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Abstract

Recent developments in the use of MRI contrast in images of the brain continue to expand the use 

of MRI in neuroscience. Higher magnetic field strengths and innovative ways to manipulate 

contrast have allowed improved visualization of the various properties of brain tissues, facilitating 

the anatomical definition of functional areas and their white matter fiber connections. This is 

bringing us closer to understanding the evolutionary blueprint of the brain, improving the 

detection and characterization of disease, and help guiding treatment. This review highlights some 

areas of recent progress, including the application of magnetic susceptibility contrast to study 

white matter fibers and cortical layers and the use of endogenous and exogenous contrast to study 

cellular events.

Introduction

Since its introduction into clinical practice in the early eighties, MRI has continued do 

develop rapidly, and has become the premier clinical tool to study human brain anatomy and 

function. Major developments have occurred in a number of areas, including sensitivity, 
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spatial resolution, and the type of contrast that can be generated with and without the 

administration of contrast agents. This has improved the quality of MRI scans and 

broadened the range of applications in basic neuroscience, pre-clinical models and the 

diagnosis and management of diseases of the brain.

Early MRI studies had a relatively poor resolution (about 2.5mm) and a limited and poorly 

understood contrast that was based on the density of water protons and their NMR relaxation 

times (T1 and T2). Early applications included the study of the significant tissue 

abnormalities occurring in Multiple Sclerosis (MS), stroke, and brain tumors [1,2]. Current 

MRI technique allow resolutions to 300 µm (75 µm in rodents), and sensitization to a great 

variety of contrast mechanisms enabling routine measurements of blood flow [3] and 

deoxyhemoglobin content [4], water diffusion [5], axonal transport [6], and cell migration 

[7]. Improved resolution and flexibility in contrast are allowing quantitative studies of 

parcellation of brain into grey and white matter and the architecture of its fiber pathways 

[6,8] and cortical laminar subdivisions.

Counting lesions in MS with contrast agents that detect blood brain barrier disruption due to 

inflammation have become a critical part of development of new treatments and monitoring 

their efficacy. Techniques sensitized to brain blood flow and water diffusion are helping to 

characterize the severity, extent, and temporal evolution of ischaemic stroke and are 

impacting treatment protocols [9]. Quantitative anatomy with MRI is leading to assessment 

of the stage of Alzheimer’s Disease (AD), which should greatly decrease the number of 

patients needed in trials of new therapies[10]. Monitoring temporal variations in blood flow 

and deoxyhemoglobin content using functional MRI (fMRI) during behavioral tasks is 

helping to elucidate the brain’s functional subdivisions [11] as well as reveal abnormalities 

in pathological conditions [12]. Diffusion weighted MRI is being used to detect abnormal 

water mobility in a variety of pathologies including brain tumors, head trauma and 

inflammatory disease such as meningitis and encephalitis [8]. Lastly, the use of contrast 

agents such as iron oxide has allowed the tracking of cells during various cellular 

therapies[7]. The impact of MRI on studies of the brain continues to grow. In this review, 

we will highlight some of the most recent developments in the areas of structural, cellular, 

and molecular MRI. Advances in other areas of MRI, such as fMRI, will be discussed in 

other reviews in this issue.

Resolution and Contrast Improvements in Anatomical MRI

Two important developments over the last decade have substantially improved the 

sensitivity of brain MRI based on water protons (1H): high field magnets and array 

detectors. Modern 7 Tesla scanners with 32-channel array detectors allow a 10–100 fold 

improvement in sensitivity (i.e. SNR) over early 0.15–1.5 Tesla systems with single channel 

detectors [13]. This has directly translating into improved resolution for structural MRI. A 

direct outgrowth of the move to higher field has been the increased use of T2*-weighted 

contrast, which, particularly at high field, is exquisitely sensitive to subtle spatial variations 

in the magnetic properties of tissues. As will be shown below, T2* contrast may be used to 

investigate the sub-structure of grey and white matter.
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Segmentation of Grey and White Matter

The ability to distinguish between the functionally and structurally different tissues of grey 

and white matter is one of the great strengths of MRI, and has helped detection of and 

distinction between various disease processes. The MRI acquisition technique of choice has 

been MPRAGE [14], which is based on T1 contrast and allows robust grey white matter 

segmentation. A number of analysis methods rely on such data to generate grey matter 

surface maps [15], and analyze grey matter volume [16] or local variations in cortical 

thickness [17], and subtle changes of these due to disease [18]. These methods have been 

greatly helped by the improvements available with modern MRI array detectors and 

optimized acquisition [19], allowing resolutions of about 0.5 mm, compared to the ×1 mm 

resolution available with single channel detectors at 3 T.

Detecting Structure within Grey and White Matter

One exciting development in MRI-based neuroimaging is the possibility of distinguishing 

cortical layers. Since the early 1900’s neuro-anatomists have studied brain samples to 

investigate whether a cortical region’s function is reflected in its cellular structure, including 

laminar density of cell bodies and myelinated axons [20,21]. MRI studies based on T1 and 

proton density contrast have suggested that this is, to some extent, possible in-vivo in 

humans [22–24] and non-human primates [25,26].

In animal studies use of manganese based contrast has enabled parcellation of a number of 

grey matter areas as well as detection of the laminar structure of olfactory bulb, cortex, 

cerebellum, and retina [27–29]. Neural structures as small as glomeruli in the olfactory bulb 

have been detected with manganese based contrast [30].

Exploiting the strongly increased contrast in T2*-weighted images at high field, recent 

studies have shown improved visualization of layers based on NMR resonance frequency 

shifts [31,32] (Fig. 1a). This contrast appears to be dominated by local variations in iron 

stored in ferritin [33], the role of which is still poorly understood (Figs. 1b,c). Despite the 

problems with quantitative understanding of the contrast, magnitude and phase sensitive 

T2*-weighted MRI at high field is beginning to find widespread application to studying the 

human brain [32,34–39].

One exciting possibility is that T2* weighted MRI may be able to detect the subtle brain 

changes associated with disease. For example iron-laden plaques associated with AD have 

been detected in the hippocampus in ex-vivo human tissue [40] and in-vivo in mouse models 

[41]. In addition, changes in T2* relaxation characteristics may be indicative of myelin loss 

and therefore be valuable in characterizing demyelinating diseases such as MS and 

Adrenoleukodystrophy (ALD) [42–45

The Fiber Structure of White Matter

One of the fastest growing fields in MRI is the use of diffusion tensor imaging (DTI) to 

study brain fiber structure [46], exploiting the fact that water preferentially diffuses along 

the axonal direction [47,48]. Applied clinically, altered diffusion properties may indicate 
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compromised fiber structure or cell swelling due to ischemic stroke or inflammation. 

Although the current resolution is limited to about 2 mm, ongoing developments of high 

strength gradient systems combined with high field magnets are leading to improvements 

that will bring the resolution to 1 mm.

DTI data can also be used to track the major fiber pathways in the brain allowing 

visualization of the connections between cortical areas[49]. This information is increasingly 

being combined with that from fMRI of task-evoked and spontaneous activity to study brain 

connectivity [50].

Recent work has indicated that fiber bundles can also be visualized with T2* weighted MRI 

[31], as both T2* and resonance frequency shifts appear to depend on fiber properties, 

including orientation [51,52] and potentially myelin density [53] (Fig. 2). The orientation 

dependence may originate from magnetic susceptibility anisotropy [52,54] and 

anisotropically distributed field perturbers [55] and may allow a spatial resolution superior 

to DTI: for example small bundles like the mamillo-thalamic tract can be readily visualized 

with phase images [31]. However, full characterization of the brain’s fiber bundles with T2* 

contrast may be less practical than with DTI as it will require data acquired at multiple head 

orientations relative to the magnetic field, or alternatively sophisticated processing methods 

[56]. Therefore, this type of data is likely to complement rather than replace information 

gathered with DTI.

Direct Neuronal Tract Tracing with MRI

DTI enables following major white matter tracts and much work is ongoing to begin to use 

this to measure connections between areas of the brain. An alternative approach that has 

found widespread use in animal models is to directly inject an MRI contrast agent into an 

area of the brain that can trace neuronal connections. Most useful has been Mn2+ which is 

transported in an anterograde direction between grey matter areas and can cross synapses, 

allowing mapping of poly-synaptic connections [57–60]. It has been shown that with proper 

timing, Mn2+ can be used to trace neural connections at the level of specific laminar inputs 

[61]. There have been numerous applications of Manganese Enhanced MRI for neuronal 

tract tracing in animal models including studies of plasticity associated with learning, stroke, 

and Parkinson’s Disease [62–64] and for assessing the extend of neural damage along the 

optic nerve and spinal chord [65]. The mechanism of entry of Mn2+ into neurons and 

subsequent neuronal transport is not fully understood. Studies using mouse mutants and ion 

channel inhibitors is beginning to lead to some understanding [66]. The widespread use of 

Manganese Enhanced MRI for neuronal tracing is leading to work to develop other MRI 

agents for tracing. A classical neuronal tracer, cholera toxin B (CTB), was linked with a 

Gadolinium (Gd) chelate which enabled MRI detection of neuronal connections [67]). An 

advantage is that CTB does not cross synapses and allows mapping of mono-synaptic 

connections.

Vascular MRI

An area that has made much progress recently is vascular MRI. There is a long tradition in 

using MRI to perform angiography, typically using contrast agents to highlight the 
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vasculature [68]. Detection of vessels at high magnetic fields greatly improves the 

visualization of arteries and veins due to increases in T1 and T2* -based vascular contrast 

coupled with sensitivity gains. Resolutions on the order of 0.35 mm are being obtained 

without exogenous contrast agents [69,70]. This is allowing the detection of small vessel 

such as the lenticulo-striate arteries [70], and veins within MS lesions [71,72] , and is 

expected to improve the detection of vascular abnormalities in brain tumors and the 

detection of micro bleeds resulting from brain trauma.

A key development in MRI was the introduction of Gd chelates as effective T1 contrast 

agents. The greatest impact has been on imaging disruption of the blood-brain barrier due to 

inflammation. Quantitative modeling of Gd leakage [68] is being used to asses tumor 

vasculature [73]. Recently, leakage of Gd into brain has been detected after thrombolytic 

therapy in stroke thanks to higher sensitivity MRI using array coils [74]. This phenomenon 

may be used to guide future therapeutic protocols.

Development of novel molecular imaging agents targeted to the brain vasculature is a fertile 

area of work. MRI contrast agents that bind specifically to blood clots [75], and targeted 

MRI contrast using endothelial adhesion molecules has been demonstrated in animal models 

[76]. This work is important for understanding pathophysiology in animal models. The 

translation to human remains a very significant challenge with any new MRI agent. Simple 

Gd chelates remain the only widely used MRI contrast agents used to study brain 

vasculature in humans.

Novel MRI Techniques to Increase Sensitivity

There is growing interest in using new agents in MRI to perform molecular imaging of 

specific biological species or cellular processes. A general difficulty with these methods is 

their low sensitivity, requiring many micromolar to millimolar levels of agents. A number of 

directions are being explored to increase sensitivity to specific agents. It has long been 

known that magnetization transfer can be used to detect small pools via exchange with 

water. So called “CEST” techniques are being used to produce novel contrast agents [77,78]. 

Endogenous molecules can be detected with CEST contrast using the specific saturation of 

amide protons on mobile lipids and proteins [79]. This has been applied to measuring pH 

and for discriminating brain tumors from radiation necrosis [80]. Expression of high levels 

of peptides that are efficient CEST agents can be used to monitor gene expression [81].

MRI of nuclei other than protons, such as 31P or 13C has been successfully used for many 

years to provide molecular and biochemical information that may not be accessible with 1H 

MRI [82]. MRI of other nuclei is hampered by low sensitivity, which has prevented 

widespread application. The recent introduction of hyper-polarization techniques to greatly 

increase the signal especially of 13C containing molecules holds much promise to overcome 

this problem [83].

Cellular Imaging

With the increasing use of stem cells and induced pluripotent cells to treat diseases of the 

brain and spinal chord it will become very important to develop MRI techniques to monitor 
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the fate of transplanted cells. Over the past twenty years there has been a steady 

development of tools to enable cellular imaging with MRI. Most of this relies on loading 

cells with exogenous contrast agents such as iron oxide nanoparticles [84–88]. There have 

been provocative studies that indicate MRI might be able to detect neural precursor cells in 

the normal human brain using MRI [89,90], and MRS [91] without exogenous contrast. 

However, none of these approaches has found widespread use as yet and the majority of 

work tracking cells with MRI relies on loading cells with enough contrast agent to enable 

detection.

Most MRI studies imaging of transplanted cells have used dextran coated iron oxide 

particles that are very strong T2* agents, combined with a variety of techniques to get 

efficient cell labeling [85,86,92,93]. If enough iron oxide nanoparticles can be gotten into 

cells, it is possible to detect single cells in animals with MRI [85,94-96]. Rather than 

nanoparticles, micron sized particles of iron oxide are also being used because a single such 

particle contains enough iron oxide to be detectable [95]. This has enabled the tracking of 

neural progenitors into the olfactory bulb in the rodent brain after direct injection of particles 

near the sub-ventricular zone where these cells originate [97–99, Fig. 2].

An interesting new development is the micro-fabrication of contrast agent particles, by 

which their magnetic properties can be accurately controlled. This has allowed 

distinguishing multiple particles within MRI [100,101], analogous to having different colors 

in fluorescence based imaging. Such an approach has the potential to enable the separation 

of different types of cells.

Several other materials/compounds have been used for cell tracking, including GadoFluorine 

[102], manganese based particles [103], carbon nanotubes [104,105]), CoPt particles[106]. 

Particles made from 19F labeled emulsions have been successfully used to label immune 

cells [105,107,108] with the advantage that there is no background signal from water, 

allowing specific detection of the 19F label.

Cellular Imaging Applications

There are two major classes of cell labeling experiments that are finding widespread use. 

The first one is based on intravenous injection of iron oxide which is taken up by resident 

macrophages in a tissue. A number of diseases lead to increased tissue macrophage content 

and this approach allows visualization with MRI. Organ rejection [109], and inflammation 

due to various pathologies including ischemia in kidney [110], and experimental allergic 

encephalitis [111] have been studied in animal models using direct injection of iron oxide 

into the circulation (for review see [88,112]). Several studies indicate that this approach will 

be useful for translation to humans [113,114]. A significant problem is producing safe iron 

oxide formulations that are efficiently taken up by resident macrophages for human use.

The second class of cell tracking experiment is to take cells in culture, preload them with 

iron oxide or other suitable contrast and then transplant or inject them into animals. Immune 

cells [115], tumor cells [116], and a number of stem cells [93,97–99] have been studied in 

this way in animal models. A wide variety of disease models are being studied. It is possible 

to use MRI both to track cells and to phenotype the tissue using more standard contrast to 
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determine if the cells are having their desired effects [86]. There are now a few studies in 

humans that indicate this strategy to label cells ex-vivo and use MRI to follow the cells after 

transplantation will work. Studies following neural stem cells in the human brain [89], 

CD34+ cells injected into human spinal chord [90], and dendritic cells injected into human 

lymph nodes [117] clearly demonstrate the potential. A major hurdle to overcome is the fact 

that the label is not cell autonomous and the iron oxide can be transferred to cells other than 

the orginal labeled cell. For example, cell death would be expected to lead to uptake of the 

MRI contrast into macrophages or microglial cells. Nonetheless, techniques to track cells in 

humans, will grow in importance as the number of cell therapies continues to expand.

Summary and Outlook

Improvements in hardware and novel use of contrast continue to transform the ways that 

MRI can be used to study the brain. In humans, subtle anatomical variations on the scale of 

about 300 µm can be visualized based on the tissue’s magnetic properties, and even higher 

resolutions are expected based on ongoing hardware improvements. It is anticipated that this 

will allow the robust visualization of cortical layers, sub-millimeter white matter fiber 

bundles, and vascular detail. This in turn should further facilitate the identification of brain 

variations associated with diseases such as AD [35,118], MS [34,38], and epilepsy [37].

In preclinical models there is a rapidly growing list of targeted contrast agents, cell tracking 

agents, and agents sensitive to brain function that attempt to measure calcium and 

neurotransmitter levels [119,120]. A few of these agents are becoming routinely used to 

study a large number of animal models of brain pathology. The translation to human use 

remains a major hurdle but there are indications that this gap will be filled over the coming 

decade [89,90,117]. Since the invention of MRI in 1974 by Paul Lauterbur, it has grown to 

its present central role in human brain imaging. The new developments taking place make 

the future bright for continued progress.
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Fig 1. 
a. Anatomical detail in human brain visualized by in vivo MRI at 7T. Magnetic 

susceptibility induced frequency contrast allows visualization of layer 4b (line of Gennari) 

of the primary visual cortex (white arrow) and the main white matter fibers of the optic 

radiation (black arrow) that connect to it. Resolution: 200×200×1000 µm. b,c. iron stain and 

MRI transverse relaxivity (R2*) image, demonstrating the colocalization of areas with 

increased iron content and increased relaxivity (arrows)
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Fig 2. 
MRI detection of the migration of endogenous neural prescursors along the rostral migratory 

stream (A) to the olfactory bulb (B) of the rat. Micron-size particles of iron oxide were 

directly injected into the ventricle near the subventricular zone where new neural precursors 

are continually generated. Over the course of a few weeks signal loss due to cell migration 

from precursors that have taken up iron oxide particles can be clearly seen as dark spots 

along the rostral migratory stream (arrow). Three weeks after injection many dark punctuate 

spots can be detected throughout the olfactory bulb (B) which correspond to single cells that 

have migrated into the bulb. (Adopted from [97,98])

Duyn and Koretsky Page 15

Curr Opin Neurol. Author manuscript; available in PMC 2014 November 03.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript


