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2Division of General Internal Medicine, Department of Medicine, University of California San 
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3Bariatric and Metabolic Institute, Division of Minimally Invasive Surgery, Department of Surgery, 
University of California San Diego

4Livivos Inc, San Diego CA

Abstract

Purpose: To assess feasibility and accuracy of Point-of-care (POC) NMR-PDFF in phantoms 

and in a human pilot study in a POC setting.

Methods: POC NMR (LiverScope, Livivos, San Diego CA) PDFF measurements were obtained 

of certified phantoms with known PDFF values (0–40%). In an IRB-approved, HIPAA-compliant 

prospective human study, a convenience sample of participants from an obesity clinic was enrolled 

(11/2020 to 06/2021). Inclusion criteria: body mass index (BMI) = 27– 40 kg/m2, willingness to 

undergo POC NMR and MRI-PDFF measurements. Liver PDFF was measured by POC NMR and, 

within 35 days after, by a confounder-corrected chemical-shift-encoded MRI PDFF acquisition 

and reconstruction method. Adverse events were documented. Linear regression analyses were 

performed.

Results: POC NMR-PDFF measurements agreed with known phantom PDFF values (R2=0.99). 

Fourteen participants were enrolled in the pilot human study. MRI-PDFF could not be obtained in 

4 participants (claustrophobia reaction, n=3, exceeded size of MR scanner bore, n=1). POC NMR 

was unevaluable in 2 participants (insufficient signal penetration depth, n=1, failure to comply to 

instructions, n=1). Technical success was 11/13 (85%) for POC NMR PDFF.

In 7 participants (4 female; aged 31–74 years; median BMI 35 kg/m2), MRI-PDFF (range 2.8–

18.1%), and POC NMR-PDFF (range 3–25.2%), agreed with R2=0.94. POC NMR had no adverse 

events.
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Conclusion: POC NMR measures PDFF accurately in phantoms and, in a first-in-human pilot 

study, is feasible and accurate in adults with obesity. Further testing to determine precision and 

accuracy across larger and more diverse cohorts is needed.

Summary statement:

Point-of-care MR technology can quantify PDFF accurately in certified PDFF phantoms 

(R2=0.99) and human adults with obesity and at risk for NAFLD (R2=0.94).

Keywords

Hepatic steatosis; proton density fat fraction; point of care magnetic resonance; diffusion contrast

Introduction

Nonalcoholic fatty liver disease (NAFLD) is highly prevalent (1–3) and exerts tremendous 

economic strain on the world economy (4–6). This condition is progressive and may lead 

to steatohepatitis (NASH) and has been linked to cardiovascular disease, diabetes, cirrhosis, 

and cancer. Steatosis, a hallmark and initiating pathogenic feature, represents fat droplets 

in hepatocytes. The current noninvasive gold standard for steatosis assessment is chemical 

shift encoded (CSE) magnetic resonance imaging-based proton density fat fraction (MRI-

PDFF). This biomarker quantifies liver fat and is used for clinical diagnosis and monitoring, 

and in pharmaceutical clinical trials. While accurate, MRI-PDFF is suboptimal for some 

applications due to high cost and limited availability as well as MRI contraindications such 

as claustrophobia. A well-tolerated point-of-care (POC) test that is accurate and reliable 

could enhance clinical diagnosis, facilitate clinical trial screening, and expand access to 

advanced diagnostic technology. Ultrasound (US) has point-of-care capability and can detect 

steatosis, but is not yet reliable for detecting lower levels of steatosis or for quantifying 

steatosis across its entire range (7–11).

POC NMR (LiverScope®, Livivos Inc., San Diego, CA) is a novel MR-based technology 

developed to measure PDFF, as well as other MR tissue properties, with POC capability 

(US20180220949 and US20190076080). The technology uses a custom-shaped open 

permanent magnet array (0.2 Tesla) integrated with a standard clinical gurney. Any room 

large enough to contain a gurney is adequate. Room shielding is not needed. To measure 

PDFF, a custom NMR pulse sequence is used while the patient lies on the gurney in the 

right-side down decubitus position. Signals from a ~8 cm diameter, 1 cm depth range in the 

liver 50 mm from the skin surface are collected. Fat and water signals are differentiated, and 

the PDFF calculated - as described in Methods.

Herein, the feasibility and accuracy of POC NMR-PDFF in phantoms and in a first-

in-human pilot study was assessed. For the human study, adults with obesity were 

recruited, POC NMR in a point-of-care setting was performed, and PDFF was measured 

contemporaneously with magnitude-data confounder-corrected chemical-shift-encoded MRI 

(MRI-M) - as reference (12,13).
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Methods

POC NMR fat fraction determination theory:

Traditional NMR-based fat fraction assessment relies on separation of fat and water signals 

based on their chemical shift. This can be accomplished with NMR spectroscopy, where 

fat and water signals are represented by different spectral peaks, or chemical-shift-encoded 

multi-gradient-echo imaging with appropriate echo spacing (14,15). These approaches must 

address confounding factors – such as spectral complexity, T1 bias, transverse relaxation 

bias, and other factors – for accurate PDFF determination.

POC NMR PDFF determination is based on a fundamentally different approach, diffusion 

contrast. As the diffusion coefficient of water is about 10 times higher than that of fat, a 

clear separation of water and fat signals may be attained by obtaining images over a range 

of b-values sufficient for this purpose. Clinical MRI systems cannot separate water and fat 

signals based on diffusivity differences because they cannot achieve this range of b-values. 

By comparison, POC NMR can generate fat-water diffusion contrast because it applies a 

strong constant field gradient able to produce sufficiently high b values (over 15,000 s/mm2). 

To detect signals from fat and water, POC NMR applies a modified CPMG pulse sequence 

comprising a preparatory pulse followed by refocusing pulses with a 90-degree shifted 

phase. Phase cycling of the RF pulses and signal channels is performed to eliminate spurious 

signals. T2 is measured in the time series during CPMG acquisition and incorporated into 

the signal model. Although perfusion is a known confounder of ADC of water, this is not 

relevant to the PDFF estimation approach used here because only fat / water contrast is 

required for the calculation. The water perfusion and water diffusion components need not 

be separated. To minimize the effects of bulk motion on signal amplitude, acquisitions were 

taken during breath holds (to minimize respiratory motion) and with the patient positioned 

right side down (to minimize effects of cardiac motion on the right lobe of the liver). 

Unlike spectroscopy and chemical-shift-encoded MR imaging, there is no need for spectral 

modeling because the fat and water NMR signals are separated based on a physical property 

that applies to entire fat or water molecules (diffusivity), not on a chemical property that 

applies to individual hydrogen protons within those molecules (chemical shift).

Diffusion Contrast—As the diffusion coefficient of liver water is approximately 1×10−3 

mm2/s, which is on the order of 10 times higher than that of fat, a clear separation (partial 

or complete) of the NMR responses may be attained. The differentiation of the signals is 

achieved by NMR measurements in the presence of a static high field gradient (G) with 

CPMG pulse sequences with different inter pulse spacing or with a CPMG sequence with a 

diffusion encoding preparation stage. Phase cycling of the RF pulses and signal channels is 

performed to eliminate unwanted spurious signals (Figure 1).

In the phantom and in-vivo studies described in the present manuscript, the signal amplitude 

at varying diffusion encoding times is used to compute the relative amount of fat and water. 

The signal decay in a CPMG sequence in the presence of a field gradient depends on 

the inter echo spacing. The higher the diffusion coefficient, the faster the decay (16). An 

effective way to achieve diffusion encoding is by applying a number of “preparation pulses” 

followed by a Hann or multi-echo (e.g. CPMG) sequence. The diffusion encoding times can 
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be varied to adjust the b value, while the time parameters of the CPMG sequence are not 

changed.

Diffusion Contrast Confounders—The POC NMR sequence is designed to address 

potential confounders. T1 bias is minimized by utilizing a recycling delay (~1000ms) about 

5x longer than the T1 of liver water at 0.2T (~200ms) (17–19). It minimizes potential 

confounding effects of perfusion by performing rapid acquisitions (μs timescale) that are 

sensitive only to diffusion, not perfusion. It minimizes T2* decay effects by applying 

refocusing pulses and calculating T2 at spin echo peaks (Figure 1) to calculate the T2. 

Unlike spectroscopy and chemical-shift-encoded MR imaging, there is no need for spectral 

modeling because the fat and water NMR signals are separated based on a physical property 

that applies to entire fat or water molecules (diffusivity), not on a chemical property that 

applies to individual hydrogen protons within those molecules (chemical shift). Transverse 

relaxation is not a confounder because the signal amplitude is determined at the zero-

crossing point in the time series, so the measurement is effectively independent of T2.

POC NMR PDFF calculation—The NMR signal amplitude decreases as a function of the 

diffusion encoding time (TD). A b value is used to scale the time series with the static field 

gradient, G (16).

b = γ2 G2 TD3
12

where γ, the gyromagnetic ratio of proton spins = 267,520,000 rad/(sT)

G = 1.875 T/m for the current version of the device, at the chosen operating depth, and 

therefore, for the diffusion encoding times used in the pulse sequence:

b range = 20 − 15, 000 s/mm2

For reference, clinical MRI scanners utilize transient gradient magnetic fields with 

amplitudes of 30 – 45 mT/m giving b values ~500 – 1000 s/mm2. This allows POC NMR 

to observe molecular dynamic effects over a wider time-scale range than clinical MRI 

instruments. For example – as shown below, signals from water and fat can be clearly 

separated based on their diffusion coefficients.

For the pulse sequence shown in Figure 1, the signal amplitude for the first echo is a 

function of the initial pulse separation. Then, each echo in the CPMG section decays 

exponentially. In the case of a signal generated by fat and water proton signals, the decay is 

represented by a double exponential decay.

To increase signal to noise ratio (SNR), the diffusion encoding sequence is repeated and 

the signal is averaged. For random Gaussian noise, when the repetition is performed after 

the spins are fully polarized (long recycling delay), the SNR increases approximately as the 

square root of the number of repetitions.
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For a recycling delay, or time between sequences rd, the NMR signal amplitude (A) at a time 

t along the CPMG time series for a diffusion encoding time (TD), is

A(b, t) = Aw(b = 0, t = 0)e−Dwbe− t
T2w 1 − e− rd

T1w

+ Af(b = 0, t = 0)e−Dfbe− t
T2f 1 − e− rd

T1f

Aw(b=0, t=0) is the signal amplitude of the first echo (t=0) from water protons when there is 

no diffusion encoding (b = 0). This is proportional to the concentration of protons in water. 

In a similar way for fat protons, Af(b = 0, t = 0). The Proton Density Fat Fraction is,

PDFF = 100%
Afat(b = 0, t = 0)

Afat(b = 0, t = 0) + Awater (b = 0, t = 0)

For full polarization prior to repeating the pulse sequence, or rd ≫ T1f and T1w,

A(b, t) = Awater (b = 0, t = 0)e−Dwbe− t
T2w + Afat(b = 0, t = 0)e−Dfbe− t

T2f

In this case, no T1 correction is necessary.

It is observed that for fast CPMG sequences without diffusion encoding the total (water and 

fat) signal at time t is,

A(b = 0, t) = Awater(b = 0, t = 0)e−t/T2w + Afat(b = 0, t = 0)e−t/T2f

For long diffusion encoding times where 1
Df

> ∼ b > > 1
Dw

, only the fat signal is observed,

A(b, t) = Afat(b, t) = Afat (b = 0, t = 0)e−Dfbe−t/T2f

By collecting the diffusion-encoded NMR signals at various encoding times (b values), the 

PDFF and diffusion coefficients for water and fat are computed. At each b value the CPMG 

time series is represented by a double exponential decay, with T2f and T2w relaxation times.

POC NMR device design:

The POC NMR device is a custom-shape compact, open-magnet and radiofrequency antenna 

that generates a sensitive volume in a remote area outside of the sensing probe. In this study, 

we used a prototype magnet that was 35 cm wide with a maximum field strength of 210 

mT at 35mm depth. To perform measurement at a gradient of 1.875 T/m, an operating depth 

of 50mm was chosen. Coupled with this magnet, the modified CPMG sequence acquired 

signals from a discoid volume 8 cm in diameter, 1 cm thick. The volume interrogated by 

POC NMR is approximately 10 cm3 (estimated by Bloch equation (20)) and can be modified 
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by changing the duration of the excitation pulse. The experimental parameters used are given 

in Table 1.

Study design:

This pilot project included a phantom study and an IRB-approved, HIPAA-compliant, 

prospective, first-in-human study. POC NMR PDFF measurements were compared to known 

PDFF values (phantom study) or to contemporaneous MRI-M PDFF measurements (human 

study).

Phantom study: Four certified PDFF phantoms (Calimetrix, LLC, Madison, WI), with 

known PDFF values from 10 to 40%, and a pure water phantom, representing 0% PDFF, 

were positioned above the POC NMR probe, centered with the flat antenna element, 

ensuring the sensitive volume was inside of the phantom (Figure 2). POC NMR-PDFF 

measurements for the phantom study were made using a modified CPMG pulse sequence as 

explained above.

Human pilot study: For the human study (IRB # 201164), a convenience sample 

size of 14 adults was chosen based on feasibility and precedence of prior published 

pilot studies of this type (21). Adult participants were recruited from the University of 

California, San Diego Bariatric and Metabolic Institute, between November 2020 and 

June 2021. Obese participants are at risk for having liver steatosis, but also have an 

expected wide range of liver fat, including normal (22). Further, obese participants constitute 

a technically challenging study population and validation in obese participants can be 

extended to validation in non-obese individuals. Inclusion criteria were: age ≥ 18 years; 

known or suspected NAFLD based on prior liver biopsy or clinical data (such as diabetes, 

hyperlipedemia, or other components of metabolic syndrome in absence of excess alcohol 

intake and other liver diseases), and body mass index (BMI) = 27–40 kg/m2. Potential 

participants were excluded if they were pregnant or trying to become pregnant, or if they 

had a contraindication to MRI. After providing informed consent, enrolled participants 

underwent anthropometric measurements (weight and height were measured by a medical 

assistant, and waist circumference was measured by a physician), a POC NMR examination 

in a clinic room within the bariatric center (see below) and, within 35 days after, an MRI 

examination on a full-body clinical system (see below).

POC NMR-PDFF Exams:  The prototype POC NMR device was placed in a standard 

clinic room in the UCSD bariatric and metabolic institute. Participants were positioned in 

the right decubitus position (Figure 3). The center of the POC NMR probe was aligned 

with the participant’s xiphoid process and POC NMR measurements were obtained and 

interpreted for PDFF by trained personnel. The NMR response was attained for phase-

cycled CPMG-like sequences using 24 separate b values (20–15,000 s/mm2 used in human 

experiments) and a short excitation pulse. Each b value was obtained during a separate 

6-second breath hold. Inter-acquisition spacing was several seconds. Total examination time 

for the preliminary protocol used in this study, including initial set up, positioning, b-value 

acquisitions, and pauses between acquisitions was ~ 20 min. Total active acquisition time 

was <3 min.
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POC NMR-PDFF analysis:  The amplitude of the NMR signal was measured for a 

series of diffusion encoding times (b values) (Figure 4A). To increase sensitivity, a train 

of refocusing pulses was added after the diffusion encoding stage of the pulse sequence 

(Figure 1). The contributions of water and fat protons to the measured signal were separated 

based on diffusion coefficients. These contributions were used to compute the PDFF.

MRI-PDFF Exams:

Image Acquisition:  MRI exams were performed on enrolled participants by trained 

MR technologists at our institution’s Clinical and Translational Research Institute using a 

clinical 3T MRI scanner (GE Signa Discovery MR750, GE Healthcare, Waukesha, WI) with 

a 32-channel phased-array torso coil centered over the liver. Participants were positioned 

in the scanner feet first and supine. Following a 3-plane localizer, a confounder-corrected 

chemical-shift encoding 2D MRI sequence was performed. The sequence uses a low flip 

angle (10°) relative to TR (150 ms) to minimize T1 effects and acquires six spoiled gradient 

echoes at evenly-spaced, nominally out-of-phase and in-phase echo times (TEs) from 1.15 

to 6.9 ms were used to permit chemical-shift-based separation of fat and water signals and 

correction for R2* signal decay. Slices were prescribed to cover the entire liver in a single 

breath-hold of 20 seconds.

MRI-PDFF postprocessing:  Parametric MRI-PDFF maps were generated by the scanner 

computer which applied a custom algorithm pixel-by-pixel to the source images (23). The 

algorithm assumes exponential R2* signal decay across the TEs and models water as a 

single peak at 4.7 ppm with fat being a multi-component signal with relative amplitudes 

0.047, 0.039, 0.006, 0.120, 0.700, and 0.088 at 5.30, 4.20, 2.75, 2.10, 1.30, 0.90 ppm, 

respectively (24).

MRI-PDFF analysis:  A trained image analyst placed a 1-cm radius ROI in each of the nine 

liver segments as previously described (25) (Figure 4B). The 9-segment average liver PDFF 

was computed and reported.

Skin-capsule distance (SCD) calculation:  An image analyst manually measured the SCD 

using the MR images with the following approach: The 3-plane localizer was used to 

identify the table positions of the superior and inferior liver edges. The center location 

was calculated using the table position arithmetic mean. On the axial PDFF slice that 

corresponded most closely to that center location, the analyst identified the coordinates 

of the anterior and posterior edges of the liver. The middle location was found using the 

arithmetic mean. The SCD was then measured as the shortest horizontal line from the 

middle location of the liver capsule edge to the skin edge.

Statistical analysis:  For both the phantom and human study, a Bland-Altman analysis was 

performed and the following Quantitative Imaging Biomarkers Alliance (QIBA)-advocated 

agreement metrics were calculated: bias and its significance, limits of agreement (LOA), 

reproducibility coefficient (RDC), intra-class correlation (ICC) and paired data coefficient 

of variation (CV) (26). Linear regression was used to model reference MRI-PDFF values 

(known values in phantom studies, chemical-shift-encoded MRI-derived values in human 
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studies) as a function of investigational POC NMR-PDFF values. Goodness-of-fit (R2), 

slope, and intercept of the regression model were reported. Additionally for the human 

study, the patient sample was summarized descriptively.

Results

POC NMR accuracy with PDFF phantoms

Goodness of fit for the manufacturer certified PDFF vs LiverScope PDFF model was R2 = 

0.99 (Figure 5-left panel), demonstrating a high level of agreement. The regression equation 

is Phantom PDFF=1.03*POC NMR PDFF + 0.76. A Bland-Altman analysis (Figure 5-right 

panel) shows the ICC is 0.99, the RDC is 3.09% and the LOA are (−1.81, 4.37).

Human POC NMR study

Study participants—Fourteen participants with obesity were enrolled (Figure 6). One 

participant withdrew prior to any imaging procedures. The remaining 13 participants 

underwent at least one attempted imaging procedure (Table 2). One participant underwent 

POC NMR only and was lost to follow up prior to scheduling MRI. Twelve participants 

underwent both MRI and POC NMR. In one of these 12 participants (ID #11), POC NMR 

failed due to body habitus preventing acquisition of signals from the liver. The signal 

response in this participant was visually consistent with adipose tissue, indicating that 

the interrogated volume comprised only subcutaneous or visceral fat. The SCD was not 

measured in this participant because they were lost to follow up and did not undergo an MRI 

exam. One participant could not comply with the instructions, resulting in unevaluable POC 

NMR data (ID #3). Notably, this participant underwent MRI and the results were evaluable. 

Four participants did not complete MRI exams: three due to claustrophobia reactions that 

prohibited exam completion (ID #4,6,8) and one who could not enter the scanner due to 

girth exceeding bore diameter (ID #13). Thus, technical success was 11/13 (85%) for POC 

NMR PDFF and 8/12 (67%) for MRI PDFF.

The seven participants with evaluable contemporaneous MRI-PDFF and POC NMR PDFF 

measurements were included in the accuracy analysis (Table 2). Four (57%) were female. 

Their ages ranged from 31 to 74 years, and their median BMI was 35.4 kg/m2. Median time 

interval from MRI to POC NMR exam was 18 days (range 7–35 days).

POC NMR accuracy with reference to MRI-PDFF—MRI-PDFF measurements 

ranged from 2.8% to 18.1% (median 11.05%). POC NMR-PDFF measurements ranged from 

3% to 25.2% (median 10.2%). The MRI PDFF vs. LiverScope PDFF linear regression model 

(Figure 7-left panel) shows adjusted R2 = 0.94. The regression equation is MRI_PDFF = 

1.15*POC NMR_PDFF - 1.46. Bland-Altman analysis of MRI-PDFF and POC NMR-PDFF 

(Figure 7-right panel) shows no bias with limits of agreement of −2.45%, 2.57%. The ICC 

with 95% confidence interval is 0.97 [0.83, 0.99], CV=9.35%, RDC = 2.51%. Figure 4 

illustrates PDFF measurements made by POC NMR and chemical-shift-encoded MRI in a 

31-year old adult with BMI of 35.9 kg/m2.
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Discussion

Point-of-care NMR was investigated as an approach for liver fat quantification in a pilot 

and feasibility study. In certified PDFF phantoms, POC NMR PDFF agreed closely with 

ground-truth PDFF values (R2 = 0.99). In human adults with obesity and at risk for NAFLD, 

POC NMR performed in a point-of-care setting was feasible and agreed closely with 

contemporaneous MRI-PDFF reference standard values (R2 = 0.94) (10,23,25,27–32) POC 

NMR was well tolerated and no associated adverse events were reported. By comparison, 

three participants had claustrophobia reactions during MRI resulting in exam termination 

before PDFF sequences acquisition. This rate of claustrophobia reactions in this study (23%) 

is high compared to other studies even considering previous reports measuring the rate of 

claustrophobia reactions in MRI exams to be as high as 15% (33–35). This observation is 

likely an effect of the small sample size and should not be used to make final conclusions 

regarding the technical success of MRI PDFF.

This was a first-in-human feasibility trial of this POC NMR device. POC NMR was 

technically successful in 11 of 13 participants. To place this into context, MRI was 

successful in 8 of 12 participants, although the study was too small and not designed to 

compare the technical success rate of these two methodologies. Of the two participants who 

failed POC NMR exams, one was not able to comply with the exam, preventing adequate 

data collection. This participant had evaluable MRI PDFF. One participant had technical 

failure due to insufficient penetration of the device. This is evident as the measured NMR 

parameters are characteristic of adipose tissue and not liver fat and water. SCD was not 

calculated for this participant because were lost to follow up when attempting to schedule 

the MRI exam. Without associated imaging, the exact measurement location cannot be 

determined by POC NMR, so the NMR signal is evaluated to determine if the measurement 

is collected in the liver. Additionally, measurement could be affected by lesions or other 

large structures in the measured area. Such lesions were not observed in this study but in 

future studies we will examine the corresponding portion of the liver on contemporaneous 

MRI to assess the frequency of lesions such as large cysts in the area.

These results suggest that the current prototype is adequate for measuring liver fat in obese 

adults with a supine SCD up to about 5.8 cm. The supine SCD is likely significantly longer 

than the SCD using right side down decubitus positioning which is used for POC NMR 

measurements. To investigate maximum penetration depth in humans, future studies will 

evaluate the SCD in the same position used for POC NMR measurements. Participants with 

obesity can be especially challenging for POC methods due to limited signal penetration 

of such devices. The positive correlation reported here demonstrates the feasibility of this 

technology in this technically challenging patient population. Increased penetration depth 

may be necessary to enable POC NMR measurements in severely obese patients. This may 

require future modifications of the antenna geometry and transmitter design, as well as 

further optimization of the pulse sequence.

Several POC methodologies for measurement of liver fat are in clinical use or development. 

US is an attractive modality for POC determination of liver fat. It is relatively low cost and 

does not involve ionizing radiation. However, qualitative US relies on subjective measures 
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of steatosis including near field echogenicity, and (due to fat attenuation) blurring of deep 

structures. Imaging is limited in patients with obesity, reported accuracy is relatively low 

(especially for low steatosis grades) and there is high reader variability (7–9). Quantitative 

US (QUS) may potentially address subjectivity and variability by analyzing radiofrequency 

data to derive objective measures such as the attenuation and backscatter coefficients (9). 

Correlation between QUS-derived parameters and MRI PDFF has been reported to be 

ρ=0.69 (9), r=0.85 (10), and ρ=0.82 (11) in recent studies. Our preliminary study suggests 

that the correlation between POC NMR and MRI-PDFF may be higher, though further 

validation is required. Compared to QUS, POC NMR has the added advantage of producing 

an absolute fat fraction quantification rather than indirect parameters such as controlled 

attenuation parameter.

The leading magnetic resonance-based approach for PDFF quantification is CSE-MRI. 

This technology is available on clinical scanners and offers a wide dynamic range with a 

high degree of accuracy for detection of steatosis (AUROC 0.99), and has been validated 

in animal and human studies for quantifying fat content using biopsy and MRS as the 

reference standard (36). MRI PDFF can be obtained using MRI magnitude (MRI-M) or MRI 

complex (MRI-C) measurements. The ICC between MRI-M and MRI-C for the 9-segment 

average is 0.995 (37) and between MRI and MRS is 0.987–0.998 depending on the flip 

angle used (38). In fat-water phantoms evaluated with MRI-PDFF across 6 sites, 3 device 

manufacturers, and 2 field strengths, the ICC was 0.999 (39). The ICC reported here for 

the human study using POC NMR is 0.97. Moreover, in a meta-analysis comparing MRI 

to MRS, including 3191 PDFF measurements in 1679 subjects, the LOA were (−3.95, 

+3.70). Similarly, the LOA in the present study were (−2.45, +2.57), indicating comparable 

precision. An important difference between MRI and POC NMR is that MRI evaluates 

the entire liver, while POC NMR only evaluates a volume (~10 cm3) in the right lobe. 

Therefore, heterogenous liver fat deposition may confound conclusions of the measurement. 

However, this is also the case for biopsy (~10–20 mm3) (40) and commercial POC 

ultrasound devices evaluating controlled attenuation parameter (~ 3 cm3) (41). Compared to 

MRI-PDFF measured on clinical scanners, POC NMR may offer unique advantages such as 

the small size and open design, which avoids issues with claustrophobic patients, a problem 

that affected 3 of our participants in this study. In addition, it is potentially widely available 

due to lower cost, and ease of use.

This pilot study is limited in the size and PDFF range in the human study cohort. Only 

7 participants had evaluable POC NMR PDFF and MRI PDFF measurements. The small 

sample size leads to some statistical uncertainty. There is no in-vivo PDFF data above 

18% and this dataset only has two points in the low range of liver fat. Repeatability is 

also important but was not assessed in the current study. Finally, the potential confounding 

effects of primary liver pathology were not studied. Study participants were recruited from 

an obesity clinic to assure a wide PDFF distribution without substantial primary liver 

disease. POC NMR should be validated in a study population with a range of primary 

hepatic diseases. Future studies are being planned to sufficiently power accuracy and 

precision analysis with a larger cohort, a wider PDFF range, and a wider spectrum of 

primary hepatic diseases. This will enable evaluation of accuracy and linearity for low, 

intermediate, and high PDFF measurements and the assessment of possible confounders 
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in the target population. Test-retest repeatability will be measured by obtaining multiple 

scans per participant with participant repositioning. The total test time using the preliminary 

algorithm used in this study was 20 minutes, which is comparable to MRI. Studies are 

ongoing to optimize the acquisition such that all necessary data is acquired within a single 

breath hold. This study evaluated POC NMR PDFF as the only biomarker. But POC NMR 

potentially can measure other MRI properties, such as diffusion coefficients and relaxation 

values, which have been shown to have diagnostic value (42–44). Future work will assess 

the accuracy and biological or clinical relevance of these other measurements, especially 

as they pertain to liver fibrosis and inflammation. The pulse sequence used in POC NMR 

can be further modified to optimize for shorter examination times, for example the number 

of b values scanned could be reduced to 3 or 4 and the echo train length may be reduced, 

optimizing for test duration with a threshold sensitivity or precision.

Conclusions

POC NMR is a point of care device that shows high agreement with MRI-PDFF in both 

phantoms and human participants. Preliminary results are encouraging. Further research 

to establish reproducibility and accuracy over a wider range of PDFF values is needed to 

validate this new technology.
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Key results:

Point-of-care (POC) NMR is a novel technology for liver fat quantification.

• POC NMR PDFF agreed closely with ground-truth PDFF values in 

commercial PDFF phantoms (R2 = 0.99)

• POC NMR was feasible in an outpatient clinic, had no demonstrated adverse 

events, and agreed closely with contemporaneous MRI-PDFF reference 

standard values (R2 = 0.94) in human adults with obesity and at risk for 

NAFLD
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Figure 1. 
Diffusion encoding pulse sequence used in POC NMR. Excitation pulse (Θ1) and refocusing 

pulses (Θ2) generate a diffusion-weighed echo, followed by a train of refocusing pulses, Θ3.. 

TD= diffusion encoding time, which is changed to achieve different b values. τ= inter echo 

spacing time during refocusing pulse sequence. Figure adapted from (16) with modification.
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Figure 2. 
POC NMR measurement of PDFF phantoms
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Figure 3. 
POC NMR clinical examination demonstration. (a) Schematic of POC NMR device in 

relation to patient and liver. (b) schematic of LiverScope measurement in a human 

participant
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Figure 4. 
(a) POC NMR PDFF determination for patient #5 using diffusion curves. Black markers 

represent measured signal amplitude following a diffusion encoding sequence, repeated 

for multiple b values. Measured data can be separated into a water diffusion curve and 

a fat diffusion curve. (b) MRI PDFF determination using magnitude-reconstruction based 

confounder-corrected chemical-shift-encoding sequence for the same patient. A mean from 

9 ROIs (green circles) representing anatomical liver segments (yellow numbers) was used to 

calculate an average liver PDFF for each participant (white numbers).
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Figure 5. 
POC NMR-PDFF measurements in phantoms. (a) linear regression model (blue), Identity 

line (grey). (b) Bland-Altman analysis.
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Figure 6. 
Human study consort diagram
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Figure 7. 
MRI and POC NMR PDFF agreement in human pilot study. (a) linear regression model 

(blue), Identity line (grey). (b) Bland-Altman analysis. The horizontal blue line near 0 marks 

the bias.
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Table 1.

Experimental parameters

B values [s/mm2] 20, 55, 68, 84, 104, 131, 165, 208, 264, 336, 429, 550, 707, 911, 1177, 1525, 1981, 2577, 3360, 4387, 5739, 
7519, 9863, 12955

Diffusion encoding times [ms] 1 – 8.5

Spin echo time [μs] 300

RF pulse duration [μs] 50–100

# repetitions 16
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Table 2.

Participant information

ID Gender Age Weight 
(kg)

Height (m) BMI 
(kg/m2)

Waist 
Circum. 

(cm)

SCD (cm) MRI PDFF POC NMR 
PDFF

*POC NMR evaluable, MRI evaluable

1 F 74.0 92.3 1.6 34.4 111 4.8 9.2 9.6

2 F 69.0 79.1 1.5 34.0 103 4.4 13.5 13.4

5 F 44.0 90.6 1.6 35.4 103 3.9 9.8 9.6

7 F 62.0 76.3 1.6 31.8 104 5.8 12.4 10.6

9 M 31.0 99.4 1.7 35.9 111 5.0 18.1 16.5

10 M 40.0 136.1 1.9 36.5 129 4.1 2.8 3.0

12 M 53.0 111.6 1.8 36.3 124 5.2 5.4 7.0

mean 53.3 97.9 1.7 34.9 112.1 4.7 10.1 10.0

std 15.9 20.6 0.1 1.7 10.5 0.6 5.1 4.3

POC NMR evaluable, MRI not evaluable

4 M 41.0 100.2 1.7 33.6 116 Fail (claustrophobia) 25.2

6 F 46.0 86.1 1.6 34.7 116 Fail (claustrophobia) 17.3

8 M 47.0 118.8 1.8 36.5 129 Fail (claustrophobia) 9.8

13 M 61.0 110.2 1.9 30.8 116 Fail (did not fit MRI) 9.0

POC NMR not evaluable, MRI evaluable

3 F 64.0 90.7 1.5 38.1 117 6.0 17.8 Fail (exam 
compliance)

POC NMR not evaluable, MRI not evaluable

11 F 38.0 104.3 1.7 36.6 112 Lost to follow up prior to 
MRI

Fail (did not 
reach liver)

mean (all participants) 49.0 93.8 1.6 32.0 106.5 4.3 9.6 11.2

std (all participants) 15.8 27.4 0.4 9.3 30.2 1.5 4.7 5.9

*
Included in accuracy analysis for Figure 7.
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