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Three Dimensional Ultra-short Echo Time MRI Can Depict
Cholesterol Components of Gallstones Bright

Mamoru Takahashi1, Yasuo Takehara2*, Kenji Fujisaki3, Tomoyuki Okuaki4,
Yukiko Fukuma4, Norihiro Tooyama1, Katsutoshi Ichijo1, Tomoyasu Amano5,

Satoshi Goshima6, and Shinji Naganawa7

Purpose: Non-calcified cholesterol stones that are small in size are hard to be depicted on CT or magnetic
resonance cholangiopancreatography. This institutional review board (IRB)-approved retrospective in vitro
study aims to characterize contrast behaviors of 3main components of the gallstones, i.e., cholesterol component
(CC), bilirubin calcium component (BC) and CaCO3 (CO) on 3D radial scan with ultrashort TE (UTE) MRI,
and to test the capability of depicting CC of gallstones as bright signals as compared to background saline.

Methods: Fourteen representative gallstones from 14 patients, including 15 CC, 6 BC and 4 CO, were
enrolled. The gallstones underwent MRI including fat-saturated T1-weighted image (fs-T1WI) and
UTE MRI with dual echoes. The contrast-to-noise ratio (CNR) and the chemical analysis for the 25
portions of the stones were compared.

Results: BC was bright on fs-T1WI, which did not change dramatically on UTE MRI and the signal did
not remain on UTE subtraction image between dual echoes. Whereas the CC was negative or faintly
positive signal on fs-T1WI, bright signal on UTEMRI and the contrast remained even higher on the UTE
subtraction, which reflected their short T2 values. Median CNRs and standard errors of the segments on
each imaging were as follows: on fs-T1WI, −10.2 ± 4.2 for CC, 149.7 ± 27.6 for BC and 37.9 ± 14.3 for
CO; on UTE MRI first echo, 16.7 ± 3.3 for CC, 74.9 ± 21.3 for BC and 17.7 ± 8.4 for CO; on UTE
subtraction image, 30.2 ±2.0 for CC, −11.2 ± 5.4 for BC and 17.8 ± 10.7 for CO. Linear correlations
between CNRs and cholesterol concentrations were observed on fs-T1WI with r = −0.885, (P < 0.0001),
UTE MRI first echo r = −0.524 (P = 0.0072) and UTE subtraction with r = 0.598 (P = 0.0016).

Conclusion: UTE MRI and UTE subtraction can depict CC bright.
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Introduction

Cholelithiasis or gallstone disease is prevalent with the inci-
dence of 15% in the United States, 22% in Europe, 15% in
Asia and 3% in Japan.1– 4 It can occur anywhere within the
biliary trees. Most of the patients with cholelithiasis are
asymptomatic and may be uneventful throughout their life;
however, sometimes, it results in serious outcomes such as
acute pancreatitis called gallstone pancreatitis, Mirizzi syn-
drome, cholecystitis or liver abscess related to cholangitis.

Gallstones are crystalline structures formed within the
biliary tree by accretion or concretion of normal or abnormal
bile components. There are traditional gallstone classifica-
tion systems focusing on roughly three chemical components
such as cholesterol component (CC), bilirubin calcium (BC)
component and CaCO3 (CO) component. Based on the rate
of three components, gallstones are termed cholesterol stone
(CS), pigmented stone (PS) and other stone (OS) (Fig. 1).5–7
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As regards the diagnosis of gallstones, endoscopic retro-
grade cholangiopancreatography (ERCP), MR cholangio-
pancreatography (MRCP), CT and ultrasonography (US)
have widely been used for the diagnosis of cholelithiasis.
Among them, ERCP has been postulated to be a gold stan-
dard for diagnosis of common biliary duct (CBD) stones;
however, the reported incidence of post-ERCP pancreatitis is
in the range of 3%−5%.8–11 US is a handy approach and is
noninvasive, whereas there are many blind corners for its
detection,12 and its diagnostic capability is dependent on the
operator’s skill. CT is not an appropriate tool for displaying
noncalcified stones such as pure CS, because they rarely
include calcium. Even with the aid of cutting edge technique
of dual-energy CT, the sensitivity for the CS is around 75%
−85%13 and sometimes suffers from false positive finding of
the gallstones.14

Although MRCP is comparable to ERCP in detecting
CBD pathologies and even more accurate than CT or
US,15 its detection is dependent on heavily T2-weighted
image (T2WI) that depict pathologies only as filling
defects in the bright bile. The strategy of this contrast
creation functions most of the occasions; however, there
are several exceptional situations. One of such conditions
is pneumobilia and others are hemobilia, and the most
critical situation is the cholelithiasis impacted within

the small intrahepatic biliary trees or narrow channel
within the papilla of Vater. Since there is no bile juice
surrounding the stones in such cases, the contrast
between bile and the stones cannot be created on
MRCP. In order to solve these drawbacks, the strategies
that can depict gallstones bright are required. Fortunately,
most of the PS has been reported to be hyperintense on
T1-weighted image (T1WI);16 therefore, some reports
recommend that the T1WI should be combined with
MRCP for improved detection of gallstones.17 However,
the bright signal of PS on T1WI is dependent on the
contents of the metal chelates of the bilirubin that play
the role of paramagnetic substances.18 The strategy, there-
fore, cannot function in cases with pure CS that rarely
contain BC.17,18

Susceptibility-weighted image (SWI) has recently
been tested utilizing the property of diamagnetic or para-
magnetic contents within the gallstones. According to
Gupta et al., out of 45 surgically confirmed gallstone
cases, in 43 cases, gallstones were depicted on the
SWI.19 However, the detections of CS are still challen-
ging, because CC is diamagnetic that creates only weak
susceptibility. Pneumobilia, on the other hand, creates
even higher susceptibility artifacts in the biliary trees,
which may be the bias in the strategy.

Fig. 1 A diagram showing the gallstone classification based on the ratio of three main chemical compositions. Gallstones are
classified into three types of stones (i.e., PS, CS, and OS), depending on the proportion of three components, namely BC, CC, and
CaCO3. Stones including CC ≥ 70% were classified as CS, stones including CC < 30% and BC ≥ 10% were classified as PS and
stones that do not fall into this category were classified as OS. BC, bilirubin calcium; CC, cholesterol component; CS, cholesterol
stone; OS, other stone; PS, pigmented stone.
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Instead of using the property of susceptibility, we have
focused on the inherent short T2 properties of the solid-
state structures of the CC. Unlike BC with loosely con-
nected crystals, most of the CC is composed of “solid-state
structure” with crystals tightly connected to each other.
Conventional pulse sequences available for routine MRI
are unable to create enough signals in such short T2 sub-
stances. However, recent advancement of MR technologies
has enabled the application of ultrashort TE (UTE) MRI for
routine clinical use. UTE MRI with 3D radial sampling of
the free induction decay allows for the depiction of “solid-
state” tissues or objects with very short T2 as bright sig-
nals, which help depict tendons, ligaments, menisci,20–22

periosteum,23 renal stones,24 carotid plaque,25–26 etc.
Subtraction between two echoes during T2 decay makes
the short T2 properties of the solid state stones more con-
spicuous. If this strategy is successful, CC is depicted
as bright signal and may be differentiated from OS
types or other soft tissue components such as biliary duct
tumors on UTE MRI, which may alter the therapeutic
choice.

This in vitro study, therefore, aims to characterize
contrast behaviors of the gallstone components on UTE
MRI and to test whether it can depict all gallstone com-
ponents, including CC, as bright signals as compared to
saline.

Materials and Methods

Patients and gallstones
The retrospective observational study carried out by the opt-
out method of our website was approved by the hospital IRB
(approval # 20-12).

From January 2006 to December 2008, 14 represen-
tative gallstones were sampled from 14 patients who
underwent endoscopic removal, cholecystectomy or
other surgical interventions (Table 1). The gallstones
were rinsed with normal saline and preserved in plastic
bottles to avoid the transformation of the crystalline
structure by drying and were preserved in the refrigera-
tor at around 4°C to avoid the growth of germs. The size
of gallstones ranged from 4 to 20 mm with a median
diameter of 10 mm. If one patient had more than one
stone, the largest or representative one was adopted,
because almost all gallstones in one patient were of
similar kind. Fourteen gallstones were individually
placed in each plastic bottle filled with normal saline,
and the bottles were placed in a flat-bottomed plastic
bowl half-filled with normal saline and then sent for MR
imaging.

MR scanner
3.0T clinical whole body MR scanner (Ingenia 3.0T software
ver. 4.1.3.0; Philips, Amsterdam, the Netherlands) with ds-
Flex-M coil was used for the imaging.

Conventional fat-saturated T1-weighted image
Coronal 3D fast field echo T1WI with fat suppression (fat-
saturated T1WI [fs-T1WI]) were obtained with 3D enhanced
T1 high-resolution imaging with volume excitation. Parameters
used were TR/TE/flip angle (FA) of 4.2 ms/1.6 ms/12 degrees,
FOVof 160 mm, 164 × 162 matrix, in-plane spatial resolution
of 0.99 × 0.99 mm,、slice thickness of 1.0 mm and number of
signal average (NSA) of 1. The imaging time was 1 min
and 53s.

3D UTE MRI
For UTEMRI, a 3D radial dual-echo sequence is applied as a
scheme shown in Fig. 2. After a nonselective RF block pulse
excitation, half-echo sampling starts simultaneously with
gradient ramping, so that k-space is traversed from the center
to outward. Radial readouts are arranged following a spiral
pattern over the surface of a sphere to achieve uniform k-
space coverage. From appearances, the trajectory is also
called the Koosh Ball trajectory (Fig. 3). Eliminating phase
encoding gradient, much shorter TE is allowed. The radial
sampling covers the k-space center for all data sampling,
which also allows higher signal generation.27

The coronal 3D radial dual-echo sequence was obtained at
the first TE of 70 μs (UTE), and the second echo at 2.24 ms,
where fat and water spins are in phase again. The first echo
was generated with free induction decay, while the second
echo was generated with a gradient echo sequence (Fig. 2).
Parameters used were TR of 7.6 ms, FA of 15 degrees, FOVof
170 mm and 248 × 248 matrix. The in-plane spatial resolution
was 0.69 × 0.69 mm (0.39 × 0.39 mm with zero-filled inter-
polation), slice thickness of 1.0 mm and NSA of 8. Double
echo was obtained to enable the subtraction of the signal
between two TEs. The imaging time was 8 min and 47s.

In the “dual-echo” implementation, after half-echo sam-
pling, the readout gradient is reversed, and an additional full
gradient echo is acquired. Subtraction images between the
second echo and the first echo can be calculated to visualize
short T2 components only.28

UTE MRI with multiple TE was performed to measure
the T2 values when measurable. For T2 measurements, sin-
gle-echo sequences with TE of 70, 100, 120 and 150 μs as
well as fixed TR of 6.7 ms were used. Other parameters were
the same as the above-described dual-echo UTE MRI. T2
values were calculated by fitting the T2 data to a standard
exponential decay.

Macroscopic assessments of the gallstones
After imaging, all samples were cut into half pieces using
surgical blade and the cut surface of the stones together with
the corresponding cross sections of the fs-T1WI were macro-
scopically observed; the gallstones were subdivided into two
to three components depending on the characteristic struc-
tures and colors (i.e., the core, the shell and the mid-layers in
between）when possible. Consequently, the assessed com-
ponents became 25 portions.
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Chemical composition analysis and typing of the
gallstones
Using half pieces, the gallstones as a whole were classified
into three groups according to the rate of chemical contents
of CC and BC (Fig. 1). Our classification is based on the
traditional scheme classifying gallstones into three types
according to chemical composition. Stones including CC ≥
70% was classified as CS, stones including CC < 30% and
BC ≥ 10% were classified as PS and stones that do not fall
into this category were classified as OS (5–7).

Using the remaining half pieces of the gallstones, sub-
divided 25 segments underwent subsequent chemical ana-
lysis. The analysis was performed in the external laboratory
(SRL, Tokyo, Japan) in a blinded fashion. Each part of

gallstones was pulverized and desiccated to constant
weight. Dried gallstone powder was then extracted with
acidified methanol−chloroform mixture (1:1; v/v). The
insoluble material (residue) was desiccated to dry weight
and was not analyzed further. The segments of the gall-
stones were then chemically analyzed. The concentrations
of CC (%), BC (%), CO (%) and calcium (mgCa/g) con-
centrations were measured by infrared absorption spectro-
metry (KBr tablet method).

Signal measurement of the gallstones
Contrast-to-noise ratios (CNR) of all 25 segments of the
gallstones on fs-T1WI, UTE (1st echo) and UTE (2nd
echo) were measured. On each contrast, mean signal

Table 1 Gallstone types, chemical components and appearances

No. Stone type
Size
(mm) Form

Methods
of removal Segments Color Structure

Chemical
component

1 CS (mosaic) 15 Ovoid Laparoscopic
Cholecystectomy

#1-1(shell) Light brown Laminar CC
#1-2(core) Brown Speckled CC

2 PS 4 Ovoid Endoscopic #2 Black Amorphous BC

3 CS (mosaic) 11 Tetrahedral Laparoscopic
Cholecystectomy

#3-1(shell) Yellowish Laminar CC
#3-2(core) Brown Laminar CC

4 CS (mosaic) 7 Tetrahedral Endoscopic #4-1(shell) Yellowish Laminar CC
#4-2(core) Light brown Amorphous CC

5 PS (mosaic) 9 Ovoid Endoscopic #5-1(shell) Black Amorphous BC
#5-2(core) Brown Amorphous CO

6 PS (mosaic) 10 Tetrahedral Endoscopic #6-1(shell) Black Laminar BC
#6-2(core) Brown Speckled CO

7 CS (mosaic) 20 Spheric Laparoscopic
Cholecystectomy

#7-1(shell) Dark brown Amorphous CC
#7-2(core) Brown Amorphous CC

8 OS 9 Tetrahedral Endoscopic #8 Brown Speckled CO

9 OS (mosaic) 17 Ovoid Laparoscopic
Cholecystectomy

#9-1(shell) Brown Amorphous CO
#9-2(core) Light brown Amorphous CC

10 CS (mosaic) 12 Polygonal Laparoscopic
Cholecystectomy

#10-1(shell) Yellowish Radiating CC
#10-2(core) Dark brown Stellate CC

11 PS 8 Ovoid Endoscopic #11 Dark brown Laminar BC

12 CS (mosaic) 9 Spheric Endoscopic #12-1(shell) Yellowish Laminar CC
#12-2(core) Dark brown Speckled CC

13 CS (mosaic) 10 Ovoid Endoscopic #13-1(shell) Yellowish Laminar CC
#13-2(mid) Dark brown Laminar BC
#13-3(core) Brown Speckled CC

14 PS 18 Oval Lobectomy #14 Brown Homogeneous BC

BC, bilirubin calcium; CC, cholesterol; CO, CaCO3; CS, cholesterol stone; OS, other stone; PS, pigmented stone.
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intensity of the three compartments of the gallstones
(i.e., CC, BC and CO) were measured by placing ROIs
(median pixels of 73, ranging from 12 to 292 pixels) on
the gallstones, adjacent surrounding saline outside the
containers and the standard deviation of a largest circular
ROI outside the container. All measurements were
repeated three times performed by two radiologists (Y.
T. and M.T.) independently, and the values were aver-
aged. For a quantitative assessment, CNRs for gallstone
to the surrounding saline were calculated as follows:
CNR (average signal of gallstone – average signal of
surrounding saline) background noise.

Statistics
The differences of CNRs between groups were assessed
with nonparametric Kruskal–Wallis test. If the Kruskal–
Wallis test was positive (P < 0.05), then a test for pair-
wise comparison of subgroups according to Dunn–
Bonferroni analysis was performed. The scattergram was
created to compare signals on T1WI, UTE MRI and UTE
subtraction images. The relationships between CNRs and
chemical compositions on each segment were compared
on the scattergram. Nonparametric Spearman’s coefficient
of rank correlation (rho) test was performed and the P
values were calculated. Statistical application (MedCalc
ver. 14.10.2; MedCalc, Ostend, Belgium) was used for
the analysis. P values less than 0.05 were considered
significant.

Results

Based on the chemical contents of the CC and BC (Fig. 1), 14
gallstones were classified into 7 CS, 5 PS and 2 OS. Ten out of
14 gallstoneswere themosaics of segmentswith different colors
and characteristic mixed contrasts on fs-T1WI. The gallstones
were visually assessed and segmented into 25 parts. Based on
the chemical analysis, the segments were known to be com-
posed of 15 CC, 6 BC and 4 CO portions (Table 1).
Macroscopically, CC was mostly laminar, radiating or speckled
structure with yellowish color. BC was characterized by mostly
amorphous or homogeneous structure with colors of dark
brown to black color and CO was amorphous or speckled
structures with brown color (Table 1).

The contrast behaviors of BC-dominant portions were
bright on fs-T1WI and the contrast did not change drama-
tically on UTE MRI as compared to fs-T1WI. In addition,
the signal did not remain on UTE subtraction image
(Fig. 4a–4d). The CC dominant portions, on the contrary,
were negative or faintly positive signal on fs-T1WI, bright
signal on UTE MRI and the conspicuous contrast remained
on UTE subtraction image, which reflected its short T2
values (Fig. 5a–5d). The stone with mosaic components
composed of BC and CC revealed laminar or speckled
patterns of contrast reflecting each segment (Fig. 6a–6d).

Median CNRs and standard errors for each gallstone
segments on each imaging were as follows: on fs-T1WI,
−10.2 ± 4.2 for CC, 149.7 ± 27.6 for BC and 37.9 ±
14.3 for CO (Fig. 7a); on UTE first echo, 16.7 ± 3.3 for
CC, 74.9 ± 21.3 for BC and 17.7 ± 8.4 for CO (Fig. 7b);
on UTE subtraction image, 30.2 ± 2.0 for CC, −11.2 ±
5.4 for BC and 17.8 ± 10.7 for CO (Fig. 7c).

Significant linear correlations between CNRs of each gall-
stone segments and cholesterol concentrationswere observed on

Fig. 2 A pulse sequence diagram of the 3D ultra-short TE “dual-
echo” radial sequence. After a TRF block pulse excitation, half-
echo sampling (first echo) starts simultaneously with gradient
ramping, so that k-space is traversed from the center to outward.
Radial readouts are arranged following a spiral pattern over the
surface of a sphere to achieve homogeneous k-space coverage.
The first echo was generated with free induction decay, while the
second echo was generated with a gradient echo sequence. A
later full gradient echo (second echo) is acquired at TE2, which
is chosen to be first water/fat in-phase TE. On eliminating the
phase encoding gradient, shorter TE is available in this particular
data sampling. AQ, acquisition window; FID, free induction
decay; GRE, gradient echo; TRF, tailored RF.

Fig. 3 The scheme of data sampling trajectories in the k-space for 3D
UTE radial sequence, which is called “Koosh Ball” trajectory. Each
data lines include the k-space center, which is a low frequency
portion that creates a high signal. UTE, ultra-short TE.
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Fig. 4 The MR contrast behavior of a pigmented stone containing 13% cholesterol and 77% bilirubin calcium (stone #11). (a) On fs-T1WI,
the stone shows homogeneous bright signal (arrow) as compared to surrounding saline. (b) On UTE MRI, almost similar contrast is shown
(arrow). (c) On UTE subtraction, only a faint signal remains, which reflects most of the stone consisted of long T2 crystals (arrow).
(d) Macroscopic appearance of the corresponding cross section of the stone. Dark brown laminar structures characterize the nature of rich
bilirubin calcium component. fs-T1WI, fat-saturated T1-weighted imaging; UTE, ultrashort TE.

Fig. 5 The stone consisted of 97% cholesterol and 3% bilirubin calcium and was classified into a cholesterol stone as a whole (stone #10).
(a) On fs-T1WI, negative signal (red arrows) is observed as compared to surrounding saline. (b) On UTE-MRI, the stone is depicted as a
higher signal (red arrows) as compared to saline. Note that plastic bottle is also depicted as a bright signal on UTE images (yellow arrows).
(c) UTE subtraction image creates a conspicuous bright signal reflecting short T2 property of the gallstone (red arrows). The signal of the
plastic bottle also remains (yellow arrows). (d) Macroscopic appearance of the corresponding cross section of the stone. The characteristic
yellowish appearance reflects rich cholesterol crystals with central stellate crack with faint pigmentation are seen. fs-T1WI, fat-saturated T1-
weighted imaging; UTE, ultrashort TE.
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fs-T1WI with r = −0.885 (CI: −0.949, −0.754) (P < 0.0001),
UTE first echo r =−0.524 (CI:−0.762,−0.163) (P= 0.0072) and
UTE subtraction with r = 0.598 (CI: 0.265, 0.803) (P = 0.0016)
(Fig. 8a). Similarly, the CNRs of each gallstone segments were
significantly correlated toBC concentration on fs-T1WIwith r =
0.662 (CI: 0.362, 0.838) (P = 0.0003), UTE first echo r = 0.550
(CI: 0.198, 0.776) (P = 0.0044) and subtraction with r = −0.613
(CI: −0.812, −0.288) (P = 0.0011) (Fig. 8b). The correlation
between CNR on fs-T1WI and calcium content was r = 0.750
(CI: 0.504, 0.883) (P < 0.0001) (Fig. 8c).

Cholesterol concentration of each gallstone segments were
inversely correlated to calcium content with r = −0.755
(CI: −0.886, −0.513) (P < 0.0001).

CNR on UTE vs. calcium content: r = 0.342 (CI: −0.0620,
0.649) (P = 0.0947) and CNR on subtraction vs. calcium
content: r = −0.326 (CI: −0.639, 0.079) (P = 0.116) were not
significant.

T2 properties of the gallstones were measurable for 12 CC
and 4 CO, with median ± SE of 65.8 ± 10.4 μs ranging
from 48.2 to 160 μs (Fig. 9a–9e).

Discussion

Current diagnostic performance of MRCP for the choledo-
cholithiasis is comparable to ERCP or even better than that
of CT or US with reasonable sensitivities of 85%–100%,
specificities of 90%–99%.12,13 However, detection of intra-
hepatic stones or impacted stones in a cystic duct or a
duodenal papilla is still challenging, because high signal
intensity bile is lacking around the low signal intensity
stones. Likewise, gas bubbles are occasionally encountered
in the biliary duct (pneumobilia), which are recognized as
round low intensity on T2WI and may cause false positive
for a diagnosis of gallstones.29–31 The flow void of the bile
may also cause pseudolesions.29–31 These drawbacks can be
overcome if there is a pulse sequence allowing even a frac-
tion of the gallstones, which is depicted as a bright signal.
Since some gallstones are reported to be hyperintense on
T1WI, T1WI in combination with T2WI can help avoid
these pitfalls.16,32–34 Nevertheless, the strategy works out
only for PS and some OS including paramagnetic metal

Fig. 6 Cholesterol stone (stone #13) including a shell of almost pure cholesterol component, whereas the inner layer and the portion of the
core consist of abundant and small amount of BC, respectively. As shown in the images, the combination of fs-T1WI and subtraction images
can characterize the heterogeneous nature of this gallstone. (a) On fs-T1WI, BC (the portion of the core and the inner layer) (white arrows)
are depicted as bright signals, whereas CC (the shell and the most of the core) (red arrows) are negative signals as compared to surrounding
saline signal. (b) On the UTE MRI, the CC layers and the most of the core are depicted (red arrows) as bright signal. The wall of the plastic
bottle is also bright (yellow arrows). (c) The contrast conspicuity of the, CC portions, is increased on UTE subtraction. Note that solid-state
portions i.e., CC (red arrows) and the wall of the plastic bottle (yellow arrows), are bright signals. (d) Macroscopic appearance of the
corresponding cross section. Multilayers of yellowish CC and the mixture of BC in between are shown as dark brown. BC, bilirubin calcium;
CC, cholesterol component; fs-T1WI, fat-saturated T1-weighted imaging; UTE, ultrashort TE.
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chelates and usually not for CS.17,18 Indeed, we have observed
that all BC appeared distinctly positive signal on fs-T1WI;
whereas, 9 out of 15 CC were faintly positive or negative
signal on fs-T1WI. Besides the differences of the amount of
paramagnetic metal ion content between BC and CC, the
crystal structures are different between these two. BC shows
loose and fragile structures with relatively more water con-
tents. CC, on the other hand, has more solid-state ultrastruc-
tures formed by tightly bound cholesterol crystals. Because
molecular motion is restricted in the solid-state objects, T2
relaxation time is markedly shortened due to the spin–spin
interactions. Using ordinary MR sequences, shortest TE is
limited around 1 ms at shortest. After alpha pulse, the trans-
verse magnetizations within CC decay rapidly during ordinary

TE and disappearance of the signals follows.35 Unlike ordin-
ary pulse sequences, UTE MRI can detect such short T2
components before echo signals decay. Using UTE of 70 μs,
short T2 properties of CC that are within the range of 45.4–160
μs could create bright signals onUTEMRI (Figs. 5b, 6b, 9a).20

The UTE subtraction well highlighted the contrast between
two types of stone components reflecting their differences of
solid-state ultrastructures (Figs. 5c, 6c, 10).

The differential diagnosis between CS and PS is sometimes
clinically important because the information may change the
therapeutic decisions.36–39 Normally, PS can easily be crushed
by a mechanical lithotripter and retrieved irrespective of its
size. In contrast, the big CS are harder and sometimes non-
breakable, which may cause the endoscopic lithotripsy

Fig. 7 Box-Whisker plots of CNRs of the gallstone segments on each imaging are shown. (a) On fs-T1WI, segments composed
mainly of CC is negative to faintly positive CNRs; however, the segments composed mainly of BC shows conspicuously high
CNRs. The CNRs are −10.2 ± 4.2 for CC, 37.9 ± 14.3 for CO and 149.7 ± 27.6 for BC. (b) On UTE first echo, the CNRs of the
segments composed mainly of CC turn positive; the CNRs are 16.7 ± 3.3 for CC, 17.7 ± 8.4 for CO and 74.9 ± 21.3 for BC. (c)
On UTE subtraction image, the segments composed mainly of CC shows even higher CNRs (30.2 ± 2.0), whereas CNRs for most
of the BC turn negative (−11.2 ± 5.4). BC, bilirubin calcium; CC, cholesterol component; CNRs, contrast-to-noise ratios; CO,
carbonate component; fs-T1WI, fat-saturated T1-weighted imaging; UTE, ultrashort TE.
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maneuver to fail.17,40 UTE MRI may be useful in differentiat-
ing CS from PS or OS. Unlike PS or OS, CS is a negative or a
faintly positive signal on fs-T1WI and bright on UTE subtrac-
tion. CC may also be differentiated from PS or OS by the
calcium content. The indication of current bile acid dissolution
therapy has been based on CT, in which density less than 60–
100 HU (i.e., CC) are indicated.38,41,42 Given the CNR on
conventional fs-T1WI is also proportional to the calcium
content (Fig. 8c), fs-T1WI may be used in place of CT in
estimating the calcium content of the gallstones.

To summarize our results, a scheme shown in Fig. 10 may
help understand the relationship between stone types, che-
mical contents, signal on fs-T1WI and UTE subtraction and
the crystal types or T2 values.

This study is not free from potential limitations. First,
the study may be affected by a bias of limited sample
size. As a stone basis, we only had seven CS, five PS
and two OS. Second, the in vitro study may not entirely
warrant the performance in the clinical environments.
For instance, MR has limited spatial resolution for the

Fig. 8 (a) Significant linear correlations between CNRs of the gallstone segments and cholesterol concentrations were observed on fs-
T1WI with r = −0.885 (CI: −0.949, −0.754) (P < 0.0001), UTE first echo r = −0.524 (CI: −0.762, −0.163) (P = 0.0072) and UTE
subtraction with r = 0.598 (CI: 0.265, 0.803) (P = 0.0016). (b) Similarly, CNRs of the gallstone segments were significantly correlated to
bilirubin calcium contents on fs-T1WI with r = 0.662 (CI: 0.362, 0.838) (P = 0.0003), UTE first echo r = 0.550 (CI: 0.198, 0.776) (P =
0.0044) and subtraction with r = −0.613 (CI: −0.812, −0.288), P = 0.0011). (c) The correlation between CNRs of the gallstone segments
and calcium content was seen on fs-T1WI with r = 0.750 (CI: 0.504, 0.883) (P < 0.0001). CNRs, contrast-to-noise ratios; fs-T1WI,
fat-saturated T1-weighted imaging; UTE, ultrashort TE.
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Fig. 9 UTE MRI for a gallstone containing 73% cholesterol (most of the central part) and 3% bilirubin calcium (outer cortical layer) and was
classified into the cholesterol stone as a whole (stone #1). The contrast of the CC varies depending on the variable TEs ranging from (a) 70 μs,
(b) 100 μs, (c) 120 μs and (d) 150 μs. Note that TE less than 100 μs is required to depict CC portion (red arrows) as bright signal as compared to
surrounding normal saline. To the contrary, the thin cortical layer of the BC (white arrows on a and d) with high signal on longer TE shows
signal loss at shorter TE. (e) Macroscopic appearance of the corresponding cross section. The stone consists mostly of CC and a small amount
of BC in the thin cortex. BC, bilirubin calcium; CC, cholesterol component; UTE, ultrashort TE.

Fig. 10 A scheme showing the relationship of stone signal on fs-T1WI andUTE subtraction, chemical components and stone types. All gallstones
(cholesterol stones, pigmented stones and other stones) are categorized based on the concentration of twomain chemical substances (cholesterol
and bilirubin calcium). To summarize the signal behavior of gallstones on fs-T1WI and UTE subtraction, the signal is proportional to bilirubin
calcium concentration on fs-T1WI, and the signal on UTE subtraction is proportional to cholesterol concentration. Short T2 values of the
cholesterol crystals are mainly due to the solid state of the cholesterol crystals. Short T1 values on fs-T1WI are dependent on the paramagnetic
metal bilirubin in the pigmented stones. fs-T1WI, fat-saturated T1-weighted imaging; UTE, ultrashort TE.
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tiny gallstones, and moreover, the imaging time for
current 3D Fourier transform (FT) UTE MRI is lengthy
for breath-holding imaging, which may affect the assess-
ment of the small stones. The potential use of 2D FT
UTE MRI under breath-holding imaging may solve this
limitation. The third limitation is the signal reference for
the stones used in this study. We compared the signal of
gallstones with surrounding saline; however, in the real
world, the contrast must be created by the signal between
gallstones with adjacent bile sometimes concentrated, some-
times with the mixture of hemobilia or pneumobilia. Lastly,
we have measured the CNRs of subsegments of the gall-
stones instead of gallstones as a whole, which may not reflect
exactly the same conspicuity of the gallstones. However, the
gallstones are mostly mosaics of chemically different seg-
ments, and we therefore deem that the detection of the
gallstones is still feasible when just a portion of the stone is
bright.

Although more extended clinical study is required to con-
firm our results, the study implicates that the combined use of
conventional fs-T1WI and UTE subtraction image may be
helpful in depicting all gallstones not even encircled by bile
fluid as bright signal and that the differentiation of CS from
PS or OS might be allowed solely with MRI without ionizing
radiation.

Conclusion

In conclusion, UTE MRI and UTE subtraction image have
shown an added value in depicting all gallstones including CS
as a bright signal (higher than surrounding saline), which may
promise the improved differentiation and detection of gallstones
on MRI.
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