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A portable single-sided magnetic-resonance
sensor for the grading of liver steatosis and
fibrosis
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Low-cost non-invasive diagnostic tools for staging the progression of non-alcoholic chronic liver failure from fatty liver dis-
ease to steatohepatitis are unavailable. Here, we describe the development and performance of a portable single-sided
magnetic-resonance sensor for grading liver steatosis and fibrosis using diffusion-weighted multicomponent T2 relaxometry.
In a diet-induced mouse model of non-alcoholic fatty liver disease, the sensor achieved overall accuracies of 92% (Cohen's
kappa, k = 0.89) and 86% (x = 0.78) in the ex vivo grading of steatosis and fibrosis, respectively. Localization of the measure-
ments in living mice through frequency-dependent spatial encoding led to an overall accuracy of 87% (x = 0.81) for the grading
of steatosis. In human liver samples, the sensor graded steatosis with an overall accuracy of 93% (x = 0.88). The use of T2
relaxometry as a sensitive measure in fully automated low-cost magnetic-resonance devices at the point of care would alleviate
the accessibility and cost limits of magnetic-resonance imaging for diagnosing liver disease and assessing liver health before

liver transplantation.

steatohepatitis (NASH) together are the leading cause of

chronic liver disease in the United States and affect more
than 1billion adults worldwide'”. It is estimated that 30-40% of
US adults have NAFLD, and approximately 20% of the cases are
expected to progress to NASH’. NAFLD is characterized by abnor-
mal fat accumulation (steatosis) in the liver and, when it progresses
to NASH, is defined by inflammation and varying degrees of fibro-
sis’. There is no widely available non-invasive diagnostic that can
distinguish between patients with NAFLD and NASH. Such a mea-
surement may enable earlier intervention, such as diet or lifestyle
modifications, bariatric surgery and pharmacologic therapies (for
example, pioglitazone and 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™®. Thus, direct measurement of steatosis and fibro-
sis may provide a highly robust diagnosis as there is a clinical need
for improved diagnostic and prognostic technologies for NAFLD
and NASH.

New approaches would enable more proactive screening of
at-risk individuals before clinical symptoms become apparent,
longitudinal tracking of disease progression to guide clinical inter-
ventions and serve as a surrogate marker to support the clinical
development of new therapeutics’”. The ideal technology would
be non-invasive, low-cost, sensitive and specific while offering both
straightforward operation and an easily interpretable report"”'.

N on-alcoholic fatty liver disease (NAFLD) and non-alcoholic

Existing approaches have the following limitations: liver biopsy
is highly invasive and suffers from sampling bias; ultrasound
suffers from high interoperator variability and limited specificity;
and serum markers are not specific to NAFLD and NASH and are
sensitive only to severe disease''"'*. Magnetic-resonance elastogra-
phy (MRE) has shown promise in grading fibrosis in the clinical set-
ting, but its high cost, driven by the need for specialized hardware,
may limit its widespread access, similar to magnetic-resonance
imaging (MRI)"°.

Magnetic resonance (MR) is exquisitely sensitive to changes
in tissue architecture and composition induced by liver steatosis
and fibrosis'’~"’. A quantitative MRI scan has the ability to robustly
extract clinically meaningful steatosis and fibrosis grades using
multicomponent T2 relaxometry across a heterogeneous patient
population with varied physiology and disease states*!. However,
its high cost, the large number of patients that need to be screened,
its requirement for a skilled operator and radiologist, its long
acquisition times and its limited accessibility preclude MRI as a
widely available diagnostic for highly prevalent liver diseases?*.
A portable MR sensor for steatosis and fibrosis grading would
leverage the diagnostic power of MRI while overcoming many of
the shortcomings of both MRI and existing approaches to NASH/
NAFLD diagnostics.

Here we demonstrate accurate staging of steatosis and fibrosis in
mouse and human livers using a portable MR sensor with histologi-
cal validation. Our approach leverages diffusion-weighted (DW)
multicomponent T2 relaxometry to provide a quantitative predictor
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Fig. 1| A portable MR sensor can accurately quantify fat content. a, An illustration of the prototype portable single-sided MR sensor for preclinical
validation studies. b, Experimental schematic for quantifying the fat fraction within synthetic tissue phantoms of variable fat content. ¢, Schematic of signal
decomposition for the multicomponent T2 relaxometry data analysis technique. A, and 7, correspond to the amplitude and relaxation time, respectively,

for a particular relaxation component. d, Time-domain decay curves acquired using the portable MR sensor for each synthetic tissue phantom. e, Fat
amplitude extracted from portable MR sensor measurements of synthetic tissue phantoms. The error bars represent the 95% confidence intervals (Cls) of

amplitude estimates. a.u., arbitrary units.

of both steatosis and fibrosis. We first demonstrated the ability of
the sensor to robustly quantify steatosis grade using synthetic tissue
phantoms. We then used the portable MR sensor to stage steatosis
and fibrosis, both ex vivo and in vivo, in a mouse model of NAFLD/
NASH and, finally, validated this in human liver tissue samples.

Results

The portable MR sensor accurately quantifies the fat fraction
in synthetic tissue phantoms. We previously designed and con-
structed a portable, single-sided MR sensor that has the ability to
perform localized MR measurements® (Fig. 1a). The sensor con-
tains a magnet assembly, based on the Unilateral Linear Halbach
design, and a solenoid radiofrequency (RF) transceiver coil*®
(Supplementary Fig. 1). The magnet assembly produces a remote,
uniform static magnetic field that, in combination with the RF

transceiver coil, has the ability to perform a measurement distal
from the surface of the sensor.

We sought to demonstrate accurate estimation of fat fraction
in known samples using the portable MR sensor. We synthesized
synthetic tissue phantoms spanning a wide range of fat fractions
(10-75% fat) consisting of emulsions of peanut oil and agar hydro-
gel”. Microscopy images of phantoms (Supplementary Fig. 2a,b)
confirmed the presence of emulsified oil droplets contained within
the hydrogel matrix”. These phantoms emulate the range of fat frac-
tions that are observed in healthy and fatty human liver and exhibit
MR relaxation properties that are similar to those observed in these
tissues”. The relaxation times and relative amplitudes of low- and
high-fat phantoms show high concordance with those of low and
high steatosis mouse livers, respectively (Supplementary Fig. 3).
Each phantom was measured with the portable MR sensor using a
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Fig. 2 | A diet-induced model of NAFLD/NASH leads to progressive steatosis followed by fibrosis in mouse livers. a, Diet composition, amino

acid source, and methionine (Met.) and choline content were varied across the following four distinct diets: LF, LFAA, HFAA and HFAAMCD. The
colours correspond to macromolecules in each diet: fat (orange), carbohydrate (red) and protein (brown). The plus sign indicates the presence of the
corresponding feature; the minus sign indicates the absence of the corresponding feature. AA def., amino acid defined. b,¢c, T1-weighted MRI of the
abdomen in mice—which were fed on an LF (b) or HFAAMCD (c) diet for 22 weeks—oriented along the coronal plane indicates liver steatosis and
hepatomegaly. For b and ¢, scale bars, 6 mm. d-o, H&E (d-f and j-1) and Sirius Red (g-i and m-0) histology images of mouse livers (x20 magnification).
Images of representative steatosis (S) grades O (d and g), 1 (e and h), 2 (f and i) and 3 (j-o0) and fibrosis (F) grades O (d-j and m), 1 (k and n) and 2

(I and o) are shown. For d-o, scale bars, 200 um.

Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence to perform
multicomponent T2 relaxometry. The 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 can be decomposed using a multiex-
ponential 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 (Fig. 1d). These syn-
thetic tissue phantoms and liver tissue produce multicomponent T2
decay signals due to the presence of multiple distinct water com-
partments (for example, intracellular versus extracellular)***'.

The slowest relaxation component corresponds to the fat com-
partment in these synthetic tissue phantoms”. The amplitude
attributed to the fat compartment from the portable MR sensor
measurements was directly related to the phantom fat fraction,
as expected” (Fig. le). Similar results were acquired when phan-
toms were measured using a benchtop nuclear magnetic resonance
(NMR) spectrometer, which serves as a gold standard for T2 relax-
ometry measurement (Supplementary Fig. 4). The benchtop NMR
spectrometer could not be used as a viable clinical diagnostic
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tool owing to its small closed bore design and limited portability.
Furthermore, this fitting procedure is able to robustly estimate
amplitudes of distinct tissue compartments across a range of het-
erogenous tissue samples. We performed Monte-Carlo simulations
to establish the necessary signal-to-noise ratio (SNR) for accurate
tissue amplitude estimation (Supplementary Fig. 5). These findings
show that this sensor can quantify the fat fraction using multicom-
ponent T2 relaxometry.

A diet-induced mouse model of NAFLD and NASH induces
a range of liver steatosis and fibrosis. We sought to induce liver
steatosis and fibrosis within a mouse model of NAFLD and NASH
progression. High-fat and nutrient-deficient diet-induced mouse
models faithfully reproduce relevant pathophysiology observed in
human disease, including progressive microvesicular and macrove-
sicular steatosis, and periportal and perisinusoidal fibrosis***. Mice
were randomly assigned to one out of four diets: low fat (LF), a stan-
dard 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% calo-
ries from fat, whereas the low-fat diets (LF and LFAA) contained
between 14% and 10% calories from fat, respectively (Fig. 2a).
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The HFAAMCD diet contained no choline and an approximately
sixfold reduction in methionine compared with the normal levels
(Fig. 2a and Supplementary Table 1). Mice were fed on these diets
for between 1 and 40 weeks to observe a wide range of liver steatosis
and fibrosis. The mice on the HFAAMCD diet exhibited marked
and progressive hepatomegaly compared with mice that were fed
the LF, LFAA and HFAA diets (Supplementary Fig. 6).

We established progression of steatosis using T1-weighted MRI
of the mouse abdomen oriented along the coronal plane before
(Fig. 2b) and after 22 weeks (Fig. 2c) of feeding on the HFAAMCD
diet. Hepatomegaly and hyperintensity of the liver indicate
steatohepatitis™’.

Haematoxylin and eosin (H&E) and Sirius Red (SR) histology
slides were prepared from each liver and were together graded for
steatosis and fibrosis on the basis of well-established guidelines®.
Representative histology images across steatosis and fibrosis grades
are shown in Fig. 2d-o. Severe steatosis developed rapidly with
fibrosis following more gradually in the mice on the HFAAMCD
diet (Supplementary Fig. 7). Mild steatosis developed consistently
in the mice on the HFAA and LFAA diets. No steatosis or fibrosis
was observed in the mice on the LF diet. Steatosis was exclusively
microvesicular in cases of mild (grade 1) steatosis. Both macrove-
sicular and microvesicular steatosis was present in all cases of mod-
erate (grade 2) and severe (grade 3) steatosis. Mild to moderate
inflammation was present in most cases of severe steatosis, espe-
cially those with any fibrosis.

The portable MR sensor accurately predicts steatosis and fibrosis
grade in ex vivo mouse livers. We next characterized the ability of
the portable MR sensor to measure liver steatosis and fibrosis in a
controlled setting without other confounding tissues (for example,
intra-abdominal fat). Freshly excised livers from mice were scanned
with the portable MR sensor using a CPMG pulse sequence (Fig. 3a).

Representative time-domain signals across steatosis grades show
increased relaxation time with increased histological steatosis grade
(Fig. 3b). The slowest relaxation component in a triexponential fit
corresponds to the fat within the liver tissue, similar to the syn-
thetic tissue phantoms. The fat amplitude estimated by the portable
MR sensor is significantly different between steatosis grades and
increases with increasing steatosis grade (Fig. 3c). Receiver oper-
ating characteristic (ROC) curves of classifiers between steatosis
grades on the basis of the fat amplitude show a very strong abil-
ity to discriminate between grades (Fig. 3d). A confusion matrix
showing the relationship between predicted and true steatosis
grade shows high-accuracy performance across all steatosis grades
(Fig. 3e). We validated the ability of multicomponent T2 relaxom-
etry to accurately and reproducibly predict steatosis grade inde-
pendently from our portable MR sensor using a benchtop NMR
spectrometer (Supplementary Fig. 8).

We measured the fibrosis within livers using a DW measure-
ment of fluid within the tissue. It is known that fibrosis is negatively

associated with the diffusivity of water within livers®. Single-sided
MR systems have previously demonstrated sensitivity to changes in
sample diffusion**. Here we leverage the inherent field inhomo-
geneity of the static magnetic field to encode diffusivity by vary-
ing the echo time of the CPMG measurement. An increased echo
time causes the signal to attenuate more rapidly in highly diffusive
samples. Our portable MR sensor has the ability to estimate rela-
tive differences in sample diffusivity using DW multicomponent
T2 relaxometry that are in agreement with gold-standard estimates,
which were generated with a benchtop NMR spectrometer using
pulse gradient spin echo measurements (Supplementary Fig. 9).
Healthy liver exhibits a high self-diffusion coefficient of extracel-
lular water compared with fibrotic livers**. Multicomponent T2
relaxometry enables identification of the signal attributed to each of
the fluid compartments within the liver, that is, intracellular water,
extracellular water and fat*>'. We define a DW liver signal as the
difference in the amplitude of the extracellular fluid component at a
short (65 ps) and long (520 ps) echo time.

This DW liver signal is correlated with fibrosis and is signifi-
cantly different between fibrosis grades (Fig. 3f). ROC curves of
classifiers between fibrosis grades on the basis of the DW liver sig-
nal show a strong ability to discriminate between grades (Fig. 3g).
A confusion matrix showing the relationship between predicted
and true fibrosis grade shows a high-accuracy performance across
all fibrosis grades (Fig. 3h). These findings highlight the ability of
our MR sensor to identify steatosis and fibrosis in mouse liver tis-
sue, opening up the possibility of staging and tracking progression
of NAFLD and NASH.

The portable MR sensor accurately quantifies the fat fraction
in human liver. Our approach generalizes to human liver tissue
obtained from whole ex vivo livers. We performed portable MR
measurements on a piece of liver tissue and then performed H&E
histological analysis on the same sample to grade steatosis. Fibrosis
was not assessed, because an insufficient number of fibrotic livers
were encountered during the study period. Representative H&E
histology images across steatosis grades are shown in Fig. 4a-c.
Steatosis was almost exclusively microvesicular in cases of mild
(grade 1) steatosis. Both macrovesicular and microvesicular steato-
sis was present in all cases of moderate (grade 2) steatosis. Mild to
moderate inflammation was present in some cases of mild steatosis
and all cases of moderate steatosis.

Human liver tissue was placed on top of the sensor, and mea-
surements were performed to identify liver steatosis (Fig. 4d).
Representative time-domain signals across steatosis grades show
an increased relaxation time in livers from patients with increased
steatosis grade (Fig. 4e). The fat amplitude estimated by the por-
table MR sensor is significantly different between steatosis grades
(Fig. 4f). ROC curves of classifiers between steatosis grades on the
basis of the fat amplitude show a very strong ability to discrimi-
nate between grades (Fig. 4g). A confusion matrix showing the
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Fig. 3 | The portable MR sensor accurately stages steatosis and fibrosis using multicomponent T2 relaxometry analysis of excised livers. a, Illustration
of portable MR sensor measurements of excised mouse livers. b, Representative time-domain plots of the T2 decay curve from liver tissue for each
steatosis grade. ¢, Estimated fat amplitude versus steatosis grade. The black lines indicate the median values. ***P < 0.001, **P< 0.01, *P< 0.05; NS, not
significant. Statistical analysis was performed using one-way analysis of variance (ANOVA) between groups, with the Tukey-Kramer test for post hoc
multiple comparisons (P=1.2x10732, F=174.02). From left to right, n=26, n=10, n=13 and n= 26 biologically independent mice. d, The ROC curves of
classifiers between steatosis grades demonstrate an area under ROC (AUROC) of 0.99 (95% Cl=0.98-1.00; grade O versus 1-3), 1.00 (95% Cl=0.99-
1.00; grade 0-1 versus 2-3) and 1.00 (95% Cl=0.98-1.00; grade 0-2 versus 3). e, A confusion matrix of predicted versus true steatosis demonstrates

an overall accuracy of 92% and a Cohen’s k of 0.89 (95% Cl=0.80-0.97). f, Estimated DW liver signal (fibrosis) versus fibrosis grade. The black lines
indicate the median values. ***P < 0.001, **P< 0.01, *P< 0.05. Statistical analysis was performed using one-way ANOVA between groups, with the Tukey-
Kramer test for post hoc multiple comparisons (P=2.6 x1077; F=37.41). From left to right, n=4, n=9 and n=9 biologically independent mice. g, The ROC
curves of classifiers between fibrosis grades demonstrate an AUROC of 1.00 (95% Cl=1.00-1.00; grade O versus 1-2) and 0.90 (95% Cl=0.79-0.96;
grade O-1versus 2). h, A confusion matrix of predicted versus true fibrosis demonstrates an overall accuracy of 86% and a Cohen's k of 0.78 (95%

Cl=0.56-1.00).
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relationship between predicted and true steatosis grade shows a measurements of larger liver tissue samples for both ex vivo and
high-accuracy performance across all steatosis grades (Fig. 4h). in vivo use.

These findings show that our portable MR sensor can be used to

accurately identify liver steatosis grade in human liver tissue sam-  Spatially selective differential acquisition enables highly local-
ples using the same methods that were developed for liver steatosis  ized remote measurements. A non-invasive measurement of the
in mice. Straightforward extensions of this approach could enable liver in vivo requires that the sensor has the ability to measure
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Fig. 4 | The portable MR sensor accurately stages steatosis from excised human livers. a-c, H&E histology images of human livers (x20 magnification).
Images of representative steatosis (S) grades 0 (a), 1(b) and 2 (c). Scale bars, 200 pm. d, lllustration of portable MR sensor measurements of excised
tissue samples from human livers. e, Representative time-domain plots of the T2 decay curve from liver tissue for each steatosis grade. f, Estimated fat
amplitude versus steatosis grade. The black lines indicate the median values. ***P < 0.001. Statistical analysis was performed using one-way ANOVA
between groups, with the Tukey-Kramer test for post hoc multiple comparisons (P=7.3x10""; F=65.29). From left to right, n=16,n=8 and n=5
independent samples. g, The ROC curves of classifiers between steatosis grades demonstrate an AUROC of 0.97 (95% Cl=0.90-0.99; grade

0 versus 1-2) and 1.00 (95% Cl=1.00-1.00; grade 0-1versus 2). h, A confusion matrix of predicted versus true steatosis demonstrates an overall
accuracy of 93% and a Cohen’s k of 0.88 (95% Cl=0.72-1.00).

NATURE BIOMEDICAL ENGINEERING | VOL 5 | MARCH 2021 | 240-251 | www.nature.com/natbiomedeng 245


http://www.nature.com/natbiomedeng

ARTICLES NATURE BIOMEDICAL ENGINEERING

a b c
1ol 1.0 11.43 MHz
Phant 08 - H-Zg m:z <ol 10 - Variable fat phantoms
antom ~ 0. w11 8
5t 1 = = Differential (10-75%)
e v | Depth (Az) S ~ 5r
€ OF RFcoil == ° 0.6 £
13 3 E 0 Fat -
NSy £ 04 N O TRF coll
£
-10} Magnet <
0.2 -5 Magnet
_15 L
. . . 0 10 ; ! ;
—-20 -10 0 10 20 1 2 3 4 5 6 7 -10 0 10
X (mm) Depth, Az (mm) X (mm)
d e fio-
11.43 MHz (distal) Steatosis . 0
— 0.8 | MM 11.66 MHz (proximal), scaled 08 —0 S
é Il Differential, scaled = - — £o2
= True fat signal ? — ) 3
2 0.6 & 06 3 £ o1
[0} E
2 3 H
2 04 2 04 03
£ . o
© £
o <
B o2 0.2
0 01 —
10 25 40 50 60 75 1.0
Phantom fat fraction (%) Time (s)
g Kkok h i
0.6 —— T
T kk%x N *k
’;:‘ 0.5 ’.‘, ° /q
S © 2
o 0.4 _-y:_ o 0.6 Steatosis AUC 5
= . 2 0 versus 1-3 — 0.972 5
3 @ 0-1 versus 2-3 —— 0.923 %
g' 03 \ { 8. 0.4 0-2 versus 3 0.920 Zi
IS & 3
- g =
g 02 £ 02
0
0 1 2 3 0 02 04 06 08 10

True steatosis

False-positive rate

Predicted steatosis

Fig. 5 | The portable MR sensor accurately stages steatosis invivo using multicomponent T2 relaxometry. a, lllustration of the depth profiling

experiment, indicating scanning of a planar sample along the depth (Az) axis above the sensor. b, Acquired depth profiles at 11.43 MHz (light grey) and
11.66 MHz (dark grey) RF excitation frequency; and a scaled depth profile at 11.66 MHz (dark grey, dotted). A differential (red) depth profile was derived
as the weighted difference between the two acquired depth profiles. ¢, Illustration of the depth-resolved fat phantom experiment with proximal (constant
fat fraction) and distal (varied fat fraction) synthetic tissue layers. d, Estimated fat amplitude with portable MR sensor with an RF excitation frequency of
11.43 MHz (distal, light grey) and 11.66 MHz (proximal, dark grey); the differential estimate (red) derived as the weighted difference of the two acquired
estimates; and the true fat signal estimate when measuring the phantom only with no proximal spacer (yellow). e, lllustration of in vivo, non-invasive
liver measurement using a portable MR sensor. f, Representative time-domain plots of the T2 decay curve from liver tissue for each steatosis grade.

g, Estimated fat amplitude versus steatosis grade. The black lines indicate the median values. ***P<0.001, **P < 0.01; *P < 0.05. Statistical analysis was
performed using one-way ANOVA between groups, with the Tukey-Kramer test for post hoc multiple comparisons (P=2.5x10""%; F=41.91). From left to
right, n=16, n=10, n=10 and n= 24 biologically independent mice. h, ROC curves of the classifiers between steatosis grades demonstrate an AUROC of

0.97 (95% Cl=1.00-0.92; grade 0 versus 1-3), 0.92 (95% Cl=0.81-0.98; grade 0-1 versus 2-3) and 0.92 (95% Cl=0.82-0.97; grade 0-2 versus 3).
i, A confusion matrix of predicted versus true steatosis demonstrates an overall accuracy of 87% and a Cohen'’s k of 0.81 (95% Cl=0.69-0.93).

tissue located within the mouse abdomen. The ideal system would
avoid more-proximal tissues that may confound the measure-
ment, 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 (Supplementary Fig. 10). We characterized
the sensitivity of the system as a function of depth at two excita-
tion frequencies, which were 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 excita-
tion frequency (Fig. 5a). These results were validated by an inde-
pendent characterization of sensitivity as a function of depth at
twelve unique RF excitation frequencies, demonstrating depth
selectivity and a trade-off between depth and signal strength
(Supplementary Fig. 11).
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We designed an acquisition strategy to localize our measurement
to a mouse liver in vivo. The sensor is more sensitive to samples
located at a distance of 1-4mm when operated at 11.66 MHz and
1-6mm at 11.43 MHz (Fig. 5b, dark and light grey, solid). A mea-
surement at 11.43 MHz would provide some sensitivity to a mouse
liver, but the measurement would be confounded by more-proximal
tissues owing to the non-zero magnitude of the 11.43 MHz signal
in a region 1-3mm from the sensor surface. We therefore sought
to design an acquisition strategy to localize the measurement
solely to a region distal (approximately 3-6 mm) from the surface
of the sensor. We computed the optimal scaling factor that, when
applied to the 11.66 MHz sensitivity profile, best aligned its most
proximal region (0-3 mm) to that of the 11.43 MHz signal (Fig. 5b,
dark grey, dotted). We then uniformly scaled the time-domain
signal generated from an 11.66 MHz signal with this scaling factor.
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We designed our system to compute the difference between
this scaled time-domain signal and the signal acquired at 11.43 MHz
to generate a differential signal that provides highly localized
sensitivity to a region solely distal from the surface of the sensor
(Fig. 5b, red).

We constructed a proximal synthetic tissue phantom with a con-
stant fat fraction (50%) and a distal phantom with variable fat frac-
tions (10-75% fat; Fig. 5¢) to demonstrate the use of this approach.
Measurements performed at 11.66 MHz, with a mean penetration
depth of 3mm, were unable to identify changes in the fat fraction
of the more-distal phantom (Fig. 5d, dark grey). Measurements
performed at 11.43 MHz, with a mean penetration depth of 5mm,
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. 5d, light grey). By contrast, the differential mea-
surement was able to both identify changes in fat fraction and more
faithfully capture the wide range of fat fractions that were observed
in the distal phantom (Fig. 5d, red). Moreover, the differential mea-
surement most closely matches estimates of fat amplitude with
the same portable MR sensor with no proximal fat spacer present
(Fig. 5d, yellow). This shows that our 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, enabling the sensor to remain
simple and low-cost.

The portable MR sensor accurately quantifies steatosis in vivo.
We then applied this measurement strategy to identify liver steato-
sis within anaesthetized mice that were placed on top of our sensor
(Fig. 5e). Scans were performed over a 10 min period in free breath-
ing animals. Representative time-domain signals across steatosis
grades show an increased relaxation time with increased steatosis
grade (Fig. 5f). The fat amplitude estimated by the portable MR sen-
sor is significantly different between steatosis grades (Fig. 5g). ROC
curves of classifiers between steatosis grades on the basis of the fat
amplitude show a very strong ability to discriminate between grades
(Fig. 5h). A confusion matrix showing the relationship between pre-
dicted and true steatosis grade shows a high-accuracy performance
across all steatosis grades (Fig. 5i). We did not assess the ability of
our sensor to identify fibrosis grade in vivo owing to animal welfare
restrictions on total anaesthesia time. These findings show that our
portable MR sensor can identify liver steatosis grade in vivo.

We hypothesized that, when our 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 tenth percentile
(Supplementary Fig. 12). Furthermore, the predicted fat amplitude
was 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
(Supplementary Fig. 13). This suggests that our measurement inad-
vertently attributed excess subcutaneous and/or intra-abdominal
fat with more severe liver steatosis. We developed a technique that
first estimates proximal tissue (for example, subcutaneous and/or
intra-abdominal fat) thickness and then performs a scan at a suf-
ficient depth such that the majority of the signal originates from
the more-distal tissue (for example, liver) to overcome variations
in proximal confounding tissue (Supplementary Fig. 14). The pres-
ence 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. We
performed numerical simulations of additional magnet arrays for
single-sided MR sensors, which indicated that the straightforward
modifications to the sensor design described here can extend the
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penetration depth (Supplementary Fig. 15). Further improvements
to signal localization and acquisition would ultimately allow for a
prospective clinical trial investigating the diagnostic and prognostic
utility of a portable MR sensor.

Discussion

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 progres-
sion. Here we demonstrated a portable MR system that has the abil-
ity to (1) accurately identify liver steatosis and fibrosis in excised
mouse liver, (2) localize its measurement to a distal region to avoid
more-proximal confounding tissues and (3) accurately identify liver
steatosis within mice in vivo and within human liver tissue. A por-
table MR sensor may have the ability to improve the screening of
at-risk individuals, enable longitudinal tracking of disease progres-
sion to guide clinical interventions and help in the development of
new therapeutics.

Traditional MRI has demonstrated highly accurate quantifica-
tion and liver steatosis and fibrosis. However, MRI is unsuitable
for routine use owing to its high cost, long measurement time, and
requirements for dedicated operators and facilities”**. Our MR
sensor offers the potential to leverage the versatility of MRI within a
portable (7kg), compact, low-power-consumption technology. The
device is straightforward to deploy and requires no skilled opera-
tor for data acquisition or measurement interpretation, therefore
eliminating the cost associated with the interpretation of MRI data
performed by a radiologist. 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 effi-
ciently sample a large volume of liver in a single measurement. Liver
biopsy core samples represent only around 1/50,000th of the total
liver volume, which introduces sampling variation. Sampling bias
is especially relevant in NAFLD, in which substantial heterogeneity
has been reported®. Liver biopsies are associated with pain, organ
injury, bleeding and death”~'. Patient attrition is high in investi-
gational studies that require regular liver biopsies, which precludes
longitudinal sampling®. An imaging-based approach, such as the
one described here, has the potential to sample the entire liver vol-
ume, overcoming the most substantial limitation of liver biopsy
(that is, spatial sampling bias) as well as patient discomfort, injury
and bleeding.

Our measurement directly examines the accumulation of fat
and progression of fibrosis. Although blood sampling is rela-
tively non-invasive and offers a convenient method for repeated
assessment of liver function, it measures liver-specific markers.
Liver-specific markers (such as alanine aminotransferase, aspar-
tate aminotransferase, alkaline phosphatase, gamma glutamyl
transpeptidase and 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. Our
approach is potentially complementary to MRE as it offers an esti-
mate of fibrosis on the basis of microstructural changes in water
compartmentalization, whereas MRE focuses on macroscopic
changes in tissue stiffness. Further applications of this approach
could enable diagnosis and longitudinal tracking of liver tumours
and hepatic iron overload.

Mouse models of liver steatosis and fibrosis for NAFLD and
NASH that are induced by high-fat and nutrient-deficient diets are
ubiquitous and well accepted. These models faithfully reproduce
relevant pathophysiology observed in human disease, including
progressive microvesicular and macrovesicular steatosis, and peri-
portal and perisinusoidal fibrosis®. Furthermore, these models
induce increased expression of genes that are associated with
lipogenesis, inflammatory cytokines, oxidative stress and serum
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liver enzyme activity’>*. In this study, we were unable to indepen-
dently assess hepatocellular ballooning and lobular inflammation,
which are key hallmarks of NAFLD and NASH progression,
as their presence was highly correlated with that of steatosis in
this mouse model.

A portable MR sensor can also have considerable diagnostic util-
ity for surgeons who perform liver transplants or hepatic resection.
Moderate and severe steatosis (for example, >30% macrosteatosis)
are independent risk factors during liver transplantation for sig-
nificant morbidity, including the risk of immediate non-function,
the 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, leading to excessive liver dis-
cards, further exacerbating the organ shortage”. A non-invasive
measure of liver steatosis would enable widespread screening of
candidate livers before transplantation to enable informed selection
of deceased donors as well as improved screening of living donors.
Furthermore, 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 with those without ste-
atosis, which is attributable to severe ischaemia-reperfusion injury
during resection and impaired parenchymal regeneration there-
after®. 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 with the ability to isolate its measure-
ment to liver tissue would require a localization technique that per-
forms well across heterogeneous patients. Our 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. Improvements to the geometri-
cal design of the sensor would improve the spatial selectivity of
the measurement. Previously described portable MR sensors have
demonstrated penetration depths of several centimetres, suggesting
a potential development path®"*>. Efforts to increase the penetra-
tion depth of our device to enable a robust in vivo measurement of
human liver tissue would probably increase the mass of the device
and, therefore, partially compromise portability compared with the
sensor described here. Our previous experience testing a portable
MR sensor in a hospital setting shows that a device mounted onto a
cart provides a suitable form-factor for point-of-care diagnostics®.
Despite these modest increases in sensor mass, the cost and porta-
bility would remain substantially improved compared with clinical
MR, and this would result in improved access to diagnostic tests
performed with this sensor in both hospital and outpatient settings.
The primary challenge is achieving an optimal balance between
penetration depth, magnetic-field strength and sensor portability.
New approaches to designing single-sided sensors, such as incorpo-
rating concepts from other single-sided sensors, may be necessary
to achieve penetration depths of several centimetres without exces-
sively compromising portability®-*2. The pulse sequences and signal
processing techniques described here are expected to generalize to
single-sided sensors designed using alternative approaches beyond
the Unilateral Linear Halbach array. More sophisticated acquisi-
tion strategies could be implemented through new pulse-sequence
design to efficiently map the relevant anatomy and isolate the sig-
nal originating from the liver. Future efforts to design a portable
MR sensor for clinical use must find the most appropriate trade-off
between accessibility, versatility across patient populations and
diagnostic utility.

Validation of this technology would require a prospectively
designed clinical study in a representative patient population.
It would then be possible to consider how this measurement,
together with existing clinical risk-factors, performs as a diagnostic
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or prognostic of NAFLD and NASH, rather than comparing it solely
against histological grading.

In summary, this research introduces the concept of portable
MR sensors as a point-of-care diagnostic tool for staging liver
steatosis and fibrosis. Broad availability of low-cost staging and
monitoring for disease progression from NAFLD to NASH would
enable earlier diagnosis, more-accurate patient stratification and
more-straightforward evaluation of investigational therapies.

Methods

Study design. The objective of the study was to determine whether multicomponent
T2 relaxometry localized to the liver using a portable MR sensor could identify and
accurately stage steatosis and fibrosis for use as a diagnostic of NAFLD and NASH.
We first demonstrated accurate fat fraction quantification with synthetic tissue
phantoms using this approach. We then showed that liver steatosis and fibrosis can be
measured using our portable MR sensor by leveraging differences in compartmental
T2 relaxation rate and diffusivity. We finally applied this technique to grade steatosis
in mice as well as in human liver samples. MR feature extraction and analysis
methods were prospectively determined. Sample sizes were determined using power
calculations on the basis of effect sizes that were 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.

Mouse model. The animal studies were approved by the Massachusetts Institute
of Technology Institutional Animal Care and Use Committee (0716-045-19)

and animals were cared for at the US Department of Agriculture-inspected

MIT Animal Facility under federal, state, local and National Institutes of Health
guidelines for animal care. Male C57BL/6NCrl mice (aged 6-7 weeks) were
purchased from Charles River Laboratories. The mice were provided ad libitum
access to standard chow for at least 72 h before 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

10 min (240 averages), and in vivo acquisition did not include respiratory gating.
Animals were anaesthetized using an IMPAC6 anaesthesia system (VetEquip,
901808) equipped with isoflurane (Patterson Veterinary, 07-893-1389) at a flow
rate of 0.51min~".

Discarded human liver model. Human donor livers that were declined for
transplantation by all of the transplant centres in the donation service area between
May and August 2019, with consent for research, were included in this study. All
of the donor livers were received through New England Donor Services (NEDS);
no organs were procured from prisoners. Donors or their surrogates (including
parents or legal guardians) provided informed consent for use of donor organs

in research. The Massachusetts General Hospital Institutional Review Board

(IRB) and the NEDS previously approved the use of discarded human tissue
(2011P001496), and all studies were performed in accordance with IRB and NEDS
approved guidelines. All of the donor livers were procured using the standard
technique of in situ cold flush using University of Wisconsin 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 h, stored in 70% ethanol, processed
to paraffin and embedded. The samples were sectioned at a thickness of
5pm and stained with either H&E or SR at the MIT Koch Institute Histology
Core Facility. Images were acquired using a Leica Aperio AT2 slide scanner
at X20 magnification.

Steatosis was graded on a scale of 0 to 3 by evaluating parenchymal
involvement at low to medium magnification power (0 for <5% involvement;
1 for 5-33%, 2 for 34-66%; and 3 for >66%)**. Fibrosis was graded using SR
slides on a scale of 0 to 4 (0 for none; 1 for perisinusoidal or periportal; 2 for
perisinusoidal and portal/periportal; 3 for bridging fibrosis; and 4 for cirrhosis).
All grading was performed by a pathologist who was blinded to the identity
of each mouse.

Multiexponential fitting. CPMG T2 decay curves were modelled as
multiexponential signals to extract relaxation times (7;) and relative amplitudes
(A)). 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:
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N
(A7) = ZAiX exp(—t/7) (1)

where j(t) is the estimated signal, N is the number of components, A 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:

ACPt TPt — ar%\minHy(t) =30l ()

where y(t) is the measured signal and ||-||, represents the L2-norm. This model
enables the discovery of the relaxation times and amplitudes of a multiexponential
signal. The second model optimizes only over the amplitudes, because the
relaxation times are specified as parameters:

AP = argmin|y(t) - 5(t, )1, 3)

This more constrained model enables the amplitudes to be estimated
more accurately and differences between signals to be described solely as
amplitude changes. SNR was defined as the maximum magnitude value
divided by the s.d. of the noise. The noise distribution was estimated from
the residuals of the fit.

Fabrication of the fat fraction phantom. Fat fraction phantoms were fabricated,
as previously described””. The components of the aqueous phase were deionized
water, sodium benzoate, Tween-20 and agar (Sigma-Aldrich). The components
of the fat phase were peanut oil and SPAN 80 (Sigma-Aldrich).

Portable MR sensor design and construction. The portable MR sensor, which
was designed and constructed in house, consists of a permanent magnet array

and an RF transceiver coil. The magnet array within the sensor comprises 180
individual N52 (Nd1Fe14B) cube magnets with a side length of 0.5inch (12.7 mm).
The magnets are 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 is 2.23, 0.76
and 2.54mm in the x, y and z directions, respectively. The magnets located in the
second, third and fourth slices along the z direction are oriented with their positive
pole facing the positive z direction. The magnets located in the first and fifth slices
along the z direction are oriented with their positive pole facing the negative and
positive y direction, respectively. The magnets located in the third slice along the z
direction are offset by 5.1 mm in the negative y direction. The magnets are housed
within an aluminium housing manufactured with a dimensional tolerance of
0.127mm. An RF transceiver coil was located on top of the magnet and consisted
of an eight-turn solenoid (AWG 32, wire diameter, 202 pm) wound around a
cylindrical PTFE bobbin (diameter, 16 mm). The coil geometry was selected to
maximize the sensitivity of the sensor. We tested several tightly wound solenoid
coils varying in diameter and number of turns were tested, and selected the coil
that maximized the SNR on a large sample intended to span the entire sensitive
region of the sensor. The magnets were enclosed within an aluminium housing

for mechanical stability and electric grounding. A Kea2 spectrometer (Magritek)
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 centred with
respect to the top surface of the sensor.

The measurement of initial sensitivity profiles versus depth was performed by
scanning a thin, planar sample of aqueous CuSO, 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 polyether ether ketone (PEEK) holder filled with aqueous CuSO,. PEEK was
used as it produced a negligible MR signal. Measurements were performed with
the centre of the sample located between 1.35mm and 7.35 mm from the sensor
surface. The surface of the sensor was defined as the top of the RF coil (as opposed
to the surface of the magnet).

The measurement of subsequent sensitivity profiles versus depth was
performed by scanning a thin planar sample that was oriented parallel to the
surface of the sensor along a line perpendicular to its surface. The sample
consisted of a 380 pm X 6 mm X 6 mm pocket machined into PEEK stock filled
with an aqueous solution of CuSO,. Measurements were performed with the
centre 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 2,000
echoes, 65 ps echo time, 110 ms repetition time, 1 ps dwell time (1 MHz acquisition
bandwidth), 12 ps pulse duration and 16 acquired points per echo using a Kea2
spectrometer (Magritek).
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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 (that is, directly adjacent to the
RF transceiver coil). A plastic cap covering the liver during scanning was used to
minimize the effect of evaporation on the tissue structure. A Kea2 spectrometer
(Magritek) was responsible for pulse-sequence generation. The average in vivo
MR signal acquisition time was 10 min, and in vivo acquisition did not include
respiratory gating. Measurements were performed in an unshielded environment
without using a Faraday cage. All data acquired with the portable MR sensor

were modelled as a multicomponent exponential decay (equation (1)) and fit

to the model that is described in equation (2). The resulting time constants,
corresponding to distinct compartments, were learned from the fit result and were
subsequently used in equation (3) to quantify relative signal amplitude originating
from each compartment.

MRI image acquisition. MRI scans were acquired using a 7R/310/ASR (Agilent,
formerly Varian) scanner with vnmrj (v.3.2b) equipped with a 38 mm whole-body
coil. Qualitative T1-weighted scans were performed with fast spin echo multi slice
with a 256 X 256 resolution, 143 ms repetition time and 20 ms echo time. Image
reconstruction was performed using the standard built-in method provided by vnmrj.

Statistical analysis. Differences between groups were assessed using ANOVA with
Tukey-Kramer test for post hoc multiple comparisons. The 95% Cls (a=0.05)

for all of the parameter estimates, shown with error bars, in multicomponent
exponential fits were computed assuming an asymptotic normal distribution for
each estimate.

Reporting summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

The main data supporting the results in this study are available within the paper
and its Supplementary Information. The raw and analysed datasets generated
during the study are too large to be publicly shared, yet they are available for
research purposes from the corresponding author on reasonable request.

Code availability
All code used for the analysis of data generated during the study is available from
the corresponding author on reasonable request.
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