) echo-planar radiofrequency excitation pulse
that simultaneously controls the slice and “slab” thickness, where the slab is the reduced
field of view (FOV) direction during imaging(19). By using a 2D excitation pulse, we
utilized a novel diffusion sequence with a reduced FOV (rFOV) in the phase encode
direction. This sequence has the advantage of decreasing the number of k-space lines
required to achieve a high-resolution image, while significantly reducing off-resonance
induced artifacts with a shortened readout. It has the potential to reduce distortion by
decreasing the required readout duration for imaging, and by allowing air-tissue
interfaces to be excluded from the shim volume, it could also reduce susceptibility
artifacts. Reducing the FOV can increase the resolution because the spatial domain and
frequency domain are inversely proportional. If the FOV is reduced, the interval of each
sampling point in k-space will increase. When the interval increases, the maximum range
of the k-space also increases and thus decreases the pixel size in the space domain. To
obtain diffusion tensor data, we acquired additional gradient directions, with a total of six
directions.

Previous work found that high-resolution DWI improved image quality and tumor

conspicuity compared to standard DWI. In addition, differences in tumor ADC values



indicated that there was less partial volume averaging with the smaller voxel size of the
high-resolution technique(18). Therefore, we hypothesized that modifying the high-
resolution technique to acquire a full diffusion tensor, might improve the sensitivity of
FA information compared to standard DTI acquisition. The objective of this study was to
compare the ADC and FA values of tumor and normal tissue from the high-resolution
and standard DTI in patients with locally advanced breast cancer. Because the high-
resolution DTT allows better distinction of the tumor boundary contour, the quantification
of ADC and FA differences between tumor and normal breast tissue should be more

conclusive than the standard DTI.



MATERIALS AND METHODS

Patient Eligibility

Fifteen patients with locally advanced breast cancer were enrolled in this retrospective
study; all patients signed informed consent. All patients had pathology-confirmed
invasive breast cancer and were scheduled to receive neoadjuvant chemotherapy. In order
to be eligible for this study, DCE MRI, standard DTI, and high-resolution DTI data had

to be collected in a single MRI exam before starting treatment.

Patient Imaging Acquisition

A 1.5 T GE Signa LX scanner (GE Healthcare, Waukesha, WI) with 40 mT/m maximum
gradient strength and 150 mT/m/ms maximum slew rate was used to scan the patients. An
eight-channel bilateral phased array breast coil (Hologic — formerly Sentinelle Medical,
Toronto, Canada) was used to acquire data. A bilateral fat-suppressed T1-weighted DCE
MRI was acquired using a three-dimensional fast gradient echo sequence. The DCE MRI
scan time was between 80-100 sec, and scan collection continued for at least 8 min
following contrast injection. Patients received 0.1 mmol/kg gadopentetate dimeglumine
(Magnevist) contrast agent (Bayer Healthcase Pharmaceuticals, Berlin, Germany).

The DTI sequences were acquired following DCE imaging. The standard DTI images
were acquired using an echo planar imaging sequence and the following parameters:
TR/TE = 6000/69.6 ms, NEX = 6, matrix size = 128 x 128, slice thickness = 3 mm, pixel
size = 3.125 x 3.125 mm®. The high-resolution DTI protocol consisted of the previously
referenced 2D spatially selective pulse, a 180° refocusing pulse for fat suppression, and

the following parameters: TR/TE = 4000/72.8 ms, NEX = 10, matrix size = 128 x 64,
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slice thickness = 4 mm, pixel size = 1.094 x 1.094 mm®. Diffusion gradients were applied

in six directions with b = 0 and 600 s/mm?>.

Phantom Study

MRI scanners are designed to have the highest homogeneity at the center of the
instrument, which means the iso-center has a more uniform magnetic field than off-center
areas. With good shimming, a high degree of uniformity enables chemically selective fat
suppression. However, the bilateral coil elements for the breast coil are not located at the
scanner’s iso-center. In order to evaluate differences in diffusion measurements between
iso-center and off-center locations, a phantom study was conducted. The phantom was
comprised of two cylinders, with a smaller cylinder nested within a larger one as seen in
Figure 2. This configuration creates two volumes: a central volume and an outer ring. A

second, identical phantom was used in the opposite breast location.



Distilled water

Ice and water

Figure 2. The phantom construction is shown above on the right. A representative T2-weighted
MRI slice (left) illustrates the location of water and ice within the phantom. The central volume
containing only water is seen as a uniform grey volume, whereas the outer ring volume appears
mottled due to the mix of water and solid ice, which the MRI depicts as dark areas. The
equilibrated ice and water in the outer ring ensures that the water in the central volume is

maintained at 0°C.

For the first part of the study, the central volume of the phantom was filled with distilled
water and the outer ring was filled with ice and water. The phantom was allowed to
equilibrate for 50 min, ensuring that all water within the phantom was at 0°C. The DTI

sequences were performed as detailed in the previous section on patient image acquisition.



In addition, the same DTI sequences were collected using the head coil as well as the
breast coil. Because the ADC of water at 0°C is known and the head coil allows the
phantom to be located in the scanner’s iso-center, the phantom study in the head coil
provided a reference value for comparison to the ADC values from the breast coil.

In the second part of the phantom study, the ADC value dependence on distance from the
iso-center was further characterized. The central volume and outer ring of the phantom
were filled with distilled water at room temperature, and DTI data was acquired in the

breast coil only. The ADC was calculated for regions of interest (ROI) that covered not

only left to right but also top to bottom in the water phantom, shown in Figure 3.

Figure 3. Shown above is the T2-weighted image of the two phantoms filled with room
temperature water in the breast coil. The regions of interest (ROls) are shown at multiple

locations covering left to right and top to bottom.



MRI Diffusion Analysis

The diffusion gradient strength and time duration determine the b value. In a one-
dimensional measurement, a bipolar gradient alters the signal intensity of diffusing water
molecules by introducing phase differences that are proportional to the gradient strength.
For non-moving spins, the equal lobes of the bipolar gradient produce a net phase
difference of zero. However, if the water molecules are moving, the signal intensity will
decrease because spins are incompletely rephased. The relationship between ADC and
signal intensity is:

Safter aif fusion = Sbefore dif fusionX€  9radient(4DC)

We generated the rotationally invariant DTI parametric map, including the directionally
averaged ADC and FA values, based on standard methods(20). The ADC value describes
the degree of water mobility in tissue voxels, and is calculated with the following

equation:

Al+/12 +/13 mmZ/
- 9 S

ADC =
3

where A;, A, and A3 are the maximum, intermediate, and minimum diffusion tensor
eigenvalues that describe the magnitude of diffusion along each of the three principal

axes of the diffusion tensor ellipsoid, as seen in Figure 4.
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Figure 4. The three axes of the diffusion tensor ellipsoid are illustrated above by arrows. Three
variables (A1, Ay, A3) are assigned to the three axes to represent the magnitude of diffusivity along
those axes of the diffusion tensor ellipsoid. The magnitude of diffusion along the longest axis is

labeled A4, and the two remaining smaller axes are assigned the diffusivity variables A, and A;.

In order to estimate the intra-voxel diffusivity, FA represents a unitless measure of the

degree of directionality, which is calculated by:

_ \/(11 —12)%2 + (A, — 23)2 + (A3 — A4)?

FA =
\/7\[,112 + 1,% + 157

Diffusion behavior can vary from isotropic to highly anisotropic, reflecting differences in
the microstructural properties of tissue. For isotropic diffusion, A; = A, = A3; for highly
anisotropic diffusion, A; >> A; > A;. The former model has an FA value around zero. The
latter model has a strongly preferred direction of diffusion, and the value of FA will be

close to one.
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Diffusion ROI Delineation

Lesions were identified as areas of contrast enhancement on the DCE MRI images. A
tumor ROI was drawn manually to encompass the dark area on every slice of the ADC
map that corresponded to the area of hyperintensity on the DCE MRI image. The tumor
ROIs excluded any areas of vasculature, hematoma, necrosis, cyst, or image artifact. A
second set of ROIs was manually drawn to include a region of normal appearing
fibroglandular tissue in the ipsilateral breast. The normal fibroglandular ROIs excluded
any areas that corresponded to abnormal enhancement on the DCE MRI. ROIs were
drawn on the ADC map of the high-resolution DTI and then applied to the high-
resolution DTI FA map and standard resolution DTI ADC map. If needed, the ROIs on
the standard DTI ADC map were modified to better represent that image, and then
applied to the standard DTI FA map. Thus, similar ROIs were used for tumor and normal
tissue in the standard and high-resolution DTI, as seen in a representative patient in

Figure 5.
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Figure 5. The image shows the tumor and fibroglandular ROIs on the standard DTI ADC (top left)
and FA (bottom left) maps, as well as the high-resolution DTI ADC (top right) and FA (bottom

right) maps. The tumor ROl is circled in yellow, and an area of normal tissue is circled in blue.
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Statistical Analysis

The two-tailed paired Student’s t-test was used to compare the ADC and FA data of
tumor versus normal tissue in the same subjects for both standard and high resolution
DTI sequences. Results are reported as mean differences, 95% confidence intervals (CI),
and associated p-value for rejecting the null hypothesis of zero change between standard

and high-resolution DTI results. A p-value < 0.05 was considered statistically significant.
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RESULTS

Patients Characteristics

Due to difficulty defining lesions, five cases were excluded from analysis. The remaining
ten subjects ranged in age from 32 to 72 years old, with a mean of 47.3 years old. Their
initial tumor volume, calculated by applying a 70% contrast enhanced threshold to the

DCE MRI data(21), ranged from 0.185 to 4.68 cm’, with a mean of 1.483 cm’.

Phantom Data

Table I lists the ADC and FA values acquired in the phantom with water at 0°C. ADC
values were 1.12 x 10° mm?%/s from both standard and high-resolution DTI sequences
acquired in the head coil. ADC values varied from 1.20 to 1.33 x 10” mm?/s in both sides
of the breast coil for standard and high-resolution DTI. The off-center deviations of
standard resolution DTI sequence up to 16% and high-resolution DTI sequence up to
19%. High-resolution DTI sequence had larger range of deviation than standard

resolution DTI sequence.
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Table I. Apparent diffusion coefficient (ADC) and fractional anisotropy (FA) in the ice water

phantom from standard and high-resolution DTI sequences using the head and breast coil.

Breast coil

ADC (x 107 mm?/s) Head coil Left Right

Standard DTI 1.1207 1.2959 1.2834

High-resolution DTI 1.1185 1.3318 1.2029
Breast coil

FA Head coil Left Right

Standard DTI 0.2202 0.2583 0.3168

High-resolution DTI 0.0627 0.1769 0.2243

The FA acquired in the head coil was 0.22 for standard DTI and 0.06 for high-resolution
DTI. The standard DTI produced an FA value equal to 0.26 on the left side and 0.32 on
the right side of the breast coil. The high-resolution DTI produced an FA value equal to
0.18 on the left side and 0.22 on the right side of the breast coil. The off-center deviations
of standard resolution DTI sequence up to 44% and high-resolution DTI sequence up to
258%. In FA value comparison, high-resolution DTI sequence had larger range of
deviation than standard resolution DTI sequence.

For the room temperature water phantom, both ADC and FA appeared lower in iso-center
and gradually increased from center location to lateral sides. Figure 6 shows standard
DTI ADC values of 2.6 x 10~ mm?/s on the far left to 2.2 x 10 mm?*/s in the center to
2.5 x 107 mm*/s on the far right. High-resolution DTI produced ADC values from 2.2 to
2.3 x 10”° mm*/s on the left and from 1.9 to 2.2 x 10~ mm?*/s on the right. ADC values in

high-resolution DTI sequence were slightly lower than standard resolution DTI sequence.
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Figure 6. The graph shows the ADC values of room temperature water phantom at different
locations in the breast coil. For standard DTI, the ADC value at the center was lower than at both

lateral sides. For high-resolution DTI, the ADC values were similar on the left side, but right side

values increased as the location proceeded further right.

Figure 7 shows standard DTI FA values of 0.19 on the far left to approximately 0.08 in
the center to 0.27 on the far right. High-resolution DTI produced FA values from 0.34 to

0.23 on the left and from 0.26 to 0.41 on the right. High-resolution DTI sequence had

higher FA values than standard resolution DTI sequence.
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Figure 7. The graph shows the FA values of the room temperature water phantom at different
locations in the breast coil. For standard DTI, the FA value at the center was lower than at both
lateral sides. For high-resolution DTI, FA values were similarly elevated on the far lateral sides

compared to more central locations.

Patient Analysis

Table II lists the ADC values calculated from standard and high-resolution DTI for
normal and tumor tissue. The mean tumor ADC from standard DTI was 1.1750 + 0.1809
x 10~ mm?/s compared to 2.0446 + 0.1508 x 10~ mm?s in normal tissue. The mean
tumor ADC from high-resolution DTI was 1.1467 + 0.1805 x 10° mm?/s compared to
1.8932 £ 0.1674 x 10~ mm?/s in normal tissue.

Table III lists the FA values calculated from standard and high-resolution DTI for normal
and tumor tissue. The mean tumor FA from standard DTI was 0.1724 + 0.0455 compared
to 0.1951 + 0.0903 in normal tissue. The mean tumor FA from high-resolution DTI was

0.3100 = 0.0785 compared to 0.3590 £ 0.0477 in normal tissue.
18



The results of the two tailed paired Student’s t-test comparing tumor to normal appearing
tissue can be seen in Table IV. The tumor and normal tissue ADC values were
significantly different for standard DTI (mean difference = 0.8696, 95% CI = (0.7336,
1.0056), p < 0.0001) and high-resolution DTI (mean difference = 0.7464, 95% CI =
(0.6146, 0.8782), p < 0.0001). For both standard and high-resolution DTI sequences,
ADC values in tumor were lower than in normal appearing tissues. The tumor and normal
tissue FA values were significantly different for high-resolution DTI (mean difference =
0.0491, 95% CI = (0.0115, 0.0867), p = 0.0165). Tumors’ FA values were lower than
normal appearing tissues’ FA values in both standard and high-resolution DTI sequences.
Only high resolution DTI sequence had significant lower FA values in tumor versus

normal appearing tissue.

Table II. Apparent diffusion coefficient (ADC) values in patients from standard and high-resolution

DTI sequences.

Standard DTI ADC High-resolution DTT ADC

Tumor Normal Tumor Normal

Patient 1 1.0907 1.9839 1.0103 1.8502
Patient 2 1.1316 1.9125 1.0840 1.6626
Patient 3 1.1417 2.1981 1.0345 2.0343
Patient 4 0.8377 1.8768 0.8356 1.6816
Patient 5 1.4211 2.1211 1.4950 2.0539
Patient 6 1.3149 2.0077 1.2148 1.6999
Patient 7 1.4311 1.9886 1.2573 1.8290
Patient 8 1.1110 1.9387 1.0845 2.0521
Patient 9 1.0416 2.0420 1.2843 2.0432
Patient 10 1.2289 2.3767 1.1671 2.0252

Mean 1.1750 £ 0.1809 2.0446 +0.1508 1.1467 +0.1805 1.8932 +0.1674

The apparent diffusion coefficient (ADC) units for all values are x 10~ mm®/s.
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Table Ill. Fractional anisotropy (FA) values in patients from standard and high-resolution DTI

sequences.
Standard DTI FA High-resolution DTI FA

Tumor Normal Tumor Normal

Patient 1 0.1468 0.1605 0.2838 0.3008
Patient 2 0.1282 0.1434 0.2480 0.3614
Patient 3 0.1674 0.1736 0.2372 0.3039
Patient 4 0.1898 0.1592 0.3079 0.3096
Patient 5 0.2854 0.4236 0.3020 0.3555
Patient 6 0.1672 0.2311 0.2297 0.3664
Patient 7 0.1347 0.1652 0.2431 0.3430
Patient 8 0.1796 0.2483 0.4160 0.4126
Patient 9 0.1374 0.1331 0.4374 0.4439
Patient 10 0.1871 0.1133 0.3944 0.3931

Mean 0.1724 £ 0.0455 0.1951£0.0903 0.3100 £ 0.0785 0.3590 + 0.0477

The fractional anisotropy (FA) is unitless value.

Table IV. The statistical results of the two tailed paired Student’s t-test comparing apparent
diffusion coefficient (ADC) and fractional anisotropy (FA) values of tumor versus ipsilateral normal

appearing tissue from standard and high-resolution DTI.

Two tailed paired Student’s t-test

ADC (x 10 mm?/s) Mean Difference 95% CI p-value
Standard DTI 0.8696 (0.7336, 1.0056) <0.0001 *
High-resolution DTI 0.7464 (0.6146, 0.8782) <0.0001 *
Two tailed paired Student’s t-test
FA Mean Difference 95% CI p-value
Standard DTI 0.0228 (-0.0190, 0.0646) 0.2478
High-resolution DTI 0.0491 (0.0115, 0.08670) 0.0165 *

95% CI indicates the 95% confidence interval.
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DISCUSSION

The objective of this study was to compare the ADC and FA values of tumor and normal
tissue from high-resolution and standard DTI studies in patients with locally advanced
breast cancer. The mean ADC values for tumor and normal breast fibroglandular tissue
calculated with both the standard and high-resolution DTI sequences were consistent with
previous studies that found that tumor has lower ADC values than normal tissue(15). In
addition, while ADC values from the standard and high-resolution DTI sequences were
both significantly lower in tumor compared to normal tissue, the high-resolution DTI had
a narrower 95% CI and thus provided a more accurate estimation of the difference.

FA values give additional information for differentiating tumor from normal tissue by
characterizing the directionality of water movement. In this study, both DTI sequences
found that tumor FA was lower than that of normal tissue FA. However, this difference
was only significant for the high-resolution DTI sequence. The finding of a lower FA in
tumor than normal tissues is in agreement with previous results(15).

However, there were limitations to this study. First, the results from the phantom studies
indicate that both the ADC and FA values are affected by off-center location. The ADC
values of the ice water phantom measured in the head coil were closer to the expected
value of 1.1 x 10 mm?/sec(22-25) than those measured by the breast coil. A similar
result was found for FA of the ice water phantom; the FA values measured in the head
coil were closer to zero, the expected value, than those measured in the breast coil. This
effect is likely due to gradient non-linearity. To minimize its impact on the clinical study
data, the tumor and normal tissue ROIs were taken from the same slice and in a similar

position within the field of view.
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In room temperature water phantom results, the ADC and FA values increased from the
iso-center to the lateral sides in the standard resolution DTI sequence. This data indicates
that gradient non-linearity affected the diffusion values at off-center locations more
dramatically than at the iso-center. These off-center effects influenced high-resolution
DTI sequence more exaggeratedly than standard resolution DTI sequence. It might be the
fact that high-resolution DTI sequence was more sensitive to detect the differences.
While this issue has not yet been addressed, repetition of the phantom study will allow
the off-center effects to be measured and corrected, yielding more accurate ADC and FA
values.

Another factor that may affect ADC and FA value is voxel anisotropy. In theory, a
perfect cube is the optimal voxel for calculating the tensor. With an isotropic voxel, the
directionality of water movement would be accurate and the exact FA value could be
calculated. However, the high-resolution DTI used in this study has a spatial resolution of
1.094 x 1.094 x 4 mm, which is highly anisotropic. Future work will address this issue
and an attempt will be made to implement a more isotropic voxel using the high-
resolution DTIL.

A major limitation of this study was the small sample size. With only 10 cases, the
statistical tests performed on this data lacked power. However, the results of this study
were very promising, and continued patient accrual will allow more robust statistical
analysis in future studies. In addition, high-resolution DTI data will be collected as these
patients undergo neoadjuvant chemotherapy, allowing future studies to investigate the

relationship between diffusion measurements and treatment response.
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CONCLUSIONS

Diffusion tensor imaging of breast cancer provides not only the magnitude of diffusivity
but also water diffusion directionality. Tumor ADC values measured by both standard
and high-resolution DTI were significantly lower than in normal tissue, consistent with
previous findings. The high-resolution DTI derived tumor FA values were also
significantly lower than those of normal fibroglandular breast tissue. These results
support the hypothesis that high resolution DTI can improve discrimination between
tumor tissue and normal tissue compared to standard DTI, and may provide a more

detailed depiction of breast tissue microstructure.
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