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Purpose:  The  study  was  performed  to evaluate  magnetic  resonance  (MR)  issues  for  the  latest  standard
brands  of plates  and  screws  used  in orthopedic  surgery  at a  1.5-T MR system,  including  the  safety  and
metallic  artifacts.
Methods:  The  plates  and  screws  (made  of  titanium  alloy  and  stainless  steel  materials,  according  to  the
latest  standard  brands)  were  assessed  for  displacement  in  degrees,  MRI-related  heating  and  artifacts  at
a 1.5-T  MR  system.  The  displacement  in  degrees  of  the  plates  and screws  was  evaluated  on  an  angel-
measurement  instrument  at the  entrance  of the MR scanner.  The  MRI-related  heating  was  assessed  on a
swine  leg  fixed  with a plate by using  a “worst-case”  pulse  sequence.  A rectangular  water  phantom  was
designed  to  evaluate  metallic  artifacts  of a screw  on different  sequences  (T1/T2-weighted  FSE,  STIR,  T2-FSE
fat saturation,  GRE,  DWI)  and  then  artifacts  were  evaluated  on T2-weighted  FSE  sequence  by  modifying
the  scanning  parameters  including  field  of  view  (FOV),  echo  train length  (ETL)  and  bandwidth  to identify
the  influence  of  parameters  on  metallic  artifacts.  15  volunteers  with  internal  vertebral  fixation  (titanium
alloy  materials)  were  scanned  with  MR using  axial  and sagittal  T2-FSE,  sagittal  T2-FSE  fat  suppression
and  STIR  with  conventional  and optimized  parameters,  respectively.  Then  all  images  were  graded  by  two
experienced  radiologists  having  the experience  of more  than  7  years  under  double-blind  studies  that  is
neither of them  knew  which  was  conventional  parameter  group  and  optimized  parameter  group.
Results:  The  average  deflection  angle  of  titanium  alloy  and  stainless  steel  implants  were  4.3◦ and  7.7◦,
respectively,  (less  than  45◦) which  indicated  that  the  magnetically  induced  force  was  less than  the  weight
of the  object.  The  deflection  angle  of  the titanium  alloy  implants  was  less  than  the  stainless  steel  one
(t  = 9.69,  P < 0.001).  The  average  temperature  changes  of  titanium  alloy  before  and  after  the  scan  was
0.48 ◦C  and  stainless  steel  implants  was  0.74 ◦C,  respectively,  with  the  background  temperature  changes
of  0.24 ◦C. The  water  phantom  test  indicated  that the  DWI  sequence  produced  largest  artifacts,  while  FSE
pulse  sequence  produced  smallest  artifacts.  And  T2-weighted  FSE  fat  saturation  sequence  produced  larger
artifacts  than  STIR  sequence.  The  influence  of the  scanning  parameters  on  metallic  artifacts  was  verified
that  metallic  artifacts  increased  with longer  echo  train  length  and  bigger  FOV,  while  decreased  with  larger
bandwidth.  The  interreader  agreement  was  good  or  excellent  for  each  set of  images  graded  with  Cohen’s
Kappa  statistic.  Image  grading  of axial  and  sagittal  T2-FSE  with  optimized  parameters  were  significantly
superior  to that  with  conventional  parameters  (grade,  3.3  ±  0.5  vs  2.7 ± 0.6, P = 0.003;  3.2  ±  0.4 vs 1.9  ±  0.7,
P  = 0.001)  and  image  of  STIR  sequence  received  a better  grade  than  T2-FSE  FS  sequence  (grade,  3.4  ±  0.5
vs 1.7  ±  0.6,  P < 0.001).

Conclusions:  The  latest  standard  plates  and  screws  used  in  orthopedic  surgery  do  not  pose  an  additional
hazard  or  risk  to  patients  undergoing  MR  imaging  at 1.5-T or  less.  Though  artifacts  caused  by  them

cannot  be  ignored  because  of  t
priate  pulse  sequences  and  op
bandwidth,  small  FOV  and  app
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than 1% of the weight of each implant) attached to the 0◦ indi-
cator position on the protractor. The maximum deflection angle
of each implant from the vertical direction was measured [7–11].
Y.-f. Zou et al. / European Jour

. Introduction

With the progression of orthopedic techniques and develop-
ent of biological materials, metallic implants have been used
idely, such as internal fixation of bone-fracture, spinal fusion, and

rtificial joint replacement. The number of follow-up patients with
etallic implants is becoming larger and larger. Local complica-

ions of passive implants have been well recognized in previous
tudy and include heterotopic bone formation, mechanical asep-
ic loosening of prosthesis, prosthetic or peri-prosthetic fracture,
uperficial and deep infections, foreign-body granulomatosis, and
steolysis [1–3]. Radiography is the initial imaging modality of
hoice for evaluating the post-operative implants. But its ability
o display complications is limited to a larger extent. Computed
omography (CT) and magnetic resonance imaging (MRI) are more
dvanced modalities to assess passive implants and complica-
ions. Because of its superior soft tissue contrast and tomographic
apabilities, MR  imaging can better depict the extent and vol-
me  of osteolysis involvement compared to radiography and has
een shown to be more sensitive and specific than optimized CT
r plain radiographs in the detection of focal osteolytic lesions
4–6].

However, when a patient with metallic implants will undergo
RI, we have to consider two aspects: (1) the safety of patient (2)

rtifacts around the implants. Although previous studies have indi-
ated that most of the orthopedic implants are compatible in MR
maging system especially for titanium alloy, there are still con-
erns about the safety of patients with stainless steel implants,
ho were refused to a MR  scan in most cases in our country.

o ensure the safety of patients with metallic implants, it is nec-
ssary to conduct in vitro test using standardized techniques to
valuate displacement force and MRI-related heating [7–9]. In addi-
ion, artifacts caused by metallic implants present problems if MR
maging area of interest is in or near passive implants. For a pas-
ive implant, it is well known that artifacts are dependent on the
agnetic susceptibility of the materials, the object’s dimensions,

maging pulse sequences, parameters and other factors [1,7,8]. Our
tudy also was performed to evaluate the influence of different
ulse sequences and parameters on artifact size to obtain opti-
ized pulse sequences with appropriate parameters for reducing

rtifacts.
In considering the mentioned information above, the objective

f our investigation was to assess MR  issues (i.e., displacement
n degrees, MRI-related heating, artifacts) for the latest standard
rands of plates and screws used in orthopedic surgery at a 1.5-T
R system.

. Materials and methods

.1. Plates and screws

Plates and screws (Stryker, USA; Weigao Medical Polymer
o., Shandong, China; Zhengda Medical Care, Tianjin, China)

or internal fixation of fracture were selected to evaluate MR
ssues. Parts of them were titanium alloy materials and the
ther were stainless steel materials, with length from 2.4 cm
o 19.2 cm (Fig. 1). The titanium alloy materials are the most
ommonly used alloy at present in our country, known as

i-6Al-4V, conforming to ISO5832-3 (International Organiza-
ion for Standardization) and GB/T13810-2007 standards. The
rade of stainless steel materials is OOCr18Ni14Mo3, conform-
ng to ISO5832-1 and GB4234-2007 standards, which is also
he most popular medical stainless steel implants in recent
ears.
Fig. 1. Plates and screws used for displacement force test: titanium alloy materials
(left) and stainless steel materials (right).

2.2. Displacement in degrees

The total implants were 14 that includes 7 for the titanium alloy
implants and the other 7 for stainless steel implants (Fig. 1). The
displacement in degrees of the implants was assessed on an angel-
measurement instrument designed by ourselves at the entrance of
the MR  scanner, where the largest force was  produced, according
to the recommended standards of the American Society for Test-
ing and Materials (ASTM) [10] (Fig. 2). The plates and screws were
suspended from a lightweight string (25-cm in length; weight, less
Fig. 2. An angel-measuring instrument which was self made: the plate was pos-
itioned in the area where the largest attraction force was produced.
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ig. 3. Plates used for MRI-related heating test: titanium alloy materials (left) and
tainless steel materials (right).

ccording to the ASTM F2213-06 [12], the relationship of mag-
itude between the magnetically-induced force of object and its
eight could indicate the safety of displacement force and torque,

nd the deflection angle of the implant was used in our test. But
he torque considered here was the magneto-static torque due to
he interaction of the MRI  static magnetic field with the magneti-
ation in the implant. The dynamic torque due to interaction of the
tatic field with eddy currents induced in a rotating device was not
ddressed.

.3. MRI-related heating

MRI-related heating at the 1.5-T MR  system was  evaluated for
0 plates with 5 of titanium alloy materials and 5 of stainless
teel materials, which were implanted in a swine leg, respectively
Figs. 3 and 4). Relatively high level radiofrequency (RF) energy
as applied during this experiment. All of the implants and the

wine leg were placed into the MR  examination room for more than
 h to achieve balanced temperature. Two mercurial thermome-
ers (Shanghai Medical Equipment Works Co., China) were used
or recording temperature. The temperature was measured only at
he mid  portion of all the implants which were in contact with the

one and the other temperature was measured at mid  portion of
he other side of the bone parallel to the implant. To ensure that
e have no temperature difference among all we measured the

emperature at the same position for all the implants. Temperature

ig. 4. Specimen for MRI-related heating test: a swine leg with plate implantation.
Radiology 84 (2015) 450–457

of both thermometers was  recorded immediately before and after
each time of MR  scanning [9,13,14].

2.4. MRI  conditions

MRI-related heating test was  conducted at 1.5-T/64-MHz (Signa
HDxt, GE Healthcare), using body coil to transmit and receive
radiofrequency (RF) energy. MRI  parameters were selected to
generate a relatively high level of RF energy representing the
“worst-case” in clinical condition. According to the standards of
ASTM [14], fast spin echo (FSE) sequence was  used with the param-
eters as follows: number of excitations (NEX) of 12, flip angle (FA) of
90◦, repetition time (TR) 4500 ms,  echo time (TE) 138 ms, a matrix
of 320 × 224, bandwidth of 125 kHz, echo train length (ETL) of 49,
the whole body average specific absorption rate (SAR) of 1.85-W/kg
and scanning time of 15 min. The averaged SAR value was displayed
on the system automatically when the MR  sequence and parame-
ters were determined and the maximal averaged SAR value was
used to indicate the “worst-case” condition of the localized area.
Because this experimental specimen was lack of “blood flow”, it
simulated an extreme condition to assess MRI-related heating for
this implant [11,14,15].

2.5. Artifacts

A rectangular water phantom made of poly methyl methacry-
late plastic with dimension of 27.2 cm × 13.5 cm × 17.4 cm (length,
width, height) was  designed to evaluate the metallic artifacts of a
titanium alloy screw under different sequences. The water phan-
tom was filled with copper sulfate (CuSO4) solution (1 g/L) to reduce
T1 and keep TR at a reasonable level. The screw (length 55 mm,
diameter 15 mm)  was immersed in the center of the solution fixed
by three thin nylon threads. MR  imaging was performed using the
1.5-T/64-MHz (Signa HDxt, GE Healthcare), a transmit/receive head
RF coil and the following pulse sequences:T1/T2-weighted fast spin
echo(FSE), short TI inversion recovery (STIR), T2-weighted FSE fat
saturation (FS), gradient echo (GRE), diffusion-weighted imaging
(DWI) [7,8,15,16], the parameters are shown in Table 1.

To identify the influence of MR  scan parameters on size of metal-
lic artifacts, T2-weighted FSE sequence and a titanium alloy screw
were selected. The screw and water phantom as previously men-
tioned were used to achieve image artifacts by altering field of view
(FOV), echo train length (ETL) and bandwidth, respectively, with
other parameters keeping unchanged.

In all cases two  sets of images (with and without the implant)
were acquired to obtain images with and without artifacts. The
images were obtained and analyzed according to the method from
ASTM F2119-01 [17]. Planimetry software provided with Medavis
PACS system was  used to measure the size of artifacts. A rectan-
gular region of interest (ROI) was  drawn on the two sets of images
(with and without implant) enclosing the visible artifacts. Window
level and window width of the image with artifacts were deter-
mined from the same ROI position in the image without artifacts.
Window center was  set to the mean signal intensity within the ROI
in the image without artifacts, and window width was  set to a 60%
of that window center. Then the maximal length and width of the
artifacts (containing size of screw) were measured three times on
the plane with the maximal artifacts (Fig. 5), each with an interval
of one day [9,11,17].

According to the influence of parameters on artifacts size, the
conventional sequence parameters were modified to achieve opti-
mized pulse sequence for reducing artifacts. Then 15 volunteers

with internal vertebral fixation (titanium alloy materials) were
performed MR scan with conventional and optimized parameters,
respectively. The pulse sequences of axial and sagittal T2-FSE, sag-
ittal T2-FSE fat suppression and STIR were used. The parameters
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Table  1
Sequence parameters for metal artifacts test.

Sequences Bandwidth (kHz) TR/TE (ms) Flip angle degree (◦) Slice thick (mm) FOV (cm) Matrix

FSE-T1 31.25 1785/26 90 4 24 × 24 320 × 192
FSE-T2 31.25 4000/110 90 4 24 × 24 320 × 192
STIR  31.25 5000/55 90 4 24 × 24 320 × 192
FSE-T2-FS 31.25 4000/110 90 4 24 × 24 320 × 192
GRE  – 5.5/1.7 30 4 24 × 24 320 × 192
DWI  b = 1000 4500/80 90 4 24 × 24 320 × 192

Note. TR = repetition time, TE = echo time, FOV = field of view.

Fig. 5. A set of images for the artifact measurement: (a) the image with copper sulfate solution (without screw) and (b) the image with screw. The rectangle box represented
the  ROI containing the visible artifacts. The circle was used to measure the mean signal intensity of the ROI without artifacts, which was set as the window center for (b). And
the  window width of (b) was set to a 60% of that window center. Then the artifacts on (b) were relatively obvious. Red and blue lines on (b) represent the maximal length and
width  of the artifacts, respectively. These steps were done three times to acquire one set of images and the mean value was obtained. (For interpretation of the references to
color  in this figure legend, the reader is referred to the web version of this article.)

Table 2
Conventional (CO) and optimized (OP) sequence parameters.

Sequences Bandwidth (kHz) TR/TE (ms) Flip angle degree (◦) Slice thick (mm) FOV (cm) Matrix ETL

CO-sagittal-FSE-T2 41.67 3140/102 90 4 32 × 32 384 × 160 21
CO-axial-FSE-T2 27.78 3200/120 90 4 20 × 20 320 × 192 19
CO-sagittal-FSE-FS 31.25 2680/102 90 4 32 × 32 320 × 224 21
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ature changes of 0.24 ◦C, which are shown in Table 4. The highest
temperature changes for titanium alloy and stainless steel implants
were 0.6 ◦C and 0.9 ◦C, respectively.

Table 3
Deflection angle of each plate and screw for displacement force test (◦).
OP-sagittal-FSE-T2 142.86 1600/102 90 

OP-axial-FSE-T2 142.86 2020/120 90 

OP-STIR 142.86 3100/50 90 

re shown in Table 2. This study was approved by the institutional
eview board, and informed consent was obtained (Ethical Review
o. 2014-SR-158). In fact, only bandwidth, matrix and echo train

ength were adjusted, while the other parameters changed auto-
atically in order to improve image SNR. Then 15 sets of images
ere graded by two radiologists having experience more than 7

ears under double-blind according to a 1–5 scale as follows: grade
, artifacts obscured the whole plane, grade 2, artifacts obscured
oth near- and far-field; grade 3, artifacts obscured near-field and
he adjacent structures; grade 4, artifacts obscured near-field and
id not affect the observation of the adjacent structure; grade 5, no
rtifacts. Then the image grading difference was analyzed between
he same pulse sequence with conventional and optimized param-
ters [1,18–20].

.6. Statistical analysis

In this study, to assess the difference of displacement in
egrees between titanium alloy and stainless steel materials,

ndependent-Samples T Test was used. The interreader reliabil-

ty for image grading was assessed by using Cohen’s Kappa
tatistic [21]. To evaluate the difference of image grading
etween conventional parameters group and optimized group,
ilcoxon signed-rank test was implemented. All data was
4 32 × 32 384 × 256 15
4 20 × 20 320 × 256 15
4 32 × 32 384 × 256 15

processed in SPSS 16.0 Version. Statistical significance was set at
P = 0.05.

3. Results

The average deflection angles were 4.3◦ for titanium alloy
implants and 7.7◦ for stainless steel implants. The deflection angle
of titanium alloy implants was significantly less than that of stain-
less steel implants (t = 9.69, P < 0.001). The test results are shown in
Table 3.

The average temperature changes measured by the mercu-
rial thermometer were 0.48 ◦C for titanium alloy implants and
0.74 ◦C for stainless steel implants with the background temper-
Number 1 2 3 4 5 6 7

Titanium alloy materials 4.6 3.5 5.4 4.2 4.1 3.8 4.4
Stainless steel materials 9.0 7.5 8.3 7.2 6.9 7.9 7.4

Note. Numbers 1 to 7 represent the implants from left to right in the Picture 1.
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Fig. 6. (a–f):T1-FSE, T2-FSE, STIR, T2-FSE-FS, GRE, DWI. MR  images showed artifacts appeared as voids or geometric distortions. Section location oriented to the long axis of
the  screw and the slice was  selected with largest artifacts.

Fig. 7. The histogram showed variation trend of artifacts siz

Table 4
Temperature changes between pre- and post-MR scan for MRI-related heating test
(◦C).

Plates Position 1 2 3 4 5

Titanium alloy
materials

Adjacent to plate 0.4 0.5 0.5 0.4 0.6
Opposite site 0.2 0.2 0.3 0.2 0.3

Stainless steel Adjacent to plate 0.7 0.7 0.8 0.6 0.9
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materials Opposite site O.2 0.3 0.3 0.1 0.3

ote. Numbers 1 to 5 represent the implants from left to right in the Picture 3.

Artifact test results are shown in Table 5. The artifacts were
ppeared as voids or geometric distortions in images shown in
ig. 6. The results revealed diffusion-weighted imaging sequence
roduced largest artifacts, while fast spin echo pulse sequence
roduced smallest artifacts. And T2-weighted FSE fat saturation
equence produced larger artifacts than STIR sequence. By altering
eld of view (FOV), echo train length and bandwidth, respectively,
ith other parameters keeping unchanged, the variation trend of

rtifacts size in T2-weighted FSE sequence are shown in Fig. 7. The
esults showed metallic artifacts increased with longer echo train
ength and bigger FOV, while decreased with larger bandwidth.

The interreader agreement was good or excellent for each set
f image grading. Image quality of sagittal T2-FSE sequence was
raded significantly higher for optimized parameters than that with
onventional parameters (grade, 3.2 ± 0.4 vs 1.9 ± 0.7, P = 0.001;
 = 0.681 and 0.789). Image grading of axial T2-FSE sequence
ith optimized parameters was significantly superior to that with

onventional parameters (grade, 3.3 ± 0.5 vs 2.7 ± 0.6, P = 0.003;
 = 0.837 and 0.767) and image of STIR sequence received a better

able 5
rtifacts size of screw in different sequences (mm).

Pulse sequence Length Width

FSE-T1 63.6 21.8
FSE-T2 63.0 23.2
STIR 65.8 29.2
FSE-T2-FS 72.0 35.0
GRE  79.5 45.2
DWI  82.2 55.7

ote. The length and width contained the size of screw (length 55 mm,  diameter
5 mm).
e by adjusting ETL, bandwidth and FOV, respectively.

grade than that of T2-FSE FS sequence (grade, 3.4 ± 0.5 vs 1.7 ± 0.6,
P < 0.001; k = 0.722 and 0.881) (Fig. 8).

4. Discussion

4.1. Displacement in degrees

The average deflection angles were 4.3◦ for titanium alloy
implants and 7.7◦ for stainless steel implants. According to the
American Society for Testing and Materials International [10], “if
the device deflects less than 45◦, then the magnetically induced
deflection force is less than the force on the device due to gravity (its
weight). For this condition, it is assumed that any risk imposed by
the application of the magnetically induced force is not greater than
any risk imposed by normal daily activity in the Earth’s gravita-
tional field.” By comparison, though the deflection angle of stainless
steel implants was slightly larger (t = 41.2, P < 0.001), the magnet-
ically induced force of both kinds of implants was  less than their
weight, which indicates that it does not pose an additional risk to
patients with implants undergoing MRI  at 1.5-T or less [7–9]. How-
ever, in our study, we did not measure the magnetically induced
torque, which cause objects to rotate to align with the magnetic
field. ASTM F2213-06 shows the magnetically-induced force and
torque are related. If the force is minimal, the torque is expected to
minimal as well [9,12].

4.2. MRI-related heating

In this study, MRI-related heating was  evaluated on a swine leg
fixed with plate by using “worst-case” pulse sequence, which rep-
resented the highest specific absorption rate and maximal radio
frequency induced heating effect in clinical conditions [9,11,14,15].
The results showed the highest temperature changes were 0.6 ◦C
for titanium alloy implants and 0.9 ◦C for stainless steel implants.
According to Table 4, taking the background temperature changes
into consideration the maximum temperature changes contributed
by titanium alloy plate was  0.3 ◦C and 0.6 ◦C for stainless steel plate.

Due to the absence of blood circulation in the swine leg localized
heat around the implant cannot be taken away. By this we  can
deduce that if the implants were in human body, the temperature
must have been reduced. Therefore, we can conclude that the minor
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Fig. 8. (a and b) A patient with internal fixation for thoracic vertebral fracture: (a) Sagittal T2-FSE with conventional parameters showing the metallic artifacts obscuring
the  surrounding structures and the spinal canal geometric distortion (arrow). (b) Sagittal T2-FSE with optimized parameters showing smaller artifacts and the correction of
geometric distortion. (c and d) A patient with lumbar fusion for vertebral instability: (d) Axial T2-FSE with optimized parameters show smaller artifacts than (c) the sequence
with  conventional parameters, while signal-to-noise ratio was a little decreased. (e and f) A patient with lumbar fusion for spondylolysis: (e) T2-FSE fat suppression sequence
s ence 
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howing artifacts severely affecting the evaluation of the spinal canal. (f) STIR sequ
isc  herniation: (g) T2-FSE fat suppression sequence showing geometric distortion
h)  STIR sequence showing a significant reduction of the artifacts on the same slice.

emperature rise caused by both kinds of implants will not produce
 thermal injury to a human subject at a 1.5-T MR  system or less
8,9,15]. In our heating test, the localized SAR value could be more
ccurate to reflect the localized condition. As there is no appropriate
nd practical method to quantify the localized value, the maximal
veraged value was used to indicate the “worst-case” condition,
hich also could represent a worst-case in the localized SAR. It is a

imitation in our test.

.3. Artifacts

Metal implants can cause severe variations in the static mag-
etic field because of susceptibility variations between metal
nd surrounding tissue. The inhomogeneous static magnetic field
esults in substantial image artifacts around implants, including
ignal loss, failure of fat suppression, geometric distortion, and
right pile-up artifacts [22,23]. Metallic artifacts are primarily asso-
iated with magnetic susceptibility, shape and size of the item, as

ell as parameters used for imaging [1,22,23]. Especially for the

rthopedic metal implants mentioned in our study, due to their
elatively larger size, we have to consider the impact of artifacts on
urrounding soft tissue.
showing no artifacts on the same slice. (g and h) A patient with lumbar fusion for
right pile-up artifacts obscuring the circumferential soft tissue and vertebral body.
s given by the two  readers for (a–h) were: 2, 4, 3, 4, 2, 4, 1, 3.

The results of the water phantom study showed image artifacts
on T1/T2 weighted FSE sequence were less than GRE sequence,
which were agreed on previous reports about inherently larger
signal losses in GRE sequence [7–9,15,16]. To avoid signal loss, FSE
sequence can offer multiple 180◦ refocusing pulses that reverses
static field dephasing. So it is not difficult to understand the smaller
artifacts in FSE sequence. We  also found that fat suppression in T2-
FSE based on spectrally-selective saturation was  failure. Compared
with STIR sequence, its artifacts were larger and the figure had
geometric distortion. Spectrally-selective saturation FS sequence
is more sensitive to inhomogeneous static magnetic field caused
by metal, and will fail when chemical shift frequency between fat
and water cannot be separated clearly [22]. The best choice of fat
suppression was  to use STIR imaging because it was completely
independent of resonance frequency. STIR uses an inversion recov-
ery approach to suppress fat due to its short T1 relaxation time
and then it is able to provide much more homogeneous fat sup-
pression around metal implant [1,22,23]. However, STIR sequence

has the low signal-to-noise ratio. And when a contrast agent is
used, the contrast-enhanced tissue would instead be suppressed
because of its shortened T1. Thus STIR sequence is limited in
some cases [22–24]. The results demonstrated that the quality of
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iffusion-weighted image was degraded most severely. DWI
as additional diffusion gradient field, which can lead to photon
ephasing. So it is most sensitive to inhomogeneous static magnetic
eld because of its effect to aggravate dephasing. Therefore, exten-
ive area around the screw has no signal (Fig. 6). Though artifacts
aused by metallic implants could not be ignored, we could choose
ppropriate sequences to improve image quality, such as FSE and
TIR, instead of GRE and spectrally-selective saturation FS sequence
1,15,16,22–24].

In our experiment, we had explored the impact of MR  scan-
ing parameters (i.e., FOV, echo train length and bandwidth) on
ize of metal artifacts. We  found metallic artifacts increased with
onger echo train length and bigger FOV, while decreased with
arger bandwidth. Geometric distortion is inversely proportional
o the gradient strength, which scales with bandwidth. So it is
ble to reduce artifacts by increasing bandwidth and also is a sim-
lest way to reduce metallic artifacts dramatically [1,18,22,23]. We
chieved smaller image artifacts by narrowing FOV with matrix
nchanged. It meant reducing the voxel size could improve image
ualities. Smaller voxels increase the spatial definition of metal-

nduced signal void and thus reduce apparent size of the void.
urthermore, it helps to reduce diffusion-related signal intensity
oss [1,22,23]. However, we found the longer echo train length
ed to larger artifacts size, which was contrary to previous reports
18,23]. FSE sequence has multiple 180◦ refocusing pulses and sig-
al intensity of the first echo is strongest, while the remaining
ecomes weaker and weaker. Therefore, longer echo train length
ould reduce signal-to-noise ratio (SNR) of image and also degrades
he quality of image with metal, seemingly like to larger arti-
acts in our measurements. Thus appropriate echo train length
hould be selected to reduce artifacts and prevent the decrease of
ignal-to-noise ratio. Taking above mentioned into consideration,
e had performed parameters modification and optimization on
ulse sequences of axial T2-FSE, sagittal T2-FSE and STIR. 15 vol-
nteers with internal vertebral fixation (titanium alloy materials)
ere both performed MR  scan with conventional and optimized
arameters. And all images acquired were graded by two radi-
logists having the experience of more than 7 years, images of
agittal T2-FSE sequence were graded significantly higher for opti-
ized parameters than that with conventional parameters (grade,

.2 ± 0.4 vs 1.9 ± 0.7, P = 0.001). Image grading of axial T2-FSE
equence with optimized parameters was significantly superior
o that with conventional parameters (grade, 3.3 ± 0.5 vs 2.7 ± 0.6,

 = 0.003) and image of STIR sequence received a better grade than
hat of T2-FSE FS sequence (grade, 3.4 ± 0.5 vs 1.7 ± 0.6, P < 0.001)
Fig. 8). It was obvious that metallic artifacts had been significantly
educed by optimized parameters, though SNR of image decreased
o a certain extent. Therefore, pulse sequences with optimized
arameters showed in Table 2 have a big advantage on displaying

ocalized complications of passive implants, especially for patients
ith clinical symptoms but normal or equivocal on X-ray plain film

1,18,22–25].

. Conclusions

Our study was performed to evaluate MR  issues for the latest
tandard brands of plates and screws used in orthopedic surgery at

 1.5-T MR  system, including displacement in degrees, MRI-related
eating, and artifacts. The results indicate that both titanium alloy
nd stainless steel materials (plates and screws) cause a weak force
nd low MRI-related heating at a 1.5-T or less, which do not pose

n additional hazard or risk to patients. However, metallic artifacts
hould not be ignored because of their relative larger size, especially
hen region of interest is adjacent to implants. And it is possible

o minimize artifacts by choosing appropriate pulse sequences and

[
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optimizing scanning parameters, such as FSE and STIR sequence
with large bandwidth, small FOV and appropriate echo train length.
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