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ARTICLE

Short tau inversion recovery
and three-point Dixon water—fat separation
sequences in acute traumatic bone fractures

at open 0.35 tesla MRI

Abstract Objective: Fat suppression
can be used to improve the diagnostic
confidence in traumatic bone frac-
tures of the extremities. We compared
athree-point Dixon “sandwich” wa-
ter—fat separation (WFS) sequence,
resulting in awater-only and afat-
only image set after one excitation,
with the STIR sequence on an open
0.35 T superconductive MR system.
Design and patients: T1-weighted,
STIR (2000/40 [TR/TE]), and WFS
(2000/36 [TR/TE]) MR images were
prospectively obtained in 27 patients
with 40 radiologically diagnosed frac-
turesimmediately after first-line
treatment. Signal-to-noise (S/N)

ratio, contrast-to-noise (C/N) ratio,
and bone marrow edema volumes
were measured together with qualita-
tive parameters (four-point scale).
Results: WFS was significantly supe-
rior to STIR in all quantitative param-
eters (better S/N ratio, P<0.001; bet-

ter C/N ratio, P<0.001; larger marrow
edema, P <0.023; Wilcoxon signed
rank test). Visibility of bone marrow
edema, visihility of fracture line, and
preservation of anatomical details
were better with the WFS sequence
(P<0.001, P<0.001, P<0.001, respec-
tively; ANOVA). Fat saturation was
rated more homogeneous, however,
with the STIR sequence (not signifi-
cant; P<0.101). Conclusion: On the
basis of qualitative and quantitative
assessments, the three-point Dixon
“sandwich” water—fat separation se-
guence was consistently superior to
the STIR sequence in the delineation
of traumatic fractures.
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Introduction

The growing application of magnetic resonance imag-
ing (MRI) in traumatic extremity fractures is based on
its superior detection of “occult” fractures and concom-
itant soft tissue injuries [1, 2, 3, 4, 5, 6, 7]. T2-weight-
ed fat-suppression imaging with a short tau inversion
recovery (STIR) sequence has an especially high
proven value in the evaluation of traumatic lesions of
the skeleton [8, 9, 10, 11, 12, 13] and is applicable in
low-field MR systems, which have certain advantages
in the setting of acute trauma. The main drawback of
the STIR sequenceis that all signals with a T1 identical

to fat, including hematoma or contrast-enhanced tissue,
are canceled out [14]. Additionally the sequence is vul-
nerable to motion artifacts [15] and the signal-to-noise
(S/N) ratio is poor [16, 17]. In open MRI, the S/N ratio
of this sequence is further decreased with the lower
field strength, which can lead to an impairment of the
visualization of fracture detailsin 0.2 T MRI [18]. As
spectral fat saturation MRI is not possible in low-field
MRI [19], the Dixon method [20, 21] and its modifica-
tions [22, 23, 24] are an dternative, but they have re-
quired at least two acquisitions to separate water from
fat images, resulting in long scan times and problems
with patient movement [25].



A modified three-point Dixon method for separation
of water and fat MR images in a single scan with correc-
tion of static magnetic field inhomogeneity was imple-
mented to overcome some of these drawbacks [26]. The
purpose of our study was to evaluate the technical effica-
cy of the water—fat separation (WFS) sequence in acute
traumatic fractures of the extremities in comparison with
the STIR sequence at afield strength of 0.35 T.

Materials and methods

During a period between December 1999 and January 2000, 27
consecutive patients (15 male, 12 female; mean age 36.3 years, age
range 7-76 years) with a total of 40 fractures were included in the
prospective study. Inclusion criteria were admittance on an emer-
gency basis and plain film radiographs (taken in two projections)
showing an acute traumatic fracture of the appendicular skeleton.
Informed consent was obtained for an additional MRI examination
directly after radiographic diagnosis and first-line treatment. Pa-
tients with contraindication to MRI, known bone or joint pathology
other than the recent trauma, severe soft tissue injuries or open
fractures were excluded. The locations of the fractures included the
distal radius (n=11), distal ulna (n=4, including one epiphyseoly-
sis), proximal ulna (n=1), medial malleolus (n=4), lateral malleolus
(n=3), distal tibia (n=5), femora condyle (n=3), tibial plateau
(n=1), tibia shaft (n=1), media cuneiform bone (n=1), patella
(n=1), talus (n=1), distal humerus (n=1), scaphoid (n=1), proximal
phalanx second digit (n=1), and fourth metacarpal (n=1).

MR imaging

All MR examinations were performed on an open superconductive
MR scanner (OPART, Toshiba, Japan) working at 0.35 T. The
protocol consisted of a coronal STIR sequence (TR 2000 ms,
TE 40 ms, Tl 100 ms, thickness 3.5 mm, matrix 192x192,
FoV 14x13 cm, resolution 0.7x0.7 mm, 1 signal average, acquisi-
tion time 6:30 min), a corresponding coronal WFS sequence
(TR 2000 ms, TE 36 ms, thickness 3.5 mm, matrix 192x192,
FoV 14x13 cm, resolution 0.7x0.7 mm, 1 signal average, acquisi-
tion time 6:30 min), resulting in a water-only and a fat-only
image set, and a sagittal T1-weighted spin-echo (SE) sequence
(TR 250 ms, TE 15 ms, thickness 3.0 mm, matrix 256x256, FoV
14x13 cm, resolution 0.5%0.5 mm, 2 signal averages, acquisition
time 2:09 min). Imaging plane and choice of the coil were opti-
mized for each examination according to the site and extent of the
lesion and were generally consistent in the STIR and WFS se-
quences. The resulting images were filmed on dry laser film with
optimal window width/window level settings.

Qualitative evaluation

Film reading by two independent radiologists (W.A.W., FW.R.)
included qualitative assessment of each of the following parame-
ters (four-point scale: 1=poor, 2=fair, 3=good, 4=excellent): visi-
bility of bone marrow edema, visibility of fracture line, preserva-
tion of anatomical details, and homogeneity of the fat saturation.
The radiologists carrying out the assessment were neither masked
to the sequence, due to obvious differences in the image character-
istics of each sequence, nor to the plain films, due to the fact that a
radiographically diagnosed fracture was the inclusion criterion.

Quantitative evaluation

Quantitative evaluation included measurement of the volume of
bone marrow edema in the STIR, the water-only and the fat-only

WEFS image sets. The signal intensity (SI; mean value of a com-
plete region-of-interest) of the bone marrow edema (Sl,g4) in the
affected area, of the adjacent normal bone marrow (Sl ,y;ma), @nd
of the background noise (Sl ;<) Were measured on a workstation
in regions of interest with an electronic cursor encompassing a
large representative area removed from any source of motion or
artifact. The regions of interest ranged from 22 to 7844 mm?2 in
size. The signal-to-noise ratio (S/N) ratio and the contrast-to-noise
(C/N) ratio were calculated as follows:

S/N = [Sliesion / StandardDeviation (Slyoise) |
C/N=(Shesion — Shhormar )/ StandardDeviation (SInoje )|

Statistical analysis used a nonparametric Wilcoxon signed-rank
test of the differences in the quantitative parameters (edema
volume, S/IN ratio, C/N ratio) and an analysis of variance test
(ANOVA) for the qualitative parameters (visibility of bone mar-
row edema, visibility of fracture line, preservation of anatomical
details, and homogeneity of fat saturation). Significance was as-
sessed at a P value of <0.05.

Results

Visible movement artifacts were seen in 4 cases (10%).
Minor pulsation artifacts were found in 12 (30%) of the
STIR sequences and in 3 (7.5%) of the WFS sequences.
Due to selection of the wrong phase encoding direction,
wrap-around artifacts were found in 1 patient.

Quantitative evaluation

The mean volumes of the bone marrow edema of
the STIR, the WFS water-only, and the WFS fat-only
sequence were 7447 mm3 (SD +15487), 8924 mm3
(SD £16576), and 5240 mm3 (SD +10425), respectively.
Statistical analysis showed a significantly higher edema
volume in the WFS water-only sequence than in the
STIR sequence (P<0.02), whereas the depicted area of
bone marrow edema measured in the STIR sequence was
larger than in the WFS fat-only sequence (P<0.001). Sig-
nal intensities of the measured regions-of-interest of the
different sequences are provided in Table 1. The signal
of bone marrow edema compared with the nearby nor-
mal hypointense bone was more hyperintense in the
WFS water-only than in the STIR images, whereas the
edema in the WFS fat-only sequence was more hypoin-
tense than the surrounding normal marrow. The S/N ratio
and C/N ratio of the abnormal bone were both signifi-
cantly higher in the WFS water-only than in the STIR
images (P<0.001, and P<0.001, respectively).

Qualitative evaluation

No statistically significant interrater discrepancies were
observed in the qualitative assessment. The qualitative
parameters showed a similar dominance of the WFS wa-
ter-only sequence in comparison with the STIR se-
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Table1l Mean value of signal intensities of bone marrow edema
(Slesion)> Normal adjacent bone (Sl ormg), and standard deviation of

(S/N) and the contrast-to-noise (C/N) ratio of 40 fractures for
short tau inversion recovery (STIR), water—fat separation (WFS)

signal intensity of noise SD (Sl ;s), @ Well as the signal-to-noise  water-only, and WFS fat-only image sets (mean; £SD)

Sliesion Sl ormal SD (Sl gise) SIN ratio CIN ratio
STIR 10215 (+6893) 2027 (+1573) 144 19.40 (+13.72) 15.57 (+12.18)
WFS water-only 44201 (+21819) 11783 (+6348) 341 36.46 (£20.05) 26.61 (+16.12)
WFS fat-only 16641 (+11797) 49714 (+14199) 323 17.35 (+15.53) -30.04 (+13.78)

Table 2 Results of the qualitative (four-point scale:1=poor, 2=fair, 3=good, 4=excellent) statistical comparison (ANOVA) of the short
tau inversion recovery (STIR) and the water—fat separation (WFS) water-only image sets (mean; variance) in 40 fractures

Visibility of bone marrow

Visibility of fracture Preservation of anatomical

edema line details
STIR 3.125 (0.948) 2.014 (1.164) 2.292 (0.317)
WFS water-only 3.75(0.179) 3.0 (0.686) 3.347 (0.297)
Statistical difference P<0.001 P<0.001 P<0.001
quence. The ANOVA anaysis revealed a statistically _ [] _
significant superiority of the WFS water-only sequence “ '
over the STIR sequence in terms of visibility of the 180
bone marrow edema, the visibility of fracture line, and [ o |
the preservation of anatomical details (Table 2). Fat satu- OOO
ration homogeneity was not significantly different
(P<0.101) between STIR (mean 3.66; variance 0.229) |Gss|_/ \

and WFS (mean 3.45; variance 0.334). There were two
false positive findings in the radiographs (posterior por-
tion of the distal tibia, n=1; lateral femoral condyle, n=1)
and two missed fractures in the MR images (both avul-
sion fractures of the styloid process of ulna).

Discussion

The “sandwich” type three-point Dixon method [26]
achieves water—fat separation (WFS) in a single scan by
acquiring three “sandwiched” echoes after a single radio-
frequency (RF) excitation (Fig. 1). The chemical-shift-
based method takes advantage of the fact that, due to the
lower precession frequency at low field strength, the
time for water and fat protons to make the transition
from in-phase to out-of-phase is longer (about 9.6 ms at
0.35 T compared with 2.25 ms at 1.5 T), alowing the
possihility of acquiring both in-phase and out-of-phase
data after a single excitation [27]. This eliminates the
typical image subtraction movement artifacts of the con-
ventional three-point Dixon method [25] and has special
advantages when applied in musculoskeletal radiology
[27]. As our study showed, the S/N ratio increases sig-
nificantly compared with the STIR sequence, as the im-
ages are calculated out of three echoes after one RF exci-
tation. Two different image sets are reconstructed out of
a single scan: a water-only and a fat-only image set. The
character of the WFS fat-only images is similar to a

TE = Echo time

RF = Radiofrequency pulse
Gss = Slice-selection gradient
Gpe = Phase-encoding gradient
Gro = Read-out gradient

Fig.1 Timing diagram of the water—fat separation (WFS) se-
quence. A single radiofrequency echo is “sandwiched” between
two gradient echoes (10 ms). The gradient echoes are used to de-
termine the B(0) distribution and to produce out-of-phase images.
TE echo time, RF radiofrequency pulse, Gss slice-selection gradi-
ent, Gpe phase-encoding gradient, Gro read-out gradient

T1-weighted image (edema is hypointense to the sur-
rounding hyperintense bone marrow, the fracture line is
very hypointense). This potentially would make acquisi-
tion of an additional T1-weighted sequence for visualiza-
tion of the fracture line unnecessary (Fig. 2). Saving ac-
quisition time is especially worthwhile in an emergency
setting, and thus we envisage a practical potential of the
sequence in this field. However, a systematic comparison
of a T1l-weighted SE sequence with the WFS fat-only
image set was not performed in our study. This would
have required acquisition of an additional T1-weighted
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Fig. 2A—C. Patient with a diaphyseal fracture of the proximal
phalanx of the fourth digit. A Sagittal STIR image shows bone
marrow edema (arrowhead) but no clear fracture line is visible.

B Sagittal WFS water-only image visualizes cortical disruption
(arrowheads). C WFS fat-only image shows the fracture as a
black line (arrowhead)

Fig. 3A—C A 12-year-old boy with a fracture of the coronoid pro-
cess of the ulna. A Sagittal STIR image reveals a joint effusion.
B Sagittal WFS water-only image shows additional edema of the
olecranon (arrow). C In the corresponding WFS fat-only image
partial ossification of the olecranon with fatty bone marrow
(arrow) isvisible as well

SE sequence in the same plane as the WFS sequence, re-
sulting in an unacceptable increase in acquisition time in
our patients with acute traumatic fractures. The character
of the WFS water-only images is similar to the STIR se-
guence (marrow edema is hyperintense to the normal hy-
pointense bone). The results of our study show an obvi-
ous superiority of the WFS water-only sequence in com-

parison with the STIR sequence in the qualitative and
guantitative parameters. Additionally, the WFS sequence
showed fewer artifacts than the STIR sequence. It is ap-
plicable in distal extremities with irregular anatomy and
high susceptibility differences (Fig. 3), where frequency-
selective fat saturation regularly fails [25, 28]. The high-
er S/N ratio of the WFS images compared with the STIR
images allows for a better depiction of soft tissue pathol-
ogy (Fig. 4). Acute fractures may show no or only mini-
mal bone marrow edema, thus making the diagnosis with
STIR images more difficult than with the WFS images
given the additional T1-like contrast information of a
fat-only image set. In the absence of any bone marrow
edema, afracture line can clearly be depicted in the WFS
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Fig. 4AA—C Patient with a femora condyle fracture. A Corona
STIR image fails to show the full extent of bone marrow edema.
B Corresponding WFS water-only image (0.35 T) shows both con-
dylar and tibial bone marrow edema. Due to the good signal-
to-noise ratio, an additional meniscal tear is seen (arrow). C WFS
fat-only image demonstrates marrow edema as subtle signal loss
in the medial femoral condyle

fat-only images as a black line in the very hyperintense
bone marrow. Fracture lines are visualized in STIR im-
ages as subtle hypointense lines in the very hyperintense
bone marrow edema and can be seen in only 50% of

Limitations of our study are the heterogeneous patient
group with small numbers of examinations in various re-
gions, and the fact that only the technical, not the diag-
nostic efficacy [29] was assessed.

In summary, the WFS sequence applied in low-field
open MRI not only consistently demonstrated traumatic
fractures seen radiographically, but was clearly superior
to the STIR sequence in terms of visibility of the bone
marrow edema, the visibility of fracture line, and
the preservation of anatomical details. Nevertheless it
showed a tendency to less homogeneous fat saturation

traumatic fractures[9].

than the STIR sequence.
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