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PURPOSE
We aimed to evaluate the relative contribution of susceptibility weighted imaging (SWI) in the
detection of common bile-duct (CBD) stones in comparison to the conventional MRI protocol
containing magnetic resonance cholangiopancreatography (MRCP), balanced turbo field echo
(BTFE), and T2-weighted spin-echo imaging techniques.

METHODS
MRI data containing MRCP, BTFE, T2-weighted imaging, and abdominal SWI were
independently evaluated by 2 sets of experienced radiologists in 44 patients with confirmed
CBD stones. Endoscopic retrograde cholangiopancreatography, and endoscopic ultrasound
where available, was used as the reference gold standard. Evaluation was performed for the
visualization of CBD stones in each of the MRI techniques. Relative contribution of SWI was
classified into one of four categories for each case: (1) no contribution to CBD stone
visualization; (2) same as conventional techniques; (3) improved diagnostic confidence; and
(4) critical for diagnosis. Stone size was also assessed.

RESULTS
Inter-rater agreement coefficient for CBD stone visualization was found to be “good” in MRCP
(0.77), “very good” in SWI (0.94) and BTFE (0.84), and moderate in T2-weighted imaging (0.54).
CBD stones were visualized with SWI in 86.4% and 82%, with MRCP in 70.5% and 70.5% cases,
with BTFE in 73% and 61.4% cases, with T2-weighted imaging in 45.5% and 52.3% cases by
reviewers 1 and 2, respectively. SWI did not contribute to CBD stone visualization in 2.3% (1/44);
was the same as conventional techniques in 31.8% (14/44) cases; improved diagnostic
confidence in 34.1%; and was critical for diagnosis in 20.5% cases.

CONCLUSION
SWI has the potential to serve as a strong adjunct to conventional MRI protocols used for CBD
stone evaluation with very small scan-time penalty.

Choledocholithiasis is one of the common complications of gallstone disease, which
is also known as cholelithiasis. While primary stones form within the bile ducts, the
secondary stones, which are most common, originate in the gallbladder and

migrate through the cystic duct to the CBD, affecting the bile flow. Incidence of gallstone
disease ranges from 15% to 22% in the world,1,2 and about 5% to 20% of this population
are found to have choledocholithiasis.3 Patients with choledocholithiasis often present
with right upper abdominal pain and/or jaundice. Clinical investigation of patients with
suspected CBD stones involves laboratory tests for liver function and imaging.4 Serum
levels of bilirubin and alkaline phosphatase, together with blood levels of gamma-glutamyl
transferase, are used for evaluating suspected CBD stone. While these liver function tests
help in indicating the risk of CBD stone, they are nonspecific and hence are often followed
by confirmatory imaging. Endoscopic retrograde cholangiopancreatography (ERCP) or
endoscopic ultrasound (EUS) could be used for CBD stone evaluation. ERCP is both
a diagnostic and therapeutic technique, and EUS is a diagnostic technique. However,
both of them are invasive modalities. From a diagnostic perspective, ERCP is associated
with the risk of complications, being an invasive procedure. EUS has high sensitivity (97%)
and specificity (87%) in the detection of CBD stones.5 However, being an endoscopic
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procedure, EUS too is associated with simi-
lar risks as diagnostic ERCP. Within the non-
invasive diagnostic imaging options,
abdominal ultrasound (US) is the first line
of investigation.6 Unfortunately, sensitivity
of US is highly operator-dependent and
variable (13%-80%) in detecting CBD
calculi.6,7 Other noninvasive diagnostic
imaging options include computed tomo-
graphy (CT) and magnetic resonance cho-
langiopancreatography (MRCP). Among
these, CT has a relatively moderate sensi-
tivity of 69%-87%,7-9 while MRCP has
higher sensitivity than CT and US (81%-
93.7%) and is relatively operator indepen-
dent. However, MRCP’s sensitivity drops to
51%-64% when CBD stones are of smaller
size, <5 mm.10-12 Hence, the technique for
improved detection of CBD stones is
a necessity. A recent study showed that
magnetic susceptibility may be used for
sensitive detection of calculi within the
gallbladder using susceptibility weighted
magnetic resonance imaging (SWI).13

Here, the magnetic susceptibility prop-
erty of the stones was used for its visua-
lization in both the magnitude and
phase component of the MRI signal.
Briefly, SWI is a high resolution spoiled
gradient echo (GRE) or gradient echo
echo-planar MRI technique that utilizes
both the magnitude and phase informa-
tion of the MR signal. The theory behind
susceptibility weighting and phase sen-
sitivity can be found in the excellent re-
view by Haacke et al.14 Phase images
provide the additional capability to distin-
guish diamagnetic vs. paramagnetic tissue
in vivo due to their sensitivity to tissue
magnetic susceptibility property. Further-
more, with better signal-to-noise ratio

characteristics than magnitude images for
susceptibility-causing structures,15 phase
images are highly sensitive in picking up
even small susceptibility structures like
micro-bleeds in the brain.16 Gupta et al.’s13

work shows that SWIprovides similar capabil-
ities while imaging biliary anatomy. Given
that most biliary stones contain cholesterol,
calcium salts, or calcium bilirubinate, all of
which exhibit magnetic susceptibility effect
to varying degrees,13 we hypo-
thesized that SWI may help in improved de-
tection of CBD stones. Hence, as a first step in
evaluating this hypothesis, in this preliminary
study, we assessed the role of SWI in the
detection of CBD calculi. Specifically, we eval-
uated the relative contribution of SWI in CBD
stone evaluation, compared to conventional
MRI techniques used.

Methods
This retrospective study (study code

2018-010IP-22) was approved by the local
institutional review committee. Abdominal
SWI data was collected in consecutive pa-
tients, since May 1, 2017, as part of an on-
going study looking at SWI’s relevance in
imaging the biliary system. Adult patients
receiving a diagnostic MRI for suspected
biliary pathology, subsequent to
a diagnostic US examination were included
in this larger study. Patients who had con-
traindication to MRI due to metallic im-
plants were excluded. As part of this
study, informed consent was obtained
from all the patients before MRI. The data
collected in such manner was later retro-
spectively evaluated for CBD stone visuali-
zation, for the purposes of the current
study.

For the current retrospective evaluation
study, inclusion criteria were: (a) patients
receiving abdominal MRI exam between
May 1, 2017, and March 15, 2020; (b) pa-
tients clinically suspected of having biliary
stones or biliary pancreatitis, based on
symptoms and abnormal liver function
tests—alkaline phosphatase and gamma-
glutamyl transferase levels; (c) patients
who had received a subsequent ERCP with
or without clinical EUS examination. Exclu-
sion criteria were: (a) patients whose MRI
scans were incomplete due to claustropho-
bia or other reasons.

All MRI examinations were performed on
an Ingenia 3.0T (Philips) system. Imaging
protocol consisted of the conventional diag-
nostic imaging sequences that included

MRCP, T2- weighted BTFE and T2-weighted
turbo spin echo, and an additional abdom-
inal SWI, acquired with the imaging para-
meters shown in Table 1. Acquisition time
for the 3D SWI in axial orientation was 17
s per breath-hold and consisted of 2-3 such
breath-holds for covering the region of in-
terest. Findings from diagnostic/therapeutic
ERCP/EUS in the same sitting were used as
gold standard to confirm MRI findings.
Based on ERCP/EUS results, data of cases
without CBD stones were excluded. The re-
maining data were reviewed by 2 radiolo-
gists with 9 and >30 years of experience in
abdominal radiology, in consensus, denoted
by cR for consensus review. These radiolo-
gists were blinded to the results of ERCP/
EUS examination at the time of their review
of MRI data. Both susceptibility weighted
magnitude and the phase output from SWI
sequence were reviewed as part of SWI data
evaluation. Visualization status of calculi
within a particular sequence data was
noted as yes/no. The proportion of cases
where calculi were visualized in conven-
tional techniques (MRCP, balanced turbo
field echo [BTFE], and T2-weighted ima-
ging)) and in SWI were noted. In cases
where stones were visualized in SWI, the
nature of their phase signature was also
measured as either diamagnetic (+ve
phase), paramagnetic (–ve phase), or inde-
terminate (mixed phase).

The relative contribution of SWI was
assessed by cR alone, and classified into
one of four categories for each case: (1)
no contribution to CBD stone visualiza-
tion—defined as non-visualization of the
CBD stone in SWI data, which was (were)
clearly observed in at least one of the
conventional techniques; (2) same as
conventional techniques—defined as vi-
sualization of stones in SWI, which is in
agreement, in location and extent, with
one or more of the conventional techni-
ques; (3) improved diagnostic confidence
—defined as cases in which unambigu-
ous visualization of stones in SWI (either
phase or magnitude), which were only
seen as suspicious duct narrowing,
sludge, or filling defects in either of the
3 conventional techniques; (4) critical for
diagnosis of CBD calculi—defined as
cases in which there was clear visualiza-
tion of stone(s) in SWI data (either phase
or magnitude), which were missed in the
first review of the data from conven-
tional techniques.

Main points

• Susceptibility signature of the common
bile duct stones can be visualized in
magnitude and/or phase data of
susceptibility weighted MRI in most cases.

• Phase signature of the common bile duct
stones can be dia- or paramagnetic or
mixed phase.

• Susceptibility signature could provide
improved diagnostic confidence in
common bile duct (CBD) stone detection,
as an adjunct to conventional MRI protocol
for CBD stone imaging, especially for small
stones.
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Proportion of cases falling into each of the
above mentioned categories was noted for
assessing the relative contribution of SWI in
the diagnosis of CBD stones. The size of the
calculi was also evaluated, wherever possi-
ble, from the MRCP data. In case of multiple
calculi, the smallest size of the calculi was
measured. Sizes of the calculi were not de-
termined from SWI data due to the con-
founding influence of the blooming effect.

For ruling out bias in stone visualization
assessment, imaging data was indepen-
dently reviewed by an additional radiologist
with 20 years of experience in body imaging
—denoted by R2 for second review. The radi-
ologist was blinded to the diagnosis from
ERCP/EUS. Inter-rater agreement between
the 2 reviews was assessed using Gwet’s
agreement coefficient 1 (AC1 or γ).17,18 Statis-
tical analysis was performed on R package
version 4.0.219 with significance value set at
P = 0.05. Interpretation of the γ value was set
as follows: γ<0.2 poor agreement, 0.2 <γ<0.4
fair agreement, 0.4 <γ< 0.6 moderate agree-
ment, 0.6 <γ< 0.8 good agreement, and 0.8
<γ< 1 very good agreement.20

Results
A total of 51 patients, with clinically and

biochemically suspected biliary calculi, who
had an ERCP (and EUS, where available) and
a complete MRI examination, were included
in the study. Of these, 1 patient hadmultiple
stones in the left hepatic duct and an addi-
tional 4 patients showed biliary sludge,
which was confirmed on ERCP. Additionally,
1 patient had a CBD mass and 1 patient had
a biliary stent, which precluded appropriate
MRI-based assessment. No CBD calculi were
found in these cases. These 7 subjects were
hence excluded from image review by radi-
ologists. Thus, n = 44 cases with CBD stones,
confirmed by ERCP (and EUS, where avail-
able), were reviewed as part of this study.

In 5 of 44 cases, no stones were visualized
in any of the MRI sequences. In consensus
review, stones were visualized in 31/44 cases
with MRCP (70.5%), 32/44 cases with BTFE
(73%), 20/44 caseswith T2-weighted imaging
(45.5%), and 38/44 cases with SWI (86.4%).
Among these cases, SWI was found to pro-
vide the same information as conventional
imaging techniques in 31.8% (14/44); im-
prove diagnostic confidence in 34.1% (15/
44); be critical for diagnosis in 20.5% (9/44)
of the cases; and not contribute to CBD stone
visualization in 1 case, 2.3% (1/44).

According to the second independent
reviewer, stones were visualized in 31/44
cases with MRCP (70.5%), in 27/44 cases
with BTFE (61.4%), in 23/44 cases with T2-
weighted imaging (52.3%), and in 36/44
cases with SWI (81.8%). Inter-rater agree-
ment between cR and R2 was found to be
good for MRCP (γ = 0.77, P < .001), very
good for BTFE (γ = 0.84, P< .001), moderate
for T2-weighted imaging (γ = 0.54,
P < .001), and very good for SWI (γ = 0.94,
P < .001). In one case, both reviewers visua-
lized the calculi in SWI data alone, which
was entirely missed in the data from other
sequences. In the analysis by R2, stones
were only visualized in SWI data in one
additional case.

Size of the stones could be evaluated in 32
of the cases where they were visualized and
measurable from MRCP. In some of these
cases, stones were visualized in MRCP in ret-
rospect, after their identification in SWI. In
cases where SWI was found “critical for diag-
nosis”, stone size could be assessed in 5 cases
and the average stone size was found to be
3.4 ± 0.75 mm (mean ± standard deviation).
In cases where SWI provided improved diag-
nostic confidence, average stone size, mea-
sured in 13 of the cases, was found to be
4.6 ± 0.96 mm, and in cases where SWI pro-
vided same information as conventional

sequences, average stone size, in 14 cases,
was measured to be 7.9 ± 3 mm.

Figures 1-4 show the images from repre-
sentative cases where SWI data was critical
for diagnosis (Figure 1); improved diagnostic
confidence (Figure 2); provided same infor-
mation as conventional imaging techniques
(Figure 3); and did not visualize the stone
(Figure 4). Figures 1-3 demonstrate clear vi-
sualization of the susceptibility signature of
the stones in SWI images, especially in the
phase images. Among the 38 cases where
stones were visualized in SWI, 25 cases de-
monstrated mixed phase, 12 cases demon-
strated diamagnetic phase, and 1 case
demonstrated paramagnetic phase.

Discussion
This study evaluated the contribution of

SWI in the diagnosis of CBD stones, relative
to the conventional MRI techniques, which
include MRCP, BTFE, and T2-weighted ima-
ging. Magnetic susceptibility property of
the tissue leads to both local and non-
local magnetic field perturbations. These
effects are visualized with high sensitivity
by GRE phase images and in the high reso-
lution T2* weighted magnitude images of
SWI. Given the presence of susceptibility-
causing constituents in biliary stones, it was
hypothesized that SWI may have a role in
sensitive visualization of CBD stones. In-
deed, we found that in about 54.6% of the
cases, information from SWI data contribu-
ted to the diagnostic identification of CBD
calculi. Furthermore, in approximately 1
out of 5 cases (20.5%), information from
SWI was critical for diagnosis. In these latter
cases, calculi were often first noticed in SWI
and were later identified in the other se-
quences, after careful re-evaluation. While
SWI technique provides susceptibility
weighted magnitude and filtered phase
outputs, SWI phase images were the key

Table 1. Summary of the typical imaging protocol with imaging parameters

Sequence TR (ms) TE (ms) Bandwidth (Hz/pixel) ETL or EPI factor Flip angle (degrees) Resolution (mm3)

T2w_SPAIR 816 70 639 60 90 0.8 × 0.8 × 5

MRCP_2D 5703 692 425 256 90 0.6 × 0.6 × 60

MRCP_3D 1006 600 262 120 90 0.6 × 0.6 × 2

T2w_TSE_coronal 782 80 527 57 90 0.75 × 0.75 × 5

BTFE_SPIR 3.14 1.6 1141 144 90 1.14 × 1.14× 5 or 6

SWI 12 7.2 255 1 8 1 × 1 × 6

TR, repetition time; TE, echo time; ETL, echo train length; EPI, echo-planar imaging; T2w_SPAIR, T2-weigthed spectral attenuated inversion recovery; MRCP_2D/3D, magnetic
resonance cholangiopancreatography two/three dimensional; TSE, turbo spin echo; BTFE_SPIR, balanced turbo field echo spectral presaturation with inversion; SWI,
susceptibility weighted imaging.
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in stone identification. It is noteworthy that
in 5 cases, while calculi were detected with
ERCP, they were not visualized in MRI

examination. This indicates that there is
still room for improving the sensitivity of
MRI in CBD calculus detection. In a small

fraction of the cases where stones were
visualized with MR (in 2.3%, 1/44 by cR;
and in 4.6%, 2/44 by R2).

a cb

d e

Figure 1. a-e. SWI critical for diagnosis—comparative collage of images from the same anatomical level, from one of the patients where SWI data was
critical for diagnosis of identifying the CBD stone. T2-weighted imaging (a) and BTFE (b) are inconclusive in indicating the presence of calculus, while MRCP
(c) indicates filling defect and possible sludge. In comparison, SWI data (d, e) clearly demonstrate the calculus (circled) with hypointense signal in
magnitude (d) and negative phase signal in the corresponding region of the phase image (e).

a b c

ed

Figure 2. a-e. SWI improved diagnostic confidence—comparative collage of images from the same anatomical level, from one of the patients where SWI
data provided improved diagnostic confidence for CBD stone identification. T2-weighted image (a) is not indicative. BTFE (b) indicates possible calculus,
andMRCP (c) data indicates a filling defect and possible sludge. In comparison, SWI data (d, e) clearly demonstrated the calculus with hypointense signal in
magnitude and hyperintense signal in phase (e) images in the corresponding region.
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It is interesting to note that SWI had better
success in detecting CBD stones (38/44, 36/
44) compared toMRCP (31/44, 31/44) in both
cR and R2, respectively. This is indeed
a welcome, yet surprising result. This may
be explained based on the different signal
mechanisms behind their identification in
MRCP vs. SWI. In MRCP, the lack (void) of
MRI signal from the stone (due to lack of
labile hydrogen protons), against the bright
signal of the bile fluid, is the key to their
identification. On the other hand, visualiza-
tion in SWI phase is reliant on the magnetic
susceptibility property of the stones, which is
non-local and can affect MRI signal across
a much larger spatial extent than the stone’s
dimensions. Due to this property, SWI is
found to be most sensitive in identifying
susceptibility-causing structures of even sub-
voxel dimensions like micro-hemorrhages or
venules.21-23 The same property may enable
better identification of CBD stones in SWI.
This hypothesis is in-part supported by the
finding that the mean stone size in cases
where SWI was critical for diagnosis was al-
most half the stone size detected by using
conventional sequences. Magnetic suscept-
ibility of biliary stones has been found to be
of similar order ofmagnitude as that of deox-
ygenated blood in a recent study,13 adding
further credence to SWI’s increased sensitiv-
ity hypothesis. Susceptibility signature of
most of the stones was mixed, as opposed

to an earlier study13 where most stones ob-
served in the gall bladder were diamagnetic.
Nevertheless, in this study too, cases with
stones of diamagnetic phase signature (hy-
perintense phase)were far greater in number
than those with paramagnetic phase. This is
in line with the fact that most of the biliary
stones contain cholesterol or calcium salts,
which are diamagnetic.13 A point to note
here is the means of identifying dia- vs. para-
magnetic structures in SWI phase images (ie,
their appearance) differ from manufacturer
to manufacturer, depending on whether
they use left-handed or right-handed MRI
systems.24 In the Philips system used in this
study, which has a right-handed MRI system,
diamagnetic structures appear on hyperin-
tense phase and paramagnetic ones appear
on hypointense phase. The opposite is ap-
plicable for left-handed MRI systems like the
one used by GE (General Electric Healthcare).
Table 2 shows the acronyms used for the SWI
technique by different vendors.

In this study, we also found that the sensi-
tivities of MRCP and BTFE were comparable,
by both reviewers, in CBD stone detection.
This finding is broadly in line with recent
in vivo and ex vivo studies, which found
that gradient echo technique showed similar
or higher sensitivity than MRCP for biliary
stone detection.25-27 In fact, adding gradient
echo sequence to the protocol provided im-
proved sensitivity toward stone detection. Of

note, both BTFE and SWI are gradient echo
techniques; however, SWI fared better than
BTFE in stone detection. This may be, again,
due to the phase information and also the
longer echo times (relative to BTFE) used in
SWI, which renders higher sensitivity to sus-
ceptibility structures than BTFE.

One case of CBD calculus was not visua-
lized in SWI, by both cR and R2 in SWI. Two
additional cases of calculi were not visualized
in SWI by R2. This discordance between the
reviewers could be due to various factors—
which include, but are not limited to, differ-
ences in the way SWI phase data is read, low
or imperceptible phase changes or ambigu-
ous phase, which may be confounded with
surrounding tissue boundaries. Indeed, in
consensus review, the phase signature in
these 2 additional cases was noted as being
mixed. Lack of phase signature is also possi-
ble and was observed in the case where CBD
calculus was missed by both reviewers. Inter-
estingly, we observe that also sludge does
not display a phase signature in filtered
phase images of SWI. Similarly, Gupta et al.,13

found that polyps and gallbladder nodules
do not display any phase signature. Figure 4
illustrates the case from this study where no
signal changes or susceptibility signaturewas
observed for the CBD stone in SWIdata,while
the same was visualized as hypointense re-
gion in the duct in conventional techniques
of T2-weighted imaging and BTFE. This may

a b c

d e

Figure 3. a-e. SWI was same as conventional techniques—comparative collage of images from the same anatomical level, from one of the patients where
SWI data provided information same as conventional techniques in identifying CBD stone. T2-weighted (a), BTFE (b), and MRCP (c) clearly indicate the
presence of a calculus in the same location. Similarly, SWI data demonstrate the calculus with hypointense signal in magnitude (d) and mixed phase signal
in the phase image (e) in the corresponding region.
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bedue to the relatively short/intermediate TE
used for SWI in this study, or due to very low
magnetic susceptibility (relative to the sur-
rounding tissue) of the calculus. One of the
challenges in using SWI in the abdomen is
the blooming artifacts from air-filled intes-
tines, which are often adjacent to the CBD.
While such blooming artifacts may be of di-
agnostic help in identifying pneumobilia in
some cases,28,29 it may also interfere with the
ability to observe the duct. A breath-hold,
single echo SWI technique with
a reasonably short/intermediate TE of 7.2
ms was used in this study. A longer TE may
have provided increased sensitivity to sus-
ceptibility structures, but at the expense of
more artifacts from air-filled intestines. On

the other hand, a shorter TE could have
helped in reducing the blooming artifacts,
at the expense of reduced sensitivity to sus-
ceptibility structures. Upon initial experimen-
tation with a shorter and a TE longer than 7.2
ms, the intermediate value of 7.2 was empiri-
cally chosen for this study as it provided
a reasonable balance between artifacts and
sensitivity to susceptibility structures like bili-
ary stones. Nevertheless, the intermediate TE
may have limited our sensitivity to smaller
and/or low magnetic susceptibility stones.

While this is the first study on the
applicability of susceptibility weighted
contrast for the evaluation of CBD
stones, it has a few shortcomings. The
study sample size is small, which has

limited the power of the study. Measure-
ment of the CBD stones could not be
done from ERCP or EUS due to logistic
reasons. Hence, size of the stones was
measured from MRCP data. Furthermore, in
cases where multiple stones were present,
visualization in SWI was assessed for the
smallest stone and not for each individual
calculus due to the thick slices used in SWI
(6 mm). The study design involved blinded
review of, ERCP confirmed (and EUS, where
available), CBD stone-containing cases alone.
It may have been appropriate to include all
51 cases suspected of having CBD calculi in
the MRI data analysis. However, given that
the focus of this preliminary study was to
assess SWI’s role in CBD stone detection, we
thought it to be appropriate to focus on cases
that had confirmed CBD calculi. Furthermore,
MRI data review and analysis was performed
with a view to evaluate how SWI fares
compared to conventional techniques in an
unblinded manner, ie, findings from conven-
tional MRI techniques were kept in view dur-
ing the review of SWI data and vice versa.
Despite the study design, we did find that in
about one-fifth of the cases, findings in SWI
were critical for diagnosis, and in one case,
SWIwas the only techniquewhere CBD stone
was visualized by both reviewers. Further-
more, the 2 results—highest inter-rater
agreement of SWI and high sensitivity of
SWI for CBD stone detection (noted by both
reviewers)—when taken together, indicate
the positive contribution of SWI in improved
diagnosis of CBD calculi.

In conclusion, we find that SWI has the
potential to serve as a strong adjunct to
conventional MRI protocols used for CBD
stone evaluation with very small scan-time
penalty.
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Figure 4. a-e. Stone not visualized in SWI—comparative collage of images from the same anatomical
level, from one of the patients where the CBD stone was not visualized in SWI data. T2-weighted (a),
BTFE (b), and MRCP (c) images indicated the presence of a calculus in the same location. SWI data,
magnitude (d) and phase (e) images, do not show signal changes or susceptibility signature in the
corresponding region. This may be because of slight motion blurring that is seen in the SWI data.

Table 2. Vendor acronyms for susceptibility
weighted imaging

Vendor Acronym

Siemens SWI—Susceptibility weighted
imaging

GE SWAN—Susceptibility weighted
angiography

Philips SWIp—Susceptibility weighted
imaging with phase

Canon EFSBB—Enhanced flow-sensitive
black blood

Hitachi BSI—Blood-sensitive imaging
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