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Artifact reduction of coaxial 
needles in magnetic resonance 
imaging‑guided abdominal 
interventions at 1.5 T: a phantom 
study
Vanessa Franziska Schmidt1*, Federica Arnone2, Olaf Dietrich1, Max Seidensticker1, 
Marco Armbruster1, Jens Ricke1 & Philipp Maximilian Kazmierczak1

Needle artifacts pose a major limitation for MRI‑guided interventions, as they impact the visually 
perceived needle size and needle‑to‑target‑distance. The objective of this agar liver phantom study 
was to establish an experimental basis to understand and reduce needle artifact formation during 
MRI‑guided abdominal interventions. Using a vendor‑specific prototype fluoroscopic T1‑weighted 
gradient echo sequence with real‑time multiplanar acquisition at 1.5 T, the influence of 6 parameters 
(flip angle, bandwidth, matrix, slice thickness, read‑out direction, intervention angle relative to  B0) 
on artifact formation of 4 different coaxial MR‑compatible coaxial needles (Nitinol, 16G–22G) was 
investigated. As one parameter was modified, the others remained constant. For each individual 
parameter variation, 2 independent and blinded readers rated artifact diameters at 2 predefined 
positions (15 mm distance from the perceived needle tip and at 50% of the needle length). Differences 
between the experimental subgroups were assessed by Bonferroni‑corrected non‑parametric tests. 
Correlations between continuous variables were expressed by the Bravais–Pearson coefficient and 
interrater reliability was quantified using the intraclass classification coefficient. Needle artifact size 
increased gradually with increasing flip angles (p = 0.002) as well as increasing intervention angles 
(p < 0.001). Artifact diameters differed significantly between the chosen matrix sizes (p = 0.002) while 
modifying bandwidth, readout direction, and slice thickness showed no significant differences. 
Interrater reliability was high (intraclass correlation coefficient 0.776–0.910). To minimize needle 
artifacts in MRI‑guided abdominal interventions while maintaining optimal visibility of the coaxial 
needle, we suggest medium‑range flip angles and low intervention angles relative to  B0.

Magnetic resonance imaging (MRI) demonstrates excellent characteristics for image guidance of interstitial inter-
ventional procedures, including the lack of ionizing radiation, high soft tissue contrast, and multiplanar needle 
guidance with simultaneous acquisition of axial, coronal, and sagittal image data sets in near real-time1–8. MRI-
guided interventions are routinely performed in a broad range of organs, with a primary focus on body regions 
in which MRI is superior to computed tomography (CT) and ultrasound such as spine, prostate, and  liver1,9–13. In 
particular, the combination of fast fluoroscopic T1-weighted gradient echo (GRE) sequences and hepatobiliary 
contrast agents has even enabled MRI-guided biopsy of small, CT-occult liver lesions with a diameter < 1  cm14.

To be MR-compatible and to assure a safe procedure for the patient and the performing radiologist, coaxial 
needles are made of alloys causing minimal interference with the outer magnetic field, e. g. nickel-titanium 
(Nickel Titanium Naval Ordnance Laboratory, Nitinol), titanium, glass fiber, or  steel15. However, needle artifacts 
presenting as low intensity signal in the region of the coaxial needle cannot be completely excluded and hinder 
accurate visualization of the needle. In order to successfully perform MRI-guided interventions, a thorough 
understanding and knowledge of needle artifacts is crucial. The artifact size depends on orientation of the inter-
vention device relative to the  B0 field (intervention angle), the strength of the static magnetic field, diameter and 
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alloy of the instruments, as well as on pulse sequence type and individual sequence  parameters7,16–18. Despite 
being virtually inevitable, needle artifacts pose a major limitation for needle interventions, as they impact the 
visually perceived size of the needle and distance of the needle tip to the target during the procedure. Therefore, 
it is essential to limit needle artifacts to a minimum.

Technologic advances in magnet, protocol, coil, biopsy needle, and probe design have made MRI a clinically 
valuable image-guidance technique. Due to the recent, continuing innovations in targeting software, augmented 
reality, and compatible devices, it is essential to reassess technical and methodological fundamentals, such as 
susceptibility artifacts produced by metallic needles, in consideration of these advances. We here present a 
systematic investigation of artifact behavior of different commercially available MR-conditional Nitinol coaxial 
needles as a function of the intervention angle and sequence parameter variations in a vendor-specific prototype 
fluoroscopic T1-weighted GRE sequence with real-time multiplanar acquisition in a dedicated liver phantom 
at 1.5 Tesla (T). In addition, our study also adds to the field as not only selected but a broad range of clinically 
relevant parameters was evaluated under standardized and controlled conditions. The aim of the present study 
was to establish an experimental basis to understand and reduce artifact formation during clinical MRI-guided 
abdominal interventions in patients.

Results
Mean values and standard deviations of the artifact diameters of both readers are presented in Table 1.

Flip angle. Artifact size increased gradually with increasing FA for each needle diameter (16G: 12.1–
16.1 mm, 18G: 11.9—15.4 mm, 20G: 6.7–9.8 mm, 22G: 5.8–8.5 mm; p = 0.002). Pairwise comparison did not 
show any significant difference between stepwise increased parameters. However, multiple testing revealed sig-
nificant differences between 9 pairs of FA. For all 4 needles, significant and strong positive correlations between 
FA and artifact diameter (r between 0.816 and 0.965; p < 0.01) (Fig. 1) were observed. In addition to the central 
hypointense needle artifact, a hyperintense peripheral rim was observed at FA > 45°, which was included in the 
measurements.

Bandwidth. Modifying the receiver BW, we found no significant difference in artifact diameter for any of 
the different needles (16G: 12.2–12.7 mm, 18G: 10.8–12.0 mm, 20G: 8.4–9.0 mm, 22G: 5.6–6.7 mm; p = 0.304) 
and also no significant correlation (− 0.70 < r < 0.62, p > 0.19) (Fig. 2) between the artifact diameter and the BW.

Matrix. Artifact diameters differed significantly between the 4 matrix sizes for each needle diameter (16G: 
10.9–12.7 mm, 18G: 9.5–11.6 mm, 20G: 6.8–8.6 mm, 22G: 5.8–7.9 mm; p = 0.002); however, pairwise compari-
sons did not demonstrate any significant differences excluding between the matrix sizes 96 × 96 and 192 × 192 
(p = 0.004) as well as between 96 × 96 and 256 × 256 (p = 0.006). A significant negative correlation was found 
between the mean artifact diameter of both readers and the matrix for the 16G needle (r = − 0.993, p = 0.007). For 
the other needle sizes, there was no significant correlation (Fig. 3) between the artifact diameter and the matrix. 
In addition, increasing differentiation between the display of the “actual” needle and the surrounding artifact at 
larger matrices could be observed.

Slice thickness. Modifying slice thickness, we found no significant difference in artifact diameter for each 
needle size (16G: 11.8–12.3 mm, 18G: 10.2–11.3 mm, 20G: 6.5–7.4 mm, 20G: 5.2–5.5 mm; p = 0.191) and no sig-
nificant correlation between artifact diameter and slice thickness for any of the needles either (− 0.787 < r < 0.662; 
p > 0.21).

Readout direction. For the 2 varying readout directions (right > left, anterior > posterior), no significant 
differences in artifact diameter were found according to Wilcoxon signed-rank test (p = 0.623) with generally 
similar artifact diameters for both read-out directions (Table 1).

Intervention angle. Artifact size increased gradually with increasing intervention angles for each needle 
diameter (16G: 5.8–15.2 mm, 18G: 6.3–13.3 mm, 20G: 5.0–9.3 mm, 22G: 3.9–7.6 mm; p < 0.001). Pairwise com-
parisons did not show any significance between the stepwise changes, exemplarily from 0° to 15° (p = 1.000) or 
from 60° to 75° (p = 1.000). Multiple testing revealed significant differences of the artifact diameter for 7 pairs of 
intervention angles. For all 4 needles, we observed a significant positive correlation (r between 0.960 and 0.980; 
p ≤ 0.001) with strong effect strength, which is shown in Fig. 4. In addition, a ball-like tip artifact was observed 
at small intervention angles (0° and 15°).

Needle diameter. The 4 needle diameters (16–22G) showed significant differences (p > 0.001) in artifact 
diameter (Fig. 5), which also proved to be significant (p < 0.05) for each pairwise comparison, except between 
16 and 18G (p = 0.064).

Interrater reliability. For all 4 needles, the intraclass correlation coefficients were between 0.776 and 0.910 
(p < 0.001) indicating excellent interrater reliability (Table 2).
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Discussion
In this phantom study, we investigated the influence of different sequence parameters of a vendor-specific proto-
type fluoroscopic T1-weighted GRE sequence with near real-time multiplanar acquisition and of the intervention 
angle on artifact behavior of commercially available, MR-compatible coaxial needles at 1.5 T. Needle artifacts 
in MRI are caused by several physical processes, but in particular by inhomogeneities of the static magnetic 
field  (B0) experienced by the nuclei. The needle-induced  B0 inhomogeneity stems from the geometric charac-
teristics and the magnetic susceptibility of the object being imaged. These static field errors cause distortions of 
the spatial geometry, as well as intra-voxel dephasing. The latter is caused by local disturbances of  B0 within a 
voxel resulting in severe intensity losses due to uncompensated intravoxel phase dispersion (T2* effect), which 
is particularly relevant for GRE  sequences18,19. Other causes for needle artifacts are radio-frequency effects such 
as B1  enhancement20. We aimed to investigate these processes (summarized by the term “needle artifacts” in this 
study) in whole regarding their relevance for MR-guided abdominal procedures depending on easily modifi-
able sequence parameters and intervention angle. Our study adds to the field as it provides a comprehensive, 
systematic basis for future investigation and potential reduction of needle artifacts during clinical MR-guided 
abdominal interventions.

Table 1.  Artifact diameter measurements. Measured artifact diameters (in mm) at various sequence 
parameters, averaged over both readers. Values presented as means ± SD. SD standard deviation.

Parameter 16G needle 18G needle 20G needle 22G needle Mean

Flip angle (°)

5 12.1 ± 0.1 11.9 ± 0.1 6.7 ± 0.2 5.8 ± 0.2 9.1 ± 2.1

10 12.1 ± 0.0 11.9 ± 0.0 6.7 ± 0.3 5.8 ± 0.3 9.1 ± 1.8

15 12.1 ± 0.3 11.9 ± 0.1 6.5 ± 0.2 5.8 ± 0.3 8.9 ± 1.9

20 12.1 ± 0.1 11.8 ± 0.2 6.7 ± 0.2 6.5 ± 0.3 9.3 ± 2.5

25 12.3 ± 0.4 11.7 ± 0.0 7.2 ± 0.1 6.9 ± 0.2 9.5 ± 2.3

30 12.3 ± 0.2 11.7 ± 0.3 7.4 ± 0.0 7.0 ± 0.1 9.6 ± 2.5

45 12.3 ± 0.3 11.8 ± 0.2 7.7 ± 0.1 7.1 ± 0.1 10.1 ± 2.9

60 12.5 ± 0.2 11.9 ± 0.2 7.8 ± 0.0 7.1 ± 0.2 10.5 ± 2.4

75 16.0 ± 0.8 15.2 ± 0.3 9.2 ± 0.2 8.3 ± 0.2 12.2 ± 2.9

90 16.1 ± 0.6 15.4 ± 0.4 9.8 ± 0.3 8.5 ± 0.3 13.3 ± 3.0

Bandwidth (Hz/pixel)

300 12.5 ± 0.1 11.7 ± 0.1 8.9 ± 0.2 6.7 ± 0.3 9.8 ± 2.6

400 12.6 ± 0.1 12.0 ± 0.2 9.0 ± 0.2 5.9 ± 0.1 9.8 ± 2.8

500 12.5 ± 0.3 11.8 ± 0.1 8.9 ± 0.1 5.7 ± 0.2 9.7 ± 2.9

600 12.2 ± 0.2 12.0 ± 0.2 8.4 ± 0.3 5.6 ± 0.2 9.5 ± 2.9

700 12.7 ± 0.0 10.8 ± 0.9 8.5 ± 0.0 5.9 ± 0.2 9.5 ± 2.8

Matrix

96 × 96 12.7 ± 1.4 11.6 ± 1.2 8.6 ± 0.8 7.9 ± 0.4 10.2 ± 2.4

128 × 128 12.3 ± 0.3 10.5 ± 1.0 6.9 ± 0.7 5.8 ± 0.2 8.6 ± 2.9

192 × 192 11.4 ± 0.8 09.6 ± 0.2 6.8 ± 0.7 6.1 ± 0.4 8.4 ± 2.5

256 × 256 10.9 ± 1.4 09.5 ± 0.7 7.1 ± 0.1 6.2 ± 0.3 8.4 ± 2.2

Slice thickness (mm)

7 11.8 ± 1.5 11.3 ± 0.9 6.8 ± 1.1 5.4 ± 0.4 8.8 ± 3.2

10 12.1 ± 0.9 11.1 ± 0.5 6.5 ± 0.2 5.5 ± 0.4 8.8 ± 3.2

13 12.3 ± 0.7 10.2 ± 0.5 6.7 ± 0.5 5.2 ± 0.2 8.6 ± 3.0

16 11.8 ± 0.7 10.6 ± 0.4 7.4 ± 0.4 5.2 ± 0.7 8.7 ± 2.8

Read-out direction

A >  > P 12.6 ± 0.5 10.1 ± 0.6 6.8 ± 0.5 5.5 ± 0.2 8.8 ± 3.1

R >  > L 12.5 ± 0.7 10.3 ± 0.2 6.6 ± 0.3 5.5 ± 0.3 8.7 ± 2.6

Intervention angle (°)

0 5.8 ± 0.2 6.3 ± 1.0 5.0 ± 1.2 4.0 ± 0.7 5.2 ± 1.3

15 6.7 ± 0.7 6.7 ± 0.1 5.4 ± 0.5 3.9 ± 0.4 5.7 ± 1.4

30 8.3 ± 1.1 6.8 ± 1.0 5.5 ± 0.4 5.2 ± 0.1 6.5 ± 1.5

45 10.8 ± 2.2 9.3 ± 0.9 7.3 ± 0.7 5.7 ± 0.7 8.2 ± 2.5

60 12.6 ± 0.8 11.6 ± 0.9 8.5 ± 0.3 6.8 ± 0.6 9.8 ± 2.6

75 15.2 ± 0.6 13.0 ± 0.1 9.3 ± 0.1 7.6 ± 0.1 11.3 ± 3.2

90 14.5 ± 1.2 13.3 ± 0.4 9.0 ± 0.4 7.5 ± 0.9 11.1 ± 3.2
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Figure 1.  Scan series 1. Mean values (of both readers) of the measured artifact diameters (a) of the 16G, 
18G, 20G, 22G needles with different FA of the T1-weighted GRE sequence. Note the positive correlation of 
artifact diameter and FA (p ≤ 0.05) for 16G (r = 0.859), 18G (r = 0.816), 20G (r = 0.965), and 22G (r = 0.950) 
MR-compatible needles, in (b–k) the visual correlate is shown. Note the hyperintense rim around the central 
hypointense needle artifact occurring with FA > 45° representing as an alteration of the image contrast due to the 
needle. FA = flip angle, G = gauge.
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Figure 2.  Scan series 2. Mean values (of both readers) of the measured artifact diameters (a) of the 16G, 18G, 
20G, 22G needles with different BWs of the T1-weighted GRE sequence. There was no significant correlation 
of artifact diameter with BW for 16G (r = 0.300), 18G (r = − 0.100), 20G (r = − 0.600), and 22G (r = − 0.700) 
MR-compatible needle, in (b–f) the visual correlate is shown. BW = bandwidth, Hz = Hertz, G = gauge.
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Increasing artifact diameters were observed with increasing FA. The hyperintense peripheral rim around the 
central hypointense needle artifact occurring at high FA (> 45°) was included in the measurement. It extends 
the area of potential misinterpretation of needle position and should be considered when choosing a high FA 
for T1-weighted GRE sequences. Another workgroup already investigated needle artifacts by modifying the FA 
in T1-weighted GRE  sequences14. In line with our results, they did not report any relevant change of the artifact 
diameter in a stepwise comparison of different artifact diameters for FA < 45°. Only when comparing FA 45° to 55° 
and 55° to 65°, a significant increase in artifact diameter was demonstrated, while including the hyperintense zone 
in the measurement. Overall, the results are in accordance with our observation that optimal artifact diameters 
are found with FA < 45°14. Another aspect to consider is the signal-to-noise ratio (SNR) decreasing with increas-
ing FA above the Ernst angle (αE) in GRE  sequences21. It is known that the MR signal is maximized at αE, which 
can be calculated from the equation αE = arccos (exp(− TR/T1)). Using the presented real-time, T1-weighted 
GRE sequence at 1.5 T with a short TR of 5.3 ms, this would result in an αE of 10.7°, calculated for healthy liver 
parenchyma showing T1 relaxation time of ~ 300 ms after 10–20 min of Gd-EOB-DTPA  administration22,23. In 
the case of cirrhotic or functionally impaired liver parenchyma, longer T1 and thus an even lower αE would have 
to be expected. In general, the αE is low in combination with the short TR used in our study, so that high as well 
as medium FAs may not lead to optimal SNR.

Figure 3.  Scan series 3. Mean values (of both readers) of the measured artifact diameters (a) of the 16G, 18G, 
20G, 22G needles with different matrix sizes of the T1-weighted GRE sequence. There was a negative correlation 
(p < 0.005) of artifact diameter with matrix for 16G (r = − 0.993) needles, but no significant correlation for 18G 
(r = − 0.905), 20G (r = − 0.611), and 22G (r = − 0.549) needles. In (b–e) the visual correlate is shown. Note the 
increasing differentiation between actual needle and artifact at larger matrices.  G = gauge.
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Figure 4.  Scan series 6. Mean values (of both readers) of the measured artifact diameters (a) of the 16G, 
18G, 20G, 22G needles with different intervention angles of the T1-weighted GRE sequence. Note the positive 
correlation of artifact diameter with intervention angle (p ≤ 0.05) for 16G (r = 0.980), 18G (r = 0.966), 20G 
(r = 0.960), and 22G (r = 0.972) MR-compatible needles; in (b–h) the visual correlate is shown. The upper row 
provides demonstration purposes of the used angulation. The lower row shows the sequence images used 
for artifact measurements. Note the ball-like tip artifact occurring at small intervention angle (0° and 15°). 
IA = intervention angle, G = gauge.
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The modification of the BW showed no significant influence on the artifact diameter though BW has been 
mentioned in the literature as one of the crucial modification factors to minimize needle  artifacts24. The theory 
behind this is, that by a metallic object of a given size and susceptibility, the Larmor frequencies of the hydrogen 
protons are altered to a certain  amount25. Reducing the Hz/pixel ratio increases the number of pixels affected by 
the variance in frequencies and thus increases the size of the susceptibility artifact. Overall, it can be concluded 
that for MR-guided interventions with T1-weighted GRE sequences, BW variations did not show any significant 
effect on needle artifact size in the investigated range, which might have been too small to reveal significant dif-
ferences. However, the BW range was chosen according to standard BW used in clinical routine.

For the various matrix sizes, a significant difference in artifact diameter was observed. In addition, a negative 
correlation between artifact diameter and selected matrix was found for the 16G needle. The other needles also 
showed smaller artifact diameters at higher matrix sizes, but the effect was not strong enough to be significant 
for the matrix sizes evaluated in this work. An increased matrix not only reduces the artifact diameter but also 
optimizes the image quality due to decreased voxel volume producing MR images that may show more small 
details. The matrix determines the spatial resolution and is therefore a quality feature of the acquired image 
 data26. The improved differentiation of the actual needle and artifact shown in our scan series allows more exact 
biopsy of target lesions. These advantages of a smaller artifact diameter and a higher spatial resolution are offset 
by an increase in acquisition time, which is the crucial point that the matrix cannot be set as high as  possible14.

As the matrix yields an influence on the voxel size, it is also impacted by slice thickness. If the slice thickness 
decreases, which is equivalent to a reduction of the voxel size, the field inhomogeneity within each individual 
voxel decreases. This results in lower artifact dependence and generates smaller needle  artifacts26,27. In the pre-
sent study, we could not observe any significant differences between the selected slice thicknesses with regard to 
artifact size. However, it must be noted that the differences in the extent of the change of the artifact diameter 
may have been too small.

The comparison of the readout directions (right > left, anterior > posterior) at an intervention angle of 45° 
revealed no significant differences with regard to artifact diameters. Our results are in accordance with previous 
studies. Lewin et al. compared parallel and perpendicular readout directions at the intervention angle of 90° 

Figure 5.  Boxplot of artifact size depending on needle diameter. Medians (of both readers) of all measured 
artifact diameters of all modified parameters separated in 16G, 18G, 20G, 22G needles. Kruskal–Wallis test 
demonstrated a significant difference of artifact diameter (p < 0.001) for the 4 sizes of MR-compatible needles.

Table 2.  Interrater reliability. Intraclass correlation coefficient (ICC) of 2 blinded reviewers: It is shown the 
interrater reliability of the measured artifact diameters for each needle diameter.

MR-compatible needle ICC value p-value 95% confidence interval

16G 0.858 p < 0.001 0.744–0.923

20G 0.910 p < 0.001 0.835–0.952

18G 0.848 p < 0.001 0.729–0.918

20G 0.776 p < 0.001 0.611–0.876
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and found no significant differences for GRE sequences; this is in contrast to spin echo (SE) and turbo spin echo 
(TSE) sequences, in which artifacts were more pronounced when the readout direction was perpendicular to the 
needle  shafts28. Similarly, Frahm et al. reported no provable effect swapping the phase-encoding and frequency-
encoding axes on GRE sequences at the intervention angle of either 0° or 90°,  respectively26.

The intervention angle is closely related to the size of the resulting  artifact18,29,30. In accordance, our results 
also showed the positive correlation of artifact size with increasing intervention angle relative to the  B0 field. 
Using low susceptibility materials is advantageous as these may be used at higher angles. Frahm et al. investigated 
the relationship between magnetic field strength and intervention  angle26. They demonstrated that at lower field 
strengths (0.2 vs. 1.5 T), the needle artifact growths less with increasing angle. At high field strengths, the artifact 
correlates closely with the increasing angle relative to the  B0  field26. In addition, a ball-like tip artifact at the tip of 
the needle was observed at the low intervention angles (0°–10°). As described by the working group of Liu et al., 
the magnetic field is most strongly influenced in the area of the needle  tip31. This is particularly noticeable in 
needles with lower magnetic susceptibility, such as carbon fiber or titanium, compared to chromium, cobalt, or 
nickel, respectively. This three-dimensional tip artifact is significantly larger than the rather small artifact along 
the needle body at small angles and extends in all  directions14,32. As already shown in previous  works14,29, the 
influence of the needle diameter can be observed in each individual parameter tested and also in the evaluation 
of all measurements performed: Larger needles show increased artifact sizes, but the most significant difference 
was observed between 18 and 20G.

With regard to clinical practice, we recommend the lowest reasonably achievable intervention angles relative 
to the  B0 field, even if repositioning of the patient becomes necessary. Furthermore, we suggest medium-range FA 
(30°–45°) to minimize the hypointense needle artifact and to avoid the hyperintense rim in the artifact periphery, 
which exclusively occurred at high FA in our scan series.

We acknowledge several limitations to the present study. First, imaging was performed under standardized 
laboratory conditions, as the phantom was fixed, motionless, and provided a high background signal intensity 
that facilitated the depiction of signal voids. In vivo, lower artifact contrast must be expected, as well as organ 
movement due to diaphragmal excursions during breathing. In addition, the clinical employment of higher 
FA may be limited by high specific absorption rates (SAR) and strong signal saturation, potentially hindering 
visibility of the target structures. Second, the evaluation of the artifact diameter was performed by manual 
measurements. Automatic artifact measurements would minimize the potential impact of the reader. How-
ever, high interreader agreement was observed in the present study. Third, we only investigated a single alloy 
(Nitinol). Different alloys may yield different artifact properties and should be investigated in further studies. 
Fourth, the phantom study was performed at a single field strength (1.5 T). For other organ regions, such as the 
prostate gland, higher field strengths (3 T) will need to be investigated. Fifth, when modifying the parameters in 
our evaluation, we tried to avoid changing another parameter at same time in order to not have any additional 
confounding variables. However, BW was not modified separately but only coupled to TR due to the fact that 
the minimum TR was systematically chosen in our experimental setting. One consequence of that choice could 
actually be misleading as the SNR increases with increasing TR. In addition, in a static phantom, images do not 
suffer from additional motion artifact with increasing image acquisition time (with increasing TR). Sixth, low 
artifact size in some instances does not necessarily mean that the “true” position of the needle is better known, 
as it is extremely difficult to be sure about the exact needle position from the real-time MRI visualization. 
Further studies are needed here, e.g., using a coordinate/navigator system to determine and verify the actual 
needle position and particularly the exact position of the needle tip in longitudinal direction along the needle 
axis. However, several issues remain to be resolved here, such as integration of, e.g., a coordinate system into the 
agar phantom and minimizing errors of measurement using the 2D T1 GRE sequence, taking into consideration 
that the distance between the grid and the needle will never be zero. Yamada et al. recently made an attempt in 
this direction, as they applied real-time US imaging fused with reformatted static MR images and coordinate 
registration for needle guidance during MR-guided percutaneous tumor ablations, with a mean targeting error 
of 1.6 ± 0.6  mm33. However, to date there is a lack of similar studies using real-time MR sequences. Seventh, we 
performed 2-dimensional (D) artifact measurements. However, it is acknowledged that in 3D image-guided 
interventions, needle artifact volume may be a relevant additional parameter. Though, depending on the sequence 
acquisition, such an assessment may be not adequately feasible, and several recent studies were also conducted 
in  2D34,35. Nevertheless, artifact volume and therefore possible differences to our measurement method should 
be investigated in future studies. Eighth, individually iterated the optimal parameters in our scan series, the 
combination of these settings and their interaction with regard to artifact formation needs to be investigated in 
further studies and in vivo.

Conclusion. Low intervention angles relative to the  B0 field and medium-range FAs minimized the needle 
artifacts while maintaining optimal visualization of the intervention needle in this phantom study at 1.5 T.

Methods
This phantom study did not require institutional review board approval.

Image acquisition. MRI was performed on a closed-bore clinical 1.5 T MRI scanner (Magnetom Aera, 
Siemens Healthineers, Erlangen, Germany) with a short open bore design (system length cover-to-cover 145 cm, 
bore diameter 70 cm). The gradient system had a maximum gradient strength of 45 mT/m and a slew rate of 
200  T/m/s. The MRI protocol was based on a prototype real-time fluoroscopic T1-weighted GRE sequence 
(Siemens WIP package ASP 1075G “Needle AutoAlign”, Siemens Healthineers, Erlangen, Germany). This pro-
totype package allows for visual real-time update and interactive graphical modification of the slice geometry 
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during imaging. A 6-channel body coil (Siemens Healthineers, Erlangen, Germany) with a weight of 1.4  kg 
(322 mm × 533 mm × 70 mm) was used as receive coil.

Agar phantom. The dedicated liver phantom was created by mixing 5 L of water with 100 g sodium chloride 
and 100 g agar–agar. The suspension was poured into a polyvinyl chloride (PVC) container and the subsequent 
curing process occupied 24 h at room temperature (21 °C). The agar phantom had a viscosity and signal intensity 
similar to that of the human liver parenchyma, as previously  described36,37. The course of the needle could easily 
be followed from the outside due to the corresponding transparency. The repeated production of the phantom 
was not necessary as the complete scan series could be performed using the same model, assuring comparability 
of the results. An artifact-free wooden needle holder device with predetermined small openings was used for the 
exact and parallel positioning of the intervention needles in the  B0 field and held the needles in a stable position. 
The experimental setup is shown in Fig. 6.

MR‑compatible intervention needles. We investigated 4 different commercially available MR-compati-
ble coaxial Nitinol needles (ITP Innovative Tomography Products GmbH, Bochum, Germany) sized 16G (outer 
diameter 1.60 mm, length 140 mm, trocar cut), 18G (outer diameter 1.25 mm, length 150 mm, standardized 

Figure 6.  Experimental setup. Agar phantom with needle holder device (a): The phantom was composed of 
water, agar–agar, and sodium chloride and cured in a polyvinyl chloride container. Coaxial MR-compatible 
needles with different diameters (b) were introduced in a needle holder device firmly attached to the polyvinyl 
chloride container at a 45° angle. To evaluate the individual intervention angles to the  B0 field, the phantom was 
tilted towards the  B0 field for the intervention angles 30°, 15° and 0° and in the opposite direction for the angles 
60°, 75° and 90°.
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facet cut), 20G (outer diameter 0.90 mm, length 150 mm, standardized facet cut), and 22G (outer diameter 
0.70 mm, length 100 mm, standardized facet cut).

Scan series. The phantom was positioned in the isocenter of the XZ plane using the light visor of the mag-
netic resonance tomograph. The influence of the following parameters on artifact formation was investigated: 
flip angle, receiver bandwidth, matrix, slice thickness, read-out direction, and intervention angle (i. e. the needle 
angle relative to the  B0 field). As one parameter was modified, the others remained constant in the following 
predefined setting: 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 influence on acquisition time, 
were set to a minimum (TE 2.35 ms, TR 5.3 ms) as fixed parameters, resulting in an acquisition time of 0.68 s 
per plane. The field of view (FOV) was uniformly set to 300 × 300  mm2. Image acquisition was performed at a 
45° angle relative to the  B0 field as fixed intervention angle. The predefined setting was 15° for the flip angle (FA), 
500 Hz/pixel for the bandwidth (BW), and 10 mm for the slice thickness, respectively. The fixed read-out direc-
tion was anterior to posterior. A detailed overview of these fixed parameters of predefined setting is provided 
in Table 3.

Starting with these default settings, each of the parameters mentioned above was modified, as described 
in detail in Table 4, resulting in acquisition times of 0.68–1.53 s per plane. For each parameter modification, 
the T1-weighted real-time sequence was performed in the same manner. The needle holder was attached to 
the phantom at a 45° (default setting) angle to the orientation of the  B0 field extending longitudinally into the 
bore. To evaluate the individual intervention angles to the  B0 field, the whole phantom was tilted towards the  B0 
field for the intervention angles 30°, 15°, and 0°, as well as in the opposite direction for the angles 60°, 75°, and 
90°, respectively. Prior to the start of the fluoroscopic T1-weighted GRE sequence, the correct angle (accepted 
deviation of 0–2°) between the needles and the  B0 field and the positioning in the isocenter of the MR imager 
was verified by test sequences.

Artifact diameter measurement. For image acquisition and evaluation of the artifact diameter, the soft-
ware syngo Studio VB36E (Siemens Healthineers, Erlangen, Germany) was used. To ensure comparability of the 
individual artifact diameter, artifact diameter was measured in standardized planes at 2 defined positions: in 
15 mm distance from the perceived needle tip and at 50% of the total needle length. The artifact diameter was 
determined for each of the 4 different coaxial MR-compatible needles for every modification of the scan series. 
In total, we implemented 2 measurements per needle artifact, which were performed by 2 independent and 
blinded readers (with 2 and 6 years of diagnostic MR imaging experience) for each modification of the evaluated 
parameters.

Statistical analysis. Statistical analysis was performed using dedicated statistics software (SPSS version 26, 
SPSS Inc., Chicago, IL). For descriptive statistics, the numerical values are presented as mean values plus stand-
ard deviation at 95% confidence intervals. To evaluate differences between the modified sequence parameters 
in the related samples, we used the Wilcoxon signed-rank test in case of 2 values of the modified parameter and 
in case of > 2 values the Friedman test including post hoc testing and Bonferroni multiple testing correction. 
Furthermore, we evaluated possible positive or negative correlations between the values of the modified param-
eters and the size of artifact diameter. For this purpose, we calculated the correlation coefficient Bravais–Pear-
son, which was tested for significance on both sides. In order to assess the significance of the results, the effect 
strengths r of the correlation coefficient Bravais–Pearson was additionally presented using Cohen’s classifica-
tion (r = 0.10 weak effect, r = 0.30 medium effect, r = 0.50 strong effect). To determine differences between the 4 
diameters of MR-compatible intervention needles as unrelated samples, we used the Mann–Whitney U test. To 
measure the interrater reliability between the 2 blinded readers, we calculated the intraclass correlation coef-
ficient (ICC). For all tests, p < 0.05 was considered significant.

Table 3.  Default settings. While one parameter was modified, all others remained unchanged in a predefined 
setting.

Fixed parameter Value

FOV  (mm2) 300 × 300

Matrix (voxels) 128 × 128

Slice thickness (mm) 10

Flip angle (°) 15

Echo time (ms) 2.35

Repetition time (ms) 5.3

Bandwidth (Hz/pixel) 500

Read-out direction A >  > P

Intervention angle (°) 45

Phase oversampling 0

Acquisition time (ms) 682



12

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22963  | https://doi.org/10.1038/s41598-021-02434-5

www.nature.com/scientificreports/

Data availability
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Received: 19 January 2021; Accepted: 10 November 2021

References
 1. Winkelmann, M. T. et al. MR-guided high-power microwave ablation in hepatic malignancies: Initial results in clinical routine. 

Cardiovasc. Intervent. Radiol. 43, 1631–1638. https:// doi. org/ 10. 1007/ s00270- 020- 02584-5 (2020).
 2. Elfatairy, K. K., Filson, C. P., Sanda, M. G., Osunkoya, A. O. & Nour, S. G. In-bore MRI-guided prostate biopsies in patients with 

prior positive transrectal us-guided biopsy results: Pathologic outcomes and predictors of missed cancers. Radiol. Imaging Cancer 
2, e190078. https:// doi. org/ 10. 1148/ rycan. 20201 90078 (2020).

 3. Winkelmann, M. T. et al. MRI-guided percutaneous thermoablation in combination with hepatic resection as parenchyma-sparing 
approach in patients with primary and secondary hepatic malignancies: Single center long-term experience. Cancer Imaging 20, 
37. https:// doi. org/ 10. 1186/ s40644- 020- 00316-z (2020).

 4. Weiss, J. et al. Feasibility, efficacy, and safety of percutaneous MR-guided ablation of small ( mm) hepatic malignancies. J. Magn. 
Reson. Imaging 49, 374–381. https:// doi. org/ 10. 1002/ jmri. 26252 (2019).

 5. Barkhausen, J. et al. White paper: Interventional MRI: Current status and potential for development considering economic per-
spectives, part 1: General application. Rofo 189, 611–623. https:// doi. org/ 10. 1055/s- 0043- 110011 (2017).

 6. Fischbach, F. et al. Assessment of fast dynamic imaging and the use of Gd-EOB-DTPA for MR-guided liver interventions. J. Magn. 
Reson. Imaging 34, 874–879. https:// doi. org/ 10. 1002/ jmri. 22691 (2011).

 7. Jungmann, P. M., Agten, C. A., Pfirrmann, C. W. & Sutter, R. Advances in MRI around metal. J. Magn. Reson. Imaging 46, 972–991. 
https:// doi. org/ 10. 1002/ jmri. 25708 (2017).

 8. Bock, M. et al. Interventional magnetic resonance imaging: An alternative to image guidance with ionising radiation. Radiat. Prot. 
Dosimetry 117, 74–78. https:// doi. org/ 10. 1093/ rpd/ nci731 (2005).

Table 4.  Flowchart. Scan series of study profile. Systematic and sequential modification of the intervention 
angle and of the technical parameters of T1-weighted GRE sequences. TR repetition time, Hz Hertz, A anterior, 
P posterior, R right, L left.

Scan series Values Coupled TR (ms)

Flip angle (°)

1 5

2 10

3 15

4 20

5 25

6 30

7 45

8 60

9 75

10 90

Bandwidth (Hz/pixel)

1 300 6.67

2 400 6.25

3 500 5.99

4 600 5.81

5 700 5.69

Matrix (voxels)

1 96 × 96

2 128 × 128

3 192 × 192

4 256 × 256

Slice thickness (mm)

1 7

2 10

3 13

4 16

Readout direction
1 A >  > P

2 R >  > L

Intervention angle (°)

1 0

2 15

3 30

4 45

5 60

6 75

7 90

https://doi.org/10.1007/s00270-020-02584-5
https://doi.org/10.1148/rycan.2020190078
https://doi.org/10.1186/s40644-020-00316-z
https://doi.org/10.1002/jmri.26252
https://doi.org/10.1055/s-0043-110011
https://doi.org/10.1002/jmri.22691
https://doi.org/10.1002/jmri.25708
https://doi.org/10.1093/rpd/nci731


13

Vol.:(0123456789)

Scientific Reports |        (2021) 11:22963  | https://doi.org/10.1038/s41598-021-02434-5

www.nature.com/scientificreports/

 9. Tempany, C., Straus, S., Hata, N. & Haker, S. MR-guided prostate interventions. J. Magn. Reson. Imaging 27, 356–367. https:// doi. 
org/ 10. 1002/ jmri. 21259 (2008).

 10. Fischbach, F. et al. MR-guided freehand biopsy of liver lesions with fast continuous imaging using a 1.0-T open MRI scanner: 
Experience in 50 patients. Cardiovasc. Intervent. Radiol. 34, 188–192. https:// doi. org/ 10. 1007/ s00270- 010- 9836-8 (2011).

 11. Fritz, J. et al. Freehand real-time MRI-guided lumbar spinal injection procedures at 1.5 T: Feasibility, accuracy, and safety. AJR 
Am. J. Roentgenol. 192, W161-167. https:// doi. org/ 10. 2214/ AJR. 08. 1569 (2009).

 12. Weiss, C. R., Nour, S. G. & Lewin, J. S. MR-guided biopsy: A review of current techniques and applications. J. Magn. Reson. Imaging 
27, 311–325. https:// doi. org/ 10. 1002/ jmri. 21270 (2008).

 13. Dianat, S. S., Carter, H. B. & Macura, K. J. Magnetic resonance-guided prostate biopsy. Magn. Reson. Imaging Clin. N. Am. 23, 
621–631. https:// doi. org/ 10. 1016/j. mric. 2015. 05. 005 (2015).

 14. Bauch, S. Evaluation MR kompatibler Nadeln und interaktiver Sequenzen zur interventionellen Bildgebung an einem offenen 1.0 
Tesla MR- Tomographen (Panorama-HFO), Otto von Guericke University Library, Magdeburg, Germany, (2014).

 15. Penzkofer, T., Peykan, N., Schmidt, K., Krombach, G. & Kuhl, C. K. How MRI compatible is “MRI compatible”? A systematic 
comparison of artifacts caused by biopsy needles at 3.0 and 1.5 T. Cardiovasc. Intervent. Radiol. 36, 1646–1657. https:// doi. org/ 10. 
1007/ s00270- 013- 0616-0 (2013).

 16. Thomas, C. et al. In vitro assessment of needle artifacts with an interactive three-dimensional MR fluoroscopy system. J. Vasc. 
Interv. Radiol. 21, 375–380. https:// doi. org/ 10. 1016/j. jvir. 2009. 11. 012 (2010).

 17. Ludeke, K. M., Roschmann, P. & Tischler, R. Susceptibility artefacts in NMR imaging. Magn. Reson. Imaging 3, 329–343 (1985).
 18. Ladd, M. E. et al. Biopsy needle susceptibility artifacts. Magn. Reson. Med. 36, 646–651 (1996).
 19. Bakker, C. J., Bhagwandien, R., Moerland, M. A. & Fuderer, M. Susceptibility artifacts in 2DFT spin-echo and gradient-echo 

imaging: The cylinder model revisited. Magn. Reson. Imaging 11, 539–548. https:// doi. org/ 10. 1016/ 0730- 725x(93) 90473-q (1993).
 20. Graf, H., Lauer, U. A., Berger, A. & Schick, F. RF artifacts caused by metallic implants or instruments which get more prominent 

at 3 T: An in vitro study. Magn. Reson. Imaging 23, 493–499. https:// doi. org/ 10. 1016/j. mri. 2004. 12. 009 (2005).
 21. Ernst, R. R. & Anderson, W. A. Application of Fourier transform spectroscopy to magnetic resonance. Rev. Sci. Instrum. 37, 93. 

https:// doi. org/ 10. 1063/1. 17199 61 (1966).
 22. Kim, J. E., Kim, H. O., Bae, K., Choi, D. S. & Nickel, D. T1 mapping for liver function evaluation in gadoxetic acid-enhanced MR 

imaging: Comparison of look-locker inversion recovery and B(1) inhomogeneity-corrected variable flip angle method. Eur. Radiol. 
29, 3584–3594. https:// doi. org/ 10. 1007/ s00330- 018- 5947-4 (2019).

 23. Yoon, J. H. et al. Quantitative assessment of liver function by using gadoxetic acid-enhanced MRI: Hepatocyte uptake ratio. Radiol-
ogy 290, 125–133. https:// doi. org/ 10. 1148/ radiol. 20181 80753 (2019).

 24. Hargreaves, B. A. et al. Metal-induced artifacts in MRI. AJR Am. J. Roentgenol. 197, 547–555. https:// doi. org/ 10. 2214/ AJR. 11. 7364 
(2011).

 25. Talbot, B. S. & Weinberg, E. P. MR imaging with metal-suppression sequences for evaluation of total joint arthroplasty. Radiograph-
ics 36, 209–225. https:// doi. org/ 10. 1148/ rg. 20161 50075 (2016).

 26. Frahm, C., Gehl, H.-B., Melchert, U. H. & Weiss, H.-D. Visualization of magnetic resonance-compatible needles at 1.5 and 0.2 
Tesla. Cardiovasc. Interv. Radiol. 19(5), 335–340. https:// doi. org/ 10. 1007/ BF025 70186 (1996).

 27. Muller-Bierl, B., Graf, H., Lauer, U., Steidle, G. & Schick, F. Numerical modeling of needle tip artifacts in MR gradient echo imag-
ing. Med. Phys. 31, 579–587. https:// doi. org/ 10. 1118/1. 16409 71 (2004).

 28. Lewin, J. S. et al. Needle localization in MR-guided biopsy and aspiration: Effects of field strength, sequence design, and magnetic 
field orientation. AJR Am. J. Roentgenol. 166, 1337–1345. https:// doi. org/ 10. 2214/ ajr. 166.6. 86334 45 (1996).

 29. Thomas, C. et al. Carbon fibre and nitinol needles for MRI-guided interventions: First in vitro and in vivo application. Eur. J. 
Radiol. 79, 353–358. https:// doi. org/ 10. 1016/j. ejrad. 2010. 07. 007 (2011).

 30. Wachowicz, K., Thomas, S. D. & Fallone, B. G. Characterization of the susceptibility artifact around a prostate brachytherapy seed 
in MRI. Med. Phys. 33, 4459–4467. https:// doi. org/ 10. 1118/1. 23640 52 (2006).

 31. Liu, H., Hall, W. A., Martin, A. J. & Truwit, C. L. Biopsy needle tip artifact in MR-guided neurosurgery. J. Magn. Reson. Imaging 
13(1), 16–22. https:// doi. org/ 10. 1002/ 1522- 2586(200101) 13:1% 3c16:: aid- jmri1 003% 3e3.0. co;2-b (2001).

 32. Reichenbach, J. R., Wurdinger, S., Pfleiderer, S. O. R. & Kaiser, W. A. Comparison of artifacts produced from carbon fiber and 
titanium alloy needles at 1.5 T MR imaging. J. Magn. Reson. Imaging 11(1), 69–74. https:// doi. org/ 10. 1002/ (sici) 1522- 2586(200001) 
11:1% 3c69:: aid- jmri11% 3e3.0. co;2-8 (2000).

 33. Yamada, A. et al. Magnetic resonance and ultrasound image-guided navigation system using a needle manipulator. Med. Phys. 47, 
850–858. https:// doi. org/ 10. 1002/ mp. 13958 (2020).

 34. Singh, S., Torrealdea, F. & Bandula, S. MRI guided intervention: Evaluation of MR conditional Biopsy and Ablation Needle Tip 
Artifacts at 3T using a balanced fast field echo sequence. J. Vasc. Interv. Radiol. https:// doi. org/ 10. 1016/j. jvir. 2021. 03. 536 (2021).

 35. Okamoto, S. et al. Needle artifact characteristics and insertion accuracy using a 1.2T open MRI scanner: A phantom study. Diagn. 
Interv. Imaging. https:// doi. org/ 10. 1016/j. diii. 2020. 12. 007 (2021).

 36. Hue, Y. K. et al. Magnetic resonance mediated radiofrequency ablation. IEEE Trans. Med. Imaging 37, 417–427. https:// doi. org/ 
10. 1109/ tmi. 2017. 27537 39 (2018).

 37. Farina, L., Nissenbaum, Y., Cavagnaro, M. & Goldberg, S. N. Tissue shrinkage in microwave thermal ablation: Comparison of 
three commercial devices. Int. J. Hyperthermia 34, 382–391. https:// doi. org/ 10. 1080/ 02656 736. 2017. 13621 15 (2018).

Author contributions
V.F.S., O.D., M.S., M.A., and P.M.K. conceived the experiments. V.F.S. and P.M.K. conducted the experiments. 
V.F.S. and F.A. analyzed the data. V.F.S. and P.M.K. jointly wrote the manuscript. All authors reviewed the 
manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to V.F.S.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://doi.org/10.1002/jmri.21259
https://doi.org/10.1002/jmri.21259
https://doi.org/10.1007/s00270-010-9836-8
https://doi.org/10.2214/AJR.08.1569
https://doi.org/10.1002/jmri.21270
https://doi.org/10.1016/j.mric.2015.05.005
https://doi.org/10.1007/s00270-013-0616-0
https://doi.org/10.1007/s00270-013-0616-0
https://doi.org/10.1016/j.jvir.2009.11.012
https://doi.org/10.1016/0730-725x(93)90473-q
https://doi.org/10.1016/j.mri.2004.12.009
https://doi.org/10.1063/1.1719961
https://doi.org/10.1007/s00330-018-5947-4
https://doi.org/10.1148/radiol.2018180753
https://doi.org/10.2214/AJR.11.7364
https://doi.org/10.1148/rg.2016150075
https://doi.org/10.1007/BF02570186
https://doi.org/10.1118/1.1640971
https://doi.org/10.2214/ajr.166.6.8633445
https://doi.org/10.1016/j.ejrad.2010.07.007
https://doi.org/10.1118/1.2364052
https://doi.org/10.1002/1522-2586(200101)13:1%3c16::aid-jmri1003%3e3.0.co;2-b
https://doi.org/10.1002/(sici)1522-2586(200001)11:1%3c69::aid-jmri11%3e3.0.co;2-8
https://doi.org/10.1002/(sici)1522-2586(200001)11:1%3c69::aid-jmri11%3e3.0.co;2-8
https://doi.org/10.1002/mp.13958
https://doi.org/10.1016/j.jvir.2021.03.536
https://doi.org/10.1016/j.diii.2020.12.007
https://doi.org/10.1109/tmi.2017.2753739
https://doi.org/10.1109/tmi.2017.2753739
https://doi.org/10.1080/02656736.2017.1362115
www.nature.com/reprints


14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22963  | https://doi.org/10.1038/s41598-021-02434-5

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2021

http://creativecommons.org/licenses/by/4.0/

	Artifact reduction of coaxial needles in magnetic resonance imaging-guided abdominal interventions at 1.5 T: a phantom study
	Results
	Flip angle. 
	Bandwidth. 
	Matrix. 
	Slice thickness. 
	Readout direction. 
	Intervention angle. 
	Needle diameter. 
	Interrater reliability. 

	Discussion
	Conclusion. 

	Methods
	Image acquisition. 
	Agar phantom. 
	MR-compatible intervention needles. 
	Scan series. 
	Artifact diameter measurement. 
	Statistical analysis. 

	References


