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Overcoming Limitations in Diffusion-Weighted MRI
of Breast by Spatio-Temporal Encoding
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Purpose: Evaluating the usefulness of diffusion-weighted spa-

tio-temporal encoding (SPEN) methods to provide quantitative
apparent diffusion coefficient (ADC)-based characterizations of

healthy and malignant human breast tissues, in comparison
with results obtained using techniques based on spin-echo
echo planar imaging (SE-EPI).

Methods: Twelve healthy volunteers and six breast cancer
patients were scanned at 3T using scanner-supplied diffusion-
weighted imaging EPI sequences, as well as two fully refo-

cused SPEN variants programmed in-house. Suitable codes
were written to process the data, including calculations of the

actual b-values and retrieval of the ADC maps.
Results: Systematically better images were afforded by the
SPEN scans, with negligible geometrical distortions and markedly

weaker ghosting artifacts arising from either fat tissues or from
strongly emitting areas such as cysts. SPEN-derived images pro-

vided improved characterizations of the fibroglandular tissues and
of the lesions’ contours. When translated into the calculation of
the ADC maps, there were no significant differences between the

mean ADCs derived from SPEN and SE-EPI: if reliable images
were available, both techniques showed that ADCs decreased by

nearly two-fold in the malignant lesion areas.
Conclusion: SPEN-based sequences yielded diffusion-
weighted breast images with minimal artifacts and distortions,

enabling the calculation of improved ADC maps and the identifi-
cation of decreased ADCs in malignant regions. Magn Reson
Med 73:2163–2173, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

In the past decade, extensive efforts have been directed
toward developing new pulse sequences and evaluation
methods to improve breast imaging in general, and
lesion characterization in particular (1–6). Currently,

clinical breast MRI analyses rely on dynamic contrast-

enhanced (DCE) protocols (7–10), which yield qualita-

tive and quantitative characterization of morphological

features and of perfusion kinetics (11–13). In recent

years diffusion-weighted imaging (DWI), which uses an

intrinsic contrast provided by apparent diffusion coeffi-

cients (ADCs), has also been evaluated as an adjunct

diagnostic method. DWI can map the microdiffusion of

water in intracellular and extracellular compartments; a

behavior that will not be merely affected by Brownian

motion, but also by capillary geometry, blood velocity,

extracellular tortuosity, and exchange between tissue

compartments. In the case of breast cancers, it has been

shown that these structural and physiological details

can endow DWI with valuable diagnostic value (14–17),

with cancerous tissues exhibiting lower ADCs than nor-

mal fibroglandular tissue or benign lesions. This differ-

ence is primarily a reflection of the restricted water

diffusion brought about by a higher cellularity in the

neoplastic tissue (18). Quantifying these diffusion fea-

tures requires reliable measurements involving fast,

single-shot MRI methods, which ensure minimal spatial

registration errors. In most cases, and definitely in

clinical applications, spin-echo echo planar imaging

(SE-EPI) is the method of choice for performing these

rapid diffusion-monitoring scans (19–21). Standard

single-shot EPI and segmented EPI have thus been rou-

tinely tested in human breast cancer evaluations at both

1.5T and 3.0T (2,22–24).
These applications notwithstanding, EPI-based meth-

ods are prone to display image artifacts (25–27), particu-
larly when applied to human breast (28,29). This is a
result of the relatively high heterogeneities arising from
either the abundance of fatty tissue, from air/tissue inter-
faces or from fluid cysts, that characterize the breast
anatomy (30). Further complications arise from the off-
center position of the targeted organ. All these factors
may result in geometric distortions, ghosting artifacts,
and imperfect fat suppression, particularly when SE-EPI
experiments are performed at high (�3T) magnetic fields.
In view of these complications, this study explored the
potential of spatio-temporal encoding (SPEN), a new
single-shot technique that has proven to be a highly
robust alternative to SE-EPI in terms of overcoming B0

inhomogeneities and heterogeneous chemical environ-
ments (31,32). We have reported recently about how
SPEN MRI approaches could be adapted for extracting
ADC maps, based on the use of a variety of different
sequences (33). In this study, some of these methods
were tested in breast DWI studies, and their performance
was compared against single-shot SE-EPI counterparts
for ADC mapping in healthy female volunteers and in
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cancer patients. Over the course of these tests, SPEN
consistently yielded images that were superior to those
of SE-EPI in terms of overcoming geometric distortions
and ghost artifacts. These significant artifact reductions
could in turn improve breast lesion examinations based
on DWI.

THEORY

Diffusion Mapping Using a Hybrid SPEN/k-space
Approach in a Clinical Scanner

SPEN is a single-shot imaging modality that relies on
performing a consecutive excitation and refocusing of
the spins along one or more spatial sample axes (31,34).
Although several SPEN variants have been described
(35–37), this study focused on two strategies. In the first
of these (Fig. 1a), spins are excited with a chirped 90�

pulse sweeping a field of view (FOV) at a constant rate
R 5 (cGeFOV)/Te in the presence of an encoding gradient
Ge. At the end of this gGeFOV frequency sweep, a quad-

ratic spin evolution phase profile along the encoding gra-
dient’s (z) direction is imprinted:

weðzÞ ¼
gGeð Þ2

2R
z2 � gGeð Þ2FOV

2R
z [1]

During acquisition, this quadratic spatial dependence
will lead to a destructive interference among the sig-
nals of all spins packets except those corresponding to
the parabola’s stationary point, of width Dz �

ffiffiffi
R
p

gGe
. This

implies that, under appropriate conditions, the time-
domain response arising from the spins will be equiva-
lent to the imaging information being sought: |S(t)| �
q(z) (34,38). To record the response over the full FOV
being targeted, this stationary point is displaced by the
action of an additional gradient Ga(t) acting over an
acquisition time Ta. Important benefits may arise from
the resulting non-Fourier imaging approach, including
the absence of ghosting artifacts, and the possibility of
using stronger acquisition gradients than normally dic-
tated by EPI’s Nyquist criteria, thereby reducing

FIG. 1. SPEN imaging experiments depicting the different RF pulse and gradient manipulations for the chirped-90� and the chirped-180�

sequences assayed in this study. a: Scheme with diffusion-sensitizing gradients (indicated by stepped gray gradients separated by a

delay D) symmetrically located on both sides of a central refocusing pulse; by choosing equal excitation and acquisition times, Te 5 Ta,
a full refocusing condition freeing the ensuing image from T2* effects is achieved. b: Sequence with the diffusion block placed in a pre-
encoding Ta/2 delay required by SPEN’s full refocusing condition, which in this case demands Te 5 Ta/2. The RF/ADC line displays the

RF and signal acquisition. Ge, encoding gradient; Gd, diffusion-weighting gradients; Gss, slice-selective gradient; Gpr, purge gradients;
Ga, acquisition gradients; Te, encoding time; Ta, acquisition time; NLB¼number of loops encoding the low-bandwidth (SPEN) dimen-
sions. The diffusion timing parameters are d and D. c: Illustrating the origin of the spatially dependent b-weightings arising in SPEN. For

the 90� chirp encoding, spin-packets excited first (and detected last, red) experience the maximum effect of the Ge, Ga, and cross-term
gradients, whereas spin-packets excited last (and detected first, green) experience the minimum gradient weight. For the adiabatic 180�

inversion pulse (b), spin-packets inverted first (green) will experience the minimum Ge and Ga effects; spin-packets inverted last (red)
will experience the maximum.
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distortions incurred by field inhomogeneities and/or
chemical shifts. Another important aspect of SPEN
rests in its “full refocusing” capabilities (31), whereby
each sequentially excited spin packet can be forced to
experience identical transverse evolution times
between its excitation and the sequences’ 180� refocus-
ing pulse, as it will evolve between this refocusing
pulse and the instant of its constructive buildup/acqui-
sition. This choice translates into Te 5 Ta for the
sequence in Figure 1a; this can greatly attenuate T2*
effects in the ensuing image, resulting in another
important aid in reducing susceptibility heterogeneities
in complex targets such as the breast. A potential limi-
tation of SPEN rests in the signal-to-noise ratio penal-
ties that it may suffer from the loss of Fourier’s
multiplexing advantage. On the other hand, it has been
shown that these penalties can be offset by departing
from a simple |S(t)| � q(z) magnitude calculation, and
relying instead on super-resolved algorithms for recon-
structing the spatial image from multiple adjacent time-
domain points (39,40).

In addition to this sequential excitation sequence, a
second SPEN strategy assayed involved an initial 90�

slice-selective pulse, followed by an adiabatic 180� pulse
sweep (Fig. 1b). The phase accumulated by the spins
during this sweep is

weðzÞ ¼ �
gGeð Þ2

R
z2 [2]

In contrast to Equation [1], this encoding exhibits
no linear term, implying that a purge gradient (Gpr)
is needed to shift the parabolic phase profile to one
end of the FOV and enable the subsequent acquisi-
tion gradient Ga to sweep the stationary point of ue

from one edge of the sample to the other. The addi-
tion of a final, broadband 180� pulse at the conclu-
sion of this acquisition restores all spins that were
not addressed by the initial slice-selective pulse back
to their original thermal equilibrium (36). This makes
the latter approach suitable for multislice imaging,
albeit at the expense of higher specific absorption
rates. All other considerations and advantages appli-
cable to the 90�-encoding SPEN experiment, includ-
ing reduced ghosting artifacts and a higher immunity
to field heterogeneities, also apply to this 180�-based
SPEN sequence.

Monitoring diffusion by MRI requires adding onto the

imaging schemes, bipolar pairs of diffusion-sensitizing

magnetic field gradients 6Gd of duration d (41,42). Spins

that move along the direction of Gd during the interval D
separating this gradient pair acquire a phase evolution

that is not completely refocused. This attenuates the sig-

nal for each pixel in the final image according to

SIðbÞ ¼ SIð0Þ � e�b�ADC , where SI(b) and SI(0) are the sig-

nal intensities with and without the Gd gradients, and

the b-variable summarizes the total diffusion weighting

accumulated during the sequence. A quantitative estima-

tion of the ADC requires a calculation of b that includes

the diffusion-sensitizing gradients, as well as the collec-

tive action of all gradients in the sequence. These effects

are usually expressed as (41–43)

bðtÞ ¼ g2

Z t

0

K2ðt0 Þdt
0

[3]

where Kðt0 Þ ¼ g
R t
0

0 Gðt00 Þdt
00

is a wavenumber summariz-
ing the action of all gradients up to a particular time t’
within the sequence. These considerations, however,
are not directly applicable to sequences that, like SPEN,
involve a spin dephasing that is neither linear in space
nor independent of the spin’s absolute position. This is
further clarified in the lower panels of Figure 1, which
compare the effects that a diffusion gradient block
(gray, Gd) will incur onto the SPEN pulse sequences
summarized above. In the case shown in Figure 1a, the
first spins to be excited will experience the full dura-
tions of the Ge and Ga gradients until they reach the sta-
tionary phase condition and contribute to an observable
signal (red), whereas the last spins to be excited will
experience the shortest Ge and Ga gradient durations
(green). Spins subject to the longer SPEN evolution will
experience uneven diffusion effects stemming from the
imaging gradients themselves, as well as stronger cross-
terms between these imaging gradients and the diffu-
sion block located between the SPEN encoding and
decoding. Likewise, in the case shown in Figure 1b, the
first spins to be inverted by the adiabatic 180� pulse
will experience the shortest duration of Ge and Ga

(green), while the last spins to be inverted will experi-
ence the longest-lasting gradients (red). In both cases,
spatially dependent b values will result from these
SPEN strategies, and accounting for them is necessary
for obtaining reliable ADC maps. To do this, we employ
the formalism described by Shrot and Frydman (44),
relating diffusion effects with the spins’ rotating-frame
evolution phases wðt; zoÞ ¼ g

R t
0 Bðt0 ; zoÞdt

0
that have been

expanded according to

wðt; z0 þ dzÞ ¼ wðt; z0Þ þ
dwðt; z0Þ

dz
dz þOðdz2Þ

� wðt; z0Þ þ Klocalðt; z0Þdz

[4]

where Klocal represents the phase dispersion that, in
proximity to an arbitrary position z0 within the object’s
FOV, is experienced by the spins throughout the
sequence. This local phase dispersion is akin to the
global K introduced in Equation [3], and when incorpo-
rated into Karlicek and Lowe’s model of diffusion (43) it
can deliver the diffusion-driven attenuation function

Aðt; zoÞ ¼ exp �D �
Z t

0

K2
localðt

0
; zoÞdt

0

2
4

3
5

¼ exp �D �
Z t

0

dwðt0 ; zoÞ
dz

� �2

dt
0

2
4

3
5

[5]

Notice that this decay will be independent of the abso-
lute value of local phases wðt; zoÞ and be given only by
their spatial derivatives. For a SPEN sequence involving
a 90� chirp excitation pulse (Fig. 1a), this attenuation
function can be shown to lead to (33)
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Aðt; zÞ ¼ exp ½�Db� ¼ exp �g2D

G2
dd2 D� d

3

� �
�

G2
e ðtð90ÞðzÞ � TeÞ2ðtð90ÞðzÞ � 3D� 3d� 3Ta � TeÞ

3
þ

2GdDdGeð�tð90ÞðzÞ þ TeÞþ

GaGeTaðtð90ÞðzÞ � TeÞð2Dþ 2dþ Ta þ 2TeÞþ

G2
aTað3D2 þ 3d2 þ T2

a þ 3TaTe þ 3T2
e þ 3dðTa þ 2TeÞ þ 3Dð2dþ Ta þ 2TeÞÞ
3

2
666666666666664

3
777777777777775

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>;

[6]

where the first term in this expression is the typical Stejskal-
Tanner decay (42), and the remaining terms describe the
diffusion-driven self- and cross-effects arising from the

encoding, the acquisition, and the diffusion-sensitizing gra-
dients. For the SPEN sequence in Fig. 1b, the overall attenu-
ation function had not been hitherto derived, and it is:

Aðt; zÞ ¼ exp ½�Db� ¼ exp �g2D

G2
dd2 D� d

3

� �
þ

G2
aT3

a

3
þ GaGeT2

a ð�2tð180ÞðzÞ þ TeÞþ

G2
e �

2t3
ð180ÞðzÞ

3
� 4tð180ÞðzÞTaTe þ TaT2

e þ t3
ð180ÞðzÞð4Ta þ TeÞ

 !

2
6666666664

3
7777777775

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

[7]

where the first term in this expression reflects once again
the Stejskal-Tanner decay, and the remaining terms
describe the attenuation arising during the encoding gra-
dient Ge and decoding gradient Ga. Notice that in all
cases, the placing of the diffusion-weighting block is
such that the full-refocusing condition alluded to earlier
is always preserved. With these considerations as back-
ground, the potential of DWI SPEN was evaluated.

METHODS

Patients

The study was approved by the Institutional Review
Board of the Meir Medical Center (Kfar-Saba, Israel), and
signed informed consent was obtained from all of the
participants. Twelve healthy volunteers (mean age, 32.8
y [range, 24–61 y]) and six breast cancer patients (mean
age, 49.2 y [range, 46–57 y]) were recruited for this com-
parative study. The latter group had nine biopsy-
confirmed breast cancer lesions (invasive ductal carci-
noma [IDC], n¼ 1; ductal carcinoma in situ [DCIS], n¼ 2;
invasive lobular carcinoma, n¼4; and mixed IDC and
DCIS lesions, n¼2), all of which were analyzed by DWI.

MRI Protocol

Axial images of both breasts were acquired at 3T on a
Siemens TrioTIM scanner (Erlangen, Germany) using a
four-channel bilateral breast coil (Siemens). For the 12
healthy volunteers, the MRI protocol included a T2-
weighted turbo spin-echo (TSE) sequence, covering the
whole breast for anatomical reference. This was followed
by diffusion-weighted two-dimensional (2D) acquisitions
of fat-suppressed, twice-refocused SE-EPI (45) and SPEN
images of central slices in the region of the nipple. Both

of these sequences were repeatedly applied in three
orthogonal directions. The protocol of the six breast can-
cer patients included additional diffusion tensor imag-
ing, DCE, and fat-suppressed T2-weighted TSE
sequences (12,46), with diffusion tensor imaging applied
prior to the DWI sequences for detecting the tumor’s
location and defining the region for the DW scans
accordingly. Finally, after the DWI measurements, DCE
was applied for further verification of the lesions’ local-
ization. T2-weighted TSE used echo/repetition times of
122/5500 ms with an FOV of 360 � 360 mm2 and a reso-
lution of 0.8 � 0.6 � 2.5 mm3. 2D DW twice-refocused
SE-EPI (multislice, n¼ 5) and SPEN (single and multi-
slice, n¼ 5) were scanned with fat suppression, using
common overall diffusion-weighting parameters: pulsed
gradient durations d¼17–26 ms, intergradient delays
D¼ 35–40 ms, and n¼7 nominal b values of 0, 50, 150,
300, 450, 600, and 750 s/mm2. The spatial resolution of
SE-EPI with a FOV of 320 � 320 mm2 was (1.9-2.0) �
(1.9-2.0) � 2.5 mm3. In SE-EPI experiments, choosing the
anterior (A) ! posterior (P) direction for phase-encoding
was in most cases problematic, as internal posterior
organs would then fold on top of both breasts. Left (L)
right (R) or R ! L were thus the directions of choice for
phase encoding the SE-EPI, with the sense chosen
depending on the side of interest and set to avoid folding
artifacts among the two breasts. An exception to this is
shown in Figure 2, where the SE-EPI phase-encoding
was set A ! P for the sake of easing comparisons with
the SPEN measurement. Indeed, unless otherwise stated,
the low-bandwidth dimension of 2D SPEN acquisitions
was set along the A ! P direction; this allowed us to tar-
get optimized rectangular FOVs of 320 � 192 mm2 for
the multislice and 320 � 100 mm2 for the single-slice
experiments, with in-plane resolutions of (1.7–2.0) �
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(1.7–2.0) mm2 and slice thicknesses of 2.5 mm. The total
scan durations (per slice) were 138 ms, 200 ms, and 277
ms for the 2D single-slice SPEN, 2D multislice SPEN,
and SE-EPI, respectively. Each scan was preceded by
either common spectrally selective fat saturation proce-
dures (Siemens Fat Sat for the SE-EPI and single-slice
SPEN experiments) or by a water-selective excitation
(Siemens Water Excit for the multislice SPEN experi-
ments). In order to shorten the SE-EPI echo times, a par-
tial Fourier k-scan was used, set to 6/8. No parallel
imaging was used with SE-EPI, since no significant bene-
fits were evidenced by our setup in terms of artifact
reduction; for the sake of a balanced comparison, no use

of parallel SPEN MRI (47) was made, either. Minimum
echo times resulting for the SE-EPI, single-slice SPEN,
and multislice SPEN acquisitions were then 105, 85, and
151 ms respectively.

Pulse Sequences

In the single-slice 2D SPEN scans (Fig. 1a), diffusion gra-
dients were integrated into the pulse sequences by flanking
the central 180� slice-selecting spin-echo pulse, with iden-
tical Gd pulses that grow from low to high amplitudes. In
the multislice SPEN version (Fig. 1b), a bipolar diffusion-
weighting block was added during the initial Ta/2 delay in

FIG. 2. Representative example of signal-to-noise and signal-to-artifact ratios in SE-EPI and SPEN breast images of a healthy volunteer.

a: Reference T2-weighted anatomical image. b, c: SE-EPI (b) and SPEN (c) b-zero magnitude images presented with a high signal inten-
sity threshold (top panels) and with a saturated signal intensity range (center panels) highlighting each modality’s signal-to-noise and
signal-to-artifact patterns inside and outside the breast region. Some of the latter, like those arising from residual fat signals, are indi-

cated with yellow arrows. Shown underneath the b-zero images are derivative maps from the SE-EPI and SPEN data, highlighting the
presence of random (noise) versus nonrandom (artifact) signals. These are more clearly quantified in 1D plots like the ones shown in the

lower panels, illustrating the collective, skyline plots of 1D horizontal derivatives separated for three horizontal regions (marked as
black-circled numbers 1,2,3). Note that both SE-EPI and SPEN were acquired here with an A ! P low bandwidth direction.
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a way that retained SPEN’s “full refocusing” capability. In
all the diffusion studies shown below, the new SPEN strat-
egies that we programmed were compared with similarly
structured and timed SE-EPI DW experiments (45) taken
from the scanner’s library.

Image Processing and Analysis

As mentioned, SPEN’s hybrid strategy combines a k-
domain acquisition to encode the readout dimension and a
spatio-temporal sampling to image what is usually the
low-bandwidth dimension. To deliver the final image, a
Fourier transform is needed along the readout axis, while
the quadratic phase dependence imparted along the SPEN
axis (Eq. [1]) should suffice along the orthogonal axis.
Unless relying on strong gradients associated with high
specific absorption rate depositions, this results in an
overtly broad point spread function and low final resolu-
tion. Oversampling considerations, however, can be used
to recover an appropriate image resolution based on the
implementation of super-resolution reconstruction algo-
rithms. Thus, all SPEN data were postprocessed with
MATLAB-based scripts (Mathworks Inc., Natick, Massa-
chusetts, USA) based on super-resolution principles
(39,48). From these processed SPEN imaging data, ADC
maps were obtained after suitably correcting for the pixel-
dependent b values to account for the various effects
described in the Theory section. ADC maps for the SE-EPI
experiments were also obtained using MATLAB-
customized routines, which agreed quantitatively when
compared with processing algorithms available from the
scanner manufacturer. Measurement of the breast ADC val-
ues arising for both the SE-EPI and SPEN maps was per-
formed by relying on manually selected regions of interest
(ROIs). When the ROIs of normal glands were defined, the
whole fibroglandular tissue of both breasts was included.
Placement of the ROIs in the cancer patients captured
areas that were enhanced on the DCE-MRI subtraction and
were hyperintense on DW-MRI, attempting to approximate
tumor boundaries while excluding the surrounding tissue.
Unless otherwise specified, final ADC maps were obtained
by taking the following steps:

1. b-zero images were reconstructed and normalized
on a pixel-by-pixel basis according to Snorm ¼

S�min ðSÞ
max ðSÞ�min ðSÞ, where S is the original image’s signal,
and min(S) and max(S) are the minimum and maxi-
mum signal of entire image;

2. a threshold equal to twice the maximum noise level
was applied over the b-zero images to overcome
background noise and various artifacts;

3. ADC values were calculated on a pixel-by-pixel
basis by fitting a monoexponential decay of ln SIðbÞ

SIðb0Þ
versus b preceded by a pixel-by-pixel calculation of
the actual b-values;

4. based on the quality of this fit, an R2 variability
score was calculated for each pixel; and

5. a final ADC map was reconstructed after neglecting
poorly fitted pixels with R2 values below 0.6.

Means and standard deviations were calculated for
ADC values within these ROIs. Two-tailed paired Student
t tests were used to compare ADC values obtained via

SPEN and SE-EPI; statistical significance was defined as
P< 0.05. Qualitative signal-to-noise and signal-to-artifact
comparisons among the two methods were also performed
(Fig. 2); the latter was derived from a derivative map that
calculated differences between adjacent pixels along the
phase encode dimension of the original b-zero image.
Then, to better distinguish between random and system-
atic noises, the derivative map was divided onto three
horizontal subimages (zones numbered 1 to 3; Fig. 2, bot-
tom), some of which should have been dominated by gen-
uine signal and others by random noise. These three
horizontal subimages were collectively summarized as an
overlay of one-dimensional (1D) plots (vide infra).

RESULTS

Noise and Artifact Comparison in b-zero SE-EPI and
SPEN Images

To evaluate the diffusion information that can be obtained
by single-shot SPEN breast MRI, the performances of the
two sequences in Figure 1 were compared against SE-EPI
in terms of signal-to-noise and of signal-to-artifact ratios.
Figure 2 shows a representative comparison, including ref-
erence T2-weighted axial, single-slice SE-EPI, and single-
slice SPEN breast images, of a healthy volunteer with a rela-
tively dense breast. The SE-EPI and SPEN b-zero magni-
tude images (Fig. 2b and 2c, top panels) are shown with no
background noise filtering in order to highlight the differ-
ent noise/artifact patterns within and outside the breast
regions. Despite the use of super-resolved processing,
SPEN images exhibited a slightly larger thermal noise than
their SE-EPI counterparts. Off-resonance anatomical fea-
tures such as fat-derived signals surviving the presaturation
were also found to challenge both methods (yellow arrows,
Fig. 2b and 2c), even if these are less noticeable in SPEN
due to the stronger Ga gradients and full refocusing condi-
tions it involves. To emphasize this and to distinguish it
from artifact-derived coherent patterns, differential maps
were generated from the SE-EPI and SPEN images (Fig. 2,
lower panels). Shown underneath these derivatives are
overlaid stack plots arising from three horizontal regions
arising from these images, dominated by artifacts, genuine
signals and noise, respectively. These 1D spectra highlight
the stronger artifact “peaks” originating in the SE-EPI case
outside the breast, as well as the slightly lower signal-to-
noise ratio originating by SPEN for the breast region.

One common approach to avoid off-resonance and
fold-over artifacts in breast DWI is to apply a threshold
based on a lower-bound magnitude in the b-zero images
before performing an evaluation of the diffusion map.
This in turn, stresses the importance of retrieving quality
b-zero breast images in order to avoid artifacts and mis-
interpretations. Figure 3 presents outcomes of this proce-
dure for SE-EPI and for 90�-encoded SPEN experiments,
recorded in a healthy volunteer showing a cyst in the
left breast. Acquiring artifact-free images in the presence
of this added inhomogeneity imposes a challenge to
single-shot methods; SE-EPI in particular shows a com-
plex b-zero raw image suffering from multiple fibro-
glandular tissue and fat signal ghosts along the L ! R
phase-encoded direction (Fig. 3b, yellow arrows), as well
as from a strong replication of the intense cyst signal
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folding from one breast side to the other (Fig. 3b, yellow
dashed frame). Thresholding the b-zero data (Fig. 3,
lower panels) presents a clearer SE-EPI image, yet not
totally devoid of artifacts. By contrast, the b-zero SPEN
image shows a much cleaner, ghost-free appearance.

Breast ADC Maps of Healthy Volunteers and Patients

ADC maps were obtained for 12 healthy volunteers with
a variety of breast densities and for six patients with
malignancy findings. Figure 4 shows representative
results of the healthy volunteer scans, presenting once
again an anatomical T2-weighted reference image (Fig.
4a) and ADC results acquired following DWI SE-EPI (Fig.
4b) and multi-slice SPEN (Fig. 4c) experiments. The top
row of these panels display b-zero images resulting after
removing low-intensity noises; despite this masking,
notable susceptibility-induced artifacts originate in the
SE-EPI image from the nipple (dotted frame in purple,
Fig. 4b). Other than for this distortion, this particular
case involves a relatively high-density breast with signifi-
cant amount of water signal and little off-resonance con-
tributions, leading to similar image qualities for both
methods. The center panels of Figure 4b and 4c show the
R2 maps arising from these SE-EPI and SPEN experi-
ments, arising from a pixel-by-pixel fit of ln[S(b)/S(0)] for
a series of DWI experiments. Residual fat signals yield
relatively poor fits in these maps (R2< 0.6, yellow
arrows), and therefore a threshold based on discarding
the low R2-valued pixels was adopted. This led to clearer
ADC maps (Fig. 4, lower panels), showing an average of
1.95 6 0.4 � 10�3 (mm2/s) and 2.05 6 0.25 � 10�3 (mm2/
s) for SE-EPI and SPEN, respectively. To better appreciate
the effects of employing an R2-based discrimination for
retrieving ADC maps, Figure 4 also present histograms of
the diffusion values arising over the whole breast slice,
before and after the application of the R2 thresholding.

Figure 5 shows a representative fatty breast case of a
patient with mixed IDC and DCIS. Having the fibrogland-
ular tissue surrounded by significant amounts of fat cre-
ates a challenge in DWI. In this case, only SPEN’s b-zero
image succeeds to restore the lesion’s size and shape, as
judged by a reference subtracted-DCE image (Fig. 5, red
arrowheads). The diffusion parameters of the lesion are
shown as ADC maps superimposed on the TSE image in
the lower panels of the figure, showing once again a bet-
ter contrast definition for SPEN.

Another representative case of tissue complexity is
given in Figure 6, with images of a patient exhibiting an
IDC, as well as multiple cysts in the same slice. Scans
presented included a DCE subtracted image revealing the
tumor location (Fig. 6a), an anatomical T2-weighted
image (Fig. 6b), and a series of comparisons between
diffusion-weighted SE-EPI and SPEN results. The b-zero
images (Fig. 6c and 6d) demonstrate again that unlike
SE-EPI, SPEN images are free from ghosting artifacts and
from distortions surrounding and overlapping with the
breast’s ROI. For both SE-EPI and SPEN, ADC maps were
obtained after removing pixels with poor exponential fits
as described by an R2<0.6. When the resulting maps
were plotted for all ADC values measured in the 0.7–2.8
� 10�3 mm2/s range (Figs. 6e and 6f), severe artifacts
still arose in the SE-EPI data from ghosts and distortions.
Circumscribing the ADC maps to the 0.7–1.5 � 10�3

mm2/s range reduced these artifacts but did not com-
pletely eliminate them; nevertheless, under these restric-
tions, the lesion was recognizable in the ADC maps
obtained by both methods (Fig. 6g and 6h).

Multi-axial Zoomed Scans of Breast ADC Maps

An additional advantage of SPEN, particularly when con-
sidering its use in lesion evaluation and characterization,
results from its ability to deliver high-resolution single

FIG. 3. Image comparison before and after noise removal by thresholding the b-zero magnitude images collected by SE-EPI and single-

scan SPEN. a: Reference T2-weighted TSE anatomical image. b, c: Raw and thresholded SE-EPI (b) and SPEN (c) b-zero images.
Arrowheads and dotted yellow frames indicate the cyst borders and folding artifacts. Arrows indicate folding of fat in SE-EPI. Note that
the phase encode direction of SE-EPI was L ! R, whereas for SPEN it was A ! P.
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breast images in all three anatomical planes without alias-
ing artifacts. This is again a reflection of the non-Fourier
basis underlying this technique. To emphasize this
variable-angle, restricted ROI capability, Fig. 7 illustrates
three images acquired at a 1 � 1 � 2.5 mm resolution
along axial, sagittal, and coronal directions. In each of
these scans, SPEN-derived ADC maps appear superim-
posed on T2-weighted images; these were scanned in
localized, single-breast regions for a patient with a biopsy-
confirmed malignant lesion. High ADC values are
observed within the center of the malignancy, with a rim-
enhancement of the malignant tissue surrounding it char-
acterized by low ADC values. Shown on the figure’s right-
hand column are axial DCE subtraction images of the
same lesion, reformatted to display as well the sagittal
and coronal planes. Notice the congruence between the

subtracted DCE images and the artifact-free ADC maps
derived from the SPEN single breast imaging data.

Analyses of diffusion values akin to those presented in
Figures 4–7 were performed for 12 healthy volunteers and
six patients. Overall, no significant differences between
the ADCs derived from SE-EPI and from SPEN were
revealed, either in the healthy fibroglandular tissues
(SPEN mean for all cases¼ 1.96 6 0.28 � 10�3 mm2/s; SE-
EPI mean¼ 1.99 6 0.21 � 10�3 mm2/s; P¼ 0.37) or in the
cancerous areas (SPEN¼ 1.18 6 0.14 � 10�3 mm2/s, SE-
EPI¼ 1.20 6 0.14 � 10�3 mm2/s, P¼ 0.38). These results
validate SPEN’s ability to measure ADC values reliably
and detect the reduction in ADCs associated with the pres-
ence of a malignancy; when coupled to the smaller distor-
tions and artifact-free images illustrated in the previous
examples, the advantages of this technique are evidenced.

FIG. 4. Representative comparison between DWI data derived from SE-EPI and multislice SPEN sequences applied in a healthy volun-
teer. a: T2-weighted anatomical image. b, c: DWI data derived from single-shot 2D SE-EPI (b) and multislice SPEN (c) sequences.

Shown on the topmost panels are the b-zero anatomical images. The center panel shows parametric maps describing the quality of fit
parameters (R2) arising from fitting SE-EPI and SPEN images to a series of b-values of 0, 50, 150, 300, 450, 600, and 750 s/mm2

applied in three orthogonal directions. The lower panel shows the ADC maps arising from the SE-EPI and 2D SPEN data sets, after an

R2 map threshold of 0.6 was applied. The dotted frame highlights a common air–tissue interference in the nipple region in SE-EPI, caus-
ing a geometrical distortion. Poorly fitted signal regions are marked by the yellow arrows. The graphs illustrate the diffusion histogram

distributions arising before (gray) and after (black) imposing an R2 filtering on the respective data sets.
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DISCUSSION

Providing a reliable single-shot method capable of deliver-
ing images free from artifacts, is an essential prerequisite
for exploiting diffusion to distinguish healthy breast tis-
sue from benign lesions or malignant growths. SE-EPI has
been the standard approach to perform these measure-
ments, but given the challenges raised by breast tissues
this sequence often needs to be aided by the use of seg-
mented acquisitions, parallel acquisition strategies and/or
B0-mapping corrections (49–51). The results hereby pre-
sented show the feasibility of applying basic unaided

SPEN-based pulse sequences, for consistently achieving
improved magnitude images and reliable ADC maps in
the challenging inhomogeneous scenarios posed by breast
tissues. When comparing the patterns appearing in the
raw b-zero magnitude images of SE-EPI and SPEN, the lat-
ter systematically revealed smaller artifacts, and in partic-
ular a decrease in spurious ghost peaks. Air and tissue
interfaces such as those arising near the nipple region
also revealed inherent susceptibility-derived limitations of
the SE-EPI method that did not affect SPEN scans (Fig. 3).
SPEN images also showed reduced anatomical distortions
and smaller ghosting problems, particularly when the

FIG. 5. Representative comparison between images derived from SE-EPI and single-slice SPEN experiments, for a patient with IDCþD-
CIS. a: Subtracted DCE gradient-echo image. b: TSE anatomical image. c, d: SE-EPI and SPEN b-zero images and corresponding ADC
maps, shown for values in the 0.7–1.5 � 10�3 mm2/s superimposed on T2-weighted image. Arrowheads in red indicate the tumor.

FIG. 6. Representative compari-
sons between images derived
from SE-EPI and single-slice

SPEN scans of a patient with IDC.
a: Subtracted DCE gradient-echo
image. b: T2-weighted anatomical

image. c, d: SE-EPI and SPEN b-
zero images. e, f: Corresponding

ADC maps derived from SE-EPI
and SPEN for 0.7–2.8 � 10�3

mm2/s values, superimposed on

the T2-weighted images. g, h:
Idem but for ADCs between 0.7–

1.5 � 10�3 mm2/s. Red arrow-
heads indicate the cancer; yellow
arrowheads indicate the cysts;

dashed orange regions highlight
the folding of cysts and fat.
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breast’s region of interest was surrounded or closely over-
lapped with fat-rich tissues (e.g., Figure 5). Finally,
another advantage evidenced by SPEN was the method’s
ability to produce high-resolution, artifact-free breast
images in all three anatomical planes. This possibility can
provide 3D information about breast tissues that may
eventually enable a more accurate evaluation and charac-
terization of lesions, as well as extensions to higher-
resolved images via back-projected techniques. In princi-
ple, similar zooming advantages could result—even if
solely along the RO direction—in SE-EPI diffusion scans;
the improvements that our choice of the A ! P direction
for frequency encoding could have brought in such
instances, remain to be further assessed.

Despite these advantages, several technical limitations
are associated with the assayed SPEN sequences. Most crit-
ical among these was our use of either a single or a limited
number of slices in the SPEN image collection. This limita-
tion stemmed from specific absorption rate restrictions,
deriving in turn from our use of 180� swept inversion
pulses for performing the multislice encoding. Clearly, for
evaluating the clinical utility of SPEN-based DWI, a larger
cohort and multislice scans of the entire two breasts are
required. However, this pilot study provides proof of the
advantages resulting from using SPEN compared with
more conventional DWI approaches. Another distinguish-
ing feature relates to SPEN’s nonuniform temporal excita-
tion and acquisition in the presence of gradients: as
described in Figure 1, different spin packets along the FOV
experience different echo timings, and therefore different
diffusion weightings. For generating the correct ADC maps
b-value maps thus need to be computed under the actual

acquisition conditions. For the single slice b-zero images,
for instance, the range of weighting coefficients ranged
from 0 to 10 s/mm,2 depending on the spin-packet’s posi-
tion. In terms of the ADC measurements, all these spatially
dependent differences should factor out in b-zero normal-
ized analyses that consider all gradients and timings (33);
still, intravoxel T2 distributions could bias the ADC values
of voxels characterized by shorter/longer echo times,
toward species with shorter/longer T2 values. For breast
fibroglandular tissues, these biases are expected to be
minor—a price well worth paying for the sake of reducing
T2* effects and image artifacts in general. Further efforts to
examine this and other effects and improve SPEN’s useful-
ness in DWI studies, are in progress.
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