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(57) ABSTRACT 

A system and method are provided for non-invasively 
assessing neuro-inflammation in a subject. The method 
includes acquiring neurite orientation dispersion and density 
imaging (NODDI) data of the subject and processing the 
NODDI data to determine an orientation dispersion index 
(ODI) component of the NODDI data. The method also 
includes assessing the ODI component against one of a 
reference of neuro-inflammation or a prior ODI component 
acquired from the subject to determine one of an acute 
assessment or a chronic assessment of neuro-inflammation 
in the subject. The method further includes generating a 
report indicating the one of an acute assessment or a chronic 
assessment of neuro-inflammation in the subject. 
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SYSTEM AND METHOD FOR ASSESSMENT 
OF NEURO-INFLAMMATION USING 

MAGNETIC RESONANCE IMAGING (MRI) 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

2 
and humoral immunological abnormalities are more preva­
lent in psychiatric patients than in healthy controls. 

Genome-wide studies in schizophrenia have also revealed 
an association with markers in the major histocompatibility 
complex region (MHC) and post-mortem studies have pro­
vided evidence of increased microglial populations and 
microglial activation in patients with schizophrenia, depres­
sion, and other affective disorders. This application is based, claims priority to, and incor­

porates hereby reference in its entirety U.S. Provisional 
Application Ser. No. 62/677,295, filed May 29, 2018, and 
entitled, "SYSTEM AND METHOD FOR ASSESSMENT 
OF NEURO-INFLAMMATION USING MAGNETIC 
RESONANCE IMAGING (MRI)." 

Numerous neuroimaging techniques have been developed 
10 in an attempt to characterize neuro-inflanmiatory processes 

in vivo. These techniques generally fall into two major 
methodological categories. The first category is nuclear 
imaging, such as positron emission tomography (PET) and 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH 

15 single photon emission computed tomography (SPECT). 

NIA 

The second category is magnetic resonance imaging (MRI). 
Nuclear imaging methods have principally focused on the 

imaging of resident immunocompetent cells, specifically 
targeting activated microglia with translocator protein 

BACKGROUND 

The field of the invention is systems and methods for 
magnetic resonance imaging ("MRI"). More particularly, 
the invention relates to systems and methods for using MRI 
to assess neuro-inflammation. 

20 (TSPO) PET imaging. TSPO is an 18 kD five transmem­
brane domain protein that is constitutively expressed at low 
levels by numerous cells types in the CNS. However, under 
inflammatory conditions, TSPO is substantially upregulated 
in microglia and astrocytes lending itself as an attractive 

25 target for PET imaging studies aimed at imaging glial 
activation and neuro-inflammation. Since the 1980s with the Brain-immune interactions contribute to numerous acute 

and chronic disorders of the central nervous system (CNS) 
from ischemic stroke and traumatic brain injury to age­
related dementia and Alzheimer's disease. Schizophrenia, 
major depression, and other neuropsychiatric disorders also 30 

exhibit hallmarks of neuro-inflammation, where peripheral 
cellular and humoral immunological abnormalities are more 
prevalent in psychiatric patients than in healthy controls. 
Genome-wide studies in schizophrenia have also revealed an 
association with markers in the major histocompatibility 35 

complex region (MHC) and post-mortem studies have pro­
vided evidence of increased microglial populations and 
microglial activation in patients with schizophrenia, depres­
sion, and other affective disorders. With a growing recog­
nition of the role that microglial-mediated neuro-inflamma- 40 

tion plays in the neuropathogenesis of psychiatric disorders, 
there is significant interest in the development of new 
methodologies aimed at assessing neuro-inflammation, 
microglial populations, and their distribution throughout the 
brain. 

initial synthesis of 11C-PK11195, a series of second and now 
third generation TSPO ligands have been produced includ­
ing 11 C-PBR28, 18F-DPA-714, and 18F-GE180. Despite 
higher affinities and improved binding profiles, there are 
significant challenges to quantification, including (1) poly-
morphisms of the TSPO gene, (2) complex tracer kinetics 
due to heterogeneity of TSPO distribution in brain tissue, 
and (3) variability of plasma free fractions across human 
clinical cohorts, which have been evident in recent clinical 
trials investigating TSPO imaging in schizophrenia. 

In contradistinction to nuclear imaging, magnetic reso­
nance imaging ofneuro-inflammation faces significant chal­
lenges related to specificity. Techniques such as magnetic 
resonance (MR) diffusion tensor imaging (DTI) are ham-
pered by a lack of specificity in scalar measures of the 
diffusion tensor, which may be sensitive to neuro-inflam­
mation, but also to many other changes in tissue geometry 

Microglia are parenchymal tissue macrophages of the 
central nervous system (CNS) that are derived from mac­
rophages produced by primitive hematopoiesis in the yolk 
sac. These primitive macrophages subsequently migrate to 

45 that can occur such as demyelination, changes in the orga­
nization of fibers, partial volume effects, and membrane 
permeability. Similarly, other MR techniques such as mag­
netization transfer (MT) imaging are also hampered by a 

the neural tube during development and give rise to the 50 

mature microglial pool without contributions from periph­
eral marrow-derived monocytes. Comprising approximately 
5 to 15% of the total number of cells in the CNS, microglia 
are highly dynamic glial cells capable of remarkable fluc­
tuations in their total cell population. Microglia serve as the 55 

first line of defense against tissue damage and infection by 
pathogen recognition, phagocytosis, and antigen recognition 
and, in addition, express and release of pro-inflanmiatory 
mediators and other signaling molecules. Microglial-medi­
ated neuro-inflammation has been implicated across a broad 60 

range of acute and chronic neurologic disorders including 
ischemic stroke, traumatic brain injury, epilepsy, and 
chronic neurodegenerative disorders, such as Alzheimer's 
disease and Parkinson's disease. Numerous neuropsychiat-
ric disorders including schizophrenia, major depression, and 65 

autism spectrum disorder have also been shown to exhibit 
hallmarks of neuro-inflammation, where peripheral cellular 

lack of specificity with myelin content and parenchymal 
edema confounding the magnetization transfer ratio (MTR). 
Cellular magnetic resonance imaging techniques have also 
been developed employing the use of iron oxide contrast 
agents (small (SPIO) and ultra-small (USPIO) particles of 
iron oxide) that are preferentially phagocytosed by circulat­
ing monocytes. These SPIOs and USPIOs produce substan­
tial shortening of both Tl- and T2-relaxation times (greater 
than that of gadolinium-based contrast agents); thus, 
enabling visualization of iron-laden cells tracking to inflam­
matory tissue at clinical field strengths. The extent to which 
circulating monocytes cross the blood-brain barrier (BBB) 
remains controversial, in addition to other concerns regard-
ing the biocompatibility and toxicity ofSPIOs and USPIOs. 
Overall, despite active research efforts to image central 
nervous system neuro-inflammation, there remains no safe, 
accurate, widely accessible, or clinically viable neuroimag­
ing methodology available for the in vivo study of neuro-
inflammation. 
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Thus, it would be desirable to have a system and method 
for non-invasive, quantitative assessment neuro-inflamma­
tion. 

SUMMARY 

The present disclosure overcomes the aforementioned 
drawbacks by providing systems and methods for assessing 
neuro-inflammation using an advanced, multi-compartment 
diffusion MRI methodology to detect changes in microglial 10 

density and morphology in acute and chronic microglial 
activation. The systems and methods provided herein can 
assess the distribution and density of microglial populations 
to image and assess a neuroimaging biomarker of neuro­
inflammation. More particularly, the systems and methods 15 

provided herein recognize that neurite orientation dispersion 
and density imaging (NODDI) is sensitive to changes in 
microglial density that are associated with neuro-inflamma­
tion. Thus, a system and method is provided that utilizes the 
NODDI to distinguish the extracellular space (ODI; orien- 20 

tation dispersion index, inclusive of microglia) as a unique 
and quantitative microstructural environment and generate a 
quantitative parametric measure ofNODDI to provide quan­
titative and clinically applicable assessments of neuro-in­
flammation, as well as indications of longitudinal neuro- 25 

inflammation. 
In accordance with one aspect of the disclosure, a mag­

netic resonance imaging (MRI) system is provided that 
includes a magnet system configured to generate a polariz-
ing magnetic field about at least a portion of a subject 30 

arranged in the MRI system. The MRI system also includes 

4 
by way of illustration a preferred embodiment of the inven­
tion. Such embodiment does not necessarily represent the 
full scope of the invention, however, and reference is made 
therefore to the claims and herein for interpreting the scope 
of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a graphic illustration of a tissue model in 
accordance with the present disclosure. 

FIG. 2 is a block diagram of an exemplary magnetic 
resonance imaging ("MRI") system configured in accor­
dance with the present disclosure. 

FIG. 3 is a flow chart setting forth steps of a process 
utilizing the model and system of FIGS. 1 and 2 in accor­
dance with the present disclosure. 

FIG. 4 shows a box plot of pulsed gradient water diffusion 
simulations within a representative voxel. 

FIG. 5 shows a graph of orientation dispersion index 
(ODI), fractional anisotropy (FA), and mean diffusivity 
(MD) index levels of a control group and a CSFlR inhibited 
group of mice at day 1, day 3, and day 7 following inhibitor 
withdrawal in the inhibited group. 

FIG. 6 shows a box plot of microglia cell counts of a 
control group and a CSFlR inhibited group of mice at day 
1, day, and day 7 following CSFlR inhibitor withdrawal. 

FIG. 7 shows a box plot of neuron cell counts of a control 
group and a CSFlR inhibited group of mice at day 1, day, 
and day 7 following CSFlR inhibitor withdrawal. 

FIG. 8 shows a box plot of astrocytes cell counts of a 
control group and a CSFlR inhibited group of mice at day 
1, day, and day 7 following CSFlR inhibitor withdrawal. 

FIG. 9 shows a graph of microglial cell counts plotted 
against mean ODI 1, 3, and 7 days post CSFlR inhibition in 

35 mice. 

a plurality of gradient coils configured to apply a gradient 
field to the polarizing magnetic field and a radio frequency 
(RF) system configured to apply an excitation field to the 
subject and acquire MR image data from the subject. The 
MRI system further includes a computer system pro­
grammed to control the plurality of gradient coils and the RF 
system to acquire neurite orientation dispersion and density 
imaging (NODDI) data from the subject. The computer 
system is further programmed to process the NODD I data to 40 

determine an orientation dispersion index (ODI) component 
of the NODD I data and assess the ODI component against 
one of a reference of neuro-inflammation or a prior ODI 
component acquired from the subject to determine one of an 
acute assessment or a chronic assessment of neuro-inflam- 45 

mation in the subject. The computer system is further 
programmed to generate a report indicating the one of an 
acute assessment or a chronic assessment of neuro-inflam­
mation in the subject. 

In accordance with another aspect of the disclosure, a 50 

method is provided for non-invasively assessing neuro­
inflammation in a subject. The method includes acquiring 
neurite orientation dispersion and density imaging (NODDI) 
data of the subject and processing the NODDI data to 
determine an orientation dispersion index (ODI) component 55 

of the NODDI data. The method also includes assessing the 
ODI component against one of a reference of neuro-inflam­
mation or a prior ODI component acquired from the subject 

DETAILED DESCRIPTION 

As described above, current methodologies for assess­
ments of inflammation are encumbered by significant limi­
tations including low specificity, inability to accurately 
quantify, and low biocompatibility/toxicity. For example, 
some have attempted to discern inflammation in the brain 
using diffusion tensor imaging (DTI) MRI. DTI MRI is 
successfully used with regularity to assess structures in the 
brain, such as white matter fibers. However, when attempt-
ing to assess neuro-inflammation using DTI, the lack of 
specificity inhibits clinical utility. Others have attempted to 
use positron emission tomography (PET) to image translo­
cator protein (TSPO) due to its known role inflammatory 
response. However, such efforts struggle to provide quanti-
tative information needed by clinicians. Further still, some 
have attempted to utilize microparticles of iron oxide 
(MPIO) to target neuro-inflammation and, thereby, image 
the inflammation with enhanced contrast using MRI. Unfor­
tunately, such MPIO agents carry biocompatibility and/or 
toxicity concerns that limit utility. Thus, despite active 
research efforts to overcome these limitations, there remains 
no safe, widely accessible, and clinically viable neuroimag-to determine one of an acute assessment or a chronic 

assessment of neuro-inflammation in the subject. The 
method further includes generating a report indicating the 
one of an acute assessment or a chronic assessment of 
neuro-inflammation in the subject 

60 ing methodology available for the in vivo study of neuro­
inflammation. 

The foregoing and other aspects and advantages of the 
invention will appear from the following description. In the 65 

description, reference is made to the accompanying draw­
ings, which form a part hereof, and in which there is shown 

Diffusion MRI can be used to measure tissue microstruc­
ture directly. One such approach is a model-based strategy 
in which a geometric model of the micro structure of interest 
predicts the MR signal from water diffusion within the 
tissue. A multi-compartment tensor models stands in con­
trast with DTI, which employs a single-compartment diffu-
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sion tensor model. As described herein, the multi-compart­
ment model can be used to quantitatively express how the 
total normalized diffusion MRI signal is comprised by: (1) 
anisotropic diffusion within neuronal process and (2) aniso­
tropic diffusion arising from around these processes. Some 
attempts to make multi-compartment diffusion models 
focused on the formulation and subsequent validation of 
mathematical models of water diffusion in neurites to garner 
estimates of neurite orientation as well as neurite density. 
Subsequent quantitative comparisons following co-registra- 10 

tion of MR data with histology and light and electron 
microscopy demonstrated the relationship between the intra­
cellular (intra-neurite) MR diffusion tensor and axonal/ 
dendritic architecture. 

6 
with NODDI to facilitate the assessment of neuro-inflam­
mation. Though the multi-compartment model can be imple­
mented in a variety of forms, in one non-limiting example, 
glia can be modeled to account for more than 35% of the 
non-neuronal cells and, more particularly, they can account 
for approximately 50% of the non-neuronal cells in the 
human brain. The extracellular compartment can be mod­
eled as complimentary to the intracellular compartment, 
presuming that reductions in intracellular diffusion would be 
matched by a proportional reduction in extracellular diffu­
sion, further discounting and excluding the contribution of 
glial cells to water diffusion within the extracellular space. 
With microglia comprising 5-15% of all glial cells and able 
to demonstrate up to a 35% change in absolute cell popu-

As illustrated in FIG. 1, the present disclosure provides a 
neurite orientation dispersion and density imaging (NODDI) 
model that advances multi-compartment diffusion imaging 
as a clinically feasible imaging technique. To generate 
greater tissue specificity than standard DWI techniques such 
as DTI, NODDI employs a model-based strategy designed 
to measure water diffusion arising from distinct tissue com­
partments. Specifically, FIG. 1 provides a NODDI tissue 
model in accordance with the present disclosure. The 
NODDI tissue model is a multi-compartmental model of the 
total normalized diffusion MRI signal and comprises: (1) 
non-tissue (F,s0); (2) extraneurite (orientation dispersion 
index, ODI); and (3) intraneurite (neurite density index, 
NDI). Non-tissue material, such as cerebral spinal fluid 
(CSF), represents a first level (level 1) of the model and can 
be modeled as a volume. Also at level 1 is tissue. However, 
unlike traditional models that models tissue as a single 
signal, the present disclosure includes a second level (level 

15 lations with an associated a 3-fold increase in total cell area, 
the present disclosure recognizes that microglia are an 
extraordinarily dynamic cell population of the CNS. Thus, 
contrary to prior assumptions, microglia can be modeled to 
significantly contribute to the diffusion tensor arising from 

20 the extracellular compartment. The present disclosure rec­
ognizes an association between microglial populations and 
parametric measures ofNODDI with specific attention paid 
to understanding the relationship between ODI and micro­
glial morphology and density. ODI is, thus, distinguished as 

25 an assessment of the extracellular compartment, from neu­
rite density index (NDI), which is specific to the intracellular 
compartment. Thus, the present disclosure provides systems 
and methods including a multi-compartment diffusion 
model that can be used with NODDI to facilitate the 

30 assessment of neuro-inflammation through an assessment of 
ODI. 

2) that divides signal that otherwise would be attributed to 
"tissue" to be formed as extra-neurite material, such as cell 
bodies and glial cells (ODI) and intra-neurite material, such 35 

as axons and dendrites (NDI). 
In the NODDI model, diffusivity in the extra-neurite 

compartment is measured by ODI, which was originally 
conceptualized to measure how changes in neurite disper­
sion influence water diffusivity in the extra-neurite space 40 

without accounting for the potential contribution that glial 
cells (such as microglia) can have on quantitative measures 

In particular, the present disclosure recognizes that neuro­
inflammation underlies numerous neurologic and neuropsy­
chiatric disorders and noninvasive biomarkers to detect and 
monitor microglial inflanimation are needed. The above­
described multi-compartment diffusion tensor model applied 
to NODDI data allows for the direct biophysical interroga-
tion of neurite density and orientation and also permits the 
simultaneous interrogation of the extracellular compartment 
and the neuropathological changes that can occur within this 
space, including changes related to microglia-mediated 
neuro-inflanimation. Thus, the present disclosure allows the 
use of NODDI to measure changes in the extracellular 
compartment to noninvasively detect and measure micro­
glial burden in the brain. This application can also be used 
to determine the quantitative relationship between micro-
glial density with parametric measures of NODDI with 
quantitative immunofluorescence and stereology. The vali­
dation of NODDI to detect and monitor microglial neuro­
inflammation represents a major advance across a wide 
spectrum of neurologic and neuropsychiatric disorders with 
far reaching implications in clinical diagnosis, risk stratifi­
cation, and therapeutic monitoring where a NODDI bio­
marker of neuro-inflammation can serve as a clinical end-

of ODI. However, within the extra-neurite compartment, 
glial cells reside, which account for a large percentage of 
non-neuronal cells. As microglia have been found to com- 45 

prise 5-15% of all glial cells and, in response to inflamma­
tory stimuli, undergo substantial changes in both morphol­
ogy and density, these changes would be expected to 
significantly alter the degree of hindered diffusion in the 
extra-neurite compartment. These changes offer a potential 50 

opportunity to assess microglial activation and microglial­
mediated neuroinflanimation by probing water diffusion 
using a modality such as MRI, but only if a model is utilized 
that enables the proper consideration of the underlying 
mechanisms. 55 point assisting in the development of critically needed 

therapies. Further still, as NODD I can be performed on most 
clinically available MR scamiers, there is a low barrier to the 
translation and dissemination of the results of this applica-

The present disclosure recognizes that the NODDI model 
of FIG. 1 distinguishes three microstructural environments, 
including the intracellular, extracellular, and CSF compart­
ments. The intracellular compartment (NDI) is defined by 
the space bounded by the membrane of neurites. The extra- 60 

cellular compartment (ODI) is defined by the space around 
the neurites, which includes neural cell bodies (somas) as 
well as glial cells. 

Developed to be performed at clinical field strengths in 
10-30 minutes, NODDI can interrogate individual tissue 65 

microstructural features. The present disclosure created a 
multi-compartment diffusion model that could be combined 

tion into both the research and clinical setting so as to 
continue the development and refinement of NODDI for 
clinical care, clinical trials, and other clinical and research 
needs. Thus, the present disclosure provides a ready solution 
to a long-standing need that, despite having MRI hardware 
capable of implementing the present work, was not previ­
ously met or recognized. 

To address the clinical gaps and urnnet clinical needs 
described herein, the present disclosure provides an expla-
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nation across three major thematic areas: (1) conceptual, (2) 
biologically-relevant model system, and (3) quantitative 
analytic approach. 
Conceptual. 

The utility of multi-compartment diffusion tensor imaging 
techniques of NODDI extend beyond the determination of 
neurite architecture and orientation. Diffusion tensor data 
arising from the extracellular compartment captures neu­
ropathological processes occurring in extra-neuronal space, 
including microglia-related changes associated with neuro- 10 

inflammation. The high specificity of ODI can be used to 
track changes in microglial density across a broad range of 
experimental models with underlying microglial activation. 
This new conceptualization of NODDI and multi-compart­
ment diffusion MR applied to the fields of neuroradiology 15 

and MR imaging meets needs in both. 
Multi-compartment diffusion models biophysically model 

8 
microglial density and ODI at each time point. In addition to 
NODDI, standard diffusion tensor imaging was concomi­
tantly performed to ascertain the performance of NODDI 
vis-a-vis DTI both in calibration experiments and acute and 
chronic microglial activation studies. 

These methods allowed simultaneously analysis of the 
quantitative performance of NODDI and DTI in different 
settings of microglial activation and to also examine how 
our calibration measures perform in biologically-relevant 
experimental systems. 

Referring now to FIG. 2, a magnetic resonance imaging 
("MRI") system 100 configured to carry out the processes 
and techniques described herein is illustrated in FIG. 2. The 
MRI system 100 includes an operator workstation 102, 
which will typically include a display 104, one or more input 
devices 106 (such as a keyboard and mouse or the like), and 
a processor 108. The processor 108 may include a commer­
cially available progranimable machine running a commer-

the total DWI signal as a sum of the diffusion weighted 
signal arising from a combination of biophysical compart­
ments with different underlying cellular microstructures: 

S = S0 ~ w;S;; 
i=O 

Eqn.1 

20 cially available operating system. The operator workstation 
102 provides the operator interface that enables scan pre­
scriptions to be entered into the MRI system 100. In general, 
the operator workstation 102 may be coupled to multiple 
servers, including a pulse sequence server 110; a data 

where S0 is the signal for the non-diffusion weighted (or 
b0) acquisitions, w, is the volume fraction, and Si is the 
signal function for the ith of n total compartments. In the 
NODDI model in accordance with the present disclosure, 
the diffusion MRI signal is described as a sum of three 
non-exchanging biophysical compartments: 

25 acquisition server 112; a data processing server 114; and a 
data store server 116. The operator workstation 102 and each 
server 110, 112, 114, and 116 are connected to communicate 
with each other. For example, the servers 110, 112, 114, and 
116 may be connected via a communication system 140, 

Eqn. 2; 

30 which may include any suitable network connection, 
whether wired, wireless, or a combination of both. As an 
example, the communication system 140 may include either 
proprietary or dedicated networks, as well as open networks, 
such as the internet. 

where S is the entire normalized signal; Sk, Sec' and S,so 35 

are the normalized signals of the intracellular, extracellular, 
and CSF compartments, respectively, and v,c and v,so are the 
normalized volume fractions of the intracellular and CSF 
compartments. 

The pulse sequence server 110 functions in response to 
instructions downloaded from the operator workstation 102 
to operate a gradient system 118 and a radiofrequency 
("RF") system 120. Gradient waveforms to perform the 
prescribed scan are produced and applied to the gradient 

The systems and methods of the present disclosure can be 
applied to a variety of clinical applications. For non-limiting 
purposes of explanation, biologically-relevant model sys­
tems of acute and chronic microglial activation will be used. 

40 system 118, which excites gradient coils in an assembly 122 
to produce the magnetic field gradients Gx, Gy, G

2 
used for 

position encoding magnetic resonance signals. The gradient 
coil assembly 122 forms part of a magnet assembly 124 that 
includes a polarizing magnet 126 and a whole-body RF coil To capture the wide dynamic range in both the number of 

and morphological changes seen in microglia and how acute 
and chronic microglial activation can influence parametric 
measures of ODI, studies were performed to examine the 
performance of NODDI in the setting of acute microglial 
activation (following peripheral LPS administration) and 
chronic microglial activation in models of neuropsychiatric 50 

disease. Microglia display a tremendous range of morpho­
logic variance and the degree of microglial ramification as 
well as the overall geometry of these microglial processes 
was anticipated to have an impact on the degree of hindered 
diffusion in the extracellular compartment. Towards this 55 

end, bidirectional changes were shown in parametric mea­
sures of ODI, which correspond to the various degrees of 
microglial ramification seen in the setting of acute and 
chronic microglial activation. 

45 128. 
RF waveforms are applied by the RF system 120 to the RF 

coil 128, or a separate local coil (not shown in FIG. 2), in 
order to perform the prescribed magnetic resonance pulse 
sequence. Responsive magnetic resonance signals detected 
by the RF coil 128, or a separate local coil, are received by 
the RF system 120, where they are amplified, demodulated, 
filtered, and digitized under direction of commands pro­
duced by the pulse sequence server 110. The RF system 120 
includes an RF transmitter for producing a wide variety of 
RF pulses used in MRI pulse sequences. The RF transmitter 
is responsive to the scan prescription and direction from the 
pulse sequence server 110 to produce RF pulses of the 
desired frequency, phase, and pulse amplitude waveform. 
The generated RF pulses may be applied to the whole-body 

Quantitative Analytic Approach. 60 RF coil 128 or to one or more local coils or coil arrays. 
Studies were performed to determine the fundamental 

calibration of parametric measures of NODD I with micro­
glial density. Following the elimination of microglia via 
CSFlR inhibition, serial NODDI was performed following 
inhibitor cessation as microglia repopulate the brain. Con- 65 

current quantitative immunofluorescence and stereology 
was also performed to determine the relationship between 

The RF system 120 also includes one or more RF receiver 
channels. Each RF receiver channel includes an RF pream­
plifier that amplifies the magnetic resonance signal received 
by the coil 128 to which it is connected, and a detector that 
detects and digitizes the I and Q quadrature components of 
the received magnetic resonance signal. The magnitude of 
the received magnetic resonance signal may, therefore, be 
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determined at any sampled point by the square root of the 
sum of the squares of the I and Q components: 

Eqn. 3; 

and the phase of the received magnetic resonance signal 
may also be determined according to the following relation­
ship: 

10 
generating functional magnetic resonance images; calculat­
ing motion or flow images; and so on. 

Images reconstructed by the data processing server 114 
are conveyed back to the operator workstation 102. Images 
may be output to operator display 104 or a display 136 that 
is located near the magnet assembly 124 for use by attending 
clinician. Batch mode images or selected real time images 
are stored in a host database on disc storage 138. When such 

Eqn. 4 lO 

images have been reconstructed and transferred to storage, 
the data processing server 114 notifies the data store server 
116 on the operator workstation 102. The operator worksta-

The pulse sequence server 110 also optionally receives 
patient data from a physiological acquisition controller 130. 15 

By way of example, the physiological acquisition controller 
130 may receive signals from a number of different sensors 
connected to the patient, such as electrocardiograph 
("ECG") signals from electrodes, or respiratory signals from 

tion 102 may be used by an operator to archive the images, 
produce films, or send the images via a network to other 
facilities. 

The MRI system 100 may also include one or more 
networked workstations 142. By way of example, a net­
worked workstation 142 may include a display 144, one or 
more input devices 146 (such as a keyboard and mouse or 
the like), and a processor 148. The networked workstation 
142 may be located within the same facility as the operator 
workstation 102, or in a different facility, such as a different 

a respiratory bellows or other respiratory monitoring device. 20 

Such signals are typically used by the pulse sequence server 
110 to synchronize, or "gate," the performance of the scan 
with the subject's heart beat or respiration. 

healthcare institution or clinic. The networked workstation 
142 may include a mobile device, including phones or 
tablets. The pulse sequence server 110 also connects to a scan 

room interface circuit 132 that receives signals from various 25 

sensors associated with the condition of the patient and the 
magnet system. It is also through the scan room interface 
circuit 132 that a patient positioning system 134 receives 
commands to move the patient to desired positions during 

The networked workstation 142, whether within the same 
facility or in a different facility as the operator workstation 
102, may gain remote access to the data processing server 
114 or data store server 116 via the communication system 
140. Accordingly, multiple networked workstations 142 may 

the scan. 
The digitized magnetic resonance signal samples pro­

duced by the RF system 120 are received by the data 
acquisition server 112. The data acquisition server 112 
operates in response to instructions downloaded from the 
operator workstation 102 to receive the real-time magnetic 
resonance data and provide buffer storage, such that no data 

30 have access to the data processing server 114 and the data 
store server 116. In this marmer, magnetic resonance data, 
reconstructed images, or other data may be exchanged 
between the data processing server 114 or the data store 
server 116 and the networked workstations 142, such that the 

35 data or images may be remotely processed by a networked 
workstation 142. This data may be exchanged in any suitable 
format, such as in accordance with the transmission control 
protocol ("TCP"), the internet protocol ("IP"), or other 

is lost by data overrun. In some scans, the data acquisition 
server 112 does little more than pass the acquired magnetic 
resonance data to the data processor server 114. However, in 
scans that require information derived from acquired mag- 40 

netic resonance data to control the further performance of 

known or suitable protocols. 
The system of FIG. 2 can be used to perform a process for 

assessing neuro-inflanmiation in accordance with the pres­
ent disclosure. Specifically, referring to FIG. 3, a process 
200 in accordance with the present disclosure begins at 
process block 202 by acquiring MR data using a NODDI 

the scan, the data acquisition server 112 is programmed to 
produce such information and convey it to the pulse 
sequence server 110. For example, during prescans, mag­
netic resonance data is acquired and used to calibrate the 
pulse sequence performed by the pulse sequence server 110. 
As another example, navigator signals may be acquired and 
used to adjust the operating parameters of the RF system 120 
or the gradient system 118, or to control the view order in 
which k-space is sampled. In still another example, the data 
acquisition server 112 may also be employed to process 
magnetic resonance signals used to detect the arrival of a 
contrast agent in a magnetic resonance angiography 
("MRA") scan. By way of example, the data acquisition 
server 112 acquires magnetic resonance data and processes 
it in real-time to produce information that is used to control 
the scan. 

The data processing server 114 receives magnetic reso­
nance data from the data acquisition server 112 and pro­
cesses it in accordance with instructions downloaded from 
the operator workstation 102. Such processing may, for 
example, include one or more of the following: reconstruct-
ing two-dimensional or three-dimensional images by per­
forming a Fourier transformation of raw k-space data; 
performing other image reconstruction techniques, such as 
iterative or backprojection reconstruction techniques; apply­
ing filters to raw k-space data or to reconstructed images; 

45 pulse sequence. The general process for acquiring NODDI 
MR data is described in Zhang, H., Schneider, T., Wheeler­
Kingshott, C. A., and Alexander, D. C., NOD DI: practical in 
vivo neurite orientation dispersion and density imaging of 
the human brain. Neuroimage 61, 1000-1016 (2012), which 

50 is incorporated herein by reference in its entirety. That is, as 
generally indicated at sub-process 204, the acquired NODD I 
data is process to assess parametric measures of NODDI. 
More particularly, the NODDI data is processed to assess 
changes in microglial density and morphology that are 

55 associated with neuro-inflanmiation. This assessment is 
predicated upon an understanding of the present disclosure 
related to the (i) fundamental relationship between micro­
glial populations and measures ofNODDI and (ii) sensitiv­
ity to changes in microglial morphology and their popula-

60 tions in model systems of acute and chronic microglial 
activation. 

At process block 206, the NODDI data is processed to 
derive the orientation dispersion index (ODI) component of 
the NODDI data. The present disclosure recognizes that 

65 alterations in microglia morphology in a model of acute 
inflammation increases anisotropic diffusion in the extracel­
lular compartment and yields an increase in the ODI com-
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ponent of the NODDI imaging data. That is, the present 
disclosure recognizes the unique sensitivity and specificity 
of ODI to alterations in microglial morphology occurring in 
the extracellular compartment during acute microglial acti­
vation. 

At process block 208, the ODI component is assessed. 
This may be performed in any of a variety of ways. For 
example, the ODI component may be assessed based on the 
current set ofNODDI data to determine acute neuro-inflam­
mation. Additionally or alternatively, the ODI component of 10 

the NODDI data may be assessed against longitudinal or 
other temporal information to track changes in the extracel­
lular compartment following peripheral inflammation, or to 
determine whether any acute neuro-inflanimation is part of 
a greater chronic inflammation and, if so, the directionality 15 

of the chronic inflammation. That is, in a longitudinal study, 
the assessment of the ODI component at process block 208 
may include directional measures of indicators of inflam­
mation. 

As one non-limiting example, an increase in ODI gener- 20 

ally indicates a potential for continued increase in ODI (in 
both tract-based spatial statistics (TBSS) and within a given 
region of interest (ROI)). As such, longitude assessments 
over multiple imaging sessions can be performed to assess 
whether inflammation indicated by a given ODI increase 25 

does continue, or recedes. 
That is, the present disclosure recognizes that an overall 

decrease in ODI is consistent a decreased microglia density 
and altered microglia morphology. In contradistinction to 
the morphologic changes occurring in microglia during 30 

acute activation, chronically activated microglia exhibit 
fewer ramified processes, decreased surface area, and 
shorter, fewer, and thicker processes emanating from the cell 
body. These morphometric changes facilitate water diffusion 
in the extracellular compartment, which manifest as a 35 

decrease in ODI. Furthermore, salient regions of the brain 
include the basal ganglia, neocortex, and corpus callosum 
(genu, body, splenium). 

Thus, at process block 210 a report can be generated that 
provides clinically-focused information. For example, as 40 

described above, acute and longitudinal and/or chronic 
inflammation information can be provided in text or images 
or a combination thereof. Furthermore, the report may 
include particular clinical indicators relative to particular 
conditions. For example, morphological changes in micro- 45 

glia among different brain regions in the presence of schizo­
phrenia can be assessed using ODI analysis. In particular, an 
overall decrease in ODI is consistent with chronic microglial 
activation in schizophrenia. As another example, changes in 
microglial density among different brain regions following 50 

CSFlR inhibition can be assessed using ODI. In particular, 

12 
index), an in silica diffusion experiment using multiple 
Monte Carlo random walk simulations, as implemented in 
Camino, were performed by varying the number of modeled 
cells in the extra-neurite space. To generate the components 
of the multi-compartment diffusion model, basic geometri­
cal components representing white matter axons and micro­
glia were constructed in Blender™ (Blender Foundation, 
Amsterdam, Netherlands). We constructed a series of 6 
undulating cylinders (with no dispersion) modeling axons in 
a similar marmer as previously described by Kamiya et al., 
2017 with radius=! µm, length=40 µm, undulation ampli-
tude A=2, to yield a final A=l.024 to simulate a voxel in a 
white matter tract. Icospheres were next modeled as simpli­
fied microglia in the extra-neurite space and were generated 
with a radius=5 µm. The cylinders were then hexagonally 
packed without touching within the simulated volume ( 40x 
40x40 µm) with all components placed within the model in 
MatLab™ (version2015a, Math Works, Natick, MA, USA). 
10 simulations of 0, 5, 15, and 25 spheres were performed 
with spheres randomly distributed throughout the extra­
neurite space of the modeled volume. The volume fraction 
of the bundled axons is 2.7%; the volume fraction of the 
spheres is 6.3%, 18.9%, and 31.5% for 5, 15, and 25 spheres, 
respectively. Each simulation comprised of 100,000 spins 
and 5,000 time steps. The free diffusivity was set at 0.6xl0-9 

m2/s per recommendations in Camino. From the simulated 
random walks of particles, a virtual MRI signal was obtained 
using the NODDI acquisition scheme used in our ex-vivo 
samples with the addition of Gaussian noise to the simulated 
signal with SNR=50 of the b=0 signal for each run. The 
mean ODI was calculated for each simulation. Diffusion 
tensor indices of fractional anisotropy (FA) and mean dif­
fusivity (MD) were also calculated. 
Animals and Reagents 

All experiments were performed in accordance with ani­
mal protocols approved by the Institutional Animal Care and 
Use Committee at our institution (Protocol #: M005899). 
12-week-old C57BL/6J male mice (Charles River Labora­
tories, MA, USA) were used for all experiments and were 
randomly assigned to control or experimental CSFlR inhi­
bition cohorts. Control animals were maintained on AIN-
76A standard chow (Research Diets, NJ, USA); animals 
receiving CSFlR inhibition received AIN-76A admixed 
with the CSFlR inhibitor PLX5622 (Plexxikon, CA, USA; 
1,200 mg/kg) as previously described (Elmore et al., 2014). 
Animals receiving CSFlR inhibition were maintained on 
their admixed diet for 8-days; on day 8, CSFlR inhibition 
was withdrawn by replacing their chow with standard chow 
(AIN-76A). For each time point, mice from the control and 
the experimental groups were sacrificed on days 0, 9, 11, and 
15 (n=48; n=6, each time point; control and experimental). 
MRI Acquisition 

Data Acquisition: On days 0, 9, 11, and 15, mice were 
brought to a surgical plane of anesthesia with isoflurane then 

as microglia decrease, there is a decrease in the degree of 
hindered diffusion in the extracellular compartment as mod­
eled by NODDI, which can be seen through a decrease in 
ODI. 

Therefore, the ODI component of NODDI data can be 
used as a quantitative neuroimaging or neuro-inflanimation 
measure that is sufficiently sensitive to detect and monitor 
microglial density throughout the brain and be correlated to 
particular clinical diagnosis or pathologies as an assessment 
of the extracellular compartment. 

55 transcardially perfused with phosphate-buffered solution 
(PBS) followed by 4% paraformaldehyde (PFA) in 0.lM 
PBS. Brains were extracted from the cranial vault and 
post-fixed in PFA. Imaged brains were placed in a custom­
built holder immersed in Fluorinert™ (FC-3283, 3M, St. 

EXAMPLES 

60 Paul, MN, USA) and imaged with a 4.7-T Agilent MRI 
system with a 3.5-cm diameter quadrature volume RF coil. 
Multi-slice, diffusion-weighted, spin echo images were used 
to acquire 10 non-diffusion weighted images (b=0 s-mm-2

) 

To test how cellular changes in the extra-neurite space 65 

(microglial density) impacts the measured diffusion signal 
from the extra-neurite space (ODI, orientation dispersion 

and 75 diffusion-weighted images (25: b=S00 s-mm-2
, 50: 

b=2,000 s-mm-2
), using non-colinear diffusion-weighting 

directions. Other imaging parameters: TE/TR=24.17/2000-
ms, FOV=30x30 mm2

, matrix=192x192 reconstructed to 
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256x256 for an isotropic voxel size of 0.25-nnn over two 
signal averages. All animals were used in subsequent analy-
ses. 

Data Preprocessing and Region of Interest (ROI) Analy-

14 
association between microglial cell counts and mean ODI 
from three time-points in CSFlR administered animals. 
Results 
Computational Modeling of the Extra-Neurite Space m 
Multi-Compartment MRI 

As the NODDI model includes parameters to measure 
water diffusion in the extra-neurite space, we hypothesized 
that changes in microglial density would change the water 
diffusivity measured within the extra-neurite compartment. 

sis: Raw data files were converted to NIITI format and FSL 
was used to correct for eddy current artifacts with Eddy­
correct. FSL output volumes were converted to NIITI tensor 
format for use with the DTI-TK software package. DTI-TK 
(Zhang et al., 2006) was used to estimate a study-specific 
tensor template, to which subject tensor volumes were 
spatially normalized. The NODDI model was then voxel­
wise fitted to the diffusion data in Matlab™ (The Math­
Works, Inc., Natick, MA) with the NODDI toolbox (avail­
able at from nitrc.org). An additional compartment of 
isotropic restriction was employed for ex-vivo studies. A 
manual ROI was drawn over the left dentate gyrus from 
anatomically defined areas on a normalized mean diffusion 
map. The ROI was overlaid over subjects from each of the 
two groups (±CSFlR treatment) and ODI, FA, and MD were 
calculated. 

10 To test this hypothesis and to first ascertain the sensitivity of 
the extra-neurite compartment to the cellular changes of 
neuroinflannnation, we performed an in silica diffusion 
experiment utilizing a Monte Carlo random walk simulation 
with NODD I acquisition parameters, the results of which are 

15 shown in FIG. 4. FIG. 4 shows a box plot of pulsed gradient 
water diffusion simulations within a representative voxel 
that were performed with 0, 5, 15, and 25 spheres present 
(representing extra-neurite cellular elements) demonstrating 
increased ODI as a function of increased occupancy of the 

Innnunofluorescent Staining and Quantification 
Following imaging, brains were removed from their cus­

tom holders and were returned to ice-cold 4% PFA for 24 h, 
then in a 30% sucrose solution (Alfa Aesar, Ward Hill, MA; 

20 extra-neurite space. Within a simulated voxel with a mod­
eled undulating axon bundle (to replicate a white matter 
tract), we varied the number of modeled microglia within the 
simulated voxel over multiple iterative simulations to assess 
the sensitivity ofNODDI to these microglial changes in the 

25 extra-neurite space expected during neuroinflannnation. FA 
and MD were also calculated. As shown in FIG. 4, an 
increase in the number of microglia accompanies a con­
comitant increase in ODI, demonstrating that increased 
occupancy within the extra-neurite space is coupled with 

Cat #36508) in 0.lM PBS (Growcells, Irvine, CA; Cat 
#MRGF-6235). Frozen coronal sections were taken at 40 µm 
using a cryostat (Leica CM 1850, Wetzlar, Germany) and 
stored short-term in PBS at 4° C. until staining. Floating 
sections were incubated in blocking solution formulated 
with 0.lM PBS, 2% bovine serum albumin (Fisher Scien­
tific, Hampton, NH; Cat #BP9706-100) and 0.1% sodium 
azide (Sigma, St. Louis, MO; Cat #52002) for 1 h at room 
temperature (RT), then incubated overnight at 4° C. with 
primary antibodies for Iba-1 (rabbit Anti-Iba-I, dilution 35 

1:2000, Abeam, Cambridge, MA, Cat #AB178847), NeuN 
(chicken Anti-NeuN, dilution 1:1500; EMD Millipore, 
Billerica, MA Cat #ABN91MI), and GFAP (mouse Anti­
GFAP, dilution 1:1000; Thermo Fisher Scientific, Waltham, 
MA Cat #PIMA512023). Sections were incubated for 1 hat 40 

RT with the corresponding Alexa 488-, 555-, 647-labeled 
species specific secondary antibodies (goat anti-rabbit, 
Abeam, Cambridge, MA, Cat #AB150077; goat anti­
chicken, Thermo Fisher Scientific, Waltham, MAformer 
Invitrogen Cat #A-21437; goat anti-mouse, Abeam, Cam- 45 

bridge, MA, Cat #AB150115; all diluted at 1:2000). Sec­
tions were counterstained with 0.1 µm/mL 4',6-diamidino-
2-phenylindole (DAPI) (Novus Biologicals, Littleton, CO; 

30 increased hindered water diffusion. Our simulation of a 

Cat #NBP2-31156) for 5 min at RT, then mounted with 
Fluoromount-G (Southern Biotech, Birmingham, AL, Cat 50 

#0100-01). Images of the left hippocampus were acquired 
with a Leica DMi8 Inverted Fluorescent microscope 
(Wetzlar, Germany) with a !Ox dry objective lens. All 
microscopy images were analyzed using ImageJ. The 
Region of Interest (ROI) manager tool was used to isolate 55 

the hippocampus. Images were made binary via manual 
thresholding, then the Particle Analyzer tool was used to 
automatically count cells. 
Statistical Analysis 

Imaging sample sizes and power analyses are based on 60 

standard deviations from previous studies with a signifi­
cance level of 5% and power of 90%. Statistical tests were 
performed in GraphPad Prism or R. Analysis of cell counts 
between control and CSFlR-inhibitor diet were performed 
using a two-tailed unpaired Student's t-test; p<0.05 was 65 

established as the significance level. Kendall's tau coeffi­
cient was calculated to measure the non-parametric, ordinal 

voxel in a white matter tract also importantly finds that 
measures of ODI are independent of neurite dispersion, for 
which ODI was originally modeled to measure. In Monte 
Carlo simulations with only the axon bundle present (no 
microglia), our simulations return a non-zero value of ODI, 
supporting the hypothesis that any structure localizing to the 
extra-neurite space (such as the modeled axon bundle) is 
able to contribute to alterations in water diffusivity within 
the extra-neurite compartment and thus to calculated values 
of ODI. 
Quantitative Diffusion MRI of the Extra-Neurite Space is 
Sensitive to Microglial Density 

The extra-neurite compartment includes microglia and 
other cell populations including astrocytes, oligodendro­
cytes, ependymal cells, and vascular structures, all of which 
could be expected to impact the degree of hindered diffusion 
in the extra-neurite space. To examine the contribution of 
microglia to the measured diffusion tensor arising from the 
extra-neurite compartment in the NODDI model, we selec­
tively eliminated microglia from the brain via CSFlR inhi­
bition to specifically characterize the relationship between 
quantitative measures of ODI and microglial density. Fol­
lowing the complete elimination of microglia from the brain 
following CSFlR inhibition, CSFlR inhibition was with­
drawn and NODDI imaging of the dentate gyrus of the 
hippocampus was performed 1, 3, and 7 days after inhibitor 
withdrawal. As shown in FIG. 5, at day 1 post-withdrawal 
during which few microglia are present, we find a statisti­
cally significant decrease in ODI when compared to control 
animals (no CSFlR inhibition) consistent with results 
derived from our in silica model. As microglia begin to 
repopulate the brain following the cessation of CSFlR 
inhibition, there is an increase in ODI on days 3 and 7, 
consistent with our in silica model's prediction, and further 
supports both the role of microglia and their contribution to 
water diffusivity in the extra-neurite space as well as the 
overall sensitivity ofNODDI to capture the cellular changes 
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in microglial density throughout the extra-neurite space. No 
statistically significant changes in FA or MD were found. 
Microglial Density is Strongly Correlated with ODI 

To further establish whether the measured increase in 
mean ODI correlates with changes in microglial density, 
sections of the imaged brains at 1, 3, and 7 days following 
CSFlR inhibition were stained with Ibal, NeuN, and GFAP 

16 
atric disease, particularly in clinical diagnostic accuracy, 
patient risk stratification, and therapeutic monitoring of 
neuroinflammation. 

to identify microglia, neurons, and astrocytes, respectively. 
Stained and quantified sections were taken at the level of the 
hippocampal head that were to co-registered to mean FA 
maps. Immunofluorescent (IF) staining showed successful 
microglial depletion following 8 days of CSFlR inhibition 
with further IF quantification demonstrating no significant 
difference in neurons or astrocytes (data not shown), reca­
pitulating data previously shown by Elmore et al. (2014). As 
shown in FIGS. 6-8, at 1, 3, and 7 days following withdrawal 
of CSFlR inhibition, there is a steady repopulation of 
microglia throughout the dentate gyrus, again with no sig­
nificant change in other major cells populations present in 
the extra-neurite space. Specifically, as shown by FIG. 6, 
microglia are depleted with CSFlR inhibition and begin to 
repopulate the brain following CSFlR inhibitor withdrawal. 

As a parallel to tracking disease progression, NODD I may 
also provide a useful neuroimaging biomarker for evaluating 
the efficacy of new therapeutics. In diseases like Alzheimer's 
disease (AD), where neuroinflammation is recognized as a 
key driving force of disease progression, therapeutic 
research is shifting toward targets that may help control the 

10 inflammatory response. Clinical evaluation of AD is difficult 
and relies heavily on observation of symptoms. Although 
PET has been proposed as a potential method of monitoring 
AD progression as well as responsivity to anti-inflammatory 

15 therapies, PET methods such as TSPO (translocator protein) 
imaging harbor a number of limitations including genotypic 
variation, complex tracer kinetics, and variability of plasma 
free fractions across human clinical cohorts. 

In summary, the above results demonstrate that NODDI 

On days 1 and 3 post-withdrawal, microglial counts are still 
significantly reduced compared to control (*p<0.05). FIGS. 

20 parameters corresponding to the extra-neurite compartment 
can sensitively detect a broad range of microglial densities 
in the extraneurite compartment. With microglial density 
serving as an important biomarker of disease activity and 
chronicity across a broad-spectrum of neurologic and psy-

25 chiatric disease, our results highlight the potential for 
NODDI and other multicompartment diffusion MRI tech­
niques to detect the cellular changes of microglial-mediated 
neuroinflammation toward improving clinical diagnostic 
accuracy, patient risk stratification, and therapeutic moni-

7 and 8 show cell counts of neurons and astrocytes respec­
tively. Both neurons and astrocytes demonstrated no signifi­
cant change in density throughout CSFlR inhibitor treat­
ment or withdrawal. With ODI values and quantitative IF 
data for the number of microglia present, a Kendall's tau 
coefficient was calculated to measure the non-parametric, 
ordinal association between microglial cell counts and mean 
ODI from these three time points in CSlR administered 
animals. As shown in FIG. 9, with a Kendall's tau of0.386 
(p=0.028), we demonstrate that there is a significant asso­
ciation between measured values of ODI and microglial 
density, and that ODI is positively correlated to microglial 
density. Kendall's tau demonstrates a significant association 
between measured microglial cell counts and mean orien­
tation dispersion index 1, 3, and 7 days post CSFlR inhi­
bition demonstrating that microglial density is positively 40 

correlated with quantitative measures of anisotropic diffu­
sion arising from the extra-neurite space. These results also 
align with our in silica analysis and show that microglial 
density is positively correlated with quantitative measures of 
greater hindered diffusion arising from the extra-neurite 45 

space. 

30 taring. 
The above-described system may be configured or other­

wise used to carry out processes in accordance with the 
present disclosure. In particular, as will be described in 
further detail, The present invention has been described in 

35 terms of one or more preferred embodiments, and it should 
be appreciated that many equivalents, alternatives, varia­
tions, and modifications, aside from those expressly stated, 
are possible and within the scope of the invention. 

In this disclosure, we first demonstrated the sensitivity of 
the NOD DI model to capture changes in microglial density, 
whereby increased occupancy of the extra-neurite space is 
correlated with greater hindered diffusion. We also showed 50 

that NODDI is sensitive to microglial density following 
microglial depletion with CSFlR inhibition and subsequent 
repopulation after drug removal, revealing that microglial 
density is a key contributor to quantitative measures of 
hindered diffusion in the extra-neurite space. Finally, we 55 

demonstrate the significant statistical correlation between 
microglial density with quantitative measures ofODI, show-
ing that microglial density is positively correlated with 
hindered diffusion in the extra-neurite space. Together these 
data provide the first example of MRI to track the cellular 60 

changes associated with microglial activation during neu­
roinflammation. 

The ability to track microglial activation via changes in 
microglial density throughout stages of neuroinflammation 
illustrates that the systems and methods of the present 65 

disclosure provide major advance in clinical care and 
research across a large spectrum of neurologic and psychi-

The invention claimed is: 
1. A magnetic resonance imaging (MRI) system compris­

ing: 
a magnet system configured to generate a polarizing 

magnetic field about at least a portion of a subject 
arranged in the MRI system; 

a plurality of gradient coils configured to apply a gradient 
field to the polarizing magnetic field; 

a radio frequency (RF) system configured to apply an 
excitation field to the subject and acquire MR image 
data from the subject; 

a computer system programmed to: 
control the plurality of gradient coils and the RF system 

to acquire neurite orientation dispersion and density 
imaging (NODDI) data from the subject; 

process the NODDI data to determine an orientation 
dispersion index (ODI) component of the NODDI 
data; 

assess the ODI component against one of a reference of 
neuro-inflammation or a prior ODI component 
acquired from the subject to distinguish an acute 
neuro-inflammation in the subject from chronic 
neuro-inflammation in the subject and quantify the 
acute neuro-inflammation or the chronic neuro-in­
flammation; and 

generate a report indicating the quantified acute neuro­
inflammation or chronic neuro-inflammation in the 
subject. 
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2. The system of claim 1 wherein the reference of neuro­
inflammation relates changes in ODI to changes in extra­
cellular compartments in brain tissue. 

3. The system of claim 2 wherein the changes in extra­
cellular compartments include microglial cell density and 
morphology that are associated with neuro-inflammation. 

4. The system of claim 1 wherein assessing the ODI 
component includes determining alterations in microglia 
morphology. 

5. The system of claim 1 wherein assessing the reference 10 

of neuro-inflammation includes a model of acute inflamma­
tion that increases measures of the ODI component with an 
increase in anisotropic diffusion in extracellular compart­
ments. 

6. The system of claim 1 wherein the computer system is 15 
further configured to generate an image of the subject and 
generate the report to include the image of the subject to 
illustrate a location of neuro-inflanimation in the subject on 
the image. 

7. The system of claim 1 wherein the report includes an 20 

imaging biomarker map indicative of the quantified neuro­
inflammation. 
. 8. A computer readable storage medium having instruc­

tions stored thereon that, when executed by a computer 
system, causes the computer system to perform a process for 25 
non-invasively assessing neuro-inflammation in a subject 
comprising: 

18 
assessing, using the computer system, the ODI component 

against one of a reference of neuro-inflanimation or a 
prior ODI component acquired from the subject to 
distinguish an acute neuro-inflammation in the subject 
from chronic neuro-inflanimation in the subject and 
quantify the acute neuro-inflanimation or the chronic 
neuro-inflammation; and 

generating, using the computer system, a report indicating 
the quantified acute neuro-inflammation or the quanti­
fied chronic neuro-inflanimation in the subject. 

9. The computer readable storage medium of claim 8 
wherein the reference of neuro-inflammation relates changes 
in ODI to changes in extracellular compartments in brain 
tissue. 

10. The computer readable storage medium of claim 9 
wherein the changes in extracellular compartments include 
microglial cell density and morphology that are associated 
with neuro-inflammation. 

11. The computer readable storage medium of claim 8 
wherein assessing the ODI component includes determining 
alterations in microglia morphology. 

12. The computer readable storage medium of claim 8 
wherein assessing the reference of neuro-inflanimation 
includes a model of acute inflammation that increases mea­
sures of the ODI component with an increase in anisotropic 
diffusion in extracellular compartments. 

13. The computer readable storage medium of claim 8 
wherein the report includes an image of the subject. 

acquiring, using a computer system, neurite orientation 
dispersion and density imaging (NODDI) data of the 
subject; 30 

14. The computer readable storage medium of claim 8 
wherein the report includes an imaging biomarker map 
indicative of the quantified neuro-inflammation. 

processing, using the computer system, the NODDI data 
to determine an orientation dispersion index (ODI) 
component of the NODD I data; * * * * * 


