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Objectives: The aim of this study was to investigate the impact of a novel iterative denoising and image enhancement technique in T1-weighted precontrast and
postcontrast volume-interpolated breath-hold examination (VIBE) of the abdomen on image quality, noise levels, and diagnostic confidence without change
of acquisition parameters.
Materials and Methods: Fifty patients were included in this retrospective,
monocentric, institutional review board–approved study after clinically indicated
magnetic resonance imaging of the abdomen including T1-weighted precontrast
and postcontrast imaging. After acquisition of the standard VIBE (VIBES), images were processed with a novel reconstruction algorithm using the same raw
data as for VIBES, resulting in a denoised and enhanced dataset (VIBEDE).
Two different radiologists evaluated both datasets in a randomized order regarding sharpness of organs as well as vessels, noise levels, artifacts, overall image
quality, and diagnostic confidence using a Likert scale ranging from 1 to 4 with
4 being the best. Furthermore, in the presence of focal liver lesions, the largest
lesion was measured in the postcontrast dataset, and lesion detectability was analyzed using a Likert scale (1–4).
Results: Precontrast and postcontrast sharpness of organs and sharpness of vessels were rated significantly superior by both readers in VIBEDE with a median
of 4 (interquartile range, 0) compared with VIBES with a median of 3 (1) (all
P's < 0.0001). Precontrast and postcontrast noise levels were also rated superior
by both readers in VIBEDE with a median of 4 (0) compared with VIBES with a
median of 3 (1) for precontrast and a median of 3 (0) (median of 3 [1] for reader 2)
for postcontrast imaging (all P's < 0.0001).
Overall image quality was also rated higher with a median of 4 (0) in
VIBEDE versus 3 (1) in VIBES (P < 0.0001). Twenty-seven imaging studies
contained liver lesions. There was no difference regarding the number and localization between the readers and between VIBES and VIBEDE. Lesion detectability was rated by both readers significantly better in VIBEDE with a median of 4
(0) compared with a median of 4 (1) for reader 1 and a median of 3 (1) for reader
2 (P = 0.001 for reader 1; P < 0.001 for reader 2). Consequently, diagnostic confidence was also significantly superior in VIBEDE versus VIBES with a median
of 4 (0) for both (P = 0.001). Interreader agreement resulted in a Cohen κ of
0.76 for precontrast analysis as well as of 0.76 for postcontrast analysis.
Conclusions: Application of a novel iterative denoising and image enhancement
technique in T1-weighted VIBE precontrast and postcontrast imaging of the abdomen is feasible, providing superior image quality, noise levels, and diagnostic
confidence.
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M

agnetic resonance imaging (MRI) of the abdominal organs has
become an integral part of clinical imaging during the last 2 to
3 decades.1–3 One of the main foci of MRI consists of further characterization and examination of the organs of the abdomen.4–7 However, abdominal MRI is a challenging task due to motion of the abdominal
organs, especially caused by breathing.8 Although traditional spin-echo
sequences provide highly qualitative and robust images, this technique
is too time-consuming for abdominal MRI due to motion.9 Gradient echo
(GRE) imaging presents an alternative with reduced imaging time due to
shortened repetition time (TR).10–12 Disadvantages of this technique are
primarily increased sensitivity to magnetic field inhomogeneity and susceptibility artifacts.13,14 Despite these issues, a contrast-enhanced T1-weighted
3-dimensional GRE imaging sequence has become widely established in abdominal MRI, known as volume-interpolated breath-hold examination
(VIBE), liver acquisition with volume acceleration, T1-weighted high resolution isotropic volume examination, T1-weighted gradient echo, or 3D
QUICK depending on the vendor.15–17 However, the correct and proper execution of multiple breath-holds can be difficult in patients with impaired
lung capacity, in elderly, or in pediatric patients. There are several methods
available to overcome this problem. One possible approach uses respiratory
gating. However, this technique can lead to overall long examination time,
especially if breathing is not regular.16 Another approach consists of
free-breathing acquisitions, but these are not yet sufficiently clinically validated and established.16,18,19 Probably the most common and widely established approach uses parallel imaging that allows reduction of breath-hold
time.20,21 A significant disadvantage of parallel imaging is loss of signal-tonoise ratio (SNR) proportional to the square root of the parallel imaging
factor, which may impair diagnostic quality and readers' confidence, especially in the precontrast dataset.20 There are several possibilities available
for increase of SNR, for example, reduction of bandwidth, increase of
TR, or increase of slice thickness. However, these approaches decrease
diagnostic accuracy and increase acquisition time (TA), respectively.
Finally, both image resolution and SNR can be improved
postacquisition using advanced image reconstruction techniques. A promising approach for SNR improvement in 3D GRE imaging is iterative
denoising, which uses quantitative noise information and has been successfully applied to postcontrast acquisitions with native high resolution.22,23
Therefore, the aim of this study was to evaluate the impact of a
novel iterative denoising and image enhancement technique in
noncontrast and contrast-enhanced GRE MRI of the abdomen without
change of acquisition parameters on image quality, noise levels, diagnostic confidence, and lesion detectability.

MATERIALS AND METHODS
Study Design
This retrospective, monocentric study was approved by the local
institutional review board with waiver of informed consent. All study
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procedures were conducted in accordance with the ethical standards as
laid down in the 1964 Declaration of Helsinki and its latest revision
in 2013.
Fifty patients who underwent a contrast-enhanced MRI of the abdomen between May and August 2020 were included in this study. Patients
were identified using the institutional radiology information system.

measured in the postcontrast dataset, and lesion detectability was evaluated (1, lesion border not detectable; 2, poor detectability of lesion
border; 3, good detectability of lesion border; 4, excellent detectability
of lesion border). As only T1-weighted precontrast and postcontrast sequences were available for reading under study conditions, no further
characterization of liver lesions was performed.

MRI Acquisition Parameters

Statistical Evaluation

All imaging studies were conducted on 1.5-T MRI scanners
(Siemens MAGNETOM Avanto fit and Aera; Siemens Healthcare,
Erlangen; Germany) with patients in supine position using an 18-channel
body coil and 32-channel spine coil setup. All patients received a bolus
of contrast media adapted to their body weight (0.1 mmol/kg gadobutrol,
Gadovist; Bayer Healthcare, Leverkusen, Germany) with a flow rate of
1.5 mL/s followed by a saline flush of 20 mL. An axial T1-weighted
VIBE sequence was acquired precontrast and postcontrast (3 minutes postinjection) using the following parameters: voxel size of 1.2  1.2  3.0 mm,
slice thickness of 3 mm, number of slices of 80, TR of 6.66 milliseconds,
echo time (TE) of 2.39 milliseconds, flip angle of 10 degrees, matrix of
182  320, parallel imaging factor of 4, and TA of 16 seconds.
The same raw data that produced the standard reconstruction
(VIBES) were then reconstructed again via a prototype implementation
integrated into the scanner image reconstruction system, yielding a second image series (VIBEDE).

Iterative Denoising Technique
A bank of thresholded orthogonal wavelet transforms was used
for denoising of intermediate complex-valued, channel-combined images
after parallel imaging reconstruction. As supplementary information, a
quantitative map of the spatially varying noise level in the image domain
was calculated with the help of the system's noise adjustment functionality and internal knowledge of noise-modifying operations, in particular
including the “g-factor.” This noise map allows spatial adaptation of the
wavelet thresholds and iterative combination of denoised and original images for optimal noise removal according to Stein's Unbiased Risk Estimator.24 After denoising, some edge enhancement (linear edge filter)
was applied to compensate for any perceived loss in sharpness using
the same strength as in the standard reconstructions. Reconstruction time
per sequence was approximately 1 minute.

Statistical software was used for analysis (SPSS Statistics Version 26; IBM, Armonk, NY). Parametric variables are displayed using
mean ± standard deviation. Nonparametric variables are displayed
using median and interquartile range in parentheses. The Wilcoxon
signed-rank test was used for comparison of ordinal-scaled dependent
data between the original and iteratively denoised image data sets.
Bland-Altman analysis was performed to compare the size measurements
of liver lesions between both readers. Linearly weighted Cohen κ was
used to evaluate interreader agreement. P values below 0.05 were
regarded as significant.

RESULTS
Patients' Characteristics
All examinations could be evaluated successfully. The mean patient age was 56 ± 18 years (range, 18–84 years). Most patients (n = 35)
underwent abdominal MRI due to malignant tumors (mostly melanoma, n = 7; and hepatocellular carcinoma, n = 7). In 26 cases, there
was no abnormal finding, whereas in 8 cases, metastatic disease was
found. Further details are displayed in Table 1.

Interreader Variability
Interreader agreement was substantial for precontrast as well as
postcontrast imaging (each Cohen κ of 0.76). Therefore, only the results
of reader 1 are displayed in the following. The results of reader 2 are
available in Tables 2 and 3.

TABLE 1. Patients' Characteristics

Image Evaluation

Characteristics

Image analysis was performed using a dedicated workstation
(Centricity PACS RA1000; GE Healthcare, Milwaukee, WI). Images
were independently evaluated by 2 radiologists with 5 years and 3 years
of experience in body MRI. VIBES and VIBEDE series were analyzed in
a randomized order and blinded to clinical data as well as the original
report. Image quality was qualitatively analyzed using a Likert scale
ranging from 1 to 4 with 4 being the best. For image quality evaluation,
the following criteria were assessed: sharpness of organ borders as well
as sharpness of vessels (1, heavily blurred edges, organ borders and vessel walls not recognizable; 2, severely blurred edges, organ borders and
vessel walls recognizable; 3, slightly blurred edges, organ borders and vessel walls recognizable; 4, no blurring with sharp organ borders and vessel walls), overall image quality (1, nondiagnostic; 2, poor image
quality; 3, good image quality; 4, excellent image quality), and diagnostic confidence (1, no diagnosis possible; 2, severely reduced confidence, repetition of examination recommended; 3, good confidence; 4,
very good confidence). Furthermore, the presence and extent of image
artifacts as well as noise were assessed on a Likert scale ranging from 1
to 4 (1, excessive artifacts/noise; 2, severely hampered image quality by
artifacts/noise; 3, slightly hampered image quality by artifacts/noise; 4,
no visible artifacts/noise). In the presence of liver lesions, the number
and localization of liver lesions was noted for up to 5 lesions per patient.
Furthermore, the maximum axial diameter of the largest lesion was

Patients, n
Age, mean ± SD (range), y
Indication for MRI examination, n
Melanoma
Hepatocellular carcinoma
Neuroendocrine tumor
Breast cancer
Post-LTX
Other malignant carcinoma
Inflammatory disease
Other nonmalignant disease
Liver MRI findings, n
Unremarkable
Metastatic disease
Hepatocellular carcinoma
Benign focal liver lesions
Liver cirrhosis
Other malignant findings
Other nonmalignant findings

© 2020 Wolters Kluwer Health, Inc. All rights reserved.

Values
50
56 ± 18 (18–84)
7
7
5
4
3
12
5
7
26
8
4
3
3
3
3

LTX, liver transplantation; MRI, magnetic resonance imaging.
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TABLE 2. Evaluation of Image Quality and Diagnostic Confidence in VIBES and VIBEDE
Reader 1
Characteristics
Sharpness organs precontrast
Sharpness organs postcontrast
Sharpness vessels precontrast
Sharpness vessels postcontrast
Noise precontrast
Noise postcontrast
Artifacts precontrast
Artifacts postcontrast
Overall image quality precontrast
Overall image quality postcontrast
Diagnostic confidence

Reader 2

VIBES

VIBEDE

P

VIBES

VIBEDE

P

3 (1)
3 (1)
3 (1)
3 (1)
3 (1)
3 (0)
4 (1)
4 (0)
3 (1)
3 (1)
4 (0)

4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.025
0.083
<0.001
<0.001
0.001

3 (1)
3 (1)
3 (1)
3 (0)
3 (1)
3 (1)
4 (0)
4 (0)
3 (1)
3 (1)
4 (0)

4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)
4 (0)

<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
<0.0001
0.083
0.083
<0.001
<0.001
0.001

VIBE, volume-interpolated breath-hold examination; VIBES, standard VIBE datasets; VIBEDE, denoised datasets.

Qualitative Image Quality Evaluation of
Precontrast Imaging
The sharpness of organ borders as well as vessels was evaluated
significantly better in precontrast VIBEDE with a median of 4 (0) compared with precontrast VIBES with a median of 3 (1) (P < 0.001).
Precontrast VIBEDE was also rated with less noise than VIBES with a
median of 4 (0) versus 3 (1) (P < 0.001). There were only slightly more
severe artifacts (motion and parallel imaging artifacts) found in VIBES
(median of 4 [1]) versus VIBEDE (median of 4 [0]; P = 0.025). Overall
image quality of precontrast imaging was also rated significantly superior in VIBEDE with a median of 4 (0) versus a median of 3 (1) in VIBES
(P < 0.001). Figure 1 shows an example of precontrast imaging with additional SNR maps.

Qualitative Image Quality Evaluation of
Postcontrast Imaging
Analogous to precontrast imaging analysis, postcontrast imaging
was rated significantly better regarding sharpness of organ borders as
well as vessels in VIBEDE compared with VIBES (median of 4 [0] vs
3 [1]; P < 0.001). Noise levels were also rated to be significantly less
in VIBEDE versus VIBES with a median of 4 (0) compared with a median of 3 (0) (P < 0.001). There was no significant difference regarding
artifacts (motion and parallel imaging artifacts) (both median of 4 [0],
P = 0.083). Figure 2 demonstrates examples of occurred artifacts. Overall image quality was also evaluated to be higher in VIBEDE than in
VIBES with a median of 4 (0) versus 3 (1) (P < 0.001). Figure 3 shows
an example of postcontrast imaging with additional SNR maps.
Diagnostic confidence levels were significantly superior in
precontrast and postcontrast imaging in VIBEDE versus VIBES with a
median of 4 (0) for both datasets (P = 0.001). Figure 4 shows another
imaging example of VIBES and VIBEDE.

DISCUSSION
This study investigated a novel iterative denoising and image
enhancement approach for T1-weighted VIBE precontrast and
postcontrast imaging of the abdomen. The results show that image
quality, noise levels, sharpness of body structures, as well as diagnostic
confidence can be significantly improved via this approach compared
with the standard reconstruction.
T1-weighted VIBE imaging is a key element in current abdominal MRI.17 Gradient echo imaging provides swift and precise imaging
for basically all abdominal pathologies with minimized motion artifacts. Compared with traditional TSE or even SE techniques, the major
disadvantages of GRE sequences are an increased risk for susceptibility
artifacts due to magnetic field inhomogeneities.10 Another drawback,
especially important in abdominal MRI, is given by the necessity of
breath-holds in conventional Cartesian VIBE sequences leading partially to compromised image quality, especially in patients of very
young age or in elderly people. A possible solution for this issue was
demonstrated by Chandarana et al16 using a free-breathing radial 3D
GRE (VIBE) sequence with comparable image quality to standard
breath-hold VIBE. However, the major disadvantage of this technique
lies in its longer TA. Another disadvantage of radial readout compared
with Cartesian readout is based on reduced vessel-tissue contrast.25
TABLE 3. Lesion Detectability and Lesion Size in VIBES and VIBEDE

Lesions Detection
Twenty-seven imaging studies with altogether 72 liver lesions
were found. In 7 cases, multiple lesions (more than 5) were found. No
difference was found between both readers or between standard and
denoised datasets regarding the localization of lesions. The largest lesions were in 12 cases cystic lesions, in 9 cases metastatic lesions, in
3 cases hepatocellular carcinoma, and in 1 case focal nodular hyperplasia. There was no significant difference between lesion size between
VIBES (18 ± 11 mm) and VIBEDE (17 ± 11 mm) for reader 1
(P = 0.743). However, there was a slight significant difference between
VIBES (18 ± 12 mm) and VIBEDE (19 ± 12 mm) for reader 2
330

(P = 0.010). Intraclass correlation coefficient (ICC) was excellent between both readers (ICC > 0.9). Lesion detectability was rated by both
readers significantly better in VIBEDE with a median of 4 (0) compared
with a median of 4 (1) for reader 1 and a median of 3 (1) for reader 2
(P = 0.001 for reader 1; P < 0.001 for reader 2) (see Table 3 for further
details). Figures 5A and B show Bland-Altman plots for readers 1 and 2.
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VIBEDE

VIBES
Characteristics
Lesion size, mm
Lesion
detectability

Reader
1

Reader ICC/ Reader
2
κ
1

18 ± 11 18 ± 12
4 (1)
3 (1)

0.99
0.78

17 ± 11
4 (0)

Reader ICC/
2
κ
19 ± 12
4 (0)

0.99
0.78

VIBE, volume-interpolated breath-hold examination; VIBES, standard VIBE
datasets; VIBEDE, denoised datasets.
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FIGURE 1. Image shows an example of a precontrast dataset with the reconstructed images in the upper row and signal-to-noise ratio (SNR) maps in the
bottom row with an SNR scale bar (multiplicated by the factor of 10). The left column shows standard imaging (VIBES), whereas the right column shows
the iteratively denoised dataset (VIBEDE). The VIBEDE dataset shows lower noise levels and an increase of SNR with a more homogeneous distribution
compared with the VIBES dataset. This SNR improvement affects especially the central parts of the body (eg, major vessels as aorta, vena cava inferior,
and portal vein). In addition, SNR levels throughout the liver parenchyma or more homogeneous with clearly improved SNR in the central liver segments
as well as the peripheral parts of parenchyma.

FIGURE 2. Image demonstrates common artifacts that occurred in our study cohort in postcontrast imaging with standard imaging reconstruction
(VIBES) in the left column and iterative denoising (VIBEDE) in the right column. The upper row shows an example of a parallel imaging artifact with a
noise band affection of the delineation of the aorta and superior mesenteric artery. This effect was reduced in VIBEDE. The bottom row shows an example
of blurred edges of the intestine due to intestinal motion. Although in VIBEDE the edges of the intestine appear slightly sharper, effects of motion are still visible.

© 2020 Wolters Kluwer Health, Inc. All rights reserved.
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FIGURE 3. Image shows an example of a postcontrast dataset with the reconstructed images in the upper row and signal-to-noise ratio (SNR) maps with
an SNR scale bar (multiplicated by 10) in the bottom row. The left column shows standard imaging (VIBES), whereas the right column shows the
iteratively denoised dataset (VIBEDE). Analogous to the precontrast dataset, noise levels as well as SNR were improved in the VIBEDE dataset with a more
homogeneous distribution, especially affecting the peripheral parts of the liver parenchyma of the right liver lobe and the central body parts. Compared
with precontrast imaging, the effect of SNR improvement is less pronounced.

Although some experimental applications of self-gated 4D liver MRI or
combinations of parallel imaging, compressed sensing, and radial readout have been reported, these techniques are still not widely established
in clinical routine.25,26 One of the most common approaches to reduce

acquisition and breath-hold time is parallel imaging. Unfortunately,
high parallel imaging acceleration factors lead to a significant decrease
in image quality and increase in noise as SNR is decreased by the
square root of the acceleration factor. This issue impedes the usage of

FIGURE 4. Image shows another example of standard VIBE reconstructions (VIBES; left hand side) and datasets with iterative denoising (VIBEDE; right hand
side) in precontrast (upper row) and postcontrast (bottom row) imaging. Image noise and sharpness was improved in VIBEDE.
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cohorts. Even further reduction of TA might be possible, for example,
via increase of bandwidth, due to the increase of signal via the novel reconstruction algorithm. Therefore, high-quality and radiation-free imaging could be offered to a larger patient cohort.
One limitation of this study is its focus on precontrast and
postcontrast abdominal MRI without analysis of dynamic contrastenhanced (DCE) sequences. However, one of the main goals of this
study was to investigate the feasibility of this iterative denoising
technique in precontrast and postcontrast imaging. Consequently,
DCE imaging was also no inclusion criterion for our study. As
DCE imaging is often very challenging and sensitive to motion, enhancement of accelerated TA acquisitions would be of greatest interest
in this field. Therefore, further studies will be necessary to investigate
this area properly. In addition, other body areas should be taken into
consideration to improve medical care. Another limitation that deserves
consideration is the lack of quantitative SNR comparisons, which will
require additional software development. However, we provided exemplarily SNR maps for precontrast and postcontrast datasets.
In conclusion, improvement of abdominal T1-weighted VIBE
precontrast and postcontrast image quality, noise levels, and diagnostic
confidence is possible using a novel iterative denoising and image enhancement technique. Further reduction of TA might be possible without loss of image quality.
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