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Life at the edge –  
exploring the limits of our “fields”

The most wonderful thing about magnetic resonance  
imaging is its remarkable ability to reinvent itself. What  
we can do to explore and exploit the natural laws of  
physics, learn about the biology of tissues, and apply  
that knowledge to help better understand disease in  
our patients has been constantly shifting and expanding  
over the last 50 years of MRI’s existence. At nearly every 
conference we hear of new forms of image contrast to 
map, new quantitative measurements to make, new biol
ogy or clinical disorders we can now see that we couldn’t 
before. Anatomy invisible before becomes visible, measure 
of tissue function expand from one organ to the next, 
and on its own and fused in real time with PET, imaging  
of molecular pathways moves from bench to bedside.  
This is why we love MR – it’s always new.

Today of course is no exception. In just a few short 
years the use of artificial intelligence has provided an 
amazing boost in image clarity and resolution, and tech-
nologies like dense array coils combine now with novel  
image acquisition schemes to shorten our imaging times 
from tens of minutes to sometimes just seconds, with  
comprehensive multicontrast examinations in a few short 

minutes (watch out CT!). And interestingly, these advances 
are now not only pushing the envelope on workflow, but 
they are also allowing us to revisit some of the means we 
once performed MRI in new and compelling ways – image 
quality that rivals “standard” 1.5T examinations are no  
longer limited to the complexity and footprint (and cost) of 
these larger magnets – this is expanding greatly our ability 
to provide access to patients in more and more settings, 
and setting new goals as we push for value-based care.

But with all of that said, there is another facet of MRI 
that has remained constant. The fundamentals of the  
physics of MRI tell us there is more signal to be seen as 
magnetic field strengths increase, and more ability to  
encode spatial properties both at the macroscopic scale of 
our images and at the microscopic scale of cells and tissues 
when our other “magnet”, the magnet field gradients,  
increase their power and speed. These “constants” in MR 
physics have in turn pushed MR engineers to keep a steady 
focus on increasing our fields, both static B0 magnet and 
gradients Gxyz, to exploit the power that these higher and 
faster fields have, to map the underlying pathophysiology 
of our patients in both research and clinical settings. 
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Looked at over the five decades of MRI, the progress might 
appear slow but steady. Looked at more closely though and 
we can see that progress in these domains has been made 
in a more “stepwise” fashion – some of us are old enough 
to remember when the step to imaging at 1.5 Tesla was  
a remarkable engineering feat, and quickly brought MRI 
from its infancy into something that would look familiar  
to radiologists today. Gradient technology advances have 
followed a similar path – the first human diffusion images 
in stroke were acquired with 5 mT/m gradients and slew 
rates well below what was needed for single shot imaging 
(at 0.6T to boot!), it was the major advance in gradient  
systems now capable of echo planar imaging that brought 
diffusion imaging quickly into our routine clinical practices. 

Today, we are lucky to be facing another of these  
important steps. Imaging magnets at 7 Telsa more than 
doubled the field strength of what was once “high field” 
MRI – though explored in research laboratories for several 
years, ultra-high field (UHF) 7 Tesla MR systems are now 
entering mainstream clinical practice. At the same time, 
through investments targeting how our human brains are 
wired, including the NIH Human Connectome Project and 
other major research initiatives, “Connectom” class gradi-
ent performance seen in laboratories is now poised to also 
move into the clinic. As with past leaps forward, we can 
predict that these new engineering capabilities will lead  
to wholly new ways to understand how our bodies work, 
and to detect and characterize what goes wrong in disease. 
But what can we anticipate these remarkable new  
machines will provide to our research community, and  
to clinical practice? Read on!

Our B₀ magnet – sometimes bigger really  
is better
High signal-to-noise-ratio (SNR) and increased spectral  
resolution at ultra-high field promise submillimeter  
anatomical resolution and new insights into human tissue 
function and metabolism. This information could be of  
key importance for diagnosis, prognosis, and treatment  
response monitoring in a wide spectrum of diseases.  

As conventional neuroimaging techniques at typical clinical 
field strengths (≤ 3 Tesla) don’t always provide sufficient 
metabolic and functional information, or adequate SNR  
to robustly measure these in individual patients, the advent 
of UHF MRI paves the way for many different imaging 
technologies that can provide additional insights into brain 
physiology and pathophysiological processes.

Generally, there is a fast-growing body of evidence 
that UHF MRI has the potential to improve depiction of  
anatomical substructures and therefore diagnostic confi-
dence. Conventional high-resolution proton imaging is still 
the mainstay of clinical imaging at 7T. As one important 
example, multiple studies have provided evidence for an 
added clinical value of 7T MRI in the diagnostic work-up of 
patients with epilepsy. High-resolution anatomical imaging 
at 7 Tesla aids the identification of potential epileptogenic 
lesions, such as focal cortical dysplasias. A recent consen-
sus report from the “7T Epilepsy Task Force” reported  
experience from 21 7T MRI centers including scans of  
over 2,000 patients together with recommendations  
for appropriate clinical indications, patient selection and 
preparation, acquisition protocols and setup, and technical 
challenges [1]. 

In many diseases, such as cancer, neurodegeneration, 
and neuroinflammation, morphologic changes often occur 
only at an advanced stage of illness. For instance in pa-
tients with brain tumors, current diagnostic approaches 
mainly detect changes associated with disease progression, 
such as blood brain barrier (BBB) disruption, necrosis,  
and edema in the case of aggressively growing tumors. 
However, tumor cells have distinct properties different 
from healthy tissue, such as altered metabolic pathways 
(e.g. Warburg effect) and increased proliferation rates. 

Until today, PET imaging techniques have successfully 
targeted these characteristics mainly using (deoxy-2-[18F] 
fluoro-D-glucose) FDG-PET with great implications for  
patient care, particularly in body imaging. In the human 
brain, however, high ground level metabolic activity limits 
the potential of FDG-PET for the detection of cancer tissue. 
In this context, the increased SNR and the higher spectral 
resolution at 7 Tesla have enabled not only ultra-high  

Nucleus Relative sensitivity [%] SNR relative to 1H [%] Ι [ℏ] γ [MHz/T] c [mol/L] of the 
isotope in-vivo

1H 100 100 1/2 42.6 79

23Na 9.25 35.0 3/2 11.3 0.041

31P 6.63 16.4 1/2 17.2 0.003*

35Cl 0.356 3.64 3/2 4.2 0.027

17O 0.0011 0.00815 5/2 -5.8 0.015

Table 1: �Overview of the most commonly used X-nuclei for MRI and their physical properties.  
Ι: spin, γ: gyromagnetic ratio, c: typical concentration of the isotope in vivo, ℏ: Planck's constant. Reproduced from [2].
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resolution anatomical imaging and improved MR spectros-
copy, but also the introduction of new metabolic MR  
imaging technologies, in particular employing X-nuclei 
technology.  

The term X-nuclei refers to all non-proton nuclei with  
a magnetic moment, such as sodium (23Na), phosphorus 
(31P), phosphorous (31P), deuterium (2H), potassium (39K), 
and the oxygen-17 isotope (17O). These nuclei are directly 
involved in many biological processes. However, the rela-
tively low sensitivity and in vivo concentration pose chal-
lenges (Table 1). 

Sodium 23Na MRI is the currently best explored X-nuclei 
due to its high natural abundance in the human body and 
its relatively high gyromagnetic ratio compared to other 
X-nuclei. Sodium plays an important role in many physio-
logical processes. Transmembrane sodium gradients  
control the transmission of action potentials, the mainte-
nance of cell homeostasis and the regulation of physical 
properties such as pH, blood volume, and blood pressure. 
Therefore, sodium MRI has a variety of potential applica-
tions in order to study physiological and pathophysiological 
processes [3].

The tissue sodium concentration (TSC) has been 
shown to be increased in brain tumor tissue compared  
to normal-appearing white and gray matter regions  
(Fig. 1), and to be associated with different histologic and 
genetic subtypes, such as the isocitrate dehydrogenase 
(IDH) mutation status [4]. 

Abnormal TSC in brain tissue has also been demon-
strated as a potential marker for neuroinflammatory  
processes, such as multiple sclerosis, and in neurodegener-

ative diseases, such as Alzheimer’s disease, amyotrophic 
lateral sclerosis (ALS), and Huntington disease [3]. Overall, 
23Na MRI is emerging as a promising tool in the field of 
neuroimaging with broad applicability.

Another nucleus that has recently gained considerable  
attention is the oxygen-17 isotope (17O). Oxygen-17 has  
a magnetic moment (spin 5/2), is non-toxic, and the only 
stable oxygen isotope that can be detected via MRI. The 
natural abundance of 17O is very low (0.038%) [5]. How
ever, the in vivo concentration of the isotope can be  
enhanced through inhalation of enriched 17O2 gas during 
an MRI scan. The oxygen isotope is detectable only when  
it is bound to water (H2

17O), which makes the approach  
a specific modality to measure the rate of oxidative  
phosphorylation at the mitochondrial membrane. Thus,  
17O MRI provides a direct window into oxygen-dependent 
tissue metabolism.

Clinical applications of 17O MRI have so far been  
performed in study participants with brain tumors.  
Decreased cerebral metabolic rates of oxygen consumption 
(CMRO2) have been reported in tumors of patients with  
gliomas (Fig. 2) [6]. This observation is in agreement with 
the theorem of Otto Warburg, who described a metabolic 
shift in cancer cells towards glucose fermentation, even in 
the presence of abundant oxygen. In addition to metabolic 
characterization of brain tumors, 17O MRI offers great  
potential for studying oxygen metabolism in patients  
with stroke, and neurodegenerative diseases such as  
Alzheimer’s or Parkinson’s disease.

To date, X-nuclei methods have predominantly been 
investigated in experimental studies. However, with  

1   �Sodium MRI at 7 Tesla in a patient with right-sided fronto-temporal glioblastoma. 
The images include a (1A) contrast-enhanced T1w MRI, (1B) T2 fluid-attenuated inversion recovery (FLAIR), (1C) sodium MRI. Three regions of 
interest have been selected on (1A, 1B) in the contrast-enhancing tumor region, the peritumoral edema, and contralateral normal appearing 
white matter. Corresponding sodium concentrations are additionally shown.
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increasing magnetic field strengths and new technical  
developments, X-nuclei imaging may play an important 
role in routine clinical practice. Also in the context of artifi-
cial intelligence (AI) enhanced diagnostics, metabolic MRI 
methods have the potential to boost the performance of AI 
approaches by adding independent information compared 
to existing MR sequences. 

The large majority of 7T MRI clinical studies have been 
performed in brain imaging, which is primarily due to the 
additional challenges, such as respiratory motion, B0/B1  
inhomogeneities, and wave effects in body imaging (at 7T, 
the wavelength in tissue is shorter than the diameter of a 
human torso). In the near future, the increasing availability 
and technical advancements of parallel transmit (pTx) 
technology will permit the exploitation of further applica-
tions in human UHF imaging throughout the body and 
MSK systems [5].

UHF MRI already plays a key role in neuroscience  
and preclinical neural research, and its role in clinical diag-
nostics is certain to increase as more systems with clinical 
approval as medical devices are installed. In the future, 
even further increases in field strength may enhance our 
capabilities in clinical research and will certainly lead to  
significant advances in these imaging modalities.

Gradients – not just for making  
pictures anymore
The gradient system is a key component of the MRI  
machine, being responsible for the spatial encoding in  
image generation and integral to controlling a range of 
physiological imaging contrasts, most notably diffusion-
weighted MRI. The design and performance of the gradient 
system has substantial influence on the overall quality of 
the acquired images and has been the focus of intense  
engineering efforts over the last three decades in the quest 
for better image quality and ever-faster imaging speed. 

Gradient performance is parameterized by the maxi-
mum gradient amplitude, which is measured in mT/m,  
and the slew rate, which describes how fast a gradient can 
attain a desired amplitude within a given amount of time 
and is measured in T/m/s. Since the inception of MRI, gradi-
ent amplitudes and slew rates have increased by orders  
of magnitude, roughly doubling every 10 years since the 
1990’s. In parallel, the push for stronger and faster gradi-
ents has been spurred by research applications, particularly 
in the brain. Early efforts to boost gradient performance 
for diffusion spectrum imaging led to the development  
of the AC88 head gradient by Siemens with a maximum 
gradient strength of 80 mT/m at a slew rate of 400 T/m/s.  
A seminal breakthrough in whole-body gradient design 
was achieved for the Human Connectome Project (HCP), 
culminating in the installation of the first Connectom1  
MRI scanner at the MGH Martinos Center in 2011, which  
featured a whole-body gradient with a peak gradient  
performance of 300 mT/m at a slew rate of 200 T/m/s. 
More recently, we have embarked on developing the 
next-generation Connectom scanner (Connectom 2.0)1  
in partnership with Siemens Healthineers, funded in part 
by the NIH BRAIN Initiative with the goal of comprehensive 
multi-scale mapping of structure and connectivity across 
the entire living human brain.

While advances in gradient technology have improved 
our understanding of the human brain through large-scale 
research efforts like the HCP and NIH BRAIN Initiative, the 
engineering advances required to achieve such strong gra-
dient amplitudes and fast slew rates have directly informed 
and benefitted the radiological sciences and clinical  
imaging by encouraging the incorporation of stronger and  

Editorial

1 �MAGNETOM Connectom is ongoing research. All data shown are acquired using 
a non-commercial system under institutional review board permission.  
Siemens Healthcare GmbH does not intend to commercialize the system.

2   �Oxygen-17 MRI at 7 Tesla in a 63-year-old man with World Health Organization (WHO) grade IV glioblastoma. 
(2A) Axial slice on T2-weighted fast spin-echo image (0.4 × 0.4 × 0.5 mm3), (2B) T1-weighted magnetization-prepared rapid-acquisition 
gradient-echo image fused with a color-coded map of relative oxygen 17 (17O) signal change, and (2C) without fusion of anatomical imaging. 
Regions of tumor tissue show a clearly reduced metabolic activity.
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faster gradients into widely available products. The latest 
commercial scanners now feature integrated whole-body 
gradient systems with a maximum gradient amplitude  
of at least 80 mT/m, with maximum slew rates of at least  
200 T/m/s; and with the Gemini gradient system2 even  
200 mT/m3 with a slew rate of 200 T/m/s.

Where does the future lie with such powerful tech
nology, and how can we best leverage such advances to 
make a difference for our patients? Below, we highlight  
a few of the key clinical and research applications that will 
benefit most from such powerful gradients, listed in order 
of those that are closest to our current clinical practice  
to those that will advance our limits of detecting, under-
standing, and managing disease in patients across a range 
of pathologies.

Anatomical MRI: The need for speed
Stronger and faster gradients stand to benefit the work-
horse of clinical MRI – multi-contrast anatomical MRI –  
by substantially reducing image acquisition times across 
the full range of 2D and 3D imaging sequences that are 
routinely used in clinical imaging protocols. In the last  
decade, fast MRI has become mainstream in clinical prac-
tice, no longer limited to echo planar imaging, or relegated 
to specialized protocols designated for motion-prone or 
acutely ill patients. The benefits of stronger gradients for 
image encoding are straightforward. As a case in point,  
for a 3D T1-weighted MPRAGE sequence on the MGH  
Connectome1 whole-body gradient system with Gmax of  
300 mT/m and slew rate of 200 T/m/s compared to a stan-
dard whole-body gradient system with Gmax of 60 mT/m 
and slew rate of 200 T/m/s, the stronger gradients enable  
a reduction of repetition time by ~25% and reduction  
in echo time by ~50% through achieving shorter echo  
spacing, which translates into roughly ~25% reduction in 
acquisition time. Faster and stronger gradients act syner-
gistically with AI-based tools, enabling higher acceleration 
factors that result in noisier images, which can then be 
cleaned up afterward with dedicated networks trained  
to reduce noise and sharpen images.

The push for shorter scan times has also led to the  
development of more efficient k-space sampling schemes 
for 2D and 3D imaging, which also benefit from better  
gradient performance, enabling such strategies to make it 
into the mainstream and introducing a range of novel fast 
imaging techniques to the clinic. Spiral k-space encoding 
makes efficient use of the gradient system hardware and 
has been used to achieve ultrashort echo times for real-
time and rapid imaging applications. As another example, 
wave-controlled aliasing in parallel imaging (CAIPI) is a  

3D parallel imaging technique that is using sinusoidal  
gradients to create corkscrew-shaped k-space sampling  
trajectories in all three dimensions. Wave-CAIPI takes full 
advantage of the 3D coil sensitivity information when  
using the high-channel count receiver coils to provide high 
acceleration factors with negligible artifacts and noise  
penalty across a variety of contrasts. In general, higher  
gradient amplitudes and lower bandwidth generate more 
voxel spreading, which is beneficial for reconstructing 
cleaner images, while faster slew rates make it possible to 
fit more sinusoidal cycles per encoding period, diminishing 
the amount of artifact in the resulting images. The diag-
nostic performance of Wave-CAIPI has been shown to be 
equivalent to that of standard 3D anatomical sequences 
acquired with conventional parallel imaging across a  
variety of contrasts with reduced scan time and motion  
artifacts (Fig. 3) [8–11]. 

In short, fast MRI techniques take advantage of strong 
gradients and fast slew rates to enable more efficient, 
higher resolution anatomical images for diagnosis across  
a variety of contrasts with reduced scan time and con
comitant motion artifacts.

Diffusion MRI: From connectional anatomy to the 
microstructure revolution
The advent of stronger gradients has been a boon to  
diffusion-weighted MRI by boosting the efficiency of diffu-
sion encoding. Stronger gradients enable a given b-value 
to be achieved in less time, resulting in shorter echo times 
and less signal loss from T2 relaxation. Beyond the straight-

2�Work in progress. The system is currently under development and is not for sale 
in the U.S. and in other countries. Its future availability cannot be ensured.

3≥ 200 (±3% for design tolerances)

3A 3B

Wave T1 MPRAGE 
TA = 2:32 min

Standard T1 MPRAGE 
TA = 5:18 min

3   �Comparison of post-contrast three-dimensional T1-weighted 
magnetization prepared rapid acquisition gradient recalled echo 
(MPRAGE) images acquired with conventional parallel imaging and 
Wave-Controlled Aliasing in Parallel Imaging (CAIPI) encoding 
demonstrating a meningioma. Standard (3A) and Wave-CAIPI (3B) 
T1-weighted MPRAGE images show equivalent visualization of the 
dural-based enhancing mass along the parietal convexity. Both 
images were acquired on a 3T Siemens Healthineers MAGNETOM 
Prisma MRI scanner equipped with 80 mT/m maximum gradient 
strength and 200 T/m/s maximum slew rate. The Wave-CAIPI 
sequence was more than twice as fast as the standard sequence 
(acquisition time = 2:32 min for Wave-CAIPI compared to 5:18 min 
for the standard sequence). Reproduced from [7].
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forward SNR argument, stronger gradients enable higher 
b-values to be achieved for better resolution of microscopic 
tissue structure and exquisite delineation of crossing  
fibers (Fig. 4). The increased signal-to-noise ratio can be  
deployed to increase the spatial resolution of diffusion MRI, 
enabling sub-millimeter voxel size, which benefits applica-
tions such as diffusion tractography in the deep brain, 
where white matter tracts coursing through the deep gray 
nuclei and brainstem are packed together tightly, making  
it very difficult to resolve such structures for important 
therapeutic applications such as deep brain stimulation 
and focused ultrasound targeting.

The availability of dedicated high-performance gradi-
ent coils with large maximum gradient amplitudes also  
enables new classes of diffusion MRI measurements to  
be performed and provides a more sensitive probe of gray 
and white matter microstructure in various neurological 
diseases. High gradient amplitudes benefit the estimation 
of tissue microstructural properties such as cellular size  
and density, axon diameter mapping, and the dimensions 
of the extracellular space, which opens the door to improv-
ing pathological specificity with the level of detail typically 
relegated to the realm of invasive tissue biopsies and  

histological analysis, without the constraints of sampling 
bias or the risks associated with invasive procedures. 

The advent of strong gradients for diffusion micro-
structural imaging may enable MRI to realize its true  
promise as a noninvasive imaging modality – monitoring 
disease activity and pathologic tissue change at the micro-
scopic level in real-time, without the risk of radiation or the 
inherent risks of invasive sampling. The possibility of map-
ping tissue-level changes with a high degree of specificity 
might offer indicators of disease progression in a wide 
range of pathologic processes, such as increased cellular 
density within the tumor treatment bed, axonal loss and 
disability progression in multiple sclerosis, or impaired  
CSF clearance in neurodegenerative disorders such as  
Alzheimer’s disease. Strong gradients will broaden our  
access as radiologists to a range of tissue-level parameters 
that are histologically and pathophysiologically relevant,  
offering new information to prompt a change in treatment 
course or management at an earlier disease stage, when 
such changes stand to make the biggest difference.

The greater availability of strong gradients for diffusion 
MRI will also enable the translation of novel diffusion-
encoding paradigms to probe brain tissue microstructure  

4   �Benefits of strong gradients for diffusion MRI. (4A) In vivo axon diameter index maps enabled by high b-values using Gmax~200-300 mT/m. 
Average axon diameter across 20 healthy subjects [12]. Blue arrowheads point to the corticospinal tracts, which show larger axonal diameter 
than the surrounding white matter. (4B) Fractional anisotropy (FA) maps of internal capsule at different spatial resolutions down to sub-milli-
meter 0.76 mm3 spatial resolution [13]. Reproduced from [14].

4A

4B

1.5 mm isotropic 1.25 mm isotropic 1 mm isotropic 0.76 mm isotropic

Axon diameter index (20 subjects average)

7 μm

3 μm

DTI primary direction encoded FA
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in patients, including oscillating-gradient waveforms, 
double-diffusion encoding, and q-space trajectory imaging. 
As a case in point, a recent study combined isotropic diffu-
sion encoding with strong diffusion gradients to achieve 
high diffusion-weighting in highly restricted, spherical 
compartments in the cerebellar gray matter while  
suppressing signal arising from anisotropic water within 
axons. By gaining greater specificity to cellular signatures 
in the cerebellum, such spherical tensor encoding per-
formed with high gradient strengths may enable the earlier 
identification of cerebellar gray matter loss in patients with  
hereditary ataxias such as spinocerebellar ataxia type 2, 
which selectively affects the granule and Purkinje cells.  
The ability to probe microscopic diffusion anisotropy in 
brain tumors using q-space trajectory imaging may enable 
the differentiation of relatively indolent tumors such as 
meningiomas from high-grade glial tumors based on their 
cellular morphology and composition.

The results of these and many other clinical research 
studies demonstrate the potential of high-gradient  
diffusion MRI to uncover changes in axonal and cellular  
microstructure and motivate the continued development, 
application, and dissemination of high-gradient technology 
for use in commercially available human MRI scanners.  
Just as advances in fiber technology, starting from under-
sea cables to fiber optics and then the wireless revolution 
dramatically increased the accessibility and ease of  
communication, we believe that advances in gradient  
technology will increase the speed, availability, and clarity 
of imaging, while enabling the closer marriage between 
scientific discovery and clinical science to the benefit of  
patient care. Moving Connectome-like gradient strengths 
out of a few dedicated research facilities into the hands  
of radiologists and imaging scientists around the world 
promises to open up a whole new generation of clinical  
applications and discovery. 

Conclusion
It is clear that in addition to the remarkable applications of 
the computational tools of AI and machine learning which 
we hear so much about today, the fundamentals of MR 
physics will continue to drive the benefits of, indeed the 
necessity for, further advances in the foundational compo-
nents of our MRI systems: the primary magnetic fields 
which control and manipulate our MR signals, B0, and  
gradients. We are fortunate to be witnessing yet another 
key step forward in these technologies with the arrival  
of 7T systems for clinical and broad translational research  

use, and “Connectom” class gradients for widespread  
applications outside select laboratories. As it has for four 
decades now, MRI continues to excite our imaginations  
for a boundless future.
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As we collectively resume our daily life in the post- 
pandemic ‘new normal’ and reflect on the varying trials and 
tribulations brought on by the COVID-19 pandemic, some 
have argued that what we lived through in the past  
two years was a ‘syndemic’ – the aggregation of the acute  
infectious SARS-CoV-2 and chronic noncommunicable  
diseases (NCDs), with their interaction increasing disease 
susceptibility and worsening health outcomes [1, 2]. In  
all likelihood, the poor management of the growing preva-
lence of NCDs, due primarily to a fragmented global public 
health policy, created the perfect storm for a COVID-19  
syndemic [1]. Nonetheless, as the number of COVID-19 
cases worldwide continue to trend downwards, the grow-
ing burden of NCDs, especially in low resourced areas,  
remains a threat to post-pandemic recovery and to the  
sustainability of health systems worldwide [3].

The pandemic highlighted the need for “medicine 
without borders”, including development of accurate and 
easily implementable diagnostic tools. Here, we focus on 
high value diagnostic imaging, particularly CT and MRI  
services, as the global demand has risen over the past two 
decades as the technological innovations of these services 
become rapidly adopted as standard of care to manage the 
growing burden of NCDs. Thirteen of the twenty leading 
causes of deaths worldwide are NCDs, with cardiovascular 
diseases, cancers, respiratory diseases, and dementia lead-

ing the way (Fig. 1) [4, 5]. A staggering majority (70–80%) 
of these deaths occur in low-to-middle income countries 
(LMICs) [4]. Even in Sub-Saharan Africa, premature  
mortality from NCDs is on track to outpace the combined 
deaths from communicable, maternal, neonatal, and  
nutritional diseases by 2030 [4]. Not surprising, deaths 
from heart disease and cancer in 2019 (the latest global 
numbers available) were far greater than the total  
number of deaths attributed to COVID-19 from January 
2020 to September 2022 (Fig. 1) [6].

What’s even more surprising is that Africa seems to 
have fared relatively well with the COVID-19 pandemic,  
or syndemic, with a fewer number of COVID-19 cases and 
deaths compared to other regions of the world [6, 7],  
despite having the lowest vaccination rate in the world [7]. 
This is quite remarkable given early predictions of worse 
outcomes considering Africa’s notoriously weak healthcare 
systems and its perennial lack of health infrastructure and 
skilled workforce [8–10]. Although the jury is still out  
as to why Africa seemingly weathered the COVID-19 storm, 
wave after wave, there is a general understanding that  
the region’s level of preparedness from lessons of decades 
of battling epidemic infectious diseases may have  
conferred the Power of Experience to manage COVID-19 
relatively well [7–12]. 

Are there lessons from Africa’s COVID-19 experience 
that can be gleaned to inform pragmatic strategies that 
will strengthen diagnostic imaging services to address 
global threats from NCDs? Given that 80% of the world’s 
population who largely resides in low-resourced areas is 
the most vulnerable but do not have access to adequate 
diagnostic imaging and must contend with poorly main-
tained equipment sporadically centralized in major cities  
in centers that are understaffed and lack skilled personnel, 
it is crucial that any wins in one health sector in LMICs  
is unweariedly and efficiently adapted to other sectors.

Nigeria’s experience with Ebola 
shows us how having trained  
experts in place can make  
the difference when confronting 
unexpected health threats. 
The U.S. Centers for Disease Control and Prevention (CDC), 2016
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COVID-19 lessons from Africa:  
Think Omicron! 
Precisely one year before COVID-19 took the world by 
storm, Nature ran a news feature on February 20, 2019, 
with the following headline, “This Nigerian doctor might 
just prevent the next deadly pandemic” [13]. The author, 
Amy Maxmen, was writing about Dr. Chikwe Ihekweazu, 
the first Director General of Nigeria Centre for Disease  
Control (NCDC), who completed his medical training at  
the University of Nigeria in Nsukka, Nigeria, prior to re- 
ceiving his Master’s in Public Health from Heinrich Heine  
University of Düsseldorf, Germany, and subsequent stints 
as a Medical Epidemiologists in Germany and the UK. The  
article described the ‘step change’ in Nigeria’s pandemic 
preparedness with the arrival of Dr Ihekweazu as head  
of the fledging NCDC in 2016, during the 2014–16 Ebola 
crisis [13]. Armed with a measly $4 million budget in 2018 
(0.036% of the US CDC’s annual budget in the same year) 
and lessons from several epidemics (2016 Polio, 2016–17 
Meningitis, 2018 Yellow fever, Lassa fever and Cholera),  
as well as a healthy political will from the Nigerian  
Government to support the NCDC and their leadership,  
Dr Ihekweazu did what Africans generally do – do much 
with little. The good doctor at the outset made “careful 
choices” [13] with his scarce resources and created a power 
of experience in COVID-19 management by:

I.	� Forming “real partnerships not a master-servant  
relationship” with US CDC [14] and other international 
public health institutions [15] to train epidemiologists 
and biologists in place at the NCDC and use his sheer 
dedication to attract Nigerians abroad to join the  
NCDC – “an experiment in brain gain” [13].

II.	� Building a regional network of molecular labs with the 
capacity to monitor pathogens and surveillance offices 
in each state in Nigeria linked to the national NCDC 
headquarter in the nation’s capital, Abuja to prevent 
and respond to infectious disease outbreaks in a coor-
dinated manner.

III.	� Strategically equipping regional labs with infrastruc-
ture for high quality diagnostics capacity including 
Polymerase Chain Reaction (PCR) machines, rapid  
antibody sensitivity diagnostic systems, and genomic 
sequencing and immunological testing systems.

When COVID-19 hit Nigeria in March of 2020, the NCDC 
had 6 molecular labs judiciously distributed across the 
country with capacity for PCR COVID-19 testing and other  
6 in the process of being completed [16]. By May 2020,  
the test capacity had jumped to 23 labs across the country 
and, within 10 months, in January 2021, all 36 states  
in the country had molecular labs equipped with skilled 

1  � 2019 worldwide number of deaths by cause [5].
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2  � Strategically equipping regional labs with infrastructure for high quality diagnostics capacity.

personnel, infrastructure for COVID-19 testing, and  
linkage to rapid viral genome sequencing centers (Fig. 2). 
These resources were rapidly deployed to detect and  
track the emerging COVID-19 threat [16]. 

While Dr Ihekweazu and his team at NCDC were  
preparing Nigeria to address COVID-19, the Africa Center 
for Disease Control and Prevention (Africa CDC), formed  
in 2017, following the Ebola crisis, leaped into action  
in February 2020, days after the 1st case of COVID-19 was 
reported in Egypt [7], to form a Joint Continental Strategy 
with national public health institutions across the region. 
This continent-wide collaboration, still in place, provided 
the coordinated platform to share resources, work together 
in a pan-regional network, and communicate efforts, in-
cluding implementation of lockdowns and restrictions [5]. 
More importantly, this continent-wide network, supported 
by scaled-up local capacity in surveillance and genomics, 
resulted in rapid discovery of several COVID-19 variants 
across Africa, including the now infamous Omicron variant, 
sampled in Botswana, and sequenced by the Network for 
Genomic Surveillance in South Africa [7, 17]. 

Now, imagine if Africa had the standard global support – 
the mismatched donated low-cost and low-resolution health 
technology, in this case, rapid kits or PCR with limited and 
isolated capacity for viral genome sequencing – if that  
were the case, the world would not have benefited from 
the African discovery of Omicron. Generally speaking,  
if low-resourced settings around the world were not  
empowered to develop and sustain their own local public 
health systems, the COVID-19 pandemic/syndemic may 
have had a more dire outlook. Therefore, we must lose  
no time to adopt this winning strategy to other healthcare 
sectors in LMICs.

Closing global gaps in diagnostic imaging
What Africa got right [7] with COVID-19 and a global lesson 
with clear relevance to diagnostic imaging is the need to 
work together as a global community to create the power 
of experience, the rich local expertise and capacity  
that will enable each country and each region to meet  
their pertinent and unique health care challenges.
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3  � Drivers of limited access to MRI in Africa. Figure adapted from [19].

The question then is: How do we, as a global imaging com-
munity, work with those from the least-resourced areas  
to close longstanding inequities and enable our colleagues 
in Africa to address their overlapping complex imaging  
barriers (Fig. 3) so that the region’s poor are provided with 
adequate access to clinically valuable diagnostic imaging?

In October 2019, we set out to do just that. We formed 
the Consortium for Advancement of MRI Education and  
Research in Africa (CAMERA), as a working group of  
the European Society of Magnetic Resonance in Medicine 
and Biology (ESMRMB), to address challenges to MRI  
access in Africa by strengthening local capacity for clinical 
use of MRI and expediting research translation of local  
MRI innovations. Since then, we have grown to become  
a global network of MRI experts from all disciplines  
(radiology, radiography, physics, biomedical engineering) 
and emerging fields (computational imaging and artificial 
intelligence) with a clear vision [18] and strategy, gleaning 
from Africa’s COVID-19 lessons, to create the unbroken 
chain of resources and expertise in MRI across Africa [19].  
In 2020 and 2021, we leveraged the general slowdown  
in radiology services during the COVID-19 lockdowns to 
conduct a Needs Assessment Study (NAS) to identify MRI 

capacity gaps and understand the general landscape  
of MRI in the region [19]. Our NAS captured needs as well 
as opportunities along four central priorities: 

1)	 availability and access, 
2)	 personnel training and education, 
3)	 research translation, and 
4)	 sustainable technology [19].

Based on the NAS findings, we formulated a framework 
(Fig. 4) to address these four priorities and the intricate 
barriers that accompany them (Fig. 3) [19]. 

We discovered that overall, the percentage of high 
field 1.5T MRI in Sub-Saharan Africa is growing and  
predominantly installed and operated at private clinics 
[19]. Furthermore, these scanners are severely (92%)  
underutilized, scanning less than 15 patients per day,  
per scanner, a far cry from the potential capacity of MRI, 
especially for clinics that service relatively large geographi-
cal areas [19]. Our study found that one of the major  
contributors to the under-utilization of MRI in the region  
is the perpetual and persistent lack of trained expertise  
to scan (radiographers), interpret (radiologists), develop, 

A. Infrastructure

Equipment Personnel

Building / Facility Research & Knowledge Translation

Maintenance Funding

•	Expensive scanners
•	Expensive setup cost
•	Obsolete scanners
•	Limited direct relationship with vendors

•	Brain Drain
•	Few technical experts
•	Lack of subspecialisation
•	Limited training exposure

•	Reliance on diesel-powered generators
•	Poor broadband internet connectivity
•	Limited digital archiving (PACS/RIS) system

•	Low opportunities for research collaboration
•	Low opportunities for research dissemination
•	Lack of general research training

•	Paucity of biomedical engineers
•	Expensive service contracts
•	Lack of routine quality assurance

•	Low levels of renumeration
•	Low national/regional research funding support
•	Low investment in health infrastructure

B. Institutional
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or optimize protocols, as well as process high quality  
images (physicists) and maintain (engineers) the scanners 
[19]. To address these issues, we are leveraging the  
existing MRI infrastructure in the region to develop local 
training and continuing education programs and create  
regional networking opportunities to provide our  
African colleagues with the power of experience in  
MRI diagnostics [19]. 

Training game changers and creating 
catalysts for MRI innovation in Africa
In October 2022 at the Association of Radiologists in  
Nigeria (ARIN) annual meeting, we launched the Africa 
Neuroimaging Archive (AfNiA), one of the key initiatives  
at CAMERA and funded by the Lacuna Fund [20], with the 
overarching aim of providing the power of experience in 
artificial intelligence (AI) applications in MRI diagnostics  
in low-resourced settings [21]. Specifically, AfNiA is a  
collaborative framework to enable ethical data share  
and aggregation of fragmented expertise, disciplines,  
resources, and pipelines required to effectively apply  
AI imaging solutions to transform diagnostic imaging  
care in the African setting (Fig. 5). 

We have created the AfNiA ecosystem using glioma 
MRI diagnostics as an optimal use case and catalyst  
for the design, implementation, and validation of its  
12 nodes (Fig. 5B). We chose glioma diagnostics to  
leverage the decade-long collaborative global efforts  
in glioma AI imaging applications by the computational  

imaging community through the RSNA/ACR/MICCAI Brain 
Tumor Segmentation (BraTS) challenge [22]. Although the 
BraTS challenge has provided several promising models, 
some segmenting tumors with precision comparable to 
manual expert reads [23], it is unclear if these models can 
be applied to African populations who need AI-assisted  
diagnosis the most [22]. Starting with data, we are aggre-
gating retrospective brain MRI scans from clinics across  
Africa, including clinics that do not have access to PACS  
to curate, annotate, and archive the data for public use  
in the upcoming BraTS challenge. 

Moreover, to address the lack of region-specific data 
governance provisions, policies for ethical use are  
being developed to govern access to curated data and  
ensure that AI solutions created using AfNiA will directly 
benefit the local communities who own and provide  
the data. This effort is crucial in Africa, where medical data 
is overwhelmingly provided from out-of-pocket patient  
expenses, and as such require direct benefit considerations 
[19]. Using the data governance mechanism, we will  
link local clinics to the wider imaging community and 
among themselves to enable co-creation of AI solutions  
in a global peer-to-peer collaborative network. 

Lastly, to meaningfully create a rich local experience in 
AI imaging capacity, as part of AfNiA, we have developed 
the SPARK (Sprint AI Training for African Medical Imaging 
Knowledge Translation) program as a train-the-trainer 
workshop and hackathon (Fig. 6) to rapidly establish game 
changers that will drive AI imaging innovations locally.  

4  � The CAMERA conceptual framework. Figure adapted from [19].

•	Improve MRI equipment availability and sustainability
•	Improve MRI affordability

•	Improve MRI utility
•	Expand MRI applicability

NAS

•	Improve MRI utility
•	Enhance MRI practice

•	Improve MRI sustainability
•	Improve MRI adaptability
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The SPARK training program, which is planned to run  
for the first time in Summer 2023, will use RAD-AID’s  
Teach-Try-Use [24] approach to train a multi-disciplinary 
team on data collection, AI model development, and  
clinical evaluation. The aim is to equip the trainees with 
competent skills to participate in the next 2023 BraTS  
challenge with models that have a clear chance of winning 
the challenge. 

5   �(5A) AI challenges in healthcare. (5B) The AfNiA ecosystem.

6   �Train-the-trainer concepts to meaningfully create a rich local experience in AI imaging capacity.

5A 5B

SPARK and AfNiA will operate out the Medical Artificial  
Intelligence (MAI) lab, strategically situated within  
Crestview Radiology Ltd, Lagos, Nigeria – a local clinic  
not affiliated with an academic institution, to ensure  
that AI models being developed can be swiftly and  
directly deployed to clinic (i.e., rapid model-to-clinic  
or bench-to-bedside). 

Low skilled High skilled

Trainee Hackathon Grand Challenge Trainer
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Democratizing diagnostic imaging  
to advance global health
As novel innovations in mobile and low-cost imaging  
technology such as the 0.55T MRI system MAGNETOM 
Free.Max (Siemens Healthcare, Erlangen, Germany)  
continue to make their way into clinics, especially those  
in low-resourced settings, imaging communities such  
as the Radiological Society of North America, can partner  
with vendors who are starting to break barriers with these  
systems, to provide local communities around the world 
with the power of experience to address their global  
health challenges using high value diagnostic imaging.  
Considering how crucial low field MRI is to the democrati-
zation of diagnostic imaging and the surge of research and 
development in this field, collaborative multi-national and 
multi-institutional efforts should be strongly encouraged, 
especially those aimed at open sharing of resources, to 
readily include low-resourced settings. One such exempla-
ry effort is the recent in situ assembly of a low field MRI 
system [25] at Dr Johnes Obungoloch’s MRI lab at the 

Mbarara University of Science and Technology (MUST), 
Uganda (Fig. 7). The MRI system was developed at  
Leiden University Medical Center, the Netherlands,  
by Professor Andrew Webb and constructed at MUST by  
a team of international MRI scientists (Fig. 7) supported  
by Professor Steven Schiff’s group at Yale University,  
New Haven, CT, USA. This first MRI system collaboratively 
built in Africa under a resource-limited setting and the  
accompanying MRI training provided to local scientists is 
the power of experience that will catalyze research projects 
pertinent to increasing MRI capacity to meet the region’s 
healthcare needs and ambitions. 

If COVID-19 has taught us anything, it is that we must 
now practice ‘medicine without borders’, to Think Globally 
while Acting Locally, to now go further together, so we can 
as Professor Daniel K Sodickson, former President of ISMRM 
eloquently stated at the ISMRM-ESMRMB 2018 Mansfield 
Lecture, marshal all our disruptive innovative forces to con-
tinue to create new ways of seeing [26].

7  � Assembly of a low field MRI system at Mbarara University of Science and Technology (MUST), Uganda, Africa.
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Breast MRI in India: Practice and Challenges
Pratiksha Yadav, MBBS, M.D., Ph.D.

Dr. D. Y. Patil Medical College, Hospital and Research Centre, Dr. D. Y. Patil Vidyapeeth, Pune, India

Background
Breast cancer is one of the most common malignancies  
in women worldwide, and the leading cause of cancer 
mortality. Although the incidence of breast cancer is 
thought to be higher in developed countries, it is also  
increasing in developing countries, where the majority  
of cases are detected at already advanced stages. Accord-
ing to data from Surveillance Epidemiology and End  
Results Program (SEER), there were 231,840 new cases  
of breast cancer in 2015, and 14% of those were newly  
detected cases. In the same year, breast cancer resulted  
in an estimated 40,290 deaths, which constituted 6.8%  
of all cancer deaths [1].

In India, the age-adjusted incidence of breast  
cancer is 25.8 per 100,000, which is lower than in the 
United Kingdom, where it is 95 per 100,000. However,  
the mortality rate is about 12.7 versus 17.1 per 100,000 
respectively [2]. The global burden of breast cancer cases  
is expected to be about 2 million by 2030, with an increas-
ing proportion of cases from developing countries [3, 4]. 
Breast cancer incidence in India varies across the country. 
Breast carcinomas in younger women are more aggressive 
than in older women, and studies suggest that breast  
cancer diagnoses peak at about 40–50 years of age in  
Indian women [7]. Indian women with breast cancer  
are estimated to be one decade younger than respective 
women in western countries [5–7]. Diagnosis of breast 
cancer at advanced stages contributes to the high mortal
ity rate in Indian women.

Early detection is key for better prognosis. As lumps 
are not typically associated with pain, this leads to a  
delay in seeking diagnosis and treatment, and most of  
the symptomatic patients are already at stage II or III.  
The late diagnosis can be attributed to less awareness  
and limited access to diagnostic and treatment facilities  
in rural and suburban areas. India has no national  
screening program, and many women cannot afford  

the expensive examinations that would be required.  
Middle- and low-income countries face infrastructure  
and resource constraints, which are obstacles  
to improving breast cancer outcomes with early detection  
and treatment.

There are vast differences in the availability of breast 
imaging infrastructure and expert radiologists between big 
cities, rural regions, and suburban areas [8]. On one side, 
bigger cities have state-of-the-art infrastructure and  
expert radiologists who excel at early detection of breast 
cancer. On the other side, in rural and suburban areas, 
many breast cancer cases are missed or wrongly diagnosed 
as benign due to a lack of adequate diagnostic availability.

It is a real challenge that, in India, women present at 
late stages of breast cancer with large lumps, secondary 
changes of malignancy, multiple lesions, and sometimes 
bilateral cancer or metastatic lesions in the contralateral 
breast.

Magnetic resonance imaging (MRI) has exceptional 
sensitivity to detect breast lesions that sometimes might 
remain undetected on X-ray mammography, i.e. in women 
with dense breast tissue, which is more common in the 
aforementioned age range of 40–50. Dynamic contrast- 
enhanced MRI (DCE-MRI) is the most sensitive method  
for the detection of breast carcinomas, with reported  
sensitivities greater than 90% [9]. Even though both 
fat-suppressed T1- and T2-weighted MRI and DCE-MRI are 
excellent techniques for the characterization of breast  
lesions, sometimes it is not possible to distinguish between 
benign and malignant lesions using only these methods. 
Diffusion-weighted imaging (DWI) is a technique where 
the image contrast is derived from differences in the diffu-
sion rate of water molecules in normal and pathological 
tissues. Malignant lesions, which typically have a higher 
degree of cellularity, demonstrate restricted diffusion. 
Studies have demonstrated that multi-parametric MRI of 
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the breast using DCE-MRI and DWI together significantly 
improve the diagnostic accuracy [10, 11].

To overcome the limitation in specificity of DCE-MRI 
[12], other functional MRI parameters can be used in 
multi-parametric MRI to primarily improve the specificity  
of breast MRI.

My practice in breast MRI
At our institution we use a dedicated 16-channel breast  
imaging coil on a 1.5T MAGNETOM Avanto and an 
18-channel breast imaging coil on a 3T MAGNETOM Vida 
scanner (Siemens Healthcare, Erlangen, Germany).  
Patients lie prone with both breasts in the apertures  
of the coil. Compression is not applied but both breasts  
are softly fixed using foam. 

Protocol and scanning parameters
The MRI sequences acquired are T2W, non-enhanced  
T1W, dynamic post-contrast T1W, and DWI. The sequence 
parameters are listed in Table 1. 

The dynamic T1W sequences are acquired in trans-
verse plane for better assessment of both breasts. A T1W 
with SPAIR fat suppression is acquired before the intrave-
nous injection of contrast agent. The contrast, MultiHance 
(gadobenate dimeglumine; Bracco Imaging, Milan, Italy),  
is administered at 0.1 mmol per kilogram of body weight, 
followed by a 20 mL flush of saline using a power injector 
set at a flow rate of 2 mL/s. After the intravenous contrast 
injection, five T1W post-contrast series are acquired to  
evaluate the enhancement characteristic of the lesion.

Postprocessing and reading
The reading and interpretation of a breast MRI examination 
is performed following the American College of Radiology 
BI-RADS guidelines to differentiate benign and malignant 
lesions. It starts by analyzing first the pre-contrast T1W  

images, then the post-contrast images, and the post
processing information.

Subtraction images are obtained by subtracting the 
T1W pre-contrast images from the post-contrast series. 
Then, the maximum intensity projection (MIP) of the post- 
contrast images is also obtained.

Kinetic analysis is performed by calculating the mean 
curve in the region of interest (ROI) from the dynamic 
scans. The type of post-contrast enhancement is analyzed  
in each lesion (foci enhancement, mass or non-mass  
enhancement). The evaluation of the enhancement  
kinetics involves assessing the contrast uptake in the  
early post-contrast phase (wash-in), the peak of lesion  
enhancement, and the wash-out. In a type I curve, there  
is persistent enhancement with continued increased  
signal intensity throughout the dynamic phase. A type II 
curve has a plateau pattern, in which the signal intensity  
of the lesion remains approximately constant in the  
delayed phase. A type III curve shows early uptake and  
early wash-out. 

Apparent Diffusion Coefficient (ADC) maps are  
obtained on the workstation.

In vivo high-resolution MR spectroscopy (MRS) is  
performed using a single-voxel proton spectroscopy  
method with spectral lipid suppression and weak  
water suppression. Postprocessing is performed using a  
spectroscopy evaluation tool available at the MR console, 
and metabolite information is obtained for the ROI. 

After reading and interpretation of the data, the  
diagnosis is correlated with the histopathological analysis 
following core biopsy or surgical excision. 

My clinical and research experience  
with breast MRI 
Indian women often have a dense fibroglandular pattern,  
so there are more chances that lesions are missed on  

Sequence Orientation TR/TE (ms) FOV read 
(mm)

Slice thickness 
(mm)

Base 
resolution

Phase  
Resolution (%)

b-value  
(s/mm2)

T2W STIR Transverse 3800/70 300 3 448 70 –

T2W STIR Coronal 3800/79 300 3 448 70 –

T2W Transverse 3000/71 320 3 448 70 –

DWI Transverse 6800/70 360 3 360 50 0, 800, 1500

T1W SPAIR pre/
post-contrast Transverse 6.13/3.30 320 0.8 448 80 –

T1W SPAIR Transverse 4.54/1.73 320 1.5 448 90 –

T1W SPAIR Sagittal 4.58/1.96 230 1 230 70 –

Table 1: �Sequence parameters
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1   �Invasive ductal carcinoma 
(1A) Axial T2W image showing an 
irregular-shaped mass with irregular 
margins in the upper inner quadrant  
of the right breast. (1B) Axial T1W  
FS dynamic post-contrast subtracted 
image showing heterogeneous internal 
enhancement of the mass. (1C) Axial  
DWI (b-value 800 s/mm2) showing the 
mass with restricted diffusion. (1D) 
Corresponding ADC map of the mass 
characterized by low ADC. (1E) MIP of  
the dynamic contrast-enhanced T1W 
images. (1F) The mass showed a type III 
kinetic curve of contrast enhancement, 
with early uptake and early wash-out.

2   �61-year-old woman with suspected 
invasive ductal carcinoma detected  
on screening mammography. MRI was 
performed to confirm and evaluate  
the left breast lesion, which turned out  
to be benign. (2A) MIP of the dynamic 
contrast-enhanced T1W images. (2B) 
Axial T2W image showing hypointense 
spiculated mass in the right breast. (2C) 
Axial T1W FS dynamic post-contrast 
subtracted image showing enhancing 
mass in the central region of the right 
breast. (2D) Mild type I enhancement of 
the lesion in the left breast, which turned 
out to be benign on regular follow-ups.

1A

2A

1C

2C

1E

1B

2B

1D

2D

1F

mammography (Fig. 6). However, MRI is very good at  
detecting even small lesions in the dense breast parenchyma 
and is highly sensitive for the detection of breast carcinoma 
(Fig. 2). MRI has multiple indications such as preoperative 
evaluation for staging (Fig. 1), treatment monitoring,  
detection of disease recurrence, screening for high-risk 
women (Fig. 2), assessment of breast implants, and as  
a problem-solving tool for indeterminate findings on  

mammography and ultrasonography. MRI is also useful in 
the evaluation of multicentric breast cancer (Fig. 3) and  
bilateral breast cancer (Fig. 4). Advanced MRI techniques 
and various functional MRI parameters can help improve 
the characterization of breast cancer lesions. MR spectros-
copy is helpful in cases of granulomatous mastitis, which  
is very common in India and typically gives indeterminate 
imaging findings on conventional imaging techniques  
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3   �Multicentric breast cancer  
in a 41-year-old patient. (3A) Axial T2W 
image showing two ill-defined, irregular 
masses in the right breast with irregular 
margins and architectural distortion. 
Nipple areolar complex was involved  
with retraction of the nipple. (3B) Axial 
post-contrast T1W FS image showing 
heterogeneous rim enhancement of the 
largest mass and heterogeneous internal 
enhancement of the other mass. Multiple 
small enhancing foci can be seen in  
the adjacent parenchyma. (3C) 3D MIP 
showing the multicentric carcinoma with 
intense heterogeneous enhancement 
with (3D) type III kinetic curve. (3E)  
Axial DWI showed restricted diffusion in 
the masses with (3F) corresponding low 
ADC values. 

3A

3C

3E

3B

3D

3F

4   �Bilateral invasive ductal carcinoma 
(4A) 3D MIP showing an irregular 
enhancing lesion in the left breast and  
a similar lesion in the right breast.  
(4B) Axial post-contrast T1W FS image 
(subtraction) showing heterogeneous 
internal enhancement with early 
wash-out in the left breast lesion.  
(4C) Axial post-contrast T1W FS image 
(subtraction) showing internal enhance-
ment with early wash-out in the right 
breast lesion. (4D, F) Axial DWI (b-value 
800 s/mm2) shows restricted diffusion  
in the masses with (4E, G) corresponding 
low ADC values.

4A

4D

4F

4C4B

4E

4G
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5   �Granulomatous mastitis with abscess  
(5A) 3D MIP showed heterogeneous 
diffuse enhancement. (5B) Axial TW FS 
dynamic contrast image showed diffuse 
enhancement and an abscess with rim 
enhancement. (5C) MR spectroscopy 
showed low Choline level in the lesion.

5A

5C

5B

6A 6B

6C

6   �Ductal carcinoma in situ  
A 43-year-old woman presented with 
bloody nipple discharge from the right 
nipple. (6A) Digital breast mammogram 
(MLO) views. (6B) 3D MIP showed 
non-mass enhancement in the right 
breast. (6C) Axial post-contrast T1W FS 
image (subtraction) showing non-mass 
enhancement. Histopathology: invasive 
ductal carcinoma with DCIS.
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7   �MR spectroscopy  
A 28-year-old patient with MRS showing  
a Choline peak in malignant phyllodes.

such as ultrasound or X-ray mammography (Figs. 5, 6).  
On MR spectroscopy, high Choline was found in most of 
the malignant lesions (Fig. 7), so MRS can be useful in  
the differentiation of benign and malignant breast lesions,  
but also in predicting the aggressiveness of tumors, and for 
monitoring response to neoadjuvant chemotherapy. MR 
Ductography is another non-invasive imaging technique 
that can be useful in the evaluation of intraductal lesions.

In India, when patients present with large masses it is  
very common to perform a radical mastectomy. However,  
in bigger cities there is now increasing awareness about 
breast cancer among women who prefer the option of con-
servative breast surgery. MRI is extremely helpful for ade-
quate planning, management, and follow-up. As breast 
carcinomas are being detected in more and more young 
women in India, breast MRI is gaining a crucial role as it is 
safe, radiation-free, and very useful even in dense breast 
parenchyma.

Conclusion
Breast MRI is a highly sensitive examination to detect 
breast carcinoma. It has excellent tissue contrast with high 
sensitivity, however the specificity is still relatively low.  
To overcome the limitations in the specificity of contrast-
enhanced MRI, additional functional MRI parameters such 
as diffusion-weighted imaging and MR spectroscopy can  
be used for a multiparametric evaluation of the breast. As 
shown in various research studies [10, 11], such a multi-
parametric breast MRI approach has significantly improved 
the diagnostic accuracy of breast MRI at our institution  
and has the potential to reduce unnecessary biopsies.
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Introduction
Multiparametric MRI is a crucial tool for prostate cancer  
detection, staging, active surveillance, and now also prior 
to biopsies (MRI-targeted biopsies). The guidelines for  
prostate imaging (PI-RADS [1]) currently recommend a pro-
tocol that consists of several MR sequences: T2-weighted 
(T2w), diffusion-weighted imaging (DWI), and dynamic 
contrast-enhanced (DCE) imaging. Notably, the T2w turbo 
spin echo (TSE) sequence should be acquired in the axial 
plane, with a slice thickness of 3 mm without gaps, and 
high in-plane spatial resolution. The increased demand  
for prostate MRI examinations observed in the past years 
requires to adequately respond by reducing the examina-
tion times in order to increase throughput on the one hand 
and to minimize the table time for the patient on the other.  
Indeed, this is especially problematic as prostate cancer 
commonly affects elderly men, who may have difficulties 
remaining motionless during long MRI examinations.

Deep learning reconstruction has played a key role  
in tackling this challenge, as it has been proven to reduce 
acquisition times with comparable, and often improved, 

image quality and diagnostic accuracy compared to  
standard reconstruction techniques [2–4]. Initially  
Siemens Healthineers’ deep learning reconstruction  
solution, Deep Resolve, consisted of Deep Resolve Gain  
and Deep Resolve Sharp. 

•	Deep Resolve Gain [5] mitigates thermal noise by  
incorporating prior knowledge of the noise charac
teristics into the image reconstruction, performing  
denoising of the data in image space. The enhanced 
SNR can be used to accelerate the acquisition by either 
increasing the acceleration factor in parallel imaging or 
by reducing the number of averages.

•	Deep Resolve Sharp improves the image sharpness by 
reconstructing a high-resolution image from low-reso-
lution data using a deep neural network. In particular 
it suppresses truncation artifacts in k-space and allows 
to avoid conventional k-space filtering. This enables to 
achieve image resolutions that would not be possible 
to achieve using conventional reconstruction.
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When we first tested Deep Resolve Gain and Sharp at  
the Henri Mondor hospital, we were convinced by the  
results and decided to immediately implement it in our 
clinical practice. Deep Resolve is indeed now the standard 
of operation for prostate MR imaging at our institution.

This deep learning reconstruction technology has  
now gone one step further with the introduction of Deep 
Resolve Boost, which is even more powerful, bringing the 
results to a new level. 

Deep Resolve Boost for TSE
Deep Resolve Boost replaces the conventional image  
reconstruction with a deep neural network [2]. The net-
work architecture has similarities to an iterative image  
reconstruction and receives undersampled raw data as well 
as pre-estimated coil sensitivity maps as input. High quality 
images are then obtained by alternating between a parallel 
imaging model that relates images to acquired data and  
a deep learning-based regularization that enhances image 
quality. The main benefit of this technology is the ability  
to reduce the acquisition time without compromising SNR 
or image quality, as described in several publications [3, 6]. 
The outcome of the reconstruction can be further  
improved by combining Deep Resolve Boost with Deep  
Resolve Sharp.

Materials and methods
At our institution we had access to a research imple
mentation of Deep Resolve Boost for TSE1. All patients  
underwent a prostate examination in our clinical 3T MR 
system (MAGNETOM Vida; Siemens Healthcare, Erlangen, 
Germany) with XT gradients, an 18-channel body array and 
a 72-channel spine array. We acquired three MR sequences:
•	Transverse 2D T2w TSE reconstructed with  

Deep Resolve Gain and Sharp
•	Transverse 2D T2w TSE reconstructed with the  

research implementation of Deep Resolve Boost1

•	Transverse 2D diffusion single-shot EPI with 3 b-values 
(50, 1000, 1500 s/mm2)

The acquisition parameters of the T2-weighted sequences 
are shown in Table 1.

We present a series of clinical cases which show that 
Deep Resolve Boost for TSE provides at least similar image 
quality and diagnostic information as the more time-
intensive Deep Resolve Gain and Sharp TSE acquisition, 
which is now the clinical standard at our institution.

Deep Resolve Gain and Sharp TSE Deep Resolve Boost TSE

Scan time (min:s) 3:16 1:50

FOV (mm2) / phase oversampling 160 × 160 / 145% 180 × 180 / 200%

TE (ms) 116 104

TR (ms) 3380 3850

Reconstructed voxel size (mm3) 0.26 × 0.26 × 3 0.24 × 0.24 × 3

Nb excitations 2 1

Matrix size 304 × 304 × 26 368 × 368 × 26

Acceleration technique GRAPPA 2 (Auto -32) GRAPPA 3 (TSE/Sep -24)

Flip angle (°) 133 160

Turbo factor 23 25

Phase resolution (%) 85 85

Bandwidth (Hz/Px) 201 200

Nb concatenations 2 2

Table 1: �Acquisition parameters of the T2-weighted sequences.

1 �With software version syngo MR XA50 Deep Resolve Boost is available for 
MAGNETOM Vida. 

27siemens-healthineers.com/magnetom-world

MAGNETOM Flash (82) 3/2022 Men‘s Health · Clinical



Cases

1   �A 72-year-old patient 
(Density PSA =  
0.09 ng/ml²) with 
bilateral PI-RADS 2 
lesions in the middle 
peripheral zones of the 
prostate. T2-weighted 
TSE using (1A) Deep 
Resolve Gain and Sharp 
and (1B) Deep Resolve 
Boost. Deep Resolve 
Boost provides 
comparable image 
quality with a 41% scan 
time reduction.

1A 1B

2   �A 77-year-old patient 
(PSA = 1.7 ng/ml; density 
PSA = 0.05 ng/ml²) with 
bilateral PI-RADS 2 
lesions in the middle 
peripheral zones of the 
prostate. T2-weighted 
TSE using (2A) Deep 
Resolve Gain and Sharp 
and (2B) Deep Resolve 
Boost.   
An 83-year-old patient 
(PSA =14.8 ng/ml; den- 
sity PSA = 0.29 ng/ml²) 
with a PI-RADS 4 lesion 
in the right postero- 
medial middle peripheral 
zone of the prostate. 
T2-weighted TSE using 
(2C) Deep Resolve Gain 
and Sharp and (2D) 
Deep Resolve Boost.   
For both patients, 
motion artefacts in the 
Deep Resolve Boost 
images are reduced 
thanks to the shorter 
acquisition time  
(1 average), allowing 
sharper delineation  
of the anatomical 
structures.

2B

2C 2D

2A
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3   �A 59-year-old patient (PSA: 4.2 ng/mL; density PSA = 0.10 ng/ml²) with bilateral PI-RADS 2 lesions in the middle peripheral zones of the 
prostate. T2-weighted TSE using (3A) Deep Resolve Boost. (3B) Trace DWI image with b-value 1500 s/mm2, (3C) ADC map.

3A 3B 3C

4   �A 81-year-old patient (PSA: 12 ng/mL; density PSA = 0.33 ng/ml²) with a PI-RADS 5 lesion in the right posteromedial apical peripheral zone of 
the prostate. T2-weighted TSE using (4A) Deep Resolve Boost. (4B) Trace DWI image with b-value 1500 s/mm2, (4C) ADC map.

4A 4B 4C

Conclusion
Compared to Deep Resolve Gain and Sharp, Deep Resolve 
Boost allowed us to decrease the acquisition time of the 
T2w TSE acquisition by 41% (Fig. 1), as only 1 average was 
acquired compared to the 2 averages of the Deep Resolve 
Gain and Sharp scan, with comparable image quality.  
One of the benefits of the shorter acquisition time was  
the reduction of artefacts due to either voluntary or  
involuntary patient motion (Fig. 2), which is one of the 
challenges of prostate imaging. No evident artefacts were 
observed. There is an increasing body of evidence from 
clinical studies and scientific publications that these  
physics-guided deep learning reconstruction approaches 

provide reliable and robust image information with  
anatomical fidelity. 

These results are also in line with the published litera-
ture, which has reported significant time savings, as well 
as comparable image quality and diagnostic confidence for 
staging prostate lesions when compared to conventional 
acquisitions [2–4, 7]. 

The adoption of Deep Resolve in our clinical workflow 
has helped us to match the increased demand of prostate 
MRI examinations at our institution and we are confident 
that further improvements in acquisition time and spatial 
resolution can be achieved.
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Peripheral Zone (PZ) Transition Zone (TZ)

T2-weighted T2-weightedHigh b-value High b-valueADC map ADC mapT2-weighted T2-weightedHigh b-value High b-valueADC map ADC map

Uniform hyperintense signal intensity 
(normal) on T2. No abnormality (i. e. 
normal) on ADC and high b-value DWI.

Normal-appearing TZ (rare) or a round, 
completely encapsulated nodule  
(“typical nodule”). No abnormality  
(i. e. normal) on ADC and high b-value DWI.

nodule in nodule
Variants:

cystic change

oval

Linear, or wedge-shaped hypointensity, or 
diffuse mild hypointensity, usually indistinct 
margin on T2. Linear / wedge-shaped 
hypointense on ADC and / or linear / wedge-
shaped hyperintense on high b-value DWI.

A mostly encapsulated nodule or a 
homogeneous circumscribed nodule 
without encapsulation (“atypical 
nodule”) or a homogeneous mildly 
hypointense area between nodules. 
Linear / wedge-shaped hypointense  
on ADC and / or linear / wedge-shaped 
hyperintense on high b-value DWI.

Heterogeneous signal intensity or non-circum-
scribed, rounded, moderate hypointensity on  
T2. Includes others that do not qualify as 2, 4,  
or 5. Focal (discrete and different from the back-
ground) hypointense on ADC and / or focal 
hyperintense on high b-value DWI; may be 
markedly hypointense on ADC or markedly 
hyperintense on high b-value DWI, but not both.

Heterogeneous signal intensity with obscured 
margins on T2. Includes others that do not 
qualify as 2, 4, or 5. Focal (discrete and different 
from the background) hypointense on ADC 
and / or focal hyperintense on high b-value DWI; 
may be markedly hypointense on ADC or mark-
edly hyperintense on high b-value DWI, but not 
both.

Circumscribed, homogenous moderate 
hypointense focus / mass confined to pros-
tate and < 1.5 cm in greatest dimension  
on T2. Focal markedly hypointense on ADC 
and markedly hyperintense on high b-value 
DWI; < 1.5 cm in greatest dimension. 

Lenticular or non-circumscribed, homogeneous, 
moderately hypointense on T2, and < 1.5 cm in 
greatest dimension. Focal markedly hypointense 
on ADC and markedly hyperintense on high 
b-value DWI; < 1.5 cm in greatest dimension. 

Same as 4 but ≥ 1.5 cm in greatest dimen-
sion or definite extraprostatic extension /  
invasive behavior. 

Same as 4, but ≥ 1.5 cm in greatest dimension  
or definite extraprostatic extension / invasive 
behavior.

Only score nodules or lesions / regions between nodules that differ from the background TZ. Findings similar to the background should NOT be scored. Typical BPH nodules (i. e., round, completely encapsulated nodules) are now NOT scored.

1
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5

Score

Decision tree for final PI-RADS score
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5

1
2
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5

DWI 5

DWI 4-5

Overall PI-RADS scoreDWI score T2 score

PZ lesion TZ lesion

1
2
3
4
5

DCE +

In cases with inadequate DCE, scoring in the PZ shall be based on DWI alone. In cases of inadequate DWI, scoring in both the PZ and TZ shall be based  
on T2. If T2 is scored 3, DCE – / + shall be used for down / upgrading.
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Image courtesy of David Jean Winkel, M.D. and Hanns-Christian Breit, M.D. University Hospital Basel, Basel, Switzerland. 

DWI 1-3

DWI 1-4

1

2

3

4

5

Score

Variants:
oval – in 2 planes

Variants:

oval

Peripheral zone

Central zone

Transition zone

Anterior fibromuscular stroma

Urethra

AFS AFS AFS AFS

AFS AFS

Prostate Volume Measurement

Ellipsoid formulation:

Maximum AP and longitudinal  
diameters on a mid-sagittal T2  
image if obtained

Maximum transverse diameter  
on an axial T2 image

PSA density (PSAD) is calculated as total  
PSA (ng / ml) divided by prostate volume (ml).

PSAD > 0.15 indicates increased risk of PCA

PSAD > 0.20 requires systematic biopsy even in 
case of equivocal findings on MRI

Transverse diameter

Longitudinal diameter

AP diameter

Contrast-enhanced MRI

Positive (+) 

Focal enhancement, earlier than  
or contemporaneously with  
enhancement of the adjacent  
normal prostatic tissues, and  
with corresponding suspicious  
finding on T2 and/or DWI.

Negative (-) 

 −  No early or contemporaneous 
enhancement, or

 −  diffuse multifocal enhancement 
not corresponding to a focal 
finding on T2 and/or DWI, or

 −  focal enhancement corre-
sponding to a lesion demon-
strating features of BPH on T2 
(including features of extruded 
BPH in the PZ).

PZ

T2

DCE

Not for distribution in the US.
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Improving Patients’ Experience of MRI:  
Why and How Reducing Stress and Anxiety  
in Patients May Enhance Clinical Operations
Janika Madl1,2; Susanne Bay2; Rolf Janka3

1Chair of Health Psychology, Friedrich-Alexander-Universität Erlangen-Nürnberg, Erlangen, Germany
2Siemens Healthineers, Erlangen, Germany
3Department of Radiology, Universitätsklinikum Erlangen, Germany

Introduction
Magnetic resonance imaging (MRI) is non-invasive and 
painless, with excellent spatial resolution and soft-tissue 
contrast. These numerous benefits have rendered MRI  
one of the most important diagnostic tools in modern 
medicine. In Germany, 150 MRI examinations are per-
formed per 1,000 inhabitants every year [1]. Yet, MRI  
also has substantial drawbacks: Most MRI protocols are 
time-consuming and very dependent on the patient’s  
cooperation and ability to lie motionless. One of the main 
roots for disruptions to MRI workflows is stress and anxiety 
in patients, who often experience MRI as uncomfortable 
and frightening [2, 3]. Beyond creating a negative patient 
experience, feelings of anxiety and stress may relate to  
unexpected patient-related events such as motion artifacts, 
the need for sedation, or failed scans; these events result 
in a substantial amount of revenue lost [4–6]: Andre et al. 
[4] calculated that US$ 115,000 are lost per scanner every 
year due to unexpected patient behavior.

The aim of this article is to provide a holistic picture  
of patients’ experience of MRI, related unexpected behav-
iors and consequences, and approaches to improve the  
situation for all concerned: patients, healthcare staff, and 
the medical institutions. The focus is to provide insights 
into the “Patient Experience (PX) in MRI” collaboration  
project between Siemens Healthineers, the Chair of Health 
Psychology (FAU Erlangen-Nürnberg), and Universitäts
klinikum Erlangen, Department of Radiology. During this 
collaboration project, two empirical studies and one  
systematic review with meta-analysis were conducted  
and will be presented in the following. 

Take-home points
•	Although most patients tolerate MRI well,  

a substantial number of patients experience  
clinically relevant levels of anxiety; related  
unexpected patient behaviors disturb clinical 
workflows and impede efficiency of healthcare 
providers. 

•	Patients’ response to MRI depends on many  
different factors; previous negative experiences 
with MRI and female sex seem to be particularly 
predictive of a negative patient experience.  

•	In order to address individual patients’ needs,  
different materials for patient preparation should 
be offered: Not only informational material, but 
also measures to support active modulation of 
anxiety, e.g., relaxation exercises. 

•	Patients who experience high levels of stress or 
anxiety tend to lie less still, which may provoke 
motion artifacts and the need for scan repeti-
tions, thereby prolonging procedural times. 
Therefore, reducing stress and anxiety in patients 
might not only improve the patient experience, 
but also lead to clinical workflows running more 
smoothly. 
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Patients’ experience of MRI: An introduction
How patients experience MRI has been a topic of interest 
since the very beginnings of MRI. In the course of MRI  
paving its way from the 1980s on, it soon became appar-
ent that many patients fear this medical “coffin” [7];  
Figures 1A and 1B show that, indeed, early MRIs resembled 
“mechanical monster[s]” [7]. Since then, many technolog
ical advancements have made MRI more patient-friendly: 
Recent MRI machines produce less noise, are equipped 
with shorter, wider bores that are open at both ends, and 
acquire images much quicker, thereby reducing scan dura-
tion [8, 9]. Some studies report that these advancements 
have resulted in reduced levels of stress and anxiety, as 
well as related operational issues [6, 10, 11]. Yet, others 
find that – although most patients tolerate MRI well – 
stress and anxiety are still widespread phenomena reach-
ing levels that are considered clinically relevant in around 
30% of patients [12, 13]. Two questions arise from these 
findings: 
1) 	 What factors differentiate patients who fear MRI  

from the rest? 
2) 	 To what extent have technical advancements brought 

about improvements regarding the patient experience 
of MRI examinations and related behaviors? 

Adequate patient preparation seems to  
be most decisive in preventing a negative 
patient experience and fostering smooth 
clinical workflows 
In our “baseline” study, our aim was to analyze patients’  
response to MRI in detail including influencing factors  
and consequences [12]. We thereby considered patients’ 
psychological response (i.e., anxiety), the physiological  
response (i.e., salivary stress markers), and operational  
effects on clinical processes (i.e., scan repetitions due  
to motion artifacts, scan duration). 

The study was conducted in the department of radiol-
ogy of Universitätsklinikum Erlangen. We examined anxiety 
and physiological stress markers in 96 patients undergoing 
MRI (M = 49 years, 61.5% female). Anxiety was assessed 
via questionnaires before and after MRI; at the same time-
points, we took saliva samples to measure salivary stress 
markers (cortisol, alpha-amylase).

In general, most patients tolerated MRI well. Yet, every 
third patient experienced moderate to severe levels of  
anxiety in anticipation of the examination and experienced 
relief only after having endured the examination. As  
suggested by Ahlander et al. [14], this implies that efforts 
to improve the patient experience might be most effective 

1  � (1A, B) While the first MAGNETOM MRI scanner from 1983 [41] might have been a scary sight, only a few years later product development 
focused also on patient comfort. (1C) In 1993, Siemens introduced the 0.2T MAGNETOM Open. (1D, E) In 1996 the product line around 
MAGNETOM Symphony featured a flared bore. (1F) In 2004 MAGNETOM Espree was the world’s first 1.5-tesla system with a 70-centimeter 
opening. (1G) Today a relaxing atmosphere, noise reduction and fast sequences make MRI easier to tolerate.

1A

1C 1F1D 1G1E

1B
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when applied in advance. Materials for patient preparation 
can only reduce anticipatory anxiety when given with  
sufficient lead time, ideally a few days/weeks before the 
examination. 

We examined a broad range of potentially influencing 
factors (sex, age, positioning, accompanying persons, pain, 
previous experiences, examined body part) and found 
them to interact with patients’ response in a complex way. 
Women receiving breast examinations had a particularly 
high risk of anxiety. This is in line with previous studies  
that reported a more negative response to MRI in women 
vs. men [6, 12, 15]. Further, we found that negative expe-
riences made during previous MRI examinations signifi-
cantly predicted a negative experience during the current 
examination. That means that patients who once have a 
negative MRI experience tend to keep on having bad expe-
riences. When integrating our results on the impact of age 
and positioning with other studies, the state of research 
appears to be less clear [6, 12, 16–18]. Most certainly, it 
can be deduced that patients differ considerably regarding 
their response to MRI and their needs, which is why they 
also require different approaches to address these needs.

Furthermore, we found evidence of a link between  
patients’ experience and clinical workflows: Patients’  
response to MRI predicted the probability of scan repeti-
tions and scan duration [12], thereby supporting previous 
results that reported a connection between the patient ex-
perience and the prevalence of unexpected patient-related 
events [5, 19–22]. For example, an increase of 1 nmol/L in 
the stress marker salivary cortisol predicted a prolongation 
of the scan duration of more than 4 minutes [12].

Apart from individual factors that influence patients’  
experience of MRI, technological advancements have  
been proposed that aim to have a positive impact on stress 
and anxiety as well as related behavioral issues in patients. 
Yet, until now, no systematic review has summarized the 
patient experience of MRI, related unexpected patient  
behaviors, and their evolution along with technological  
advancements holistically. We sought to overcome this  
research gap in a systematic review with a meta-analysis 
that we conducted on patients’ response to MRI, its effects 
(i.e., unexpected patient behaviors related to stress and 
anxiety), and their evolution over time [20]. 

Evolution of patients’ experience of MRI and 
related unexpected patient behaviors over 
time: A systematic review and meta-analysis
We searched four databases and screened more than 
12,000 studies. Meta-analysis of 44 studies revealed that, 
despite the common understanding of patient anxiety, 
there have been no significant improvements over time  
in the amount of anxiety experienced: Average values  
of reported anxiety were close to the cut-off considered  

as clinically relevant and around 4% of patients reported  
to be unwilling to undergo further MRI examinations.  
Similarly, the rates of unexpected patient-related events 
such as no-shows, failed scans, motion artifacts, and  
sedation, have not significantly reduced over time. While 
these findings could be traced back to statistical issues or 
the fact that we had to use the year of study publication  
as an indicator of MRI technology as more exact data on 
scanner technology was unavailable for most studies, it 
might as well reflect the fact that patients still experience 
substantial stress and anxiety in the context of MRI. An  
additional interesting finding was that claustrophobia  
significantly moderated the overall number of unexpected 
patient events. The rates of unexpected behaviors such  
as no-shows, motion artifacts, failed scans, and sedation 
were higher in patient groups with higher levels of claus-
trophobia. This supports the notion of a link between the 
patient experience and clinical workflows as has been  
postulated previously [5, 19, 21, 22].

Based on the results of the baseline study and meta-
analysis, it can be concluded that stress and anxiety in  
patients have always been and still are a relevant topic in 
the context of MRI. In short, technological advancements 
of the MRI scanners alone might not be sufficient to  
improve the patient experience of MRI or related unex
pected events – at least until now. There seems to be a 
need for interventions that target patients’ needs more  
explicitly. The evidence generally suggests that MRI-related 
patient anxiety and related effects can be prevented  
when we enrich standard care and properly address  
patients’ needs. 

How patient’s experience of MRI can  
be improved: An overview
A wide variety of interventions to improve patients’ experi-
ence of MRI has been developed and tested in the past.  
Approaches range from easy-to-implement measures  
to very elaborate and complex ones: From the supply of  
music or having someone accompany the patient, to varia-
tions in patient positioning or the environment, mock MRI, 
aromatherapy, amended patient information, distraction 
via VR, hypnosis and other relaxation strategies, to commu-
nication training for the medical personnel.

Many of these approaches have been proven to be  
effective (see Munn et al. [17] for an overview), but this 
article will focus on interventions specifically targeted at 
patient preparation.

Two major types of interventions for patient prepara-
tion can be distinguished: 

•	The aim of informational interventions is to reduce  
ambiguity and feelings of uncertainty that may  
constitute a stressor for patients [2, 23, 24]. Although  
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many studies report beneficial effects of additional  
information, others find even negative effects when  
information is provided exclusively [17].  

•	A different approach aims at enhancing a patient’s 
ability to cope with the stressful situation more  
successfully, e.g., via relaxation techniques [25, 26]. 
Although consistently positive, the effect sizes of  
these interventions vary considerably [17].

The majority of the literature points toward substantial 
benefits of interventions to improve the MRI patient  
experience; yet, some questions remain unresolved: Why 
do some studies report positive effects of informational  
interventions but others don’t? Where do the considerable 
variations in the reported effect sizes of coping interven-
tions trace back to? And is there a link between patient  
experience and clinical processes?

Patient preparation should cover different 
needs of patients
In order to address these questions and help to enhance 
the patient experience of MRI, we developed a patient  

education toolkit (see Fig. 2) in collaboration with  
Siemens Healthineers MR marketing and tested it in clinical 
trial. We based our approach on the assumptions of the 
“Model of Coping Modes” [27, 28], which may contribute 
to explaining the inconsistencies described above. The 
model describes different ways of coping with stress- 
inducing situations that people tend to employ habitually. 
The model proposes vigilance and cognitive avoidance as 
two basic dimensions of how attention shifts when facing 
stressful situations. While cognitive avoidance means the 
tendency to divert attention from threatening cues to  
reduce the bodily arousal induced by these, vigilance refers 
to the opposite: An increased focus on threatening cues to 
enhance knowledge about the situation and reduce feel-
ings of uncertainty [25, 27]. Figure 3 depicts the four  
coping styles that can be differentiated on the basis of 
these two dimensions. According to this scheme, it can be 
expected that sensitizers benefit from receiving additional 
information: It should enable them to reduce feelings  
of uncertainty successfully. By contrast, repressers should 
benefit from distraction and relaxation, which supports  
distracting attention away from the threatening cues that 
induce arousal.

2  � QR code for access to the Patient Education Toolkit including the two patient preparation videos and the MRI book for children.

MRI Patient Education Toolkit
www.magnetomworld.siemens-healthineers.com/toolkit/mri-patient-education 

Patient Education Poster
Your MRI examination 
explained simply

Magnetic Resonance Imaging (MRI) is an imaging technique used in 
radiology for examining internal organs. Unlike other imaging methods 
that use radiation such as CT, MRI uses a magnetic field and radio waves 
to generate precise images. 

Since an MRI does not expose a patient to radiation, the exam is a very 
safe diagnostic procedure. Nevertheless, do inform the staff if you are  
pregnant or allergic to any medicines.

If you have any further questions, please do not hesitate to talk to the medical staff.  
You can also watch this video for more in-depth information on how to prepare for your MRI exam:

siemens-healthineers.com/mri-patient-education

What does an MRI exam entail?

What is important when having  
an MRI exam?

Metal objects are not allowed inside the MRI 
suite due to an MRI’s strong magnetic field. 
Please inform staff if you have any metal 
objects inside of your body that cannot be 
removed such as implants, a pacemaker,  
and stents. 

You won’t feel anything during the exam.  
You will receive earplugs to protect your ears 
from the loud thumping noises of the MRI 
scanner. Lying inside a narrow tunnel can  
be an unusual experience, which is why we 
recommend closing your eyes. However,  
if a contrast agent is used, the area where  
it enters your body may feel warm or cold. 
Large or colored tattoos may also feel warm 
during the exam. 

In the patient questionnaire, you enter  
information that is important for your  
examination. If contrast agent is required  
to detect certain structures in your body 
more clearly, you will be fitted with a port.

An MRI exam lasts approximately 20 to  
60 minutes. During your exam, try to remain 
as still as possible. Movements can adversely 
affect the quality of the images and result  
in delays or rescans.

To achieve best image quality, a receiver  
coil will be placed on the region of your body 
to be examined. Once ready for the exam, 
you will be moved slowly into the MRI tunnel 
and the scan will begin.

You must remove any metal objects on  
your body before the start of the exam 
including piercings, jewelry, eyeglasses, 
hearing aids, phones, or underwire bras. 

What does an MRI exam 
feel like?
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Ihre MRT-Untersuchung  
leicht erklärt

Die Magnetresonanztomographie (MRT) wird auch Kernspintomographie 
genannt und eignet sich besonders gut zur Darstellung innerer  
Organe. Im Gegensatz zu anderen bildgebenden Verfahren arbeitet  
das MRT-Gerät mit einem Magnetfeld und Radiowellen –  
also ohne Strahlenbelastung. 

Eine MRT-Untersuchung ist daher ein sehr sicheres Diagnoseverfahren. 
Bitte informieren Sie das Personal trotzdem über eine bestehende 
Schwangerschaft oder eine Medikamentenallergie.

Sollten Sie weitere Fragen haben, sprechen Sie gerne das medizinische Personal an.  
Zur weiteren Vorbereitung finden Sie hier ein Video, das die MRT-Untersuchung erklärt:

siemens-healthineers.com/mri-patient-education

Wie läuft die MRT-Untersuchung ab?

Worauf muss ich bei der 
MRT-Untersuchung achten?

Aufgrund des starken Magnetfeldes dürfen 
keine Metallgegenstände in die Nähe des 
MRT-Gerätes gelangen. Bitte weisen Sie  
daher das Personal auf metallische Objekte  
in Ihrem Körper hin (z.B. Implantate, 
Herzschrittmacher, Stents).

Die Untersuchung selbst können Sie  
nicht spüren. Um Sie vor den lauten Klopf-
geräuschen des MRT-Gerätes zu schützen, 
erhalten Sie einen Gehörschutz. Die Enge  
des Tunnels kann ungewohnt sein, weshalb 
es vielen Patienten gut tut, die Augen zu 
schließen. Sollte bei Ihrer Untersuchung 
Kontrastmittel verwendet werden, kann  
sich die Stelle beim Einlaufen etwas warm 
oder kalt anfühlen. Auch farbige, groß-
flächige Tattoos können sich während der 
Untersuchung erwärmen.

Im Patientenfragebogen geben Sie  
Informationen an, die für Ihre Untersuchung 
wichtig sind. Wenn ein Kontrastmittel 
benötigt wird, um bestimmte Strukturen  
im Körper deutlicher zu erkennen,  
wird Ihnen hierfür ein Zugang gelegt.

Die Untersuchung dauert ca. 20 bis  
60 Minuten. Bleiben Sie dabei so ruhig  
wie möglich liegen, da Bewegungen die  
Qualität der Bilder beeinträchtigen und  
somit zu Verzögerungen führen können.

Um eine optimale Bildqualität zu 
gewährleisten, wird eine Empfangsspule  
um die zu untersuchende Körperregion 
gelegt. Danach werden Sie langsam  
in den Magnettunnel gefahren und  
die Untersuchung beginnt.

Alle Metallobjekte, die Sie an Ihrem  
Körper tragen, müssen Sie vor der  
Untersuchung ablegen (z.B. Piercings,  
Schmuck, Brille, Hörgeräte oder  
BH-Bügel).

Wie fühlt sich eine  
MRT-Untersuchung an?
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Tu prueba de RM explicada  
de forma simple

La resonancia magnética (RM) es una técnica de imagen que se utiliza  
en Radiología para examinar órganos internos. A diferencia de otros 
métodos de imagen que usan radiación como CT, RM usa un campo 
magnético y ondas de radio para generar imágenes precisas. 

Dado que una resonancia magnética no expone al paciente a radiación,  
el examen es un procedimiento de diagnóstico seguro. No obstante, 
informe al personal si está embarazada o es alérgica a algún medicamento.

Si tiene más preguntas, no dude en hablar con el personal médico. También puede ver este video  
para obtener información más detallada sobre cómo prepararse para su examen de resonancia magnética:

siemens-healthineers.com/mri-patient-education

¿Qué implica un examen de resonancia magnética?

¿Qué es importante al realizarse un examen
de resonancia magnética?

No se permiten objetos metálicos dentro de 
la sala de resonancia magnética debido al 
fuerte campo magnético existente. Informe 
al personal si tiene algún objeto metálico 
dentro de su cuerpo que no se pueda quitar, 
como implantes, marcapasos y stents.

El examen en sí mismo no se puede sentir.  
Recibirá tapones para proteger sus oídos  
del sonido emitido por la resonancia 
magnética. Tumbarse dentro de un amplio 
túnel, puede ser una experiencia inusual,  
por lo que recomendamos cerrar los ojos.  
Si se usa un medio de contraste, podrá notar 
sensación de calor o frío en la zona. En los 
tatuajes grandes o de colores podrá también 
notar una pequeña sensación de calor.

En el cuestionario del paciente, se cumpli-
menta información que es importante para 
su examen. Si se requiere un agente de 
contraste para detectar ciertas estructuras 
en su cuerpo con mayor claridad, se le  
colocará una vía intravenosa.

Un examen de resonancia magnética dura 
aprox. de 20 a 60 minutos. Durante su 
examen, intente permanecer lo más quieto 
posible. Los movimientos pueden afectar  
negativamente la calidad de las imágenes 
resultando en retrasos o repeticiones.

Para lograr la mejor calidad de imagen, una 
bobina receptora será colocada en la región 
de su cuerpo que se examinará. Una vez  
que esté listo para el examen, lo trasladarán 
lentamente al túnel de resonancia magnética 
y comenzará la exploración.

Deberá quitarse cualquier objeto  
metálico de su cuerpo antes del inicio  
del examen, incluidos piercings, joyas, 
gafas, audífonos, teléfonos o sujetadores 
con aros.

¿Que se siente durante
el examen?
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Patient MeditationChildren’s Book and Movie

Into the  
Magic Imaging Cave 

What happens  
when you have an MRI scan 

Narrative text and illustration
Sylvia Graupner 

Idea, scientific advice and explanatory text
Professor Rolf Vosshenrich, M.D.

Patient Education Video
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Patient preparation that matches the coping style (“congru-
ent preparation”) has been shown to improve patient-
related outcomes such as pain, anxiety, and adaptation in 
other medical fields like surgery [29, 30], cardiac catheter-
ization [31], cancer survivorship care [32], or coloscopy 
[33]. We therefore hypothesized the same pattern to apply 
to MRI patients: We expected the psychological and physio-
logical response of patients to improve when they received 
an intervention congruent with their coping style vs. when 
they received incongruent preparation or no additional 
preparation (i.e., standard care control group).

We tested this assumption in a study with a random-
ized controlled design with 142 patients. While sitting in 
the waiting room, the patients randomly watched one of 
two videos developed to address the needs of sensitizers  
(information video) or repressors (relaxation video) or  
received standard care (no video). Both videos can be ac-
cessed via the QR code presented in Figure 2. We assessed 
the patients’ psychological and physiological responses  
to the examination, their evaluation of the videos, and  
recorded procedural outcomes (scan duration, repeated 
scans, interruptions). Anxiety was assessed via question-
naires on arrival at the hospital, after watching the video 
(or after a comparable amount of time in the control 
group), and after MRI. Cortisol as a physiological stress 
marker was assessed on arrival and after the MRI scan. 

We found that cortisol levels were elevated compared 
with a “normal” day, which meant that undergoing MRI  
induced physiological stress in patients [34]. As cortisol still 
followed its normal circadian rhythm, we concluded that 

this elevation most likely reflected anticipatory effects, 
which is in line with our findings from the baseline study 
[12]. The videos were very well received by the patients 
[35]: Almost all reported that they found them helpful and 
that they increased their confidence regarding the exam-
ination; whereby the information video was evaluated 
even more positively. When the patients’ preparation 
matched their coping style, anxiety decreased even before 
MRI, whereas this relief was only observed after the exam-
ination in patients whose preparation did not fit their 
needs. Beyond the positive effects at the patient level,  
we also found scan duration to be 10–20% shorter in the 
interventional groups and, descriptively, rates of scan repe-
titions or interruptions were 30–50% lower. Although our 
hypotheses were supported on a descriptive level, results 
failed to reach statistical significance. We believe that this 
is most likely due to power issues but there has, as yet, 
been no statistical confirmation of the effects on clinical 
processes and results must be interpreted with caution.

Improving patients’ experience of MRI by 
addressing individual needs in advance can 
reduce stress and anxiety in patients and 
support smooth clinical workflows
Anxiety and stress in patients have always been and still 
are relevant phenomena in the context of MRI examina-
tions. Based on the results of our studies [12, 34, 35] and 
the consideration of Ahlander et al. [14], we suggest that 
patients’ response to MRI is most negative in anticipation 
of the examination. Therefore, changing the way patients 
are prepared for MRI seems to be a crucial step for improv-
ing MRI-related healthcare. Enriching standard care with 
additional patient preparation can have a positive impact 
on patients’ experience of MRI. Our research suggests that 
patients vary greatly regarding their needs. Therefore,  
considering interindividual differences in patients’ needs 
may be a promising approach to reduce stress and anxiety 
in patients most effectively. We therefore suggest that 
medical institutions should start providing tailored medi-
cine, also in respect to the patient experience. This may  
be achieved by providing a variety of different materials  
for patients to choose from – or amendments of standard 
care, when thinking more generally. Thereby, it seems to 
be crucial to reach out to patients in advance: Providing  
patients with the opportunity to prepare themselves  
according to their own needs in a calm environment has 
the potential to maximize the beneficial effects.

Apart from being a relevant end in itself, we found  
in line with previous research that improving the patient 
experience could also have beneficial effects on clinical 3  � The Model of Coping Modes (based on Krohne [42]).
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workflows [5, 12, 17, 19, 21, 35–37]. Research suggests 
that patients who are calmer are less likely to be no-shows, 
have a lower need for sedation, premature terminations 
are less likely to happen, and patients move less, which 
could result in less need for scan repetitions and therefore 
shorter scan duration times [17, 19, 21, 36–40]. These  
effects might be even more pronounced when considering 
that time for patient education and preparation could also 
be reduced if patients were to arrive in an enhanced state 
of preparation. We therefore propose that improving the 
patient experience could result in positive effects for all 
stakeholders: Patients will be more relaxed, which also  
reduces stress for the medical personnel; furthermore, 
workflows will run more smoothly, thereby also increasing 
the revenue of an institution.
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What happens when you have an MRI scan? 

Help your little patients lose their fear – with Lottie
Lottie is an adventurous little lamb that loves to skateboard. 
But poor Lottie had an accident and may have broken her 
ankle. Now instead of leaping, she can only limp. Lottie  
is off to the hospital for an MRI scan. This engaging story 
by Professor Rolf Vosshenrich and Sylvia Graupner explains  
to children what it’s like to have an MRI scan in a way they 
can understand. 

We offer Lottie’s story as a children’s book in 15 languages 
(PDF) and as video in 5 languages. You can also order  
hard copies of the book in German, English, and Spanish.

The material is available at 
www.siemens-healthineers.com/ 
magnetom-world
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Before you have an MRI scan, you have to make sure you 

aren’t wearing or carrying anything with metal in it.

Some people have  

retainers on their teeth,  

hair clips, glasses,  

keys, coins, watches,  

pocketknives,  

cell phones, cards  

with magnetic strips … 

This is really, really  

important. If you take  

any metal items  

into the scanner, they  

will create their own  

magnetic field and mess  

up the examination. 

The Woodland Hospital  

elves remind Lottie to put  

her hair clips and keys  

away safely before her scan.

22

6

„Čo je vyšetrenie MR?“ spýta sa Lucka.
Pani doktorka trpezlivo vysvetľuje: MR je skratka pre slová
magnetická rezonancia.

16

9

أقزامنا السحريون لديهم مغناطيسات صغيرة.يستخدمونها

 
لضبط تناغم وحجم التصوير...يطفؤونهم ويشغلونهم بتناغم 

خاص أو يحركونهم بسرعات مختلفة. ينتج عن ذلك 

 
صوت يشبه صوت المنشار أو الطرق او الطبول، ليوقظ 

الخلايا الصغيرة في جسمك. 
 

وعندما تود هذه الخلايا أن ترتاح بسلام، 

 
تقوم بإرسال ”إشارات“ للجهاز تسمى 

 

”صدى او رنين“ أو Resonance )الكلمة الثانية(. 
 

هذه العملية تتكرر مرارا، وتختلف مدة الفحص من نوع لآخر.
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Artificial Intelligence: Learning About  
the Future of Cardiovascular MR
Kerstin Hammernik, Ph.D.1 and Thomas Küstner, Ph.D.2

1�Technical University of Munich, Germany / Imperial College London, UK
2University Hospital Tübingen, Germany

Over the past 40 years, cardiovascular magnetic resonance 
(CMR) has evolved from an esoteric research tool to an  
indispensable clinical tool that routinely changes patient 
management across the breadth of modern cardiovascular 
practice. CMR is a versatile, non-invasive imaging modality 
that provides a comprehensive assessment of multiple  
parameters for cardiac function and morphology in a single 
protocol. It plays a major role in the diagnosis and manage-
ment of cardiovascular disease (CVD). The prevalence of 
CVD is increasing annually and the conditions are among 
the leading causes of morbidity and mortality worldwide. 
This requires improvements in assessing, diagnosing, treat-
ing, and monitoring CVD patients. CMR will play a central 
role in achieving these goals. However, there remain major 
challenges for the widespread use of this technique: 
(a)	 Complex technology with many pulse sequences  

and parameters to choose from
(b)	 Manual data analysis and interpretation
(c)	 Inherent cardiac and respiratory motion
(d)	 Duration of the examination

Methods using artificial intelligence (AI) have been pro-
posed to address these challenges, but have also given rise 
to new questions about the methods’ reliability, accuracy, 
generalizability, and robustness. In order to shape the  
future of CMR and establish where and how AI can play  
a role in it, we will showcase some CMR applications and 
scenarios that reflect the abovementioned challenges.  
We will highlight some AI methods for each step of the 
CMR processing chain and conclude with thoughts on  
remaining challenges and opportunities.

Learning about the heart in higher 
dimensions
CMR enables the acquisition of morphological, functional, 
and quantitative tissue parameters. Various sequences are 
devised that represent powerful tools for the non-invasive 
characterization of congenital or acquired CVDs, including 
ischemia, valvular diseases, and ischemic and non-ischemic 
cardiomyopathies. Cardiac function is commonly assessed 
with continuous acquisitions (cine, real-time) over multiple 

cardiac cycles. Perfusion imaging permits the assessment 
of physiologic and pathophysiologic functional parameters. 
First-pass perfusion is the clinical standard for measuring 
myocardial blood flow and detecting myocardial ischemia. 
Cardiac viability is traditionally studied with a gadolinium-
based contrast agent in late gadolinium enhancement.  
Cardiovascular flow by phase-contrast imaging measures 
the velocity of blood in the cardiac chambers and great 
vessels. Coronary magnetic resonance angiography (CMRA) 
has the potential to diagnose coronary artery diseases. 
Quantitative CMR techniques like T1, T2, or T1rho mapping 
provide characterization of tissue properties that distin-
guish healthy from diseased tissue. More recently, MR  
fingerprinting1 and MR multitasking have been proposed to 
provide multi-parametric data in a continuously measured 
acquisition under a free-movement scenario (with respira-
tion and a beating heart). Multi-parametric CMR offers  
the promise of a more accurate diagnosis, early disease  
detection, and monitoring over time or of response to  
therapy [1].

These applications require either high spatial and/or 
temporal resolution, should ideally be acquired in 3D with 
whole-heart coverage to avoid slice misalignments or to 
allow reformatting into arbitrary image orientations, or  
are susceptible to cardiac and respiratory motion. The 
achievable image quality must be sufficient to detect  
and characterize CVDs, and is thus an inherent trade-off 
between imaging resolution, scan time, and signal-to-noise 
ratio (SNR), which are overall challenging requirements to 
meet. Moreover, to fully utilize the available information 
and/or to resolve the individual factors (motion, relaxivity, 
perfusion, etc.), joint data processing of all acquired data 
should be performed. This in turn yields high-dimensional 
data processing for CMR. To give an example, 5D cine  
imaging provides 3D spatial information of respiratory  
(1D) and cardiac (1D) motion-resolved data. If we jointly 
reconstruct motion-resolved data, we can share spatiotem-
poral information, i.e., sharing samples at a spatial location 

1�MR Fingerprinting is not commercially available in some countries.  
Due to regulatory reasons its future availability cannot be ensured.
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between different respiratory/cardiac motion states by  
accounting for the underlying motion between motion 
states. The benefit is increased sampling efficiency and 
higher sampling density, which in turn can result in  
improved image quality. Furthermore, high-dimensional 
data processing naturally lends itself to the combination of 
several data processing steps, as shown in Figure 1. In our 
5D cine example, the image reconstruction is combined 
with a motion correction/estimation procedure. The combi-
nation could also expand across several processing steps 
and we could develop a single AI network that performs 
this task for us. Let us say we are actually interested in  
assessing the left ventricular function using the 5D cine  
imaging. We could thus combine reconstruction, motion 
estimation, and image segmentation (to obtain left ven-
tricular functional parameters) using as input the acquired 
MR raw data and outputting the left ventricular functional 
parameters (ejection fraction, end-systolic volume, and  
so on). While joint processing has its benefits, one could 
also be interested in obtaining the intermediate results of 
this joint processing chain – to perform quality assurance, 
for instance, or to further visually assess morphology  
and function. However, depending on the selected setup,  
architecture, and scenario, this may no longer be easily 
possible. On the other hand, we could have developed  
individual and finely tuned AI networks for each of the 
tasks. For the 5D cine example, an image reconstruction 
network is followed by an image registration network that 
merges individually reconstructed motion states on which 
a subsequent image segmentation network is performed. 
Intermediate results (reconstructed image, motion fields, 
segmentation masks) would be available, but we would 
lose the possibility to share information between and  
within processing steps. 

While the concepts of joint processing sound intriguing 
and have already been studied in several research  
settings, applying them to a clinical scenario in a reliable 
fashion is challenging. Furthermore, high-dimensional  
AI-based data processing is not trivial and currently still  
limited in most cases by the available graphics processing 
unit (GPU) memory and the availability of network building 
blocks to process data beyond 3D [2].

AI forming the CMR workflow 
For a conventional CMR examination, several individual  
sequences are acquired, for which different processing 
steps are conducted. These include image acquisition,  
image formation, and diagnosis, as illustrated in Figure 1. 
These processing steps could be performed individually 
with highly optimized and tuned AI networks, or several 
steps could be combined end-to-end for outputting multi-
ple results in so-called multi-tasking networks. While AI  
has the potential to improve each step of the imaging  
pipeline, it should be seen as a support for clinicians, not  
a replacement.

Scanning and planning
The most tedious and time-consuming part of CMR is  
planning the cardiac scan. The image quality depends on 
the experienced technician responsible for acquiring the 
data, and uncertainties might be introduced by incorrect 
planning. AI has the potential to speed up the whole plan-
ning workflow, resulting in increased patient comfort and 
reduced healthcare costs. Also, AI-supported planning  
allows for more standardized cardiac scans and reduces the 
complexity of cardiac view planning. Siemens Healthineers 
provides a solution for AI-based view planning with its  
myExam Cardiac Assist tool [3, 4].

Reconstruction
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1   �Overview of clinical workflow supported by several artificial intelligence (AI) methods. Different AI solutions along the imaging and processing 
chain are illustrated for cardiac cine imaging. The inputs and outputs of the proposed AI techniques are also shown.
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Image reconstruction
Traditional image reconstruction techniques suffer from 
long reconstruction times and limitations in acceleration 
under Cartesian sampling patterns. Furthermore, prior 
knowledge of the reconstructed images needs to be incor-
porated into the reconstruction procedure. However, this 
prior information is often too simple to characterize the 
complex medical images. AI provides the opportunity to 
gain this prior knowledge directly from the data. Dictionary 
learning is an early example of data-driven learning in 
Compressed Sensing (CS)-based MRI reconstruction, and 
involves learning directly from undersampled data how the 
individual dictionary entries should be combined. AI-based 
solutions now achieve image quality similar or superior  
to classic CS-based approaches, while reducing the recon-
struction time tremendously from minutes and hours to 
seconds. Furthermore, the learned priors can deal with the 
characteristic, coherent backfolding artifacts that appear  
in Cartesian sampling schemes, which are standard in the 
clinical workflow.

However, learning only a data-driven image prior is  
not enough, and special care needs to be taken with the 
acquired k-space data. While purely image-driven networks 
are able to produce realistic-looking images, the images 
themselves are not consistent with the acquired k-space 
data. We refer the interested reader to a previous article  
in MAGNETOM Flash and to book chapters [5, 6] for more 
information on how to include the acquired k-space into a 

reconstruction network. In the current article, we focus on 
the application of AI-based solutions to (high-dimensional) 
CMR, including static and dynamic imaging.

Fuin et al. proposed a multi-scale variational network 
for CMRA [7]. For this static application, the reconstruction 
time could be reduced from ~5 minutes for a CS-based  
approach to ~14 seconds for the proposed learning-based 
approaches. Comparable image quality was achieved  
between the fully sampled reference scan and the 9×  
accelerated scan. The results show that the acquisition 
time can be reduced from 18:55 minutes for the fully  
sampled reference scan to 2:34 minutes for the 9× acceler-
ated acquisition, while the image quality stays comparable. 

An alternative approach for shortening the scan time 
while simultaneously increasing spatial resolution is to  
use AI-based super resolution. Images are acquired at a low 
image resolution and retrospectively reconstructed to the 
high-resolution target. This approach has been successfully 
applied to cardiac cine [8, 9] and CMRA [10, 11].

In the context of cine image reconstruction, Schlemper 
et al. proposed a data-consistent convolutional neural  
network (CNN), performing alternating single-coil data-
consistency steps and image denoising with a 5-layer CNN 
[12]. This approach was improved by a recurrent approach 
to propagate information through the time dimensions and 
between iterations [13]. Separated convolutions in the  
spatial domain and temporal domain further improve  
reconstruction quality, yielding more accurate functional 

2   �Physics-guided deep learning-based image reconstruction for cardiac cine imaging. High imaging acceleration (15×) enables the acquisition of 
a 3D cardiac cine with isotropic resolution and left ventricular coverage in a single breath-hold of < 10 seconds. A deep learning-based image 
reconstruction, CINENet, provides high image quality in contrast to the zero-filled reconstruction (input to network) or a Compressed Sensing 
(CS) reconstruction. CINENet reconstruction of accelerated scan (9 seconds) is in good accordance with a separate (slightly accelerated, 2.5×) 
3D cine (30 seconds) and a conventional multi breath-hold 2D cine (260 seconds). The 3D cine with CINENet reconstruction shows high 
agreement with the conventional 2D cine in terms of left ventricular ejection fraction (EF).
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parameters [14] and allowing for accelerated 3D cine  
reconstruction [15]. An example for accelerated single-
breath-hold 3D cine reconstruction compared to conven-
tional multi-slice multi-breath-hold 2D reconstruction  
is depicted in Figure 2. The aforementioned approaches  
operate directly on the full image, but low-rank and sparse 
priors are less frequently studied. Building on the success 
of unrolled networks, recent works focus on learning  
a structured low-rank prior [16] or low-rank plus sparse  
decomposition [17] in the context of dynamic MRI  
reconstruction.

While most approaches apply CNNs primarily in the  
image domain, hybrid networks exploit information in 
complementary domains. Due to the dynamic component 
in cine images, we can exploit the data in various domains. 
Exploiting all available data in various spaces pushes the 
reconstruction results further. El-Rewaidy et al. use both 
k-space and image domain information for radial imaging, 
implementing CNNs in both domains [18]. Complementary 
information in k-t and x-f space was studied in Qin et al. 
[19].

All aforementioned reconstruction approaches assume 
that fully sampled training data are available. The fully 
sampled data serve as a reference during training. How
ever, training data is not always available, and is sometimes 
even impossible to acquire. Yaman et al. proposed a self-
supervised learning approach that uses only the acquired 
training data points, with application to late gadolinium 
enhancement as depicted in Figure 3 [20]. The sampled 
data points are split into two disjoint sets, where the first 
set is used in the data consistency units of the unrolled  
reconstruction network, and the second set is used to eval-
uate the loss function during training directly in k-space.

Image analysis
CMR image segmentation and quantitative evaluation can 
be a challenging, time-consuming, and operator-intensive 
task. Segmentation of the chambers and myocardium is a 
mandatory postprocessing task. Automation of these tasks 
can therefore significantly reduce the time required for 
CMR image assessment. 

AI-based solutions for image segmentation have been 
shown to be highly accurate and fast [21]. Considerable 
efforts have been directed toward cine imaging, as it is 
considered the gold standard for the assessment of cardiac 
chamber volumes and function [22]. The work of Morales 
et al. provided additional myocardial strain measures [23]. 
Segmentation methods have also been paired with predic-
tions of important markers for cardiovascular disease, such 
as volume of pericardial adipose tissue [24] and scar-tissue 
areas [25]. Fahmy et al. automatically quantified left ven-
tricular mass and scar volume in late gadolinium enhanced 
imaging [26], which showed strong agreement between 
the automated segmentations and the manual delinea-
tions. Farrag et al. [27] investigated the propagation of 
segmentation masks derived from cine imaging for the  
accurate segmentation of myocardial tissue in T1 mapping 
of a shMOLLI sequence. In contrast, the work of Hann et al. 
[28] segmented the myocardium directly in the shMOLLI 
data.

Segmentations have also been shown to provide  
valuable information for image reconstruction and motion 
correction tasks. Joint learning of motion estimation and 
segmentation for cine imaging was proposed by Qin et al. 
[29]. The results suggested that an efficient motion esti-
mation network can bypass the need for high-quality  
reconstructions to achieve accurate image segmentation, 
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3   �Physics-guided deep learning-based image reconstruction for dynamic contrast-enhanced MRI. A three-slice myocardial perfusion in the right 
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is the use of signal intensity informed multi-coil (SIIM) encoding, which better models the underlying MR physics as indicated by the yellow 
arrows. Image courtesy of Mehmet Akçakaya.
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indicating the superiority of high-dimensional data  
processing. Sun et al. [30] proposed a unified deep  
network architecture for joint image reconstruction and 
segmentation. The reconstruction and segmentation  
networks share network parts, acting as intrinsic regular
izers for each other, while unshared network parts act 
specifically to the task (reconstruction or segmentation). 
Their results suggest that training a joint network is bene- 
ficial for high-quality segmentation of undersampled 
k-space data. While most multi-task networks aimed for an 
intermediate reconstructed image, Schlemper et al. [31] 
bypassed this step and directly predicted segmentation 
maps from highly undersampled dynamic CMR images  
of the UK Biobank data. Their results indicate that clinical 
parameters can be computed within an error of 10% if at 
least 10 lines are acquired for each cardiac phase using 
Cartesian sampling.

As sufficient image quality is a crucial factor in any fur-
ther downstream task, Tarroni et al. devised an automated 
cardiac quality control [32]. The heart coverage, existence 
of inter-slice motion, and myocardial to blood pool contrast 
are automatically assessed. Their findings enable a repro-
ducible and objective setting for large-scale and automated 
data processing. 

Neural networks have also been proposed for quantita-
tive CMR imaging to allow for accelerated myocardial tissue 
characterization. Jeelani et al. estimated quantitative T1 
maps from a MOLLI sequence [33, 34]. The work of Fahmi 
et al. paired the quantification network with a segmenta-
tion to target the maps toward the myocardium [35]. 

For multi-parametric acquisitions in MR fingerprinting, 
AI solutions have been initially proposed for non-cardiac 
applications [36] in order to bypass dictionary simulation 
and pattern matching and thereby reduce computation 
time and memory requirements. In CMR fingerprinting,  
sequence timings depend on the subject’s cardiac rhythm. 

Hamilton et al. proposed an estimation of T1 and T2 maps 
directly from undersampled spiral images showcasing rapid 
and robust predictions [37], as depicted in Figure 4.

Myocardial tissue characterization has also been stud-
ied in the context of radiomics. In radiomics, the image 
data is converted into mineable high-dimensional data  
using a large number of handcrafted features targeted  
toward the image intensity, and structural and textural  
information. These features are then used to perform  
segmentation of myocardial tissue [38], differentiate  
between acute and chronic infarction [39], differentiate 
between causes of myocardial hypertrophy [40], discrimi-
nate between hypertensive heart disease and hypertrophic 
cardiomyopathy patients [41], and quantify myocardial  
inflammation [42].

Beyond purely imaging-focused approaches, AI meth-
ods have also been used to predict outcomes in patients 
with various cardiovascular diseases [43] and identify  
relationships between cardiac morphology and non-
imaging information as provided by genetic variations [44].

Motion correction
Physiological motion is still one of the major extrinsic 
sources of image artifacts and requires appropriate han-
dling during acquisition or reconstruction. In the case  
of CMR, we are primarily dealing with respiratory and  
cardiac motion, which result in non-rigid deformations of 
the heart and its surrounding environment. Respiratory 
motion and cardiac motion are in most solutions regarded 
as periodic, but they do not necessarily have a fixed  
frequency throughout the scan. In other words, a subject 
might hold their breath, or a heartbeat might be skipped 
and should therefore be treated as cyclic rather than peri-
odic. Simplifications in modeling and correcting motion 
may be necessary to handle the motion problem and to 
build an appropriate AI solution.
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4   �Deep learning-based magnetic resonance fingerprinting (MRF) for myocardial tissue mapping [37]. A cardiac MRF sequence collects data 
within an ECG-triggered window under breath-hold from which the temporal fingerprint (measured signal) can be extracted for every voxel 
location. Together with the heart-rate interval timings, a fully connected neural network estimates the T1 and T2 values at each voxel 
location. Image courtesy of Jesse Hamilton.
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AI-based image registration methods have been proposed 
to map motion states in motion-resolved images, output-
ting a motion field of the moving anatomies. Mappings can 
be expressed between a pair of images (e.g., end-systolic 
frame to end-diastolic frame), known as pairwise registra-
tion, or between a group of images (several diastolic 
frames) to a target image (end-systolic frame), known  
as groupwise registrations. Large non-rigid motion across 
multiple temporal frames can occur, and in the case of 2D 
imaging the existence of through-plane motion compli-
cates the motion estimation process. Moreover, estimated 
motion fields should be diffeomorphic, i.e., a forward  
motion (end-systolic to end-diastolic) can be easily inverted 
to a backward motion (end-diastolic to end-systolic). 

A fast and reliable motion estimation is therefore  
required that correlates these short- and long-term corre-
spondences. AI methods have been proposed to operate 
on the reconstructed motion-resolved images (i.e., in the 
image domain) for pairwise registrations [45–47] or group-
wise registrations [48]. Alternatively, registration could be 
carried out directly on the acquired raw k-space data [49]. 
Since it is often of interest to estimate motion from as little 
data as possible (providing high temporal motion resolu-
tion), motion estimation procedures have been challenged 
with data from accelerated acquisitions [49–51]. 

Instead of outputting a motion field, joint motion-
compensated image reconstruction networks have been 
studied. Motion estimations are embedded with the recon-
struction process in order to exploit the high-dimensional 
data [52–54], as highlighted in Figure 5. Further combina-
tions with segmentation have been studied in [55], which 
introduced a joint framework for motion artifact detection, 
correction in k-space, and image segmentation. In this  

setting, the motion correction problem is reformulated  
as a reconstruction task. The motion artifact network  
detects motion-affected lines in k-space, which are then 
signaled to the reconstruction part for removal, yielding  
a motion-corrected image from which segmentations are 
derived. The results showed that joint processing was  
superior to sequential processing.

Adversarial training strategies as proposed in [56, 57] 
aim to correct for the motion in the image domain. These 
networks consist of two parts: a generator network which 
predicts motion-corrected images from simulated motion-
corrupted ones, and a discriminator which tries to distin-
guish between the generated motion-corrected images 
(from generator) and real motion-corrected images.  
The goal is to fool the discriminator network to generate 
images that look like real motion-corrected images.  
Alternatively, motion embeddings can be learned with  
variational autoencoders that allow to distinguish be-
tween motion-affected and motion-corrected scans [58]. 

Current challenges, opportunities,  
and limitations
CMR imaging offers a great opportunity for deep learning 
due to the redundancy and the high dimensionality of the 
data. However, we also face challenges regarding acquisi-
tion time, SNR, the trade-off between spatial and temporal 
resolutions, and different types of motion, e.g., cardiac and 
respiratory motion, which makes the application of deep 
learning techniques more demanding. While deep learning 
approaches often outperform CS-based approaches in terms  
of pixel-wise quantitative scores, these approaches might 
tend to over-blur the temporal component. However, a 
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5   �Motion-compensated image reconstruction for cardiac cine imaging. An image reconstruction is paired with a motion estimation network. The 
impact of sharing the available spatiotemporal information in a motion-corrected image reconstruction (bottom row) is shown in comparison 
to performing only a non-motion-informed image reconstruction (top row). For higher accelerations, sharing spatiotemporal data allows to 
increase sampling density and thereby improve image quality.
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high resolution of the temporal dynamics is crucial for  
diagnosis and to detect subtle pathologies.

When using deep learning techniques, it is challenging 
to evaluate the quality and robustness of reconstruction 
approaches, especially in the case of subtle pathologies. 
However, we might get trapped in overly optimistic results 
if we use simulated data and neglect the unprocessed raw 
k-space data [59]. In a different line of work, the robust-
ness of neural networks to small adversarial perturbations 
at the input was investigated [60]. Robustness of neural 
networks to changes in anatomy was studied in the con-
text of static 2D imaging in [61], showing that domain 
shift has a marginal impact on image reconstruction when 
using unrolled networks and moderate acceleration. This 
observation regarding domain shift is different to image 
analysis tasks, where a subtle change might lead to 
mis-segmentation, for instance.

Deep learning approaches were intensively and  
individually studied in the context of scan planning, accel-
erated acquisition and reconstruction, and image analysis. 
While we often focus only on one part of this full imaging 
pipeline, deep learning provides many more opportunities 
to improve the whole workflow of CMR image acquisition 
for analysis and diagnosis. Future investigations of deep 
learning approaches will go deeper in supporting the 
choice of exam based on actual physiological scan para
meters such as heart rate, or on the patient information 
obtained during the scan. Deep learning techniques will 
also support further acceleration in scan time to enable  
real-time interventional cardiac MRI [62]. We also observe 
a trend towards embedding different elements of the im-
aging pipeline into a deep learning approach and training 
this network end-to-end as shown in multi-task networks, 
or exploiting the available data, e.g., via motion fields, 
which will form the future of learning-based CMR imaging.
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Introduction
In the more than three decades since magnetic resonance 
angiography (MRA) was introduced into clinical practice, 
resolution and imaging speed have improved dramatically. 
Parallel imaging and advances in coil technology have 
slashed acquisition times through undersampling, while 
data processing power has exploded. More recent devel
opments in compressed sensing and deep learning hold 
promise for still more aggressive undersampling schemes 
as they usher in an exciting new era of technical innova-

tion. Today, MRA studies are, on average, faster to acquire 
with greater coverage and higher resolution than 10 years 
ago, at which time MRA use was growing at a fast pace  
[1, 2]. However, an analysis of MRA utilization trends over 
the past decade suggests that its use is steadily decreasing, 
while the use of X-ray CT angiography (CTA) is steadily  
increasing [3]. The reasons underlying this trend will  
require further analysis, but relevant factors in the choice 
of test include ease of access, diagnostic accuracy, image 

1A 1B 1C

1  � 3-day-old1 male patient with hypoplastic aortic arch and coarctation. Coronal thin MIP images from ferumoxytol enhanced MRA in the arterial 
(1A), venous (1B) and late venous (1C) phases at 3T. Note the stable intravascular signal in the 43-minute interval between the early and late 
venous phases. Reproduced from [30] with permission.

1 �Siemens Healthineers Disclaimer: MR scanning has not been established as safe for imaging fetuses and infants less than two years of age. The responsible physician 
must evaluate the benefits of the MR examination compared to those of other imaging procedures. Note: This disclaimer does not represent the opinion of the authors.
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quality, workflow, cost and safety. Modern CTA has made 
impressive strides in all of these spaces, raising the bar in  
a point to point face off [4]. Nonetheless, in certain areas, 
MRA is still firmly rooted in clinical practice (e.g., 3D Time 
of Flight MRA in the brain) and is an effective alternative to 
CTA when iodinated contrast agents are contraindicated or 
when vascular calcification is problematic. Also, MR tech-
nology has unique advantages for imaging the vessel wall 
and plaque composition [5]. Outside of the brain, contrast 
enhanced MRA (CEMRA) has out-performed non-contrast 
techniques for most applications, but the association  
of gadolinium with nephrogenic systemic fibrosis [6, 7] 
and gadolinium retention in brain [8, 9] has unwound  
the common practice of using high dose gadolinium for 
CEMRA. Although there is strong evidence supporting  
the safety of the macrocyclic gadolinium-based contrast 
agents (GBCAs) in patients with renal impairment [10], 
persistent concerns about gadolinium brain deposition  
[8, 11] have tempered enthusiasm for GBCA enhanced 
studies in several patient groups. For all of the above  
reasons, the landscape of advanced, non-invasive vascular 
imaging is very much in flux.

Against this background, ferumoxytol (Sandoz Inc, 
Princeton, NJ, USA: Feraheme®, Covis Pharma GmbH,  
Zug, Switzerland) has emerged as a diamond in the rough 
that can address many of the limitations faced by both 
gadolinium-based MRA and iodine-based CTA [12–17]. 
Ferumoxytol is an iron nanoparticle with a mean particle 
diameter of 30 nm [13, 14], placing it in the class of ultra
small, superparamagnetic iron oxide (USPIO) agents. It  
is approved in the U.S. for intravenous iron replacement  
therapy in patients with all levels of renal impairment,  
as well as in those with normal renal function [18].  
Ferumoxytol is effectively a pure blood-pool agent with  
remarkable MRI properties that has proved to be a power-
ful off-label vascular imaging agent where other agents 
may be contraindicated or ineffective [13–15].

In our practice at UCLA, ferumoxytol enhanced MRA 
(FEMRA) has been requested in growing numbers over the 
past eight years for patients with renal failure and in other 
patient groups where its advantages have become evident. 
In this paper, we address several clinical applications where 
we have found the off-label use of FEMRA effective and  
reliable.

Ferumoxytol compared to the extracellular 
GBCAs
Without doing an exhaustive dive into the physico-
chemical properties of the individual agents, below  
we highlight relevant characteristics that distinguish  
ferumoxytol from the broad class of extracellular GBCA.

Biodistribution and pharmacokinetics
Once injected, ferumoxytol remains unaltered in the blood 
with a nominal half-life of 15 hours. Its distribution volume 
is the blood volume, which is about 5 liters in a typical 
adult. It is not excreted by the kidneys or the liver and so 
does not appear in urine or bile. Rather, ferumoxytol is 
slowly taken up by white blood cells (macrophages) in  
liver, spleen and bone marrow and the iron is incorporated 
into the red blood cell synthesis pathway. The GBCAs on 
the other hand, once injected, begin to diffuse into the  
entire extracellular fluid space immediately. Their blood 
half-life (depending on renal function) is on the order of 
two minutes for the distribution phase and 90 minutes  
for the elimination phase [19]. The distribution volume for 
the GBCAs is the volume of the extracellular fluid space, 
which is about 15 liters in a typical adult. So, within two 
minutes of injection, the GBCAs become three times more 
diluted than ferumoxytol and their blood concentration 
drops further due to renal excretion. It should be noted 
that iron is an essential component of normal cellular  
metabolism, such that iron deficiency has far reaching  
consequences [20].

Relaxivity
The T1 relaxivity of ferumoxytol is about three times that  
of the currently available macrocyclic GBCAs [13, 21]. So, 
when coupled with its smaller distribution volume (less  
dilution) and slow clearance from the blood, ferumoxytol 
exhibits about a ten-fold advantage when compared to the 
GBCAs at comparable doses. The steady state distribution 
of ferumoxytol is established within two to five minutes  
of administration and thereafter uniformly high signal  
persists in all blood vessels and in all vascular territories.

Vascular specificity
Because ferumoxytol does not diffuse into the extravas
cular tissue spaces, it maintains a high gradient in concen-
tration between blood vessels and their surroundings.  
This preserves the sharpness of vessel borders and makes 
the task of region-growing easier for post processing algo-
rithms, such as volume rendering (VR). On the other hand, 
with GBCAs, once the first pass is over, enhancement of 
soft tissues diminishes the concentration gradient between 
blood vessels and their surroundings also decreases.

Image contrast basis
In addition to high T1 relaxivity, ferumoxytol also has  
potent T2 relaxivity [21], whereas the GBCAs do not. The 
T2 property can be exploited to huge advantage for black 
blood imaging without any requirement for magnetization 
preparation schemes such as double inversion or diffusion 
sensitization [22]. So, with appropriate image weighing, 
ferumoxytol can produce reliable bright blood imaging and 
also reliable black blood imaging. The GBCAs exhibit weak 
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T2 relaxivity and their T1 effects undermine black blood 
imaging with commonly used preparation schemes.  
Beyond vessel imaging, strong T2 contrast can be seen 
with ferumoxytol at much shorter TEs than with the GBCAs. 
This has relevance for improved T2-weighted imaging of 
solid organs, such as liver, and for susceptibility-weighted 
imaging in all regions, including the brain [23].

Cardiovascular imaging
For ferumoxytol in the heart, there are several noteworthy 
observations. Because it does not diffuse into the inter
stitial (extravascular) fluid space, ferumoxytol does not  
enhance myocardial scar. However, its intravascular fidelity 
could be leveraged for estimation of fractional blood  
volume distribution [24]. Ferumoxytol should not be used 
for applications such as late gadolinium enhancement, 
where GBCAs may have greater strengths due to their  
extracelullar properties. Second, ferumoxytol does not play 
well with TrueFISP sequences (because of its T2 effects) 
and the preferred cardiac cine sequence with ferumoxytol 
is T1 FLASH. Due to its potent and persistent shortening  
of the blood T1, ferumoxytol offsets the saturation that can 
plague non-contrast FLASH cine, such that high quality  
images are routinely achievable even in patient with poor 
cardiac function. FLASH is also relatively immune to the  
B0 and B1 non-uniformity that complicates TrueFISP cine at 
3T and in patients with implanted cardiac devices [25].

Field strength compatibility
Like CEMRA with the GBCAs, FEMRA can be performed  
at 1.5T and 3T. Also, there is evidence of its potential  
at 0.5T [26].

Multi-station and repeated acquisitions
As already noted, the steady state concentration of feru-
moxytol in the blood is constant. For this reason, multiple 
overlapping stations can be acquired reliably, without  
having to ‘keep up with’ a traveling bolus of contrast. These 
individual stations can then be composed into a single, 
large field of view image using ‘Image Compose’. For  
the same reason, if the patient moves or does not follow 
breath-held instructions on the first attempt, the acquisi-
tion can be repeated with no penalty in image contrast.

Safety
Ferumoxytol is approved in the U.S. for therapy in patients 
with renal failure and can be used (off-label) as an alter
native to the iodinated X-ray agents and the GBCAs as  
appropriate. The U.S. Food and Drug Administration (FDA) 
has warned against rapid injection of ferumoxytol due to 
the possibility of severe hypersensitivity reactions reported 
during its therapeutic use [27]. Although severe reactions 
have not been reported during diagnostic use of ferumoxy-
tol [28], we strongly recommend following FDA guidelines 

with slow infusion and physiological monitoring. In  
our practice, minor infusion reactions have occurred in  
less than 1% of patients and in multicenter experience, 
mild reactions occurred in < 2% of injections [28]. Some-
times called ‘Fishbane’ reactions, these are self-limiting 
symptoms thought to be mediated through release of  
complement and typically manifest as chest tightness, 
flushing of the skin, back pain, or ‘trouble taking a breath’. 
Whereas vital signs are stable with Fishbane reactions, 
without bronchospasm hypotension, tachycardia or hypox-
ia, they may be distressing to patients (and staff) who have 
not been made aware that such symptoms may occur. In 
that case, patients and MRI staff may become anxious  
and distressed and confuse the episode with severe allergy. 
Management is supportive and generally requires only 
pausing the infusion, checking vital signs and reassuring 
the patient. Symptoms usually resolve within five minutes, 
without drug intervention. Once symptoms resolve, the  
infusion can be restarted slowly and symptoms generally 
do not recur. Although our numbers are not sufficient to 
draw any firm conclusions about who is more or less likely 
to exhibit symptoms, anecdotally we have observed a  
cluster in young patients (four of six total were in the age 
range from teens to thirties) and rarity in elderly patients. 
Failure to recognize Fishbane reactions for what they are 
may result in inappropriate escalation of care and adminis-
tration of potent drugs that have potentially serious side 
effects. If a true allergic anaphylactic reaction occurs, as  
it may with any injected agent, it should be managed in 
the same manner as other severe hypersensitivity reactions 
due to the GBCAs or iodinated contrast agents.

Availability
Currently, ferumoxytol is available only within the U.S.  
and is marketed as Feraheme (Covis Pharma GmbH, Zug, 
Switzerland). Within the past year, a generic version of 
ferumoxytol has become available in the U.S., marketed  
by Sandoz, a Division of Novartis (Sandoz Inc., Princeton, 
NJ, USA).

Clinical experience
In our experience of more than 1,500 studies in more  
than 1,300 patients at UCLA, ferumoxytol has been used 
successfully in the following broad areas:
(1)	 Venography: venous access mapping, central or  

peripheral venous occlusion, pre-operative planning 
for venous intervention, evaluation of the portal and 
hepatic venous system

(2)	 Arteriography: aortic aneurysm and dissections,  
renal transplant vascular imaging, peripheral

(3)	 Cardiovascular: congenital heart disease, implanted 
cardiac devices

(4)	 MRA in claustrophobic patients
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Venography
Ferumoxytol in the steady state produces equivalent  
high contrast in both arteries and veins and MR veno
graphy with ferumoxytol is poised to set a new gold  
standard [29, 30].

Venous thrombosis and occlusion are increasingly  
frequent and potentially devastating complications of 
treatment in patients with malignancy and organ failure 

[31]. However, imaging of central veins may be impossible 
with ultrasound [31] and even modern CT may require 
high contrast doses and is prone to timing errors [32]. 
While non-contrast magnetic resonance venography (MRV) 
techniques have been applied to the central veins [33, 34], 
they are flow-dependent, relatively slow and are sensitive 
to motion artifact. Non-contrast MRV is nowadays used 
sparingly, outside of the brain.

2A

2B

2  � Ferumoxytol enhanced MRA (FEMRA) on a 3T MAGNETOM Trio a Tim system scanner in a 10-year-old boy with chronic renal failure requiring 
venous access. FEMRA at 30 minutes post injection show extensive venous occlusion in the chest and pelvis with extensive collateralization 
(2A, B). Color volume rendering highlights the numerous venous collaterals (2B, blue). Systemic arteries are rendered in red and portal vein 
tributaries in magenta (2B). Reproduced from [30] with permission.
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Contrast enhanced MR Venography (CEMRV) with gado
linium has been used successfully with both blood pool 
and extracellular agents. However, in patients with severe 
renal impairment, clinicians remain hesitant to request 
gadolinium enhanced studies, a trend exacerbated by the 
recent reports of gadolinium deposition in brain and bone. 

Ferumoxytol is, in many ways, an ideal agent for venous 
imaging. Following injection, there may be great variability 
in the time taken for veins in different anatomic regions to 
enhance. Because of its long vascular half life, ferumoxytol 
will eventually make its way to all patent blood vessels.  

3A 3B 3  � Ferumoxytol enhanced MRV on a 1.5T in  
a 33-year-old male with end-stage renal 
disease on hemodialysis who required 
venous mapping prior to central venous 
access. FE-MRV maximum intensity 
projection (3A) and color 3D volume 
rendering (3B) show occluded right 
internal jugular and subclavian veins  
(red arrows in 3A), non-visualized 
occluded right internal jugular vein  
(3A, red arrowhead) and complete 
occlusion of the entire inferior vena cava 
and common iliac veins (3A and B, green 
arrows). Collateral veins are highlighted 
in B (white arrowheads). The study was 
completed in two breath-holds, with 
overlapping stations in Image Compose. 
Reproduced from [29] with permission.

4A 4B 4C 4D

4  � Ferumoxytol enhanced MRV (FEMRV) on a 1.5T in 47 year-old male with end-stage renal disease post renal transplantation presented with 
persistent right lower leg swelling 8 days after a filter placement in the inferior vena cava (IVC). Initial FEMRV source image (4A) and color  
3D volume rendering (4B) show extensive occlusion extending from the IVC and bilateral common iliac veins to the right renal transplant vein 
and right common femoral vein (4A and B, green arrows). Following intervention (4C, D), the IVC and common iliac veins are largely 
recanalized (4C and D, purple arrows) and the IVC filter (4C, blue arrow) is in good position. Single breath-hold acquisition on both occasions. 
Reproduced from [29] with permission.
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No degradation in vascular contrast occurs over the  
entire duration of an imaging study, so venography  
becomes as simple as infuse, wait a few minutes and  
scan (Figures 1–5).

Aortic disease
For the same reasons that ferumoxytol excels at imaging 
the venous system, it also excels at imaging aortic aneu-
rysms, particularly in elderly patients with tortuous vessels 
and slow flow. In these circumstances, bolus timing for  

5A

5B

5  � Ferumoxytol enhanced MRA (FEMRA) on a 3T MAGNETOM Prismafit in a 23-year-old female with giant left iliac venous aneurysm.  
(5A) Color rendering from the single breath-held acquisition FEMRA shows the venous aneurysm and enlarged pelvic veins in blue.  
(5B) Multiplanar reformats show dimensions of the pelvic venous aneurysm and its narrow neck.
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CEMRA and for CTA can be challenging, because distal  
segments of the aorta may fill long after more proximal 

6  � Ferumoxytol enhanced 
MRA (FEMRA) in a 
65-year-old male patient 
with renal failure and an 
infra-renal abdominal 
aortic aneurysm being 
evaluated for stent graft. 
Color rendered, 
composed FEMRA  
(6A, B) show the extent 
of the aneurysm and 
include the entire 
aorto-iliac system. 
Multiplanar reformats 
from FEMRA (6C) and 
non-breath held HASTE 
(6D) show the 
dimensions of the 
aneurysm. The HASTE 
image shows differential 
signal from aortic plaque 
and mural thrombus. 
Note how clearly the 
HASTE image differen
tiates perfused lumen 
(dark) from thrombus 
and plaque.

6A

6C 6D

6B

segments. With steady-state ferumoxytol, this is not an  
issue because contrast gains uniform access to every  

7  � Ferumoxytol enhanced 
MRA (FEMRA) in an 
elderly male patient with 
renal failure, multi-focal, 
thoraco-abdominal 
aortic aneurysm, and 
prior aorto-iliac surgical 
graft. Color rendered, 
composed FEMRA (7B) 
show the extent of the 
aneurysm and include 
the entire aorto-iliac 
system. Multiplanar 
reformats from FEMRA 
(7C) and non-breath 
held HASTE (7A) show 
corresponding bright- 
blood and dark-blood 
images without mural 
thrombus.

7A 7B 7C
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8  � Ferumoxytol enhanced MRA (FEMRA) on a 3T MAGNETOM Prismafit in an 83-year-old male patient with renal failure and claudication.  
Panels (8A, B) show full field of view and focused Iliac color renderings, with severe stenoses in the common iliac arteries (green arrows).  
Panel (8C) is a multiplanar reformat through the celiac artery, showing a tight stenosis at the origin (green arrow).

8A

8C

8B

crevice throughout the aorto-iliac system (Figures 4–8). 
Also, as with venous imaging, coverage can be extended 
with overlapping stations without loss of luminal contrast 
(Figures 5–8). Another advantage of ferumoxytol in aortic 
aneurysms is in defining mural thrombus and plaque with 
complementary black blood imaging (Fig. 6). This is as  
simple as running non-breath-held HASTE [22]. Because 
ferumoxytol decreases the T2 of the blood, there is no  
residual blood signal (or source of slow flow artifact) on 
HASTE, even at modest TE. Moreover, there is no require-
ment for black blood magnetization modules, such as  

double inversion or dephasing gradients. Just as the blood 
signal is bright on T1-weighted MRA independently of  
flow, the blood signal is dark on T2-weighted sequences, 
independently of flow.

Lower extremity MRA
Whereas steady-state imaging is fully diagnostic in the 
chest, abdomen and pelvis, where arteries are easily distin-
guished from veins, in the calves, venous enhancement 
can make interpretation of abnormal arterial anatomy  
impossible. For this reason, we have found it helpful to  
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inject a small dose of dilute ferumoxytol over 10 seconds 
and acquire TWIST images (Fig. 9) in the calves and thighs. 
The remaining contrast can then be infused slowly and 

10  � Ferumoxytol enhanced MRA (FEMRA) in a 2-day-old1 neonate with suspected hypoplastic left heart syndrome. Single frame reformats from 4D 
MUSIC acquisition are shown. Uninterpolated voxel dimensions were 0.9 × 0.9 × 0.9 mm3. Because of the volumetric, multi-phase acquisition, 
precise dimensional and volumetric measurements can be made for chamber and vessel sizes.

steady state images of the chest, abdomen and pelvis  
acquired.

9  � Ferumoxytol enhanced MRA (FEMRA) in a 75-year-old male patient with leg pain and chronic kidney disease. Low dose ferumoxytol was used 
for multi station dynamic TWIST imaging of the calf (9C) and thigh (9B). Subsequently, the remaining ferumoxytol dose was infused slowly 
and steady state imaging of the chest, abdomen and pelvis performed (9A, volume rendered image shows a transplant kidney in the right 
pelvis).

9A 9B 9C

1 �Siemens Healthineers Disclaimer: MR scanning has not been established as safe for imaging fetuses and infants less than two years of age. The responsible physician 
must evaluate the benefits of the MR examination compared to those of other imaging procedures. Note: This disclaimer does not represent the opinion of the authors.
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Pediatric congenital heart disease
In children with congenital heart disease (CHD), feru
moxytol has ushered in a paradigm shift for MRI. Because 
of its long half-life in the blood, ferumoxytol supports 
high-resolution 4D (or 5D) imaging. When implemented 
with both cardiac and respiratory gating, high-dimensional 
techniques such as MUSIC (Multiphase, Steady-state Imag-
ing with Contrast)2 [35–39] and free-running 3D radial  
imaging3 [40] can produce images with uniformly high 
contrast throughout the cardiac chambers and blood  
vessels (Figures 10, 11). Data acquisition runs for several 
minutes (usually with continuous positive pressure ventila-
tion) and images are immediately available for cine recon-
struction in any plane and for comprehensive evaluation of 
vascular anatomy. MUSIC has proved reliable at multiple 
institutions and at both 1.5T and 3T [39]. The acquisition 
protocol is simple and reliable and is independent of the 
complexity of the underlying disease and anatomy.

Adult congenital heart disease (ACHD)
In adult patients with CHD, timing of a contrast bolus for 
evaluation of shunts such as the Fontan and Glenn can  
be problematic and prone to misinterpretation. Again,  
because of its independence from bolus timing, MRA with 
ferumoxytol offers huge advantages over both CTA and  
CEMRA in the Fontan patient. Performing MRA with cardiac 
gating is desirable in patients with ACHD and abnormalities 
involving the great vessels (Fig. 12). First pass imaging of  
a GBCA bolus requires that the acquisition is timed accu-
rately both with respect to the contrast bolus arrival and 
the phase of the cardiac cycle. This can be a complex  
procedure and if either gating or bolus timing fails, the first 
pass opportunity is lost. With ferumoxytol in steady state, 
there is no bolus timing and if gating or breath-holding is 
suboptimal the first time, the acquisition can be repeated 
at leisure.

11  � Ferumoxytol enhanced 
MRA (FEMRA) in a 
6-month-old1 male with 
suspected vascular ring. 
Single frame volume-
rendered images from 
4D MUSIC acquisition are 
shown. Uninterpolated 
voxel dimensions were  
1.0 x 1.0 x 1.0 mm3. 
Color volume rendered 
reconstructions 
comprehensively show 
all cardiac chambers and 
great vessel anatomy. 
The double aortic arch 
with complete vascular 
ring is well shown in the 
right panel (arrows).

12  � Ferumoxytol enhanced 
MRA (FEMRA) in a 
48-year-old patient with 
double aortic arch and 
complete vascular ring. 
Color volume rendered 
images clearly depict a 
complete vascular ring 
and its relationship to 
other vessels (12A, 
viewed from above). 
Incidentally noted left 
renal artery stenosis 
(12B, arrow).

12A 12B 12C

2MUSIC is a prototype sequence developed at UCLA.
3Work 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.
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Claustrophobia
Claustrophobia of some degree is found in many patients 
who are otherwise suitable candidates for contrast en-
hanced MR angiography (CEMRA). Conventional CEMRA 
examinations may exceed 30 minutes within the scanner 
bore and patients with claustrophobia may be unwilling  

or unable to tolerate that. We have implemented a focused 
ferumoxytol-enhanced MRA (f-FEMRA) protocol in claustro-
phobic patients [41], whereby comprehensive vascular  
imaging can be completed in only a few minutes within  
the magnet bore (Fig. 13). For the f-FEMRA studies, where 
clinically appropriate, no pre-contrast imaging is performed 

13  � Ferumoxytol enhanced 
MRA (FEMRA) in a 
79-year-old claustro
phobic male patient with 
renal impairment and 
abdominal bruit. MIP of 
non-contrast CT (13A) 
and f-FEMRA (13B) show 
severe aortic calcification 
(green arrows). Note 
clear visualization of the 
perfused aortic lumen in 
panel 13B. f-FEMRA with 
color 3D volume 
rendering and an 
extended field of view 
(13C, D) confirm 
extensive distal aortic 
disease (13D, green 
arrow), stenosis of the 
right subclavian artery 
(13D, yellow arrow) and 
an enlarged inferior 
mesenteric artery 
forming an Arc of Riolan 
(13D, white arrow). 
Occlusion of the 
proximal superior 
mesenteric artery is 
highlighted in (13E, F, 
arrows). Examination 
time for two-station 
f-FEMRA was 6 minutes 
and 46 seconds. 
Reproduced from [41] 
with permission.

13A 13B

13C 13D

13F13E
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and ferumoxytol is infused outside the scanner bore (or 
outside the MRI suite). Automated scanner tuning and  
coil adjustment, without patient-specific shimming, mini-
mizes adjustment time. Following localizers, breath-held, 
high resolution 3D FEMRA is performed in one or more 
overlapping stations. Total time within the magnet bore  
for f-FEMRA may be as little as 3 minutes.

Conclusion
The use of ferumoxytol offers many distinct advantages 
over conventional approaches to vascular imaging with 
MRI. It can simplify procedures and protocols, shorten 
exam durations (sometimes profoundly), improve image 
quality, and open up clinical applications not otherwise 
possible. In the examples illustrated above, we only begin 
to explore the potential of this versatile agent. At the time 
of writing, the major barriers to the more widespread use 
of ferumoxytol are availability, cost and the lack of an ap-
proved diagnostic label. However, none of these obstacles 
is insurmountable and there is growing interest in remov-
ing all of them, much to the benefit of patient care.  

References

1	 Napoli A, Anzidei M, Marincola BC, Zaccagna F, Geiger D,  
Di Paolo PL, et al. Optimisation of a high-resolution whole-body MR 
angiography protocol with parallel imaging and biphasic adminis-
tration of a single bolus of Gd-BOPTA: preliminary experience in the 
systemic evaluation of atherosclerotic burden in patients referred 
for endovascular procedures. Radiol Med. 2009;114(4):538-52.

2	 Villablanca JP, Nael K, Habibi R, Nael A, Laub G, Finn JP.  
3 T contrast-enhanced magnetic resonance angiography for 
evaluation of the intracranial arteries: comparison with time-of-
flight magnetic resonance angiography and multislice computed 
tomography angiography. Invest Radiol. 2006;41(11):799-805.

3	 Guichet PL, Duszak R, Jr., Chaves Cerdas L, Hughes DR, Hindman N, 
Rosenkrantz AB. Changing National Medicare Utilization of 
Catheter, Computed Tomography, and Magnetic Resonance 
Extremity Angiography: A Specialty-focused 16-Year Analysis.  
Curr Probl Diagn Radiol. 2021;50(3):308-314.

4	 Dodd JD, Leipsic J. Cardiovascular CT and MRI in 2019: Review  
of Key Articles. Radiology. 2020;297(1):17-30.

5	 Mandell DM, Mossa-Basha M, Qiao Y, Hess CP, Hui F, Matouk C,  
et al. Intracranial Vessel Wall MRI: Principles and Expert Consensus 
Recommendations of the American Society of Neuroradiology. 
AJNR. 2017;38(2):218-229.

6	 Thomsen HS. Nephrogenic systemic fibrosis: a serious adverse 
reaction to gadolinium - 1997-2006-2016. Part 1. Acta radiologica 
(Stockholm, Sweden : 1987). 2016;57(5):515-20.

7	 Haneder S, Kucharczyk W, Schoenberg SO, Michaely HJ. Safety of 
magnetic resonance contrast media: a review with special focus  
on nephrogenic systemic fibrosis. Topics in magnetic resonance 
imaging: TMRI. 2015;24(1):57-65.

8	 Malayeri AA, Brooks KM, Bryant LH, Evers R, Kumar P, Reich DS, 
Bluemke DA. National Institutes of Health Perspective on Reports  
of Gadolinium Deposition in the Brain.  
J Am Coll Radiol. 2016;13(3):237-41.

9	 Radbruch A, Weberling LD, Kieslich PJ, Eidel O, Burth S,  
Kickingereder P, et al. Gadolinium retention in the dentate nucleus 
and globus pallidus is dependent on the class of contrast agent. 
Radiology. 2015;275(3):783-91.

10	Woolen SA, Shankar PR, Gagnier JJ, MacEachern MP, Singer L, 
Davenport MS. Risk of Nephrogenic Systemic Fibrosis in Patients 
With Stage 4 or 5 Chronic Kidney Disease Receiving a Group II 
Gadolinium-Based Contrast Agent: A Systematic Review and 
Meta-analysis. JAMA internal medicine. 2020;180(2):223-230.

11	Le Fur M, Caravan P. The biological fate of gadolinium-based MRI 
contrast agents: a call to action for bioinorganic chemists. 
Metallomics: integrated biometal science. 2019;20;11(2):240-254.

12	Neuwelt EA, Hamilton BE, Varallyay CG, Rooney WR, Edelman RD, 
Jacobs PM, Watnick SG. Ultrasmall superparamagnetic iron oxides 
(USPIOs): a future alternative magnetic resonance (MR) contrast 
agent for patients at risk for nephrogenic systemic fibrosis (NSF)? 
Kidney international. 2009;75(5):465-74.

13	Bashir MR, Bhatti L, Marin D, Nelson RC. Emerging applications for 
ferumoxytol as a contrast agent in MRI.  
J Magn Reson Imaging. 2015;41(4):884-98.

14	Finn JP, Nguyen KL, Han F, Zhou Z, Salusky I, Ayad I, Hu P. 
Cardiovascular MRI with ferumoxytol.  
Clin Radiol. 2016;71(8):796-806.

15	Toth GB, Varallyay CG, Horvath A, Bashir MR, Choyke PL,  
Daldrup-Link HE, et al. Current and potential imaging applications 
of ferumoxytol for magnetic resonance imaging.  
Kidney International. 2017;92(1):47-66.

16	Daldrup-Link HE. Ten Things You Might Not Know about Iron Oxide 
Nanoparticles. Radiology. 2017;284(3):616-629.

17	Prince MR, Zhang HL, Chabra SG, Jacobs P, Wang Y. A pilot 
investigation of new superparamagnetic iron oxide (ferumoxytol) 
as a contrast agent for cardiovascular MRI.  
Journal of X-ray science and technology. 2003;11(4):231-40.

18	Food and Drug Administration. Feraheme Label.  
[cited 2018 February 5]; Available from:  
https://www.accessdata.fda.gov/drugsatfda_docs/label/2018/ 
022180s009lbl.pdf

19	Aime S, Caravan P. Biodistribution of gadolinium-based contrast 
agents, including gadolinium deposition.  
J Magn Reson Imaging. 2009;30(6):1259-67.

20	Lopez A, Cacoub P, Macdougall IC, Peyrin-Biroulet L.  
Iron deficiency anaemia. Lancet. 2016;387(10021):907-16.

21	Knobloch G, Colgan T, Wiens CN, Wang X, Schubert T, Hernando D, 
et al. Relaxivity of Ferumoxytol at 1.5 T and 3.0 T.  
Invest Radiol. 2018;53(5):257-263.

22	Nguyen KL, Park EA, Yoshida T, Hu P, Finn JP. Ferumoxytol enhanced 
black-blood cardiovascular magnetic resonance imaging.  
J Cardiovasc Magn Reson. 2017;19(1):106.

23	Buch S, Wang Y, Park MG, Jella PK, Hu J, Chen Y, et al. Subvoxel 
vascular imaging of the midbrain using USPIO-Enhanced MRI. 
Neuroimage. 2020;220:117106.

24	Colbert CM, Thomas MA, Yan R, Radjenovic A, Finn JP, Hu P,  
Nguyen KL. Estimation of fractional myocardial blood volume  
and water exchange using ferumoxytol-enhanced magnetic 
resonance imaging.  
Journal of Magnetic Resonance Imaging. 2021;53(6):1699-1709.

25	Nguyen KL YT, Hu P, Finn JP. Ferumoxytol-enhanced cardiac cine 
MRI in patients with implanted cardiac devices. 25th Annual ISMRM 
Scientific Sessions; 2017 April 22-27, 2017; Honolulu, HI, USA.

26	van Zandwijk JK, Simonis FFJ, Heslinga FG, Hofmeijer EIS, 
Geelkerken RH, Ten Haken B. Comparing the signal enhancement  
of a gadolinium based and an iron-oxide based contrast agent in 
low-field MRI. PloS one. 2021;16(8):e0256252.

58 siemens-healthineers.com/magnetom-world

MAGNETOM Flash (82) 3/2022Clinical · Vascular Imaging



27	Food and Drug Administration. FDA Drug Safety Communication: 
FDA strengthens warnings and changes prescribing instructions  
to decrease the risk of serious allergic reactions with anemia drug 
Feraheme (ferumoxytol). 2015. Available from:  
http://www.fda.gov/Drugs/DrugSafety/ucm440138.htm.

28	Nguyen KL, Yoshida T, Kathuria-Prakash N, Zaki IH, Varallyay CG, 
Finn JP, et al. Multicenter Safety and Practice for Off-Label 
Diagnostic Use of Ferumoxytol in MRI.  
Radiology. 2019;293(3):554-564.

29	Shahrouki P, Moriarty JM, Khan SN, Bista B, Kee ST, DeRubertis BG, 
Yoshida T, Nguyen KL, Finn JP. High resolution, 3-dimensional 
Ferumoxytol-enhanced cardiovascular magnetic resonance 
venography in central venous occlusion.  
J Cardiovasc Magn Reson. 2019;21(1):17.

30	Shahrouki P, Khan SN, Yoshida T, Iskander PJ, Ghahremani S,  
Finn JP. High-resolution three‑dimensional contrast‑enhanced 
magnetic resonance venography in children: comparison of 
gadofosveset trisodium with ferumoxytol.  
Pediatr Radiol. 2022;52(3):501-512.

31	Cushman M. Epidemiology and risk factors for venous thrombosis. 
Semin Hematol. 2007;44(2):62-9.

32	Ghaye B, Szapiro D, Willems V, Dondelinger RF. Pitfalls in CT 
venography of lower limbs and abdominal veins.  
AJR American journal of roentgenology. 2002;178(6):1465-71.

33	Finn JP, Zisk JH, Edelman RR, Wallner BK, Hartnell GG, Stokes KR, 
Longmaid HE. Central venous occlusion: MR angiography. 
Radiology. 1993;187(1):245-51.

34	Miyazaki M, Akahane M. Non-contrast enhanced MR angiography: 
established techniques. J Magn Reson Imaging. 2012;35(1):1-19.

35	Han F, Rapacchi S, Khan S, Ayad I, Salusky I, Gabriel S, Plotnik A, 
Finn JP, Hu P. Four-dimensional, multiphase, steady-state imaging 
with contrast enhancement (MUSIC) in the heart: a feasibility study 
in children. Magn Reson Med. 2015;74(4):1042-9.

36	Nguyen KL, Han F, Zhou Z, Brunengraber DZ, Ayad I, Levi DS,  
Satou GM, Reemtsen BL, Hu P, Finn JP. 4D MUSIC CMR: value-based 
imaging of neonates and infants with congenital heart disease.  

Contact 
J. Paul Finn, M.D. 
Department of Radiological Sciences 
University of California Los Angeles 
Peter V. Ueberroth Building, Suite 3371 
10945 Le Conte Ave 
Los Angeles, CA 90095-7206 
USA 
pfinn@mednet.ucla.edu

J Cardiovasc Magn Reson. 2017;19(1):40.
37	Zhou Z, Han F, Rapacchi S, Nguyen KL, Brunengraber DZ, Kim GJ, 

Finn JP, Hu P. Accelerated ferumoxytol-enhanced 4D multiphase, 
steady-state imaging with contrast enhancement (MUSIC) 
cardiovascular MRI: validation in pediatric congenital heart disease. 
NMR Biomed. 2017;30(1).

38	Han F, Zhou Z, Han E, Gao Y, Nguyen KL, Finn JP, Hu P. Self-gated 
4D multiphase, steady-state imaging with contrast enhancement 
(MUSIC) using rotating cartesian K-space (ROCK): Validation in 
children with congenital heart disease.  
Magn Reson Med. 2017;78(2):472-483.

39	Nguyen KL, Ghosh RM, Griffin LM, Yoshida T, Bedayat A, Rigsby CK, 
Fogel MA, Whitehead KK, Hu P, Finn JP. Four-dimensional 
Multiphase Steady-State MRI with Ferumoxytol Enhancement:  
Early Multicenter Feasibility in Pediatric Congenital Heart Disease. 
Radiology. 2021;300(1):162-173.

40	Di Sopra L, Piccini D, Coppo S, Stuber M, Yerly J. An automated 
approach to fully self-gated free-running cardiac and respiratory 
motion-resolved 5D whole-heart MRI.  
Magn Reson Med. 2019;82(6):2118-2132.

41	Shahrouki P, Nguyen KL, Moriarty JM, Plotnik AN, Yoshida T, Finn JP. 
Minimizing table time in patients with claustrophobia using 
focused ferumoxytol-enhanced MR angiography (f-FEMRA):  
a feasibility study. Br J Radiology. 2021;94(1125):20210430.

Advertisement

Learn more about Cardiovascular MRI
Multi-contrast, Multi-dimensional Imaging:  
What’s next in CMR? 
Claudia Prieto Vasquez, PhD (King’s College London, UK)

GOHeart including Cardiac Dot Engine 
Johan Dehem, MD (Jan Yperman Ziekenhuis, Ieper, Belgium)

Novel Methods in Signal Generation and Reconstruction 
Rizwan Ahmad, PhD (Ohio State University, Chicago, IL, USA)

AI and Deep Learning. Where is CMRI heading to? 
Vivek Muthurangu, MD (University College London, UK) 

Don’t miss this valuable source of information 
siemens-healthineers.com/MWS2020-recordings Graphic Recording: gabriele-heinzel.com

59siemens-healthineers.com/magnetom-world

MAGNETOM Flash (82) 3/2022 Vascular Imaging · Clinical



3D Whole Heart Applications:  
Angiography and Delayed Enhancement
Jason Craft1, Joshua Y. Cheng1, Nancy Diaz1, Karl P. Kunze2, Michaela Schmidt3 

1St. Francis Heart Hospital, DeMatteis Research Center, Greenvale, NY, USA
2Siemens Healthcare Limited, Frimley, UK
3Siemens Healthineers, Erlangen, Germany

Introduction
It has become more important than ever before to diversify 
non-invasive imaging methods that involve contrast media 
administration. Compared to CT imaging, MRI does not in-
volve nephrotoxic iodinated contrast or ionizing radiation. 
However, ungated first pass magnetic resonance angiogra-
phy (MRA) cannot effectively freeze cardiac motion; and 
provides reduced quality of segmentation compared to CT 
pulmonary vein angiography [1]. Diaphragmatic navigator 
(dNAV) used for motion correction is associated with  
unpredictable scan times when respiration is irregular,  
and imperfect slab tracking ratio [2]. Furthermore, approxi-
mately 50–100 Hz off-resonance is frequently observed  
at the interface of the pulmonary veins and left atrium  

due to susceptibility effects and inflow from the lungs [3]. 
Therefore, the use of balanced steady-state free precession 
(bSSFP) and fat saturation pulses, particularly at higher 
field strengths, can be technically unsatisfactory for this 
application. Thus, the unmet clinical need is to provide  
robust clinical angiographic methods that can effectively 
image complex patients with arrhythmias, while minimiz-
ing image artifacts. 

Instead of tracking the diaphragmatic interface, image 
navigators (iNAV) track the blood pool contrast of the left 
ventricle [4]. 2D translational motion in the head-to-foot 
direction can be extracted and estimated on a per cardiac 
cycle basis and is used to bin data with  

Imaging parameters for whole heart MRA and LGE

Sequence Inversion recovery GRE Saturation recovery GRE Inversion recovery Dixon GRE

FOV 320 mm (axial) 320 mm (axial) 320 mm (axial)

Spatial resolution 1.3 × 1.3 mm 1.3 × 1.3 mm 1.3 × 1.3 mm

Slice thickness 1.4 mm 1.4 mm 1.4 mm

Slice resolution 90% 90% 90%

Fat Sat No Yes No

Acceleration Factor 2.9 2.9 2.8

Bandwidth 579 Hz/px 579 Hz/px 453 Hz/px

Flip angle 18° 18° 15°

TI/Saturation time 220–260 ms (systolic) 
290 ms (diastolic)

150 ms According to scout

TE/TR 1.42 ms/3.89 ms 1.42 ms/3.89 ms 2.38, 4.76 ms/6.97 ms

Data window duration 62–130 ms 62–130 ms 62–130 ms

Table 1: 3D whole heart sequence parameters.
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respect to respiration. 3D image volumes are obtained  
using a non-rigid motion-compensated reconstruction  
of all binned data [5, 6], leading to 100% scan efficiency 
and predictable scan time. The sampling pattern consists 
of spiral-like interleaves acquired alternately based on  
the golden angle of rotation (variable-density golden-step  
Cartesian trajectory with spiral profile order sampling,  
or VD-CASPR)1 [7]. 

As a result of scanning more efficiently, the predictable 
scan time translates into less gadolinium-based contrast 
agent (GBCA) use. Specifically, compared to dNAV based 
applications, we can use 33% less contrast [8, 9], and  
we can do it without the need for higher field strengths. 
Furthermore, we can acquire angiography and delayed  
enhancement at higher near isotropic spatial resolution. 
We acquire all 3D datasets at a true spatial resolution of  
1.3 × 1.3 × 1.5 mm3, with a reconstructed slice thickness  
of 1.4 mm (Table 1).

Pulmonary vein angiography and arterial 
delayed enhancement using iNAV 
At our institution, we are asked to provide pulmonary  
vein anatomical imaging for segmentation and importation  
into the electro-anatomical mapping system. With MRI,  
not only is anatomical information obtained, but functional 
information such as atrial and ventricular volumetrics, left 
atrial delayed enhancement, and quantification of valvular 
heart disease. Obtaining one MRI examination is simply 
more logistically efficient than obtaining CT angiography 
plus echocardiography imaging. Our 3D MRA and late  
gadolinium enhancement (LGE) imaging is performed  
on a 1.5T MAGNETOM Sola, but our institution also has  
experience with the 3D inversion recovery Dixon multi-
echo gradient recalled echo (GRE)1 performed on the  
3T MAGNETOM Skyra platform. 

Concerning the MRA and LGE exam workflow, the  
image navigator and saturation band position can be  
automatically determined using free-breathing 3 plane  
localizers and the AI cardiac scan companion (AICSC)1  
prototype. The diastolic or systolic rest period of the left 
atrium can be determined using the included high tempo-
ral resolution free breathing 4-chamber (or HLA) cine [10]. 
The user can manually determine the data window dura-
tion, or this can be automatically determined based on the 
rest period of the right coronary artery by the AICSC. Given  
the diastolic rest period is longer at slower ventricular 
rates, we prefer diastolic imaging at regular heart rhythms  
< 80 BPM. When the ventricular rate is > 80 BPM or signifi-
cant arrhythmia such as atrial fibrillation is present, systolic 
imaging is preferential. 

In addition to the prototype sequence1 for syngo XA20 
featuring 3D inversion recovery Dixon multi-echo GRE, 3D 

1 �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.

T2 prep bSSFP, and 3D T2 Prep Dixon multi-echo GRE, the 
user can configure different preparatory pulses  
to manipulate image contrast. We acquire pulmonary vein 
angiography using either inversion recovery GRE or satura-
tion recovery GRE. Both methods have respective strengths 
and weaknesses. Inversion recovery maintains vessel 
sharpness and is compatible with the 1500 Hz wideband 
pulse which mitigates device artifacts. Furthermore, inver-
sion recovery can be used without fat saturation, which 
makes this option especially attractive at higher field 
strengths. The inversion time parameter at 1.5T represents 
a balance between SNR and background suppression- 
values range from 220 ms to 300 ms at 1.5T [11–14].  
Similar to previous literature [15], we have observed that 
image contrast is quite consistent even with irregular 
rhythms; iNAV tracking similarly remains quite robust  
despite the dependence of the beat-to-beat image contrast 
on the RR interval. Figure 1 depicts excellent image quality 
despite underlying atrial fibrillation, using inversion recov-
ery GRE. Saturation recovery images have overall higher 
signal-to-noise, and can be used without manipulation of 
the inversion time parameter. 

Simplifying the contrast injection scheme is important 
to reduce human error and to optimize workflow. Our con-
trast injection scheme does not involve the use of look-up 
tables, saline dilution, or manipulation of extra tubing  
and/or stop cocks. To provide adequate signal for iNAV 
tracking, 0.05 mmol/kg of 1 molar contrast agent is inject-
ed at 2 ml/sec, followed by 20 ml of saline at the same 
rate. Immediately after, the remaining 0.10 mmol/kg con-
trast is administered as a slow infusion, followed by saline 
at the same rate (0.2 ml/sec). The contrast is injected after 
starting the first 3D scan, and after observing satisfactory 
cardiac gating and appropriate iNAV placement prescrip-
tion. This scan is solely run for the iNAV functionality in  
order to visualize contrast passage and arrival. The first, 
second pass, and continuous infusion dose is observed 
passing through the heart (Fig. 2). The first 3D scan is 
stopped as soon as the contrast peaks in the pulmonary  
artery. The exact same protocol is restarted by using STOP/
CONTINUE on the inline display (which was linked by the 
copy reference “copy everything”). We target a maximum 
scan duration of 4 minutes given the length of the contrast  
administration and need to perform other imaging prior  
to delayed enhancement. 15 minutes after the initial  
injection of GBCA, we perform delayed enhancement  
of the left atrium using the inversion recovery Dixon  
multi-echo GRE whole heart sequence at identical spatial 
resolution. If desired, residual fat can be subtracted from 
the 3D MRA using the inversion recovery Dixon multi-echo. 
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1  � 3D whole heart MRA inversion recovery subtracted images from a patient in atrial fibrillation.

3D Whole Heart – iNav fluoro trigger

First pass Second pass Continuous infusion 
(trigger)

Fat mask

Precisely timed MRA Wideband Compatibility

Subtracted MRA

1

2  � The iNAV fluoro trigger method for MR angiography. Two identical 3D whole heart program steps are created in the workflow. The first step 
(1) is used only for monitoring the passage of contrast with the iNAV. The second step (2), which will run to completion, is triggered at the 
peak of the continuous infusion in the pulmonary artery.

2
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GRE fat image as a mask. As mentioned, because of the 
scan efficiency of the iNAV and precision timing of the  
contrast infusion, we are able to reduce contrast from  
0.20 mmol/kg to 0.15 mmol/kg while still providing robust  
image quality whether patient is in sinus rhythm or has 
atrial fibrillation. 

Case 1
A 59-year-old male was referred for evaluation of COVID-19 
myocarditis and to evaluate the left atrial appendage. The 
patient contracted COVID-19 three weeks prior; one week 
prior to cardiac MRI imaging, the patient had new onset 

atrial fibrillation and dyspnea on exertion. Ventricular  
function with bSSFP cine demonstrated enlargement of  
the right ventricle with mildly reduced systolic function. 
Revised Lake Louise criteria was not met for acute myo- 
carditis; however the patient had bilateral pulmonary  
emboli involving the right middle, right upper, right lower, 
and left lower segmental branches, with thrombus extend-
ing into the right main pulmonary artery. There was no  
evidence of left atrial appendage thrombus. Figure 3  
illustrates the findings on 3D whole heart saturation  
recovery angiography and inversion recovery Dixon multi-
echo GRE. Subsequent CT pulmonary angiogram agreed 
with MRI findings, and ultrasound Doppler was positive for 

3  � Incidentally discovered bilateral pulmonary emboli (arrowheads). From left to right column: saturation recovery MRA, inversion recovery 
Dixon multi-echo GRE, and CT pulmonary angiography. 

SR-MRA LGE CTPA

63siemens-healthineers.com/magnetom-world

MAGNETOM Flash (82) 3/2022 Cardiovascular Imaging · Clinical



acute right popliteal deep venous thrombosis. It is import-
ant to understand that CT pulmonary venography is timed 
to opacification of the left atrium; therefore abnormalities 
involving the pulmonary arteries may be incompletely 
characterized. Imaging with 3D whole heart, however, 
does not suffer from this limitation. 

3D left ventricular delayed enhancement
In most cases, 2D PSIR LGE can provide sufficient detail  
and quantification of left ventricular scar burden. However 
there are clinical scenarios where providing a 3D dataset  
is beneficial, such as pre-planning for electrophysiology 
procedures, or for improved visualization of the right ven-
tricle [16]. Specifically, 3D high resolution LGE can identify 
substrate features that may be subtle or absent on 2D  
imaging. By acquiring these 3D datasets in high resolution 
and reduced partition thickness we can minimize partial 
volume effects, allow for visualization of heterogeneity 
within regions of enhancement, scar channels, and the 
presence of epicardial components. Here, the user has  
flexible options: the 3D inversion recovery Dixon multi-
echo GRE which provides more robust fat separation and  
is most beneficial at 3T; whereas fat saturated inversion  
recovery GRE can be used for scan efficiency at 1.5T. Both 
methods are compatible with the 1500 Hz wideband pulse 

which suppresses metallic artifacts caused by implanted 
devices such as ICDs or pacemakers.2 

Case 2
A 67-year-old male referred for evaluation of non-sustained 
ventricular tachycardia (NSVT). The patient has frequent 
ventricular arrhythmia throughout the study, and ventricu-
lar function was only possible by using compressed sensing 
real time cine. Whole heart inversion recovery with fat sat 
LGE demonstrates heterogenous inferolateral scar with 
clear borders, scar channels, and epicardial component. A 
transmural segment of enhancement is also demonstrated 
in the mid anterolateral wall. 3D LGE with a restrictive tem-
poral window is able to capture small and relevant details 
missing in the traditional 2D approach. This is only possible 
due to the 100% efficiency of the iNAV since we can trade 
acquisition efficiency for a smaller data acquisition  
window. In contrast, 2D PSIR LGE effectively freezes cardia 

4  � Comparison of 3D LGE vs 2D LGE. 3D LGE clearly demonstrates a heterogenous rim-like area of enhancement (circle), scar channels  
(asterisks), and epicardial component to scar (arrows). Features are ill-descript on 2D LGE.

3D LGE

*

*

2D LGE

2The 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.
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motion, but incompletely characterizes respective areas  
of enhancement (Fig. 4).

Summary
In addition to what has already been described in this arti-
cle, the potential for 3D whole heart to similarly accelerate 
coronary MRA has also been explored [17]. Submillimeter 
isotropic spatial resolution, with faithful representation  
of detail compared with the fully sampled reference can  
be obtained in a fraction of the time. Likewise, whole chest 

non-contrast MRA can be acquired more efficiently with  
3D T2 prep fat saturated bSSFP at 1.5T [18] or using 3D  
T2 prep Dixon GRE at 3T. In conclusion, 3D whole heart is  
a versatile and robust package that overcomes the limita-
tions of traditional dNAV methods for motion correction, 
combining VD-CASPR and iNAVs for acquisition and SNR  
efficiency as well as predictable scan time. Furthermore,  
AI based automatic positioning features and rest period 
scout facilitate ease of use for new and experienced  
users alike. 

Contact 
Jason Craft, M.D. 
Department of Cardiovascular Imaging 
St. Francis Heart Hospital 
DeMatteis Research Center 
101 Northern Blvd 
Greenvale NY, 11548 
USA 
Jason.craft@chsli.org
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Addressing Flow and Pulsation-Associated  
Artifacts in TOF-MRA in Children
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Introduction: MR angiography
Time-of-flight [1] magnetic resonance angiography  
(TOF-MRA) images vascular structures without contrast  
[2, 3]. As its name suggests, TOF uses the phenomena of 
fresh blood flow into the imaging plane, which increases 
the signal intensity and causes blood to appear brighter 
than the surrounding tissue on the images [2, 3]. 

TOF-MRA utilizes multiple radio frequency (rf) pulses 
to saturate the magnetization of the spins in the imaging 
plane, while the moving spins in the blood vessel outside 
the imaging plane are not affected. Upon entering the  
imaging plane, these unsaturated spins result in higher  
signal than the stationary spins, which remain saturated. 
However, in-plane moving spins eventually also experience 
the saturation pulses and lose signal compared to the 
through-plane moving spins, which are always unaffected 
[4]. Additional in-plane spin signal loss arises from the fact 
that the phase of spin changes under the influence of the  
gradient field, although the gain and loss phases depend 
on the direction of the flow. In-plane flow and an area of 
vascular turbulence may cause signal loss [5].

To overcome the loss of signal in moving spins due to  
prolonged saturation RF bands, multiple thin slabs are  
acquired in 3D using a technique called multiple overlap-
ping thin slab acquisition (MOTSA) [6]. This restricts  
the number of slices per slab and subsequently shortens 
saturation RF bands, which minimizes the saturation effect 
in the moving spin.

Using the current standard sequence in 
children
Standard MRA sequence: The standard TOF-MRA  
sequence that Siemens Healthineers provides on its scan-
ners is optimized for adults. Some of the relevant parame-
ters are shown in Table 1. For use with children, particular-
ly those with sickle cell disease or those affected by 
radiation arthritis, the sequence will require some changes 
to compensate for the artifacts that may arise from turbu-
lent flow caused by arterial stiffness or lumen narrowing 
[7]. Turbulent or slow flow reduced the T2 relaxation due 
to the spin dephasing [8]. To overcome  
the loss of signal caused by lower T2 relaxation, it is recom-

1   �(1A) Orange  
arrow shows the 
pulsation artifact  
in the direction of 
phase encoding 
(right to left), which 
misregistered the 
vessel lumen.  
(1B) Green arrow 
shows the same 
vessel with no 
artifact.

1A 1B
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mended to use shortest TE possible. To achieve that, we 
must also adjust other associated parameters (Table 1).

Common imaging practices: In MR imaging, choosing 
phase encoding (PE) direction is generally directed by  
the size of the region, to avoid any phase wrap. Unlike 
frequency encoding (FE), a higher number of data acqui-
sitions in the PE direction costs extra time. Therefore, 
acquiring the PE in a shorter distance over the area of 
interest is common practice to keep the scan time lower. 
However, this strategy is not always ideal. For example, 
flow artifacts originating from eye movement could  
demand a change of PE direction to avoid propagation  
of the artifacts into the brain, resulting in a longer scan 
time. Pulsation artifacts arising from arteries is another 
example and could result in over- or underestimating the 
lumen in a segment of the vessels. 

In this paper, we address turbulent flow and arterial  
pulsation-related artifacts in pediatric imaging and propose 
adaptations to improve MRA imaging quality in children.

Background 
Acquiring TOF-MRA in the axial plane is common practice 
with right-to-left PE [9], avoiding artifacts from eye motion. 
However, pulsation artifacts arising from the middle  
cerebral artery (MCA) remain a challenge. Alongside any 
turbulent flow in the artery, running in-plane will create 
challenges in the form of signal loss that mimics vessel  
occlusion. In our case, we observed both phenomena in 
the form of occlusion in one segment of the MCA (Fig. 1A), 
and underestimation of the lumen at the bifurcation seg-
ments of the MCA (Fig. 2A). Occlusion-mimicking effects 
occurred consistently in one patient over several scans 
during the period, while a computed tomography angio-
gram (CTA) confirmed there was no occlusion, as shown  
in Figure 3. This finding triggered the discussion which led 
us to adapt the sequence to better serve pediatric patients 
by addressing the turbulent flow-related artifacts in sickle 
cell disease.

Sequence adaptation
We made the following changes to the standard MRA  
sequence from Siemens Healthineers to minimize the 
phase dispersion by reducing TE and the associated  
parameters (Table 1): We increased the receiver bandwidth 
(BW) to 448 Hz/Px from 180 Hz/Px in the current sequence  
(thus increasing the sampling rate), which helped reduce 
the TE to 2.8 ms (original TE = 3.5 ms). We also changed 
the voxel size by reducing the resolution to 0.6 mm from 
0.5 mm isotropic, which helped achieve a more suitable 
scan time and compensate for SNR. Increasing the TR to  
25 ms helped with higher flow and therefore more signal. 
We increased the flip angle to 25°, which allows better 
background suppression.

Parameters Standard  
sequence

Proposed pediatric 
sequence

TR 21 ms 25 ms

TE 3.42 ms 2.51 ms

Flip angle (FA) 18° 25°

Bandwidth (BW) 180 Hz/Px 448 Hz/Px

Table 1: Imaging parameters

2   �(2A) Orange  
arrows show the 
pulsation artifact  
in the direction of 
phase encoding, 
and the green  
arrow shows the 
manifestation of 
possible turbulent 
flow. (2B) None  
of these artifacts  
are visible in the 
adapted sequence.

2A 2B
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Although these changes did not overcome the artifacts 
completely, they reduced them enough to provide much 
better images of the in-plane vessels. Figure 2 shows  
the images acquired using the standard sequence and  
the adapted sequence. The occlusion seen in the standard 
scans does not appear in the scans using the adapted  
sequence (Fig. 1B). Figure 4 shows coronal reformatted im-
ages from the standard and adapted sequences comparing 
the occlusion.
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4A 4B

4   �Reformatted coronal images from (4A) the standard sequence and (4B) the adapted sequence. Orange arrows show the flow-related pulsation 
artifacts. The green arrow in (4A) shows the segment of the artery mimicking occlusion, while in image (4B) this artifact is not noticed.

3   �(3A) CTA shows 
normal flow as 
indicated by the 
arrow. (3B) MRA 
shows an occlusion- 
mimicking flow 
artifact due to a 
pulsation artifact. 

3B3A
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Introduction
At the University Clinical Center in Gdansk, Poland, we  
offer dedicated magnetic resonance imaging (MRI) for  
children. This is due to the high demand for pediatric MR 
examinations from our pediatric departments. Diagnostics 
in our center focus on oncology, cardiology, hematology, 
nephrology, neurology, and orthopedic patients. Due to 
the patients’ young ages1, many examinations are carried 
out under general anesthesia. When patients weigh less 
than 5 kilograms, we perform the examination with a  
dedicated incubator (LMT Medical Systems GmbH, Lübeck, 
Germany), fed and swaddled.

To reassure children and encourage them to enter the 
MR room, we have a projector that displays cartoons and 
plays music videos. Our MR scanner is also decorated with 
pictures of underwater animals, and special lighting helps 
the children to feel at ease.

Examining pediatric patients presents a number  
of technical issues. The age range is large, covering  
newborns1 to young adults. The challenge for the MR  
team is that we must always achieve a balance between 
acquisition time and the quality of the study. We have  
to consider various fields of view, as well as aspects  
such as slice thickness, matrices, coding directions, and  
appropriate fat saturation techniques. Imaging newborns 
and toddlers can also result in artifacts from diapers. 

Equipment
Imaging is performed on a 1.5T MAGNETOM Sola (Siemens 
Healthcare, Erlangen, Germany) equipped with BioMatrix 
Technology. The protocols are optimized for image quality 
and acquisition time. For MSK examinations our center has 
the following coils: BM Head/Neck 20, Spine 32, Body 18, 
UltraFlex Large 18, TxRx Knee 18, Peripheral Angio 16, 
Special Purpose 4. 

Protocols
We have a permanent pediatric imaging team consisting  
of five radiographers, one medical physicist, six radiologists,  
and four anesthesia nurses (not including the anesthesia 
personnel). Due to the variety of examinations, the diag-
nostic demand, and the variety of patients, there has been 
a call to create standard protocols that our team can 
change on an ongoing basis. 

We have several standard protocols for musculoskele-
tal (MSK) imaging. For the joints, cartilage, and ligaments, 
we have three-plane proton-density turbo-spin-echo with 
fat saturation sequences, and turbo-spin-echo T1 and T2 
sequences. For oncological or hematological problems 
with bones and soft tissue, our protocols include: T1 VIBE 
Dixon, diffusion-weighted imaging, T2 turbo-spin-echo 
Dixon, and T2 HASTE with and without fat saturation. 
When contrast is required, we can use dynamic sequences 
(T1 VIBE, TWIST) or we can first inject contrast and then 
scan the patient with T1 Dixon in three planes. While this  
is a very simplified picture of our protocols, it shows the 
basic sequences needed when examining MSK patholo-
gies. However, as mentioned above, pediatric patients  
differ widely. This paper will therefore present a variety  
of cases and our approach to imaging them. 

Conclusion 
The demand for MSK imaging in children is growing.  
Pediatric patients vary widely in terms of height, weight, 
and the types of diseases. Therefore, it is worth developing 
basic protocols that can be supplemented by other  
sequences as needed. At the University Clinical Centre in 
Gdansk, the pediatric radiology team has developed and 
refined systems and basic sequences that can serve as a 
gold standard for diagnostic MR examinations in children. 
The sequences shown in this paper helped to improve,  
simplify, and accelerate MSK diagnoses for children.

1�MR scanning has not been established as safe for imaging fetuses and infants less than two years of age. The responsible physician must evaluate the benefits of the 
MR examination compared to those of other imaging procedures. Note: This disclaimer does not represent the opinion of the authors.
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1   �Damaged meniscus. (1A) Coronal T1 TSE; (1B) coronal and (1C, D) sagittal PD TSE fatsat; (1E) transverse T2 TSE;  
(1F) sagittal isotropic PD SPACE; (1G) sagittal T2*; (1H) T2* map.

Case 1
14-year-old female with a damaged meniscus. In terms of the shaft and the corner of the front-side  
meniscus: a horizontal gap, cracking with the movement of a fragment of the meniscus to the medial; 
flap damage; damage covering zone vascularization. For this case, we used our standard knee protocol 
and the TxRx Knee 18 coil. 

1A

1E

1G

1C

1B

1F

1H

1D
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2   �Pathological post-traumatic damage in the femoral condyle. (2A) Coronal T1 TSE; (2B) coronal PD TSE fatsat; (2C) sagittal 
PD TSE; (2D) transverse PD TSE fatsat; (2E) transverse T2 TSE; (2F) sagittal PD SPACE isotropic; (2G) sagittal T2*;  
(2H) T2* map.

Case 2
8-year-old patient with pathological post-traumatic damage in the femoral condyle.  
Images acquired using the TxRx Knee 18 coil.

2A

2E

2G

2C

2B

2F

2H

2D
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3   �Inflammation is visualized using the following sequences: (3A) Transverse T2 TSE; (3B) coronal T2 TSE; (3C) transverse  
T1 TSE; (3D) coronal PD TSE fatsat; (3E) transverse T1 TSE post-contrast; (3F) coronal T2 TIRM; (3G) transverse T1  
VIBE Dixon post-contrast; (3H) coronal PD TSE fatsat.

Case 3
2-month-old1 patient with inflammation of the femur. Visible intraosseous peripheral enhancement  
in the left femoral neck after contrast injection. A narrow channel connects the lesion with another  
inflammation located in the femoral head. 

3A

3E

3G

3C

3B

3F

3H

3D
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4   �Suspected caudal regression syndrome. (4A) Coronal T2 TSE; (4B) T2 SPACE isotropic; (4C) sagittal high-resolution T2 
TSE; (4D) transverse high resolution T2 TSE; (4E) sagittal T2 TSE Dixon water only; (4F) sagittal T2 TSE Dixon water 
only; (4G) T1 TSE Dixon water only; (4H) sagittal T2 SPACE.

Case 4
22-day-old1 patient, lumbar spine examination without anesthesia, in MR incubator.
Suspicion of caudal regression syndrome not confirmed by MR examination.

4A

4E

4G

4C

4B

4F
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5   �Suspected juvenile idiopathic arthritis. (5A) Coronal T2 TSE; (5B) sagittal T2 TIRM; (5C) transverse T1 TSE;  
(5D) transverse T2 TSE; (5E) sagittal PD TSE fatsat; (5F) sagittal PD TSE; (5G) coronal PD TSE fatsat;  
(5H) transverse PD TSE fatsat.

Case 5
Ankle examination in a 12-month-old1 patient. Suspicion of juvenile idiopathic arthritis (JIA);  
swelling of the joint from 6 weeks; high signal intensity in ossification nuclei.

5A

5E

5G
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6   �Venous malformations of the lower extremity. (6A) transverse T1 TSE Dixon water only; (6B) transverse T1 TSE Dixon 
in-phase; (6C) transverse T2 TSE Dixon water only; (6D) transverse T2 TSE Dixon in-phase; (6E) sagittal T2 TSE Dixon 
water only; (6F) sagittal T2 TSE Dixon in-phase; (6G) coronal T2 TSE Dixon water only; (6H) coronal T2 TSE Dixon 
in-phase.

Case 6
2-year-old patient with venous malformations of the lower extremity.

6A

6E

6G
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7   �Condition after fracture of the medial epicondyle of the left humerus with partial soft-tissue 
damage. Transverse T2 TSE Dixon, (7A) fat only; (7B) in-phase; (7C) opposed-phase;  
(7D) water only. 
Coronal T2 TSE Dixon (7E) fat only; (7F) in-phase; (7G) opposed-phase; (7H) water only. 
(7I) transverse PD TSE fatsat; (7J) coronal PD TSE fatsat; (7K) sagittal PD TSE fatsat;  
(7L) sagittal T1 VIBE black bone minIP.

Case 7
10-year-old patient, elbow  
examined in forced position  
(contracture), hand on the  
stomach facing upwards.
Condition after fracture of the  
medial epicondyle of the left  
humerus with partial soft-tissue  
damage. Ligament damage,  
detachment of a bone fragment  
from the medial epicondyle of  
the left humerus.
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8   �Suspected Ewing’s sarcoma. (8A) PET/CT; (8B) CT imaging. 
(8C) Coronal T2 TIRM; (8D) coronal T2 TSE; (8E) transverse T2 TSE; (8F) transverse T2 TSE. 
Transverse T1 VIBE Dixon post-contrast injection: (8G) fat only; (8H) in-phase;  
(8I) opposed-phase; (8J) water only.

Case 8
3-year-old patient with  
suspected Ewing’s sarcoma.
Pathological mass covering  
the right scapula, contrast  
enhancement, diffusion  
restriction. 
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9   �(9A) X-ray; (9B) coronal T2 TSE; (9C) transverse T2 Dixon water only; (9D) transverse T1 VIBE 
Dixon; (9E) sagittal T2 TSE; (9F) transverse T2 TSE Dixon; (9G) coronal T1 TSE; (9H) transverse 
T2 TIRM; (9I) coronal T2 TIRM.

Case 9
2-week-old patient1 with 
fractured clavicle. Fracture  
in the outer third of the right 
clavicle with swelling of the 
soft tissue.
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Contact 
Dr Dominik Świętoń, M.D. 
Uniwersyteckie Centrum Kliniczne GUMed 
Dębinki 7 
80-952 Gdańsk 
Poland 
dominik.swieton@gumed.edu.pl 

10   �Arteriovenous malformation (AVM) in the hand. T2 TSE Dixon, (10A) fat only; (10B) in-phase;  
(10C) opposed-phase; (10D) water only. (10E) Transverse T2 TIRM; (10F) sagittal PD TSE fatsat;  
(10G) coronal T2 TSE STIR; (10H) coronal T1 TSE.

Case 10
6-year-old patient with arteriovenous malformations (AVM) in the hand. 
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The MR Fingerprinting Development Kit1 takes files  
describing the input parameters T1, T2, RF- flip angles  
and pulse phases. This input generates a customized  
MR Fingerprinting1 sequence. The input also serves as  
the basis for a Bloch simulation, which creates a MR  
Fingerprinting dictionary unique to its input parameters.

In a final step, the new MR Fingerprinting sequence and  
its unique dictionary are bundled in the so-called MR  
Fingerprinting container. This container can be transferred 
and executed on a qualified MAGNETOM 3T scanner from 
Siemens Healthineers2 with a valid MR Fingerprinting license.

The sequence generation, the Bloch simulation, and the 
creation of the MR Fingerprinting container are performed 
by running a Windows command line tool3 provided with 
the MR Fingerprinting Development Kit.

The MR Fingerprinting Development Kit is available  
for download to all users of MR Fingerprinting at  
www.magnetomworld.siemens-healthineers.com/
hot-topics/mr-fingerprinting/mrf-developer-kit

This unique MRF Development Kit empowers you to tailor 
the research application to your needs.

1�The product / feature is not for sale in the U.S. Its future availability cannot be guaranteed.
2�syngo MR XA30: MAGNETOM Prisma, MAGNETOM Prisma Fit, MAGNETOM Skyra; syngo MR XA31: MAGNETOM Vida
3�The user needs to install the MR Fingerprinting Development Kit on a standalone Windows 10 PC.  
Installation on the host computer is not possible.
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Clinical Benefits of MRF in Brain Tumors
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1   �Three representative patients with different meningioma subtypes. The T1 and T2 values in the solid tumor area of meningothelial patients 
appear slightly higher than those of transitional and fibrous patients.

Abstract
Preoperative differentiation between the subtypes of brain 
tumors could help to guide treatment. Conventional MRI 
cannot directly quantify the characteristics of brain tumors 
such as pituitary adenomas and meningiomas. Magnetic 
Resonance Fingerprinting (MRF) is an imaging technique 
that allows simultaneous quantification of T1 and T2 val-
ues. Quantitative T1 and T2 values yielded from MRF of  
gonadotroph pituitary macroadenomas were significantly 
higher than those of the non-gonadotroph pituitary mac-

roadenomas. Moreover, meningothelial meningiomas  
had significantly higher T1 and T2 values than transitional 
and fibrous meningiomas. Thus, MRF may help to pre- 
operatively differentiate between gonadotroph and 
non-gonadotroph pituitary macroadenomas and also  
to distinguish transitional and fibrous meningiomas  
from meningothelial meningiomas. MRF shows potential 
for guiding the treatment of pituitary macroadenomas  
and meningiomas.
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Introduction
Radiology is essential for the initial evaluation of patients 
with primary brain tumors to characterize tumor types  
and determine treatment options [1]. The dominant  
modality is magnetic resonance imaging (MRI) because  
the multitude of image contrasts of conventional structural 
MRI allow for good localization of tumor-infiltrated areas. 
In addition, advanced image-based physiological and  
molecular biomarkers have been shown to offer compre-
hensive information about the biological characteristics  
of tumor types. However, conventional MRI is generally 
qualitative, providing relative intensity differences between 
tissues rather than absolute measurements from single  
tissues as the primary means for characterizing underlying 
pathology in tumor evaluation. This process may lead  
to interpretation discrepancies between different radio
logists based on these qualitative MRI images and may 
therefore affect the objective comparison in the patients’ 
follow-up [2].

Quantitative MRI techniques such as T1 and T2 relax-
ation time mapping could mitigate this problem by directly 
quantifying the tissue properties, providing a more accu-
rate characterization of underlying changes at the cellular 
level than standard imaging. Several studies have used  
MR relaxometry for brain tumor diagnosis. Although most 
of these studies focus on T2 relaxometry, a recent study 
showed that T1 mapping might play an essential role in  
the earlier detection of recurrent tumors in patients on  
antiangiogenic therapy [2]. Nevertheless, because early 
conventional approaches for T1 and T2 mapping can only 
measure one parameter at a time, the reduced time effi-
ciency of such conventional relaxometry techniques is one 
of the obstacles hindering their application in routine use.

Advanced multiparametric MRI schemes have been 
proposed to meet the clinical need for fast acquisition of 
quantitative MR biomarkers, allowing for reproducible and 
comprehensive measurement of clinically relevant tissue 
characteristics. Among these techniques, MR Fingerprinting 
(MRF) is a novel imaging framework that simultaneously 
estimates multiple quantitative biophysical parameters 
such as T1, T2, and proton density of different tissues  
in a clinically practicable acquisition time [3]. These  
quantitative tissue property measurements allow multi-
parametric analysis on perfectly co-registered maps, which 
have shown improved sensitivity and specificity in the  
characterization of pathological conditions, such as multi-
ple sclerosis [4], epilepsy [5, 6], and brain tumors [7–9]. 
For example, recent studies found that MRF-derived T1  
and T2 maps have shown specificity in identifying  
the quantitative difference in the solid tumor region and 
peritumoral regions in different brain tumor types [7]. 

Also, one study that used radiomic analysis of MRF found 
that texture analysis of MRF-derived maps can improve our 
ability to differentiate common adult brain tumors such as 
low-grade gliomas, glioblastomas, and metastases [9].

Here, we would like to demonstrate our initial experi-
ence with the clinical application of MRF in brain tumor  
diagnosis at our site, mainly focusing on meningiomas [10] 
and pituitary macroadenomas [11].

MRF sequence and protocol
MR Fingerprinting is a simple, fast, non-invasive quantita-
tive MRI technique that enables measuring multiple physio-
logical parameters simultaneously in a single, efficient  
acquisition [12, 13]. The MRF framework can be divided 
into a data acquisition and a pattern matching step. Firstly, 
MRF uses random excitation flip angles and repetition 
times (TRs) for data acquisition to obtain incoherent and 
distinguishable signal evolutions called “fingerprints”. Next, 
in the pattern matching stage, the unique “fingerprints” 
from each voxel are matched to a set of simulated finger-
prints that constitute a dictionary which is generated by 
Bloch simulations of the same acquisition. Finally, the mag-
netic resonance parameters (e.g., T1 and T2) that produce 
the best match are used as definitive quantitative results. 

A prototypical 2-dimensional, spiral, fast imaging  
with steady-state precession based MRF sequence was 
used to scan patients with brain tumors on a 3T MRI  
scanner (MAGNETOM Skyra, Siemens Healthcare, Erlangen, 
Germany). The protocol was as follows: transverse orienta-
tion, field of view (FOV) 256 × 256 mm2, matrix 256 × 256, 
slice thickness 5 mm, flip angle variable 0–74°, TR variable  
between 12.1 and 15.0 ms, 3,000 measurements, and  
acquisition time 41 s/slice. Before the MRF acquisition, a B1 
map [14] of the whole volume was acquired in 20 seconds 
and used during the MRF reconstruction.

For the inline MRF data processing, the quantitative  
T1 and T2 maps were simultaneously generated by  
matching the measured MRF signal time courses to the  
dictionary. In particular, the dictionary was calculated for  
a range of discrete T1, T2, and B1-field values based on  
Bloch simulations. The pre-calculated MRF dictionary  
comprised 691,497 entries of possible signal evolutions 
covering a wide range of discrete T1 (10 ~ 4500 ms),  
T2 (2 ~ 3000 ms), and B1-field values (factors 0.6–1.4  
relative to the nominal B1-field). To improve the recon- 
struction speed, the dictionary was compressed to 50 main 
components in the time domain [15]. T1 and T2 maps 
were output for each section and used for the quantitative 
analysis.

MR Fingerprinting is not for sale in the U.S. Its future availability cannot be ensured.
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In addition to the MRF sequence, the patients received  
conventional MRI scans, including T1w, T2w, FLAIR, DWI, 
and contrast-enhanced T1w imaging on meningioma,  
and T1w, T2w, and contrast-enhanced T1w imaging  
on pituitary macroadenoma.

MRF in meningioma
Meningiomas are the second most common central  
nervous system primary tumor [16]. Most meningiomas 
are World Health Organization (WHO) grade I, and the 
most common histological subtypes are meningothelial, 
transitional, and fibrous meningiomas. Although grade I 
meningiomas are benign, compared with the meningo
thelial subtype, transitional and fibrous meningiomas are 
associated with a higher bleeding risk during surgery and  
a worse outcome at follow-up [17]. Therefore, an accurate 
diagnosis of transitional and fibrous meningiomas before 
surgery is essential for selecting the most appropriate  
surgical procedure. However, conventional MRI can only 
reflect the gross morphological changes of tumors. The 
ability of conventional MRI such as T1w, T2w, and DWI-
derived ADC values to differentiate WHO grade I transi
tional and fibrous meningiomas from meningothelial  
meningiomas is limited because of the overlap in imaging 
characteristics and ADC values among these subtypes. 
Therefore, we tried to use new MRI techniques such as  
MRF to improve the diagnostic accuracy in differentiating 
between meningioma subtypes [10].

MRF and conventional MRI data were acquired on  
53 patients with suspected meningiomas before surgery. 
After surgery, 46 patients with pathologically confirmed 
meningothelial (n = 15), transitional (n = 18), and fibrous 
meningiomas (n = 13) were included for data analysis. 

Data from three representative patients with different  
meningioma subtypes are shown in Figure 1. The T1WI  
and T2WI signals in the solid tumor areas of these patients 
were similar, and all showed noticeable enhancement. 
Therefore, there are still limitations in distinguishing  
between meningioma subtypes using conventional MRI.  
In the maps generated with MRF, the T1 and T2 values  
of the solid tumor areas of the meningothelial patients  
appeared to be slightly higher than those of the transition-
al and fibrous patients. 

Further statistics found that the meningothelial sub-
type had significantly higher T1 and T2 values in the solid 
tumor area than transitional and fibrous meningiomas  
(Fig. 2A, B). No statistically significant difference was 
found in the T1 and T2 values between transitional and  
fibrous meningiomas. The ADC values of meningothelial, 
transitional, and fibrous meningiomas were not signifi
cantly different (Fig. 2C). Furthermore, the T1, T2, and  
ADC values of normal brain tissue were not significantly 
different between the three subtypes. The T1, T2, and ADC 
values of the three tumor subtypes differed significantly 
between the solid tumor area and the contralateral normal 
brain tissue. There were no statistically significant differ-
ences between the three meningioma groups in T1WI, 
T2WI, or contrast-enhanced T1WI.

Receiver operating characteristic (ROC) curve analysis 
was conducted, and the areas under the ROC curves (AUCs) 
were calculated between groups with statistically signifi-
cant differences to evaluate the efficacy of T1 and T2  
values in differentiating various subtypes of meningiomas. 
The combination of T1 and T2 values achieved the best  
diagnostic performance for differentiating transitional 
from meningothelial meningiomas (AUC = 0.826, sensi
tivity = 80%, and specificity = 83.33%) and differentiating 
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2   �Quantitative MRI parameter comparison between three meningioma subtypes: (2A) MRF-derived T1 maps, (2B) MRF-derived T2 maps, and 
(2C) apparent diffusion efficient (ADC) values. T1 and T2 values of meningothelial patients are significantly higher than those of transitional 
and fibrous meningioma patients. [10]
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fibrous from meningothelial meningiomas (AUC = 0.903, 
sensitivity = 80%, and specificity = 92.31%), as shown in 
Figure 3.

Our results suggested that transitional and fibrous  
meningiomas have significantly lower T1 and T2 values 
than meningothelial meningiomas. However, conventional 
MRI, including T1WI, T2WI, contrast-enhanced T1WI, and 
ADC values, indicated no statistically significant differences 
between transitional/fibrous meningiomas and meningo-
thelial meningiomas. The ROC analyses showed that the  
T1 and T2 mapping generated by MRF might differentiate 
transitional and fibrous meningiomas from meningothelial 
meningiomas. These findings could benefit preoperative 
treatment plans for meningiomas and provide a more  
accurate prognosis.

MRF in pituitary macroadenoma
Pituitary adenomas account for 10–20% of all primary 
brain tumors. Macroadenomas represent about one-half  
of pituitary adenomas in the clinic [18]. The latest 2017 
WHO classification of pituitary adenomas uses immuno
histochemistry as the primary ancillary tool for diagnosis. 
Among them, gonadotroph adenomas are defined as  
tumors producing luteinizing hormone (β-LH) and follicle-
stimulating hormone (β-FSH), which are secreted by the 
gonadotropic cells of the anterior pituitary gland [19]. In 
addition, there are several non-gonadotroph adenomas, 

including somatotroph adenomas, lactotroph adenomas, 
corticotroph adenomas, and null cell adenomas (18).  
Somatostatin receptor type 3 (SSTR3) is expressed in 94% 
of gonadotroph pituitary adenomas, a putative target for 
drug therapy replacement for commonly used surgical 
treatment [20]. Therefore, preoperative differentiation  
between gonadotroph and non-gonadotroph pituitary 
macroadenomas could help to guide treatment. However, 
conventional MRI cannot directly quantify the character
istics of pituitary adenomas and therefore has limited  
capability to identify gonadotroph pituitary adenomas.

Our group aimed to use MRF to differentiate gonado-
troph from non-gonadotroph pituitary macroadenomas  
according to the 2017 WHO classification of pituitary  
adenomas [11].

MRF and conventional MRI data from 57 patients  
with pituitary macroadenomas were included for analysis. 
Among them, 30 (52.6%) were categorized as gonado-
troph pituitary macroadenomas; non-gonadotroph  
pituitary macroadenomas were diagnosed in 27 patients 
(47.4%).

Conventional MRI and MRF images of representative 
gonadotroph pituitary macroadenoma and non-functioning 
corticotroph pituitary macroadenoma are shown in Figure 
4. The mean MRF-derived T1 and T2 values in the gonado-
troph pituitary macroadenomas (T1 value, 1617 ± 274 ms; 
T2 value, 85 ± 26 ms) were significantly higher than  
those in the non-gonadotroph pituitary macroadenomas 
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3   �A receiver operating characteristic (ROC) curve of T1 and T2 values and the combination of the T1 and T2 values (combined variable) for the 
differential diagnosis of (3A) meningothelial and transitional meningiomas and (3B) meningothelial and fibrous meningiomas. [10]
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(T1 value, 1412 ± 180 ms; T2 value, 58 ± 13 ms), as  
shown in Figure 5.

Regarding the differentiation between gonadotroph 
and non-gonadotroph pituitary macroadenomas, the AUC 
for MRF-derived T2 values (0.888, 95% CI 0.776–0.956) 
was significantly greater than that for MRF-derived T1  
values (0.742, 95% CI 0.609–0.849) (p = 0.034, Fig. 6).

This work showed that the quantitative T1 and T2  
values derived from MRF were significantly higher in  
gonadotroph than in non-gonadotroph pituitary macro
adenomas. These findings may be helpful in preoperatively 
differentiating these macroadenoma types, which will 
guide their treatment.

Conclusion
MRF shows greater potential than conventional qualitative 
MRI for brain tumor differential diagnosis. Quantitative T1 
and T2 measurements can also be conducted using con-
ventional MRI relaxometry mapping methods. However, 
this requires more scan time because the T1 and T2  
measurements are acquired separately. MRF can simultane-
ously acquire T1 and T2 maps, thereby shortening the  
acquisition time and yielding perfectly aligned images  
that will benefit the data analysis. In addition to T1 and  
T2 relaxometry, the MRF framework allows for quantifying 
further tissue parameters such as diffusion or perfusion  
information based on its flexible sequence design  

4A 4A4B 4B4C 4C

4D 4D4E 4E4F 4F

Gonadotroph pituitary macroadenoma Non-gonadotroph pituitary macroadenoma: 
adreno-cortico-tropic-hormone-producing 

pituitary adenoma

4   �Representative gonadotroph pituitary macroadenoma and non-gonadotroph pituitary macroadenoma. 
(4A) Coronal T2-weighted image, (4B) sagittal T1-weighted image, (4C) gadolinium-based contrast-enhanced sagittal T1-weighted image, 
and (4D) transverse T2-weighted image. (4E) MRF-derived T2 map shows increased T2 relaxation times in the tumor. (4F) MRF-derived T1 
map shows increased T1 relaxation times in the tumor. 
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5   �Average comparison of MRF-derived 
T1 values (5A) and T2 values and 
(5B) in ROIs in gonadotroph pituitary 
macroadenomas compared with 
non-gonadotroph pituitary macroad-
enomas. [11]
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characteristics [13]. This opens the door to a new approach 
to using imaging biomarkers in many applications of  
quantitative MRI, which will ultimately help the diagnosis 
and treatment of brain tumors.
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6   �Comparison of receiver operating characteristic (ROC) curve 
analysis for differentiating gonadotroph and non-gonadotroph 
pituitary macroadenomas. The area under the ROC curve for 
MRF-derived T2 values was significantly greater than that for 
MRF-derived T1 values. [11]
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Arterial Spin Labeling as a Potential  
Biomarker in Imaging of Various Neuro
degenerative Disorders: A PET-MR / PCASL 
Study in a Tertiary Neuropsychiatric Institute 
Sandhya Mangalore; Kavish Kumar Chaurasia; Venkatesh Murthy

Department of Neuroimaging and Interventional Radiology, National Institute of Mental Health and Neurosciences,  
Bengaluru, India

Introduction
The term “neurodegenerative disorders” refers to a wide 
range of neurological conditions that develop slowly and 
steadily over time. These conditions can manifest as prob-
lems with cognitive disorders, motor abnormalities, or  
psychiatric disorders affecting activities of daily living [1]. 
Clinically, there is a lot of overlap in these domains and 
hence there is need for imaging biomarkers in the manage-
ment of neurodegenerative disorders [2].

Varied character, overlapping clinical symptomatology, 
and the absence of precise clinical, pathological, and  
molecular diagnoses are major obstacles in the clinical 
management of neurodegenerative disorders. Confirming 
a suspected clinical diagnosis is frequently not straight
forward and may at times require invasive neuropatho
logical evidence [3]. Non-invasive imaging adjuncts have 
achieved great advancements in morphological, metabolic, 
and functional research in recent years.

The current study focuses on the alteration of perfu-
sion patterns studied in 3D Pseudo-Continuous Arterial 
Spin Labeling (PCASL) MRI in key neurodegenerative  
disorders, and on the correlation with established molec
ular imaging techniques 18F-FDG PET and 18F-FDOPA PET. 
Our optimized protocol at 3T using a research 3D ASL 
GRASE sequence1 is shared in the table on the right.

Objectives
1. 	 To correlate the clinical profile, 3D-PCASL and PET-MRI 

findings in cases of neurodegenerative disorder.
2. 	 To explore the role of 3D-PCASL as a reliable biomarker 

in the workup of neurodegenerative disorders.

1�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.

3D ASL protocol parameters

TR 4600 ms

TE 22 ms

Flip angle 180°

Measurements 16

FOV read 250 mm

FOV phase 100.0%

Slice thickness 4.0 mm

Base resolution 64

Interpolation On

Phase oversampling 0%

Slice oversampling 0.0%

Slices per slab 36

PAT mode GRAPPA

Acceleration factor PE 2

Prescan Normalize On

AutoAlign Head > Brain

Bandwidth 2442 Hz/Px

Echo spacing 0.5 ms

EPI factor 31

Turbo factor 12

Segments 3

Perfusion mode PCASL

Label duration 1500 ms

Postlabel delay 1500 ms

Labeling gap 20.0 mm

PCASL flip angle 28.0°
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Part 1

Clinical presentation PET-MRI and other investigations

Alzheimer’s disease (AD) 
(Fig. 1)

Episodic memory affected early, progressively involved 
semantic memory, executive function and visuospatial 
function.

Hypoperfusion on PCASL and hypometabolism on FDG 
PET involving posterior cingulate gyri, precuneus, and 
posterior temporal and parietal cortices.

Posterior cortical atrophy 
variant of AD (Fig. 2)

Visual agnosia, apraxia, prosopagnosia, alexia, 
environmental disorientation, and Balint syndrome.

Predominant hypoperfusion and hypometabolism  
of posteromedial parietal and occipital lobes, with  
or without posterior cingulate hypometabolism.

Behavioral variant of 
frontotemporal dementia 
(FTD) (Fig. 3)

Cognitive dysfunction with changes in personality and 
social behavior. As the disease progresses involvement  
of language and memory may develop.

Hypoperfusion of dorsolateral prefrontal cortex, anterior 
cingulate cortex, with or without involvement of lateral 
and medial temporal lobes; pattern is unilateral and 
correlates with PET.

Semantic variant of FTD 
(Fig. 4)

Deficit in expressive and receptive language function, 
complaints of difficulty in remembering the names  
of places, people, or objects.

Hypoperfusion and hypometabolism is most marked  
in the left anterior temporal lobes, temporal pole,  
and anterior cingulate cortex.

Primary progressive 
aphasia variant of FTD  
(Fig. 5)

Agrammatism and effortful, halting speech with 
inconsistent speech (apraxia of speech).

Left posterior frontal lobe, including Broca’s area 
hypoperfusion and hypometabolism with involvement  
of anterior cingulate cortex.

Dementia with Lewy bodies 
(Fig. 6)

Fluctuations in cognition especially in attention, 
executive function, and visuospatial orientation,  
visual hallucinations, REM sleep behavior disorder, 
bradykinesia / rest tremor / rigidity.

Hypoperfusion and hypometabolism in the primary 
visual cortex, cuneus, and the precuneus, with 
characteristic sparing of the posterior cingulate gyrus.

Corticobasal degeneration 
(Figs. 7 and 8)

Asymmetric movement abnormalities, myoclonus, 
cortical signs including ideomotor apraxia and alien  
limb phenomenon.

Disproportionate asymmetric cortical hypoperfusion  
and hypometabolism in the perirolandic posterior frontal 
(premotor, supplementary motor, primary motor) and 
superior parietal lobes, and also the basal ganglia.

Vascular dementia Presenting signs and symptoms are dependent  
on the areas affected. 

Perfusion patterns on PCASL suggesting internal / 
external watershed zones and normal metabolic  
uptake in neocortex. Areas of old infarcts in neocortex 
correspond on FDG PET with PCASL with an abrupt 
margin.

Table 1: �Clinical details and FDG PET-MRI of dementia

1  �� Alzheimer’s disease (AD) 
Patient presented with impaired memory 
and depression, there was also familial 
history of dementia in relatives. Upper 
row (1A–D) PCASL images, bottom row 
(1E–H) 18F-FDG PET images demonstrat-
ing hypoperfusion on PCASL and 
hypometabolism on 18F-FDG PET involving 
the posterior cingulate gyri, precuneus, 
and posterior temporal and parietal 
cortices.

1A

1E

1B

1F

1C

1G

1D

1H
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2  �� Posterior cortical atrophy variant of AD 
Patient presented with difficulties in 
reading, getting dressed, identifying 
moving objects, identifying distance  
of objects, and differentiating left from 
right. Upper row (2A–D) PCASL images, 
bottom row (2E–H) 18F-FDG PET images 
showing predominant hypoperfusion  
and hypometabolism of posteromedial 
parietal, and occipital lobes, with  
or without posterior cingulate hypo
metabolism.

2A

2E

2B

2F

2C

2G

2D

2H

4A

4E

4B

4F

4C

4G

4D

4H

4  �� Semantic variant of FTD 
Patient presented with complaints of 
decreased pace of movements, memory 
loss, not recognizing people, behavioral 
changes, and poor attention. Upper row 
(4A–D) PCASL images, lower row (4E–H) 
18F-FDG PET images, demonstrating that 
hypoperfusion and hypometabolism are 
particularly prominent in the left anterior 
temporal lobes, temporal pole, and 
anterior cingulate cortex.

3A

3D

3B

3E

3C

3F

3  �� Behavioral variant of frontotemporal dementia (FTD) 
Patient is chronic alcoholic and presented with impaired 
immediate and recent memory. Upper row (3A–C) PCASL 
images, bottom row (3D–F) 18F-FDG PET images, demonstrat-
ing hypoperfusion and hypometabolism, respectively, in the 
dorsolateral prefrontal cortex, anterior cingulate cortex, and 
temporal lobes.
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5  �� Primary progressive aphasia variant of FTD 
Patient presented with memory disturbances, 
agrammatism, and effortful and halting speech for 
two years. Upper row (5A, B) PCASL images, lower 
row (5C, D) 18F-FDG PET images demonstrating 
hypoperfusion and hypometabolism in the left 
posterior frontal lobe, including Broca’s area, along 
with involvement of the anterior cingulate cortex.

5A

5C

5B

5D

6  �� Dementia with Lewy bodies 
Patient presented with two-year history of decreased 
pace of walking and cognitive decline, on further 
evaluation had attentional deficit, apathy, calculation 
difficulty, and REM sleep behavior disorder. Upper 
row (6A, B) PCASL images, lower row (6C, D) 18F-FDG 
PET images, demonstrating hypoperfusion and 
hypometabolism in the primary visual cortex, cuneus, 
and the precuneus, with the characteristic sparing  
of the posterior cingulate gyrus.

6A

6C

6B

6D

7  �� Corticobasal degeneration 
Patient presented with features of 
atypical PD (left upper limb tremors, 
unable to button shirt, and difficulty  
in walking). Upper row (7A–D) PCASL 
images, lower row (7E, F) 18F-FDOPA PET 
images, demonstrating asymmetric 
cortical hypoperfusion in the right 
perirolandic posterior frontal-motor 
cortex (7A), parietal lobe (7A–C), and 
temporal lobe (7D), as well as right 
putamen (7B). Hypometabolism in right 
putamen (7E, F).

7A 7B 7C

7E 7F

7D
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8  �� Corticobasal degeneration 
Patient presented with gradual progres-
sive recognition difficulty, visual spatial 
difficulty, calculation difficulty, decreased 
speech, and inability to recognize family 
members. Clinical examination revealed 
impaired cortical sensation, graphesthe-
sia and apraxia. Upper row (8A–D) PCASL 
images; bottom row (8E–H) 18F-FDG PET 
images showing disproportionate 
asymmetric cortical hypoperfusion and 
hypometabolism in the perirolandic 
posterior frontal (premotor, supplemen
tary motor, primary motor) and superior 
parietal lobes, and also the basal ganglia.

8A

8E

8B

8F

8C

8G

8D

8H

Part 2

Clinical presentation PET-MRI and other investigations

Progressive supranuclear 
palsy (Fig. 9)

Early-onset postural and gait instability, dysfunction  
of vertical eye movements, ataxic or spastic dysarthria, 
dysphagia, levodopa non-responsive axial rigidity.  
In a subset of cases, frontal behavioral changes and 
subcortical dementia.

Hypoperfusion and hypometabolism noted in the 
bilateral putamen. Additionally, PCASL showed 
hypoperfusion in the bilateral frontal lobes and anterior 
cingulate cortex.

Idiopathic Parkinson’s 
disease (Fig. 10)

Bradykinesia, rigidity, and resting tremor. Hypoperfusion and hypometabolism in the uni-/bilateral 
posterior part of the putamen. Additionally, hypo
perfusion was noted in the bilateral parietal lobe.

Drug-induced Parkinson’s 
disease (Fig. 11)

Atypical tremors noted in background of functional  
and psychiatric disorders.

Normal perfusion and metabolism noted in the striatal 
structures. Additionally, normal perfusion noted in the 
neocortex.

Vascular Parkinson’s 
disease

Diabetic / hypertensive presenting with tremors 
secondary to infarct / dopaminergic deficit.

Hypometabolism and hypoperfusion noted in the striatal 
infarcted areas. Additionally, infarcts in the neocortex 
and watershed zone, infarcts noted in PCASL.

Hypermanganese-induced 
tremors

Known case of exposure to manganese.
MR showing T1 striatal hyperintensity.

Hypometabolism and hypoperfusion in the areas 
corresponding to T1 hyperintensity in the striatum.

MSA Dysautonomia associated with either poorly  
levodopa-responsive parkinsonism (MSA-P),  
cerebellar ataxia (MSA-C), or both.

Hypometabolism and hypoperfusion in the putamen. 
Additionally, hypoperfusion noted in the cerebellum.

Table 2: Clinical details and FDOPA PET-MRI in movement disorders
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9  �� Progressive supranuclear palsy 
Patient had visual hallucinations and was 
evaluated for drug-induced parkinsonism. 
Upper row: T1w sagittal and axial images 
(9A, B) showing significant midbrain 
atrophy; 18F-FDG PET images (9C, D, F) 
and PCASL (9E) image showing 
hypoperfusion and hypometabolism in 
the bilateral putamen. Additionally, PCASL 
showed hypoperfusion in the bilateral 
frontal lobes, anterior cingulate cortex, 
and thalami.

9A 9B 9C 9D

9E 9F

10  �� Idiopathic Parkinson’s disease 
Patient presented with stiffness of right arm and right 
leg, tremors, and numbness. Clinical examination 
revealed rigidity and micrographia. PCASL image  
at level of basal ganglia (10A) and corresponding 
18F-FDOPA image (10B) demonstrating hypoperfusion 
and hypometabolism, respectively, in the bilateral 
posterior putamen. 

11  �� Drug-induced Parkinson’s disease,  
post-COVID-19 infection 
Patient had fearfulness, anxiety, autonomic hyper- 
activity, crying spells, symptoms of stress disorder, 
and had started on antipsychotic medications, after 
which developed parkinsonian features (rigidity, mask 
face, monotonous voice, and decreased hand 
movements). PCASL image at level of basal ganglia 
(11A) and corresponding 18F-FDOPA image (11B) 
show normal perfusion in bilateral basal ganglia,  
thus demonstrating normal dopaminergic activities 
and suggesting secondary cause for parkinsonian 
symptoms.

10A 10B 11A 11B
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Part 3

Clinical diagnosis Clinical presentation

Parkinsonism FTD-PSP

Parkinsonism CBS then hemiparkinsonism

FTD ASL suggestive of CBD-like pattern

PET-MR findings suggestive of FTD-CBS phenotype

FTD NPH with nonspecific global hypometabolism and hypoperfusion (Fig. 12)

AD with CAA

FTD FTD with vascular dementia

Atypical PD CBS

FTD CAA with atherosclerotic vessel disease

Huntington’s chorea FTD ALS / FTD-CBS

Young patient with tremors, 
anger outbursts, and 
depression suspected for 
functional / organic disease.

Structural MRI revealed no demonstrable abnormality. 18F-FDOPA showed bilateral caudate hypometabolism. 
PCASL demonstrated hypoperfusion in bilateral caudate nuclei and fronto-temporal lobes, with hyperperfusion 
in occipital lobes similar to 18F-FDG PET findings in Huntington’s chorea. Case is under evaluation for  
Huntington’s chorea / PSP / CBD (Fig. 13).

Table 3: �Clinical details and FDG PET-MRI in complex neurodegenerative disorders  
Abbreviations: AD, Alzheimer’s disease; CAA, cerebral amyloid angiopathy; CBD, corticobasal degeneration; CBS, corticobasal syndrome; 
FTD, frontotemporal dementia; PSP, progressive supranuclear palsy; NPH, normal pressure hydrocephalus; PD, Parkinson’s disease;  
MSA, multiple systemic atrophy.

12  �� Normal pressure hydrocephalus 
Patient presented with difficulty in 
walking, memory loss (recent and in  
the past), and decreased self-care. 
Structural MRI showed disproportionate 
dilation of lateral ventricles to sulcal 
spaces. Upper row (12A–D) PCASL 
images followed by bottom row (12E–H) 
18F-FDG PET images showing global 
hypometabolism in bilateral medial 
frontal lobes; anterior cingulate gyrus; 
bilateral parietal, temporal, and occipital 
lobes; and bilateral thalami.

12B

12F

12A

12E

12C

12G

12D

12H
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5.	 Vascular dementia is the most common confounder  
in developing countries. PET is used to diagnose  
dementia, while PCASL is used for diagnosing the  
dementia pattern and the vascular perfusion abnormal- 
ities, thereby emphasizing the need for simultaneous 
PET-MRI in overlapping pathologies.

6.	 In conditions with dual neurodegenerative disorders, 
such as FTD-ALS and FTD-CBS, PET-MRI helps to  
confirm the diagnosis, using metabolism and the  
perfusion pattern (Table 3).

Discussion and conclusion
Neuroimaging findings in neurodegenerative disorders are 
widespread and difficult, as imaging findings in patients 
with modest signs and symptoms are frequently subtle and 
ambiguous. In many cases, by the time imaging findings 
are obvious, the patient has already manifested clinically, 
and the diagnosis is already established or at least highly 
suspected.

The radiation-free PCASL-MRI approach helps, based 
on the perfusion profile, to achieve an early and accurate 
diagnosis prior to gross morphological alterations when 
standardized with PET in simultaneous PET-MRI acquisi-
tions. PCASL and PET changes preceded structural atrophy 
patterns and could aid in establishing early clinical diagno-
sis. The combination of PET and PCASL boosted the  
sensitivity of structural MRI and PET by synergistically  
diagnosing disease conditions. The synergistic effect of 
PCASL and FDOPA boosted the sensitivity and specificity  
in classifying disorders with dopaminergic deficit into  
IPD/APD phenotypes without the need for additional FDG 
PET or D2-receptor imaging.

13  �� Middle-aged patient presented with 
tremors, anger outbursts, and depression. 
Evaluated for suspected functional / 
organic disease. Structural MRI revealed 
no demonstrable abnormality. 18F-FDOPA 
showed bilateral caudate hypometabo-
lism. PCASL demonstrated hypoperfusion 
in bilateral caudate nuclei and frontal-
temporal lobes, with hyperperfusion  
in occipital lobes similar to 18F-FDG PET 
findings in Huntington’s chorea. Case is 
under evaluation for Huntington’s chorea / 
PSP / CBD.

13B13A 13C 13D

Materials and methods
This is a prospective observational study that included  
108 patients who were referred to our molecular imaging 
center for imaging between 2020 and today. The study has 
been divided into three sections. The first section discusses 
cases of dementia in which FDG PET was correlated with 
PCASL. The second section discusses cases of movement 
disorders in which PCASL and FDOPA PET were correlated. 
The third section discusses how disorders with overlapping 
clinical symptoms and PET imaging findings can be  
diagnosed with high sensitivity and specificity using the 
perfusion pattern of PCASL. Images were acquired using  
a Biograph mMR PET-MRI scanner and a 3T MAGNETOM 
Vida (Siemens Healthcare, Erlangen, Germany). 

Results
The PCASL perfusion pattern is correlated with clinical 
symptoms and metabolic patterns as summarized in  
Tables 1–3.

Learning points
1.	 PCASL and FDG PET get similar information regarding 

perfusion and metabolism patterns (Table 1).
2.	 PCASL correlates with FDOPA for perfusion and  

metabolism in the striatal structures.
3.	 When additional FDG-like pattern analysis in move-

ment disorders referred for FDOPA is done, it has been 
found helpful as discussed in the case-wise pattern in 
Table 2.

4.	 Rare cases explored on FDOPA, such as hypermanga-
nesemia, can be better confirmed by FDOPA and 
PCASL.
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Wave-CAIPI SWI
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diffusion technique.

Single-Voxel 
Spectroscopy Edit
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Deep Resolve Boost uses 
raw-data-to-image deep learning 
reconstruction technology.
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ASL is an MR technique using the 
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endogenous contrast agent to 
evaluate perfusion.
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Quantitative tissue maps enabling 
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Our study highlights the role of simultaneous PCASL  
PET-MRI in the workup of complex neurodegenerative  
conditions with FDG in centers that do not have a cyclotron 
facility for producing non-FDG tracers. In clear-cut clinical 
neurodegenerative disorders, where structural changes are 
equivocal, an additional PCASL sequence can help in early 
diagnosis without the need for expensive and radioactive 
PET studies.

Moreover, studies such as ours in a PET-MRI center 
with a cyclotron facility and referrals of various neuropsy-
chiatric disorders have expanded our understanding of 
these disorders at a molecular level with functional imag-
ing using PCASL, 18F-FDG, and 18F-FDOPA. Though not  
displayed in this study, whole-body FDG-PET with DWI MRI  
has also aided in workups of neurodegenerative disorders 
by excluding any underlying inflammatory or neoplastic 
etiology.
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BLADE: Reducing Motion Artifacts in  
Uncooperative Patients with Acquired  
Brain Injury
Marta Cazzoli; Laura Pelizzari; Susanna Lipari

IRCCS Fondazione Don Carlo Gnocchi Onlus, Milan, Italy

Abstract
Obtaining good-quality MRI images in patients with  
acquired brain injury (ABI) is very challenging due to their 
uncontrolled movements during the acquisition. Motion 
artifacts can lead to partially or totally absent anatomical 
detail, which hampers the neuroradiologist’s ability to  
perform an accurate examination. 

The BLADE radial k-space filling technique from  
Siemens Healthineers is an excellent alternative to the  
conventional Turbo Spin Echo (TSE) T2-weighted sequence 
for scanning patients with ABI, as it reduces motion arti-
facts and therefore markedly improves image quality. 

In the current paper, we present examples of ABI imag-
es obtained with the BLADE sequence, compare them with 
conventional TSE T2-weighted sequences, and highlight 
the advantages of BLADE for scanning patients with ABI.

Introduction
Acquired brain injury (ABI) is an overarching term generally 
describing insults to the brain that are neither congenital 
nor perinatal [1]. ABI can affect the brain’s structural integ-
rity, its functions, and its metabolic activity, and can result 
in long-term disability [2, 3]. Severe ABI can be classified 
into two sub-categories: traumatic brain injuries (TBI) and 
non-traumatic brain injuries. The former are defined as 
ABIs caused by external events such as falls, assaults,  
motor vehicle accidents, or sports injuries [4]; the latter are 
ABIs caused by internal factors such as stroke, near-drown-
ing, aneurysms, tumors, infectious diseases, or lack of  
oxygen supply to the brain [5]. Although ABI diagnosis is 
still mainly clinical – namely, based on the medical history 
of the patient and on neurological and physical examina-
tions – neuroimaging is a crucial instrument for ABI patient 

1  �� Example of Cartesian k-space filling scheme. The echo train length 
(ETL) defines the number of data lines acquired for each TR period 
(orange box).

KY

Kχ

ETL

2  �� Example of radial k-space filling scheme (BLADE sequence). The 
echo train length (ETL) defines the number of data lines acquired 
for each TR period (orange box).

KY

ETL

Kχ
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management [6, 7]. First, given the wide ABI spectrum, 
neuroimaging can provide useful additional information  
for patient characterization [7]. Second, it can be used to 
monitor the patient at follow-ups, aiding proper treatment 
management and prognosis [7, 8]. Among the available 
neuroimaging techniques, computed tomography (CT)  
imaging is widely used and is recognized as the mainstay 
for ABI imaging, as it is fast and accurate [9]. Magnetic  
resonance imaging (MRI) is slower, more motion sensitive, 
less accessible, and more expensive than CT imaging [10]. 
However, it is more sensitive than CT imaging when it 
comes to detecting certain intracranial injuries, such as  
axonal injuries. MRI is therefore still valuable for ABI eval
uation in clinical practice [8, 11, 12].

MRI issues in ABI patients
The key issue in MRI examinations of ABI patients is mo-
tion. Motion artifacts are caused both by the long scan 
times and the large movements of these patients, who  
are unable to lie still during the scan. If motion artifacts  
result in poor-quality images and lead to partially or totally 
absent morphological information, radiologists cannot  
accurately diagnose and characterize patients. Therefore, 
MRI diagnostic and prognostic value is totally lost. The high 
sensitivity of conventional MRI sequences to movement  
is in part caused by the Cartesian (or rectilinear) k-space 
filling scheme [13]. The Cartesian data acquisition tech-
nique consists of filling the k-space line by line, from top  
to bottom (Fig. 1). It provides good overall image quality.  
A number of data lines equal to the echo train length (ETL, 
Fig. 1) are acquired for each repetition time (TR) period.  
In a Cartesian acquisition, the k-space center, which con-
tains the signal and contrast characteristics of the image,  
is acquired just once, unless multiple averages are used. 
Thus, patient movements have a moderate to severe effect 
on the resulting image when a linear k-space filling scheme 
is used [14].

BLADE
Multishot turbo spin echo (TSE) sequences with radial 
k-space trajectory were introduced with the aim of reduc-
ing motion artifacts [15]. With the TSE BLADE sequence 
(Siemens Healthcare, Erlangen, Germany), a set of radial 
data lines (“blades”) that are equal to the ETL and cross  
the center of the k-space is collected in order to fill the 
k-space (Fig. 2). The center of the k-space is sampled for 
each blade, providing excellent signal and contrast while 
reducing the sensitivity of the sequence to patient move-
ment, as if multiple averages were made. A higher number 
of blades is associated with fewer motion artifacts, greater 
spatial resolution, but longer acquisition time [13]. In the 
framework of ABI imaging assessment, BLADE can dramati-
cally improve the image quality when compared to T2 TSE 
sequences with traditional k-space Cartesian filling. In  
Figure 3, the brain of an ABI patient has been imaged  
using a T2 TSE sequence with traditional k-space Cartesian 
filling (Fig. 3A) and using a T2 TSE BLADE sequence (Fig. 
3B) on the same 3T scanner (MAGNETOM Prisma, Siemens  
Healthcare, Erlangen, Germany), equipped with a 64-chan-

T2 TSE T2 TSE BLADE

Acquisition time (min:sec) 02:19 03:03

FOV (mm) 230 × 230 220 × 220

Matrix 512 320

In-plane resolution (mm) 0.4 × 0.4 0.7 × 0.7

Thickness (mm) 3 2

Slices 36 72

Distance Factor 30% 0%

Table 1: Sequence parameters

3  �� A conventional Cartesian T2 TSE (3A) 
and a T2 TSE BLADE (3B) in a moving 
ABI patient. The T2 TSE BLADE 
sequence dramatically improves 
image quality and provides clearer 
detail definition (yellow arrow).

3A 3B
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nel head/neck coil, at IRCCS Fondazione Don Carlo Gnocchi 
Onlus. The image acquired with linear k-space filling  
does not provide any useful structural information, due  
to large motion artifacts. On the other hand, the T2 TSE 
BLADE sequence (Fig. 3B) yields an image with clear  
anatomy and injury information, allowing the radiologist  
to produce an accurate report. As previously mentioned,  
the acquisition of the image in Figure 3B took longer  
than the acquisition of the image in Figure 3A (acquisition 

time (TA) = 03:03 min vs 02:19 min). The acquisition  
parameters of the two sequences are listed in Table 1. In 
addition, the oversampling of the k-space center comes at 
the expense of the peripheral area, thus yielding a lower 
spatial resolution of the acquired image (Fig. 2). The TSE 
BLADE parameters can be adjusted to compensate for this 
drawback by increasing the resolution parameters, such  
as matrix size, in-plane resolution, and slice thickness, and 
by augmenting the blade coverage.

4  �� Comparison between a conventional 
Cartesian T2 TSE (4A) and a T2 TSE 
BLADE (4B) in a moving ABI patient. 
The yellow arrow on the left image 
(4A) highlights a posterior periven-
tricular hyperintensity that might be 
ascribed to external ghosting and 
erroneous signal spatial collocation. 
The T2 TSE BLADE image (4B) is 
sharper and confirms without doubt 
the presence of a posterior periven-
tricular lesion.

4A 4B

5  �� A conventional Cartesian T2 TSE (5A) 
and a T2 TSE BLADE (5B) in a moving 
ABI patient. The comparison between 
the two images shows that an  
image affected by movement 
artifacts cannot be used to evaluate 
subcortical microvascular damage 
(yellow arrows).

5A 5B

6  �� A conventional Cartesian T2 TSE  
(6A) and a T2 TSE BLADE (6B) in  
an uncooperative ABI patient. The 
yellow arrow in (6A) shows an 
alleged hemosiderin deposit, which  
is then excluded by the T2 TSE BLADE 
acquisition.

6A 6B
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Clinical impact
Besides the striking clinical advantages of the BLADE tech-
nique in ABI cases with extremely large movements (Fig. 3),  
the radial k-space trajectory might also be useful for  
solving ambiguities that may be present in ABI magnetic 
resonance images affected by a smaller number of motion  
artifacts. Figure 4A shows a traditional TSE scan of an ABI 
patient; the yellow arrow indicates a posterior periventricu-
lar hyperintensity that might be ascribed to external ghost-
ing and erroneous signal spatial collocation, rather than  
to a periventricular lesion. Using a TSE BLADE sequence,  
a detailed and motion artifact-free image was obtained 
from the same subject (Fig. 4B). The improved image  
quality enabled the radiologist to confirm, with no doubt, 
the presence of a periventricular lesion (yellow arrow).

A further example is shown in Figure 5. Subcortical  
microvascular damage cannot be identified on the conven-
tional TSE image because of motion-related artifacts  
(Fig. 5A). Conversely, the BLADE technique clearly shows 
the damage (Fig. 5B, yellow arrows). 

Finally, Figure 6 compares Cartesian T2 TSE and T2 TSE 
BLADE acquisition techniques to show a case of false alter-
ation detection caused by artifacts. The former sequence 
produces an image with hypointensity close to the medium 
cerebellar peduncles, which radiologists would interpret as 
hemosiderin deposits (Fig. 6A); the latter shows no abnor-
mality in that anatomical region (Fig. 6B).

Conclusion
Despite some limitations, the BLADE radial k-space  
sampling technique is a valid alternative to conventional 
Cartesian T2 TSE in clinical assessment of ABI. Improved 
image steadiness, better image quality, higher signal-to-
noise ratio (SNR), and enhanced lesion conspicuity enable 
correct and precise radiological evaluation of patients  
with ABI. Furthermore, increased acquisition time due to 
the radial filling scheme of the k-space should not to be 
considered a major defect. The sequence achieves a good 
acquisition in a single run; there is no need to repeat it  
several times until an adequate image quality is generated. 

Although a Cartesian T2 TSE sequence should still be 
preferred when scanning cooperative subjects, as it pro-
vides superior overall image quality, TSE BLADE sequences 
may be a good alternative to conventional TSE in cases of 
uncooperative patients who are difficult to manage. In 
these specific cases, dramatically reducing the sensitivity  
to movement and providing clearer delineation of brain 
morphology justifies a longer TA.
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Feasibility of 3D Sequences for Median  
Nerve Imaging Using UltraFlex Large Coils 
and CAIPIRINHA on a 3T System 
Yatin Sharma 

Siemens Healthineers, Gurugram, India 

Introduction
Arm / forearm neurography can be a complex and time- 
consuming MRI scan. There are several sequences  
available for three-dimensional forearm nerve imaging. 
This article describes how using different T1 and T2  
tissue times in the SPACE sequence and the application  
of CAIPIRINHA can improve MR neurography (MRN).

Technique
The SPACE (sampling perfection with application optimized 
contrast using different flip angle evolutions) sequence 
from Siemens Healthineers uses different flip angle evolu-
tions: PD, T1, T2 and T2 var. T2 SPACE can be further com-
bined with STIR and SPAIR fat suppression techniques. 
When using STIR SPACE and 3D SPAIR SPACE for forearm 
nerve imaging, two primary concerns arise: nerve signal 
visibility and decreased conspicuity of vessel signals. 

The default T2 variation evolution of 3D STIR SPACE  
assumes a T1 tissue time of 940 ms and a T2 tissue time  
of 100 ms for the organ under examination (Fig. 1).  
However, this may not be optimal for forearm nerve  
imaging, in particular since the contrast is also dependent 
on patient age. This 3D sequence is primarily based on 
stimulated echos, the use of T1 tissue time in determining 
the amplitude of the stimulated echo, and the use of  
refocusing pulses to determine contrast behavior [1].  
Using different T1 and T2 input times improved arm  
nerve signals and increased vessel conspicuity (Figs. 2A, B). 
(In both comparisons, the image on the left with the  

default settings shows compromised nerve conspicuity, 
while the image on the right with optimized T1 and T2  
input times and without the blood suppression pulse  
improves conspicuity.) When changing T1 and T2  
input times, it is also helpful to consider the relaxation  
values for the median nerve [2].

Working with the T2 SPACE sequence, the following 
equation helps to derive T1 and T2 input times suitable  
for improving forearm nerve signals in the majority of  
patient groups:

1

T1 input time = 1450 – Age × 10 ms
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2A

2B

2  � Using different T1  
and T2 input times  
to improve arm nerve 
signals and vessel 
conspicuity. The 
images on the left use 
the default settings, 
the images in the 
middle use optimized 
T1 and T2 tissue  
times (with higher 
resolution), while  
the images on the 
right use optimized  
T1 and T2 input  
times and the blood 
suppression pulse  
to improve conspi- 
cuity. Also, the 
resolution is higher.

101

How-I-do-it

siemens-healthineers.com/magnetom-world

MAGNETOM Flash (82) 3/2022



In the context of this study, 1450 ms was defined as  
the average T1 relaxation time for forearm nerve signal,  
while 50 ms was selected for the T2 tissue time. For  
fat suppression, the SPAIR method was chosen because  
of its better signal-to-noise ratio and fat suppression  
efficacy, minimal shading effects, and insensitivity to B1  
inhomogeneity. See Figure 3 for the changes to these  
T1 and T2 times. 

Next, a blood suppression pulse using a combina- 
tion of three adiabatic RF pulses plus dephasing gradients  
was selected. We applied a gradient-first moment of  
300 ms2·mT/m in all three directions to suppress signal 
from vessels (Figs. 4 and 5).

Using an 18-element UltraFlex Large high-density  
surface coil combined with the CAIPIRINHA sampling  
pattern enables higher acceleration factors, because it  
minimizes g-factor related SNR loss. This results in reduced 
scan time and allows this sequence to be added to  
routine protocols. 

Protocol set-up
The T2 SPACE sagittal isotropic protocol from the lumbar 
spine program in the Siemens Healthineers library can act 
as a starting point. The following parameters should be 
adapted. In addition, the resolution can be adjusted to the 
local needs. 

Parameter card Parameter change

Routine 
Slice thickness: 1 mm  
(thickness can be varied in order to achieve 
isotropic voxel size)

Routine TR 2500 ms 

Contrast → Common SPAIR fat suppression → Strong 

Contrast → Common Blood suppression → Free → 300 in all three 
directions 

Sequence → Part 2* Turbo factor → 120 or higher 

Sequence → Part 2*

Flip angle mode → T2 var → Click three dots 
→ Organ under examination→ Free (Fig. 3)
Note: This may increase TR, go back  
to Routine card and set TR 2500 ms. 

Sequence → Part 1 Optimize TE in order to achieve apparent TE 
of 110 ms or higher 

* �With software version syngo MR XA31 the T1 and T2 values can be found on the 
Contrast → Common parameter card.

3

4

5
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Results
Compared to standard options, these modifications to  
the T2 variation of the SPACE sequence allow for faster  
3D imaging of the median and other forearm nerves with 
reproducible results. (In Figure 6A, the image on the left 
displays a curved MPR, while the image on the right shows 
a curved MIP and Figure 6B shows a Curved MPR.) 

6A 6B 6C
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6  � Curved multiplanar reconstructions provide better visualization of nerve anatomy and allow the course of the nerve to be traced.  
(6A) The image on the left is a single slice of the protocol with optimizations applied as explained in this article. (6B) A curved multiplanar 
reconstruction (MPR), and (6C) a curved maximum intensity projection (MIP). 
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How did you first come into contact with MRI?
Part of my diploma examination involved giving a talk 
about the similarities and differences of CT, MRI, and ultra-
sound. For MRI, I interviewed some of my friends – like 
Franz Schmitt – who were already working in the field  
in 1983, and I became more and more interested in this 
technique. MRI was new back then, and even in the early 
80s it was a really exciting technology.

Two years later, I got the opportunity to start working 
part time in the physics group within MR at Siemens  
Medizintechnik in Erlangen. The group focused mainly  
on gradient design and shim software. That was in  
1986, and I’ve been working in this field of Research &  
Development (R&D) ever since. If you’re curious and eager, 
you don’t need to change roles every three years. In MRI, 
you can work on the same mission for years! The topics 
around gradient systems and shim grew over the time  
and became even more fascinating. Staying in the same 
field makes it easy to develop a deep relationship with  
your customers. It also let me really grow in my role.

What do you find motivating about your job?
Working in the field of gradient coil development involves 
not only drafting an electrical design that fulfills all perfor-
mance parameters like gradient strength and slew rate,  
but also to translate that design into a buildable piece of 
hardware and to follow up by running the necessary tests 
with the gradient coil in the MRI system. This integration 
process is always full of challenges and surprises, but the 

MR team always works together to solve these. Our ability 
to act as one team within R&D is one of the most motiva-
tional aspects of my job.

It was also really motivating to see how we could raise 
the gradient system’s performance higher and higher, for 
instance with the Prisma gradient system or by using more 
than one gradient amplifier for one gradient coil (multi-
GPA), as was the case with the Connectom1 gradient  
system several years ago. And now we’re translating this 
multi-GPA technique along with Liquid Cooling Technology 
into the new Gemini gradient coil1 to create a clinical sys-
tem, the MAGNETOM Cima.X2 that reaches 200 mT/m3 at  
a slew rate of 200 T/m/s.

Feedback from customers, especially from researchers, 
about the new possibilities of using these gradient systems 
always makes us proud.

What are the biggest challenges in your job?
Providing gradient systems for the whole bandwidth –  
so for standard clinical systems, MRI systems with a focus 
on patient comfort like MAGNETOM Free.Max, and systems 
for the research community – is highly challenging.  
We focus on different aspects for different user groups,  
and superb image quality always goes without saying.  
Reliability is key for standard clinical systems, a large bore  
is important for patient comfort, and maximum perfor-
mance is the main topic for the research group. 

Figuring out which are the most important features for 
a special gradient system leads to heated debates at every 

Siemens Healthineers: Our brand name embodies the pioneering spirit and  
engineering expertise that is unique in the healthcare industry. The people working  
for Siemens Healthineers are totally committed to the company they work for, and  
are passionate about their technology. In this section we introduce you to colleagues  
from all over the world – people who put their hearts into what they do.

Meet Siemens Healthineers

Eva Eberlein, Dipl.-Phys.
Eva comes from Baiersdorf, a small town in northern Bavaria. She 
studied physics at Friedrich-Alexander-Universität Erlangen, Germany, 
graduating in 1983 and taking a job as a research assistant in the 
Department of Applied Optics. After giving birth to her son in 
December 1984, Eva went on parental leave and returned to work  
in 1986. She spent 20 years as a developer in the Gradient Coil and 
Shim Team within the Magnetic Resonance Business Line at Siemens 
Medizintechnik. In 2006, she began leading the team, which was  
by then part of the Magnetic Resonance Business Line at Siemens 
Healthineers. She continues to lead the team today. Erlangen, Germany
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concept phase. But I think we’ve always found the best 
solution. Of course we’re also thinking about an all-in-one 
solution that combines maximum performance with an 
open bore architecture – but my colleagues will solve that 
challenge after my time. 

What would you do if you could spend a month doing 
whatever you wanted?
This is a very relevant question for me: I’m going to be  
retiring in a couple of months, so I’ll have to find an answer 
for a lot more than four weeks! And I must confess that I 
don’t yet have a clear idea. I always went to work in the 
morning with good grace; sometimes I wasn’t in the best 
shape when I came home, but I really never questioned 

what we wanted to achieve. I enjoyed working closely with 
my colleagues in the gradient development team, and 
across MR as a whole. Our Business Line has an incredible 
drive – we work so hard to tackle challenges and solve 
them together. It’s wonderful to have experienced so many 
successes together. 

So maybe you can give me some suggestions for how 
to spend my retirement. Just no adult evening classes, 
cruises, or e-bikes, please!

Explore how Siemens Healthineers learned to make good gradients. 

Read about the amazing technological advances from 1983, when Siemens Medizintechnik began to develop their first 
MRI product, the MAGNETOM; until today, when Siemens Healthineers provide MAGNETOM Prisma, MAGNETOM Terra.X2, 
MAGNETOM Connectom1, and MAGNETOM Cima.X2 to the clinical and research community.

Further Reading

1�MAGNETOM Connectom is ongoing research. All data shown are acquired using a non-commercial system under institutional review board permission.  
Siemens Healthcare GmbH does not intend to commercialize the system.

2�Work in progress. The system is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured.
3≥ 200 (±3% for design tolerances)

Please visit us at
www.magnetomworld.siemens-healthineers.com/publications/whitepapers

An Attempt to Reconstruct the History of Gradient-System Technology  
at Siemens Healthineers
Franz Schmitt; Stefan Nowak; Eva Eberlein  
Siemens Healthineers, Erlangen, Germany

Pioneers of Connectome Gradients
Ralph Kimmlingen  
Siemens Healthineers, Erlangen, Germany

Pioneers of Gradient Systems
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How did you first come into contact with MRI?
MRI was just something that landed into my lap by being  
in the right place at the right time. I was working as a lead 
sonographer, senior radiographer, and CT technologist, 
when the opportunity to learn MRI after normal working 
hours presented itself at a local imaging clinic. My first  
exams in MRI were on an open 0.3T magnet. I then  
relocated and ended up being a full time MRI technologist 
in a trauma hospital scanning the most critical and sick  
patients imaginable.

What do you find motivating about your job?
The idea of reshaping the entire landscape of medicine  
as we know it for a zero delay of diagnosis and treatment 
followed with the fastest recovery times possible are my 
motivation. 

Here the value of collaboration comes into play:  
Making solutions robust enough for the future, by bringing 
professionals with different insights to the same problem, 
you can create more robust solutions which enable our  
patient care partners to provide the best care possible. This 
robustness is the only way we will keep our users believing 
in our products as they rely on them to work when they are 
depended on the most.

What are the biggest challenges in your job?
At the moment I consider creating products that are the 
perfect solution into the product line as the most challeng-
ing aspect. To explain why I say this we would need to  
evaluate what and to who defines the idea of the perfect 
solution. Is it a perfect solution for only the patient? The 

technologist for ease of use? The radiologist with cost  
of purchase/ownership/throughput considerations? Is it  
for the administrator of the hospital with total patient care 
cost considerations? Sometimes these are not all in align-
ment and it can be quite challenging to find the right  
set of compromises to align all these different factors for  
a meaningful product while navigating the intricacies  
of project readiness and timelines.

The challenges of application development at 7T are 
due to the physics of 7T. As you increase the field strength 
you increase the chemical shift, and the B1 effects in the 
image impression. Additionally, the specific absorption rate 
(SAR) becomes much more of a factor in measurement 
times compared to other field strengths. So, it can be tricky 
if the solutions to the image quality challenges increase 
the SAR challenge even more.
 
What are the most important developments in  
Healthcare?
The most important developments in healthcare are  
just now beginning and at a very early stage. Since the 
foundation is being laid down now for the most important  
advancements in healthcare, that foundation will need  
to be done with absolute robustness and in a rapid manner 
to secure our position in the market in the future. 

What would you do if you could spend a month doing 
whatever you wanted?
I would go camping in a large camper parked as close to 
the ocean with the largest waves as possible. A large  
panoramic view of crashing waves surrounded by nature.

George Ferguson
After completing 10 years in the military where I had the opportunity 
to also specialize in MRI, I was fortunate enough to become an MR 
technologist at a fast-paced trauma facility. I gained experience in all 
forms of MR imaging exams and procedures. I then had the opportu
nity to become an applications specialist covering from Japan to  
New York where I continued my growth in the field or MRI assisting 
other users with our platforms that brought new features and 
hardware into their facilities. After several years as an applications 
specialist, I was accepted to become an applications developer for all 
field strengths up to 3T. This background gave me a good foundation 
to bring then all that gained knowledge to the ultra-high field (UHF) 
team as a UHF MSK applications developer. I enjoy making a positive 
difference in the lives of those in need, and in pain requiring medical 
care. It is my passion to be a part of ensuring that they receive the  
best care possible.

Erlangen, Germany
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