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Introduction
Magnetic Resonance Imaging (MRI) with standard 2D  
Turbo Spin Echo (TSE) sequences is a trusted technique to 
guarantee excellent soft tissue contrast in musculoskeletal 
(MSK), neurological, and abdominal imaging. The signal 
and contrast behavior are well understood and appreciated 
by the reading radiologist and referring physicians alike. 
The acquisition time of these 2D TSE sequences is in the 
order of several minutes, hence has always been a point  
of attention. With the introduction of parallel imaging [1], 
acquisition times could be sped up, typically by an acceler-
ation factor (p) of two or three, by only acquiring a fraction 
of the data lines in k-space and calculating the missing 
data lines taking into account the coil-sensitivity profiles. 
The well-known standard 2D TSE soft tissue contrast  
behavior is not affected by this acceleration. However, as a 
rule of thumb, higher acceleration factors do induce some 
noise in the image by a factor of √p*G where G stands for 
geometry factor (G is close to 1 in a perfect system), limit-

ing the practical acceleration factor to two or three. Note 
that it is common practice to combine parallel imaging and 
multiple averages, since motion effects can be minimized 
by the shorter acquisition times of the former, while  
regaining SNR with the latter, which has advantages  
over un-accelerated acquisitions of the same duration.

At the same time elaborate denoising methods have 
been developed which have to balance noise removal and 
preservation of details [2]. A recently introduced accelera-
tion technique with strong data under-sampling, allowing 
for significantly higher acceleration factors, for example 
five or higher, is Compressed Sensing (CS) [3]. CS works 
best in combination with random undersampling of multi- 
dimensional data, and the reconstruction algorithm can 
achieve both image restoration and denoising. Pushed  
to the limit, the CS images may appear unnatural, so that 
both radiologist and referring physician need to get used  
to this new sequence, to gain experience with a new  

1   Parallel imaging p2: halving 
acquisition time with 
acceleration factor 2 comes 
with a signal loss by √2*G, 
best noticeable in the T2  
stir images; acquisition time  
46 seconds T1 TSE (1A),  
47 seconds T2 IR TSE (1B), 
and 68 seconds T2 TSE (1C).

1A 1B 1C
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signal and contrast behavior, a new look and feel of the 
soft tissue contrast. Regular 2D TSE data does not seem  
to be optimal for CS reconstruction.

Image reconstruction based on artificial intelligence 
(AI) / deep learning (DL) is the latest development capable 
of denoising [4]. These techniques, however, require large 
amounts of training data, which was beyond the scope of 
this study.

Iterative denoising (ID) is a technique which uses  
similar noise-suppressing operations as Compressed  
Sensing, but which is specifically designed to be combined 
with standard parallel imaging and other standard imaging 
techniques, allowing for shorter scan times and/or higher 
resolution while compensating for the resultant SNR  
loss [5]. First applications focused on volumetric acquisi-
tions [6]. This study presents initial experience with this  
technique applied to standard 2D TSE data in multiple  
body regions.

Methods and materials
The goal of this study was to investigate whether the  
new iterative denoising technique can compensate for  
the resultant SNR loss when using higher acceleration  
in standard 2D TSE imaging. To make this comparison  
between images with higher acceleration versus standard 
acceleration as accurate as possible, instead of rescanning 
patient with higher acceleration factors, higher accelera-
tion was simulated by discarding one average from the raw 
data sets. By applying this simulated acceleration, it was 
possible to obtain datasets that are – except for the virtual 
acceleration – completely identical. 

Eleven clinical data sets from the perineum, uterus, 
prostate, l-spine, and sacroiliac joint were acquired on a 
1.5T clinical MR scanner (MAGNETOM Sola, Siemens 
Healthcare, Erlangen, Germany) with the standard turbo 
spin echo (TSE) sequence. Raw data allowing retrospective 
image reconstruction with subsets of the originally  
acquired averages was collected from regular patient  
examinations so that no additional or modified scans had 
to be performed. Informed consent from patients was ob-
tained to reprocess anonymized data for clinical research. 
All raw data sets featured Parallel Imaging under-sampling 
and comprised two or more signal averages.

Data processing was performed offline and with the 
help of a prototype implementation of the ID algorithm as 
described in [4], integrated into the image reconstruction 
pipeline. Quantitative noise measurements were drawn 
from the system’s adjustment framework. Taking into  
account all noise-modifying operations, a noise map was 
calculated which describes the spatial noise distribution  
in coil-combined, complex-valued images after the parallel 
imaging reconstruction [7, 8]. Then the wavelet threshold-
ing is automatically adjusted for MMSE-optimal noise  

removal according to “Stein’s Unbiased Risk Estimator” 
(SURE) [9]. This automated parameter selection allows the 
algorithm to adapt to both the noise and signal characteris-
tics of each individual image and to generalize to multiple 
body regions and scan protocols without additional manual 
tuning. Some edge enhancement was applied after the ID 
to compensate for perceived loss in sharpness.

From each multi-average raw data set three different 
versions of the images were reconstructed. The first  
version (called “original”) used all available averages and  
corresponds to the regular reconstruction; it does not  
use the denoising algorithm. To simulate accelerated  
acquisition, the second reconstruction version discarded 
one signal average from the raw data sets, e.g. one out of 
two; it also did not use the iterative denoising algorithm 
and is called “accelerated”. The third reconstruction version 
discarded the same signal average from the raw data sets, 
and additionally applied the described iterative denoising 
algorithm. These images are called “accelerated + ID”.

The versions “accelerated” and “accelerated + ID”  
simulate accelerated acquisition by lowering the number of 
averages. With this simulation approach the three versions 
are based upon as similar data sets as possible so that they 
can be directly compared. They derive from the same  
acquisition so that all variations between repeated scans 
can be avoided. However, the data is not identical because 
version two and three only use a subset of the data. Hence 
effects like physiological motion still can have a different 
effect on the different versions – especially if the motion 
happens during the discarded part of the raw data. 

The described versions of the images were viewed 
side-by-side on an open source DICOM viewer (HorosTM) 
and ranked by an experienced radiologist according to  
image quality in terms of perceived signal to noise ratio  
as well as noticeable artifacts like blurring. Any non- 
diagnostic image quality was marked. Given the obvious  
differences between the image versions, no effort at blind-
ing was made.

Results
Table 1 lists the ranking results. In 10 out of 11 cases 
(91%), the “original” version was ranked best. Of the  
“accelerated” versions, study 2 (Figs. 2, 3) is no longer  
diagnostic (marked as X). All “accelerated + ID” versions 
were ranked better than the “accelerated” versions,  
and all were diagnostic. In study 5 (Fig. 5) the image  
quality in the “accelerated + ID” version equals the  
image quality of the “original” version. In study 11  
(Figs. 7, 8) the image quality of the “original” is less than 
the image quality of both the “accelerated + ID” images  
and “accelerated” images. Example image features are  
described in the figure captions.
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study # contrast # of averages, 
[timesaving] best image 2nd best image 3rd best image

1 STIR SI joint, cor 2 [50%] “original” “accelerated + ID” “accelerated”

2 STIR L-spine, sag 2 [50%] “original” “accelerated + ID” “accelerated” (X)

3 T1 L-spine, sag 2 [50%] “original” “accelerated + ID” “accelerated”

4 T1 L-spine, sag 2 [50%] “original” “accelerated + ID” “accelerated”

5 T2 uterus, cor 3 [33%] “original” = “accelerated + ID” “accelerated” –

6 T2 prostate, ax 3 [33%] “original” “accelerated + ID” “accelerated”

7 STIR SI joint, cor 2 [50%] “original” “accelerated + ID” “accelerated”

8 STIR SI joint, cor 2 [50%] “original” “accelerated + ID” “accelerated”

9 STIR SI joint, cor 2 [50%] “original” “accelerated + ID” “accelerated”

10 T2 uterus, sag 2 [50%] “original” “accelerated + ID” “accelerated”

11 T2 perineum, ax 4 [25%] “accelerated + ID” “accelerated” “original”

Table 1: Results from the side-by-side reading of an experienced radiologist.

2A 2B 2C

2   The “original” version (2A) with two averages has the best image quality since two averages are 
effectively averaging out the ghosting artifact. On top of the ghosting, version “accelerated” (2C)  
has a very low SNR with a "grainy unsharpness" e.g. in the body of vertebra L1 (square box) or 
prevertebral space (red circle) and intervertebral space level L2–L3 making this image non-diagnostic. In 
version “accelerated + ID” (2B) the "grainy blurriness" is effectively removed (arrow points to substantial 
SNR gain in prevertebral space). This leads to a still challenging but more diagnostic image quality 
resembling the morphology and contrast of the “original” version, e.g. in the endplates L2–L3. 
Simulated acquisition time saving: 50%. Scanning parameters: TE 99 ms, TR 4570 ms, TI 140 ms, 
duration for original (two averages) 1:17 min.

Study 2

original accelerated + ID accelerated
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3   Same patient as Figure 1. Image zoomed in and slightly off midline. Version “accelerated” (3C) is 
severely impaired by both low SNR and ghosting artifact. The exaggerated noise level makes it of 
questionable diagnostic value (red circles indicate low SNR).Version “accelerated + ID” (3B) still suffers 
from ghosting artifact, however the ID algorithm processing of the image effectively removes the grainy 
pattern over the vertebral bodies and prevertebral fat plane. The resulting image quality improvement 
makes it easy to delineate the intravertebral disc herniation (red arrows).

3A 3B 3C

Study 3

4   The “original” version (4A) with two averages has crisp image quality in this “perfect patient”. Version 
“accelerated” (4C) features an exaggerated noise level in comparison to the “original” (red squares). The 
SNR of version “accelerated + ID” (4B) is still lower than in the “original” version; however, in comparison 
to the “accelerated” version SNR is clearly higher. Simulated acquisition time saving: 50%. Scanning 
parameters: TE 8 ms, TR 603 ms, duration for original 1:38 min.

original

original

accelerated + ID

accelerated + ID

accelerated

accelerated

4A 4B 4C
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Study 5

5   All three images are of diagnostic quality with high signal. Some graininess indicating lower SNR is 
present in the “accelerated” image (5C) over the uterus (red oval) and vagina (red box). This grainy 
superposition is removed after ID in version “accelerated + ID” (5B). The resulting image in version 
“accelerated + ID” (center) matches very closely the image quality of the “original” version (5A). The 
version “accelerated + ID” (center) has the highest overall SNR without graininess. Taking a closer  
look at details e.g. the fatty streaks in the right ischiococcygeal muscle (red arrow): these small fatty 
streaks are depicted with the same confidence as on the original image, indicating that no image  
detail is lost during ID. Simulated time saving: 33%. Scanning parameters: TE 132 ms, TR 7780 ms, 
duration for original 1:25 min.

5A 5B 5C

6   The “original” version (6A) with two averages has the best image quality. Version “accelerated” (6C) has 
a low signal to noise with impressive "graininess" (square boxes) over the fifth lumbar and first sacral 
vertebra. In version “accelerated + ID” (6B) the overlying "graininess" is effectively removed resulting in 
an image with SNR resembling the “original” version. Simulated acquisition time saving: 50%. Scanning 
parameters: TE 87 ms, TR 3400 ms, TI 140 ms, duration for original 0:52 min.

Study 7

6A 6B 6C

original accelerated + ID accelerated

original accelerated + ID accelerated
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Study 11

7   Version “original” (7A) has abundant signal, however, some blurring is present. Version “accelerated” 
(right) and “accelerated + ID” (7B) have less blurring since less measurement time leads to less patient 
movement, but still have abundant signal. This abundance in signal results in an image quality where 
for instance the veins in the ischiorectal fossa are better depicted in both versions “accelerated” (7C) and 
“accelerated + ID” (center) than on the original version. Although high enough SNR is present in version 
“accelerated” (right), ID further enhances the image quality in “accelerated + ID” (center) image: the 
small venous bifurcation (red arrow, magnifying glass) in the left ischiorectal fossa is better depicted 
after ID (center). Simulated time saving: 25%. Scanning parameters: TE 106 ms, TR 814 ms, duration for 
original 4:12 min.

7A 7B 7C

original accelerated + ID accelerated

8A 8B 8C

8   Same study as Figure 7: In version “original” (8A) the small fibrous strands in subcutaneous fat are hard 
to depict even though they are clearly present on the ”accelerated” version (8C) and really stand out  
on the “accelerated + ID” version (red arrows). The fatty streaks (red circle) in between the muscle fibers 
of the external obturator cannot be seen on the “original” version, they are however visible on the 
“accelerated” version and really stand out on the “accelerated + ID” version (8B). The ID algorithm does 
not only increase SNR but also enhances image details, for example the fatty streaks in the iliac muscle 
(red box). The internal structure with fat-containing hilum of the left inguinal lymph node (between the 
red arrow and red box) is again best depicted on the “accelerated + ID” version. Simulated time saving: 
25%. Scanning parameters: TE 106 ms, TR 814 ms, duration for original 4:12 min.

original accelerated + ID accelerated
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Discussion
Acquiring a dataset that is substantially accelerated (by  
reducing the number of averages) leads to a discernible 
drop in signal to noise ratio. This is rendering the resulting 
images grainy and harder or even sometimes impossible to 
interpret, with an obvious drop in image quality in compar-
ison to the “original” images. The results of this small-scale 
study provide evidence that the process of ID as described 
above can compensate for the drop in signal to noise ratio 
in substantially accelerated 2D datasets.

In this study the perceived gain in image quality after 
ID was obvious in images which are already by design  
inherently lower in signal to noise ratio like e.g. Short-TI 
Inversion Recovery (STIR) imaging. Studies 7 and 8 with 
coronal STIR imaging of sacroiliac joints demonstrate  
the benefit from the ID bringing image quality back to  
the standard imaging quality. Apparently, ID is reducing  
the noise level in the signal and image quality thereby  
approaches the image quality of the “original” images.

Less intuitive, even in images with abundant signal, 
the image quality of “accelerated + ID” can be as good 
(study 5) or even better (study 11) than the original.  
A plausible explanation is that by removing an average  
also removes the blurring that can occur due to slight  
patient movement between multiples averages. 

Iterative denoising, in contrast to conventional noise-
removing image filters, has the advantage of supplementa-
ry quantitative noise distribution information,  
which would otherwise have to be estimated from the  
images themselves. Consequently, over- or under-filtering 
is inherently avoided. In combination with the SURE-opti-
mizing iteration, this is especially important for preserving 
small image details and sharpness, although some  
additional edge enhancement appears to be beneficial. 
Preserved image details and sharp edges are striking in 
study 11 (Figs. 7) where the small venous bifurcation in 
the left ischiorectal fossa is clearly sharper delineated in 
the “accelerated + ID” image than on the images without 
denoising. Figure 8 is another excellent example that no 

over-filtering occurs: the small septae in the subcutaneous 
fat are better depicted on the accelerated images with  
denoising when compared to the accelerated version as 
well as to the original version. This can be seen in the fatty 
streaks in the external obturator muscle.

Conclusion
Image quality in standard 2D MRI sequences, accelerated  
in simulation beyond the threshold of standard acceptable 
noise levels, can be substantially improved by applying  
an ID algorithm using supplementary information about 
the image noise level. It is expected that standard 2D MRI 
can profit from ID when natively scanning with lower  
numbers of averages and hence shorter acquisition times. 
More clinical studies with different clinical perspectives are 
required to show if ID could become as indispensable a tool 
in MRI as iterative reconstruction is in CT.
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Deep Resolve –  
Mobilizing the Power of Networks
Nicolas Behl, Ph.D.

Global Marketing Manager MRI Systems, Siemens Healthineers, Erlangen, Germany

The limitations of  
conventional image reconstruction
MRI is established as one of the key modalities in diagnos-
tic imaging. The absence of ionizing radiation and the  
unmatched soft tissue contrast distinguish MRI from other 
imaging modalities. While these features have helped to 
establish MRI as the method of choice for the diagnosis  
of many pathologies, the main limitation of MRI is the  
acquisition time.

With conventional reconstruction methods, the accel-
eration of an acquisition can only be achieved by accepting 
compromises with respect to image resolution or signal-to-
noise ratio (SNR). In general, acquisition speed, image  
resolution, and SNR are tightly linked and increasing one of 
the three automatically has a negative effect on at least 
one of the two others (Fig. 1).

The use of receive arrays and parallel imaging has 
been an important breakthrough in MR image reconstruc-
tion and is an essential part of clinical routine in MRI [1, 2].

Parallel imaging, however, usually comes at the price 
of higher image noise, especially in regions further away 
from the receive coils. This results in inhomogeneous  

noise distribution, especially if high acceleration factors  
are used. Compressed Sensing was another major develop-
ment when it comes to image acceleration [3]. It benefits  
especially dynamic and non-cartesian 3D imaging but 
comes at the cost of a higher computational burden.  
Also, 2D cartesian imaging, which still is building the  
backbone of routine MR imaging, benefits less from  
Compressed Sensing.

Over the last years, artificial intelligence (AI) technolo-
gies have made their appearance in a various research  
publications [4, 5]. Especially the use of deep neural  
networks has proven to be helpful when trying to address 
the limitations of conventional MR image reconstruction, 
especially also for routine 2D imaging. Deep learning  
image reconstruction has the potential to tackle all three 
limiting factors of MR imaging simultaneously: image  
resolution, SNR, and acquisition speed.

Deep Resolve Gain & Deep Resolve Sharp
Deep Resolve brings deep learning and AI to the MR image 
reconstruction process. Deep Resolve is an advanced  
reconstruction technology, which in its first step brings  
intelligent denoising and deep-learning-based image  
reconstruction directly to the core of the imaging chain.

Deep Resolve Gain is a solution for intelligent  
denoising. As mentioned above, in MRI, image noise is  
not uniformly distributed across the image. This can be  
due to coil array geometries since the SNR is usually higher 
close to the receive coils. Also the use of parallel imaging 
reconstruction techniques can lead to varying noise levels 
in the reconstructed image. These local variations in image 
noise can not be addressed by conventional noise filters,  
as these operate globally on the entire reconstructed  
image. Deep Resolve Gain incorporates specific noise 
maps, which are acquired together with the original raw 
data, directly into the image reconstruction [6]. 

These noise maps are generated without needing to 
spend additional scan time and can be extracted from the 
raw data. The reconstruction algorithm takes local noise 
variations into account and enables stronger denoising 
where noise would be most dominant when reconstructing 
with conventional methods. 

Deep Resolve Gain helps to mitigate noise that is intro-
duced when accelerating the acquisition e.g. by reducing 

1   Image resolution, SNR, and acquisition time are the three limiting 
factors of MRI. Using conventional methods, changing one of 
them directly affects at least one of the two others. Deep learning 
reconstruction has the potential to disrupt this convention.

Acquisition  
time 

Signal-to-noise 
ratio

Image  
resolution 
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the number of averages or by increasing the acceleration 
factor in parallel imaging. 

As the noise maps can be generated from the original-
ly acquired raw data, no additional acquisition time is 

needed, and the results are available in real-time. Figure 2 
shows how Deep Resolve Gain can be employed to  
accelerate an entire knee exam. Images acquired with  
increased acceleration and reconstructed with Deep  

PD TSE fs p3 
TA 2:46 min 
0.5 x 0.3 x 3 mm3 

With Deep  
Resolve Gain

PD TSE fs p2 
TA 3:45 min 
0.5 x 0.3 x 3 mm3 

Conventional  
reconstruction

PD TSE fs p3 
TA 2:20 min 
0.4 x 0.3 x 3 mm3

T1 TSE p3 
TA 2:38 min
0.5 x 0.3 x 2.5 mm3

PD TSE p3 
TA 2:50 min 
0.4 x 0.2 x 3 mm3

PD TSE fs p3
TA 2:10 min 
0.6 x 0.3 x 3 mm3 

PD TSE fs p2 
TA 3:12 min 
0.4 x 0.3 x 3 mm3

T1 TSE p2  
TA 3:38 min 
0.5 x 0.3 x 2.5 mm3

PD TSE p2 
TA 3:52 min 
0.4 x 0.2 x 3 mm3

T2 TSE fs p2 
TA 3:10 min 
0.6 x 0.3 x 3 mm3 

Deep Resolve Gain

28% reduction

12:44 min17:37 min

3a
aa

a1
62

0

2   The increase in SNR achievable with Deep Resolve enables you to accelerate entire knee exams. The targeted reduction of image noise allows 
for the use of higher acceleration factors, without having to pay with increased image noise. Images are acquired on a MAGNETOM Vida 3T 
scanner.
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Resolve Gain are similar in quality to the standard protocols 
which are conventionally reconstructed. In this example it 
results in an acceleration by 28% over the entire exam.

Deep Resolve Sharp is a novel image reconstruction 
technology to generate images with increased sharpness. 
The deep neural network at the core of Deep Resolve Sharp 
generates a high-resolution image from low resolution  
input data. The network was trained on a large number of 
pairs of low-resolution and high-resolution data. 

As the training data for Deep Resolve Sharp covered  
a wide range of anatomies, the reconstruction network  
can be applied to all body regions. Deep Resolve Sharp can 

increase the matrix size by a factor of up to two along  
both in-plane axis, resulting in substantially increased  
image sharpness.

To ensure robust results, the acquired raw data is  
directly incorporated into the reconstruction and ensures 
consistency with the data from the scanner. The inclusion 
of the cross-check with the acquired raw data is essential 
for the robustness of the reconstruction and to ensure  
that contrasts are correctly represented in the final output.  
Figure 3 shows how Deep Resolve Sharp can be used to  
increase the sharpness of reconstructed images, without 
having to extend the acquisition time. Deep Resolve Sharp 

Conventional reconstruction Deep Resolve Gain & Deep Resolve Sharp

1a
aa

a3
58

8

MAGNETOM Altea, 1.5T, T2 STIR, TA 3:20 min  
Matrix size: 288 x 384

MAGNETOM Altea, 1.5T, T2 STIR, TA 3:20 min  
Matrix size: 576 x 768

3a
aa

a1
59

8

MAGNETOM Vida, 3T, T2 TSE, TA 1:18 min  
Matrix size: 384 x 512

MAGNETOM Vida, 3T, T2 TSE, TA 1:18 min 
Matrix size: 768 x 1024

3   Deep Resolve Sharp uses a deep neural network to generate sharper images than ever before, enabling a clear depiction of fine structures  
and sharp edges. The use of raw data within the reconstruction process ensures robust results.

3A
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Conventional reconstruction Deep Resolve Gain & Deep Resolve Sharp

1a
aa

a3
59

5
1a

aa
a3

58
8

MAGNETOM Sola, 1.5T, T2 TSE, TA 2:24 min 
Matrix size 307 x 384

MAGNETOM Sola, 1.5T, T2 TSE, TA 2:24 min 
Matrix size 614 x 768

MAGNETOM Sola, 1.5T, T2 TSE, TA 3:45 min 
Matrix size: 256 x 320

MAGNETOM Sola, 1.5T, T2 TSE, TA 3:45 min 
Matrix size: 512 x 640

3B
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can also be used to enable quicker scans. The phase resolu-
tion can be reduced in the acquisition and Deep Resolve 
Sharp can be employed to recover the resolution in the  
reconstruction process. An example is given in Figure 4B.

In Figure 4 you can see how Deep Resolve enables  
accelerated acquisition while simultaneously increasing  
image quality and sharpness.

MAGNETOM Vida, 3T, PD TSE, p3 TA 3:03 min 
Matrix size: 346 x 576

MAGNETOM Altea, 1.5T
PD TSE fs, 2 Av, TA 2:40
Matrix size: 358 x 448

MAGNETOM Vida, 3T, PD TSE, p4 TA 2:21 min 
Matrix size: 691x1152

MAGNETOM Altea, 1.5T
PD TSE fs, 1 Av, TA 1:38
Matrix size: 717 x 896

3a
aa

a1
59

7

Conventional reconstruction Deep Resolve Gain & Deep Resolve Sharp

23% faster

38% faster

4A

4B

4   Together, the Deep Resolve technologies enable faster acquisitions, while increasing the image sharpness simultaneously. The targeted 
denoising achieved with Deep Resolve Gain allows for the use of higher acceleration, while Deep Resolve Sharp increases the sharpness  
of the image by increasing the matrix size. 
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Technology corner
Deep Resolve Gain uses individual noise maps as input for 
an iterative reconstruction process. This iterative process, 
together with the noise maps as prior knowledge reflecting 
where more noise is to be expected in the image, enables 
an effective denoising in the reconstruction process. This  
is similar to the reconstruction process used in Compressed 
Sensing, extending it to cartesian 2D imaging. For Deep 
Resolve Gain, the denoising in every iteration step takes 
place in the wavelet-domain. Denoising in the wavelet  
domain is more efficient than denoising in image or  
frequency domain. It enables a better separation between 
noise and small structures that are part of the image to  
be reconstructed. The denoising strength of Deep Resolve 
Gain can be adjusted, depending on the amount of noise 
and personal preference.

Deep Resolve Sharp uses a deep neural network to  
increase the sharpness in reconstructed images. The  
convolutional neural network operates on complex data 
and enables a reduction of the voxel size by up to a factor 
of two along each axis in-plane compared to conventional  
reconstruction. During the reconstruction using Deep  
Resolve Sharp, the information content corresponding to 
the originally acquired raw data remains unaffected. Incor-
porating the acquired raw data along the reconstruction 
process ensures robust results and correct representation 
of image contrast. The deep neural network used in Deep 
Resolve Sharp is rather used to predict the contents of  
remote areas within k-space. Conventional reconstruction 
using interpolation expands k-space with zeros, therefore 
not adding any information or contributing to image  
sharpness. The neural network at the core of Deep Resolve 

Sharp, on the other hand, was trained with a large  
number of pairs of low- and high-resolution data. It can 
therefore enhance the image with meaningful information 
corresponding to the outer parts of k-space, beyond the 
originally acquired data.

Open innovation platform1

Deep learning reconstruction is a very active field for  
researchers, demonstrating great potential for the future  
of MR image reconstruction, including denoising, artifact 
reduction, and possibly even the reconstruction of multiple 
contrasts from one single acquisition [7]. Deep Resolve 
gives you access to the plentitude of deep learning applica-
tions being developed in the field. Via an open innovation 
interface, Deep Resolve is planned to enable our partners 
to position their solutions in the Digital Marketplace,  
powered by the teamplay Digital Health Platform.

Currently, prototyping for image reconstruction  
algorithms is usually done offline, which means that the 
raw data has to be transferred from the scanner to a  
workstation, where they are finally reconstructed using  
a prototype developed e.g. in MATLAB or Python. These  
reconstructions then have to be converted to DICOM again  
if a clinician wants to evaluate them for a clinical study. 
Deep Resolve is planned to facilitate clinical transition for 
image reconstruction prototypes by enabling online recon-
struction, directly at the scanner. The open innovation pro-
tocol is designed to support open community standards, 
such as the ISMRM raw data format and Gadgetron (Fig. 5).

5   With an open innovation protocol, Deep Resolve is planned to facilitate translational research by enabling researchers to run their image 
reconstruction prototypes directly on the scanner.

MR Scanner

MR Host

ISMRM Protocol

MaRS

ISMRM Protocol

MATLAB  
Python 
Gadgetron  
BART 
Yarra 
etc.

ICE Functor

ICE Functor

OR Emitter

ICE Functor

OR Injector

Image Send

1  The product is still under development and not commercially available yet.  
Its future availability cannot be ensured.
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Conclusion
Deep Resolve Gain and Deep Resolve Sharp introduce  
targeted, iterative denoising and deep learning reconstruc-
tion into clinical imaging. These technologies enable us to  
reduce acquisition times and improve image quality simul-
taneously. The unique inclusion of individual noise maps  
in an iterative reconstruction process enables intelligent, 
targeted denoising and Deep Resolve Sharp leverages the 
potential of deep learning reconstruction to achieve image 
resolutions beyond what is possible with conventional  
reconstruction methods. All this is done while including 
the acquired raw data along the entire reconstruction  
process, therefore ensuring robust and consistent results. 

The potential of deep learning image reconstruction  
is immense, and current research is indicating a multitude 
of fascinating applications to come. Collaboration is key  
in MRI, so let us join our efforts in driving this exciting  
technology forward! 
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Introduction
For end stage hip disease, total hip arthroplasty (THA)  
has become an attractive management option for many 
patients [1, 2]. While THA offers excellent pain relief and 
helps a majority of patients to regain some portion of day 
to day mobility, it is not without complications. About 40% 
of patients who undergo THA report groin and thigh pain 
[3, 4]. Despite the development in implant design, fixation 
approaches, and bearing materials, most prostheses  
eventually fail [5]. Given this, there is an increasing  
demand for more accurate diagnosis and visualization  
prior to hip revision. 

Recently, magnetic resonance imaging (MRI) has  
become the imaging modality of choice for most clinicians 
to image potential THA-related complications1 [6, 7]. In 
one imaging session, MRI can provide useful information 
about periprosthetic fractures, and osteolysis, postopera-
tive hematoma, disruption of the pseudocapsule, synovitis 
caused by polyethylene wear and adverse local tissue  
reactions, periprosthetic masses, bursitis, tendinopathy, 
and neurovascular compromise [8]. However, MRI near 
metal comes with a well-known challenge, the susceptibil-
ity induced blooming artifact. This artifact hinders image 
quality and consequently diagnostic accuracy.

Magnetic susceptibility refers to the extent by which  
a substance is magnetised when exposed to the magnetic 
field. Different substances exhibit various degrees of  
magnetic susceptibility when exposed to a static magnetic 
field [9, 10]. Metallic objects have higher magnetic suscep-
tibility than biological tissues. This induces severe spin  
dephasing (incoherence) around metallic implants and 
causes signal drop out and a form of image distortion [11].

In practice, using high bandwidth (BW), thinner slices, 
smaller field of view, finer matrix and imaging at lower 

magnetic fields are all helpful protocol adaptions to reduce 
the metal-induced artifact. However, these changes to the 
MR sequence lead to reduced signal to noise ratio (SNR) 
and often increased specific absorption rate (SAR). There-
fore, practitioners tend to scan for longer times to mitigate 
the adverse effects associated with reducing the metal- 
induced artifact. 

syngo WARP is a Siemens Healthineers solution that of-
fers techniques to reduce susceptibility-related distortions.  
syngo WARP comprises 
• Turbo Spin Echo (TSE) sequence optimized for  

imaging in the presence of metal implants 
• “View Angle Tilting” or VAT and 
• “Slice Encoding for Metal Artifact Correction”  

or SEMAC2. 
When VAT is added to a turbo spin echo pulse sequence,  
an additional gradient is applied in the data readout step  
to correct the in-plane distortion. However, only correcting 
for the in-plane distortion is not enough. Hence, the  
SEMAC option has been introduced. SEMAC offers through-
plane distortion correction, similar to 3D imaging, where 
additional phase-encoding steps are added in the third  
dimension. This provides information on how the slice  
profile is distorted, which is used later to correct the  
distortion during the image reconstruction stage.  
Therefore, the more additional phase-encoding steps,  
the richer the slice profile, which enhances the distortion 
correction process. However, while adding additional 
phase-encoding steps helps in improving the image  
quality, it requires longer scanning time and additional 
postprocessing [12, 13].

What is promising is that one can use VAT and  
SEMAC simultaneously. That is, concurrently correcting  

1 The MRI restrictions (if any) of the metal implant must be considered prior to patient undergoing MRI exam. MR imaging of patients with metallic implants brings 
specific risks. However, certain implants are approved by the governing regulatory bodies to be MR conditionally safe. For such implants, the previously mentioned 
warning may not be applicable. Please contact the implant manufacturer for the specific conditional information. The conditions for MR safety are the responsibility  
of the implant manufacturer, not of Siemens Healthineers.

2SEMAC is part of the Advanced WARP package
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for in-plane and through-plane metal-induced distortions. 
However, unlike VAT, SEMAC impacts the scan time  
dramatically, making the addition of SEMAC to every  
sequence impractical in clinical settings. However,  
publications have shown a clear diagnostic benefit of  
SEMAC protocols for hip and knee joint replacements  
[14–16]. As a solution to this problem, we present our  
experience with a “Compressed Sensing” technique for 
metal hip imaging and its added benefit in improving  
image quality and reducing scan times. 

Although it is beyond the scope of this work to  
discuss the technical aspects of the Compressed Sensing 
(CS) technique, briefly CS refers to the ability to reconstruct 
the image-forming signals with fewer measurements  
(or samples) than what was classically thought necessary. 
Therefore, Compressed Sensing is a method to accelerate 
the MRI procedure by collecting less data (i.e., undersam-
pling k-space) while maintaining image quality [17, 18].

Methods
43 patients with total hip arthroplasty (THA) were  
scanned on a 48-channel 1.5T MAGNETOM Aera system 
(Siemens Healthcare, Erlangen, Germany). In addition to 
their clinical imaging protocol (which includes “VAT only”  
WARP), we acquired additional SEMAC and Compressed 
Sensing-SEMAC (CS-SEMAC)3 sequences. The latter being  
a prototype provided by Siemens Healthineers. All imaging 
was performed using the 18-channel body coil. Table 1 
shows the imaging parameters of these three implemented 
sequences.

Aim
Combining VAT and SEMAC to achieve both in-plane  
and through-plane distortion correction is an attractive  
option; however, adopting such an approach is limited  
due to the long scan times. Leveraging Compressed  
Sensing (CS), we aim to explore whether CS-SEMAC3 can 
offer improved image quality at reasonable imaging times.

3 Work in progress: the application is currently under development and is not for 
sale in the U.S. and in other countries. Its future availability cannot be ensured.

Sequence VAT only  
(default protocol)

VAT+SEMAC  
(12 PES)

VAT+CS-SEMAC  
(12 PES)

VAT+CS-SEMAC  
(20 PES)

Imaging plane Coronal oblique Coronal oblique Coronal oblique Coronal oblique

Image weight Proton density Proton density Proton density Proton density

Repetition time 2800 ms 2640 ms 3880 ms 3880 ms

Echo time 38 ms 32 ms 32 ms 32 ms

Field of view 240 mm 240 mm 240 mm 240 mm

Slice thickness 3.5 mm 3.5 mm 3.5 mm 3.5 mm

Matrix 320×256 320×256 320×256 320×256

Bandwidth 600 Hz 650 Hz 650 Hz 650 Hz

Flip angle 140 150 135 135

Averages 4 1 1 1

Turbo factor 15 14 21 21

GRAPPA 2 2 Off Off

Compressed Sensing Off Off On On

VAT 50% 100% 100% 100%

SEMAC additional  
phase-encoding steps (PES) Off 12 12 20

Echo spacing 7.56 ms 8.06 ms 8.06 ms 8.06 ms

Bandwidth 600 Hz/Px 650 Hz/Px 650 Hz/Px 650 Hz/Px

Scan time (minutes) 03:20 06:50 02:50 04:25

Table 1:   Imaging parameters  
VAT = View Angle Tilting; SEMAC = Slice Encoding for Metal Artifact Correction;  
PES = Phase-encoding steps; GRAPPA = GeneRalized Autocalibrating Partially Parallel Acquisitions
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1C

1   A 61-year-old female with right total hip arthroplasty (THA). The implant-associated artifact is relatively benign (i.e., relatively subtle 
susceptibility artifact). However, the VAT-only image (1A) shows signal “pile up” caused by the signal aggregation (circled in orange). While 
the use of the SEMAC sequence (1B) was helpful in reducing the “pile up” artifact significantly, the imaging time was unacceptably long in a  
busy clinical setting. The application of Compressed Sensing (1C) resulted in reduced artifact, excellent image quality, and shorter scan time.

Sequence Cor PD VAT-only (product) Cor PD VAT+SEMAC (product) Cor PD VAT+CS-WARP (WIP)

Quality
Image quality degraded  
by pile-up artifact (circled  
in orange).

Artifact reduced. Artifact markedly reduced.

Time 03:20 min 06:50 min 02:50 min

Overall 
rating

Still suffers an artifact. Good artifact reduction, but infeasibly long. Reduced artifact and short scan time.

Findings and discussion
VAT-only versus SEMAC:

1A 1B

2   40-year-old female with right total hip arthroplasty (THA). The patient was referred to MRI with right hip pain. The VAT-only image (2A)  
shows a minimal amount of metal-induced artifact in relation to the case in Figure 1. Image (2B), took nearly 7 minutes to acquire. Unfortu-
nately the patient moved during this long scan, resulting in motion-degraded images. The Compressed Sensing VAT+SEMAC scan (2C) took 
just 02:50 minutes to collect and was better tolerated by the patient. This case shows the advantage of using Compressed Sensing in 
accelerating the scan while maintaining and improving image quality. This is especially important in cases where patients are uncomfortable 
and cannot remain still. 

Sequence Cor PD VAT-only (product) Cor PD VAT+SEMAC (product) Cor PD VAT+CS-WARP (WIP)

Quality Image quality degraded by 
susceptibility artifact.

Susceptibility artifact with image blurring 
(due to patient movement).

Mild susceptibility artifact, without patient 
movement.

Time 03:20 min 06:50 min 02:50 min

Overall 
rating

Still suffers an artifact. Patient was in pain and moved during this 
long scan. We decided not to repeat this 
scan.

Relative to the VAT-only scan, not only did 
we achieve better artifact reduction, but we 
saved 4 minutes by avoiding repeating the 
long VAT+SEMAC blurry scan.

SEMAC “with motion” versus CS-SEMAC:

2A 2B 2C
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SEMAC versus CS-SEMAC:

3   59-year-old male with right cementless metal-on-metal total hip arthroplasty (THA). The patient enjoyed 8 years of excellent functional 
outcome after the THA. He was referred to MRI with right groin pain and clunking sensation. The implant-associated artifact is severe. Using 
the pubic bone as a reference (orange arrow), on the VAT-only image (3A), it is difficult to visualize the pubic bone due to the artifact impact 
on the image. On the VAT+SEMAC image (3B), despite the long scan time, only a slight improvement has taken place and the bone detail 
suffers significant distortion. Implementing CS-SEMAC with 12 phase-encoding steps (3C), the bone morphology normalises. Finally, using 
the CS-SEMAC sequence, we increased phase-encoding steps from 12 to 20 (3D); this resulted in a marked improvement in visualisation of  
the anatomy. When we compared CS-SEMAC-12 to CS-SEMAC-20 images, we achieved 70% morphology recovery (1.05 cm to 1.50 cm). In  
our opinion, the gain in image quality afforded by the CS-SEMAC-20 sequence outweighs the additional scan time (02:50 min to 04:25 min).

Sequence Cor PD VAT-only 
(product)

Cor PD VAT+SEMAC (product) Cor PD VAT+CS-WARP-12 (WIP) Cor PD VAT+CS-WARP -20 (WIP)

Quality
Severe susceptibil-
ity artifact.

Susceptibility artifact reduced. Susceptibility artifact reduced, 
with recovery of pubic bone 
detail.

Susceptibility artifact reduced, 
with excellent pubic bone 
recovery.

Time 03:20 min 06:50 min 02:50 min 04:25 min

Overall 
rating

Still suffers  
an artifact.

Despite the artifact reduction,  
it is still infeasibly long.

Reduced artifact and short  
scan time.

The gain in near-metal visibility 
outweighs the 1.75 min extra 
time added, in our opinion.

3A 3B 3C 3D1.05 cm 1.50 cm

SEMAC versus CS-SEMAC:

4   67-year-old female with right total hip arthroplasty (THA). The patient had two dislocations and was referred to MRI to rule out abductor 
dysfunction. While both the VAT-only and VAT+SEMAC scans (4B & 4C) were degraded by geometric distortion and susceptibility artifact,  
the Compressed Sensing scans (4D & 4E) demonstrated a great ability to reduce these artifacts. This resulted in marked improvement in 
periprosthetic image quality, with mild residual inherent artifact. In the CS-SEMAC scan, despite the increase in the scan time after increasing 
the number of phase encoding steps from 12 to 20, the gain in the image quality was clinically significant. 

Sequence Hip 
Radiograph

Cor PD VAT-only (product) Cor PD SEMAC (product) Cor PD VAT+CS-WARP -12 
(WIP)

Cor PD VAT+CS-WARP-20 
(WIP)

Quality

The greater 
trochanter 
measures 
1.34 cm.

Severe distortion of  
the greater trochanter 
(orange square).

Susceptibility artifact 
reduced, but the image 
still suffers an artificial 
bone distortion similar  
to the image in 4B.

Greater trochanter image 
quality improved, it 
measured 0.86 cm.

Further image quality 
improvement, with  
reduced artifact. The 
greater trochanter 
measured 0.97 cm.

Time 03:20 min 06:50 min 02:50 min 04:25 min

Overall 
rating

Still suffers an artifact 
with misleading greater 
trochanter measurement 
– induced by the artifact.

Still suffers an artifact 
with misleading greater 
trochanter measurement 
– induced by the artifact.

The addition of CS-SEMAC 
allowed for better artifact 
reduction and more 
realistic structural 
measurement around  
the implant.

Artifact reduction is shown 
to be directly associated 
with the number of phase 
encoding steps in the 
Compressed Sensing 
technique.

4A 4B 4C 4D

1.34 cm

4E

0.97 cm
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Conclusion
Imaging near metals is largely “implant” dependant – some 
implants induce significantly detrimental artifacts while 
others result in relatively minor distortion. The recent  
improvement in imaging techniques such as VAT and  
SEMAC allowed imaging professionals to correct for both 
in-plane and through-plane metal-induced artifacts, with  
a corresponding improvement in diagnostic accuracy.  
However, acquiring images with VAT and SEMAC combined 
prolongs the imaging time, which is impractical in many 
clinical settings. 

In this work, we demonstrated the utility of  
Compressed Sensing (CS) SEMAC technique not only  
in reducing the scan time, but also in improving image  
quality. Artifact severity was inversely associated with  
the number of the phase-encoding steps performed in  
the Compressed Sensing approach – that is, increasing 
phase encoding steps reduced artifact severity, but at  
the expense of increased scan time. 

The only challenge we have experienced during our 
usage of the CS WIP package was the image reconstruction 
time. While data acquisition is remarkably short, it took a 
few minutes for the images to reconstruct (on our scanner 
at least). The reconstruction time is proportional to the 
number of phase-encoding steps. This has changed com-
pletely with the product implementation, where optimized 
algorithms are exploiting the power of a reconstruction 
system specifically designed for CS calculations. In con- 
clusion, we are impressed with the image quality and scan 
times achievable with the CS-SEMAC technique.
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