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METHODS AND SYSTEMS FOR ASSESSMENT OF
LIVER FIBROSIS AND STEATOSIS

Cross-reference to Related Applications
This application claims priority to U.S. Provisional Patent Application No. 63/089,798,

filed October 9, 2020, which is incorporated herein by reference.

Statement Regarding Federally Sponsored Research and Development
This invention was made with government support under grant number P30 CA014051
awarded by the National Institutes of Health (NIH). The U.S. government has certain rights in

the invention.

Background

The present disclosure is generally in the field of medical diagnostics, including, but
not limited to, non-invasive assessment of fibrosis and/or steatosis in a patient’s liver, and
more particularly portable magnetic resonance (MR) sensors and methods for liver tissue
assessment.

Non-alcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH)
together are the leading cause of chronic liver disease in the U.S. and together affect over 1
billion adults worldwide. It is estimated that 30 to 40% of U.S. adults have NAFLD with
approximately 20% expected to progress to NASH. NAFLD is characterized by abnormal fat
accumulation (steatosis) in the liver and, when it progresses to NASH, is defined by
inflammation and varying degrees of fibrosis. There is no widely available, non-invasive
diagnostic that can distinguish between patients with NAFLD and NASH. Such a
measurement may allow earlier intervention, such as diet/lifestyle modifications, bariatric
surgery, and pharmacologic therapies (e.g., pioglitazone, liraglutide) to prevent the progression
from simple steatosis to steatohepatitis and, eventually, cirrhosis and hepatocellular carcinoma.
These patients are also at higher risk of developing end-stage liver disease, for which the only
cure is liver transplantation. Therefore, direct measurement of steatosis and fibrosis may
provide a highly robust diagnosis, as there is a clinical need for improved diagnostic and
prognostic technologies for liver conditions and diseases, such as NAFLD and NASH.

It would be desirable to provide new approaches that would enable more proactive
screening of at-risk individuals before clinical symptoms become apparent, longitudinal
tracking of disease progression to guide clinical interventions, and serve as a surrogate marker

to support clinical development of new therapeutics. The ideal technology would be non-



10

15

20

25

30

WO 2022/076775 PCT/US2021/054104

invasive, low-cost, sensitive, and specific, while offering both straightforward operation and an
easily interpretable report.

Existing approaches have significant limitations: Liver biopsy is highly invasive and
suffers from sampling bias; ultrasound suffers from high inter-operator variability and limited
specificity; and serum markers are not specific to NAFLD and NASH and are only sensitive to
severe disease. Magnetic resonance elastography (MRE) has shown promise in grading
fibrosis in a clinical setting, but its high cost, driven by the need for specialized hardware, may
limit widespread access similarly to MRI.

Magnetic resonance (MR) is exquisitely sensitive to changes in tissue architecture and
composition induced by liver steatosis and fibrosis. A quantitative MRI scan is able to
robustly extract clinically meaningful steatosis and fibrosis grades via multicomponent T2
relaxometry across a heterogeneous patient population with varied physiology and disease
states. Its high cost, the large number of patients that need to be screened, requirement for a
skilled operator and radiologist, long acquisition times, and limited accessibility, however,
preclude use as a widely available diagnostic for highly prevalent liver diseases.

In sum, existing techniques for grading steatosis and fibrosis are expensive, require a
skilled operator and radiologist, have long acquisition times, and limited accessibility. It
therefore would be desirable to provide improved devices and methods for staging steatosis

and fibrosis.

Brief Summary

In one aspect, methods are provided for assessing fibrosis in a liver of a patient.
According to some embodiments, the method includes (i) measuring a diffusion-weighted
relaxometry signal of the liver or a portion thereof, and (ii) determining a fibrosis content of
the liver or portion thereof based on the measured diffusion-weighted relaxometry signal. In
some embodiments, the method is effective for use in the diagnosis of liver cirrhosis, hepatitis,
alcoholic liver disease, or cholangitis, in the patient.

In another aspect, methods are provided for assessing steatosis in a liver of a patient.
According to some embodiments, the method includes measuring a relaxometry signal of the
liver or a portion thereof; and determining a fat content of the liver or portion thereof based on
the measured relaxometry signal. In some embodiments, the method is effective for use in the
diagnosis of nonalcoholic fatty liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH)
in the patient.

In still another aspect, diagnostic systems are provided which are configured for

performing any of one of the diagnostic methods. According to some embodiments, the
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system is configured to provide non-invasive sensing of fibrosis and/or steatosis in the liver of
a patient. In some embodiments, the system includes (i) one or more magnets configured to
provide a static magnetic field source; (i1) one or more RF transmitter coils connected to a
pulse sequence generator which are configured to apply a varying magnetic field to liver
tissues of the patient; (iii) one or more RF receiver coils configured to detect a magnetic field
generated within the liver tissues of the patient; and (iv) a signal acquisition and processor
system configured to acquire signals from the one or more RF receiver coils and perform a

relaxation time (T2) relaxometry measurement.

Brief Description of the Drawings

FIG. 1A depicts an embodiment of the portable magnetic resonance sensor described
herein. FIG. 1B is a schematic for quantification of fat fraction within synthetic tissue
phantoms of variable fat content, according to one example. FIG. 1C is a schematic of signal
decomposition for multicomponent T2 relaxometry data analysis technique. FIG. 1D shows
fat amplitude extracted from portable MR sensor measurements of synthetic tissue phantoms.

FIG. 2A shows time domain plots of T2 decay curve from liver tissue across steatosis
grades, according to one example. FIG. 2B estimates fat amplitude versus steatosis grade.
FIG. 2C shows ROC of classifiers between steatosis grades. FIG 2D is a confusion matrix of
predicted versus true steatosis. FIG. 2E shows estimated diffusion-weighted liver signal
(fibrosis) versus fibrosis grade. FIG. 2F shows ROC of classifiers between steatosis grades.
FIG 2G is a confusion matrix of predicted versus true steatosis.

FIGS. 3A-3C show that the portable MR sensor accurately stages steatosis from
excised human livers, according to one example. FIG. 3A estimates fat amplitude versus
steatosis grade. FIG. 3B shows ROC of classifiers between steatosis grades. FIG 3C is a
confusion matrix of predicted versus true steatosis.

FIGS. 4A-4G show that the portable MR sensor accurately stages steatosis in vivo via
multicomponent T2 relaxometry, according to one example. FIG. 4A is an illustration of
depth profiling indicating scanning of a planar sample along the depth (Az) axis above the
sensor. FIG. 4B shows acquired depth profiles at 11.43 MHz and 11.66 MHz RF excitation
frequency, a scaled depth profile at 11.66 MHz, and a differential depth profile derived as the
weighted difference between the two acquired depth profiles. FIG. 4C is an illustration of a
depth-resolved fat phantom experiment with proximal (constant fat fraction) and distal (varied
fat fraction) synthetic tissue layers. FIG. 4D shows estimated fat amplitude. FIG. 4E
estimates fat amplitude versus steatosis grade. FIG. 4F shows ROC of classifiers between

steatosis grades. FIG 4G is a confusion matrix of predicted versus true steatosis.
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FIG. 5 depicts fat amplitude extracted from a benchtop NMR spectrometer, according
to one example.

FIG. 6 illustrates liver weight as a function of time for mice fed on varying diets,
according to onc cxample.

FIGS. 7A-7B show steatosis and fibrosis progression for mice fed on varying diets,
according to one example. FIG. 7TA depicts steatosis, FIG. 7B depicts fibrosis.

FIGS. 8A-8C depict measurement of ex vivo livers in a benchtop NMR spectrometer,
according to one example. FIG. 8A estimates fat amplitude versus steatosis grade. FI1G. 8B
shows ROC of classifiers between stcatosis grades. FIG 8C is a confusion matrix of predicted
versus true steatosis.

FIGS. 9A-9B depict that static magnetic field profile characterization of the portable
MR sensor demonstrates linear field variation, according to one example. Magnetic field
strength deviation was measured perpendicular to the surface of the sensor (FIG, 9A) and
parallel to the magnetic field within the uniform region (FIG. 9B).

FIGS. 10A-16C illustrate the sensitivity profile of a portable MR sensor versus depth
at various RF excitation frequencies, according to one example. FIG. 10A is a schematic fo
characterize the sensitivity profile versus depth. FIG. 10B shows sensitivity of the sensor as a
function of sample depth (referenced to the top of the RF coil} and RF excitation frequency
shows that tuning the RF pulse frequency allows for adjustable sensitivity along the depth axis.
FIG. 10C shows the projection of cach curve onto the depth axis shows an RF pulsc
bandwidth of ~0.7% excites slices 0.6 to 1.3 mm thick with slice thickness decreasing further
from the surface of the sensor.

FIG. 11 depicts body weight versus steatosis grade for correctly and incorrectly
classified mice based on in vive portable MR measurements, according to one example.

FIGS. 12A-12D illustrate an estimation of proximal subcutancous tissue thickness via
portable MR sensor, according to one example. FIG. 12A is a schematic showing planar
proximal tissue and target tissue samples on top of portable MR sensor. FIG. 12B is a
schematic illustrating the use of the depth sensitivity profiles (referenced to the top of the RF
coil) to estimate the thickness of a tissue layer. FIG. 12C depicts experimentally measured
and predicted target tissuc signal fractions from cach unique proximal tissue thickness versus
RF excitation frequency. FIG, 12D depicts thickness estimation error versus predicted
thickness for each unique proximal tissue thickness.

FIGS. 13A-13C depict simulations of alternative sigle-sided magnet designs,

accordmg to some examples. The effects of mcreasmg the number of slices along the z-axis

4
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(FIG. 13A), the magnet slice gap along the z-axis (FIG. 13B), and the middle slice drop along
the y-axis versus the depth of the uniform region of the magnetic field (FIG. 13C), are shown.

Detailed Description

It has been discovered that T2 relaxometry can provide remarkable accuracy across a
wide range of steatosis and fibrosis levels, thereby supporting the concept that T2 relaxometry
can provide the necessary sensitivity to detect steatosis and/or fibrosis within a point-of-care,
fully automated, low-cost and noninvasive MR-based platform. It was surprisingly discovered
that this technology can be used to separate changes in fibrosis from changes in fat content
using the combined power of multicomponent and diffusion-weighted scans.

In one aspect of the present disclosure, methods are provided for assessing fibrosis in a
liver of a patient. The method includes (i) measuring a diffusion-weighted relaxometry signal
of the liver or a portion thereof, and (i1) determining a fibrosis content of the liver or portion
thereof based on the measured diffusion-weighted relaxometry signal. In some embodiments,
the method is effective for use in the diagnosis of liver cirrhosis, hepatitis, alcoholic liver
disease, or cholangitis, in the patient.

The measuring in these methods for assessing fibrosis preferably includes use of one or
more permanent magnets configured to enable a single-sided NMR measurement. For
example, the one or more permanent magnets may be in the form of a unilateral linear Halbach
array of permanent magnets. The determining in these methods for assessing fibrosis
preferably includes use of one or more RF coils and a processor which are configured to
produce multicomponent diffusion-weighted T2 relaxometry measurements to assess the
fibrosis content.

In another aspect of the present disclosure, methods are provided for assessing steatosis
in a liver of a patient. The method includes (i) measuring a relaxometry signal of the liver or a
portion thereof, and (ii) determining a fat content of the liver or portion thereof based on the
measured relaxometry signal. In some embodiments, the method is effective for use in the
diagnosis of nonalcoholic fatty liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH)
in the patient.

The measuring in these methods for assessing steatosis preferably includes use of one
or more permanent magnets configured to enable a single-sided NMR measurement. For
example, the one or more permanent magnets may be in the form of a unilateral linear Halbach
array of permanent magnets. The determining in these methods for assessing steatosis

preferably includes use of one or more RF coils and a processor which are configured to
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produce depth-resolved, multicomponent T2 relaxometry measurements to assess the fat
content.

In various embodiments of these methods, the (T2) relaxometry measurements may be
used to assess fat content or fibrosis content of the liver in a patient. This assessment may be a
quantitative or semi-quantitative. For example, the measurements may be clinically useful
even when the measurement readout yield is ‘semi-quantitative” and only able to bin steatosis
or fibrosis grade into a finite number of distinct buckets (e.g., high, medium, low).

In some embodiments of these methods, the patient may be a human. In some other
embodiments, the patient may be another mammal, for example for use in veterinary
diagnostics.

In another aspect of the present disclosure, diagnostic system are provided which are
configured for performing any of one of the foregoing methods. Systems are provided for non-
invasive sensing of fibrosis and/or steatosis in the liver of a patient. In some embodiments, the
system includes (i) one or more magnets configured to provide a static magnetic field source;
(i1) one or more RF transmitter coils connected to a pulse sequence generator which are
configured to apply a varying magnetic field to liver tissues of the patient; (iii) one or more RF
receiver coils configured to detect a magnetic field generated within the liver tissues of the
patient; and (iv) a signal acquisition and processor system configured to acquire signals from
the one or more RF receiver coils and perform a relaxation time (T2) relaxometry
measurement. In some embodiments, the magnetic field source is a magnetic field that is
uniform. For example, the magnetic field may be uniform to within 1% field uniformity. In
some embodiments, the RF transmitter coils have a frequency range from 1 MHz to 50 MHz,
for example from 100 kHz to 20 MHz. In some embodiments, the system is configured to
provide one or more of (i) multicomponent T2 relaxometry, (ii) measurement localization by
RF excitation frequency tuning, and (iii) diffusion weighting by varying echo time.

The system may be configured to measure fibrosis only, steatosis only, or both steatosis
and fibrosis together. In some embodiments, the system is configured to: use a CPMG pulse
sequence to produce MR signals; decompose the MR signals to identify constituent relaxation
times and their corresponding amplitudes; and determine a fat fraction of the liver using the
relaxation times and their corresponding amplitudes. In some embodiments, the system is
configured to: use a CPMG pulse sequence to produce MR signals; decompose the MR signals
to identify constituent relaxation times and their corresponding amplitudes; and determine a

fibrosis fraction of the liver using the relaxation times and their corresponding amplitudes.
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The methods and systems described herein may be used in the diagnosis of liver
conditions and diseases, including but not limited to cirrhosis, hepatitis, alcoholic liver disease,
and cholangitis, as well as for assessing liver health for liver transplants and diagnosis of
NAFLD and NASH.

In a preferred embodiment of the methods and systems described herein, a portable
magnetic resonance sensor is implemented as a point-of-care diagnostic tool for staging liver
steatosis and fibrosis. These methods and systems advantageously may enable broad
availability of low-cost staging and monitoring, e.g., for disease progression from NAFLD to
NASH, which beneficially would allow for earlier diagnosis, more accurate patient
stratification, and more straightforward evaluation of investigational therapies. The system of
such a portable magnetic resonance sensor preferably includes a depth-resolved, diffusion-
weighted, single-sided MR device. However, the diffusion-weighted aspect of the
measurement is not required in order to perform a useful measurement of steatosis. Use of
these MR methods and systems can yield accurate staging of steatosis and fibrosis. A portable
MR sensor for steatosis and fibrosis grading advantageously leverages the diagnostic power of
MRI while overcoming many of the shortcomings of both MRI and existing approaches to
NASH/NAFLD diagnostics.

As detailed in the examples herein, accurate staging of steatosis and fibrosis has been
demonstrated in mouse and human livers using a portable MR sensor with histological
validation. This approach leverages diffusion-weighted multicomponent T2 relaxometry to
provide a quantitative predictor of both steatosis and fibrosis. The sensor has the ability to
robustly quantify steatosis grade via synthetic tissue phantoms. The portable MR sensor was
used to stage steatosis and fibrosis both ex vivo and in vivo in a mouse model of
NAFLD/NASH. This was validated with human liver tissue samples.

An ideal diagnostic biomarker for NAFLD and NASH would be highly specific and
sensitive, low-cost, non-invasive, automated, and portable to enable longitudinal monitoring of
disease progression. The devices and methods disclosed herein demonstrated a portable MR
system capable of 1) accurately identifying liver steatosis and fibrosis in excised mouse liver,
i1) localizing its measurement towards a distal region to avoid more proximal confounding
tissues, and iii) accurately identifying liver steatosis within mice iz vivo and within human
liver tissue. A portable MR sensor may be capable of improving screening of at-risk
individuals, enabling longitudinal tracking of disease progression to guide clinical

interventions, and aiding in the development of novel therapeutics.
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Traditional MRI has demonstrated highly accurate quantification and liver steatosis and
fibrosis. MRI is, however, unsuitable for routine use due to its high cost, long measurement
time, and requirements for dedicated operators and facilities. The MR sensor and methods
disclosed herein offers the potential to leverage the versatility of MRI within a portable (7 kg),
compact, low power consumption platform. The device is straightforward to deploy and
requires no skilled operator for data acquisition or measurement interpretation, thus eliminating
the cost associated with radiologist interpretation of MRI data. A cost effectiveness analysis
found that a low-cost MR-based technique would be superior to liver biopsy.

A major advantage of a portable MR sensor is its ability to efficiently sample a large
volume of liver in a single measurement. Liver biopsy core samples represent only
~1/50,000th of the total liver volume, which introduces sampling variation. Sampling bias is
especially relevant in NAFLD where substantial heterogeneity has been reported. Liver
biopsies are associated with pain, organ injury, bleeding, and death. Patient attrition is high in
investigational studies requiring regular liver biopsy, which precludes longitudinal sampling.
An imaging-based approach, such as the one described here, has the potential to sample the
entire liver volume overcoming the most significant limitation of liver biopsy (i.e. spatial
sampling bias) as well as reducing/eliminating patient discomfort, injury, and bleeding.

This measurement directly interrogates the accumulation of fat and progression of
fibrosis. Blood sampling, although it is relatively non-invasive and offers a convenient method
for repeated assessment of liver function, measures liver specific markers. Liver specific
markers (e.g. alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase,
gamma glutamyl transpeptidase, bilirubin) offer neither a highly specific nor sensitive method
for identifying NAFLD onset or progression. Direct measurement of steatosis and fibrosis
offers a potentially more accurate estimate of disease onset and progression. The approach
disclosed herein is potentially complementary to MRE, as it offers an estimate of fibrosis based
on microstructural changes in water compartmentalization whereas MRE focuses on
macroscopic changes in tissue stiffness. This approach may be used in diagnosis and
longitudinal tracking of liver tumors and hepatic iron overload.

High fat and nutrient deficient diet-induced mouse models of liver steatosis and fibrosis
for NAFLD and NASH are ubiquitous and well accepted. These models faithfully reproduce
relevant pathophysiology seen in human disease including progressive microvesicular and
macrovesicular steatosis and periportal and perisinusoidal fibrosis. Furthermore, these models
induce increased expression of genes associated with lipogenesis, inflammatory cytokines,

oxidative stress, and serum liver enzyme activity. Hepatocellular ballooning and lobular
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inflammation, key hallmarks of NAFLD and NASH progression, are unable to be
independently assessed, as their presence is highly correlated with that of steatosis in this
mouse model.

A portable MR sensor can also have significant diagnostic utility for surgeons who
perform liver transplant or hepatic resection. Moderate and severe steatosis (e.g. >30%
macrosteatosis) are independent risk factors during liver transplantation for significant
morbidity, including risk of immediate nonfunction, need for renal replacement therapy, early
allograft dysfunction, and decreased patient survival. Current methods for screening for liver
steatosis, particularly in cases of donation after circulatory death, are subjective and inaccurate
which leads to excessive liver discards, further exacerbating the organ shortage. A non-
invasive measure of liver steatosis, as described herein would enable widespread screening of
candidate livers prior to transplantation to allow for informed selection of deceased donors as
well as improved screening of living donors. In addition, an objective measure of steatosis
would assist with preoperative preparation for hepatic liver resection. Patients with hepatic
steatosis undergoing partial hepatectomy have significantly higher postoperative morbidity
compared to those without steatosis, which is attributable to severe ischemia-reperfusion injury
during resection and impaired parenchymal regeneration thereafter. There is a clear need for
prompt, point-of-care assessment of liver steatosis to enable transplant surgeons to make
objective decisions about organ utilization.

A non-invasive MR device capable of isolating its measurement to liver tissue requires
a localization technique that performs well across heterogeneous patients. In the examples
herein, the in vivo measurements of liver steatosis may have been confounded by more
proximal fat located in the intraperitoneal or subcutaneous space, especially in mice with
higher body weight. The geometrical design of the sensor can be modified to improve the
spatial selectivity of the measurement. Efforts to increase the penetration depth of the device
to enable a robust in vivo measurement of human liver tissue would likely increase mass and,
therefore, may partially compromise portability compared to the sensor used in the examples.
However, prior experience testing a portable MR sensor in a hospital setting shows that a
device mounted on a cart provides a suitable form-factor for point-of-care diagnostics. Despite
these modest increases in sensor mass, the cost and portability would remain substantially
improved over clinical MRI and this would result in improved access to diagnostic tests
performed with this sensor in both hospital and outpatient settings. It may be useful to
consider an optimal balance among penetration depth, magnetic field strength, and sensor

portability. Design modifications of single-sided sensors, may help to achieve penetration
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depths of several centimeters without excessively compromising portability. The pulse
sequences and signal processing techniques described here are expected to generalize to single-
sided sensors designed via alternative approaches beyond the Unilateral Linear Halbach array.
More sophisticated acquisition strategies may be implemented through novel pulse sequence
design to efficiently map the relevant anatomy and isolate the signal originating from the liver.

Methods and Systems

The portable MR sensor can identify fat and fibrosis content of an organ, such as a
liver, despite the presence of a confounding signal from proximal subcutaneous tissue. This is
achieved by localizing the signal via tuning of the RF excitation frequency and by isolating the
signal via diffusion-weighted measurements and T2 multicomponent relaxometry.

The portable MR sensor can measure fibrosis within a liver using a diffusion-weighted
measurement of fluid within the liver tissue. Multicomponent T2 relaxometry allows
identification of the signal attributed to each of the fluid compartments within the liver:
intracellular water, extracellular water, and fat.

In cases of moderate subcutaneous tissue thickness, increased penetration depth offered
by varying the RF excitation frequency may serve to localize the measurement completely
within the liver tissue. In circumstances where the subcutaneous thickness is more substantial
and localization by tuning the RF excitation frequency is insufficient, a diffusion-weighted
measurement can help identify changes in the signal that are associated with fluid shifts.

The techniques described here utilize a diffusion-weighted (DW) liver signal, the
difference in the amplitude of the extracellular fluid component at a short (65 us) and long (520
us) echo time, to assess liver fibrosis because the DW liver signal correlates with fibrosis and
is different between fibrosis grades. The combination of depth-resolved, diffusion-weighted
multicomponent T2 relaxometry can enable a portable, single-sided MR sensor to measure fat
fraction and diagnose liver diseases such as NAFLD and NASH. These techniques can be
applied to provide a non-invasive measure of liver fat fractions and fibrosis in humans despite
highly variable subcutaneous tissue thickness. This approach may ultimately serve as a real-
time, point-of-care indicator of fatty liver diseases.

In some particular applications of the present systems and methods, the sensor system
is adapted to assess fat content of a patient’s liver in order to determine whether the patient has
NAFLD or NASH, and then to treat the patient, if necessary, e.g., by diet/lifestyle
modifications, bariatric surgery, and pharmacologic therapies (e.g., pioglitazone, liraglutide).

In some other particular applications, the sensor device is adapted to assess fibrosis of a

10
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patient’s liver in order to determine whether the patient has liver cirrhosis, hepatitis, alcoholic
liver disease, or cholangitis, and then to treat the patient as indicated.

“Magnetic field generated by sample” means magnetic resonance relaxation of the
sample following excitation induces a magnetic field that is measured by the RF receiver coil.
“Applied varying magnetic field” means the magnetic field produced by the RF

transmitter coil to excite the sample under measurement.

“Static magnetic field” refers to the constant magnetic field created by either a
permanent magnet geometry or a superconducting material. It polarizes the spins within the
sample.

“Static magnetic field source™ refers to the source of the static magnetic field, which is
either a permanent magnet geometry or a superconducting material.

“RF transmitter coil” can be separate from or combined with an RF receiver coil and is
responsible for applying a time varying magnetic field to excite the sample under
measurement. One or more of these coils may be used in the present systems and methods.

“RF receiver coil” can be separate from or combined with an RF transmitter coil and
responsible for measuring relaxation of the sample following excitation. One or more of these
coils may be used in the present systems and methods.

“Signal acquisition system” refers to any system that digitizes the analog output of the
RF receiver coil.

“Signal processing” refers to all processing of digital signal output by signal acquisition
system. This includes but is not limited to averaging, denoising, and signal modulation.

“Feature extraction” refers to any fitting or modeling of the processed signal.
Extraction of the relevant parameters of the fitting.

“Pulse sequence generator” controls the RF transmitter coil. It outputs a pulse
sequence that is translated into an applied time-varying magnetic field created by the RF
transmitter coil.

In some embodiments, the present MR systems and methods, including operating
systems therefor, are adapted to apply new acquisition strategies to more efficiently and
specifically identify the fibrosis and/or fat content of liver tissues. The ultimate goal of these
sensor systems and methods may be to detect fatty tissue liver diseases or fibrotic liver
diseases. In some embodiments, the sensor systems focus on multicomponent T2 relaxometry,
because it provides a tractable design goal for an MR system, is straightforward to relate to
physical changes in fluid distribution, and is amenable to efficient MR acquisition strategies.

In some other embodiments, the sensor systems may use both traditional pulse sequences

11
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outside of CPMG, as well as other approaches based on compressed sensing, dictionary-based
approaches, and adaptive acquisition strategies.

For example, additional parameters of interest for new acquisition strategies include
T1, proton density, diffusivity, and magnetization transfer. Although there are well established
pulse sequences available to interrogate these properties with single sided MR systems, they
may need to be adapted to provide suitable acquisition times and sensitivity for the present
methods.

Multidimensional NMR, for example, may be used to establish/characterize a
relationship between two or more of these MR parameters. This increased specificity towards
fluid compartments could allow for improved characterization of each of their distinct MR
properties; however, these multidimensional NMR techniques should be adapted to provide
clinically useful acquisition times. For example, there are some known approaches in
magnetic resonance that rely upon sparsely sampling parameter space and highly regularized
reconstruction, which may provide highly accelerated multidimensional measurements. These
techniques rely on the fact that the signal generated by a magnetic resonance sensor
redundantly represents data when transformed into particular domains or bases.

In some embodiments, a dictionary-based approach may be used with a single sided
portable MR sensor to identify fat fraction. First, a dictionary would be created which
represents the expected signal produced by a sample at various fat fractions when interrogated
with a particular pulse sequence by an MR sensor. This dictionary would rely on knowledge of
the geometry of the sensor and the expected MR parameters of the tissue. The particular pulse
sequence could be generated by a random process or could be designed to extract maximal
information from the sample. The sensor would then be used to perform the measurement of
the sample using that particular pulse sequence. The signal that is acquired would be
compared to the simulated signals within the dictionary. The simulated signal from the
dictionary that matches the acquired signal would correspond to the best approximation of the
MR parameters and/or fat fraction of the tissue. This technique could be extended to include
multiple pulse sequences. This technique may be applied iteratively or adaptively so that early
measurements provide a coarse approximation of the MR parameters and/or fat fraction of the
tissue, while later measurements provide a finer approximation. This may result in a more
robust or more efficient acquisition strategy. Thus, the methods and portable, non-invasive
sensors of fat content described herein can aid in diagnosis of liver disease, including non-
alcoholic fatty liver disease (NAFLD) and nonalcoholic steatohepatitis (NASH), and inform

therapeutic decisions across diverse patient populations.
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In some embodiments of the present systems and methods, the sensor is a single-sided
MR sensor based on the Unilateral Linear Halbach magnet design. This design enables high
sensitivity, and remote MR measurements via compact permanent magnet array. This sensor is
capable of performing depth-resolved measurements by tuning the RF excitation frequency.
Quantification of the relative fractions of tissues within heterogeneous samples may be
obtained via multicomponent T2 relaxometry. The sensor exhibits contrast dependent on the
diffusivity of the sample. This capability is leveraged to isolate and characterize tissues with
otherwise similar MR relaxation properties. These techniques may then be applied in
combination to provide a depth-resolved, diffusion-weighted, multicomponent T2 relaxometry
measurement.

The portable MR sensor of the present methods and systems may provide measurement
use of one or more permanent magnets configured to enable a single-sided NMR measurement.
The one or more permanent magnets may comprise a unilateral linear Halbach array of
permanent magnets. For example, the portable MR sensor of the present methods and systems
may be realized through the use of a Unilateral Linear Halbach magnet geometry. Briefly, this
sensor may comprise an array of 180 permanent magnets arranged to produce a static magnetic
field (0.28 Tesla) with <2% field variation over a volume spanning approximately 12 x 6 x 6
mm.

Bashyam, A., Frangieh, C., Li, M. & Cima, M. J. “Dehydration assessment via a non-
invasive, miniature, portable magnetic resonance sensor using multicomponent T2
relaxometry.” Magn. Reson. Med. (2019), incorporated herein by reference, provides detailed
descriptions of the design, construction, and characterization of one particular MR sensor
which is suitable for use the present methods and systems. The magnets may be configured as
described in U.S. Patent Application Publication No. 2018/0306879, entitled “Single-Sided
Magnets for Remote Nuclear Magnetic Resonance Measurements™ by Bashyam, et al.

These innovations enable miniaturized, single-sided MR sensors to perform
measurements of fat fraction in the liver. This non-invasive, portable, point of care technique
has the potential to help diagnose and manage conditions involving fat content such as NAFLD
and NASH.

The portable MR sensor of the present methods may be configured for increased
sensitivity. For example, the sensor may include a larger magnet design that would
straightforwardly allow for increased penetration depth. Further optimization of the Unilateral
Linear Halbach array may provide increases in penetration depth. In some embodiments, the

sensor may include a series of magnets provided with curvatures matched to that of the range
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of anatomy expected in a target patient population. Alternatively, in some embodiments, the
sensor may include a deformable magnet geometry that allows a single magnet to adapt to the
anatomy of each patient. The geometry could be unilateral or circular to allow for more
precise design of the field profile and strength at the tissue of interest.

In some embodiments, the magnet includes adjustment shims, operable to compensate
for minor imperfections in the magnetization of the constituent permanent magnets. This may
result in increased field homogeneity, an increased T2* and ultimately higher sensitivity
measurements. In some embodiments, the magnet is fabricated from a few very large
permanent magnets to increase the density of magnetic material within the housing. In some
embodiments, shimming is tunable in real-time to allow for shimming of the main magnetic
field during scanning. This may provide precision tuning of the sensor sensitive region based
on patient physiology, patient disease status, or environmental confounders.

In some embodiments, the sensor includes the ability to adjust its excitation and
acquisition frequency with minimal latency and user interaction. In one embodiment, the
matching circuit requires manual adjustment when the RF frequency is changed since it only
provides a very narrowband match. In a more preferred embodiment, however, the sensor
includes a circuit configured to provide either the ability for a broadband match across a wider
range of frequencies or the ability to be rapidly tuned in an automated fashion.

In some embodiments, the sensor includes gradient encoding coils to enable stronger
diffusion-weighted acquisition. Existing single sided sensors typically rely on the gradient
within the static magnetic field. This provides limited control over the magnitude of diffusion
encoding and no control over its direction.

In some embodiments, the sensor includes multiple coils, either separate transmit and
receive coils or multiple transceiver coils. Multiple transceiver coils may allow for parallel
acquisition of a single patient at different points along their physiology. Parallel scanning of
patients will allow for decreased acquisition time without a loss of signal.

In some embodiments, the portable, single-sided MR sensor is configured to use the
combination of three techniques — multicomponent T2 relaxometry, measurement localization
by tuning RF excitation frequency, and diffusion weighting by varying echo time. Variations
of each of these techniques may also be used.

In some embodiments, the devices and operating methods described herein utilize, or
are adapted from, the measured relaxation parameters and methods for measuring relaxation

parameters described at U.S. Patent Application Publication No. 2016/0120438.
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In some embodiments, the contribution from each tissue is identified to isolate the
signals of interest and permit further analysis of their relaxation properties. That is, the
identification of tissue fractions are derived from an MR signal acquired with the portable MR
sensor. This may be accomplished using an algorithm to estimate the fraction of tissues within
the hybrid signal through an iterative approach that minimizes the error between the measured
signal and a synthetic signal based on an estimated ratio of constituent tissues. For example,
the algorithm may recover the fractions of muscle and fat within the hybrid signal to within a
2% error or better. The technique could be extended to consider multiple signals from each
constituent tissue in order to improve its robustness, especially towards complex samples.

Two measurements could be performed with different sensitivities towards spin diffusivity, for
example, for each constituent tissue and for the hybrid sample. The addition of the second
signal would increase the orthogonality of the basis signals, if the constituent samples have
differences in diffusivity, and, therefore, may increase the accuracy and/or robustness of the
technique in the presence of noise or other confounding signals. This same approach could
also be applied with other pulse sequences (e.g. inversion recovery, saturation recovery,
stimulated echoes, pulsed gradient echo, etc.) to take advantage of differences in T1, T2,
and/or diffusivity in combination.

This technique can be extended towards more than two tissues by allowing the
algorithm to consider the weighting of an arbitrary number of constituent, or basis, signals.
The technique can also be made more general by replacing the use of a multi-exponential basis
with any other basis.

In order to improve the robustness of this technique, especially towards complex
samples, it could be extended to consider multiple signals for each constituent tissue. For
example, two measurements could be performed with different sensitivities towards spin
diffusivity for each constituent tissue and for the hybrid sample. If the constituent samples
have differences in diffusivity, then the addition of the second signal increases the
orthogonality of the basis signals and, therefore, may increase the accuracy and/or robustness
of the technique in the presence of noise or other confounding signals. This same approach
may also be applied, potentially with other pulse sequences (e.g., inversion recovery, saturation
recovery, stimulated echoes, pulsed gradient echo, etc.) to take advantage of differences in T1,
T2, and/or diffusivity in combination.

The methods and portable, non-invasive sensors of fat content described herein can aid
in diagnosis of liver disease, including non-alcoholic fatty liver disease (NAFLD) and

nonalcoholic steatohepatitis (NASH), and inform therapeutic decisions across diverse patient
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populations. In some embodiments, the device is a single-sided MR sensor device which can
provide a portable, low-cost platform for localized MR measurements.

The present invention may be further understood with reference to the following non-
limiting examples.

Example 1: Device design and measurements

It was determined that multicomponent T2 relaxometry localized to the liver via a
portable MR sensor could identify and accurately stage steatosis and fibrosis for use as a
diagnostic of NAFLD and NASH. FIG. 1A is an illustration of a portable single-sided MR
sensor, according to one embodiment. The sensor 100 comprises a measurement region 102, a
housing 104, electronics housing 106 containing an impedance matching circuit, and an
electrical connection to the signal acquisition and processor system 110. The housing 104
contains one or more magnets (not visible here) configured to provide a static magnetic field
source. The RF electronics within the electronics housing 106 may be configured as a
broadband matching circuit to provide broadband match across a wide range of frequencies or
rapid, automated tuning. The measurement region 102 includes one or more RF transmitter
coils connected to a pulse sequence generator which are configured to apply a varying
magnetic field to tissues of the patient and/or one or more RF receiver coils configured to
detect a magnetic field generated within tissues of the patient. The RF transmitter coil and the
RF receiver coil may be the same physical coil, or they may be two distinct coils. These coils
may be either spatially coincident or can take on different geometries, shapes, and/or positions.
More details about the structure of the portable MR sensor 100 may be found in PCT
Publication No. WO 2020/219924, which is incorporated herein by reference. FIG. 1B is a
schematic for quantification of fat fraction within synthetic tissue phantoms of variable fat
content. Accurate fat fraction quantification was demonstrated with synthetic tissue phantoms
using this approach. Liver steatosis and fibrosis can then be measured using the portable MR
sensor by leveraging differences in compartmental T2 relaxation rate and diffusivity. FIG. 1C
is a schematic of signal decomposition for multicomponent T2 relaxometry data analysis
technique. Aj and 1i correspond to the amplitude and relaxation time, respectively, for a
particular relaxation component. Time domain decay curves (not shown) were acquired with
the portable MR sensor for each synthetic tissue phantom. FIG. 1D shows fat amplitude
extracted from portable MR sensor measurements of synthetic tissue phantoms. Error bars
represent 95% confidence intervals on amplitude estimates.

This technique was applied to grade steatosis in mice and in human liver samples. MR

feature extraction and analysis methods were prospectively determined. Sample sizes were
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determined with power calculations based on effect sizes estimated from pilot experiments.
No outliers were excluded from data analysis. Investigators were blinded to the identity of
mice during measurement, data analysis, and pathology grading.

The sensor employed contained a magnet assembly, based on the Unilateral Linear
Halbach design, and a solenoid RF transceiver coil. The magnet assembly produces a remote,
uniform static magnetic field that, in combination with the RF transceiver coil, is capable of
performing a measurement distal from the surface of the sensor.

Synthetic tissue phantoms were synthesized spanning a wide range of fat fractions
(10% to 75% fat) consisting of emulsions of peanut oil and agar hydrogel. Microscopy images
of phantoms (not shown) confirmed the presence of emulsified oil droplets contained within
the hydrogel matrix. These phantoms emulated the range of fat fractions observed in healthy
and fatty human liver and exhibit similar MR relaxation properties observed in these tissues.
The relaxation times and relative amplitudes of low and high fat phantoms showed high
concordance with those of low and high steatosis mouse livers, respectively (not shown). Each
phantom was measured with the portable MR sensor via a CPMG pulse sequence to perform
multicomponent T2 relaxometry. Samples were placed directly adjacent to the RF transceiver
coil and fully spanned the sensitive region of the sensor (FIG. 1B).

The acquired signal was processed to infer a quantitative metric of fat content. The MR
signals were decomposed using a multi-exponential model to identify constituent relaxation
times and their corresponding amplitudes (FIG. 1C). The amplitude attributed to a particular
relaxation time is a direct measure of the composition of the sample. The time-domain
relaxometry signals show an increase in relaxation time with increasing fat fraction. These
synthetic tissue phantoms and liver tissue produce multicomponent T2 decay signals due to the
presence of multiple distinct water compartments (e.g. intracellular vs. extracellular).

The slowest relaxation component corresponds to the fat compartment in these
synthetic tissue phantoms. The amplitude attributed to the fat compartment from portable MR
sensor measurements is directly related to the phantom fat fraction as expected (FIG. 1D).
Similar results were acquired when phantoms are measured with a benchtop NMR
spectrometer, which serves as a gold-standard for T2 relaxometry measurement (FIG. 5).
FIG. 5 shows fat amplitude extracted from benchtop NMR spectrometer (relaxometry gold
standard) via T2 relaxometry measurements of synthetic tissue phantoms. Error bars represent
95% confidence intervals.

The benchtop NMR spectrometer could not serve as a viable clinical diagnostic due to

its small closed bore design and limited portability. In addition, this fitting procedure is able to
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robustly estimate amplitudes of distinct tissue compartments across a range of heterogenous

tissue samples. Monte Carlos simulations were performed to establish the necessary signal-to-

noise ratio for accurate tissue amplitude estimation. These findings show that the sensor

described herein can quantify fat fraction using multicomponent T2 relaxometry.

Example 2: Murine model

Liver steatosis and fibrosis was induced within a mouse model of NAFLD and NASH

progression. High fat and nutrient deficient diet-induced mouse models faithfully reproduce

relevant pathophysiology seen in human disease, including progressive microvesicular and

macrovesicular steatosis and periportal and perisinusoidal fibrosis. Mice were randomly

assigned to one of four diets: low fat (LF), a standard chow with no nutrient deficiency; low fat
amino acid defined (LFAA); high fat amino acid defined (HFAA); and high fat amino acid
defined methionine and choline deficient (HFAAMCD). The high fat diets (HFAA and
HFAAMCD) contained 61% calories from fat whereas the low fat diets (LF and LFAA)

contained between 14 and 10% calories from fat, respectively. The HFAAMCD diet contained

no choline and an approximately six-fold reduction in methionine from normal levels. The

four diets are detailed in Table 1:

Diet HFAAMCD HFAA LFAA LF

Vendor, product mumber Research Diets, Research Diets, Research Diets, LabDiet, Prolab Isopro
A06071302 A06071306 A06071314 RMH 3000 (5P76)
60 kcal% fat, 0.1%

Summary methionine, choline | 60 kcal% fat 10 kcal% fat Standard chow
deficient

Composition (g)

Casein, 80 Mesh 0 0 0 -

L-Cystine 42 42 42 -

L-Isoleucine 7.6 7.6 7.6 -

L-Leucine 158 15.8 15.8 -

L-Lysine 13.2 132 13.2 -

L-Methionine 0.8 51 51 -

L-Phenylalanine 8.4 84 84 -

L-Threonine 72 72 72 -

L-Tryptophan 2.1 21 21 -

L-Valine 9.3 93 93 -

L-Histidine 4.6 4.6 4.6 -

L-Alanine 5.1 51 51 -

L-Arginine 6.0 6.0 6.0 -

L-Aspartic Acid 12.1 12.1 12.1 -

L-Glutamic Acid 382 382 382 -
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Glycine 3.0 3.0 3.0 -
L-Proline 17.8 17.8 17.8 -
L-Serine 10.0 10.0 10.0 -
L-Tyrosine 9.2 92 92 -
Corn Starch 0 0 502 -
Maltodextrin 10 130.1 125.8 130.1 -
Sucrose 68.8 68.8 68.8 -
Cellulose, BW200 50 50 50 -
Soybean Qil 25 25 25 -
Lard 245 245 20 -
Mineral Mix $10026 10 10 10 -
DiCalcium Phosphate 13 13 13 -
Calcium Carbonate 5.5 5.5 5.5 -
Potassium Citrate, 1 H20 16.5 16.5 16.5 -
Sodium BiCarbonate 7.5 75 75 -
Vitamin Mix V10001 10 10 10 -
Choline Bitartrate 0 2 2 -
FD&C Yellow Dye #5 0 0.025 0.04 -
FD&C Red Dye #40 0.025 0 0 -
FD&C Blue Dye #1 0.025 0.025 0.01 -
Total mass (g) 756.05 758.05 1039.35 -
Mass (g)

Protein 174.6 178.9 178.9 -
Carbohydrate 208.9 204.6 700.9 -
Fat 270.0 270.0 45.0 -
Fiber 500 50.0 50.0 -
Mass fraction (%)

Protein 23.1 23.6 17.2 26.5
Carbohydrate 276 270 674 612
Fat 357 356 43 7.5
Fiber 6.6 6.6 438 4.7
Energy (kcal)

Protein 698 716 716 -
Carbohydrate 836 818 2804 -
Fat 2430 2430 405 -
Total 3964 3964 3924 -
Energy fraction (kcal%)

Protein 18 18 18 26
Carbohydrate 21 21 71 14
Fat 61 61 10 60
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Energy density (kcal/g) 52 52 3.8 4.1

TABLE 1

Mice were fed on these diets for between 1 and 40 weeks in order to observe a wide
range of liver steatosis and fibrosis. Mice on the HFAAMCD diet exhibited marked and
progressive hepatomegaly compared to mice fed LF, LFAA, and HF AA diets (FIG. 6). FIG. 6
illustrates liver weight as a function of time on each diet. Livers were weighed during
necropsy after gently blotting dry.

The progression of steatosis was established using T1-weighted MRI of the mouse
abdomen oriented along the coronal plane before (not shown) and after 22 weeks of feeding on
HFAAMCD diet. Hepatomegaly and hyperintensity of the liver indicate steatohepatitis.
Hematoxylin and eosin (H&E) and Sirius Red (SR) histology slides were prepared from each
liver and together graded for steatosis and fibrosis (not shown). Severe steatosis developed
rapidly with fibrosis following more gradually in HFAAMCD diet mice (FIGS. 7A-7B). Mild
steatosis developed consistently in HFAA and LFAA mice. No steatosis or fibrosis was
observed in LF mice. Steatosis was exclusively microvesicular in cases of mild (grade 1)
steatosis. Both macrovesicular and microvesicular steatosis was present in all cases of
moderate (grade 2) and severe (grade 3) steatosis. Mild to moderate inflammation was present
in most cases of severe steatosis, especially those with any fibrosis.

The ability of the portable MR sensor to measure liver steatosis and fibrosis was then
characterized in a controlled setting without other confounding tissues (e.g. intra-abdominal
fat). Freshly excised livers from mice were scanned with the portable MR sensor using a
CPMG pulse sequence.

Representative time domain signals across steatosis grades show increased relaxation
time with increased histological steatosis grade (FIG. 2A). The slowest relaxation component
in a triexponential fit corresponds to the fat within the liver tissue, similarly to the synthetic
tissue phantoms. The fat amplitude estimated by the portable MR sensor is significantly
different between steatosis grades and increases with increasing steatosis grade (FIG. 2B).
Specifically, FIG. 2B shows estimated fat amplitude versus steatosis grade. Median indicated
via horizontal line. *** P < 0.001, ** P <0.01; * P < 0.05; NS, not significant; One-way
analysis of variance (ANOV A) between groups (P = 1.2x1072; F = 174.02; Tukey-Kramer test
was used for post hoc multiple comparisons, n = 26, 10, 13, 26 biologically independent mice,
left to right). Receiver operator curves of classifiers between steatosis grades based on the fat

amplitude show a very strong ability to discriminate between grades (FIG. 2C). Specifically,
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FIG. 2C shows ROCs of classifiers between steatosis grades demonstrate area under ROC
(AUROC) of 0.99 (95% C.1., 0.98 to 1.00) (0 vs. 1-3), 1.00 (95% C.1., 0.99 to 1.00) (0-1 vs. 2-
3), and 1.00 (95% C.I., 0.98 to 1.00) (0-2 vs. 3). A confusion matrix showing the relationship
between predicted and true steatosis grade shows high accuracy performance across all
steatosis grades (FIG. 2D), demonstrating an overall accuracy of 92% and Cohen's kappa of
0.89 (95% C.1., 0.80 to 0.97).

The ability of multicomponent T2 relaxometry to accurately and reproducibly predict
steatosis grade independently from the portable MR sensor was validated using a benchtop
NMR spectrometer (FIGS. 8A-8C). FIG. 8A shows estimated fat amplitude versus steatosis
grade. Median indicated via horizontal line. *** P < 0.001, ** P <0.01; * P <0.05; NS, not
significant; One-way ANOV A between groups (P = 6.1 x 10-42; F = 464.346; Tukey-Kramer
test was used for post hoc multiple comparisons, n =21, 10, 10, 24 independent samples, left
to right). FIG. 8B depicts ROC of classifiers between steatosis grades demonstrate AUROC of
1.00 (95% C.1., 1.00 to 1.00) (0 vs. 1-3), 0.99 (95% C.1., 0.98 to 1.00) (0-1 vs. 2-3), and 1.00
(95% C.1., 1.00 to 1.00) (0-2 vs. 3). FIG. 8C illustrates a confusion matrix of predicted versus
true steatosis demonstrates an overall accuracy of 95% and Cohen's kappa of 0.94 (95% C.1.,
0.86 t0 1.00).

The fibrosis was measured within livers using a diffusion-weighted measurement of
fluid within the tissue. Fibrosis is known to be negatively associated with the diffusivity of
water within livers. Single-sided MR systems have previously demonstrated sensitivity
towards changes in sample diffusion. Here the inherent field inhomogeneity of the static
magnetic field was leveraged to encode diffusivity by varying the echo time of the CPMG
measurement. An increased echo time causes the signal to attenuate more rapidly in highly
diffusive samples. The portable MR sensor is capable of estimating relative differences in
sample diffusivity via diffusion-weighted multicomponent T2 relaxometry in agreement with
gold standard estimates from a benchtop NMR spectrometer via pulse gradient spin echo
measurements. Healthy liver exhibits high self-diffusion coefficient of extracellular water
compared to fibrotic livers. Multicomponent T2 relaxometry allows identification of the signal
attributed to each of the fluid compartments within the liver: intracellular water, extracellular
water, and fat. A diffusion weighted (DW) liver signal is defined as the difference in the
amplitude of the extracellular fluid component at a short (65 us) and long (520 us) echo time.

This DW liver signal correlates with fibrosis and is significantly different between
fibrosis grades (FIG. 2E). Specifically, FIG. 2E shows estimated diffusion-weighted liver

signal (fibrosis) versus fibrosis grade. Median indicated via horizontal line. *** P <0.001, **
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P <0.01; * P < 0.05; NS, not significant; One-way ANOV A between groups (P =2.6x107; F =
37.41; Tukey-Kramer test was used for post hoc multiple comparisons, n = 4, 9, 9 biologically
independent mice, left to right). ROC curves of classifiers between fibrosis grades based on
the DW liver signal show a strong ability to discriminate between grades (FIG. 2F). In FIG.
2F, ROC of classifiers between fibrosis grades demonstrate AUROC of 1.00 (95% C.1., 1.00 to
1.00) (0 vs. 1-2), and 0.90 (95% C.1., 0.79 t0 0.96) (0-1 vs. 2). A confusion matrix showing the
relationship between predicted and true fibrosis grade shows high accuracy performance across
all fibrosis grades (FIG. 2G), with an overall accuracy of 86% and Cohen's kappa of 0.78
(95% C.1., 0.56 to 1.00). These data highlight the capability of the MR sensor described herein
to identify steatosis and fibrosis in mouse liver tissue and staging and tracking progression of
NAFLD and NASH.

Example 3: Ex vive human liver tissue

This approach generalizes to human liver tissue obtained from whole ex vivo livers.
Portable MR measurements were performed on a piece of liver tissue and then H&E histology
was performed on the same sample to grade steatosis. Fibrosis was not assessed as an
insufficient number of fibrotic livers were encountered during the study period. Steatosis was
almost exclusively microvesicular in cases of mild (grade 1) steatosis. Both macrovesicular
and microvesicular steatosis was present in all cases of moderate (grade 2) steatosis. Mild to
moderate inflammation was present in some cases of mild and all cases of moderate steatosis.
Human liver tissue was placed on top of the sensor and measurements performed to identify
liver steatosis. Time domain signals across steatosis grades showed increased relaxation time
in livers from patients with increased steatosis grade.

The fat amplitude estimated by the portable MR sensor is significantly different
between steatosis grades (FIG. 3A). Specifically, FIG. 3A shows estimated fat amplitude
versus steatosis grade. Median indicated via horizontal line. *** P <0.001, ** P <0.01; * P <
0.05; NS, not significant; One-way ANOV A between groups (P = 7.3x10"11; F = 65.29; Tukey-
Kramer test was used for post hoc multiple comparisons, n = 16, 8, 5 independent samples, left
to right). ROC curves of classifiers between steatosis grades based on the fat amplitude show a
very strong ability to discriminate between grades (FIG. 3B). Specifically, as shown in FIG.
3B, ROC of classifiers between steatosis grades demonstrate AUROC of 0.97 (95% C.1., 0.90
10 0.99) (0 vs. 1-2) and 1.00 (95% C.1., 1.00 to 1.00) (0-1 vs. 2). A confusion matrix showing
the relationship between predicted and true steatosis grade shows high accuracy performance
across all steatosis grades (FIG. 3C), with an overall accuracy of 93% and Cohen's kappa of

0.88 (95% C.1., 0.72 to 1.00). These findings show that the portable MR sensor can accurately
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identify liver steatosis grade in human liver tissue samples using the same methods developed
for liver steatosis in mice. Straightforward extensions of this approach could enable
measurements of larger liver tissue samples for both ex vivo and in vivo use.

Example 4: Measurement localization

A non-invasive measurement of the liver in vivo requires that the sensor be capable of
measuring tissue located within the mouse abdomen. The ideal system would avoid more
proximal tissues that may confound the measurement, such as skin and subcutaneous tissue.
The static magnetic field strength is highly uniform in the direction parallel to the surface of
the sensor while decreasing gradually when moving away from its surface (FIGS. 9A-9B).
FIGS. 9A-9B show that static magnetic field profile characterization of portable MR sensor
demonstrates linear field variation across sensitive region. Measured magnetic field strength
deviation from B0 along y-axis (perpendicular to the surface of the sensor, y = 0 refers to the
surface of the RF coil) (FIG. 9A) and z-axis (parallel to the magnetic field within the uniform
region) (FIG. 9B) through the center of the uniform region. The average gradient along the y-
axis within the sensitive region is 1.7 Tesla/m. Shaded regions correspond to =1% deviation
from BO (0.28 Tesla). Field characterization was performed with a Hall probe (HMMT-6J04-
VR, Lake Shore Cryotronics) connected to a gaussmeter (Model 475 DSP Gaussmeter). The
magnetic field very close to the surface of the magnet was not acquired due to geometrical
constraints with the specific Hall probe used. The sensitivity of the system was characterized
as a function of depth at two excitation frequencies, which are used to encode spatial
information. A thin planar phantom was scanned along a line perpendicular to the surface of
the sensor and repeatedly measured at each excitation frequency (FIG. 4A). These results
were validated by an independent characterization of sensitivity as a function of depth at
twelve unique RF excitation frequencies demonstrating depth selectivity and a tradeoff
between depth and signal strength (FIGS. 10A-10C).

An acquisition strategy was designed to localize our measurement to a mouse liver in
vivo. The sensor is more sensitive to samples located at a distance of 1 to 4 mm when operated
at 11.66 MHz and 1 to 6 mm at 11.43 MHz (FIG. 4B). A measurement at 11.43 MHz would
provide some sensitivity to a mouse liver, but the measurement would be confounded by more
proximal tissues due to the nonzero magnitude of the 11.43 MHz signal in a region 1 to 3 mm
from the sensor surface. Therefore, an acquisition strategy was designed to localize the
measurement solely to a region distal (approximately 3 to 6 mm) from the surface of the
sensor. The optimal scaling factor was computed that, when applied to the 11.66 MHz
sensitivity profile, best aligned its most proximal region (0 to 3 mm) to that of the 11.43 MHz
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signal (FIG. 4B). The time-domain signal generated from an 11.66 MHz signal was then
uniformly scaled with this scaling factor. The system was designed to compute the difference
between this scaled time-domain signal and the signal acquired at 11.43 MHz to generate a
differential signal, which provides highly localized sensitivity to a region solely distal from the
surface of the sensor (FIG. 4B).

A proximal synthetic tissue phantom was constructed with a constant fat fraction (50%)
and a distal phantom with variable fat fractions (10 to 75% fat) (FIG. 4C) in order to
demonstrate the utility of this approach. Measurements performed at 11.66 MHz, with a mean
penetration depth of 3 mm were unable to identify changes in the fat fraction of the more distal
phantom (FIG. 4D). Measurements performed at 11.43 MHz, with a mean penetration depth
of 5 mm, identified these changes, but failed to accurately represent the wide range of fat
fractions as is evident by the small range of measured fat amplitudes (FIG. 4D). The
differential measurement, in contrast, was able to both identify changes in fat fraction and
more faithfully capture the wide range of fat fractions seen in the distal phantom (FIG. 4D).
Moreover, the differential measurement most closely matches estimates of fat amplitude with
the same portable MR sensor with no proximal fat spacer present (FIG. 4D). This shows that
the system can perform highly localized measurements of tissue remote from the surface of the
sensor while minimizing confounding signal from more proximal tissue. This approach avoids
the use of more traditional, complex gradient coils for spatial encoding which allows the sensor
to remain simple and low-cost.

This new measurement strategy was then applied to identify liver steatosis within
anesthetized mice placed on top of our sensor. Scans were performed over a ten-minute period
in free breathing animals. Time domain signals across steatosis grades showed increased
relaxation time with increased steatosis grade (not shown). The fat amplitude estimated by the
portable MR sensor is significantly different between steatosis grades (FIG. 4E). Specifically,
FIG. 4E shows estimated fat amplitude versus steatosis grade. Median indicated via
horizontal line. *** P < 0.001, ** P <0.01; * P <0.05; NS, not significant; One-way ANOVA
between groups (P = 2.5x10-14; F = 41.91; Tukey-Kramer test was used for post hoc multiple
comparisons, n = 16, 10, 10, 24 biologically independent mice, left to right). ROC curves of
classifiers between steatosis grades based on the fat amplitude show a very strong ability to
discriminate between grades (FIG. 4F). FIG. 4F shows ROCs of classifiers between steatosis
grades demonstrate area under ROC (AUROC) of 0.97 (95% C.1., 1.00 to 0.92) (0 vs. 1-3),
0.92 (95% C.1., 0.81 t0 0.98) (0-1 vs. 2-3), and 0.92 (95% C.1., 0.82 10 0.97) (0-2 vs. 3). A

confusion matrix showing the relationship between predicted and true steatosis grade shows
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high accuracy performance across all steatosis grades (FIG. 4G), an overall accuracy of 8§7%
and Cohen's kappa of 0.81 (95% C.I., 0.69 to 0.93). The ability of the sensor to identify
fibrosis grade in vivo was not assessed due to animal welfare restrictions on total anesthesia
time. These findings show that the portable MR sensor can identify liver steatosis grade in
Vivo.

The portable MR sensor accurately quantifies steatosis in vivo. It was hypothesized
that when the system overestimated steatosis grade, the signal may have been confounded by
subcutaneous and/or intra-abdominal fat. Of the six mice whose steatosis grade was
overestimated, 50% had a body weight in the top 10th percentile (FIG. 11). Specifically, FIG.
11 shows body weight versus steatosis grade for correctly and incorrectly classified mice based
on in vivo portable MR measurements. Dashes indicate body weight of individual mice
(biologically independent replicates). The dashed horizontal line indicates top 10th percentile
for body weight across all mice. In addition, the predicted fat amplitude strongly correlated
between ex vivo and in vivo measurements with the portable MR sensor with the exception of
mice with the highest body weight and, therefore, the greatest amount of visceral fat. This
suggests that the measurement inadvertently attributed excess subcutaneous and/or intra-
abdominal fat to more severe liver steatosis. A technique was developed that would allow first
estimating proximal tissue (e.g. subcutaneous and/or intra-abdominal fat) thickness, and then
performing a scan at a sufficient depth such that the majority of the signal is originating from
the more distal tissue (e.g., liver) to overcome variations in proximal confounding tissue
(FIGS. 12A-12D). The presence of proximal confounding tissue demonstrates the value of an
improved sensor for use in humans. Acquisition in free-breathing animals may have
introduced intra-animal variability or reduced SNR due to the respiratory cycle and thoracic
movement. Numerical simulations were performed of additional magnet arrays for single-
sided MR sensors which indicate that straightforward modifications to the sensor design
described here can extend the penetration depth (FIGS. 13A-13C). Further improvements to
signal localization and acquisition will facilitate diagnostic and prognostic utility of the
portable MR sensor described herein.

Example 5: Tuning RF excitation frequency enables slice selection

The measurement depth of single-sided MR sensors, including sensor based on the
Unilateral Linear Halbach magnet array, is limited due to the rapid decay of the static magnetic
field strength away from the surface of the sensor. The sensor has a field strength of

approximately 0.28 Tesla and gradient, within the sweet spot, of approximately 1.7 Tesla/m.
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Noninvasive measurements are easily confounded by proximal, subcutaneous tissue due to
limitations in penetration depth.

It was shown herein that tuning the RF excitation frequency of the portable MR sensor
allows for spatial selection of the position of the sensitive region. This is demonstrated by
measuring the sensitivity of the sensor towards a thin, planar sample as a function of both
distance from the sensitive region and RF excitation frequency (B1) (FIG. 10A). A planar
sample of an aqueous solution of a paramagnetic species (CuSQ4) with a thickness of 380 um
was scanned in front of the sensor. MR measurements via the CPMG pulse sequences were
performed over a range of RF excitation frequencies for each depth of the sample. The
sensitivity of the system was characterized as the relative signal strength produced by the
sample at each depth position and RF excitation frequency. This sensitivity profile varies as a
function of depth and exhibits a distinct region of peak sensitivity that is unique to each RF
excitation frequency (FIG. 10B). Decreased B1 frequency enables deeper measurements
remote from the surface of the sensor. The use of smaller RF excitation frequencies enables
localization of the measurement to regions located at a greater distance from the surface of the
sensor. The effective slice thickness by a given RF excitation frequency decreases with
distance from the sensor at a fixed excitation pulse bandwidth due to the increasing gradient of
the static magnetic field (FIG. 10C). It was shown that an RF pulse bandwidth of 0.7% excites
slices 0.6 to 1.3 mm thick with slice thickness decreasing with depth. Circles indicate the
depth of the peak of each sensitivity profile. Whiskers indicate slice thickness defined as full
width at half maximum. The sensitivity decreases with increased depth due to increased
attenuation of the RF field produced by the transceiver coil. Tuning the RF excitation pulse
frequency offers control over the fraction of proximal versus more distal tissue in the acquired
signal. This capability enables targeting of the measurement towards a tissue of interest, e.g.,
the liver.

Example 6: Depth sensitivity profile and tissue fraction estimation improved

measurement localization

Estimation of proximal tissue thickness with the portable MR sensor was demonstrated.
Synthetic tissue phantoms mimicking the relaxation properties of human tissues were
fabricated via aqueous solutions with varying concentrations of a paramagnetic species
(CuSO04). The phantoms were designed to fully span the sensitive region of the sensor.
Synthetic tissue phantoms were fabricated from PEEK film (0.005-inch thickness) and nylon
annular rings with an inner diameter of 6 mm and thickness of 1, 1.3, 1.5, and 3 mm with a

tolerance of 0.3 mm. Each nylon ring was first bonded to a disk of PEEK film of identical
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outer diameter. The resultant cylindrical cavity was filled with fluid mimicking the MR
relaxation properties of subcutaneous fat (i.e. soybean oil, CuSO4). Then a second disk of
PEEK film was used to seal each phantom.

The phantoms were then arranged with the proximal tissue directly in contact with the
RF coil of the portable MR sensor and the target tissue placed against the proximal tissue
phantom (FIG. 12A). The thickness of the proximal tissue was varied (1, 1.3, 1.5, and 3 mm)
to mimic natural variability both within and between patients. Each configuration of phantoms
was measured with the CPMG pulse sequence with six unique RF excitation frequencies.
Portable MR sensor measurements were performed with the CPMG pulse sequence with the
following parameters common to all scans: 8192 echoes, 1 dummy echo, an echo time of 65
us, a measurement time of 1065 ms, a repetition time of 1517 ms, a pulse duration of 12 ps, an
acquisition bandwidth of 1 MHz (dwell time of 1 us), and 16 acquired points per echo. RF
excitation frequencies of 11.43, 11.53, 11.58, 11.66, 11.73, and 11.83 MHz were acquired.

The expected signal amplitude originating from the distal tissue for a given proximal
tissue thickness (e.g., 2 mm) can be estimated as the integral of the sensor sensitivity profile
taken across the expected depth of the target tissue (e.g. greater than 2 mm) for each RF
excitation frequency (FIG. 12B). This can be converted to an estimate of the target tissue
fraction by dividing it by the integral of the entire sensitivity profile at the given RF excitation
frequency. This technique can be used to precisely quantify proximal tissue thickness.
Estimates of target tissue fraction from experimentally acquired signals show strong agreement
with estimated target tissue fractions for the same proximal thickness across a wide range of
RF excitation frequencies. (FIG. 12C)

Sensor sensitivity as a function of depth can be used for precise estimation of the
thickness of a proximal tissue. The tissue fractions generated by integrating the sensitivity
profiles for a candidate thickness can be compared with tissue fractions from experimentally
acquired signals. Optimal candidate thickness was identified by minimizing the error between
proximal tissue fraction estimates and those from the measured signal (FIG. 12D). Dotted
vertical lines indicate the estimated proximal tissue thickness, corresponding to the minima of
each error curve. Shaded regions indicate 0.3 mm uncertainty in the true thickness of each
proximal tissue layer. This optimal thickness represents the actual thickness of each phantom.

An algorithm to perform acquisition at the optimal RF excitation frequency can be
implemented by utilizing this method. The optimal RF excitation frequency would be
sufficiently low as to ensure a significant fraction of the sensitive region is located within the

target tissue without being so low as to unnecessarily sacrifice sensitivity. This optimal
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frequency would be dependent on the proximal tissue thickness, geometry of the portable MR
sensor, and pulse parameters (e.g. excitation pulse bandwidth). Estimation of the optimal RF
excitation frequency is made more robust and accurate by performing measurements of a tissue
geometry at multiple RF excitation frequencies.

Example 7: Varving echo time enabled sensitivity towards sample diffusivity

Distinct tissues can have very similar relaxation properties (e.g., times and amplitudes)
making identification and further characterization of changes in relaxation properties difficult.
Measurements of relaxation properties via CPMG are inherently affected by the diffusivity of
spins (e.g. water in tissue) within the sample. Here it was demonstrated that explicitly
manipulating the echo time within CPMG allows control over the effect of diffusivity on the
relaxation properties of the signal with our portable MR sensor.

Varying the echo time between excitation and subsequent refocusing pulses provided
control over the magnitude of signal attenuation induced by sample diffusivity. Signal
attenuation between sequential refocusing pulses in CPMG is driven by both T2 decay and the
motion of spins within the magnetic field. The T2 decay term is proportional to the echo time,
while the diffusion term is proportional to the echo time cubed. Therefore, by controlling the
echo time, the relative signal attenuation due to each factor can be varied.

Four aqueous solutions of polyethylene glycol (PEG) and gadolinium were prepared
with identical T2 relaxation time and distinct diffusion coefficients. PEG concentration
primarily affected the diffusivity of water, while gadolinium primarily affected relaxation
properties. T2 relaxation times were estimated via measurements on a benchtop NMR
spectrometer via CPMG. The time domain signals and T2 relaxation times, estimated via a
monoexponential fit, were nearly identical across all samples (not shown). The diffusivity of
water within the samples, estimated via pulsed gradient spin echo pulse sequence on a Bruker
NMR spectrometer, varied significantly with PEG concentration.

Measurements of the aqueous solutions were performed with CPMG with varying echo
time with the portable MR sensor. The change in decay rate in the time domain and estimated
relaxation time extracted from a monoexponential fit of each sample differed as a function of
echo time. Increased echo time led to a decrease in relaxation time. The magnitude of this
decrease was more pronounced with increased sample diffusivity. The relative change in
relaxation time as a function of echo time clearly stratifies samples by diffusivity.

Sensitivity towards diffusivity was demonstrated with the portable MR sensor by taking
advantage of its highly inhomogeneous static magnetic field. This measurement was

performed by varying the echo time which serves a similar purpose as the switchable gradient
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fields found in more traditional implementations of diffusion-weighted pulse sequences. The
relatively high static magnetic field inhomogeneity, a characteristic of most single-sided MR
sensors, enables strong diffusion weighting to be achieved with relatively short echo times.
The dependency of relaxation time on both echo time and sample diffusivity can be used to
identify the T2 and diffusivity of a sample.

Example 8: Computational modeling of single sided MR sensor designs

A sensor suitable for use in an in vivo human clinical diagnostic setting would require
additional penetration depth beyond that provided by the MR sensor used in the examples here.
Therefore, the potential to modify the existing magnet design was explored to increase the
penetration depth of the Unilateral Linear Halbach array while only partially compromising
portability. Numerical modeling was performed to simulate the magnetic field profile
generated by Unilateral Linear Halbach magnet. The magnet array was parameterized, as
previously described, by the side length of each magnet, number of slices in each direction, the
gap between the slices in each direction, and the amount of vertical translation (i.e. drop along
the y-axis) applied to the middle slice.

Simulations were first performed with an increased number of slices of magnets
oriented perpendicular to the z-axis. Simulations began with 5 magnets, as were used in the
sensor described here in these examples, before additional magnets were added up to a total of
9 magnets oriented along the z-axis. The penetration depth can be increased by a factor of 3.1-
fold with only a 1.8-fold increase in the mass of the sensor (FIG. 13A).

Simulations were then performed where the gap between magnet slices along the z-axis
was varied. These simulations demonstrate that when this gap is increased from 2 mm to 10
mm, the depth of the uniform region increases by nearly two-fold up to 16 mm in the tested
configuration (FIG. 13B). This trend is expected to continue based on the nearly linear
relationship between this gap and depth of the uniform region across the tested range.
Increasing the gap between the magnets offers a path to increased measurement penetration
depth without increasing the mass of the magnets used within the sensor.

Finally, in simulations where the amount of drop applied to the middle slice relative to
those adjacent to it was increased from 6 to 15 mm, the depth of the uniform region increased
by 87% (FIG. 13C). This was achieved with only a 20% drop of the magnetic field strength at
the center of the uniform region. Similarly to the previous experiment, no additional magnetic
mass is introduced.

In summary, three potential paths towards increasing the penetration depth of the

sensor were identified by through simple modifications to the magnet configuration. Itis
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expected that combining these approaches would yield a sensor with a penetration depth more
optimized for use as a clinical diagnostic, e.g., for the liver in a human patient. Further, the
penetration depth and volume of the sensitive region could be increased without compromising
magnetic field strength by simply linearly scaling the entire sensor.

Additional Details of the Materials and Methods of the Examples

Animals

Animals used in the study were male C57BL/6NCrl mice 6-7 weeks of age and were
provided ad libitum access to standard chow for at least 72 hours prior to the start of
experiments to allow for acclimation. Distinct cohorts of mice were placed on one of the
following diets for one to forty weeks: L-amino acid defined high fat (60% kcal fat) diet with
0.1% methionine and no added choline (HFAAMCD, Research Diets A06071302), L-amino
acid defined high fat (60% kcal fat) diet with normal methionine and choline (HFAA, Research
Diets A06071306), L-amino acid defined low fat (10% kcal fat) diet with normal methionine
and choline (LFAA, Research Diets A06071314), and standard chow (14% fat) (LF, LabDiet
Prolab Isopro RMH 3000 5P76).

The average in vivo MR signal acquisition time was approximately ten minutes (240
averages), and in vivo acquisition did not include respiratory gating.

Discarded human liver model

Human donor livers declined for transplantation were included in this study with
informed consent for use of donor organs in research. All donor livers were procured based on
the standard technique of in situ cold flush using University of Wisconsin (UW) preservation
solution and transported using conventional static cold storage. Multiple wedge liver biopsies
were taken from each liver for MR analysis in conjunction with machine perfusion
experiments.

Histology and pathology

Liver samples (mouse, rat, and human) were fixed in 10% neutral buffered formalin for
24 hours, stored in 70% ethanol, processed to paraffin and embedded. Samples were sectioned
at 5 um and stained with either haematoxylin and eosin (H&E) or Sirius Red (SR) at MIT
Koch Institute Histology Core Facility. Images were acquired using Leica Aperio AT2 slide
scanner at 20x magnification.

Steatosis was graded on a 0 to 3 scale by evaluating parenchymal involvement at low to
medium magnification power (0 for <5% involvement, 1 for 5 to 33%, 2 for 34 to 66%, and 3
for >66%). Fibrosis was graded using Sirius Red slides on a 0 to 4 scale (0 for none, 1 for

perisinusoidal or periportal, 2 for perisinusoidal and portal/periportal, 3 for bridging fibrosis,
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and 4 for cirrhosis). All grading was performed by a pathologist blinded to the identity of each
mouse.

Multi-exponential fitting

CPMG T2 decay curves were modeled as multiexponential signals in order to extract
relaxation times (7;) and relative amplitudes (4;). Echo integrals were computed as the sum of
the points sampled for each echo during CPMG when more than one point was collected for

each echo. A general multicomponent exponential decay signal was represented as:

N
9(e,AT) = ) A+ exp(~t/) Eq. (1)
i=1

where y(t) is the estimated signal, N is the number of components, 4 is a vector of
amplitudes, and 7 is a vector of corresponding relaxation times. Two models were used to
represent the multicomponent nature of these signals in this study. The first optimizes over
both the relaxation times and relative amplitudes. The optimal set of parameters is found by
minimizing the L2-norm of the residuals between the estimated and the measured signal:
A°Pt TPt = argmin||y(t)
A Eq. (2)
— 9Ol
where y(t) is the measured signal and [|. ||, represents the L2-norm. This model allows
discovery of the relaxation times and amplitudes of a multiexponential signal. The second

model optimizes only over the amplitudes as the relaxation times are specified as parameters:
A% = argminlly(0) = (¢, Dl Eq. ()

This more constrained model allows the amplitudes to be estimated more accurately
and differences between signals to be described solely as amplitude changes. Signal to noise
ratio (SNR) was defined as the maximum magnitude value divided by the standard deviation of
the noise. The noise distribution was estimated from the residuals of the fit.

Fat fraction phantom fabrication

Fat fraction phantoms were fabricated. Components of the aqueous phase were DI
water, sodium benzoate, TWEEN 20, and agar (Sigma Aldrich, St. Louis, Missouri, USA).
Components of the fat phase were peanut oil and SPAN 80 (Sigma Aldrich).

Portable MR sensor design and construction

The portable MR sensor, designed and constructed in house, consists of a permanent

magnet array and RF transceiver coil. The magnet array within the sensor comprised 180
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individual N52 (Nd1Fel4B) cube magnets with a side length of 0.5 inch (12.7 mm). The
magnets were arranged in a three-dimensional grid with 6 X 6 x 5 magnets in the x-, y-, and z-
directions, respectively. The spacing between the magnets was 2.23, 0.76, and 2.54 mm in the
X-, y-, and z-directions, respectively. The magnets located in the 2nd, 3rd, and 4th slices along
the z-direction were oriented with their positive pole facing the positive z-direction. The
magnets located in the 1st and 5th slices along the z-direction were oriented with their positive
pole facing the negative and positive y-direction, respectively. The magnets located in the 3rd
slice along the z-direction are offset by 5.1 mm in the negative y-direction. The magnets were
housed within an aluminum housing manufactured with a dimensional tolerance of 0.127 mm.
An RF transceiver coil was located on top of the magnet and consisted of an 8-turn solenoid
(AWG 32, 202 um wire diameter) wound around a cylindrical PTFE bobbin (16 mm diameter).
The coil geometry was selected to maximize the sensitivity of the sensor. Several tightly-
wound, solenoid coils with varied diameter and number of turns were tested, and the coil
which maximized the signal to noise ratio on a large sample intended to span the entire
sensitive region of the sensor was selected. The magnets were enclosed within an aluminum
housing for mechanical stability and electric grounding. A Kea2 spectrometer (Magritek,
Wellington, New Zealand) generated the CPMG pulse sequence for MR measurements and
was connected to the transceiver coil through a two-element L impedance matching circuit.

Portable MR sensor characterization

The profile of the static magnetic field of the portable MR sensor was characterized by
scanning a Hall probe (HMMT-6J04-VR, Lake Shore Cryotronics) connected to a gaussmeter
(Model 475 DSP Gaussmeter) along lines corresponding to the z-axis and y-axis and centered
with respect to the top surface of the sensor.

The measurement of initial sensitivity profiles versus depth were performed by
scanning a thin, planar sample of aqueous CuSQOs4 along a line perpendicular to the sensor
surface. The sample consisted of a 1 mm x 16 mm x 32 mm pocket machined into a PEEK
(polyether ether ketone) holder filled with aqueous CuSOs. PEEK was used as it produced a
negligible MR signal. Measurements were performed with the center of the sample located
between 1.35 mm and 7.35 mm from the sensor surface. The surface of the sensor is defined
as the top of the RF coil (as opposed to the surface of the magnet).

The measurement of subsequent sensitivity profiles versus depth were performed by
scanning a thin, planar sample oriented parallel to the surface of the sensor along a line
perpendicular to its surface. The sample consisted of a 380 um x 6 mm x 6 mm pocket

machined into PEEK stock filled with aqueous solution of CuSOs. Measurements were
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performed with the center of the sample located between 0.690 mm and 6.59 mm from the
surface of the sensor.

Measurements were performed with the CPMG pulse sequence with 2000 echoes, 65
us echo time, 110 ms repetition time, 1 ps dwell time (1 MHz acquisition bandwidth), 12 us
pulse duration, and 16 acquired points per echo using a Kea2 spectrometer (Magritek,
Wellington, New Zealand).

Portable MR sensor measurements and post-processing

T2 measurements were performed with the portable MR sensor using a CPMG pulse
sequence. The sample under study for each experiment was placed in direct contact with the
sensor and aligned with the sensitive region (i.e. directly adjacent to the RF transceiver coil).
A plastic cap covering the liver during scanning served to minimize the effect of evaporation
on the tissue structure. A Kea2 spectrometer (Magritek, Wellington, New Zealand) was
responsible for pulse sequence generation. The average in vivo MR signal acquisition time
was ten minutes, and in vivo acquisition did not include respiratory gating. Measurements
were performed in an unshielded environment without use of a Faraday cage. All data
acquired with the portable MR sensor was modelled as a multicomponent exponential decay
(Eq. (1)) and fit with the model described in Eq. (2). The resulting time constants,
corresponding to distinct compartments, were learned from the fit result and subsequently used
in Eq. (3) to quantify relative signal amplitude originating from each compartment.

Statistical analysis

Differences between groups were assessed via ANOV A with a Tukey-Kramer test used
for post hoc multiple comparisons. 95% confidence intervals (o = 0.05) for all parameter
estimates, shown with error bars, in multicomponent exponential fits were computed assuming
an asymptotic normal distribution for each estimate.

Depth sensitivity characterization

A thin, planar sample was oriented parallel to the surface of the sensor and scanned
along a line perpendicular to its surface. The sample consisted of a 380 um x 6 mm x 6 mm
pocket machined into PEEK stock filled with aqueous solution of a paramagnetic species
(CuSO0s). PEEK was used as it produced a negligible MR signal. Measurements were
performed with the center of the sample located between 0.690 mm and 6.59 mm from the
surface of the sensor. The surface of the sensor is defined as the top of the RF coil (as opposed
to the surface of the magnet).

Measurements were performed with the CPMG pulse sequence with 2000 echoes, an

echo time of 65 ps, a repetition time of 240 ms, a pulse duration of 12 us, an acquisition
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bandwidth of 1 MHz (dwell time of 1 us), and 16 acquired points per echo with a Kea2
spectrometer (Magritek, Wellington, New Zealand). The RF excitation frequency was varied
across the following range (11.43, 11.49, 11.54, 11.6, 11.63, 11.66, 11.69, 11.72, 11.75, 11.78,
11.81, and 11.83 MHz) in order to identify changes in sensitivity as a function of RF excitation
frequency. The amplitude in a triexponential fit corresponding to the second peak was
attributed to the aqueous solution within the planar phantom and used to estimate the relative
sensitivity as a function of depth and RF excitation frequency.

Simulations of estimation error of tissue fraction

A simulation was performed to assess the signal to noise ratio necessary to accurately
estimate the fractions of tissues from within a heterogeneous sample. Tissue A was modeled
as producing a triexponential signal with relaxation peaks of 3.4 ms, 35.6 ms, and 116.1 ms
based on ex vivo scans of subcutaneous tissue. Tissue B was modeled as producing a signal
with relaxation peaks of 2.7 ms, 81 ms, and 279 ms. Tissue A to B ratios of 20:80, 50:50, and
80:20 were considered. Signal to noise ratios of each constituent signal of 25, 50, 75, 100,
125, 150, 175, 200, 225, and 250 were considered for a total of 100 pairwise combinations of
signal to noise ratios. For each pair of SNRs at each ratio, a synthetic signal at the
corresponding SNR was generated based on the relaxation times and amplitudes observed in
triexponential fits (Eq. (3)) of ex vivo measurements of isolated tissues (e.g. subcutaneous fat
and liver). A resultant hybrid signal was created as the sum of these two signals. Error was
computed as the absolute difference of this estimate from the true ratio. 120 trials were
performed for each combination of SNRs and ratios.

In vitro diffusion experiments

Samples consisted of aqueous solutions of varying concentrations of gadolinium
trichloride (Gd) and polyethylene glycol (PEG) (mw: 4000 g/mol). Four samples (A, B, C, and
D) were prepared with 126, 57, 28.5, and 0.17 mM of PEG and 0.42, 0.5, 0.5, and 0.5 mM of
Gd, respectively. The relaxation data from the benchtop NMR spectrometer were acquired via
CPMG with 25000 echoes, an echo time of 100 ps, a repetition time of 60 seconds, an RF
excitation frequency of 19.95 MHz, an excitation pulse duration of 1.9 us, an inversion pulse
duration of 3.8 us, an acquisition bandwidth of 1 MHz (dwell time of 3 us), and 1 acquired
point per echo with a (minispec mq20, Bruker, USA). The diffusion NMR data was acquired
from a Bruker Avance IIT HD 400 NMR spectrometer with a pulsed gradient spin echo pulse
sequence. Estimation of diffusivity was performed with MestReNova v12.0.4 (Mestrelab
Software S.L..). The data from the portable MR sensor were acquired with the CPMG pulse

sequence with the following parameters common to all measurements: a measurement time of
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1.065 sec, an RF excitation frequency of 11.66 MHz, a repetition time of 452 ms, a pulse
duration of 12 us, an acquisition bandwidth of 1 MHz (dwell time of 1 us), and 16 acquired
points per echo. Echo times of 206, 223, 260, 368, 520, 735, and 1040 us were utilized. All
relaxation times were extracted by fitting the decay curves with a monoexponential model.
Modifications and variations of the methods and systems described herein will be
obvious to those skilled in the art from the foregoing detailed description. Such modifications

and variations are intended to come within the scope of the appended claims.
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CLAIMS

We claim:

1. A system for non-invasive sensing of fibrosis and/or steatosis in the liver of a patient,

the system comprising:

one or more magnets configured to provide a static magnetic field source;

one or more RF transmitter coils connected to a pulse sequence generator;

one or more RF receiver coils configured to detect a magnetic field generated
within the liver tissues of the patient; and

a signal acquisition and processor system configured to acquire signals from the
one or more RF receiver coils and perform a relaxation time (T2) relaxometry
measurement,

wherein the one or more RF transmitter coils and the pulse sequence generator

are configured to apply a varying magnetic field to liver tissues of the patient.

2. The system of claim 1, wherein the magnetic field source is a magnetic field that is

uniform, optionally uniform to within 1% field uniformity.

3. The system of claim 2 or 3, wherein the RF transmitter coils have a frequency range

from 1 MHz to 50 MHz, for example from 100 kHz to 20 MHz.

4, The system of any one of claims 1 to 3, which is configured to provide one or more of
(1) multicomponent T2 relaxometry, (ii) measurement localization by RF excitation

frequency tuning, and (iii) diffusion weighting by varying echo time.

5. The system of any one of claims 1 to 4, which is configured to:
use a CPMG pulse sequence to produce MR signals;
decompose the MR signals to identify constituent relaxation times and their
corresponding amplitudes; and
determine a fat fraction of the liver using the relaxation times and their

corresponding amplitudes.

6. The system of claim any one of claims 1 to 4, which is configured to:
use a CPMG pulse sequence to produce MR signals;
decompose the MR signals to identify constituent relaxation times and their

corresponding amplitudes; and
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10.

11

12.

13.

14.

determine a fibrosis fraction of the liver using the relaxation times and their

corresponding amplitudes.

The system of any one of claims 1 to 6, wherein the signal acquisition and processor
system is configured to use a CPMG pulse sequence to produce MR signals;
decompose the MR signals to identify constituent relaxation times and their
corresponding amplitudes; and determine a fibrosis and/or fat fraction of the liver using

the relaxation times and their corresponding amplitudes.

The system of any one of claims 1 to 7, wherein the one or more magnets are

permanent magnets configured to enable a single-sided NMR measurement.

The system of any one of claims 1 to 8, wherein the one or more magnets comprise a

unilateral linear Halbach array of permanent magnets.

The system of any one of claims 1 to 9, which is configured to assess fibrosis in a liver
of a patient by a method which comprises (i) measuring a diffusion-weighted
relaxometry signal of the liver or a portion thereof; and (ii) determining a fibrosis
content of the liver or portion thereof based on the measured diffusion-weighted

relaxometry signal.

The system of claim 10, wherein the one or more RF coils and the processor are
configured to produce depth-resolved, diffusion-weighted, multicomponent T2

relaxometry measurements to assess the fibrosis content.

The system of any one of claims 1 to 9, which is configured to assess steatosis in a liver
of a patient by a method which comprises (1) measuring a relaxometry signal of the
liver or a portion thereof; and (i1) determining a fat content of the liver or portion

thereof based on the measured relaxometry signal.

The system of claim 12, wherein the one or more RF coils and the processor are
configured to produce depth-resolved, diffusion-weighted, multicomponent T2

relaxometry measurements to assess the fat content.

Use of the system of any one of claims 1 to 13, in the diagnosis of liver cirrhosis,

hepatitis, alcoholic liver disease, or cholangitis, in a patient.
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15.  Use of the system of any one of claims 1 to 13, in the diagnosis of nonalcoholic fatty

liver disease (NAFLD) or nonalcoholic steatohepatitis (NASH) in a patient.
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