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Advances in clinical MRI technology
Mukesh G. Harisinghani1,2, Aileen O’Shea1,2, Ralph Weissleder1,2,3*
Advances in MRI technologies have the potential to detect, characterize, and monitor a wide variety of diseases.

INTRODUCTION

KEY TECHNOLOGICAL ADVANCES

The technical capabilities of current MRI
systems have been driven largely by advances
in computers, material science, engineering,
and physics (Fig. 1). Although some extraordinary feats, such as single-atom imaging and
ultrahigh-field anatomical imaging, have received considerable media attention, there are
a myriad of incremental advances that have
improved clinical imaging.
Better image quality and higher spatial
resolution of today’s MRI are largely due to
advances in MRI pulse sequences (structured
sets of alternating magnetic gradients used
to probe for tissue properties) and hardware,
including higher field strengths, improved
multichannel coils, stronger gradients, and
more homogenous magnets. Whereas it was
common to image at 0.5 and 1.5 T several
years ago, many magnets currently operate
at 3 T. Today, coils that collect the body’s
MRI signatures are typically phased array,
flexible printed, or blanket coils rather than
the bulky cage coils used a decade ago (3).
Beyond improving image quality, these advances have enabled functional MRI (the
combination of morphological data with biological information) of the brain, vascular
mapping, and real-time cardiac imaging. Engineering advances have also led to development of wide-bore and open magnets, allowing
interventional procedures and surgeries and
accommodating claustrophobic patients.
Faster imaging has become a clinical
reality, although much work remains to
be done in this area. Increasing imaging
speed improves patient comfort and throughput, decreases cost, reduces motion artifacts,
and enables imaging of joints and muscle
function, such as in the heart. Newer approaches to achieve faster imaging include
undersampling of K-space (partial Fourier
reconstruction and parallel imaging), compressed sensing, and non-Cartesian sampling
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with constantly improving reconstruction
algorithms.
Computational analysis and artificial intelligence (AI) play increasingly important
roles in all aspects of MRI acquisition and
data processing. For example, AI-based image
reconstruction greatly reduces the time required for image reconstruction, producing
images of comparable quality while providing
the ability to reconstruct large datasets in near
real time (4). In addition, the increasing availability of AI has laid the foundation for automated image post-processing, including
segmentation and volumetric analysis. Volumetric analysis is particularly useful in
imaging Alzheimer’s dementia and medial
temporal lobe quantification, although predominantly used in a research setting at
present. Last, AI can be used for decision
support to create automated reports, flag
imaging abnormalities, or classify organ structures as normal or abnormal.
New techniques have emerged over the
past several years. Perhaps the most noteworthy are integrated MRI–positron emission tomography (PET) systems that can
synchronously map molecular information
(glucose uptake and receptor density) onto
anatomic structures. Because it can coimage
multiple molecular probes, MRI-PET has
particularly important applications in oncologic and neurologic imaging (5). Beyond
these exciting advances in MRI-PET fusion
imaging, advances in MRI pulse sequences
have enabled other new imaging approaches.
For example, innovative distinct pulse sequences
allow quantitation of fat, fibrosis (elastography),
iron content (hemochromatosis), and water
content and distribution. The latter forms the
basis of diffusion-weighted imaging (DWI)
and MR tractography, which can physiologically, directionally assess brain tissue or
myocardial fibers. Deuterium metabolic imaging (DMI) is a new spectroscopic technique
that generates three-dimensional metabolic
maps of 2H-glucose or other 2H-labeled substrates given systemically or orally. In the
cancer field, intravenously administered gadolinium chelates (contrast agents) enhance
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Nuclear magnetic resonance (NMR) is the
emission of electromagnetic signals by atomic
nuclei in response to magnetic fields. NMR
has long been of interest to the scientific and
translational medical research communities,
given its broad potential in chemical characterization, biosensing, and imaging (1, 2).
Early work by Haun et al. (1) showed the
utility of a handheld micro-NMR device for
rapidly characterizing fine-needle aspirates to
diagnose cancer. Magnetic resonance imaging
(MRI) produces images by measuring the
radiofrequency signals arising from the magnetic moments of hydrogen protons abundantly found in water and lipids. In 2010,
Wu et al. (2) used MRI and magnetic resonance spectroscopy to map the metabolomic
profiles of prostate cancer samples. MRI has
progressed to a great extent over the past
10 years; indeed, it has revolutionized contemporary medicine, building on advances
in image reconstruction (parallel imaging and
spatiotemporal reconstruction) developed
over the past 20 years. It is estimated that
more than 36 million MRI exams are performed annually on nearly 12,000 installed
systems in the United States alone. Compared
to other imaging technologies, MRI offers
superb soft tissue contrast, multiple different
contrast mechanisms, absence of radiation,
and the ability to colocalize anatomic and
functional or molecular information. Accordingly, MRI is routinely used clinically to
evaluate disease in all major organ systems.
In translational research, MRI has enabled
progress in entire fields, including neuroscience, psychiatry, and oncology, among
others. In this final installment of Science
Translational Medicine’s 10th anniversary
Focus series, we broadly discuss key technological advances achieved over the past decade
and the future of clinical and translational
MRI for disease management.
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Fig. 1. Advances in clinical MRI. Depicted are previous and projected advances in magnetic resonance imaging
brain. MRI is also routinely used to es(MRI). Complementary developments in imaging hardware and computational analysis are facilitating improved
tablish the extent of bone marrow inimage quality, which has enabled a broadening of MRI applicability across organ systems and will likely continue to
volvement and to identify skin or satellite
do so in the future. DWI, diffusion-weighted imaging; EMR, electronic medical record.
lesions in bone malignancies. Furthermore, MRI is increasingly relied upon
tumor detection and tissue characterization; emerging accomplishments in AI. Further- to phenotype cancers by extraction of quantihowever, their use may be problematic in more, image reconstruction for these datasets tative imaging features (radiomics) (9). Several
patients with renal failure who are at risk is complemented by concurrent advances in newer applications in cancer imaging include
of developing nephrogenic systemic fibrosis. MR physics, including Bloch equation–based the following: screening for breast cancer in
Consequently, gadolinium-free alternatives reconstruction techniques with dictionary high-risk populations carrying BRCA mutaare under investigation. MRI can be used with mapping. These reconstruction techniques tions; planning radiation treatment, whereby
systemically administered magnetic nano are necessary for accelerated data acquisition superior soft tissue contrast permits accurate
particles for nodal staging in cancer (6); MRI through undersampling while maintaining boundary delineation and dose painting; and
can also be used to quantify innate immune image quality. Similarly, advances in numeric predicting and monitoring patient response
cells in tissue (inflammation imaging) and pre- T1 mapping and extracellular volume analy- to chemotherapy. Another example is using
dict the efficacy of nanotherapeutics (7). MR sis in cardiac MRI have improved our assess- whole-body MRI in oncology staging, parspectroscopy can measure metabolites such ment of myocardial function. These permit, ticularly for lymphoma in younger patients
as phosphocholine, lactate, citrate, and cre- for example, the detection of diffuse cardiac for whom radiation exposure should be limatine within tissues. Last, hyperpolarized MRI fibrosis, which would otherwise go undetected ited. Intraoperative MRI will likely play an
using labeled metabolites, such as 13C pyr on conventional late gadolinium-enhanced increasing role in neurosurgical oncology by
uvate, allows basic metabolic measurements MRI, which is more sensitive to focal fibrosis. providing real-time information about the
(8) that can safely and effectively detect key
precise spatial relationship between tumors
metabolic conversions in patients with a vaand adjacent areas in the brain to optimize
riety of diseases. For example, in prostate cancer, THE NEXT DECADE OF CLINICAL MRI
surgical resection while limiting inadvertent
increased conversion of pyruvate to lactate can Although clinical challenges abound for MRI, damage to healthy cerebral parenchyma. The
be measured and is associated with increased the opportunities are equally expansive. Look- continued evolution of open-bore scanners
ing forward, the most pressing clinical needs will further enable MRI-guided procedures
tumor aggression.
Although many current MR techniques are shortening MRI acquisition times, opti- in interventional oncology.
focus on qualitative assessment of tissue char- mizing image quality and content, automating
Of the many potential clinical advances
acteristics (hypointense versus hyperintense analyses, perfecting fusion imaging, and en- likely to result from expanding imaging techlesions), significant advances in quantitative abling whole-body imaging. Approaches to nologies, several hold notable potential. A key
MR techniques are now being realized. MR achieve these goals will likely be similar to those interest in neurologic imaging is to translate
fingerprinting quantitatively characterizes tis- described above. Deep learning (DL) algo- emerging ultrahigh-field MRI (>3 T), which
sues; the resultant numerical values permit rithms are likely to play a central role in image increases the signal-to-noise ratio, into clinical
data collation across differing time points for acquisition (sub-Nyquist sampling strategies practice. This will allow better anatomic and
individual patients and between differing using DL), reconstruction (AUTOMAP), and ultrastructural imaging and will likely open
datasets of patients for enhanced precision. automated image post-processing. More seam new doors to disease characterization. AlHandling these large volumes of numerical less integration of imaging results (including though a few such ultrahigh-field systems
data will be facilitated by established and structured reporting and alerts of significant are operational in clinical research settings,
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are emerging on MR “multitasking,” which
continuously collects geometric data and resolves for these artifacts. Undoubtedly, the
secondary gains from this progress will include enhanced image quality, shorter scan
times, and improved throughput.
MRI biobanking programs by global initiatives seek to acquire multiorgan imaging
from large cohorts of patients. Such biobank
efforts also include genomic, proteomic, and
metabolic outcomes and other patient data
often collected at multiple time points. These
large repositories (U.K. Biobank and The
Cancer Imaging Archive; OpenNeuro) will be
invaluable to advance research, education, and
training. Although many of these programs
are just beginning, they present an exciting
opportunity in population-based health care,
where MRI will improve understanding of
disease mechanisms. The breadth of information acquired by biobanks presents its
own challenges and will very likely require
automated techniques for data collection
and storage.
The advances in MRI technologies described here have not been realized without
growing pains, and a considerable amount of
work must be done to improve them further.
The aspirations of the field are ambitious
and will require a community of basic and
translational scientists, as well as physicians,
to achieve them. Such efforts have been catalytic in the past, as evidenced by the expeditious development of MRI in the past decade.
Many new applications will necessitate prospective clinical trials and cost-effectiveness
analyses so that emerging techniques can become reimbursable. Further broadening our
horizons in MRI may not simply extend to
increasing field strengths or improving sequence technology but to providing ubiquitously available low-field MRI at the bedside.
Commensurate advances in the allied fields
of AI and MR physics will be necessary to
facilitate all of these improvements. Collaborative efforts and public-private partnerships
will be essential to driving these technologies
and realizing the full potential of MRI in the
years to come (10).
REFERENCES AND NOTES

1. J. B. Haun, C. M. Castro, R. Wang, V. M. Peterson,
B. S. Marinelli, H. Lee, R. Weissleder, Micro-NMR for rapid

18 December 2019

2.

3.

4.

5.

6.

7.

8.

9.

10.

molecular analysis of human tumor samples.
Sci. Transl. Med. 3, 71ra16 (2011).
C. L. Wu, K. W. Jordan, E. M. Ratai, J. Sheng, C. B. Adkins,
E. M. Defeo, B. G. Jenkins, L. Ying, W. S. McDougal,
L. L. Cheng, Metabolomic imaging for human prostate
cancer detection. Sci. Transl. Med. 2, 16ra8 (2010).
J. R. Corea, A. M. Flynn, B. Lechêne, G. Scott, G. D. Reed,
P. J. Shin, M. Lustig, A. C. Arias, Screen-printed flexible
MRI receive coils. Nat. Commun. 7, 10839 (2016).
B. Zhu, J. Z. Liu, S. F. Cauley, B. R. Rosen, M. S. Rosen,
Image reconstruction by domain-transform manifold
learning. Nature 555, 487–492 (2018).
Z. Chen, S. D. Jamadar, S. Li, F. Sforazzini, J. Baran,
N. Ferris, N. J. Shah, G. F. Egan, From simultaneous
to synergistic MR-PET brain imaging: A review of hybrid
MR-PET imaging methodologies. Hum. Brain Mapp. 39,
5126–5144 (2018).
M. G. Harisinghani, J. Barentsz, P. F. Hahn,
W. M. Deserno, S. Tabatabaei, C. H. van de Kaa,
J. de la Rosette, R. Weissleder, Noninvasive detection
of clinically occult lymph-node metastases in prostate
cancer. N. Engl. J. Med. 348, 2491–2499 (2003).
M. A. Miller, S. Gadde, C. Pfirschke, C. Engblom,
M. M. Sprachman, R. H. Kohler, K. S. Yang,
A. M. Laughney, G. Wojtkiewicz, N. Kamaly, S. Bhonagiri,
M. J. Pittet, O. C. Farokhzad, R. Weissleder,
Predicting therapeutic nanomedicine efficacy using
a companion magnetic resonance imaging
nanoparticle. Sci. Transl. Med. 7, 314ra183 (2015).
S. J. Nelson, J. Kurhanewicz, D. B. Vigneron, P. E. Larson,
A. L. Harzstark, M. Ferrone, M. van Criekinge,
J. W. Chang, R. Bok, I. Park, G. Reed, L. Carvajal,
E. J. Small, P. Munster, V. K. Weinberg,
J. H. Ardenkjaer-Larsen, A. P. Chen, R. E. Hurd,
L. I. Odegardstuen, F. J. Robb, J. Tropp, J. A. Murray,
Metabolic imaging of patients with prostate cancer
using hyperpolarized [1-13C]pyruvate. Sci. Transl. Med. 5,
198ra108 (2013).
S. Napel, W. Mu, B. V. Jardim-Perassi, H. J. W. L. Aerts,
R. J. Gillies, Quantitative imaging of cancer
in the postgenomic era: Radio(geno)mics, deep
learning, and habitats. Cancer 124, 4633–4649 (2018).
P. R. Luijten, G. A. M. S. van Dongen, C. T. Moonen,
G. Storm, D. J. A. Crommelin, Public-private partnerships
in translational medicine: Concepts and practical
examples. J. Control. Release 161, 416–421 (2012).

Acknowledgments: We thank M. Nahrendorf for critical
discussions. Funding: R.W. is supported, in part, by NIH funds
(UH3 CA202637, RO1 CA204019, UO1 CA206890, RO1
CA206997, R21 CA236561, PO1 CA069246, and R01HL131495).
A.O.S. is supported, in part, by a scholarship from the Faculty
of Radiologists, Royal College of Surgeons, Ireland.
Competing interests: A.O. declares no competing interests.
R.W. consults for Moderna, Alivio Therapeutics, Lumicell, Seer
Biosciences, Tarveda Therapeutics, and Accure Health. R.W. is a
cofounder of and holds shares in T2 Biosystems, Lumicell, and
Accure Health. R.W. and M.G.H. are inventors on patents
managed by Massachusetts General Hospital.
10.1126/scitranslmed.aba2591
Citation: M. G. Harisinghani, A. O’Shea, R. Weissleder, Advances
in clinical MRI technology. Sci. Transl. Med. 11, eaba2591 (2019).

3 of 3

Downloaded from http://stm.sciencemag.org/ by guest on November 25, 2020

practical challenges will need to be overcome for the approach to be adopted more
broadly. Improved signal-to-noise ratio and
increased imaging sensitivity as a function of
higher field strength have had profound effects on advanced techniques such as blood
oxygen level–dependent (BOLD) imaging,
which may help uncover the neurobiology
of complex processes in addiction and the
locoregional actions of drugs targeting the
central nervous system. For musculoskeletal
imaging, a central goal is the ability to perform MRI with stress loading on joints. This
may seem simple but will likely require new
magnet designs. In cardiology, fast data acquisition will allow routine real-time imaging in patients with arrhythmias. Similarly,
advanced thoracic imaging will require the
development of image acquisition methods
during quiet breathing rather than the current approach of breath holding, which often
is difficult for patients. Important aspirations
in abdominopelvic imaging include establishing MRI as a surrogate end point for metabolic disorders such as hemochromatosis and
validating MRI as a readout in drug development and trial assessment (for example, in
drug trials for nonalcoholic steatohepatitis).
While acknowledging the advances made
in decreasing scan time and optimizing image acquisition over the past decade, there
remains considerable potential for improving
the patient experience in the MRI suite. At
present, advanced imaging techniques, such
as functional and cardiovascular MR, require
protracted scan times (sometimes up to or
more than an hour). Consequently, patients
often become uncomfortable during the examination, and motion artifacts remain a considerable problem. Although retrospective
motion correction algorithms are useful, adaptive dynamic imaging, including prospective
motion correction currently in development,
is expected to expand the applications of cardiovascular and functional MRI. Within the
field of cardiovascular imaging, efforts are
being made to combine these prospective motion correction algorithms with free breathing
techniques to further enhance the patient experience. Previously, complex sequence acquisition required electrocardiogram gating,
breath-hold sequences, and respiratory gating
to achieve artifact-free images. New efforts
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