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Abstract

Purpose: Undiagnosed dehydration compromises health outcomes across many populations. Existing
dehydration"diagnostics require invasive bodily fluid sampling or are easily confounded by fluid and

electrolyte intake, environment, and physical activity limiting widespread adoption. We present a portable
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magnetic resonance (MR) sensor designed to measure intramuscular fluid shifts to identify volume

depletion.

Methods: Fluid loss is induced via a mouse model of thermal dehydration (37 C, 15-20% relative
humidity). ' We demonstrate quantification of fluid loss induced by hyperosmotic dehydration with
multicomponent T2 relaxometry using both a benchtop NMR system and MRI localized to skeletal
muscle tissue. We then describe a miniaturized (~1000 cm?) portable (~4 kg) magnetic resonance (MR)
sensor (0.281Tesla) designed to identify dehydration-induced fluid loss. T2 relaxometry measurements

were performed using a CPMG pulse sequence in ~4 minutes.

Results: T2«valuies, from the portable MR sensor exhibited strong (R? = 0.996) agreement with benchtop
NMR spectrometer. Thermal dehydration induced weight loss of 4 to 11% over 5 to 10 hours. Fluid loss
induced by thermal dehydration was accurately identified via whole-animal NMR and skeletal muscle.

The portable MR sensor accurately identified dehydration via multicomponent T2 relaxometry.

Conclusion: Performing multicomponent T2 relaxometry localized to the skeletal muscle with a
miniaturized MR sensor provides a, non-invasive, physiologically relevant measure of dehydration
induced fluid-dess:in a mouse model. This approach offers sensor portability, reduced system complexity,
fully automated operation, and low cost compared to MRI. This approach may serve as a versatile and

portable pomtrofcare technique for dehydration monitoring.

Introduction

Hyperosmotic dehydration traditionally refers to a total body water deficit often induced by a combination
of restricted fluid-intake and exposure to adverse environments (1). Fluid volume depletion is associated
with poorer-health.outcomes when concomitant with chronic diseases, increased mortality among elderly
and intensivescare‘patients, decreased physical and cognitive performance, and impaired postoperative

recovery (2-10).

Undiagnoseddehydration leads to negative health effects across many patient populations. Accurate and
timely diagnosisis,challenging as clinical presentation and symptoms are nonspecific and often present as
an accompanying comorbidity to the primary diagnosis (1,7,11). For example, geriatric patients are highly
susceptible to dehydration due to diminished thirst perception and plasma vasopressin (7,12—14). A

diagnosis of dehydration in the elderly upon hospital admission increased 30-day post-admission
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mortality rate by 80% (11). Soldiers are especially vulnerable to dehydration due to extended exposure in
extreme environments, scenarios of intense stress where thirst perception is diminished, and limited water

storage/transportation capabilities (15).

Despite the substantial health consequences of unmanaged dehydration, no accurate, robust, and practical
assessment method currently exists (1,16). Commonly used vital signs and symptoms (e.g. headache, oral
mucosa assessment, capillary refill time, skin turgor, fatigue) fail to provide a specific or objective
assessment of dehydration (16-20). These diagnostic criteria do not provide an accurate measure of
dehydration and are easily confounded by other comorbidities such as vascular disease, neurological
deficit, and ‘environmental conditions. Signs and symptoms of dehydration are often only apparent after

fluid loss has'progressed to severe stages.

Existing techniques involving sampling urine and/or blood, while clinically valid and accurate, are
confounded by many factors, are invasive, require complex or time-consuming methods, and/or cannot be
deployed in'many settings (e.g. point of care) (21-25). Measurements of more easily accessible bodily
fluids (e.g. saliva, tears, and sweat) exhibit substantial variability between individuals and are strongly
biased by factors such as physical activity, food consumption, and humidity (26). Bioimpedance-based
estimatessof-totalbody water as well as extracellular and intracellular fluid volumes fail to provide an
actionable measure of fluid loss as its variability between individuals is substantial even when closely
following measurement protocols (27-29). The variability of bioimpedance-based techniques is likely due
to its reliance on an empirically derived model in healthy adults, which may not generalize to more
diverse patient:populations. Existing efforts to measure dehydration have focused on measurement of
easily accessible, indirect physiological responses to fluid depletion. The inherently large variability in
the response ofindividuals towards dehydration and a multitude of confounding factors limits the

widespread (adoption of these techniques (1).

There is a clear need for new approaches towards simple, non-invasive, and reliable measurement of fluid
depletion. Desirable methods would interrogate and identify the underlying physiological response to
dehydration, namely perturbations in the fluid distribution between tissues, and would not be based on

population.models (25).
Dehydration, specifically hyperosmotic dehydration, is characterized by a shift in the distribution of water

within tissue fluid compartments driven by homeostatic regulation (30-34). Dehydration induces

relatively large volume depletion of the intramuscular fluid compartments (extracellular and intracellular)
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suggesting that a measurement of these tissue-specific fluid volumes could inform a diagnosis of
dehydration (31). The extracellular fluid (ECF) compartment is more highly responsive to hyperosmotic
fluid loss than the apparently conserved intracellular (ICF) compartment (31). ECF fluid depletion is
driven primarily by fluid shifts from the interstitial space into the vascular space to maintain electrolyte

and osmotic balance.

'"H NMR is exquisitely sensitive to the local physical and chemical environment of water molecules
within the body (35). A T2-based MR measurement can provide information related to the composition
and volume of a fluid compartment. Our group previously demonstrated that multicomponent T2
relaxometry via whole-body NMR can identify fluid depletion as a decrease in the signal amplitude from
the lean tissue ¢omponent (36). This led us to explore the localization of a similar measurement towards

the skeletal muscle tissue with the ultimate goal of miniaturizing the magnetic resonance (MR) sensor.

Multicomponent T2 relaxometry via MRI has demonstrated sensitivity towards distinct fluid
compartments within skeletal muscle tissue (37-39). These fluid compartments correspond to intracellular
and extracellular water (40—43). The amplitudes recovered by multiexponential fitting reflect the absolute
amount of water within the corresponding tissue fluid compartment contained within the sensing volume
(40). Forgexamplesan increase in intramuscular ECF fluid volume, relative to the highly regulated ICF
fluid compartmenty would result in an increase in the amplitude attributed to the ECF. Lower extremity
skeletal muselesoffers an easily accessible site due to its relatively large size and a thin subcutaneous
tissue layer for a portable MR sensor performing a localized measurement. A prior clinical study in
hemodialysisi(HD) patients from our group suggested that MRI localized to the skeletal muscle could
identify fluid depletion (44). HD patients are hypervolemic but two of the healthy control subjects became
dehydrated based on their blood chemistry (serum osmolality and sodium) and weight change. MRI
measurements localized towards skeletal muscle within the leg showed sensitivity towards dehydration
via a decrease in the intramuscular ECF amplitude. We hypothesized that a portable MR sensor designed
to measure fluid shifts within this fluid compartment could reliably identify clinically meaningful volume

depletion.

A portable; miniaturized MR-based platform for the diagnosis of dehydration is demonstrated in this
study. We first characterize the ability of this single-sided MR sensor to perform high-sensitivity, remote
multicomponent T2 relaxometry. We then show that multicomponent T2 relaxometry localized to the
skeletal muscle, performed with a standard MRI system, is capable of quantifying fluid loss induced by

dehydration in a mouse model. We further demonstrate that the portable MR system is capable of
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localizing this measurement towards skeletal muscle tissue in vivo. Finally, we assess the ability of
multicomponent T2 relaxometry performed with this portable sensor to measure dehydration supporting
the preliminary findings from our previous clinical study. This technology provides an original approach

towards measuring fluid volume status through a direct measure of the underlying physiology.

Methods

Study design

The objective of this study was to determine if multicomponent T2 relaxometry localized to the skeletal
muscle couldidentify and quantify fluid loss in a mouse model of thermal dehydration to motivate the
development of a portable sensor of fluid volume status. We developed a mouse model of thermal
dehydration.to.induce fluid loss. We demonstrated that multicomponent T2 relaxometry via whole animal
NMR can measure fluid loss. We performed multicomponent T2 relaxometry localized to muscle tissue
via MRI to e¢onfirm our physiological hypothesis. We developed a portable MR sensor and characterized
its ability tosperform multicomponent T2 relaxometry over a spatially localized region. Finally, we show

that our portable MR sensor can quantify dehydration through a localized measurement.

MR featurerextraction and analysis methods were prospectively determined. Sample sizes were
determined with"power calculations based on effect sizes estimated from pilot experiments. No outliers
were excluded from data analysis. Investigators were blinded to identity of mice while drawing regions of

interest on MR images.

Mouse model of fluid loss induced by thermal dehydration

A mouse model of dehydration induced through exposure to elevated temperature (37 C) and airflow (15-
20% relative humidity) combined with fluid restriction provided a model to examine fluid shifts in the
skeletal muscle (Fig. 1A). Dehydration induced by exposure to elevated temperatures preferentially

depletes ECF over/ICF (34).

Mice undergoing dehydration were weighed and scanned. Mice were then exposed to dehydrating
conditions, weighed at regular intervals, and then scanned following 4-11% body weight loss. Control
animals were at ambient conditions (20-22 C, 20-25% relative humidity, low airflow). An adjusted weight
loss was computed by subtracting 3%, corresponding to losses from voiding, from the measured value

which allowed the study to correlate the change in MR signal with weight loss induced only by thermal
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dehydration. Animal studies were approved by the Massachusetts Institute of Technology Institutional
Animal Care and Use Committee (0716-045-19). Additional information available in Supporting

Information.

Multiexpomentialdfitting for T2 relaxometry

CPMG T2 decay.curves were estimated as multiexponential signals to extract relaxation times (7;) and

relative amplitudes (4;). A general multicomponent exponential decay signal is represented as:

N
(tAD) = Y, Axexp () )
i=1

where y(t) is the estimated signal, N is the number of components, 4 is a vector of amplitudes, and T is a
vector of corresponding relaxation times. Two models were used to represent multicomponent signals.
The first optimizes over both 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:

APLTPt = argmin |ly(t) — J(©)|l2 Q)
Azt

where y(t) is the measured signal and ||.||2 represents the L2-norm. This model allows discovery of the
relaxation times,of a multiexponential signal. The second model optimizes only over relative amplitudes

as the relaxation times are specified as parameters:

AoPt — arg;nin ly(@®) — o2 &)

This more constrained model allows amplitudes to be estimated more accurately. 95% confidence
intervals for.each parameter were computed assuming an asymptotic normal distribution for each

estimate.

Whole animal-INMR measurements

Whole animal multicomponent T2 relaxometry measurements performed via benchtop NMR relaxometry
before and afterdehydration (Fig. 1B) validated the animal model and demonstrated the utility of a MR
measurement.to identify dehydration. The ultimate goal was to develop a portable sensor to measure
dehydration rather than requiring a whole body measurement. The ability to perform a localized
measurement towards a specific tissue compartment was essential to allow for miniaturization of the MR
sensor. We therefore explored the potential to localize a similar MR measurement to confine the

relaxivity measurement to the muscle via MRI.
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Intramuscular MRI measurements of fluid depletion

Quantitative; T2 relaxometry measurements localized to skeletal muscle were performed before and after
dehydration withsa standard MRI scanner (Fig. 1B). MRI scans were performed with a 7T/310/ASR
(Agilent, formerly Varian) scanner with vamrj software (version 3.2b), equipped with a 38 mm whole
body coila T2sweighted anatomical scans were performed with FSEMS (fast spin echo multi slice) and a
series of spin‘echesimages for T2 relaxometry were acquired with MEMS (multi echo multi slice).
Additional information available in Supporting Information. Regions of interest (ROIs) were drawn
manually on T2 weighted images to include skeletal muscle within the upper leg while excluding voxels

primarily containing fat.

A biexponential fit with fixed relaxation times (Eq. (3) with 71 = 21 ms and 7, = 75 ms) was performed
on the averaged decay curve to extract the relative amplitudes of fast (41) and slow (42) components.
These relaxationtimes correspond to the mean relaxation times when performing a biexponential fit (Eq.

(2)) jointly across all images.

The utility of:MRI as a diagnostic measure of dehydration is limited by its complexity, long measurement
time, manual‘interpretation, high cost, and lack of portability. Therefore, we aimed to show that a
comparable measurement performed by a portable MR sensor could identify fluid loss induced by

dehydrationiwhile overcoming the limitations of MRI.

Portable MR sensor for remote, multicomponent T2 relaxometry

We designed a portable MR sensor with the goal of achieving high sensitivity measurements remote from
the surface of the sensor to measure tissue fluid distribution. The portable MR sensor was designed and
constructed with a permanent magnet array to generate a static magnetic field based on the Unilateral
Linear Halbach array (Fig. 2A-B) (45,46). This sweet spot magnet design enables high sensitivity
measurements over a large uniform region compared to more common high gradient designs (47-51).
Permanentimagnets provide a static magnetic field while also allowing for cost effectiveness, low
maintenance, minimal power requirements, and portability compared to the more traditional
superconducting magnets. Furthermore, the magnetic field is parallel to the sensor surface allowing for

use of standard RF transceiver coils which maximizes sensitivity (46).
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The static magnetic field profile of the portable MR sensor was measured by scanning a Hall probe
(HMMT-6J04-VR, Lake Shore Cryotronics) connected to a gaussmeter (Model 475 DSP Gaussmeter)
through a three-dimensional grid with 1 mm spacing. The magnet produces a uniform region with a field
strength of 0.28 Tesla located 2 to 7 mm from the surface of the sensor as modeled by field simulations

(Fig. S1) and experimentally confirmed with an acquired field profile (Fig. 2C).

Two-dimensional sensitivity profiles of the system were characterized by measuring the relative signal
amplitude from a sample scanned through the sensitive region (Fig. 3A-B). A 2 mm spherical bulb of
CuS04 aqueous solution was scanned across the measurement plane. The amplitude of the peak
corresponding to the solution indicated the signal strength originating from the contents of the bulb. The
sensor is senSitive towards a region located directly above the RF coil spanning a 12 X 5 x 2 mm volume
(Fig. 3C-D). This allows localization of the measurement to skeletal muscle tissue while reducing

confounding signal from subcutaneous tissue (52).

One compartment phantoms of varying CuSO, concentration were scanned with the portable MR sensor
using a CPMG pulse sequence with 8192 echoes, an echo time of 65 s, a repetition time of 1032.5 ms,
an RF excitation frequency of 11.66 MHz, a pulse duration of 12 ps, an acquisition bandwidth of 2 MHz
(dwell timesof:0:5:u1s), and 16 acquired points per echo with a Kea2 spectrometer (Magritek, Wellington,
New Zealand). These results were compared to measurements via a benchtop NMR spectrometer
(minispec mq20;Bruker, USA) using a CPMG pulse sequence with 65535 echoes, an echo time of 426
us, a repetition time of 27.94 seconds, an RF excitation frequency of 19.95 MHz, an excitation pulse
duration of k9:pusyan inversion pulse duration of 3.8 ps, an acquisition bandwidth of 1 MHz (dwell time

of 3 us), and’1 acquired point per echo.

A heterogeneous, synthetic tissue phantom with two compartments corresponding to unique T2 relaxation
rates was constructed from 30 glass capillary tubes (1 mm diameter) arranged in a tightly packed circular
formation. Two equal sets of tubes were filled with the requisite concentrations of aqueous CuSQOy,
solution to produce T2 relaxation times of 24 ms (29 mM) and 84 ms (5 mM). The tubes were arranged
randomly. Measurements were performed with parameters identical to those used in the previous
experiment.. Amplitudes were extracted by fitting the decay curves with a biexponential model (Eq. (2)).
Repeated trials were performed to yield histograms of estimation error. Additional information available

in Supporting Information.
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Portable MR measurements of fluid depletion

We performed T2 relaxometry with the portable MR sensor on the upper leg of mice to characterize its
ability to identify systemic fluid depletion (Fig. 4A). The signal originated primarily from the muscle
tissue with some stibcutaneous tissue and bone contribution (Fig. 4B). The magnet geometry enables
highly localizéd measurements over a remote region within mouse skeletal muscle. Anesthetized (2%
isoflurane) mieceswere,placed on the sensor in a prone position. The upper leg was positioned on the RF
coil. A series of CPMG scans were acquired to perform T2 relaxometry (11.61 MHz B frequency, 65 us
echo time, number of echoes 8192, 1 dummy echo, 1 MHz acquisition bandwidth, 12 ps pulse duration,
1.517 sec repetition time) until the signal to noise ratio of the resultant mean signal exceeded 150. A
triexponential fit.with fixed relaxation times (Eq. (3) with 7o = 1 ms, 71 = 50 ms, T2 = 150 ms) was
performed to,extract the relative amplitudes of fast (4g), medium (A1), and slow (4;) components. These
relaxation times correspond to the mean relaxation times when performing a triexponential fit (Eq. (2))

jointly across‘all'scans.

Statistical analysis

Statistics forilinear fits established significance through two-sided t test of linear model coefficients with
a significance value of 5%. Independence and normality of the residuals was tested. Normality was
established through a Lilliefors goodness-of-fit test of composite normality with a significance value of
5%. A Mann-Whitney U-test was used when samples were not normally distributed. Errorbars for
parameters defining exponential fits indicate normal-based 95% confidence intervals on parameter
estimates. For box and whisker plots, the centerline indicates the median, the limits of the box indicate

25th and 75th percentiles, and the limits of the whiskers indicate the minimum and maximum values.

Results

Mouse model of fluid loss induced by thermal dehydration

Fluid loss of between 4 and 11% body weight was induced over the 5 to 10 hour experimental period in
experimental mice. Control animals experienced a mean weight loss of 3% body weight despite no
exposure to elevated temperature and no restriction of food and water intake. This fluctuation in weight
was likely due to voiding of urine and feces due to disruption of regular diurnal cycle and stress due to
handling (53-55). These animals likely maintained euvolemia due to their unrestricted access to food and

water.
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Whole animal multicomponent T2 via benchtop NMR relaxometry demonstrated the utility of a MR
measurement to identify dehydration (Fig. S2, Fig. S3). Additional information available in Supporting

Information.

IntramuscularMRImeasurements of fluid depletion

T2-weighted MRsimages of the leg were used to draw muscle tissue regions of interest (ROI) (Fig. SA).
The upper 1€g was selected as it contains the largest skeletal muscles. A ROI was drawn to isolate voxels
comprised principally of muscle tissue. The series of spin echo images provide a T2 decay curve capable
of quantitatively identifying variation in relaxation rate (Fig. S4). A composite T2 decay signal was
formed fromsvexels corresponding to muscle tissue (Fig. 5B). The noise distribution in each decay curve
was transformed from Rician to Gaussian to reduce bias in estimation of the relaxation times (Fig. SSA)
(56). These signals' indicate a decrease in decay time (pre: 58 ms; post: 47 ms) after dehydration. The long
component oftthesbiexponential T2 signal corresponds to the intramuscular ECF compartment (40—43).
The residuals of a biexponential fit are independent and identically distributed with a mean of zero. This

suggests that the'underlying signal can be completely described by a two-component model.

The estimated*fluid volume attributed to the intramuscular ECF decreases significantly after dehydration
(n =33, p < 1x10%, statistics by t test) while not changing among control animals (n =9, p < 0.5820,
statistics byt test) (Fig. 6A). Intramuscular ECF amplitudes for both control and dehydration animals are
normally distributed (Fig. S6). A classifier of measurements performed on animals before (pre) and after
(post) dehydration'demonstrates strong performance. The AUROC is 0.85 [95% C.1., 0.77 to 0.90]. (Fig.
6B).

The change inthe.muscle ECF signal from before to after dehydration isolates the effect of fluid depletion
while compensating for variability in the initial hydration state of each animal. The change in this signal
is significantlysgréater among dehydration versus control animals (n =42, p < 0.0011, statistics by t test).
The estimated’change in fluid volume attributed to the intramuscular ECF compartment does not show a
significant correlation with weight loss in control mice (n =9, R? = 0.035, p = 0.632, statistics by t test)
(Fig. 6C). This signal strongly correlates with weight loss in mice that underwent thermal dehydration (n
=33, R?2=0.713, p < 1x107, statistics by t test) (Fig. 6D). Residuals of the linear fits do not show any
trends with weight loss and are normally distributed (Fig. S6). These results show that the MR signal

originating from muscle tissue alone is sufficient to identify and estimate the degree of dehydration. The
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change in MR amplitude corresponding to muscle ECF quantifies fluid loss due to dehydration (Fig. 6D).
The use of the change in amplitude accounted for the baseline variability observed in the initial hydration
state of each animal. Despite this variability, the initial ECF amplitude was moderately correlated with

weight loss and the rate of weight loss (Fig. S7). We demonstrate that a multicomponent T2 measurement

localized toithe muscle tissue is capable of quantifying whole body dehydration.

Portable MR sensor for remote, multicomponent T2 relaxometry

The portablé MR sensor reliably demonstrates the linear relationship between transverse relaxation rate
and concentration of paramagnetic species (CuSQO,) in aqueous solution, a representative synthetic tissue
phantom, using a CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence for acquisition (n =19, R =0.997,
p < 1x1022,statistics by t test) (Fig. 7A). There is a linear relationship between sample concentration and
estimated relaxation rate across a wide range of concentrations per Bland-Altman analysis (n = 19, mean
of differences="0.0008, 95% confidence interval = -0.008 to 0.009, p = 0.21, statistics by significance of
Spearman rankscorrelation of means and differences) (Fig. S8A). These results are further confirmed
through validation against a gold-standard benchtop NMR spectrometer (Fig. 7B). There is a linear
relationship between the estimated relaxation rate from our portable MR sensor and a benchtop NMR
spectrometer(n = 19, R?=0.996, p = 1x10°'2, statistics by t test). . There is no bias in estimation of
relaxation rates’across a wide range of concentrations per Bland-Altman analysis indicating strong
agreement (n = 19, mean of differences = -0.004, 95% confidence interval =-0.012 to 0.004, p = 0.70,

statistics bygsignificance of Spearman rank correlation of means and differences) (Fig. S§B).

Relaxation time constants and relative amplitudes of each fluid compartment within the heterogeneous
synthetic tissue,phantom (Fig. 8A, inset) can be accurately and reproducibly extracted from signals
acquired by the portable MR sensor via T2 relaxometry (Fig. 8B-C). This exemplifies the ability to
accurately.quantify fluid distribution across a heterogeneous sample via a single-sided portable MR

Sensor.

Portable MRmeasurements of fluid depletion

Our portable MR sensor performs a T2 measurement of the skeletal muscle, similarly to the MRI, which
enables isolation and analysis of the signal originating from each tissue fluid compartment. The time-

domain relaxometry signal shows a decrease in decay time (pre: 67.1 ms; post: 45.4 ms) after
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dehydration, similarly to T2 relaxometry with MRI (Fig. 9A). The ECF component, defined as the
amplitude corresponding to the slowest relaxation time in a triexponential fit, was most responsive to
fluid depletion (Fig. 9B). The residuals of a triexponential fit are independent and identically distributed
with a mean of zero. This suggests that the underlying signal can be completely described by a three-
component model. Intramuscular ECF amplitudes for control and dehydration animals are normally
distributed (Fig. S9). The muscle ECF compartment amplitude was three times as important as the
respective relaxation time in predicting weight loss when assessed via binary decision regression tree

analysis (Fig. S10).

The estimated fluid volume attributed to the intramuscular ECF decreases significantly after dehydration
(n=11, p <0.0104, statistics by Mann—Whitney U test) while not changing significantly among control
animals (n =14, p'< 0.8630, statistics by t test) (Fig. 10A). A classifier of measurements performed on
animals before (pre) and after (post) dehydration demonstrates strong performance. The AUROC is 0.83
[95% C.1., 0.65 to 0.93] (Fig. 10B).

We, once again, analyzed the change in the intramuscular ECF signal from before to after dehydration to
isolate the effect of fluid depletion while compensating for variability in the initial hydration state of each
animal. The-change in this signal is significantly greater among dehydration versus control animals (n =
25, p <0.0047, statistics by t test). The estimated change in fluid volume attributed to this compartment
does not showsascorrelation with weight loss in control mice (n = 14, R? = 0.044, p = 0.471, statistics by t
test) (Fig. 10C). This signal strongly correlates with weight loss (n =11, R?=0.732, p < 0.001, statistics
by t test) in micesthat underwent thermal dehydration (Fig. 10D). Residuals of a linear fit do not show any
trends with weight\loss and are normally distributed (Fig. S9). This shows that a localized measurement
within the muscle tissue performed by a single sided portable MR sensor can identify and predict fluid
loss induced by thermal dehydration. We experienced limited variability because we perform
measurements on a region of the mouse leg which is largely muscle tissue. Repositioning of the mouse
leg on top of the sensor was highly controlled. All animals included in the study, additionally, had very

similar body massjand composition to reduce anatomical variability.

Discussion

A non-invasive, portable, reliable measurement of fluid volume status would have broad implications for
human health (57). Unmanaged disruption of euvolemia is associated with negative health outcomes. The

ability to accurately estimate fluid volume status would improve fluid management across diverse patient
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populations. These include those experiencing dehydration due to limited fluid intake, environmental
exposure, or physical activity; intensive care, emergency department, elderly, and neonatal patients;
(1,2,6,8-10,15,58-62). For example, a real-time measure of fluid volume status could inform fluid
management in ICU patients. MR-based measurements of local disruptions of tissue fluid distribution
have proven clinical utility (41,63,64). Our work extends this to measure systemic fluid depletion via

localized measurement of tissue fluid distribution.

We demonstrate the ability to estimate fluid volume depletion through three independent magnetic
resonance relaxometry-based measurement techniques: whole animal NMR, MRI, and portable MR. We
show that alocalized MR measurement performed both via MRI and a portable MR sensor can identify

systemic fluid volume status. This suggests the potential for this technology to diagnose dehydration.

Physiology of dehydration

We hypothesizedthat an MR measurement of intramuscular ECF depletion could identify dehydration.
The accepted'physiological model of dehydration-induced fluid shifts supports this. Thermal dehydration
causes ECF/space contraction in humans and rodents (31,65—67). The change in relative volume of
extracellular versus total fluid within muscle tissue forms the basis for the MR signal measured with both
MRI and thesportable MR sensor. The shift in fluids from the extracellular space into the vascular space is
driven by osmotic forces and, therefore, the concentration of solutes within the ISF remains
approximately unchanged (65,67). We observed a larger change in the MR amplitude of the intramuscular
ECF compared to the relaxation rate change. This supports the hypothesis that this measurement is
sensitive to relative volume changes of tissue fluid compartments as solute concentration more strongly

affects relaxation rate.

The combination of fluid restriction and exposure to a high temperature environment provided rapid fluid
loss to directly.test our hypothesis while reducing the influence of confounding factors present in other
methods of inducing dehydration such as physical activity (68,69). Control animals experienced mean
weight loss 0f3%; likely due to voiding, variability of food and fluid intake, and changes in metabolism
due to diurnal’€ycle disruption and handling (53—55). No change in MR signal was observed in these
euvolemic animals. Experimental animals experienced fluid loss due to thermal exposure in excess of
control animals. These animals had weight losses greater than 4% which produces intramuscular ECF
compartment contraction. This supports the hypothesis that the intramuscular ECF compartment signal
decreases when homeostasis is disturbed and animals must rely upon this fluid compartment to maintain

plasma volume.
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Dehydration can occur in patients who have lost widely varying amounts of fluid due to body
composition variability. A more direct measurement of changes in intramuscular fluid distribution would
provide a highly specific measure of dehydration compared to existing clinical diagnostics (blood
chemistry, urinalysis, blood pressure, weight). We observed strong correlations between the intramuscular
ECF MR signals and weight loss due to highly similar body mass and muscle mass between experimental
animals. These findings agree with the physiological model that intramuscular ECF depletes
proportionally to fluid loss. A diagnostic of dehydration capable of guiding treatment may only need to
identify intramuscular ECF depletion rather than quantify fluid loss.

Our prior study/nHD patients showed that excess fluid in hypervolemic patients can be observed by T2
relaxometry localized to skeletal muscle (70). Interestingly, changes in weight and blood chemistry
indicated that two healthy control subjects experienced dehydration during this study. MRI of those
subjects showed a decrease in the intramuscular ECF signal corresponding to dehydration. The current
study was designed to demonstrate the utility of a portable MR sensor via a preclinical model of
hyperosmotic dehydration. These results support the proposed explanation from the prior study and
suggest that portable MR measurements of intramuscular fluid can identify both dehydration and volume

overloadgnshumans.

Advantages of portable MR sensor

The portable MR sensor offers many advantages over traditional MRI. Its miniature size and low power
consumption, both realized via permanent magnets, offer a mobile platform capable of performing across
a range of environments including hospitals, outpatient facilities, sporting events, and military operations.
The device is,straightforward to operate as there are no user controlled acquisition parameters.
Furthermore; measurement interpretation is fully automated in contrast to traditional MRI. The potential
to operate;without'a trained operator or radiologist for image interpretation may increase accessibility of
fluid volumestatus measurements. Finally, the measurement can be performed in a few minutes
suggesting potential for use as a real-time measure of fluid volume status. Portable, single sided MR

sensors haverecently shown potential across a wide range of biomedical applications (71-75).
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Limitations and future work

Several enhancements to the portable MR sensor design and MR pulse sequences would improve
measurement accuracy and reduce variability to enhance the potential for clinical translation. The
relatively inhomogeneous field and imperfect refocusing flip angle create stimulated echoes and
diffusion-weighting biasing T2 estimates (76,77). Pulse sequences that mitigate these effects would allow
investigation efrelaxation time shifts corresponding to fluid volume status. Changes in diffusivity within
the muscle tissue may bias T2-based measurements (78). A sensor capable of performing deeper
measurements would be robust to confounding signals from proximal tissue (e.g. subcutaneous). The
addition of spatial profiling or diffusion-weighting would isolate the muscle tissue for further analysis.
These improyements may allow a future sensor to perform an absolute measure of fluid volume status
despite variability/in subcutaneous thickness. This would obviate the need for a baseline measurement at
euhydrationallowing for use as both a monitor of changes in hydration state and an absolute diagnostic of
dehydrationsAselinical study in a human model of dehydration with an improved sensor could test its

clinical utility in a relevant patient population.

Conclusion

We demaonstrate a localized measure of tissue fluid distribution using a portable MR device capable of
identifying systemic changes in fluid volume status associated with fluid depletion. We validate these
findings via whole animal NMR and MRI localized to muscle tissue. Our measurement provides a
noninvasive indicator of the fluid volume of distinct fluid compartments and their differential volume
contractions'during fluid depletion. This method of identifying fluid volume status could serve as a

versatile and portable point of care monitoring technique for dehydration.
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Figure Captions

Fig. 1. Schematic illustration of mouse thermal dehydration model. A-B) Experimental mice were
exposed to a 37.€5715-20% relative humidity, and high airflow environment. Urine and feces were

collected ima 96-well plate. MR measurements were performed before and after dehydration.

Fig. 2. Portable MR sensor design and field characterization. A) Fully assembled sensor with RF

matching circuit and solenoidal transceiver coil. B) Illustration of Unilateral Linear Halbach permanent
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magnet array design for sensor. Red and grey shading indicates positive and negative poles, respectively,
of each magnet. C) Measured static magnetic field profile directly above center of magnet. Shaded region

indicates predicted sensitive region.

Fig. 3. PortablexMR sensitivity profile characterization. A-B) Illustration of sensitivity profile
characterization of portable MR sensor. Experimental schematic for MR sensor sensitivity profiles along
A) xz-plane"and"B) yz-plane. C-D) Relative sensitivity of sensor across the C) xz-plane and the D) yz-
plane indicatesrasl2 % 5 X 2 mm sensitive region. Shaded green and blue planes in (Figure 2B) indicate
relative orientation of measurement planes. Dashed lines indicate 50% relative sensitivity from the peak

of the measurement region.

Fig. 4 Skeletalsmuscle localization via portable MR sensor. A) Illustration of portable MR sensor with
upper leg of.mouse positioned over sensitive region. Blue plane indicates approximate orientation of MR
image showf in (b). B) T2-weighted axial MRI of a mouse leg with overlaid sensitivity profile from
portable MRsensor. Yellow, orange, and red contours indicate 25%, 50%, and 75% of max sensitivity,

respectively.

Fig. 5. T2 relaxometry with MRI localized to the muscle identifies fluid depletion due to thermal
dehydration=A)T2-weighted MRI of the upper leg muscle in a mouse oriented along the coronal plane
with overlaid region of interest of muscle tissue. B) Decay curves from T2 relaxometry acquired via MRI
before and afterdehydration show a difference in decay rate. Inset highlights this difference as greatest

between 804and 300 ms.

Fig. 6. T2 relaxometry with MRI localized to the muscle quantifies fluid depletion due to thermal
dehydration=A):The amplitude of the second peak in a biexponential fit with fixed time constants,
corresponding to the intramuscular ECF signal, significantly decreases after dehydration (n =33, p <
1x10-, statisties"dy t test). Control animals did not exhibit a significant change (n =9, p < 0.5820,
statistics bystitest). B) A ROC curve of a classifier of pre versus post measurements among dehydrated
animals via logistic regression demonstrates an AUROC of 0.85 [95% C.1., 0.77 to 0.90]. Shaded region
indicates 95% confidence intervals. C) There is no significant correlation between the change in the
intramuscular ECF signal amplitude and weight loss in control animals (n =9, R?2 = 0.035, p = 0.632,
statistics by t test). D) The change in this signal significantly correlates with weight loss induced by
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dehydration (n =33, R2=0.713, p < 1x107, statistics by t test). Shaded regions indicate 95% confidence
intervals for linear fit (y-intercept 8.8 & 3.8%, slope -2.5 £ 0.6 %/%).

Fig. 7. Validationrof T2 relaxometry via portable MR sensor. A) Linearity of R2 relaxometry
measurements'with portable MR sensor versus paramagnetic species concentration. Shaded region
indicates the standard deviation of the error of the linear fit (n = 19, R?=0.997, p < 1x10-22, statistics by t
test). B) Thé'estimated relaxation rates for portable MR sensor versus benchtop NMR spectrometer are
linearly related«(m= 19, R? = 0.996, p = 1x10°'2, statistics by t test). Shaded region indicates the standard
deviation of the ertor of the linear fit. Residuals of a linear fit between the relaxation rate estimates
between the two MR systems are approximately normally distributed (n = 19, p = 0.768, Lilliefors test for

normality).

Fig. 8. Portable MR sensor identifies and quantifies fluid compartments via multicomponent T2
relaxometry. A) MR signal acquired with CPMG acquisition from a synthetic tissue phantom comprising
equal parts fast (24ms, dark blue) and slow (84 ms, light blue) fluid compartments. Inset illustrates cross
section of phantom: B-C) Analysis of each component with a biexponential model demonstrates accurate
identificationrand=quantification of the decay rate (74, T5) and relative amplitude (44, Ap) of each

component. Repeated trials yield histograms of estimation error.

Fig. 9. T2 relaxometry with portable MR sensor identifies fluid depletion due to thermal

dehydration..A), T2 relaxometry decay curves localized towards muscle with portable MR sensor before
and after dehydration show a difference in decay rate. Inset highlights greatest difference between 40 and
200 ms. B) Dehydration induces a shift in the amplitude of the third peak in a triexponential fit (Eq. (2)).

Colors indieatesweight loss induced by dehydration.

Fig. 10. T2 relaxometry with portable MR sensor quantifies fluid depletion due to thermal
dehydration. A)sThe amplitude of the second peak, corresponding to the intramuscular ECF signal,
significantlyzdecreases after dehydration (n = 11, p < 0.0104, statistics by Mann—Whitney U test). Control
animals did not exhibit a significant change (n = 14, p < 0.8630, statistics by t test). B) A ROC curve of a
classifier of pre versus post measurements among dehydrated animals via logistic regression demonstrates
an AUROC of 0.83 [95% C.I., 0.65 to 0.93]. Shaded region indicates 95% confidence intervals. C) There

is no significant correlation between the change in the intramuscular ECF signal amplitude and weight
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loss in control animals (n = 14, R> = 0.044, p = 0.471, statistics by t test). D) The change in this signal
significantly correlates with weight loss induced by dehydration (n = 11, R?> =0.732, p < 0.001, statistics
by t test). Shaded regions indicate 95% confidence intervals for linear fit (y-intercept 38.0 £ 9.4%, slope -
5£2.3 %/%).

Supporting Information Captions

Fig. S1. Static.magnetic field profile characterization of portable MR sensor. A) Simulated field
profile directly/above the center of the magnet, indicated by blue plane in (Fig. 2B). Shaded region
indicates predicted sensitive region assuming a transceiver coil sensitive to a region approximately 10mm
wide with a bandwidth of £1%. B-C) magnetic field strength deviation from B0 along y-axis and z-axis,

respectively, through the center of uniform region. Shaded regions correspond to +1% deviation from B0.

Fig. S2. Whole animal NMR T2 relaxometry quantifies fluid loss in a mouse model of thermal
dehydration. A) T2 decay curves from whole animal NMR before and after dehydration show a
difference in decay time (pre: 96.7 ms; post: 88.0 ms). Inset highlights this difference as greatest between
50 and 250 mswB) Dehydration induces a shift in the relaxation time and amplitude corresponding to the
second peakin a three component exponential fit corresponding to lean muscle tissue. C) Amplitude of
second component, corresponding to lean muscle tissue, is an approximately 2.8 times more important
predictor of'weight loss than the respective relaxation time. D) The amplitude of the second peak in a
triexponentialsfitawith fixed time constants, corresponding to the muscle signal, significantly decreases
after dehydration(n =47, p < 1x10-13, statistics by t test). Control animals did not exhibit a significant
change (n ="15p=< 0.1241, statistics by t test). Lean muscle tissue amplitudes for control and dehydration
animals aremormally distributed (Fig. S3). E) A receiver operator characteristic (ROC) curve of a binary
classifier 6f pre'versus post measurements among dehydrated animals via logistic regression demonstrates
an AUROC of 0.93 [95% C.1., 0.88 to 0.96]. Shaded region indicates 95% confidence intervals. F) The
change in MR amplitude corresponding to the muscle signal is significantly greater among dehydration
versus contfol animals. (n = 58, p < 1x108, statistics by t test). G) There is no significant correlation
between the change in muscle signal amplitude and weight loss in control animals (n = 11, R? = 0.000, p
= 0.996, statistics by t test). H) The change in muscle signal amplitude demonstrates sensitivity towards
weight loss induced by dehydration (n =47, R2=0.616, p < 1x10°1, statistics by t test). Residuals of the

linear fits do not show any trends with weight loss and are normally distributed (Fig. S3). Shaded regions
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indicate 95% confidence intervals for linear fit. These results show that the MR signal originating from

the lean muscle tissue alone is sufficient to identify and estimate the degree of dehydration.

Fig. S3. Statistics for amplitude of second component from whole animal NMR and linear fits. The
amplitude of the second component is approximately normally distributed for A) before dehydration (pre)
(DHY:n=47,p=0.5512; CTL: n= 11, p = 0.4423 ) and B) after dehydration (post) (DHY: n=47,p =
0.3528; CTL: n =11, p = 0.7466) measurements. C) The change in this amplitude from before to after
dehydratiomyis also approximately normally distributed (DHY: n=47, p=0.6320; CTL: n=11,p =
0.7042). All statistics are by Lilliefors test for normality. Residuals for linear fits for control (CTL) and
dehydration (DHY) whole animal NMR scans D-E) do not show any trends dependent on weight loss and
F) are approximately normally distributed (CTL: n= 11, p=0.6742; DHY: n =47, p=0.3625, Lilliefors

test for normality).

Fig. S4. Illustration of T2 relaxometry via a series of spin echo MR images. A-F) Spin echo images
acquired at increasing echo times (TE) show increased signal attenuation due to T2 relaxation. Voxels
corresponding to tissues with a longer T2 (e.g. fat) lose brightness at a slower rate than those
corresponding to‘a shorter TE (e.g. muscle). G-H) Acquiring images at many TEs provides a sufficient
number of €choes to visualize distinct decay curves and extract relaxation parameters for each tissue.
Decay curyves*€orresponding to the sum of all echoes within each ROI across all TEs are shown on g)

linear and h) log plots. Dashed lines indicate the TEs to which the images (A-F) correspond.

Fig. S5. Correction of Rician noise from MRI echoes improves accuracy of parameter estimates
from exponential fits. A) Representative uncorrected and corrected T2 decays from a series of spin echo
images with.an.MRI. B) Histograms of the noise amplitude in uncorrected and corrected decays shows a
positive biasibefore correction. C) A monoexponential fit performed on uncorrected and corrected
synthetic decayseurves shows a significant improvement in relaxation time estimation accuracy for
corrected data. The shaded regions correspond to 95% confidence intervals upon repeated trials (n = 100

trials per SNRelevel).

Fig. S6. Statistics for amplitude of second component from MRI and linear fits. The amplitude of the
second component is approximately normally distributed for A) before dehydration (pre) (DHY: n=33, p
=0.4598; CTL: n=9, p = 0.9344) and B) after dehydration (post) (DHY: n=33, p=10.5782; CTL: n=9,

p = 0.6636) measurements. C) The change in this amplitude from before to after dehydration is also
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approximately normally distributed (DHY: n =33, p =0.6062; CTL: n =9, p = 0.4246). All statistics are
by Lilliefors test for normality. Residuals for linear fits for control (CTL) and dehydration (DHY) T2
relaxometry scans with MRI on muscle D-E) do not show any trends dependent on weight loss and F) are
approximately normally distributed (CTL: n =9, p=0.5190; DHY: n =33, p = 0.4031, Lilliefors test for

normality).

Fig. S7. Prédicting weight loss with initial MRI muscle ECF amplitude. A-D) The correlation
between thesmusele ECF amplitude from MRI before dehydration and each weight loss feature. The
initial muscle ECE amplitude is correlated with each of the respective features derived from the weight
loss time series data. The positive correlations with weight loss (A, C, D) indicate an increased capacity
for fluid loss in animals exhibiting large values for initial muscle ECF amplitude. The negative correlation
with time (B)sindicates an increased weight loss rate in animals exhibiting large values for initial muscle

ECF amplitudes:

Fig. S8. Validation of T2 relaxometry measurements from portable MR sensors. A) Bland-Altman
analysis for linear fit of paramagnetic species concentration versus relaxation rate from portable MR
sensor. Residuals of linear fit for estimated relaxation rate do not show any trends dependent on
paramagneticsspecies concentration. Residuals of a linear fit are approximately normally distributed (n =
19, p = 0.768, Lilliefors test for normality). Bland-Altman analysis indicates a linear relationship between
sample concentration and estimated relaxation rate across a wide range of concentrations (n = 19, mean of
differences = 0.0008, 95% confidence interval = -0.008 to 0.009, p = 0.21, statistics by significance of
Spearman rankscorrelation of means and differences). Validation of T2 relaxometry measurements
from portable MR sensor with benchtop NMR spectrometer. B) There is no bias in estimation of
relaxation rateésqacross a wide range of concentrations per Bland-Altman analysis indicating strong
agreement between the two measurements (n = 19, mean of differences = -0.004, 95% confidence interval
=-0.012 to 0.004, p = 0.70, statistics by significance of Spearman rank correlation of means and

differences).

Fig. S9. Statistics for amplitude of second component from portable MR sensor and linear fits. The
amplitude of theisecond component is approximately normally distributed for A) before dehydration (pre)
(DHY:n=11, p=0.4558; CTL: n= 14, p = 0.8013) and B) after dehydration (post) for only control
measurements (DHY: n=11, p=0.0308; CTL: n = 14, p = 0.7398) measurements. C) The change in this
amplitude from before to after dehydration is also approximately normally distributed (DHY: n=11,p =
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0.5397; CTL: n = 14, p = 0.8306). All statistics are by Lilliefors test for normality. Residuals for linear
fits for control (CTL) and dehydration (DHY) portable MR scans D-E) do not show any trends dependent
on weight loss and F) are approximately normally distributed (CTL: n= 14, p=0.7755; DHY:n=11,p =
0.3801, Lilliefors test for normality).

Fig. S10. Identification of strongest predictor of weight loss from portable MR measurements.
The amplitude'of'the second component of portable MR sensor measurements, corresponding to ECF,
was an approximately 3.2 times more important predictor of weight loss than the respective relaxation
time. Predictor importance was calculated by estimating the change in mean squared error attributed to
the inclusion of each predictor in a binary regression decision tree. Error bars indicate standard error of

the mean across all models generated via 10-fold cross validation.

Fig. S11. Impedance matching circuit design and performance characterization. A) RF impedance
matching circuit schematic using an “L” topology. B) Reflected signal versus frequency when tuned to a
single operating-frequency. Inset highlights the ability to reach a very low reflection coefficient at a

desired frequency.
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