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PURPOSE
To characterize the artifacts of an 18-gauge coaxial nickel-titanium needle using a balanced steady-
state free precession sequence in magnetic resonance imaging-guided interventions at 3.0 tesla. 

METHODS
The influence of flip angle (FA), bandwidth, matrix, slice thickness (ST), and read-out direction on 
needle artifact behavior was investigated for different intervention angles (IA). Artifact diameters 
were rated at predefined positions. Subgroup differences were assessed using Bonferroni-correct-
ed non-parametric tests and correlations between continuous variables were expressed using the 
Bravais–Pearson coefficient. Interrater reliability was quantified using intraclass correlation coeffi-
cients (ICCs), and a contrast-enhanced target lesion to non-enhanced muscle tissue contrast ratio 
was quantified. 

RESULTS
The artifact diameters decreased with an increase in FA for all IAs (P < 0.001) and with an increase in 
ST for IAs of 45°–90° (all P < 0.05). Tip artifacts occurred at low IAs (0°–45°) and gradually increased 
in size with a decrease in IA (P = 0.022). The interrater reliability was high (ICC: 0.994–0.999). The 
contrast-enhanced target lesion to non-enhanced muscle tissue contrast ratio presented positive 
correlations with increasing FAs and matrices (P < 0.001; P = 0.003) and a negative correlation with 
increasing STs (P = 0.007). 

CONCLUSION
To minimize needle artifacts, it is recommended to use FAs of 40°–60°, a ST of >7 mm, and, if pos-
sible, an IA of 45°–60°. The visibility of the target lesion and the needle’s artifact behavior must be 
weighed up against each other when choosing the ST, while higher FAs (40°–60°) and matrices (224 
× 224/256 × 256) are associated with low artifacts and sufficient lesion visibility.

KEYWORDS
Artifact, interventional, MSK, musculoskeletal, real-time sequence

Magnetic resonance imaging (MRI) encompasses excellent characteristics for the im-
age guidance of interstitial interventional procedures, including a lack of ionizing 
radiation, high soft tissue contrast, and multiplanar needle guidance with quasi-si-

multaneous acquisition of two or three orthogonal, oblique slices in near real-time.1-8 In prac-
tice, MRI-guided interventions are performed in clinical routines involving a wide range of 
body regions with a primary focus on the tissues of organs for which MRI is superior to other 
imaging modalities, such as the liver, prostate, breast, or spine.6,8-14 However, interventions 
of peripheral joints for, for example, the purpose of biopsy extraction, are still most likely to 
be ultrasound-guided, with MRI-guidance of musculoskeletal interventions beyond the spine 
rarely performed. Nevertheless, there exist a number of approaches that have trialed real-time 
dynamic MRI in the field of musculoskeletal imaging. For example, Bayer et al.15 demonstrated 
that dynamic visualization of the finger anatomy during a full range of motion can be ob-
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tained by using a balanced steady-state free 
precession (bSSFP) sequence. 

To be MR-compatible and to ensure a safe 
procedure for the patient and the performing 
interventionalist, biopsy needles are made of 
alloys that cause minimal interference with 
the outer magnetic field, such as nickel-ti-
tanium (Nickel Titanium Naval Ordnance 
Laboratory; Nitinol), titanium, glass fiber, 
or steel.16 However, needle artifacts, which 
mostly present as low intensity signals in the 
region around the needle’s shaft or tip, can-
not be completely excluded and can impair 
accurate visualization of both the needle and 
the needle-to-target distance. To successful-
ly perform MRI-guided interventions with 
reliable target localization for musculoskel-
etal issues at 3.0 tesla (T) units, a thorough 
understanding of needle artifact behavior 
is crucial, regardless of the intended biopsy 
site. The artifact size is influenced by different 
parameters, which are either related to the 
individual composition of the needle, such 
as the alloy, the diameter, and the length, or, 
to different MRI-related parameters, such as 
the orientation of the intervention angle (IA) 
in relation to the static magnetic field (B0), 
the strength of the B0 field, or the pulse se-
quence type.5,10,17-22 Therefore, it is important 
to reassess the technical and methodological 
fundamentals of musculoskeletal MRI-guid-
ed interventions at 3.0 T. This is, on the one 
hand, because 3.0 T interventional MRI is 
more demanding in terms of safety and ar-
tifact behavior than interventions at lower 
fields (e.g., at 1.5 T) and on the other hand, 
because it can provide rewarding superior 
image quality when considering important 
aspects in acquisition parameter selections. 

This paper presents a systematic investi-
gation of the artifact behavior of an 18-gauge 
(G) commercially coaxial Nitinol needle as a 
function of the IA and sequence parameter 
variations using a bSSFP sequence in a mus-
cle phantom model at 3.0 T. The study aims 
to characterize artifact formation during 
clinical MRI-guided high-field interstitial in-
terventions, providing valuable guidance for 
musculoskeletal tissue biopsies. 

Methods

Image acquisition

The MRI process was performed using a 
closed-bore 3.0 T unit (MAGNETOM Vida, Sie-
mens Healthineers, Erlangen, Germany) with 
a system length (cover-to-cover) of 186 cm 
and a bore diameter of 70 cm. The gradient 
system had a maximum gradient strength of 
60 mT/m and a slew rate of 200 T/m/s. The 
MRI protocol was based on an interventional 
real-time fluoroscopic bSSFP pulse sequence 
with true fast imaging with steady-state 
free precession (TrueFISP) contrast (“Nee-
dle Intervention Add-in” package, Siemens 
Healthineers, Erlangen, Germany). This pulse 
sequence allows for visual real-time updates 
and interactive graphical modification of the 
slice geometry during imaging. A four-chan-
nel flex coil (Siemens Healthineers, Erlangen, 
Germany) with a weight of 550 g (516 × 224 
mm) was used as the receive coil. 

Ethics committee approval was waived 
for this study due to the exclusively experi-
mental study design without any animals or 
patients being involved.

Bovine muscle phantom model 

A bovine muscle phantom model with 
a weight of 5.925 kg, a length of 33 cm, a 
width of 24 cm, a height of 13 cm, and a 
maximum transverse diameter of 53 cm 
was used. As expected, the bovine muscle 
phantom model had an MRI signal inten-
sity comparable to that of human skeletal 
muscle. The complete scan series could be 
performed using the same model, ensuring 
comparability of the results. Before plac-
ing the needles, 0.5 mL of 1.0 mmol/mL 
gadolinium (Gadovist®, Bayer AG, Leverku-
sen, Germany) diluted at 1:1000 in 0.9% 
sodium-chloride (B. Braun, Melsungen, 
Germany) was applied in a 1.0-mL syringe 
(B. Braun, Melsungen, Germany) centrally 
into the muscle phantom by using a 20-G 
Nitinol needle (ITP, Innovative Tomography 
Products GmbH, Bochum, Germany) to sim-
ulate a contrast-enhanced target lesion at 

the center of the muscle tissue specimen. 
Thereafter, a total of seven MR-compatible 
coaxial Nitinol needles (as described below) 
were positioned at 0°, 15°, 30°, 45°, 60°, 70°, 
and 90° relative to the B0 field using the 
“entry and target points function” within 
the real-time fluoroscopic MRI software to 
guarantee an exact and parallel position of 
the needles in the B0 field (2° accepted devi-
ation). The experimental setup is shown in 
Figure 1.

Magnetic resonance-compatible inter-
vention needle

A commercially available MR-compati-
ble coaxial Nitinol needle (ITP, Innovative 
Tomography Products GmbH, Bochum, 
Germany) with a size of 18G (outer diame-
ter: 1.25 mm, length: 150 mm, standardized 
facet cut) was investigated. 

Scan series

The phantom was positioned in the iso-
center of the XZ plane using the light visor 
of the MR tomograph. The influence of the 
following five parameters was investigated 
as a function of the IA on artifact formation: 
flip angle (FA), receiver bandwidth (BW), 
matrix, slice thickness (ST), and read-out di-
rection. The IA (the needle angle relative to 
the B0 field) varied from 0°–90° (0°, 15°, 30°, 
45°, 60°, 75°, and 90°). As one parameter was 
modified, the others remained constant 
with the following predefined settings. The 
matrix was fixed to 128 × 128 voxels, which 
was a compromise between acquisition 
time and spatial resolution. Echo time (TE) 
and repetition time (TR), which yield an in-
fluence on acquisition time, were set to a 
minimum (TE: 1.71 ms, TR: 3.42 ms) as fixed 
parameters, resulting in an acquisition time 
of 461 ms per plane. The field of view was 
uniformly set to 300 × 300 mm2. The pre-
defined setting was 50° for the FA, 930 Hz/
pixel for the BW, and 10 mm for the ST. The 
fixed read-out direction was right to left. An 
overview of the default settings is provid-
ed in Supplementary Table 1. Starting with 
these default settings, each of the parame-
ters mentioned above was modified, as de-
scribed in detail in Supplementary Table 2, 
resulting in acquisition times of 346–1.148 
ms per plane. For each parameter modifica-
tion, the TrueFISP sequence was performed 
in the same manner. Prior to the start of the 
fluoroscopic TrueFISP sequence, the correct 
angles (accepted deviation of 2°) between 
the needles and the B0 field and the posi-
tion in the isocenter of the MR scanner were 
verified using test sequences.

Main points

•	 The use of a flip angle (FA) of 40°–60° and a 
slice thickness (ST) of 10–17 mm minimized 
the needle artifacts while maintaining the 
best possible visualization of the coaxial 
intervention needle in this musculoskeletal 
phantom study at 3.0 tesla. To find a com-
promise, since the ST should not be set too 
thick to ensure accurate needle placement 
during the procedure, we ultimately recom-
mend an ST of >7 mm in clinical practice.

•	 In addition, if possible, the intervention an-
gles should be 45°–60° to specifically avoid 
tip artifacts. 

•	 The visibility of the target lesion and the 
artifact behavior of the intervention nee-
dle must be weighed up against each oth-
er when choosing the ST, while higher FAs 
(40°–60°) and matrices (224 × 224/256 × 
256) were associated with both low needle 
artifacts and sufficient target lesion visibility. 
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Artifact diameter measurement

For image acquisition and evaluation of 
the artifact diameter, Visage Imaging soft-
ware (Visage Imaging GmbH, Berlin, Germa-
ny) was used. The artifact diameters were 
measured in a standardized plane at two 
predefined positions (50% and 25% of the in-
serted needle length measured from the tip 
of the needle) for every modification of the 
scan series to ensure comparability. If there 
was a ball-like tip artifact (IA: 0°, 15°, 30°, and 
45°), the maximum diameter of this artifact 
was determined in the same standardized 
plane regardless of its two-dimensional di-
rection of largest extension (Figure 2). The 
needle artifacts were measured by two in-
dependent and blinded readers (V.F.S. and 
S.S.G.) with three and four years of diagnostic 
MRI experience, respectively, for each modifi-
cation of the evaluated parameters. 

Contrast-enhanced target lesion to non-en-
hanced muscle tissue ratio

For the evaluation of the contrast ratio 
of the contrast-enhanced target lesion to 
the non-enhanced muscle tissue, regions of 

interests (ROIs) with a diameter of at least 
5 mm2 were used to quantitatively assess 
corresponding signal intensities (SI). The pri-
mary ROI was placed inside the contrast-en-

hanced target lesion and the second ROI 
within the adjacent non-enhanced muscle 
tissue at a distance of 20 mm while sparing 
visible muscle inhomogeneities. In addition, 

Figure 1. Experimental study set-up. (a) Bovine derived muscle phantom model with a 20G Nitinol needle (arrowhead) and linked 1.0-mL syringe for the application 
of the sodium chloride-diluted-gadolinium centrally into the muscle tissue and seven 18G coaxial Nitinol needles positioned at 0°, 15°, 30°, 45°, 60°, 70°, and 90° 
relative to the static magnetic field (B0) field; (b) muscle phantom within the 3.0 T magnetic resonance imaging (MRI) scanner covered by a four-channel flex coil 
(asterisk); (c) MRI console illustrating the use of the prototype real-time fluoroscopic MRI software when placing the coaxial needles at defined angles in relation 
to the B0 field; (d) scan example demonstrating simultaneous acquisition of axial, sagittal, and coronal datasets; (e) axial image illustrating the direction of the B0 
field, the simulated contrast-enhanced target lesion at the center of the muscle phantom (small arrow), and the seven coaxial Nitinol needles, which were placed 
at defined angles relative to the B0 field (asterisks). Note the ball-like tip artifact at the needle tips at the 0°-, 15°-, 30°-, and 45°-positioned needles (arrowheads). G: 
gauge; T, tesla.

a

d

e

b c

Figure 2. Schematic of the measurement method. The asterisk denotes the hypointense artifact part of the 
needle artifact at an intervention angle (IA) of 90° (marked in green). The arrowhead presents the additional 
hyperintense artifact rim around the central hypointense needle artifact occurring at flip angles of 10° and 
20° (exemplarily marked in blue for the needle that was inserted at an IA of 90°). The ball-like tip artifact, 
which occurred at IAs of 0°, 15°, 30°, and 45° is exemplarily shaded orange for the needle that was inserted at 
an IA of 15°. The three blue lines indicate the measurements of the artifact diameters, first, at two predefined 
positions (50% and 25% of the inserted needle length measured from the tip of the needle) for every 
modification of the scan series, and second, as the maximum diameter of the ball-like tip artifact regardless 
of its two-dimensional direction of largest extension.
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the latter ROI placement was defined at an 
identical anatomical depth to the target le-
sion to avoid any potential influence from 
surface coil sensitivity profiles. The posi-
tion, size, and shape of the ROIs were kept 
almost identical for all measurements. The 
contrast-enhanced target lesion to non-en-
hanced muscle tissue contrast ratio (R) was 
defined in terms of the following formula 
based on the mean SIs in the ROIs:

R=SIcontrast-enhanced target lesion/SInon-enhanced muscle tissue

Statistical analysis

Statistical analysis was performed using 
dedicated statistics software (SPSS version 26, 
SPSS Inc., Chicago, IL, USA). For the descriptive 
statistics, the numerical values were presented 
as means ± standard deviation at 95% confi-
dence intervals. To evaluate the differences 
between the modified sequence parameters 
in the related samples, the Wilcoxon signed-
rank test (in the case of two values of the 
modified parameter) and the Friedman test 
(in the case of more than two values) includ-
ing post-hoc testing and Bonferroni multiple 
testing correction were used. Furthermore, 
possible positive or negative correlations 
between the values of the modified param-
eters and the size of the artifact diameter, as 
well as the contrast-enhanced target lesion 
to non-enhanced muscle tissue contrast ratio 
were evaluated. For this purpose, the Bravais–
Pearson correlation coefficient was calculated 
and tested for significance on both sides. To 
assess the significance of the results, the effect 
strength, r, of the Bravais–Pearson correlation 
coefficient was additionally presented using 
Cohen’s classification (r = 0.10: weak effect, r = 
0.30: medium effect, r = 0.50: strong effect). To 
determine the differences between the IAs of 
the MR-compatible needles as unrelated sam-
ples, the Kruskal–Wallis test was used. To mea-
sure the interrater reliability between the two 
blinded readers, the intraclass correlation co-
efficient (ICC) was calculated. A P value of 0.05 
was set as the limit of statistical significance. 

Results

Intervention angle

The seven IAs (0°–90°) exhibited signifi-
cant differences (P < 0.001) in artifact diam-
eters (Figures 3-5), with the artifacts increas-
ing considerably with higher IAs, which also 
proved to be significant for multiple pair-
wise comparisons (14 pairs) (Supplementary 
Table 3). Here, only seven pairwise compari-
sons of stepwise increased IAs did not show 
any significant differences (Supplementary 
Table 3). 

Artifact diameters at 50% and 25% of the 
inserted 18G coaxial Nitinol needle length 
at various sequence parameters as a func-
tion of the intervention angle

The mean values and standard deviations 
of needle shaft artifact diameters as a func-
tion of the IA in relation to the B0 field of both 
readers are presented in Table 1.

Flip angle

The artifact size decreased gradually with 
an increase in FA for each IA (IA0: 1.40–7.05 
mm, IA15: 5.05–7.40 mm, IA30: 7.15–12.35 
mm, IA45: 9.85–15.45 mm, IA60: 11.30–16.25 
mm, IA75: 14.55–19.45 mm, IA90: 18.90–24.85 
mm; P < 0.001) (Supplementary Figure 1). 
The pairwise comparison did not reveal any 
significant differences among the stepwise 
increased parameters. However, the multi-

a

d

b

e

c

f

Figure 3. Scan series with flip angles (FA) of 10°–60°. Note the negative correlation of artifact diameters with 
increasing FAs (P < 0.001) (Supplementary Figure 1). (a-f) For all seven intervention angles, significant and 
strong positive correlations between the FAs and the artifact diameters were observed (r = between −0.910 
and −0.981; P < 0.01). Note the hyperintense peripheral rim around the central hypointense needle artifact 
occurring at FAs of 10° and 20°. 

a

d

b

e

c

f

Figure 4. Scan series with matrices of 96 × 96, 128 × 128, 160 × 160, 192 × 192, 224 × 224, and 256 × 256. 
No significant differences among the artifact diameters were observed when comparing six matrix sizes for 
all intervention angles (IAs) (P = 0.035). However, significant positive correlations were found between the 
mean artifact diameters of both readers and the matrix size for IAs of 75° and 90° (r = 0.873, P = 0.023; r = 
0.969, P = 0.001, respectively). In (a-f), the visual correlates are shown. Note an increased differentiation of 
the actual needle and the needle artifact with larger matrices. 
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ple testing revealed significant differences 
among four pairs of FAs (Supplementary 
Table 4). For all seven IAs, significant and 
strong positive correlations between the FAs 
and the artifact diameters were observed (r 
= −0.973, P = 0.001; r = −0.910, P = 0.012; r 
= −0.981, P < 0.001; r = −0.970, P = 0.001; r 
= −0.973, P = 0.001; r = −0.978, P < 0.001; r 
= −0.919, P = 0.010) (Figure 3). In addition 
to the central hypointense needle artifact, a 
hyperintense peripheral rim was observed at 
FAs of 10° and 20°, which was included in the 
artifact diameter measurements.

Bandwidth

On modifying the receiver BW, no sig-
nificant difference in artifact diameter was 
found for any of the different IAs (IA0: 3.45–
3.90 mm, IA15: 6.15–6.25 mm, IA30: 8.00–8.55 
mm, IA45: 11.40–11.75 mm, IA60: 11.90–12.85 
mm, IA75: 15.75–15.90 mm, IA90: 18.90–20.25 
mm; P = 0.594) and neither was there a sig-

a

d

b

e

c

Figure 5. Scan series with slice thicknesses (ST) of 3, 7, 10, 13, and 16 mm. (a-e) A significant correlation 
between the artifact diameters and the ST was found for intervention angles of 45°, 60°, 75°, and 90° (r = 
−0.943, P = 0.016; r = −0.933, P = 0.020; r = −0.880, P = 0.049, r = −0.955, P = 0.011) (Supplementary Figure 2). 

Table 1. Mean artifact diameters measured at 50% and 25% of the inserted needle length
Intervention angle (°) 0 15 30 45 60 75 90

Parameter P value

Flip angle (°) P < 0.0011

10 7.05 ± 0.07 7.25 ± 0.07 12.35 ± 0.07 15.45 ± 0.07 16.25 ± 0.07 19.45 ± 0.07 24.85 ± 0.07

20 6.50 ± 0.14 7.40 ± 0.14 10.80 ± 0.14 15.15 ± 0.07 15.45 ± 0.07 17.55 ± 0.07 22.65 ± 0.21

30 5.70 ± 0.00 7.20 ± 0.00 9.35 ± 0.07 12.65 ± 0.07 13.35 ± 0.07 16.95 ± 0.07 20.25 ± 0.07

40 2.95 ± 0.07 5.40 ± 0.00 8.60 ± 0.00 12.60 ± 0.00 12.65 ± 0.07 16.30 ± 0.00 19.65 ± 0.07

50 2.00 ± 0.14 5.35 ± 0.07 8.00 ± 0.00 11.65 ± 0.07 12.30 ± 0.00 14.85 ± 0.07 18.90 ± 0.00

60 1.40 ± 0.00 5.05 ± 0.07 7.15 ± 0.07 9.85 ± 0.07 11.30 ± 0.00 14.55 ± 0.07 19.10 ± 0.14

Bandwidth (Hz/pixel) P = 0.5941

930 3.90 ± 0.00 6.25 ± 0.00 8.25 ± 0.07 11.75 ± 0.07 11.90 ± 0.00 15.75 ± 0.00 20.25 ± 0.07

1149 3.45 ± 0.07 6.20 ± 0.00 8.55 ± 0.07 11.65 ± 0.07 12.05 ± 0.07 15.80 ± 0.00 19.95 ± 0.07

1395 3.55 ± 0.07 6.15 ± 0.07 8.05 ± 0.07 11.45 ± 0.07 12.65 ±0.07 15.85 ± 0.07 18.90 ± 0.00

1698 3.55 ± 0.07 6.20 ± 0.00 8.00 ± 0.00 11.40 ± 0.00 12.85 ± 0.07 15.90 ± 0.14 19.25 ± 0.07

Matrix (voxels) P = 0.3351

96 × 96 3.90 ± 0.00 6.85 ± 0.07 8.70 ± 0.14 10.35 ± 0.07 13.85 ± 0.07 17.20 ± 0.00 19.70 ± 0.00

128 × 128 3.95 ± 0.07 6.55 ± 0.07 8.60 ± 0.00 10.30 ± 0.00 13.85 ± 0.07 17.60 ± 0.14 20.75 ± 0.07

160 × 160 3.95 ± 0.07 5.85 ± 0.07 8.90 ± 0.00 11.95 ± 0.07 14.10 ± 0.00 17.55 ± 0.07 21.45 ± 0.07

192 × 192 3.95 ± 0.07 5.05 ± 0.07 8.65 ± 0.07 11.65 ± 0.07 13.90 ± 0.14 18.10 ± 0.14 22.10 ± 0.00

224 × 224 3.25 ± 0.07 6.55 ± 0.00 8.80 ± 0.00 10.90 ± 0.00 12.25 ± 0.07 17.95 ± 0.07 24.75 ± 0.07

256 × 256 3.25 ± 0.07 4.70 ± 0.00 9.65 ± 0.07 11.05 ± 0.07 13.55 ± 0.07 18.00 ± 0.14 26.40 ± 0.00

Slice thickness (mm) P < 0.0011

3 6.40 ± 0.00 6.80 ± 0.14 9.05 ± 0.07 12.65 ± 0.07 15.65 ± 0.07 19.75 ± 0.07 26.25 ± 0.07

7 5.05 ± 0.07 6.05 ± 0.07 8.85 ± 0.07 12.15 ± 0.07 13.85 ± 0.07 16.70 ± 0.00 24.60 ± 0.00

10 5.00 ± 0.00 7.85 ± 0.07 9.25 ± 0.07 11.80 ± 0.00 13.70 ± 0.00 16.40 ± 0.00 22.30 ± 0.14

13 5.35 ± 0.07 7.70 ± 0.07 8.80 ± 0.00 11.45 ± 0.07 13.50 ± 0.14 16.25 ± 0.07 22.25 ± 0.21

16 3.20 ± 0.00 4.90 ± 0.14 7.25 ± 0.07 10.10 ± 0.14 11.40 ± 0.00 15.65 ± 0.07 18.10 ± 0.14

Read-out direction P = 0.7852

R >> L 4.30 ± 0.00 6.45 ± 0.07 8.20 ± 0.14 10.70 ± 0.00 13.40 ± 0.14 17.35 ± 0.07 20.80 ± 0.14

A >> P 4.30 ± 0.00 6.45 ± 0.07 8.35 ± 0.07 10.95 ± 0.00 13.35 ± 0.14 17.20 ± 0.00 20.75 ± 0.07

Artifact diameters averaged over both readers at 50% and 25% of the needle length measured from the tip of the needle (in mm) at various sequence parameters as a function of the 
intervention angle in relation to the B0 field. Values are presented as means ± standard deviation. 1Friedman test; 2Wilcoxon signed-rank test; R, right; L, left; A, anterior; P, posterior.
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nificant correlation between the artifact di-
ameter and the BW (r = −0.576, P = 0.424; r 
= −0.575, P = 0.425; r = −0.680, P = 0.320; r 
= 0.746, P = 0.254; r = 0.573, P = 0.427; r = 
−0.817, P = 0.188).

Matrix

The Friedman test revealed no significant 
differences between the artifact diameters 
when comparing six matrix sizes for each IA 
(IA0: 3.25–3.95 mm, IA15: 4.70–6.85 mm, IA30: 
8.60–9.65 mm, IA45: 10.30–11.95 mm, IA60: 
12.25–14.10 mm, IA75: 17.20–18.10 mm, IA90: 
19.70–26.40 mm; P = 0.335). In addition, the 
pairwise comparisons did not indicate any 
significant differences (P = 1.000) (Supple-
mentary Table 4). However, significant pos-
itive correlations were found between the 
mean artifact diameters of both readers and 
the matrix for the IAs of 75° and 90° (r = 0.873, 
P = 0.023; r = 0.969, P = 0.001, respectively) 
(Figure 4). For the other IAs, there was no 
significant correlation between the artifact 
diameter and the matrix. In addition, an in-
creased differentiation between the display 
of the actual needle and the surrounding 
needle artifact was observed with larger ma-
trices.

Slice thickness

On modifying the ST, significant differenc-
es in artifact diameter were found for each IA 
(IA0: 3.20–6.40 mm, IA15: 4.90–7.85 mm, IA30: 
7.25–9.25 mm, IA45: 10.10–12.65 mm, IA60: 
11.40–15.65 mm, IA75: 15.65–19.75 mm, IA90: 
18.10–26.25 mm; P < 0.001) (Supplementa-
ry Figure 2). The multiple testing revealed 
significant differences between the STs of 3 
and 17 mm (P < 0.001) (Supplementary Table 
4). A significant correlation between the ar-
tifact diameters and ST was found for IAs of 
45°, 60°, 75°, and 90° (r = −0.943, P = 0.016; r 
= −0.933, P = 0.020; r = −0.880, P = 0.049, r = 
−0.955, P = 0.011) (Figure 5).

Read-out direction 

For the two different read-out directions 
(right >> left, anterior >> posterior), no sig-
nificant differences in artifact diameters were 
found during the Wilcoxon signed-rank test 
(P = 0.785), with generally similar artifact di-
ameters for both read-out directions.

Artifact diameters at the tip of the 18G co-
axial Nitinol needle at various sequence pa-
rameters as a function of the intervention 
angle

The mean values and standard deviations 
of the artifact diameters at the needle tip as a 
function of the IA in relation to the B0 field of 

Table 2. Mean maximum ball-like tip artifact diameters (regardless of its two-dimensional 
direction of largest extension)

Intervention angle (°) 0 15 30 45

Parameter P value

Flip angle (°) P = 0.0031

10 13.10 ± 0.00 13.10 ± 0.00 12.10 ± 0.00 12.25 ± 0.07

20 11.85 ± 0.07 12.05 ± 0.07 12.75 ± 0.07 11.50 ± 0.00

30 10.25 ± 0.07 10.50 ± 0.14 9.95 ± 0.07 10.95 ± 0.07

40 10.25 ± 0.07 9.35 ± 0.07 9.45 ± 0.07 9.65 ± 0.07

50 10.05 ± 0.07 9.45 ± 0.07 9.30 ± 0.00 8.50 ± 0.14

60 9.50 ± 0.07 9.10 ± 0.00 9.20 ± 0.00 9.15 ± 0.14

Bandwidth (Hz/pixel) P = 0.0821

930 11.10 ± 0.00 10.80 ± 0.14 10.15 ± 0.07 10.15 ± 0.07

1149 11.85 ± 0.07 10.40 ± 0.00 9.95 ± 0.07 9.95 ± 0.07

1395 11.50 ± 0.14 10.15 ± 0.07 10.60 ± 0.14 9.70 ± 0.00

1698 11.90 ± 0.14 10.80 ± 0.00 10.75 ± 0.07 10.30 ± 0.00

Matrix (voxels) P = 0.6141

96 × 96 13.10 ± 0.00 10.55 ± 0.05 10.30 ± 0.00 10.05 ± 0.05

128 × 128 12.00 ± 0.10 11.15 ± 0.05 10.60 ± 0.10 10.85 ± 0.05

160 × 160 11.80 ± 0.00 10.05 ± 0.05 10.35 ± 0.05 10.30 ± 0.00

192 × 192 10.70 ± 0.10 10.65 ± 0.05 10.75 ± 0.05 9.80 ± 0.10

224 × 224 12.20 ± 0.00 11.50 ± 0.00 11.20 ± 0.05 9.05 ± 0.05

256 × 256 11.75 ± 0.05 11.95 ± 0.05 10.15 ± 0.05 10.30 ± 0.00

Slice thickness (mm) P = 0.1631

3 10.30 ± 0.00 11.65 ± 0.05 10.80 ± 0.00 10.65 ± 0.05

7 10.25 ± 0.05 10.15 ± 0.05 9.90 ± 0.10 9.50 ± 0.10

10 10.90 ± 0.10 11.05 ± 0.05 10.45 ± 0.05 10.30 ± 0.10

13 11.05 ± 0.05 10.80 ± 0.10 10.15 ± 0.05 10.30 ± 0.00

16 11.80 ± 0.00 11.25 ± 0.05 8.45 ± 0.05 8.65 ± 0.05

Read-out direction P = 0.4652

RL 11.00 ± 0.00 10.05 ± 0.05 9.45 ± 0.05 9.65 ± 0.05

AP 11.20 ± 0.00 10.80 ± 0.10 9.70 ± 0.10 9.30 ± 0.00

The tip artifact diameters averaged over both readers at various sequence parameters as a function of the 
intervention angle in relation to the B0 field. The values are presented as means ± standard deviation; 1Friedman test; 
2Wilcoxon signed-rank test; R, right; L, left; A, anterior; P, posterior.

Figure 6. Behavior of the ball-like tip artifact, which occurred at intervention angles (IAs) of 0°, 15°, 30°, 
and 45°. The maximum diameter of this artifact increased gradually with a decrease in IA (P = 0.022). The 
pairwise comparisons revealed significant differences between 0° and 30° (P = 0.041), as well as between 
0° and 45° (P = 0.047). 
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both readers are presented in Table 2. A ball-
like tip artifact occurred using low IAs of 0°–
45°. The maximum diameter of this artifact 
increased gradually with a decrease in IA (P 
= 0.022) (Figure 6). The pairwise comparisons 
revealed significant differences between 0° 
and 30° (P = 0.041), as well as between 0° and 
45° (P = 0.047) (Supplementary Table 5). The 
modification of the sequence parameters, 
BW, matrix, ST, read-out direction, had no sig-
nificant influence on this artifact (P = 0.082, 
P = 0.614, P = 0.163, P = 0.465), while that of 
the FA did (P = 0.003).

Interrater reliability

For the various IAs (0° 15°, 30°, 45°, 60°, 
75°, 90°), the ICCs were 0.998, 0.994, 0.995, 
0.999, 0.997, 0.998, and 0.998, respectively (P 
< 0.001), indicating excellent interrater reli-
ability (Table 3).

Contrast-enhanced target lesion to non-en-
hanced muscle tissue contrast ratio

The lesion-to-muscle-contrast ratio, R, 
presented significant positive correlations 
with an increase in FA and matrices (P < 
0.001; P = 0.003), as well as a significant 
negative correlation with an increase in ST 
(P = 0.007). No significant correlations were 
found for the modified BWs (P = 0.171). The 
corresponding data are presented as supple-
mental information (Supplementary Table 6).

Discussion
In this 3.0 T musculoskeletal phantom 

study, the influence of different sequence 
parameters of an interventional real-time flu-
oroscopic pulse sequence with TrueFISP con-
trast on the artifact behavior of a commer-
cially available MR-compatible coaxial 18G 
Nitinol needle was investigated as a function 
of the IA. 

Needle artifacts pose a major limitation to 
high-field MRI-guided interventions in par-
ticular, regardless of the intended target, and 

are caused by several different physical pro-
cesses, of which inhomogeneities of the B0 
field experienced by the nuclei are the most 
important. This needle-induced B0 inhomo-
geneity is caused by the geometric charac-
teristics and the individual magnetic suscep-
tibility of the imaged object. Distortions of 
the spatial geometry, as well as intra-voxel 
dephasing are caused by these static field 
errors.17,23 Among other artifacts, needle 
artifacts can be caused by radiofrequency 
effects such as B1 enhancement.24 With this 
background, the present study aimed to an-
alyze artifact formation with a focus on its 
relevance for MRI-guided high-field muscu-
loskeletal interventional procedures through 
modifying different sequence parameters 
(FA, BW, matrix, ST, and read-out-direction) 
as a function of the IA. Completely erased or 
too-small artifacts are not always desirable in 
MR-guided intervention since the needle is 
visualized by the artifact itself and minimiz-
ing artifacts can mean the needle is difficult 
to recognize.

In general, the technological advances in 
magnet, coil, protocol, biopsy needle, and 
probe design have made MRI-guidance a 
clinically valuable imaging technique for 
minimally invasive procedures. Due to the 
continuing innovations in augmented reality, 
targeting software, and compatible devices, 
it is crucial to reassess methodological and 
technical fundamentals, such as needle arti-
facts. This is especially the case for MRI-guid-
ed procedures for musculoskeletal interven-
tions, which is an extremely new field, and 
specific adaptations need to be made. As 
such, a phantom that has been adapted to 
the target tissue in musculoskeletal inter-
ventions (muscle phantom) was selected, in 
contrast to previous studies, which generally 
employed a 3 T MRI scanner.25,26 Singh et al.25 
evaluated needle artifact diameters using 
an acrylic phantom modifying only two pa-
rameters: IA and read-out direction. Further-
more, in the present study, contrast medium 
application was also performed for experi-

mental evaluation of the visibility of the tar-
get lesion and to emulate as far as possible 
the clinical routine, exemplarily imitating 
contrast-enhanced MR-guided punctures of 
joint structures in the case of capsulitis.

It is well known that the IA is closely as-
sociated with the artifact size.17,22,27 In line 
with this, the seven IAs (0°–90°) analyzed in 
this study exhibited significant differences 
in artifact diameters, with the artifacts in-
creasing considerably with higher IAs, which 
also proved to be significant for most of the 
multiple pairwise comparisons. Elsewhere, 
Schmidt et al.20 demonstrated a positive cor-
relation between artifact size and increasing 
IAs in their 1.5 T-liver phantom study. At this 
point, it should be noted that it is advanta-
geous to use low susceptibility materials 
since these can be used at higher IAs. In addi-
tion, Frahm et al.28 analyzed the relationship 
between the magnetic field strength and the 
IA. The authors found that the needle arti-
fact growth with an increase in IA was lower 
with a 0.2-T field strength than with a 1.5-T 
strength and that at high-field strengths, 
the artifact size correlated closely with an in-
crease in IA relative to the B0 field.28

In the present study, decreasing artifact 
diameters were observed with an increase 
in FA for each IA. At FAs of 10° and 20°, an 
additional hyperintense peripheral rim ar-
tifact was observed around the otherwise 
hypointense artifact along the shaft of the 
needle, which was included in the measure-
ments. This artifact consecutively extends 
the area of potential misinterpretation of the 
actual needle position and needs to be con-
sidered when choosing a FA of 10° or 20° for 
the TrueFISP sequence. Interestingly, in a pre-
vious liver phantom study by Schmidt et al.20 
that analyzed a T1-weighted gradient echo 
(GRE) sequence at 1.5 T, this hyperintense 
peripheral rim artifact was observed at high 
FAs of >45°. Another previous investigation 
of needle artifacts by Bauch29, who also mod-
ified the FA in a T1-weighted GRE sequence, 
revealed no relevant changes to the artifact 
diameter in a stepwise comparison for FAs 
of <45°, which is in line with both the results 
of the present study and those obtained by 
Schmidt et al.20 However, a T1-weighted GRE 
sequence was analyzed in these studies and 
therefore these results cannot be expected 
to be directly transferrable to ours. This not-
withstanding, the multiple testing revealed 
significant differences between four pairs of 
FAs, and significant and strong positive cor-
relations between FA and artifact diameter 
were observed in the present study for all 
seven IAs. While the previous investigations 

Table 3. Interrater reliability

Intervention angle (°) ICC value P value 95% confidence interval

0 0.998 <0.001 0.995 – 0.999

15 0.994 <0.001 0.985 – 0.997

30 0.995 <0.001 0.989 – 0.998

45 0.999 <0.001 0.997 – 0.999

60 0.997 <0.001 0.994 – 0.999

75 0.998 <0.001 0.995 – 0.999

90 0.998 <0.001 0.996 – 0.999

The ICC values of two blinded readers are shown for intervention angles of 0°–90°. ICC, intraclass correlation 
coefficient.
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demonstrated optimal artifact behavior with 
FAs of <45° for T1-weighted GRE sequenc-
es,20,29 in contrast, the present study found 
the smallest artifact sizes with higher FAs 
(>40°). 

No significant correlation was found be-
tween artifact diameter and modifications of 
the BW, although varying the BW is reported 
in the literature to be a crucial parameter for 
the minimization of needle artifacts.30 The 
physical context is that the Larmor frequen-
cies of the hydrogen protons are altered to 
a certain amount by a metallic object of a 
given size and susceptibility. Thus, reducing 
the BW increases the number of pixels that 
are visibly affected by the variance in fre-
quencies and consecutively increases the 
size of the susceptibility artifact.31 Howev-
er, this finding using a TrueFISP sequence 
is consistent with Schmidt et al.’s20 results 
when analyzing the BW as a potential influ-
encing parameter on artifact diameters for 
a T1-weighted GRE sequence, who also did 
not find any significant differences between 
different BWs and artifact behavior in a liver 
phantom. The fact that the BW variations did 
not significantly influence the needle arti-
fact size may have been because the artifact 
was too small, meaning potentially signifi-
cant differences could have remained hid-
den. However, the BW range in the present 
study was chosen according to the standard 
BWs used in clinical practice.

No significant differences in artifact di-
ameter were found when comparing various 
matrix sizes for each IA, which was also the 
case with the pairwise comparisons. How-
ever, significant positive correlations were 
found between artifact diameter and ma-
trix for IAs of 75° and 90°. In addition, an in-
creased differentiation between the display 
of the actual needle and the surrounding 
needle artifact with larger matrices was ob-
served, which is also in line with Schmidt et 
al.’s20 results, who observed smaller artifact 
diameters at higher matrix sizes in their liver 
phantom study (not statistically significant). 
Generally, a higher matrix size reduces the 
artifact diameters and optimizes the image 
quality due to decreased voxel volume. In 
determining the spatial resolution, the ma-
trix is a quality feature of the acquired im-
age data,28 meaning higher matrices may 
improve the differentiation of the actual 
intervention needle and therefore allow for 
more exact lesion targeting. Nonetheless, 
the increase in acquisition time is the ma-
jor reason why matrix sizes cannot be set as 
high as possible in clinical practice.29 

The voxel size is not only determined by 
the matrix, but also by the ST. A decrease in 

ST is equivalent to a reduction in voxel size 
and leads to a decreased field inhomogene-
ity within each individual voxel and subse-
quently results in lower artifact dependence 
and the generation of smaller needle arti-
facts.28,32 In the present study, significant dif-
ferences in artifact diameters were observed 
for each IA when modifying the ST. In addi-
tion, the multiple testing revealed significant 
differences between STs of 3 and 16 mm, and 
a significant correlation between the artifact 
diameters and the ST was found for IAs of 
45°, 60°, 75°, and 90°. However, in our study 
setting, smaller artifact sizes were found for 
higher STs. In this context, it must be not-
ed that the artifact size in the ST-modified 
scan series appears to be highly influenced 
by different IAs and that the differentiation 
of the actual needle shaft and tip is much 
better with higher STs (>10 mm) when look-
ing at higher IAs. However, it should also be 
remembered that the ST should not be set 
too high during the procedure to allow for 
accurate needle placement. Thus, a potential 
compromise is selecting a ST of >7 mm. No 
significant differences in needle artifact sizes 
were observed for the two different read-out 
directions (RL or AP) in this study. This is con-
sistent with previous studies on T1-weighted 
GRE sequences,18,20,28 but not with a previous 
study on spin-echo and turbo spin-echo se-
quences, in which the artifacts were more 
pronounced when the read-out direction 
was perpendicular to the needle shafts.18

Ball-like tip artifacts were observed with 
low IAs of 0°–45° and these increased in size 
with a decrease in IA. Interestingly, this arti-
fact was not significantly influenced by any 
sequence parameter other than the FA. This 
artifact at the needle tip particularly impairs 
the visibility of the tip, which makes precise 
needle guidance difficult and can be expect-
ed to affect the targeting accuracy. Moreover, 
it is problematic that this tip artifact extends 
in all directions such that it often resembles 
a ball; hence the “ball-like” description.29,33 In 
line with our results, this tip artifact occurred 
with low IAs of 0°–10° in a previous study by 
Schmidt et al.20 As previously described by 
Liu et al.34, the B0 field is most strongly in-
fluenced in the area around the needle tip, 
which is particularly noticeable in materials 
with lower magnetic susceptibility, such as 
carbon fiber or titanium, when compared 
with other materials (e.g., chromium, cobalt, 
or nickel). 

Regarding clinical routine high-field mus-
culoskeletal interventional procedures, we 
recommend using a FA of 40°–60° to mini-
mize hypointense artifact formation around 

the needle shaft and to avoid the occurrence 
of additional hyperintense artifact formation, 
which only occurred at low FAs of 10° and 20° 
in the present scan series. In addition, an ST 
of 10–16 mm returned the best image qual-
ity. To specifically avoid ball-like tip artifacts, 
IAs of 45°–60° should be selected.

Furthermore, it is important to not only 
minimize needle artifacts but also to guar-
antee sufficient visibility of the target lesion. 
Therefore, the contrast ratio of a gadolini-
um-enhanced target lesion placed centrally 
into the muscle phantom and that of the 
adjacent non-enhanced muscle tissue were 
evaluated by quantitatively analyzing the 
corresponding SIs. The contrast-enhanced 
target lesion was best visualized at higher 
FAs (40°–60°) and matrices (224 × 224/256 
× 256), while a negative correlation be-
tween the visibility of the target lesion with 
increasing STs was observed, which can be 
explained by the increasing partial-volume 
effects at higher STs. For small lesions (rela-
tive to the ST), this might lead to a potential 
conflict since higher STs of 10–16 mm mini-
mized the needle artifacts while maintaining 
the best possible visualization of the coaxial 
intervention needle. To the best of the au-
thors’ best knowledge, there are no compa-
rable previous studies that investigated the 
visibility of a contrast-enhanced lesion in a 
similar setting. 

However, this study involves a number of 
potential limitations. First, a fixed phantom 
was used, which provided an optimal back-
ground signal intensity and therefore an op-
timized depiction of signal voids. In an in vivo 
setting, it must be assumed that both the im-
age quality and the artifact contrast will be 
worse due to, for example, motion artifacts. 
Second, this phantom study was performed 
at a single field strength (3.0 T), and lower 
field strengths (e.g., 1.5 T) will need to be 
investigated with this TrueFISP sequence in 
view of scenarios such as when the patient 
is not suitable for a high-field intervention 
due to only 1.5 T-conditional external ma-
terials. Nevertheless, 3.0 T is the preferable 
field strength in the majority of musculo-
skeletal investigations. Third, only a single 
alloy (Nitinol) and a single needle size (18G) 
were investigated. As both alloy and needle 
size have an impact on artifact behavior,29,33 
further studies are needed to examine these 
effects. Fourth, the artifact diameters were 
determined by manual measurements and 
automatized artifact measurements would 
minimize any potential reader bias. However, 
high inter-reader agreement was observed 
in our study. Furthermore, the artifact di-
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ameters were measured in two-dimension-
al terms and it must be acknowledged that 
needle artifacts occur three-dimensionally 
and that the needle artifact volume might 
be a relevant parameter for exact needle 
guidance. Nonetheless, depending on the 
sequence acquisitions, it might not be ad-
equately feasible to conduct such mea-
surements with the available fluoroscopic 
MRI hardware and software. Fifth, only one 
single sequence parameter was modified 
in our scan series to avoid any additional 
confounding variable; however, the BW was 
not modified separately but only coupled 
to the TR since the minimum TR had been 
systematically chosen in our experimental 
setting. Furthermore, while the image qual-
ity will not be affected by increasing motion 
artifacts with longer scan times (with an 
increase in TR) in a phantom model, it may 
be in real-world settings. Sixth, minimized 
artifact diameters do not necessarily imply 
that the “true” position of the needle within 
the tissue is better known, as it is inherently 
difficult to be certain about the exact needle 
position from real-time fluoroscopic MRI vi-
sualization. Therefore, further studies with 
coordinate registration are needed to ensure 
more accurate verification of the exact nee-
dle position and, in particular, the position of 
the needle tip. In a previous study, Yamada 
et al.35 applied real-time ultrasound imaging 
fused with reformatted static MR images and 
coordinate registration for needle guidance 
during MR-guided percutaneous tumor ab-
lations and revealed targeting errors of 1.6 
± 0.6 mm. Last, the investigated sequence 
parameter settings need to be analyzed and 
adapted to clinical use cases. 

In conclusion, to minimize needle arti-
facts, it is recommended to use FAs of 40°–
60°, a ST of >7 mm, and, if possible, an IA 
of 45°–60°. The visibility of the target lesion 
and the needle’s artifact behavior must be 
weighed up against each other when choos-
ing the ST, while higher FAs (40°–60°) and 
matrices (224 × 224/256 × 256) are associ-
ated with low artifacts and sufficient lesion 
visibility.
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Supplementary Table 1. Default settings
Fixed parameter Value

FOV (mm2) 300 × 300

Matrix (voxels) 128 × 128

Slice thickness (mm) 10

Flip angle (°) 50

Echo time (ms) 1.71

Repetition time (ms) 3.42

Bandwidth (Hz/pixel) 930

Read-out direction RL

Phase oversampling 0

Acquisition time (ms) 461

While one parameter was modified, all others remained unchanged in a predefined setting. FOV, field of view; R, 
right; L, left.

Supplementary Table 2. MRI acquisition parameters and values.
Values Setting Coupled TR (ms)

Scan series
1 10

2 20

Flip angle (°)

3 30

4 40

5 50

6 60

1 930 3.42

Bandwidth (Hz/pixel)

2 1.149 3.28

3 1.395 3.20

4 1.698 3.18

1 96 × 96

2 128 × 128

Matrix (voxels)

3 160 × 160

4 192 × 192

5 224 × 224

6 256 × 256

1 3

2 7

Slice thickness (mm)

3 10

4 13

5 16

Read-out direction
1 RL

2 AP

Scan series of study profile for intervention angles relative to the B0 field of 0°–90°. Systematic and sequential 
modification of the technical parameters of the TrueFISP sequence. TR, repetition time; Hz, Hertz; R, right; L, left; A, 
anterior; P, posterior; TrueFISP, true fast imaging with steady-state free precession; MRI, magnetic resonance
imaging.
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Supplementary Table 3. Pairwise comparisons of the artifact diameter depending on the 
intervention angle

Sample 1 Sample 2

Parameter P value1

Intervention angle (°)

0 15 P = 1.000

0 30 P = 0.027

0 45 P = 0.000

0 60 P = 0.000

0 75 P = 0.000

0 90 P = 0.000

15 30 P = 1.000

15 45 P = 0.004

15 60 P = 0.000

15 75 P = 0.000

15 90 P = 0.000

30 45 P = 1.000

30 60 P = 0.050

30 75 P = 0.000

30 90 P = 0.000

45 60 P = 1.000

45 75 P = 0.036

45 90 P = 0.000

60 75 P = 1.000

60 90 P = 0.008

75 90 P = 1.000
1Kruskal–Wallis test, P values of post-hoc testing including Bonferroni multiple testing correction.
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Supplementary Table 4. Pairwise comparisons of the artifact diameter depending on the modified 
sequence parameters flip angle, bandwidth, matrix size, and slice thickness

Sample 1 Sample 2

Parameter P value1

Flip angle (°)

60 50 P = 1.000

60 40 P = 0.949

60 30 P = 0.064

60 20 P = 0.001

60 10 P = 0.000

50 40 P = 1.000

50 30 P = 0.482

50 20 P = 0.015

50 10 P = 0.001

40 30 P = 1.000

40 20 P = 0.482

40 10 P = 0.064

30 20 P = 1.000

30 10 P = 0.949

20 10 P = 1.000

Bandwidth (Hz/pixel)

1.395 1.698 P = 1.000

1.395 1.149 P = 1.000

1.395 930 P = 1.000

1.698 1.149 P = 1.000

1.698 930 P = 1.000

1.149 930 P = 1.000

Matrix (voxels)

96 × 96 224 × 224 P = 1.000

96 × 96 128 × 128 P = 1.000

96 × 96 256 × 256 P = 1.000

96 × 96 192 × 192 P = 1.000

96 × 96 160 × 160 P = 1.000

224 × 224 128 × 128 P = 1.000

224 × 224 256 × 256 P = 1.000

224 × 224 192 × 192 P = 1.000

224 × 224 160 × 160 P = 1.000

128 × 128 256 × 256 P = 1.000

128 × 128 192 × 192 P = 1.000

128 × 128 160 × 160 P = 1.000

256 × 256 192 × 192 P = 1.000

256 × 256 160 × 160 P = 1.000

192 × 192 160 × 160 P = 1.000

Slice thickness (mm)

17 13 P = 0.280

17 10 P = 0.068

17 7 P = 0.068

17 3 P = 0.000

13 10 P = 1.000

13 7 P = 1.000

13 3 P = 0.425

10 7 P = 1.000

10 3 P = 1.000

7 3 P = 1.000
1Friedman test, P values of post-hoc testing including Bonferroni multiple testing correction; Hz, Hertz.
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Supplementary Table 6. Quantitative assessment of contrast-enhanced target lesion to 
non-enhanced muscle tissue contrast ratio (R)

SIcontrast-enhanced target lesion SInon-enhanced muscle tissue R

Parameter P value

Flip angle (°) P < 0.0011

10 199.00 154.00 1.29

20 350.00 246.00 1.42

30 437.00 273.00 1.60

40 479.00 259.00 1.85

50 487.00 235.00 2.07

60 533.00 154.00 2.29

Bandwidth (Hz/pixel) P = 0.1711

930 528.00 238.00 2.22

1149 535.00 232.00 2.31

1395 537.00 225.00 2.39

1698 536.00 227.00 2.36

Matrix (voxels) P = 0.0031

96 × 96 489.00 246.00 1.99

128 × 128 484.00 238.00 2.03

160 × 160 515.00 219.00 2.35

192 × 192 518.00 216.00 2.40

224 × 224 584.00 200.00 2.92

256 × 256 565.00 197.00 2.87

Slice thickness (mm) P = 0.0071

3 633.00 284.00 2.23

7 564.00 260.00 2.17

10 486.00 233.00 2.09

13 449.00 215.00 2.09

16 421.00 205.00 2.05

Read-out direction

RL 484.00 229.00 2.11

AP 485.00 226.00 2.15

This ratio was defined in terms of the following formula based on the mean SIs in the ROIs: R=SIcontrast-enhanced target lesion/
SInon-enhanced muscle tissue. To assess the corresponding signal intensities, defined ROIs of least 5 mm2 were used. 1Bravais–
Pearson correlation coefficient; SI, signal intensity; ROI, region of interest; R: right; L, left.

Supplementary Table 5. Pairwise comparisons of the artifact diameters at the tip (ball-like 
tip artifact) at various sequence parameters depending on the intervention angle

Sample 1 Sample 2

Parameter P value1

Intervention angle (°) 

30 45 P = 1.000

30 15 P = 1.000

30 0 P = 0.041

45 15 P = 1.000

45 0 P = 0.047

15 0 P = 0.270
1Kruskal–Wallis test, P values of post-hoc testing including Bonferroni multiple testing correction.
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Supplementary Figure 1. Boxplots showing minimum, first quartile, median, third quartile, and maximum for artifact diameter size behavior as a function of the FA 
(10°–60°) averaged over all intervention angles. Note the gradually decreasing artifact size with the increase in FA (P < 0.001). FA, flip angle.

Supplementary Figure 2. Boxplots showing minimum, first quartile, median, third quartile, and maximum for artifact diameter size behavior as a function of the 
slice thickness (ST) (3–17 mm) averaged over all intervention angles. Note the significant differences in artifact size with the increase in ST (P < 0.001).


